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reverse transcription followed by real-time PCR, and was ex-
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replication early. However, the reason for the lag in the
induction of IFN-y between the WT and Ifnar”’~ mice re-
mains unclear.

Taken together, these results suggest that type I IFN
was indispensable for suppressing HBV replication in the
early stage after viral genome entry. Type I IFN binds to
its receptor to induce intracellular antiviral proteins to
disrupt HBV replication. The results, however, infer that
intrahepatic HBV clearance at the later stage is indepen-
dent of IFN.

HBV Clearance in a Later Stage by Acquired

Immunity

Previous studies by Yang et al. [23] and other groups
showed that HBV replication persists indefinitely in
globally immunodeficient mice such as NOD/Scid mice
hydrodynamically injected with the replication-compe-
tent plasmid carrying the full genome of HBV. To inves-
tigate whether the elevated viral titer in Ifnar”™ and
Irf-37/Irf-7”'~ mice on day 4 after hydrodynamic injec-
tion and intrahepatic HBV clearance were related to im-
mune effectors including T and B cells, HBV clearance
was examined in Rag-2~~ mice. The lack of V(D)] recom-
bination in this strain resulted in failure to produce ma-
ture B or T lymphocytes. As shown in figure 4, the ab-
sence of mature T and B cells in the Rag-2~"~ mice did not
result in elevated viral titer immediately after transfec-
tion, unlike in Ifnar”~ and Irf-377/Irf-7"'~ mice. How-
ever, Rag-2~ mice failed to clear the input plasmid and
HBYV products, as sera HBsAg and HBV DNA were de-
tected up to day 15 (fig. 4a), by the time viral replication
was terminated in all the other strains tested (fig. 4c, d).
In other words, activation of the immune effectors such
as the B and T cells is responsible for the intrahepatic
HBYV clearance, their activation being independent of
IFN and IRF-3/IRF-7.

MyD88 Deficiency Leads to Slower HBV Clearance

The MyD88-dependent pathway has been known to
lead to the production of inflammatory cytokines and is
common to all TLRs, except TLR3 [22]. To examine
whether a MyD88-dependent pathway is required in the
intrahepatic clearance of the HBV, we monitored the se-
rum HBsAg in MyD88-deficient mice. As shown in figure
4b, an increase in sera HBsAg in Myd88~/~ mice was ob-
served, although without particular antigenemia peaks at
the early stage of transfection in Ifnar” and Irf-377/
Irf-77/~ mice (fig. 4b, ¢). Instead, a delay in the elimination
of the HBV was observed (fig. 4b, d). Typically, WT mice
or other mouse strains lose serum HBsAg from day 11
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after injection. However, serum antigen was detectable
onday 15 in Myd88~~ mice. Delayed elimination of HBV
plasmid and single-strand DNA in the liver was observed
in Southern analysis of the liver from Myd88~7/~ mice
compared with WT, Mavs™", and Ticam-1"" mice (on-
line suppl. fig. 1).

Additionally, ELISA to determine anti-HBsAg anti-
body production in mouse sera after hydrodynamic in-
jection revealed that anti-HBs antibody was produced in
WT mice from day 7 and peaked at day 15 (fig. 4e). RAG2-
deficient mice lacking mature T and B cells failed to pro-
duce any antibody, and Myd88~'~ mice also had lower or
nearly undetectable anti-HBs antibody in serum in com-
parison to the typical response of WT mice at later trans-
fection stages. These results suggested that MyD88 and
RAG2 were crucial for triggering acquired immunity
against HBV in vivo.

Discussion

In the present study, several different knockout mice
were analyzed in an attempt to define the mechanism of
innate immunity against HBV in vivo. The evidence we
obtained indicated that viral replication was not affected
by MAVS or TICAM-1 knockout, but absence of IRF-3
or IRF-7 transcription factors, as well as the IFN receptor,
had an adverse effect on the inhibition of HBV replica-
tion. The results herein demonstrated that the TICAM-1
and MAVS pathways were not required in either sup-
pressing the virus replication or intrahepatic clearance of
HBYV replicative plasmid in vivo.

Although a DNA virus, HBV has the unique feature of
replicating via an RNA proviral intermediate that is cop-
ied into DNA. Thus, defining the virus component, either
HBV DNA or RNA that triggers the antiviral response is
crucial to understand the immune mechanisms that are
responsible for eliminating HBV during infection. HBV
RNA has been suggested as the putative pathogen-associ-
ated molecular pattern of HBV in a few reports [16-18,
26]. HBx or HBs inhibits IFN-f induction followed by
activation of TLR3 or RIG-I pathways with poly(I:C) or
SeV, respectively. However, these findings must be inter-
preted with caution, as poly(I:C) and SeV are heterolo-
gous inducers for evaluating either the TLR3 or RIG-I
pathway [16, 17]. No definitive conclusion on activation
of the TLR3 or RIG-I pathway by HBV RNA in vivo has
been reported yet.

