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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) ata 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-a, by ANOVA)

Ig Ab 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-a,
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which have costimulatory functions for the survival, expansion, and effector func-
tion of T cells, enhance systemic immunity to co-administered antigens [12].
However, there have been no comparative studies of the potential of TNF super-
family cytokines as mucosal vaccine adjuvants. To compare the mucosal adjuvant
activities of TNF superfamily cytokines, we intranasally immunized mice with
100 g OVA plus each of 16 different TNF superfamily cytokines (APRIL, BAFF,
4-1BBL, CD27L, CD30L, CD40L, EDA, GITRL, LIGHT, LT-a, OX40L, TLIA,
TNF-a, TRAIL, TRANCE, and TWEAK; 1 pg/mouse) three times at weekly
intervals. Intranasal immunization with OVA plus TL1A gave significantly higher
OVA-specific IgG responses in the serum than did immunization with OVA alone
(Fig. 31.3a). The OVA-specific IgG level in TLIA immunized mice was of sim-
ilar magnitude to that induced by cholera toxin B subunit (CTB). In addition,
intranasal immunization with OVA plus APRIL or TNF-a gave a strong OVA-
specific IgG response in the serum. The highest OVA-specific IgG Ab responses
were seen in mice immunized with OVA plus TL1A as a mucosal adjuvant, from
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Fig. 31.3 OVA-specific Ig responses to intranasal immunization with ovalbumin (OVA) plus
tumor necrosis factor (TNF) superfamily cytokines. BALB/c mice were intranasally immunized
three times at weekly intervals with OVA alone, OVA plus cholera toxin B subunit (CTB), or OVA
plus each TNF superfamily cytokine. Serum and nasal wash were collected 7 days after the last
immunization and analyzed by ELISA for OVA-specific (a) IgG at a 500-fold dilution and OVA-
specific (b) IgA at a 50-fold dilution. Data are presented as means &= SEM (n = 5; * P < 0.05, **
P < 0.01 versus value for group treated with OVA alone, by ANOVA)
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among 16 different TNF superfamily cytokines (Fig. 31 3a). Next, to identify the
characteristics of TNF superfamily cytokines as mucosal adjuvants, we examined
OVA-specific IgA responses in nasal washes. Mice immunized with OVA plus
APRIL or TNF-a tended to show strong OVA-specific IgA responses. Importantly,
the OVA-specific IgA level was significantly higher in TL1A-immunized mice
than in mice immunized with OVA alone; the level was similar to that induced
by CTB (Fig. 31.3b). Collectively, these results demonstrated that TLIA was the
most potent mucosal adjuvant among the TNF superfamily cytokines for induc-
ing OVA-specific systemic IgG and mucosal IgA Ab responses; TLIA might
therefore be candidate for a mucosal vaccine adjuvant to replace toxin-based
adjuvants.

Next, to clarify the mechanisms of the immune response to the addition of
each TNF superfamily cytokine, we analyzed the release profiles of cytokines from
splenocytes of immunized mice. Culture supernatants from OVA-stimulated spleno-
cytes collected from immunized mice were assessed for the Th2-type cytokines
IL-4 and IL-5 and the Thl-type cytokines IFN-y and TNF-a, using a multi-
plexed immunobead-based assay. Splenocytes from mice immunized with OVA plus
APRIL, TNF-a, or TL1A exhibited higher levels of Th2-type cytokines (IL-4 and
[L.-5) than those immunized with OVA alone. In contrast, there was little difference
in Thl-type cytokine (IFN-y and TNF-a) secretion among all types of immunized
mice. These results suggested that the addition of APRIL, TNF-a, or TLIA as a
mucosal vaccine adjuvant induced a strongly polarized Th2-type immune response.
Collectively, our results indicated that TLIA induced the strongest mucosal immu-
nity among the TNF superfamily cytokines. This is the first report to demonstrate
the activity of TL1A as a mucosal adjuvant inducing antigen-specific systemic and
mucosal immune responses in mice.

Concluding Remarks

To our knowledge, this study is the first to clearly demonstrate the potential of
TNF superfamily cytokines as mucosal adjuvants. In summary, among the TNF
superfamily cytokines, APRIL, TLIA, and TNF-a induced two layers of protec-
tive immunity when administered intranasally with a vaccine antigen. TL1A was
more effective than other TNF superfamily cytokines as a mucosal vaccine adju-
vant. In the future, application of our technology to the creation of mutant TL1A
could lead to the generation of a promising mucosal adjuvant that is both effective
and safe.

Acknowledgments This study was supported in part by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science, and Technology of Japan. and from the
Japan Society for the Promotion of Science (JSPS). The study was also supported in part by Health
Labor Sciences Research Grants from the Ministry of Health. Labor, and Welfare of Japan: by
Health Sciences Research Grants for Research on Publicly Essential Drugs and Medical Devices,
from the Japan Health Sciences Foundation.



304

H. Kayamuro et al.

References

1.

12.

Ada G (2001) Vaccines and vaccination. N Engl J Med 345:1042-1053

Brandtzaeg P (2007) Induction of secretory immunity and memory at mucosal surfaces.
Vaccine 25:5467-5484

Eriksson K, Holmgren J (2002) Recent advances in mucosal vaccines and adjuvants. Curr
Opin Immunol 14:666-672

Gorbach SL, Khurana CM (1971) Toxigenic Escherichia coli in infantile diarrhea in Chicago.
J Lab Clin Med 78:981-982

Hehlgans T, Pfeffer K (2005) The intriguing biology of the tumour necrosis factor/tumour
necrosis factor receptor superfamily: players, rules and the games. Immunology 115:1-20
Holmgren J, Czerkinsky C (2005) Mucosal immunity and vaccines. Nat Med 11:545-853
Kayamuro H, Abe Y, Yoshioka Y et al (2009a) The use of a mutant TNF-alpha as a vaccine
adjuvant for the induction of mucosal immunec responses. Biomaterials 30:5869-5876
Kayamuro H, Yoshioka Y, Abe Y et al (2009b) TNF superfamily member, TL1A, is a potential
mucosal vaccine adjuvant. Biochem Biophys Res Commun 384:296-300

Mutsch M, Zhou W, Rhodes P et al (2004) Use of the inactivated intranasal influenza vaccine
and the risk of Bell’s palsy in Switzerland. N Engl J Med 350:896-903

Neutra MR, Kozlowski PA (2006) Mucosal vaccines: the promise and the challenge. Nat Rev
Immunol 6:148-158

Shibata H, Yoshioka Y, Ikemizu S et al (2004) Functionalization of tumor necrosis factor-
alpha using phage display technique and PEGylation improves its antitumor therapeutic
window. Clin Cancer Res 10:8293-8300

Tamada K, Chen L (2006) Renewed interest in cancer immunotherapy with the tumor necrosis
factor superfamily molecules. Cancer Immunol. Immunother 55:355-362



JOURNAL OF VIROLOGY, Dec. 2010, p. 12703-12712
0022-538X/10/$12.00 doi:10.1128/JV1.01182-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Interleukin-1 Family Cytokines as Mucosal Vaccine Adjuvants for
Induction of Protective Immunity against Influenza Virus’

Hiroyuki Kayamuro,»*f Yasuo Yoshioka,'*{ Yasuhiro Abe,'t Shuhei Arita,"* Kazufumi Katayama,*
Tetsuya Nomura,' Tomoaki Yoshikawa,' Ritsuko Kubota-Koketsu,” Kazuyoshi Ikuta,’
Shigefumi Okamoto,® Yasuko Mori,® Jun Kunisawa,” Hiroshi Kiyono,’

Norio Itoh,> Kazuya Nagano,® Haruhiko Kamada,'*

Yasuo Tsutsumi,>? and Shin-Ichi Tsunoda'~**

Laboratory of Biopharmaceutical Research, National Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085,
Japan'; Department of Toxicology and Safety Science, Graduate School of Pharmaceutical Sciences, Osaka University,
1-6 Yamadaoka, Suita, Osaka 565-0871, Japan®; The Center for Advanced Medical Engineering and Informatics,
Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan®; Department of Biochemistry and Molecular Biology,
Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan®;
Department of Virology, Research Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita,

Osaka 565-0871, Japan®; Laboratory of Virology and Vaccinology, Division of Biomedical Research,

National Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan®;
and Division of Mucosal Immunology, Department of Microbiology and Immunology,

The Institute of Medical Science, The University of Tokyo, 4-6-1 Shirokanedai,

Minato-ku, Tokyo 108-8639, Japan’

Received 2 June 2010/Accepted 22 September 2010

A safe and potent adjuvant is needed for development of mucosal vaccines against etiological agents,
such as influenza virus, that enter the host at mucosal surfaces. Cytokines are potential adjuvants for
mucosal vaccines because they can enhance primary and memory immune responses enough to protect
against some infectious agents. For this study, we tested 26 interleukin (IL) cytokines as mucosal vaccine
adjuvants and compared their abilities to induce antigen (Ag)-specific immune responses against influ-
enza virus. In mice intranasally immunized with recombinant influenza virus hemagglutinin (rHA) plus
one of the IL cytokines, IL-1 family cytokines (i.e., IL-1a, IL-1j3, IL.-18, and IL-33) were found to increase
Ag-specific immunoglobulin G (IgG) in plasma and IgA in mucosal secretions compared to those after
immunization with rHA alone. In addition, high levels of both Thl- and Th2-type cytokines were observed
in mice immunized with rHA plus an IL-1 family cytokine. Furthermore, mice intranasally immunized with
rHA plus an IL-1 family cytokine had significant protection against a lethal influenza virus infection.
Interestingly, the adjuvant effects of IL-18 and IL-33 were significantly decreased in mast cell-deficient
W/W* mice, indicating that mast cells have an important role in induction of Ag-specific mucosal immune
responses induced by IL-1 family cytokines. In summary, our results demonstrate that IL-1 family
cytokines are potential mucosal vaccine adjuvants and can induce Ag-specific immune responses for
protection against pathogens like influenza virus.