Viral RNA is recognized largely by RIG-I or MDA5 in
the cytosol of infected cells [27, 28] and by TLR3 or
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Fig. 4. Mice lacking RAG2 and MyD88 show insufficient clearance
of HBV. a, b The Rag2™"~, Myd88~", and WT mice were hydrody-
namically injected with 50 pg of pTER-1.4xHBV and HBsAgin the
mouse sera at the time points indicated and analyzed with ELISA
as described. ¢ HBsAg in 1,000-fold diluted serum from all the
mice strains including WT, Ifnar”, If-37~/Irf-77, Mavs™,
Ticam-17", Myd88~-,and Rag2™" at day 4 after the hydrodynamic
injections. Only Ifnar~™ and Irf-3~/Irf-7-"~ mice show a remark-
able increase, while a moderate increase of sera HBsAg was seen in
Myd88~"~ mice. d HBsAg persistence rates in all the mice strains
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receiving pTER1.4HBV were determined by the percentage of se-
rum HBsAg-positive mice on day 4 ({3) and day 15 (B) after the
hydrodynamic injections. Serum HBsAg was found to be persis-
tent only in mice deficient in MyD88 and RAG2 on day 15 as 100%
of the mice from these two strains were HBsAg positive (n = 8 for
each mice strain). e Lacking MyD88 and RAG2 leads to the failure
of the knockout mice to produce anti-HBs IgG compared to the
WT mice on day 15 after injection as determined by ELISA using
antigen of HBs (n = 3 for each mice strain). * p < 0.05. $/N = Signal-
over-noise ratio.
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TLR7/8 in the endosome of other noninfected cells [29,
30]. These RNA sensors require MAVS, TICAM-1, or
MyD88 as adaptor proteins to induce type I TFN [28]. On
the other hand, cytoplasmic DNA is recognized by DNA
sensors including DAI, IFI16, RIG-I, DHX9 (helicase),
and cGAS [31]. STING is the only adaptor for all IFN-
inducing DNA sensors in mouse cells reported so far [30,
32, 33], although some of these sensors are reported to
induce type I TFN via MAVS in human cells. These adap-
tors, TICAM-1, MAVS, and STING, are all linked to ac-
tivation of IRF-3/IRF-7 which act as transcription factors
that induce activation of the type I IFN promoter during
viral infections. Involvement of different pathways in the
induction of type 1 TFN is critically dependent on the virus
species and cell type. Cell type-specific contributions of
other sensors, including DEAD box helicases, might oc-
cur in some cases of infection. However, in hepatocytes,
the control plasmid per se exhibited no IFN-inducing re-
sponse, suggesting that the HBV replication is a critical
step for IFN induction. Actually, no contribution of oth-
er sensors except RIG-I/MDAS5 and TLR3 has been re-
ported so far.

Using the murine hydrodynamic injection model, we
found that mice deficient in IRF-3 and IRF-7 or IFNAR
do not inhibit HBV replication as effectively as their WT
counterparts and result in elevated HBV titers in mice
sera and livers. These findings imply that type I IFN act-
ing on IFNAR is indispensable for evoking anti-HBV
protective responses although such a hypothesis is in dis-
agreement with previous findings that HBV does not in-
duce detectable changes in type I IFN expression during
the early weeks of infection [34]. There are a few possi-
bilities of how type I IFN is produced in mice receiving
HBYV template plasmid. One of them is that HBV could
be recognized by pathways that do not link to MAVS or
TICAM-1 and facilitate IFN production in the cytoplasm.
For instance, STING-dependent signaling leads to type I
IFN induction, and it has been shown that this can be
MAYVS and TICAM-1 independent. Notably, STING-de-
pendent signaling is especially associated with DNA-me-
diated induction of type I IFN via IRF-3/IRF-7, and ge-
nomic DNA is an important part of HBV replication. It
would be interesting to clarify such hypotheses using
Sting™~ mice in the near future.

To elucidate the molecular pattern which triggers type
I1EN induction, we transfected either HBV DNA or RNA
into immortalized hepatocytes. To our surprise, we were
unable to detect significant IFN-B induction with either
HBYV replicative DNA or HBV RNA. As we looked into
the possible reasons to account for the lack of innate im-
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mune responses against HBV in hepatocytes, we found
that the endogenous expression of STING in hepatocyte
cell lines including HepG2 and immortalized mouse he-
patocytes is extremely low compared to other cell lines
like macrophages or dendritic cells, thus suggesting that
STING-dependent signaling might play a crucial role in
inducing type I IFN in response to HBV. The produced
IFN in turn activates the IFNAR pathway. There are var-
ious cells populations in the liver that express [IFNAR and
therefore subsequently initiate a natural signaling cascade
for amplification of IFN production via the Jak-STAT
pathway.

Another possible way for HBV to induce IFN is via the
HBV-stimulated nonparenchymal or resident myeloid
cells. Even though there has been no report suggesting
that HBV substantially infects pDCs, Isogawa et al. [5],
demonstrated that freshly isolated CID11c* cells of intra-
hepatic myeloid cells rather than the hepatocytes ex-
pressed TLRs including TLR2, 3, and 9. Therefore, resi-
dent myeloid cells might induce IFN to further prevent
the spread of HBV by activating the IFNAR pathway in
bystander cells or hepatocytes.

Although Myd88~~ mice receiving an HBV-DNA in-
jection did not exhibit significantly high virus titers in the
early phase unlike those observed in Ifnar”~ and Irf-37/
Irf-77 mice, interestingly MyD88 is required for the in-
trahepatic clearance of the HBV replicative template. The
fact that the transcriptional template persists in the ab-
sence of MyD88 suggests that MyD88 may play a pivotal
role in intrahepatic HBV clearance in the mouse model.
Notably, MyD88 is the adaptor molecule for TLR7 and 9
in pDCs [35, 36]. Deficiency of MyD88 in pDCs may re-
sult in failure to induce acquired immunity for HBV. Our
findings show that HBV-specitic antibodies are efficient-
ly produced in WT, but not in Myd88~~ mice. In addition,
the number of pDCs has been previously reported to be
reduced in vivo during several systemic viral infections
including HBV [37]. In one of the most recent reports, Lv
etal. [38], showed that HBV-derived CpG induces potent
IFN-a production by human pDCs, which may partially
explain how pDCs interact with HBV in infection. How-
ever, the cause of weak participation in the early response
of IFN induction in Myd88~~ mice remains to be deter-
mined.

Recombinant IFN-a is a standard treatment for chron-
ic HBV patients. Nevertheless, direct treatment with IFN
yields only about 30% improvement in HBV patients and
little is known about why most chronic HBV patients do
not respond to IFN therapy [39]. As demonstrated in our
study, virus persistency can be independent of the type I
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IFN-inducing system. This observation leads to the sug-
gestion that type I IFN is indispensable for inducing an-
tiviral molecules to control viral replication and spread
before the onset of more specific and powerful adaptive
immune responses. This appeared to be factual at least in
our knockout mouse models as virus titers were highly
elevated in Ifnar~~ mice in the initial days after injection.
Conversely, type I IFN did not have any influential effects
on clearance of the HBV template in the later stages. Such
observations coincide with the latest study conducted in
patients with chronic HBV infection by Tan et al. [40], in
which IFN-a treatment was shown to modulate innate
immune parameters in the patients, but without any de-
tectable effect on HBV-specific adaptive immunity. The
missing link between the induction of type I IFN and an-
ti-HBV cellular effectors needs to be further investigated
in mouse models, including the mechanism of MyD88
participation in activation of the cellular immune re-
sponse during infection. Elucidating molecular mecha-
nisms between innate pattern sensing and evoking cellu-
lar effectors may provide a reasonable explanation for the
failure of IFN-treatment in HBV infection.