Vol. 84, No. 24

Because most pathogenic viruses, including influenza vi-
rus, enter through a mucosal surface (18), preventing infec-
tion at the viral entry site by inducing mucosal immunity
should be an effective strategy for combating such patho-
gens. A key aspect of mucosal immunity is production of
secretory immunoglobulin A (sIgA), as well as induction of
cytolytic T lymphocytes (CTLs) against epithelium-transmit-
ted pathogens (5, 21). Therefore, it is important to develop
mucosal vaccines that induce effective immune responses at
mucosal surfaces (31).

However, protein subunit antigens (Ags) generally evoke
only a weak or undetectable adaptive immune response when
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administered intramucosally (1). Therefore, to produce effec-
tive mucosal vaccines, it is necessary to develop an appropriate
mucosal vaccine adjuvant (34). Cholera toxin (CT) and Esch-
erichia coli heat-labile enterotoxin are known potent mucosal
vaccine adjuvants and have been used in nonclinical experi-
mental systems (9, 27). However, their clinical application as
nasal adjuvants had to be discontinued because of side effects
such as Bell’s palsy (29). Therefore, mucosal vaccine adjuvants
with high efficacy and safety for clinical application continue to
be urgently required.

Cytokines are key molecules that trigger the innate and
adaptive immune responses (including maturation of Ag-pre-
senting cells, differentiation of Thl and Th2 cells, and induc-
tion of cytotoxic natural killer [NK] cells and CTLs), resulting
in protective layers against virus infection (11, 41, 43). There-
fore, cytokines are promising vaccine adjuvants for enhancing
the immune response against infectious pathogens. At present,
more than 30 members of the interleukin (IL) cytokine/IL
receptor family have been identified and found to be involved
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in regulating and maintaining homeostasis of the immune sys-
tem (3. 14). Specific TL cytokines have been used as vaccine
adjuvants to enhance primary and memory immune responses
against some cancers and infectious discases (2. 6). However.
there has been no comparative study of 1L eytokines as muco-
sal vaccine adjuvants.

Recently. it was pointed out that identification of the cellular
targets of vaccine adjuvants is an important issue (12). Den-
dritic cells (DCs) arce responsible for Ag uptake and presenta-
tion to naive T cells and represent a key target for adjuvant
activity (22, 33). Recent reports have demonstrated that other
accessory cells. such as mast cells (MCs) and NKT cells, act as
immunoscnsors to initiate and modulate innate and adaptive
immunc responses (16, 40). It has been reported that MCs
contribute to the induction of an adaptive immune response or
accessory function and that the synthetic Toll-like receptor 7
ligand imiquimod acts as a mucosal vaccine adjuvant in an
MC-dependent manner (19). However, it is still not clear
whether MCs are promising cellular targets for cytokine adju-
vants in mucosal vaceines.

In this study to develop eflective and safe mucosal vaccine
adjuvants, we identified promising cytokines with mucosal vac-
cine adjuvant activity by screening 26 different 1L cytokines.
We also investigated the mucosal and systemic immune re-
sponses induced by these cytokines in normal and MC-defi-
cient mice. The 1L-1 family cytokines (IL-1a, 1L-13. 11L-18, and
IL-33) were found to be effective mucosal vaccine adjuvants for
induction of protective slgA and CTL immunity against influ-
enza virus. In addition, the adjuvant activitics of IL-18 and

IL-33 were MC dependent.

MATERIALS AND METHODS

Cytokines and Ags. O was purchased from List Biological Laboratories
(Camipbell. CA). Twenty-six types of mouse recombinant 11 eytokines (IL-la.
T-1A 120 TR-30 1040 TS0 1-60 170 10-90 =10, L1010 XL-120 TL-130 15,
IL-170 1L-180 TL-19. T1-200 TL-200 TL-220 TL-230 11-27. 11-28A. 1L-28B. 11.-31.
and IL-33) were purchased from R&D Systems (Minncapolis. MN). Baculovirus-
expressed recombinant influenza virus hemagglutinin (tHA) derived from influ-
cnza virus A/New Caledonia/ 2071999 (Protein Sciences. Meriden. CT) was used
as the vaccine Ag.

Mice and immunization protocols. IFemale BALB/C mice and MC-deficient
(WBB6OFL HH") and congenic littermate control (WBB6OF1L WT) mice were
purchased from Japan SLC (Iamamatsu. Japan) and used at 6 weeks of age. All
animal experimental procedures used in this study were performed in accordance
with our institutional guidelines for animal experiments. Mice were immunized
intranasally with rHA alone (1 pg/mouse). rHIA (1 pg/mousc) plus CT (1 pg
mouse). or rHA (1 pg'mouse) plus one of the IL eytokines (0.1 pg. 0.3 pg. or 1.0
pg/mouse) on days U and 28

Sample collection. Fourteen days after the final immunization. plasma and
mucasal secrctions (nasal washes, saliva. vaginal washes. and fecal extracts) were
abtained as previously described (24).

Detection of Ab responses by ELISA. rHA-specific antibody (Ab) levels in
plasma and mucosal secretions were determined by enzyme-linked immunosor-
bent assay (ELISA) as previously described (24). Briefly, ELISA plates were
coated with 2 pg tHA/ml of 0.1 M carbonate buffer and incubated overnight at
4°C. The plates were then incubated with blocking solution (Block Ace: DS
Pharma Biomedical. Osaka. Japan) at 37°C for 2 h. Diluted plasma or mucosal
seeretions were added. After incubation at 37°C for 2 h. the coated plates were
washed with phosphate-buffered saline (PBS)-polyoxyethylene sorbitan mono-
laurate (Tween 20: Wako Pure Chemical. Tokyo. Japan) and incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG solution 1o de-
teet IgGin plasma or with a biotin-conjugated goat anti-mouse IgA detection Ab
(Southern Biotechnology Associates, Birmingham. AL) solution to detect slgA
in mucosal secretions. at 37°C for 2 h. For detection of sIgA. the plates were
incubated with HRP-coupled streptavidin (Zymed Laboratories, South San

J. Viror.,

Francisco. CA) for 1 hat room temperature. After incubation. a color reaction
was developed with tetramethylbenzidine (Moss. Inc.. Pasadena. MD). stopped
with 2 N LSO - and measured as the optical density at 450 1o 635 nm (O 4, <)
i a microplate reader

Multiplex cytokine assay. Splenocytes from immunized BALB/c. WBB6OF |
HoHor WBBOFL WT mice were harvested 14 days after the final immuni-
cation and stimulated i virro with 10 pg tHA'ml. After 72 h culture super-
natants from iz viro unstimuliated and rtHA-stimulated cells were analyzed by
a Bio-Plex multiplex cvtokine assay (Bio-Rad Laboratories. Hercules. CAy
according to the manufacturer’s instructions. Samples were analvzed on a
Luminex 100 analyzer (Lummex. Austin, TX). The mean concentrations of
cytokines in supernatants from rlTA-stimulated cells were caleulated relative
to those m unstimulated cells

IFN-y ELISPOT assay. Splenocytes from immunized mice were harvested
14 days after the final immunization and stimulated at a cell density of 1+ 107
cellsml with a mixture of two H-2Krestricted class 1T HA peptides. TIAL, o
(IYSTVASSL) and 1TA v -, (LYEKVKSOL) (MBL.. Nagoya. Japan). al a
final concentration of 10 pg total peptide’ml complete RPMI (25). After 24 h
of incubation at 37°C. plates were washed. and gamma interferon (IFN-y)-
producing cells were measured by use of an enzyme-linked immunospot
(ELISPOTY assay kit (BD Biosciences. San Diego. CA) according 1o the
manufacturer’s instructions,

Tetramer assay. Splenocytes from immunized mice were harvested 14 days
after the final immunization and used as effector cells to determine HAL o
specific CTL responses. Splenocyvies (7« 10° cells) were added to wells in a
24-well plate. followed by addition of 1 ml of medium containing a CTL epitope
pepide (AL, + TYSTVASSL) at a final concentration of T pg/ml. After
incubation at 37°C for 2 dayvs. medium contammg human recombinant 11L-2
(r1L.-2) (Shionogi Co.. Osaka. Japan) was added to each well of CTL effector
cells. to a final concentration of 10 U human rIL-2/ml. Effector cells were stained
for tetramers after restimulation for 7 days. For analysis. | 107 cells were
treated with purificd anti-mouse CD16/CD32 Ab (Fe-y LTI receptor Ab: BD
Biosciences Pharmingen. San Dicgo. CA) and then stained with phycoerythrin
(PE)-conjugated H-2K*-HA.,,, .. peptide tetramer (MBL. Nagoya. Japan) for
20 min at room temperature. Fluorescein isothiocyanate (FITC)-conjugated
CD8a (clone KT15: MBL. Nagova. Japan) was added for an additional 20 min.
Cells were analyzed with a FACS Canto flow eytometer (BD Biosciences Phar-
mingen). Data analysis was done with FlowJo (TreeStar. Eugene. OR) software.

Histopathological analysis. BALB/c mice were immunized intranasally with
rHA (1 pg/mouse). with or without IL-Too IL-1B. IL-18. or 11.-33 (1 pg'mouse).
on days 0 and 28, Fourteen days after the final immumzation. the heads of the
mice were severed from the bodies and placed in fixative solution (477 parator-
maldehyde). The samples then were sectioned and stained with hematoxyhin and
cosin (H&T) or Luna stain and examined for pathological changes under a light
microscope. Histopathological examination was performed by the Applicd Med-
ical Research Laboratory (Osaka. Japan),

Influenza virus infection in vivo. To examme the prophylactic effect of 11
cytokine treatment against influenza virus. mice were immunized intranasally on
days 0 and 28 with I pg PR8 HA vacene (inactivated-product vaccine with
influenza virus A/Puerto Rico/8/34) (Charles River. North Franklin, CT)mouse
plus 1 pg CT or TL-1 family cytokine/mouse. Fourteen days after the final
immunization. mice were fully anesthetized by intraperitoneal injection of pen-
tobarbital. and cach was infected by intranasal application of 25 pl PBS contain-
ing 256 hemagglutimating umits (HAU) of influenza virus A/PR/&/24 (HTINT)
(kindly provided by the Rescarch Institute for Microbial Diseases of Osaka
University. Osaka, JTapan) per mouse. This procedure produced upper and lower
respiratory tract infections.

Statistical analysis. All results are expressed as means * standard errors of
the means (SEM). Differences were compared using Bonferroni analysis of
varince (ANOVA).

RESULTS

Comparative analysis of rHA-specific Ab responses induced
by 26 different IL cytokines. One potential advantage of suc-
cessful mucosal immunization is the possibility of eliciting both
systemic IgG and mucosal sIgA Ab responses against invading
pathogens. Therefore, in this study, we tested 26 different 1L
cytokines (1L-Ta, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9.
IL-10, IL-T1, TL-120 TL-13. IL-15, IL-17, IL-18, 1L-19, IL-20,
IL-21, 1L-22, 11.-23. IL-27. TL-28A. IL-28B. 1L-31, and 1L-33)
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FIG. 1. Ab responses induced by IL-1 family cytokines. BALB/c mice were immunized intranasally at 0 and 28 days with rHA alone or
rHA plus each interleukin. (A) Plasma was collected 14 days after the final immunization and analyzed by ELISA for rHA-specific IgG, IgGl,
and I[gG2a. (B) Saliva, nasal washes, fecal extracts, and vaginal washes were collected 14 days after the final immunization and analyzed by
ELISA for rHA-specific sIgA. Data are presented as means + SEM (n = 5). *%, P < (.01 compared to the value for the rHA-treated group.

as mucosal vaccine adjuvants. To examine the potential of
these IL cytokines as mucosal vaccine adjuvants, BALB/c mice
were immunized intranasally with 1 pg rHA plus 1 ug of an IL
cytokine on days 0 and 28. Fourteen days after the final im-
munization, we examined the level of anti-tHA IgG in plasma
by ELISA (Fig. 1A). Intranasal immunization with rHA plus
11 of the IL cytokines (IL-1e, IL-18, IL-2, IL-3, IL-4, IL-7,
IL-9, IL-13, IL-15, IL-18, IL-28A, and IL-33) induced higher
rHA-specific IgG responses in plasma than those for mice
immunized with rHA alone (Fig. 1A). In particular, immuni-
zation with rHA plus IL-1a, IL-1B, IL-18, or IL-33, referred to
as IL-1 family cytokines, resulted in the highest rHA-specific

IgG responses among the IL cytokines. The IgG subclass of the
rHA-specific responses was then examined to assess the type of
immune response induced by the 26 IL cytokines (Fig. 1A).
Plasma Ag-specific IgG subclasses reflect the subset of CD4*
T-helper cells induced by vaccination, with IgG1 and IgG2a
corresponding to Th2 and Thl responses, respectively. Consis-
tent with the rHA-specific IgG responses, intranasal immuni-
zation with rHA plus IL-2, IL-3, IL-4, IL-7, IL-9, IL-13, IL-15,
or IL-28A generally produced a greater rHA-specific IgG1
subclass response than immunization with rHA alone but a
similar IgG2a response to that with tHA alone. In contrast,
mice immunized with THA plus IL-1 family cytokines showed
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FIG. 2. Dose-response relationship for induction of rHA-specific Ab responses by nasal immunization with tHA plus an IL-1 family cytokine.
BALB/¢c mice were immunized intranasally at O and 28 days with rHA alone. rHA plus CT (1 pg/mouse). or rHA plus an IL-1 family cytokine (0.1,
0.3 0r | pg/mouse). (A) Plasma was collected 14 days after the final immunization and analyzed by ELISA for rHA-specific 1gG, at dilutions of
1/1.000. 1/5.000, and 1,250.000. (B) Nasal washes were collected 14 days after the final immunization and analyzed by ELISA for rHA-specific sIgA.

at dilutions of /6. 1/30. and 1/150. Data are presented as means + SEM (n = 5).

significantly higher TgGl and TgG2a Ab responses than
those immunized with rHA alone. These results indicate
that nasal administration of 1L-1 family cytokines has the
potential to induce potent rHA-specific systemic 1gG Abs,
as well as TgG 1 and 1gG2a Ab responses. We then studied
the tHA-specific sIgA response in mucosal secretions (i.e.,
in saliva. nasal washes. fecal extracts, and vaginal washces)
induced by the 26 1L cvtokines (Fig. 1B). For these 26 1L
cytokines, 1L-1 family cytokines induced the highest muco-
sal slgA Ab responses in salivary. nasal, fecal, and vaginal
mucosal secretions (Fig. 1B). Taken together, these results
indicate that nasal immunization with IL-1 family eytokines
effectively induced rHA-specific Ab responses in both sys-
temic and mucosal immune compartments, suggesting that

IL-1 family cvtokines might be effective mucosal vacceine
adjuvants.

Dose-response relationship of 1L-1 family cytokines as mu-
cosal vaccine adjuvants for induction of rHA-specific Ab re-
sponses. To determine the dose-response relationship of 1L-1
family cytokines as mucosal vaccine adjuvants to induce rHA-
specific 1gGoand sIgA Ab responses, mice were immunized
intranasally with rHA plus 0.1, 0.3, or 1 pg of cach 1L-1 family
cytokine (Fig. 2). Immunization with rHA plus the TL-1 family
cvtokines induced rHA-specific 1gG in plasma in a dose-de-
pendent manner. Even rHA plus the lowest dose (0.1 pg) of
[L-1 family cvtokines induced IgG to levels significantly higher
than those induced by rHA alone (Fig. 2A). Importantly, the
use of 1 pg of IL-1 family cytokines as an adjuvant resulted in
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FIG. 3. Cytokine responses induced by nasal immunization with rHA plus IL-1 family cytokines. BALB/c mice were immunized intranasally at
0 and 28 days with rHA alone, rHA plus CT, or rHA plus an IL-1 family cytokine. Fourteen days after the final immunization, splenocytes from
each group were cultured with 10 g rtHA/ml. Culture supernatants were harvested after a 3-day incubation and then assayed for rHA-specific IL-4
(A), IL-5 (B), and IFN-y (C), using a Bio-Plex multiplex cytokine assay. Data are presented as means * SEM (a = 5). %, P < 0,05; #, P < (.01

compared to the value for the rHA-treated group. N.D., not done.

strong rHA-specific IgG Ab responses equivalent to those elic-
ited by CT, which is one of the most potent mucosal vaccine
adjuvants (Fig. 2A). Furthermore, the level of rHA-specific
sIgA induced by rHA plus 0.1 pg of each IL-1 family cyto-
kine in nasal secretions was significantly higher than that
induced by rHA alone (Fig. 2B). The level of rHA-specific
nasal sIgA induced in mice immunized intranasally with
rHA plus 0.3 g of each IL-1 family cytokine was equivalent
to that observed in mice treated with 1 pg CT. Taken to-
gether, these results clearly indicate that nasal immuniza-
tion with an IL-1 family cytokine as a mucosal vaccine ad-
juvant induced dose-dependent levels of both rHA-specific
IgG and sIgA Abs in the mucosal and systemic immune
compartments.