Collectively, our study validates the use of the hydro-
dynamic transfection method in mimicking acute HBV
infection in mouse models and demonstrated the host-
virus relationship during HBV infection in many aspects.

References

Since HBV infectious models with immunologically well-
defined laboratory animals do not exist, the result pre-
sented in this study herein provides an insight into the
dispensability of RNA sensors for induction of IFN by
HBYV RNA and the complexity of innate and adaptive im-
munity during HBV clearance.

Acknowledgements

This work was supported in part by Grants-in-Aid from the
Ministry of Education, Science, and Culture and the Ministry of
Health, Labor, and Welfare of Japan, and the Yasuda Cancer Foun-
dation (T.S.) and the Ono Foundation (T.S.). Financial support by
a MEXT Grant-in-Project “The Carcinogenic Spiral’, “The Nation-
al Cancer Center Research and Development Fund (23-A-44)’, and
the Japan Initiative for Global Research Network on Infectious
Diseases (J-GRID) are gratefully acknowledged. We are grateful to
Drs. H. Shime, ]. Kasamatsu, K. Funami, and M. Tatematsu in our
laboratory for their fruitful discussions. We thank Dr. E.V. Chisa-
ri (Scripps Research Institute, La Jolla, Calif., USA) for providing
us with HBV plasmid and sleeping beauty.

Disclosure Statement

The authors declare no financial or commercial conflict of in-
terest. )

—

o

Guidotti LG, Chisari FV: Immunobiology
and pathogenesis of viral hepatitis. Annu Rev
Pathol 2006;1:23-61.

Zuckerman JN, Zuckerman AJ: Current
topics in hepatitis B. ] Infect 2000;41:130~
136.

Ganem D, Prince AM: Hepatitis B virus infec-
tion - natural history and clinical conse-
quences. N Engl ] Med 2004;350:1118~1129.
Seeger C, Mason WS: Hepatitis B virus biol-
ogy. Microbiol Mol Biol Rev 2000;64:51-
68.

Isogawa M, Robek MD, Furuichi Y, Chisari
FV: Toll-like receptor signaling inhibits hepa-
titis B virus replication in vivo. J Virol 2005;
79:7269-7272.

Wu]J, Lu M, Meng Z, Trippler M, Broering R,
Szczeponek A, Krux F, Dittmer U, Roggen-
dorf M, Gerken G, Schlaak JF: Toll-like recep-
tor-mediated control of HBV replication by
nonparenchymal liver cells in mice. Hepatol-
ogy 2007;46:1769-1778.

Kawai T, Takahashi K, Sato S, Coban C, Ku-
mar H, Kato H, Ishii KJ, Takeuchi O, Akira $:
IPS-1, an adaptor triggering RIG-I- and
Mda5-mediated type I interferon induction.
Nat Immunol 2005;6:981-988.

MAVS/TICAM-1-Independent Pathway
Regulates HBV Replication

10

i1

14

Akira S, Uematsu S, Takeuchi O: Pathogen
recognition and innate immunity. Cell 2006;
124:783-801.

Takeuchi O, Akira S: Innate immunity to vi-
rus infection. Immunol Rev 2009;227:75-86.
Oshiumi H, Matsumoto M, Funami K, Aka-
zawa T, Seya T: TICAM-1, an adaptor mole-
cule that participates in Toll-like receptor
3-mediated interferon-$ induction. Nat Im-
munol 2003;4:161-167.

Ishikawa H, Ma Z, Barber GN: STING regu-
lates intracellular DNA-mediated, type I in-
terferon-dependent innate immunity. Nature
2009;461:788-792.

Cheng G: Double-stranded DNA and double-
stranded RNA induce a common antiviral
signaling pathway in human cells. Proc Natl
Acad Sci USA 2007;104:9035-9040.

Ablasser A, Bauernfeind F, Hartmann G, Latz E,
Fitzgerald KA, Hornung V: RIG-I-dependent
sensing of poly(dA:dT) through the induction
of an RNA polymerase 11I-transcribed RNA in-
termediate. Nat Immunol 2009;10:1065-1072.
Chiu YH, Macmillan JB, Chen ZJ: RNA poly-
merase I detects cytosolic DNA and induces
type Linterferons through the RIG-I pathway.
Cell 2009;138:576-591.

15

17

18

19

Stetson DB, Medzhitov R: Type I interferons
in host defense. Immunity 2006;25:373-381.
Kumar M, Jung SY, Hodgson A}, Madden CR,
Qin J, Slagle BL: Hepatitis B virus regulatory
HBx protein binds to adaptor protein IPS-1
and inhibits the activation of beta interferon.
J Virol 2011;85:987-995.

Wei C,NiC, Song T, Liu Y, Yang X, Zheng Z,
JiaY, Yuan Y, Guan K, Xu Y, Cheng X, Zhang
Y, Wang Y, Wen C, Wu Q, Shi W, Zhong H:
The hepatitis B virus X protein disrupts innate
immunity by down regulating mitochondrial
antiviral signaling protein. J Immunol 2010;
185:1158-1168.