Induction of rHA-specific Thl- and Th2-type responses af-
ter nasal administration of IL-1 family cytokines as mucosal
vaccine adjuvants. To evaluate the ability of IL-1 family cyto-
kines to boost rHA-specific cytokine responses induced by
mucosal immunization, splenocytes from mice that had been
immunized intranasally with rHA alone, rHA plus CT, or rHA
plus an IL-1 family cytokine were restimulated in vitro with
rHA and then assayed for Thl (IFN-y) and Th2 (IL-4 and
IL-5) cytokines (Fig. 3). Splenocytes from mice immunized
with rHA alone did not show significant cytokine production
compared to those from PBS-treated mice. Consistent with the
IgG subclass results (Fig. 1A), mice immunized with IL-1 fam-
ily cytokines had higher levels of IL-4 and IL-5 (Th2-associated
sIgA-enhancing cytokines) than mice given rHA alone. In par-
ticular, the highest levels of IL-4 and IL-5 were detected in
splenocytes of mice immunized with rHA plus IL-18 or IL-33,
and these responses were significantly higher than those in

splenocytes of mice immunized with CT. It was also notewor-
thy that IFN-y, a Thl cytokine, was induced in mice immu-
nized intranasally with rHA plus an IL-1 family cytokine. Thus,
IL-1 family cytokines might induce CTL responses when ad-
ministered nasally. These results show that as mucosal vaceine
adjuvants, IL-1a, IL-1B, IL-18, and IL-33 elicit both Th1- and
Th2-type cytokine responses.

In vive CTL induction by nasal immunization with rHA plus
IL-1 family cytokines as mucosal vaccine adjuvants. Virus
clearance is known to require strong Thl-polarized immune
responses characterized by IFN-y production and CTL re-
sponses in the systemic compartment. To investigate the ability
of IL-1 family cytokines to act as mucosal vaccine adjuvants
and to induce rHA-specific Th1/CTL immune responses, we
measured H-2KYHA,,,_,44 tetramer* CD8™ T cells (Fig. 4A)
and H-2KYHA,,,_».s-specific IFN-y-secreting cells (Fig. 4B)
in splenocytes from mice that had been immunized intranasally
with rHA alone, tHA plus CT, or rHA plus an IL-1 family
cytokine. The level of H-2KY/HA,,, .4y tetramer™ CD8* T
cells induced by rHA plus IL-1B was found to be similar to that
induced by rHA alone, but the level induced by rHA plus
IL-1a, IL-18, or IL-33 was significantly greater than that in-
duced by rHA alone (Fig. 4A). Furthermore, the level of func-
tionally active H-2KY/HA.,,,, ,.s-specific IFN-y-secreting cells
induced by rHA plus IL-1e, IL-18, or IL-33 was the same as or
greater than that in mice intranasally immunized with rHA
plus CT (Fig. 4B). Taken together, these results indicate that
the IL-1 family cytokines IL-1a, IL-18 and IL-33 induce high-
avidity CD8" CTLs. Therefore, intranasally administered IL-
la, IL-18, and IL-33 might be useful adjuvants for develop-
ment of an effective mucosal influenza vaccine.
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FIG. 4. Measurement of H-2KYHA,, 5. tetramer - CD8™ T cells and H-2KYHA.,, »,.-specific IFN-y-secreting cells in the spleen after nasal
immunization with rHA plus an 1L-1 family cytokine. BALB/¢ mice were immunized intranasally at 0 and 28 days with rHA alone. rHA plus CT.
or rHA plus an IL-1 family cytokine. Fourteen days after the final immunization, splenocytes from immunized mice were harvested and stimulated
with H-2K-restricted class T HA peptide at a final concentration of 10 ug total peptide/ml. (A) For detection of H-2KY/HA,,,, 244 tetramer ™ CDS”
T cells, splenocytes from immunized mice were cultured in medium containing a CTL epitope peptide (HA,,,, -, IYSTVASSL) plus 10 U human
[L-2/mi for 7 days, stained for CDS, and analyzed for tetramer-binding cells by flow cytometry. FL. fluorescence intensity. (B) After 24 h of
incubation, IFN-y-producing cells were measured by an ELISPOT assay. Data are presented as means = SEM (n = 5). . < 0.05 compared to

the value for the rHA-treated group.

Histopathological changes due to IL-1 family cytokines ad-
ministered intranasally as mucosal vaccine adjuvants. Al-
though cnterotoxin-based adjuvants show strong mucosal im-
munity-inducing ability. they have significant toxic side cfleets
on the central nervous system due to the presence of a specific
receptor, GM1 ganglioside, which is highly expressed in neu-
ronal tissue (39). To evaluate the in vivo toxicity of 1L-1 family
evtokines, histopathological changes in nasal tissues of mice
given | pg of IL-1 family cytokines were investigated. No
histological changes indicative of severe inflammation or mem-
branc barrier disruption were observed in the nasal cavities of
mice nasally administrated 1 pg of an IL-1 family cytokine
(Fig. 5A). In particular. there was no evidence of massive
accumulations of mononuclear cells around the airways and
blood vessels or of infiltrates in the nasal tissues for all mice
examined. Importantly, mice immunized intranasally with TL-1
family cytokines did not induce the goblet cell hyperplasia
observed in patients with asthma and chronic obstructive pul-
monary disease. Furthermore, Luna staining revealed that IL-1
family cvtokine-treated mice did not develop infiltration of
Luna-stained cosinophils into the nasal septum (Fig. SB).
Although further evaluation is required, these results indi-
cate that the toxicity of IL-1 family cytokines is likely to be
relatively low.

Antiviral immune response to influenza virus infection in
mice after nasal immunization with IL-1 family cytokines as
mucosal vaccine adjuvants. To determine the level of protec-
tion against viral infection provided by 1L-1 family cytokines,
BALB/c mice were immunized intranasally with | pg PRS HA
alone or with I pg of an IL-1 family cytokine on days () and 28.
The immunized mice were then challenged with 256 HAU of
mousc-adapted PR8 virus 14 days after the final immunization.
The survival and weight of the infected mice were observed
every other day (Fig. 6). All mice in the group receiving PBS
alone and 86% of the mice immunized with PR8 HA alone
died within 7 days of infection. In contrast, mice immunized
intranasally with PR8 HA plus an IL-1 family cytokine showed
a marked increase in survival (Fig. 6A). Notably, mice immu-
nized with PR8 HA plus 1L-13 or 1L-18 had 1009% survival 14

days after challenge. though with a slight loss of body weight
(Fig. 6B). These results indicate that IL-1 family cytokines are
potent nasal vaceine adjuvants for providing protection against
viral infection.