Yu $, Chen J, Wu M, Chen H, Kato N, Yuan
Z: Hepatitis B virus polymerase inhibits RIG-
I- and Toll-like receptor 3-mediated beta in-
terferon induction in human hepatocytes
through interference with interferon regula-
tory factor 3 activation and dampening of the
interaction between TBK1/IKKepsilon and
DDX3. ] Gen Virol 2010;91:2080-2090.
Oshiumi H, Okamoto M, Fujii K, Kawanishi
T, Matsumoto M, Koike S, Seya T: The TLR3/
TICAM-1 pathway is mandatory for innate
immune responses to poliovirus infection. J
Immunol 2011;187:5320-5327.

J Innate Immun 2015;7:47-58
DOI: 10.1159/000365113

—299—

57




20

21

24

25

26

Akazawa T, Ebihara T, Okuno M, Okuda Y,
Shingai M, Tsujimura K, Takahashi T, Tkawa
M, Okabe M, Inouc N, et al: Antitumor NK
activation induced by the Toll-like receptor
3-TICAM-1 (TRIF) pathway in myeloid den-
dritic cells. Proc Natl Acad Sci USA 2007;104:
252-257.

Noguchi C, Ishino H, Tsuge M, Fujimoto Y,
Imamura M, Takahashi S, Chayama K: Gto A
hypermutation of hepatitis B virus, Hepatol-
ogy 2005;41:626~633.

TianY, Chen WL, Kuo CF, OuJH: Viral-load-
dependent effects of liver injury and regen-
eration on hepatitis B virus replication in
mice. ] Virol 2012;86:9599-9605.

Yang PL, Althage A, Chung], Chisari FV: Hy-
drodynamic injection of viral DNA: a mouse
model of acute hepatitis B virus infection,
Proc Natl Acad Sci USA 2002;99:13825-
13830.

Aly HH, Oshiumi H, Shime H, Matsumoto M,
Wakita 'T, Shimotohno K, Seya T: Develop-
ment of mouse hepatocyte lines permissive
for hepatitis C virus (HCV). PLoS One 2011;
6:021284.

Honda K, Taniguchi T: IRFs: master regula-
tors of signalling by Toll-like receptors and
cytosolic pattern-recognition receptors. Nat
Rey Immunol 2006;6:644-658.

Wang X, Li Y, Mao A, Li C, Tien P: Hepatitis
B virus X protein suppresses virus-triggered
TR¥3 activation and IFN-beta induction by
disrupting the VISA-associated complex. Cell
Mol Immunol 2010;7:341-348.

27

29

3(

31

32

33

34

Kawai I, Akira S: Innate immune recognition
of viral infection. Nat Immunol 2006;7:131-
137.

Onomoto K, Yoneyama M, Fujita T: Regula-
tion of antiviral innate immune responses by
RIG-I family of RNA helicases. Curr Top Mi-
crobiol Immunol 2007;316:193-205,
Matsumoto M, Oshiumi H, Seya I Antiviral
responses induced by the TLR3 pathway. Rev
Med Virol 2011, DOI: 10.1002/rmv.680,
Diebold SS: Recognition of viral single-
stranded RNA by Toll-like receptors. Adv
Drug Deliv Rev 2008;60:813-823.

Paludan SR, Bowie AG: Immune sensing of
DNA, Immunity 2013;38:870-880.

Ishikawa H, Barber GN: The STING pathway
and regulation of innate immune signaling in
response to DNA pathogens. Cell Mol Life Sci
2011;68:1157-1165.

Suzuki I, Oshiumi H, Miyashita M, Aly HEH,
Matsumoto M, Seya T: Cell type-specific sub-
cellular localization of phospho-TBK1 in re-
sponse to cytoplasmic viral DNA. PLoS One
2013;8:e83639.

Bertoletti A, Gehring AJ: The immune re-
sponse during hepatitis B virus infection. J

- Gen Virol 2006;87:1439-1449.

58

J Inpate Immun 2015;7:47-58

DOI: 10.1159/000365113

—300—

36

1
~1

38

39

40

Hoshino K, Sasaki I, Sugiyama T, Yano T,
Yamazaki C, Yasui T, Kikutani H, Kaisho T:
Critical role of TkappaB Kinase alpha in
TLR7/9-induced type I IFN production by
conventional dendritic cells. ] Immunol 2010;
184:3341-3345,

Hoshino K, Sugiyama T, Matsumoto M,
Tanaka ', Saito M, Hemmi H, Ohara O, Aki-
ra $, Kaisho T: TkappaB kinase-alpha is critical
for interferon-alpha production induced by
Toll-like receptors 7 and 9. Nature 2006;440:
949-953.

Swiecki M, Wang Y, Vermi W, Gilfillan §,
Schreiber RD, Colonna M: Type I interferon
negatively controls plasmacytoid dendritic
cell numbers in vivo. | Exp Med 2011;208:
2367-2374,

Lv S, Wang J, Dou S, Yang X, Ni X, Sun R,
Tian Z, Wei H: Nanoparticles encapsulating
HBV-CpG  induce therapeutic immunity
against hepatitis B virus infection. Hepatolo~
gy 2014;59:385-304,

Ter Borg MJ, Hansen BE, Bigot G, Haagmans
BL, Janssen HL: ALT and viral load decline
during PEG-IFN alpba-2b treatment for
HBeAg-positive chronic hepatitis B. ] Clin Vi-
rol 2008;42:160-164.

Tan AT, Hoang LT, Chin D, Rasmussen E,
Lopatin U, Hart §, Bitter 1, Chu T, Gruen-
baum I, Ravindran P, Zhong H, Gane E, Lim
SG, Chow WC, Chen PJ, Petric R, Bertoletti
A, Hibberd ML: Reduction of HBV replica-
tion prolongs the early immunological re-
sponse to IFNa therapy. J Hepatol 2014:60:
54-61,

Leong/Oshiumi/Okamoto/Azuma/
Takaki/Matsumoto/Chayama/Seya

%
-
P
A
&
0




The Journal of Immunology

INAM Plays a Critical Role in IFN-y Production by NK Cells
Interacting with Polyinosinic-Polycytidylic Acid-Stimulated
Accessory Cells

Jun Kasamatsu,* Masahiro Azuma,** Hiroyuki Oshiumi,* Yuka Morioka,’
Masaru Okabe,” Takashi Ebihara,*> Misako Matsumoto,* and Tsukasa Seya*

Polyinosinic-polycytidylic acid strongly promotes the antitumor activity of NK cells via TLR3/Toll/IL-1R domain—containing adaptor
molecule 1 and melanoma differentiation-associated protein-5/mitochondrial antiviral signaling protein pathways. Polyinosinic-
polycytidylic acid acts on accessory cells such as dendritic cells (DCs) and macrophages (Mes) to secondarily activate NK cells. In
a previous study in this context, we identified a novel NK-activating molecule, named IFN regulatory factor 3—dependent NK-
activating molecule (INAM), a tetraspanin-like membrane glycoprotein (also called Fam26F). In the current study, we generated
INAM-deficient mice and investigated the in vivo function of INAM. We found that cytotoxicity against NK cell-sensitive tumor cell
lines was barely decreased in Inam™'™ mice, whereas the number of IFN-y-producing cells was markedly decreased in the early
phase. Notably, deficiency of INAM in NK and accessory cells, such as CD8a" conventional DCs and Mes, led to a robust decrease
in IFN-y production. In conformity with this phenotype, INAM effectively suppressed lung metastasis of B16F10 melanoma cells,
which is controlled by NK1.1" cells and IFN-y. These results suggest that INAM plays a critical role in NK-CD8a.* conventional DC
(and Mo) interaction leading to IFN-y production from NK cells in vivo. INAM could therefore be a novel target molecule for

cancer immunotherapy against IFN-y-suppressible metastasis.

icrobial components play a major role in activating
M innate and adaptive immune responses by triggering
pattern recognition receptors. Nucleic acid adjuvants,
including polyinosinic-polycytidylic acid (polyl:C) and unme-
thylated CpG dinucleotides, strongly promote Thl immune re-
sponses against cancer and infected cells and induce type I IFN
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and other inflammatory cytokines (1, 2). PolyI:C strongly enhances
priming and expansion of Ag-specific T cells and NK cells with
dramatic regression of syngeneic implant tumors in mice (3-6). NK
cells belong to group 1 innate lymphocytes (ILCls) and control
progression of several types of tumors and microbial infections (7).
Although polyl:C (an analog of viral dsRNA) is a ligand for mul-
tiple receptors, including dsSRNA-dependent protein kinase, retinoic
acid-inducible gene-I, melanoma differentiation—associated protein-
5 (MDAS), and TLR3, both of the pathways initiated by TLR3/Toll/
IL-1R domain—containing adaptor molecule 1 (TICAM-1) and
MDAS5/mitochondrial antiviral signaling protein confer antitumor
activity on NK cells in vivo (8, 9).

Polyl:C also directly and indirectly activates human NK cells
and other ILC1s (10, 11). PolyI:C participates in secondary acti-
vation of murine NK cells through stimulation of accessory cells
such as dendritic cells (DCs) and other myeloid cells (12-14). In
these interactions, previous studies have shown that type I IFN and
cell contact via IL-15 receptors play a critical role in accessory

cell activation followed by NK activation (15). In contrast, our"

previous studies showed that polyl:C induced bone marrow—de-
rived DC (BMDC)-mediated NK cell activation through the
TLR3/TICAM-1/IEN regulatory factor 3 (IRF3) pathway, which
promoted antitumor immunity by adoptive transfer in a type I
IFN- and IL-15-independent manner (8, 16). As the key molecule
for this NK-DC interaction, we identified a novel IRF3-inducible
tetraspanin-like membrane glycoprotein, named IRF3-dependent
NK-activating molecule (INAM). INAM expression was induced
not only in myeloid DCs but also in NK cells by polyl:C stimu-
lation in vivo. Transfection of INAM in both BMDC and NK cells
cooperated in inducing IFN-y production and cytotoxicity against
the NK-sensitive B16D8 cell line.

To investigate the role of INAM in vivo, we generated INAM-
deficient mice by the standard gene-targeting method. INAM ex-
pression was induced not only in NK cells and conventional DC
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(cDC) subsets but also in other immune cells including macro-
phages (Mes) and plasmacytoid DCs (pDCs) by polyl:C stimu-
lation. Cytotoxicity against NK cell-sensitive tumor cell lines was
barely decreased in fnam ™™ mice, whereas the number of TFN-y—
producing cells markedly decreased in the early phase. We also
showed that CD8a™ ¢DCs and Meps facilitate secretion of IFN-y
from NK cells in response to polyl:C stimulation in vitro and
in vivo. Notably, deficiency of INAM on NK and their accessory
cells led to a robust decrease in IFN-y production. Therefore, these
results infer that INAM plays a critical role in the interaction of
NK-CD8a" ¢DCs (and Mes) leading to IFN-y production from
NK cells. In agreement with this suggested phenotype, INAM ef-
fectively suppressed lung metastasis of B16F10 melanoma cells by
controlling activation of NK1.1* cells and IFN-y. Taken together,
these results provide the first demonstration, to our knowledge, that
INAM plays a critical role in the interaction of NK-CD8a™ ¢DCs,
which allows NK cells to produce IFN-y. We propose in this study
that INAM is a novel target molecule for immunotherapy against
IFN-y-suppressible tumors.

Materials and Methods
Mice

All mice were backcrossed with C57BL/6 mice more than seven times
before use. A C57BL/6 background Inam (Fam26f)-targeted embryonic
stem cell line, IMBA3.N1 of FAM26F tm2a (European Conditional Mouse
Mutagenesis Program) Witsi, was purchased from the European Condi-
tional Mouse Mutagenesis Program. Chimeric mice were generated by
aggregation of the mutated embryonic stem cells at the 8 cell stage. To
remove exon 2 of /nam, the Inam heterozygous mutants were crossed with
Cre-transgenic mice. The Jnam heterozygous mutants obtained were
intercrossed to obtain fnam homozygous mutants. Ticam-1"'"" and Mavs™"~
mice were generated in our laboratory (8, 16). Irf-3 ' and Ifnarl ™' mice
were provided by Dr. T. Taniguchi (17). Batf3™~ C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) (18). The Batj.?”/ B
mice of C57BL/6 background [unlike 129 and BALB/c background (19}]
lacked splenic CD8a" DCs as described previously (18) and evoked insuffi-
cient T cell functional response against extrinsic Ag and adjuvant (Azuma
et al., submitted for publication). C57BL/6 background were purchased from
CLEA Japan (Shizuoka, Japan). Experiments were performed with sex-
matched mice at 8-14 wk of age. All mice were bred and maintained un-
der specific pathogen-free conditions in the animal facility of the Hokkaido
University Graduate School of Medicine. Animal experimental protocols and
guidelines were approved by the Animal Safety Center, Hokkaido University.