Role of MCs in rHA-specific immune responses induced by
nasal immunization with rHA plus IL-1 family cytokines. MCs
are localized predominantly at the interface between the host
and the environment (ie.. skin and mucosal surfaces). Recent
reports have demonstrated the importance of IL-18-mediated
MC activation for host defense, including innate sensing of
pathogens (35) and recruitment of DCs and T lvmphoceytes to
sites of inflammation. These findings prompted us to investi-
gate whether MCs have a significant role in the immune re-
sponse induced by IL-1 family cytokines as mucosal vaccine
adjuvants. Hence, we examined MC-dependent rHA-specitic
systemic [gG and mucosal sIgA Ab responses induced by IL-1
family cytokine adjuvants. For this study, we compared the
induction of specific Ab responses in MC-deficient (W/W") and
WT mice immunized intranasally with tHA plus an IL-1 family
cytokine (Fig. 7A and B). Both WT and W/W" micc immunized
with tHA had only minimal rHA-specific IgG Ab responses.
However, tHA plus an IL-1 family eytokine induced significant
rHA-specific 1gG Ab responses in WT mice. W/W" mice im-
munized with tHA plus IL-1a. IL-163. or IL-33 also had signit-
icant rHA-specific IgG Ab responses (Fig. 7A), suggesting that
[L-Tee, IL-13. and 11-33 act in an MC-independent manner. In
contrast, the rHA-specific IgG Ab response induced in W/W
mice by IL-18 was considerably lower than that in WT mice
(Fig. 7A). Similar results were found for mucosal sIgA Ab
responses: a significant response was seen with tHA plus 1L-
Lo, TL-1B. or IL-33 in both WT and W/W' mice. and a de-
creased response was seen with tHA plus TL-18 in W/W™ mice
compared to WT mice (Fig. 7B). We then compared [L-4,
[L-5. IL-2. and IFN-vy production in WT and W/W" mice im-
munized with rHA plus 1L-1 family cytokines (Fig. 7C). WT
mice immunized with tHA plus IL-1 family cytokines showed
significantly more rHA-specific 1L-4, 1L-5, IL-2, and IFN-y
production than did WT mice immunized with rHA alone. In
contrast, the responses induced by rHA plus IL-18 were sig-
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FIG. 5. Histopathological analysis of the nasal cavities of mice immunized intranasally with IL-1 family cytokines. Frontal cross sections of the nasal

cavities of mice were taken after two administrations of PBS, rHA alone, or rHA plus an IL-1 family cytokine. Sections were prepared and stained with

H&E (A) or Luna stain (B) to assess pathological changes. Overall views of the nasal epithelium (A) and of Luna-stained eosinophils in the nasal septum
(B) are shown.

nificantly reduced in W/W" mice. In addition, although rHA- W/W" mice. Collectively, these results indicate that MCs have

specific IL-2, IL-4, and IL-5 production in W/W" mice immu- a crucial role in the rHA-specific immune response induced by
nized with rHA plus IL-33 was comparable to that in WT mice, nasal immunization with rHA plus IL-18. In particular, MCs
the rHA-specific IFN-y response was significantly reduced in appear to have an important role in regulating rHA-specific
) 120 ®) P
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FIG. 6. Protection of BALB/c mice against lethal influenza virus infection by IL-1 family cytokine adjuvants. BALB/c mice were immunized
intranasally at 0 and 28 days with rHA alone, rHA plus CT (1 pg/mouse), or rHA plus an IL-1 family cytokine (1 pg/mouse). Fourteen days after the
final immunization, mice were intranasally infected with 256 HAU of influenza virus A/PR/8/34. Mice were monitored for survival (A) and weight loss
(B) for 14 days after infection. The results are expressed as percent survival (A) and percent initial body weight (B). Data are presented as means = SEM
(n=41t07).
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FIG. 7. Role of MCs in induction of rHA-specific immune responses by nasal immunization with rHA plus IL-1 family cytokines. WBB6F1
W/W" and WT mice were immunized intranasally at 0 and 28 days with rHA alone, rHA plus CT (1 pg/mouse), or rHA plus an IL-1 family cytokine
(1 pg/mouse). Plasma and fecal extracts were collected 14 days after the final immunization and analyzed by ELISA for rHA-specific IgG in plasma
(A) and rHA-specific sIgA in fecal extracts (B). (C) Also, 14 days after immunization, splenocytes from each group of WBB6F1 W/W" and WT
mice were cultured with 10 pg rHA/ml. Culture supernatants were harvested after a 3-day incubation, and rHA-specific cytokine production (IL-4,
IL-5, IL-2, and IFN-v) in the culture supernatants was analyzed using a Bio-Plex multiplex cytokine assay. Data are presented as means = SEM

(n =5).

IFN-v-mediated Thl-type immunity in mice immunized with
rHA plus IL-33 as a mucosal vaccine adjuvant.

DISCUSSION

Of the 26 different IL cytokines studied here, intranasal
immunization with rHA plus an IL-1 family cytokine (IL-1q,
IL-1B, IL-18, and IL-33) induced the highest levels of rHA-
specific systemic IgG. High levels of sIgA were also observed in
the mucosa of IL-1 family cytokine-treated mice. However,
IL-12 and IL-15 have been reported to promote systemic and
mucosal immunity to intramucosally coadministered protein

Ags (8, 45), although more frequent immunization was re-
quired to produce adjuvant activity. The apparent discrepancy
concerning the adjuvant activity of IL-12 and IL-15 in this
study and previous reports may be due to differences in immu-
nization regimens and vaccine doses.

For IL-1 family cytokines, we showed that intranasal admin-
istration of tHA plus IL-1a, IL-18, or IL-33 induced higher
levels of CD8* CTLs than intranasal administration of rHA
alone, whereas the level induced by rHA plus IL-1§ was similar
to that induced by rHA alone. In agreement with these results,
IL-1PB has been reported to have a pivotal role in development
of Th2-type immune responses (20). A previous report by
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Shibuya et al. (36) showed that IL-1a is necessary for optimal
Thl development and IFN-y secretion in BALB/c mice. In
addition, Karupiah et al. (46) showed that IL-18 and IL-12p40
regulate cellular immune responses through CD8* T-cell ac-
tivation. Thus, our data are in agreement with previous reports
that IL-1a and IL-18 play a pivotal role in inducing Thl-type
immune responses. Furthermore, there have been a few re-
ports on the potential of IL-33 to induce a Thl-type immune
response (37). In the present study, we showed that of the IL-1
family cytokines, IL-33 induced the highest levels of CTL and
IFN-y™ cells. We are currently investigating the mechanism of
IL-33 in Th1/CTL immunity.

We found that intranasal coadministration of influenza vac-
cine with IL-1 family cytokines provided protection against
influenza viral infection, with IL-1p and IL-18 providing com-
plete protection. It is known that nasal secretions containing
locally produced sIgA and serum-derived IgG Abs contribute
to forming a first line of defense for combating influenza viral
infections (42, 44). Therefore, the prophylactic effects of IL-1
family cytokines may be due mainly to Ab-mediated immunity
against influenza virus. Furthermore, previous studies have
pointed out the importance of influenza-specific CD8* CTLs
for host recovery from lethal influenza virus infections and
protection against further infection (7, 15). Although the
mechanism by which IL-18 provided complete protection
against influenza remains to be elucidated, high-avidity CD8*
CTLs induced by IL-1a, IL-18, or IL-33 probably confer pro-
tection against influenza viral infection. Recently, a require-
ment for NK cells or NKT cells for control of influenza virus
infections was identified (10, 13). Since IL-18 is known to
regulate NK and NKT cell activity (4, 38), it is possible that
restimulation of these cells may have resulted in the reduction
in virus replication and morbidity observed after viral chal-
lenge. We are currently investigating the involvement of these
cell subsets in the induction of protection against influenza
virus by IL-18.

Unfortunately, potent adjuvant action is often correlated
with increased toxicity, as exemplified by CT adjuvant, which
although it is potent is too toxic for human use. Therefore, one
of the major challenges in adjuvant research is to gain potency
while minimizing toxicity (17). Intranasal administration of 1
ng of an IL-1 family cytokine for four consecutive days has
been shown to induce asthma-like symptoms, including airway
hyperresponsiveness and goblet cell hyperplasia in the lungs
(26). In contrast, in this study, we found that mice immunized
intranasally with IL-1 family cytokines did not exhibit acute
toxicity, i.e., there was no cytokine-induced mortality, no ob-
vious weight loss, no abnormal behavior, and no histopatho-
logical changes. In addition, use of 0.1 pg of an IL-1 family
cytokine as a nasal vaccine adjuvant was still effective at induc-
ing systemic IgG and nasal sIgA Ab responses. Thus, although
further safety evaluation is needed, our findings indicate a
broad therapeutic utility for IL-1 family cytokines when used as
adjuvants for mucosal vaccination.

To develop optimal vaccines for clinical applications, it is
important to understand their mechanism of action on the
immune system in terms of efficacy as well as safety (23). The
present study demonstrates that the enhanced mucosal vaccine
adjuvant effect of IL-18 operates via an MC-dependent mech-
anism. The rHA-specific immune response induced by intra-
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nasally administered rHA plus IL-18 in WT mice was signifi-
cantly reduced in W/W" mice. In addition, the level of the
rHA-specific IFN-y response in mice intranasally immunized
with THA plus IL-33 was minimal in W/W" mice. Although
studies are needed on the role of MCs in generation of Ag-
specific immunity, the studies reported here show that MCs
have a role in the effect of IL-18 as an adjuvant and in aug-
mentation of the CTL response induced by IL-33 as a nasal
vaccine adjuvant. MC activators (e.g., compound 48/80) have
been reported to stimulate protective immune responses
against infections (28, 32). In addition, these immune re-
sponses are correlated with DC trafficking and lymphocyte
recruitment to draining lymph nodes (DLN). Nakae et al. (30)
suggested that MC-derived tumor necrosis factor alpha
(TNF-w) is required for enhanced recruitment of lymphocytes
and DCs to DLN. MC-dependent induction of IL-18 mucosal
vaccine adjuvant activity may involve these types of processes.
In agreement with this possibility, the IL-18 receptor was
highly expressed on the surfaces of MCs but not in nasal
passage-associated lymphoid tissue CD11c*™ DCs, and IL-18
induced robust TNF-a and IL-6 production from MCs in a
concentration-dependent manner in vitro (unpublished data).
Although further studies are required, IL-18 appeared to ex-
hibit MC-dependent adjuvant activity that was not directly
regulated by DC functions, such as DC migration and DC
activation.