Semiquantitative RT-PCR and quantitative real-time PCR

Total RNA was extracted using. TRIzol according to the manufacturer’s
instructions (Invitrogen). cDNA was generated by using the High Capacity
c¢DNA Transcription Kit (ABI) with random primers according to the manu-
facturer’s instructions. Quantitative real-time PCR (qPCR) was performed
using the Step One Real-Time PCR system (ABI). The primer sequences for
gPCR analysis were 5'-CAACTGCAATGCCACGCTA-3' and 5'-TCCAA-
CCGAACACCTGAGACT-3' for Inam; 5'-TTAACTGAGGCTGGCATTCA-
TG-3' and 5'-ACCTACACTGACACAGCCCAAA-3' for 1l15; 5'-GACAA-
AGAAAGCCGCCTCAA-3" and 5'-ATGGCAGCCATTGTTCCTG-3' for
1118; 5'-ACCGTGTTTACGAGGAACCCTA-3' and 5'-GGTGAGAGCTGG-
CTGTTGAG-3' for Irf7; 5'-GCCGAGACACAGGCAAAC-3' and 5'-CCA-
GGGCTTGAGACACCTTC-3' for bone marrow stromal cell Ag 2 (Bst2); and
5'-GCCTGGAGAAACCTGCCA-3’ and 5'-CCCTCAGATGCCTGCTTCA-3'
for Gapdh. The primer sequences for semi-qgPCR analysis were 5'-CAAC-
TGCAATGCCACGCTA-3' and 5'-TCCAACCGAACACCTGAGACT-3" for
Gapdh.

Me depletion and stimulation using TLR agonists in vivo

To generate Me-depleted mice, mice were injected ip. with 150 pl
Clophosome-Clodronate Liposomes (FormuMax). For qPCR analysis of
Inam induction using some TLR antagonists in Fig. 1E, mice were injected
i.p. with 50 pg polyl:C (GE Bioscience), 50 p.g Pam3CSK4 (Boehringer
Ingelheim), 10 pg LPS (Sigma-Aldrich), 50 pg R837 (InvivoGen), and
50 png CpG ODN1826 (InvivoGen). In other experiments, polyl:C was
injected i.p. at a dose of 200 pg/mouse.

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION

Cells

For isolation of DC subsets, Mes and NK cells, spleens were treated with 406
Mandle U/ml collagenase D (Roche) at 37°C for 25 min in HBSS (Sigma-
Aldrich). EDTA was added, and the cell suspension was incubated for an ad-
ditional 5 min at 37°C. NK cells were purified from spleens by positive se-
lection of DX5-positive cells with DX5 MACS beads (Miltenyi Biotec).
CDBa* ¢DCs were purified using a CD8e* DC isolation kit and CD11c MACS
beads (Miltenyi Biotec). CD8a ™ ¢DCs were purified with CD11c MACS beads
(Miltenyi Biotec) from the negative fraction after CD8a™ cDC separation. F4/
80" Ms were isolated using MACS-positive selection beads (Miltenyi Biotec)
as described previously (13), pDC Ag-1" pDCs were isolated with pDC Ag-1
MACS beads (Miltenyi Biotec). All immune cells were purified from spleens
by repeated positive selection to achieve high purity (90%). Leukocytes from
the lung were prepared as previously reported (18). Mouse immune cells were
cultured in RPMI 1640/10% FCS/55 pM 2-ME/10 mM HEPES. B16D8,
B16F10, YAC-1, and RMA-S were cultured in RPMI 1640/10% FCS.

Cell culture

To investigate potential interactions with NK-~accessory cells, MACS-sorted
accessory cells were cocultured with freshly isolated NK cells (accessory cells
/NK = 1:2) with or without 20 pg/ml polyl:C for 24 h. In some coculture
experiments using the transwell system, NK cells were added to 0.4-pum pore
transwells (Corning) in the presence of polyl:C. Activation of NK cells was
assessed by measuring the concentration of IFN-y (ELISA; GE Healthcare) in
the medium. For the IFN (« and f) receptor 1 (IFNAR1) blocking experiment,
anti-IFNAR Ab at a final concentration of 10 pg/ml was added to the cultures
before addition of polyl:C. For measurement of IL-12p40 and type I IFNs, we
used ELISA kits purchased from BioLegend and PBL Biomedical Laborato-
ries, respectively.