In summary, IL-1 family cytokines used as mucosal vaccine
adjuvants induced two layers of protective immunity when
administered intranasally with an influenza virus vaccine Ag,
indicating that they may be suitable for use in antiviral nasal
vaccines.
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Tumor necrosis factor (TNF) is an inflammatory cytokine that has important roles in various immune re-
sponses, which are mediated through its two receptors, TNF receptor 1 (TNFR1) and TNFR2. Antibody-
based therapy against TNF is used clinically to treat several chronic autoimmune diseases; however, such
treatment sometimes results in serious side effects, which are thought to be caused by the blocking of
signals from both TNFRs. Therefore, knowledge of the structural basis for the recognition of TNF by each
receptor would be invaluable in designing TNFR-selective drugs. Here, we solved the 3.0 angstrom reso-
lution structure of the TNF-TNFR2 complex, which provided insight into the molecular recognition of TNF
by TNFR2. Comparison to the known TNFR1 structure highlighted several differences between the ligand-
binding interfaces of the two receptors. Additionally, we also demonstrated that TNF-TNFR2 formed ag-
gregates on the surface of cells, which may be required for signal initiation. These results may contribute

to the design of therapeutics for autoimmune diseases.

INTRODUCTION

Tumor necrosis factor (TNF) is an immunity-modulating cytokine that
is required for defense against infectious diseases and carcinogenesis (/).
Excess amounts of TNE, however, cause various autoimmune diseases,
such as rheumatoid arthritis (RA), Crohn’s disease, and ulcerative colitis
(2—4). TNF activates signals through its two receptors [the type I TNF re-
ceptor (TNFR1) and TNFR2], and these molecules are well-known targets
in therapies against autoimmune diseases (7, 5). Currently, TNF neutralization
therapies through the use of a soluble TNFR2-Fc¢ chimera (etanercept), a
mouse-human chimera monoclonal antibody against TNF (infliximab), or
a fully humanized monoclonal antibody against TNF (adalimumab) have
proven to be effective treatments for RA (6, 7). Unfortunately, however, a
block of TNF-mediated host defense often increases the risk of bacterial or
viral infection (8, 9) or of the development of lymphoma (70). Thus, a
thorough understanding of the function of the TNF-TNFR complex is im-
portant for the design of optimal therapies against the various TNF-related
autoimmune diseases.

TNFR1 and TNFR2 activate distinct cell signaling pathways. TNFR1
is ubiquitously expressed, whereas TNFR2 is found mostly on certain pop-
ulations of immune cells. In general, TNFRI1 is largely associated with the
apoptotic activity of TNF, whereas TNFR2 is involved in T cell survival
(117). Thus, both proteins must be fully analyzed to better understand the
function of TNF. Previous studies with animal models of diseases such as
arthritis and hepatitis demonstrated the predominant role of TNFR1 in the
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pathogenesis and exacerbation of inflammation (/2, /3). Nonetheless,
TNFR2 is crucial for antigen-stimulated activation and proliferation of
T cells (/14-16), which is essential for cell-mediated immunity to patho-
gens. In addition, transmembrane TNF (tmTNF), the prime activating lig-
and of TNFR2 (/7), is sufficient to control infection by Mycobacterium
tuberculosis (18, 19), indicating the importance of TNFR2 in this type of
bacterial infection. Other reports showed that TNFR2 is important in the
function of regulatory T cells (20), suggesting a role for tmTNF-TNFR2
signaling in anti-inflammatory effects. On the basis of these studies, the
specific blocking of TNFR1 signaling appears to be a promising approach
to minimize the side effects that are associated with “anti-TNF” therapy
(5, 11, 21, 22). Thus, it is highly desirable to establish a structural basis for
the differences between TNFR1 and TNFR2.

One structural characteristic shared by most members of the TNFR
superfamily is that they contain from about two to four cysteine-rich do-
mains (CRDs) (5). The first structure of a TNFR superfamily member to
be determined was the crystal structure of the lymphotoxin-o (LT-a)-
TNFR1 complex (23). The authors of that study suggested that the protein
fold is characterized by multiple disulfide linkages in the CRD and that
these bonds are important in stabilizing the structure of the TNFR. More-
over, a trimer of LT-a binds to three TNFR1 monomers through CRD2
and CRD3 in TNFRI, suggesting that trimerization of TNFRs is directly
related to their signaling. The structural similarity between TNF and LT-a
suggests that TNF should be able to form a complex with TNFR1 that
resembles that of LT-a~TNFR1 (23-25). More recently, the structures of
complexes of other TNF-TNFR superfamily proteins have been solved,
including TNF-related apoptosis-inducing ligand (TRAIL)—death receptor
5 (DRS5) (26-28) and CD134 antigen (OX40) ligand (OX40L)-0X40
(29). These reports suggest that the structural features that were described
for the LT-o—TNFR1 complex are common to other TNF-TNFR super-
family members. Moreover, a study revealed the crystal structure of
TNF in a complex with a viral TNF inhibitor (poxvirus 2L protein)
(30) that is important for viral escape from TNF-mediated immunity
(31). Therefore, determination of the structure of TNFR2 and of its role
in immunity against pathogens would be useful in understanding the de-
tails of basic TNF functions.
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Another important characteristic of the TNFR superfamily is that
many of these proteins exist as preassembled oligomers on the cell sur-
face [for example, Fas (Apo-1/CD95), TNFRI, and TNFR2] (32, 33).
This ligand-independent assembly of TNFR oligomers is mediated by the
preligand assembly domain (PLAD), which resides within the N-terminal
CRD (CRD1) of the TNFRs and is not directly involved in binding to ligand
(33). PLAD-mediated, ligand-independent assembly has also been re-
ported for TRAIL receptors and viral homologs of TNFR (34, 35). Ligand-
independent assembly of receptors was reported for other cytokine members,
such as the interleukin-17 receptor (36), which indicates that this phenom-
enon is important for various immune responses. Indeed, the PLAD of
TNFRs is critical for TNF-mediated responses (33), and soluble PLAD
can effectively prevent TNFR signaling and potently inhibit inflammatory
arthritis (37). These results suggest that PLAD-mediated receptor assem-
bly is essential for TNFR signaling. However, in the crystal structures of
other TNF-TNFR superfamily complexes, such as TNFRI1, DRS5, and
0X40, individual PLADs are disassociated (23, 26-29). This apparent
contradiction regarding PLAD-mediated receptor assembly must be re-
solved to understand the molecular basis for TNFR-mediated signal initi-
ation. We reasoned that the behavior of the TNF-TNFR complex on the
surface of live cells needed to be investigated to understand the molecular
basis of the ligand-receptor interactions.

Here, we determined the first crystal structure of the TNF-TNFR2 com-
plex. With these data, we analyzed the structural basis for how TNF can
bind to two divergent receptors (TNFR1 and TNFR2) of the same super-
family. This finding contributes to an understanding of the differences
between TNFR1 and TNFR2, which may be useful for rationalizing selec-
tivity data and for generating hypotheses to design future TNFR-selective
drugs (/1, 21). Finally, we discuss the signal initiation mechanism of the
TNFR superfamily by analyzing the behavior of the preassembled TNFR2
and TNF-TNFR2 complexes on the surface of a live cell. This is the first
report to describe the structural details of a TNF-TNFR2 complex in a crys-
tal and in cells. These findings contribute to our knowledge of members of
the TNF superfamily and may provide a new focus for investigation of the
signaling machinery of cell surface receptors.

Table 1. Refinement statistics of the TNF-TNFR2 crystal. Ramachandran
statistics indicate the fraction of residues in the favored, allowed, and
outlier region, respectively, of the Ramachandran diagram as defined
by the RAMPAGE program (65).