FACS analysis

For intracellnlar cytokine staining of NK cells, we isolated spleen or lung from
polyl:C- or PBS-injected mice at each time point and harvested their leukocytes
as described previously (18, 19). The leukocytes were incubated in medium
with 10 pg/ml brefeldin A for 4 h. Cells were fixed and stained with a com-
bination of anti-NK1.1 (PK136) and anti-CD3e (145-2C11) Abs (BioLegend),
followed by permeabilization and staining with anti-IFN-y (XMG1.2) Ab
(BioLegend), anti-granzyme B (NGZB) Ab (eBioscience), anti~TNF-«
(MP6-XT22) Ab (BioLegend), anti-GM-CSF (MP1-22E9) Ab (BioLegend),
or anti-IL-2 (JES6-5H4) Ab (Biol.egend) using a BD Cytofix/Cytoperm Kit
(BD Biosciences). For staining of the C terminus of INAM of each immune
cell type, after treatment of anti-CD16/32 (no. 93), cell-surface molecules of
splenocytes were stained with anti-CD3e (145-2C11), anti-CD8« (53-6.7),
anti-CD11c (N418), anti-NK 1.1, anti-F4/80 (BMS), anti-Grl (RB6-8C5), anti-
CD11b (M1/70), or anti-CD19 (MB19-1) Abs (BioLegend) or with anti-B220
(RA3-6B2) or anti-CD4 (1.3T4) Abs (eBioscience). After staining of the cell
surface, cells were fixed and permeabilized using a BD Cytofix/Cytoperm Kit
(BD Biosciences) and then stained with an anti-INAM polyclonal Ab as de-
scribed previously (16). To detect activating markers, NK receptors, and de-
velopmental markers, splenocytes were stained with anti-CD27 (LG.3A10),
anti-CD25 (PC61), anti-NKp46 (29A1.4), anti-NKG2D (C7), anti-DNAM-1
(10E5), and anti-TRAIL (N2B2) Abs from Biol.egend or anti-Fas (Jo2) from
BD Biosciences. For detection of dead cells, samples were stained with
ViaProbe from BD Biosciences. Samples were processed on an FACSCalibur
flow cytometer and analyzed with FlowJo software (Tree Star).

Tumor inoculation and polyl:C treatment

Polyl:C therapy against mice with B16D8 tumor burden was described
previously (8). BI6F10 melanoma cells (2 X 10%) were injected into wild-
type (WT) or Inam ™'~ mice via the tail vein on day 0. Polyl:C was injected
i.p. on days 1, 4, 7, and 10 at a dose of 200 p.g/mouse. The control group
was treated with PBS. All mice were killed 12 d after tumor inoculation.
The lungs were excised and fixed in Mildform (Wako) for counting of
surface colonies under a dissection microscope.

Statistical analysis

Statistical analyses were made with the Student r test for paired data.
Statistical analyses were made with ANOVA in multiple comparisons. The
p value of significant differences is reported.

Results
Generation of INAM-deficient mice

We designed a targeting vector to disrupt exon 2, which encodes
the C-terminal transmembrane and cytoplasmic regions of INAM
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(Fig. 1A). The heterozygosity and homozygosity of siblings were
verified by Southern blot analysis (Fig. 1B). Mutant mice were
born at the expected Mendelian ratio from Inam™'" and Inam*'~
parents and showed normal healthy development under specific
pathogen-free conditions (Fig. 1C). We also examined the compo-
sition of immune cells in the spleen and found no clear difference
between WT and Jnam™'™ mice (Table I). Murine NK cells are

A

5201

divided into four subsets in their maturation stage based on the
surface density of CD27 and CD11b: CD11b°*/CD27"°%, CD11b%/
CD27"" CD11bM&Y/CD27" " and CD11bM8" /CD27°% (20). We
examined the composition of splenic NK cells in each maturation
stage and found no clear difference between WT and Inam ™'~ mice
(Supplemental Fig. 1A). A previous study showed that fnam mRNA
is highly expressed in spleen and thymus under steady-state conditions

B
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FIGURE 1. Generation of INAM-deficient mice. (A) Structure of the mouse Inam-targeted, Inam-disrupted, and WT allele. Closed boxes indicate the
coding exon of Inam. A probe (602 bp) for Southern blot analysis was designed in exon 1. (B) Southern blot analysis of BamHI-digested genomic DNA
isolated from WT (+/4), heterozygous mutant (+/—), and homozygous mutant (—/—) mice. (C) Genotype analyses of offspring from heterozygote
intercrosses. The xz goodness-of-fit test indicated that deviation from the Mendelian ratio was not statistically significant (p > 0.1). (D) RT-PCR analysis of
spleen and thymus. Total RNA sets from spleen and thymus in WT (+/+) and Inam™'~ (—/—) mice were extracted and subjected to RT-PCR to determine
Inam expression. (E) Inam mRNA expression in response to TLR agonists. Total RNA were isolated from the spleens of mice in each group (n =3)at3 h
after TLR agonist stimulation and subjected to quantitative PCR to determine to determine Inam expression. *p < 0.05 (F) INAM expression of immune
cells. WT (+/+) and Inam™'~ (—/—) mice were i.p. injected with 200 j.g polyl:C (pIC) or PBS (n = 2). After 12 h, INAM expression of each immune cell
type was analyzed by flow cytometry. Open histograms and shaded histograms indicate immune cells derived from the mice. Immune cells were classified
as NK cells (CD3g™/NK1.1%), NKT cells (CD3g /NK1.1'™), B cells (CD19¢*/B220%), CD8* T cells (CD3e*/CD8a*), CD4" T cells (CD3&*/CD4a™),
classic CD8a~ ¢DCs (CD11cM8%/CD8a ™), classic CD8a* ¢DCs (CD11¢™8"/CD8a™), pDCs (CD11c"Y/B220%), Mes (CD11¢"¥4™/CD1 1b'°-4m/F4/80*),
and granulocytes (CD11b™8%/Gr-1*). The data shown are representative of at least two independent experiments.
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ROLE OF INAM IN NK~-ACCESSORY CELL INTERACTION

Table . Development of hematopoietic cells in INAM-deficient mice
Cells WT Inam™"" Student ¢ Test
CD4A™ T cells 169 * 0.3 162 *+ 2.2 p = 0.69
CD8" T cells 8.6 0.5 8.0 = 1.0 p =027
B cells 556 = 1.9 564 = 3.5 p=0.65
NK cells 1.2 £ 04 2.3 %07 p=022
NKT cells 0.9 *+ 0.1 0.76 = 0.2 p=027
pbCs 1.0+ 0.1 1.0 = 0.1 p =091
CD8a™ DCs 0.2 * 0.01 0.3 = 0.02 p =003
CD8a” DCs 0.49 *+ 0.03 0.8 =02 p = 0.09
Granulocytes 0.3+ 0.04 1.0 % 1.2 p =043
Mg 1.8 £ 0.6 22 * 08 p =045
Resident monocytes 0.4+ 0.1 0.4 £ 0.1 p = 0.96
Inflammatory monocytes 0.2 * 0.03 02+ 02 p=0.82

Data are percentages unless otherwise indicated.