Refinement statistics

Resolution (A) 49.96-3.00
Reflections used 43,981
Reryst (%) 21.3
Riree (%)' 28.1
Completeness (%) 99.5
Atoms
Protein 13,922
Water 11
Co** 6
RMSD in bonds (A) 0.004
RMSD in angles (°) 0.759
Ramachandran plot
Favored region (%) 92.9
Allowed region (%) 6.5
Outlier region (%) 0.6

*Reryst = 2l Fopsl = |Feaicll/ 21 Fopsl, where Fops and Feq e are the observed and
calculated structure factors, respectively. TRiee is calculated as for Ry, but
for the test set that consists of reflections not used in refinement.

www.SCIENCESIGNALING.org

RESULTS

Determination of the structure of the

TNF-TNFR2 complex

In a previous report, we obtained a crystal of the TNF-TNFR2 complex
belonging to the space group P2,2,2,, as well as preliminary x-ray diffrac-
tion data to 2.95 A (38). Here, we solved the structure of the TNF-TNFR2
complex by molecular replacement with the crystal structure of another
TNF mutant that we described previously [Protein Data Bank (PDB) code
2e7a] (39). Diffraction data sets at 3.0 A were used in refinements, and
the final R-factor was 21.3% (with a free R-factor of 28.1%) (Table 1).
Although we used mutTNF Lys (—) (a lysine-deficient mutant of human
TNF that is fully active) (40) as the TNF molecule in the TNF-TNFR2
complex (38), it was confirmed that mutTNF Lys (—) in the TNF-TNFR2
complex retained almost the same structure as that of wild-type TNF [root
mean square deviations (RMSDs) of 0.94 A for 420 Co atoms].

We found that the asymmetric unit in the crystal contained two copies
of the TNF-TNFR2 complex, which formed an interlocking dimer (two
trimers of TNF and six monomers of TNFR2) (Fig. 1, A and B). In this
interlocking dimer, CRD2-CRD4 interactions were mainly observed be-
tween opposite TNFR2 molecules (Fig. 1, C and D). We observed a po-
tential intermolecular hydrogen bond between Asp®' in CRD2 and the
amido NH group near Thr'*" in CRD4 (Fig. 1, E and F), but each TNFR2
mainly interacted through van der Waals contacts. The buried surface area
of this interface was relatively extensive (~4300 A for every two copies of
the complex), in contrast to ~2500 A? in the high-affinity TNF-TNFR2 bind-
ing interface. However, according to analytical gel-filtration experiments,
the purified TNF-TNFR2 complex in aqueous solution is 110 kD (38),
which suggests that the TNF-TNFR2 complex contains one trimer of
TNF (51 kD) and three monomers of TNFR2 (19 kD each) in aqueous so-
lution. Moreover, the position of the C terminus of TNFR2 suggested that
this interlocking dimer would be difficult to form on the cell surface (Fig.
1C). Therefore, we suggested that the formation of such interlocking dimers
was a result of crystal packing.

Nonetheless, previous studies showed that mutation of Met'”* of
TNFR2 to Arg, which is referred to as the “MI196R polymorphism,” is
associated with the presence of soluble TNFR2 in the serum (4/) and au-
toimmune diseases, such as systemic lupus erythematosus (42, 43). The
crystal packing of TNFR2 showed that Met'”* was located near Arg’” of
other TNFR2 molecules (Fig. 1, E and F), which suggests that the mutant
Arg'™ residue influences the interaction between the CRD2 of one TNFR2
molecule and the CRD4 of another TNFR2 molecule in the crystal. Al-
though previous gel-filtration analysis suggested that this interlocking di-
mer was formed by crystal packing, the report on the mutation of Met'”*
in TNFR2 suggests that the interlocking dimer might form only under the
specific condition in which TNFR2 is soluble.

TNFR2 structure

The structures of the extracellular domains of members of the TNFR su-
perfamily are composed of CRDs that typically contain six cysteine resi-
dues that form three disulfide bonds (23). TNFR1 and TNFR2 contain
four CRDs, termed CRD1 through CRD4 (Fig. 2A). CRDI (also known
as PLAD) is essential for forming the TNFR self-complex on the cell sur-
face (33). CRD2 and CRD3 are known as TNF-binding domains (23),
whereas the function of CRD4 remains unclear.

Through comparison of the structures of TNFR2 and TNFRI, together
with alignment of their corresponding sequences, we found that CRDI
and CRD2 were topologically and structurally similar in both receptors
(Fig. 2B). These CRDs contained the modules Al and B2, which are typ-
ically observed in conventional members of the TNFR superfamily (44),
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such as the structurally determined TNFR1 (23), DR5 (26-28). and OX40
(29) proteins. The Al module contains a single disulfide bond, whereas
the B2 module contains two disulfides, in a consensus sequence pattern.
Of note, and different from the CRD3 of TNFR1, the CRD3 of TNFR2
contained the A2 module that is observed in a certain type of TNFR su-
perfamily members, such as the CD30, CD40, and 4-1BB proteins (44).
Because these TNFR superfamily members have not been structurally
identified yet, our structure of the TNF-TNFR2 complex is the first
to show the structure of the A2 module. The A2 module in TNFR2 con-
tained two disulfides that were linked in a 1-4, 2-3 topology (Fig. 2C). The
2-3 disulfide (between Cys'* and Cys''?) contributed to deflect a B-turn
motif that was near the ligand-binding region (Fig. 2D), similar to the
structure predicted from the A2 module in a viral protein homologous
to TNFR2 (45). As a result of this disulfide bond, a gap between CRD2
and CRD3 in TNFR2 was buried in the structure (region 1 in Fig. 2, D and
E). The location of Arg’” in the CRD2 of TNFRI1, which is thought to be
essential for binding to TNF (23), was compensated by Arg'" of the
TNFR2 CRD3 in the TNF-TNFR2 structure. This structural difference
between TNFR1 and TNFR2 was thought to depend on the diversity of
their modules.

We observed another structural difference between TNFR1 and TNFR2
in region 2 (Fig. 2, D and E). A loop structure in TNFR1, which is re-
ported to constitute the ligand-binding region (23), consisted of five resi-
dues in TNFR1 (Arg’” to Gly®') but only three residues in TNFR2 (Ser’’
to Asp®") (Fig. 2B). The shorter loop structure of TNFR2 was further from
the molecular surface of TNF ligand compared with that of TNFR1 as
described below.

The TNF-TNFR2 complex

We found that TNF formed a central homotrimer around which three
TNFR2 molecules were bound, similar to the known structures of other
TNF superfamily members, including LT-a~TNFR1 (23), TRAIL-DRS
(26-28), and OX40L-OX40 (29) (Fig. 3, A and B). The structure of the
TNF-TNFR2 complex revealed that the TNFR1-binding region of TNF
overlapped with its TNFR2-binding region, as previously predicted (46).
One TNFR2 molecule interacted with two TNF molecules, as is the case
for the LT-a—TNFR1 complex. The core of the interface between TNFR2
and TNF was separated into two regions, termed regions 3 and 4 (Fig. 3, B
to D). Region 3 consisted of the Al module of CRD2, whereas region 4,
which was near regions 1 and 2, consisted of the B2 module of CRD2 and
the A2 module of CRD3. Comparison of the electrostatic surface potentials
of TNFR1 and TNFR2 showed that they were different despite sharing
the same binding partner (Fig. 3, C and D). In the interface of TNFR2
region 3, acidic amino acid residues (Asp™, Glu®’, and Glu™) were clus-
tered, forming a more negatively charged surface than that of TNFRI1.
Moreover, in region 4 of TNFR2, the molecular surface was different from
that of TNFR1, possibly as a result of diversity in the modules present (Fig.
2B). This structural feature contributed to the exposure of basic amino acids
(Arg””, Lys'®, and Arg'*®) at the binding interface, which generated a pos-
itively charged surface on TNFR2.

Although a cobalt ion (Co?") from the crystallization reagent was ob-
served at all six interfaces in the asymmetric unit (Fig. 4A), Arg®' of TNF
appeared to interact with the negatively charged region 3 on the surface of
TNFR2 (Fig. 4B). By contrast, our model of the TNF-TNFR1 complex,
constructed from the structure of the LT-a—~TNFR1 complex, indicated that
the interaction between Arg®’ and the TNFR1 might be weak, because of
the neutral charge of region 3 (Fig. 4C). Indeed, a previously reported
R31D mutant of TNF displays a marked loss of affinity for TNFR2 while
retaining affinity for TNFR1 (47). Therefore, these results suggest that this
electrostatic interaction between Arg®' of TNF and TNFR is more impor-

www.SCIENCESIGNALING.org

tant for the TNF-TNFR2 complex than for that of TNF and TNFR1. We
found that Arg®? of TNF was located in a position that enabled a po-
tential hydrogen bond to be formed with Ser’* of TNFR2 and that it
seemed to interact with Ser’> of TNFRI in the same way. Therefore, we
suggest that Arg®® of TNF contributes equally to the binding of TNF
to TNFR1 and TNFR2.

Detail of region 4 showed that Arg'" and Arg’” of TNFR2 formed
close contacts to Asp'*, GIn'*’, and Glu®® of TNF, potentially through
the formation of hydrogen bonds. Thus, Arg''* and Arg’” of TNFR2 were
important residues for binding to TNF (Fig. 4, E and F). This result is also
supported from previous analysis of point mutations of TNF (46, 48, 49).
Meanwhile, Arg”” of TNFR1 appeared to interact with Asp'** and GIn'*’
of TNF (Fig. 4F). We suggest that Arg'"® of TNFR2 and Arg’’ of TNFRI1
might have similar roles in binding to TNF (Fig. 4, E and F). This dif-
ference regarding arginine residues between TNFR1 and TNFR2 was also
indicated earlier (Fig. 2, D and E). The origin of this difference in inter-

Fig. 1. TNF-TNFR2 complex in the asymmetric unit. Two TNF-TNFR2
complexes are observed in the asymmetric unit (consisting of two TNF
trimers and six TNFR2 monomers). TNFR2 molecules from different
complexes interact with each other in the crystal. TNF molecules are
shown in green and orange; TNFR2 molecules are shown in blue and
red. (A and B) Side view (A) and top view (B) of the complexes. (C and
D) Side view (C) and top view (D) of the TNFR2-TNFR2 interaction in the
crystal. N, N terminus; C, C terminus. (E and F) Details of the TNFR2-
TNFR2 interfaces. Close contacts that are suggestive of potential hydrogen
bonds are shown as yellow dashed lines.
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action was a result of the unique A2 module and the dynamic structural
diversity close to regions 1, 2, and 4.

Usefulness of the molecular pocket formulation for the
design of TNFR1-selective inhibitors

Differences in the composition of the respective modules together with
the diversity in the length of the main chain near the binding interface
constitute the basic structural elements that distinguish TNFR1 from
TNFR2. These structural considerations could form the basis of the design
of receptor-specific drugs. Previous mutational analysis showed that
region 1 of TNFRI and TNFR2 (Fig. 2, D and E) is essential for the inter-
action with the loop of TNF (amino acid residues 143 to 149) (46, 48, 49).

A B
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In this ligand-binding area of TNFR2, the turn motif of CRD3 (Ser'"’ to
Cys'") fit to its CRD2 in the presence of the disulfide bond between
Cys'™ and Cys''? (Figs. 2D and 5A). By contrast, there was a space be-
tween the turn motif of the CRD3 of TNFRI and the B strand of its
CRD2, which resulted in the formation of a molecular pocket specifically
on the surface of TNFRI (Fig. 5B). These observations suggest that this
region of TNFRI constitutes a promising target for the structure-based
development of TNFR1-selective drugs.

Another point of interest was observed in region 2. A number of
amino acid residues contained in the loop structure of region 2 differ be-
tween TNFR1 and TNFR2 (Fig. 2B). In the shorter loop of TNFR2 (resi-
dues Ser™ to Asp®'), there was a space between TNF and the receptor
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Fig. 2. Basic structure and folding of TNFR2 and TNFR1. (A) Structure of
the extracellular domain of TNFR2 in blue (PDB ID 3alg) and TNFR1 in red
(PDB ID 1ext). Disulfide linkages are shown as green spheres. For a com-
parison of the basic structures, we superimposed a crystal structure of un-
bound TNFR1 (CRD1 to CRD3 of PDB ID 1ext) (55) onto the structure of
TNFR2 (CRD1 to CRD3) with the SUPERPOSE program (67) in CCP4i. (B)
Alignment of the amino acid sequences of TNFR1 and TNFR2. A1, A2, BT,
B2, and C2 are the names of the module structures. Cysteine residues are
highlighted in green. Differences between the structures of TNFR1 and
TNFR2 (regions 1 and 2) are highlighted in orange. The amino acid se-
quence alignment was performed with the ClustalW program (68). Abbre-
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viations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (C) The A1 and A3 modules.
There are different modules in the CRD3 regions of TNFR1 and TNFR2. (D)
Ligand-binding interface of TNFR2. (E) Receptor binding interface of
TNFR1. To compare the binding interfaces, we superimposed a crystal
structure of TNFR1 complexed with LT-a (CRD1 to CRD3 of PDB ID 1tnr)
onto the structure of TNFR2 (CRD1 to CRD3) with the SUPERPOSE
program. The side chain of Glu'® is missing in the structure of TNFR1
(PDB ID 1tnr). Structural differences between TNFR1 and TNFR2 (regions
1 and 2) are also highlighted by orange dashed circles.
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TNFR1
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Fig. 3. Electrostatic surface potentials on the binding interfaces of TNFR2
and TNFR1. (A and B) Top view (A) and side view (B) of TNF-TNFR2
complexes (PDB ID 3alq). The TNF trimer is in green and the TNFR2 mono-
mer is in blue. The binding regions (regions 3 and 4) are highlighted by
orange, dashed circles. (C) Electrostatic surface potential of TNFR2. (D)

(Fig. 5C). By contrast, the longer loop structure of TNFR1 (residues
Arg’” to Gly"") was predicted to bind to TNF across a wide surface area
by van der Waals contacts (Fig. SD). This interaction is also observed in
the structure of the LT-o—TNFR1 complex (23). These observations sug-
gest that the loop motif in TNFR1 could be a focal point for creating new
drugs that specifically inhibit the interaction between TNF and TNFR1.

A TNF-TNFR2 complex on the cell surface

Previous studies have confirmed that some members of the TNFR super-
family form a self-complex through their CRD1 (PLAD) regions at the
cell surface, which also suggests that stimulation by ligand of these assem-
blies is necessary for efficient signaling (32, 33). In the crystal structure of
the TNF-TNFR2 complex, however, the CRDI regions were separated
from cach other by >30 A, which is too far to enable an interaction to
occur. This phenomenon is also observed in other TNF-TNFR complexes
(23, 26-29). These apparently contradictory observations suggest that the
binding of the TNF ligand induces a dynamic behavior in the TNFR self-
complex that may trigger signal initiation.

To understand the state of TNFR2 at the cell surface, we transfected
human embryonic kidney (HEK) 293T cells with plasmids encoding he-
magglutinin (HA)-tagged wild-type TNFR2 (HA-wtTNFR2), TNFR2
lacking its PLAD (HA-TNFR2APLAD), or TNFR2 lacking its intracel-
lular domain (HA-TNFR2ACD). To identify self-complexes formed through
PLAD-mediated interactions, we used the thiol-cleavable, membrane-
impermeant, chemical cross-linker 3,3’-dithiobis(sulfosuccinimidyl propi-
onate) (DTSSP), as described in a previous report (33). We performed
Western blotting analysis of purified membrane fractions with antibody
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Electrostatic surface potential of TNFR1 (PDB ID 1tnr). Each electrostatic
surface potential was calculated with the GRASP program (69). Electro-
static charges (red indicates a negative charge, blue indicates a positive
charge) are shown between +8kgT, where kg is the Boltzmann constant
and T is the absolute temperature

against HA to detect cross-linked, HA-tagged TNFR2 molecules. We ob-
served a band corresponding to monomeric TNFR2 with a molecular
mass of 65 kD (Fig. 6A, lanes 1 to 4). We also detected self-complexes
of TNFR2 in the absence of TNF with molecular sizes about two or three
times greater (130 or 195 kD) (Fig. 6A, lane 1), consistent with previous
reports (33). Furthermore, analysis with high-molecular mass markers
and a low-density polyacrylamide gel enabled us to identify a band of
TNFR2 with a molecular mass of >1000 kD in samples treated with
TNF (Fig. 6A, lane 2). These complexes were reduced to monomeric pro-
teins by cleaving the cross-linker with dithiothreitol (DTT) (Fig. 6A, lanes
3 and 4). A similar experiment with cells transfected with plasmid en-
coding HA-TNFR2APLAD revealed that the formation of TNFR2 self-
complexes in the presence and absence of TNF was inhibited by the
deletion of PLAD (Fig. 6A, lanes 5 and 6). In addition, treatment with
TNF did not induce a shift in the band corresponding to HA-TNFR2APLAD
(Fig. 6A, lane 6), suggesting that most of the TNF did not bind to TNFR2
without PLAD at the cell surface. A previous report showed that deletion
of the PLAD from TNFR1 markedly decreases the amount of TNF that
binds to cell surface TNFR1 (33). Thus, our result suggests that the bind-
ing of TNF to TNFR2 is also disrupted by the deletion of the PLAD from
TNFR2. In experiments with cells transfected with plasmid encoding
HA-TNFR2ACD, we showed that this mutant TNFR could still form self-
complexes (Fig. 6A, lane 9); however, the band corresponding to HA-
TNFR2ACD did not shift upon treatment with TNF (Fig. 6A, lane 10).
These results suggest that self-complexes of TNFR2 are formed through
its PLAD on the surface of cells and that the stimulation of TNF was im-
portant for the formation of high-molecular mass aggregates of TNFR2.
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