(16). In our study, mRNA expression of lnam in these tissues was
clearly absent in the Inam-null mouse (Fig. 1D). To assess the induc-
tion of Inam mRNA expression in response to TLR agonists in vivo,
we performed qPCR analysis using spleens at 3 h after i.p. adminis-
tration of those agonists or PBS. The levels of Inam mRNA expression
was strongly induced by polyl:C, but not other TLR agonists (Fig. 1E).
Hence, these data indicate that polyl:C is the strongest TLR agonist
to induce /nam expression of the TLR agonists tested in vivo. To

e
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investigate the cellular distribution of INAM protein expression, we
performed flow cytometric analysis using polyclonal Abs to mouse
INAM after i.p. administration of polyl:C. The levels of INAM
protein expression in these cells clearly reflected the absence of the
mRNA (Fig. 1F). Flow cytometric analysis of spleen cells dem-
onstrated that INAM expression was induced in all myeloid lineage
cells, including DC subsets and NK cells. In particular, INAM
expression was highly induced in pDCs and F4/80™ Meos.
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FIGURE 2. Signaling pathway of INAM induction in vivo. (A) Inam expression in splenocytes derived from various gene-manipulated mice. After
3 h, total RNA were isolated from the spleens of mice in each group (n = 3) and subjected to quantitative PCR to determine Inam, Irf7, and Bst2
expression. (B) Type I IFN signaling is required for Inam expression of splenocytes derived from WT mice. Splenocytes (n = 3) were treated with polyl:C (pIC),
IFENAR1-blocking Ab, or isotype control Ab for 0, 3, 8, and 24 h. (C) Type I IFN signaling is required for INAM expression of DC subsets, NK cells,
and Mes. WT and Ifnarl ™'~ mice were i.p. injected with 200 pg polyl:C or PBS (n = 2). After 12 h, INAM expression of each immune cell type was
analyzed by flow cytometry. The data shown are representative of at least two independent experiments. Data are means = SD of three independent

samples. *p < 0.05.
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Type I IFN signaling is required for INAM induction in vivo

The TLR3/TICAM-1 and MDAS5/mitochondrial antiviral signaling
protein pathways activate the transcription factor IRF3 in response
to viral RNA. In BMDC, polyl:C (an analog of virus dsRNA)
directly induces INAM expression via the TICAM-1/IRF3 pathway
(16). Moreover, in the absence of pattern recognition receptor
signals, IFN-a stimulation triggers INAM expression in BMDC.
However, it is unclear which innate signal is required for its up-
regulation in vivo. To understand the inducible pathway of Inam
expression, we investigated its expression in spleen cells derived
from various genetically manipulated mice. After polyl:C stimu-
lation, Inam expression was completely undetectable in IFN (o
and B) receptor 1 (Ifnarl Y™~ mice, but not in Ticam-1"'" mice, a
similar pattern of expression to that seen in type I IFN-inducible
genes including [rf7 and Bst2 (Fig. 2A). Additionally, Inam ex-
pression was partially reduced in mice deficient in Mavs or Irf3,
factors that are critical for producing type I IFN in response to
polyl:C (3, 16). To assess the effect of type I IEN in WT mice,
splenocytes were stimulated with polyl:C in the presence of anti-
IFNAR1 Ab or isotype control Ab. Expression of Inam was
transient, peaking at 8 h in the stimulated group in the presence of
isotype control Ab (Fig. 2B). In contrast, blocking of the type I

5203

IFN receptor led to abrogation of ram induction. In agreement
with these results, INAM protein expression was completely un-
detectable in DC subsets, NK cells, and Megs derived from
IFNARI1-deficient mice (Fig. 2C). Hence, these data indicate that
INAM expression depends on the IFNARI signaling pathway
in vivo.

INAM is required for IFN-y production through NK-accessory
interaction

To identify the accessory cells directly responding to polyl:C and
leading to IFN-y production from NK cells, we performed an
experiment on a coculture consisting of MACS-sorted splenic NK
cells and myeloid immune cells including DC subsets and Mes.
Purified NK cells cultured in medium with or without polyl:C did
not produce IFN-y (Fig. 3A). In contrast, a high level of IFN-y
production was observed in the supernatant of NK cells cocultured
with CD8a™ ¢DCs and Mes in the presence of polyl:C, but not in
pDCs and CD8a~ cDCs. In our reports, cell-to-cell contact is
required for the interaction between NK cells and BMDC (8, 16).
To confirm that the cell-to-cell contact is a prerequisite for the
interaction between NK cells and splenic accessory cells, we
performed coculture experiments using transwell system. As
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FIGURE 3. INAM-dependent NK cell activation in vitro. (A) IFN-y production of NK cells via polyl:C (pIC)-stimulated DC subsets and Mes. NK cells,

DC subsets, and Mes were enriched by MACS separation from WT and Inam
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mice. (B) Cell-to-cell contact-dependent NK cell activation via CD8o*

¢DCs. (€) Cell-to-cell contact-dependent NK cell activation via Mgs. NK cells were cocultured with DC subsets and Mes in the presence of polyl:C
(20 pg/ml) for 24 h. The concentrations of IFN-vy in the culture supernatants were measured by ELISA. (D) Mo depletion with clodronate liposomes. WT
mice were i.p. injected with clodronate liposomes (150 wl/mouse) to remove Megs. After 24 h, the efficiency of Mg depletion was measured by FACS
analysis. (E) Production of IFN-y by NK cells in WT, Me-depleted WT, and Batf3™'~ mice. WT, Mo-depleted WT, and Batf3 ™'~ mice were i.p. injected
with 200 pg polyl:C (n = 3). After 3 h, splenocytes were isolated, cultured with brefeldin A for an additional 4 h, and analyzed for intracellular content of
IFN-y by FACS, gating on CD3¢™/NK1.1" cells. (F) INAM-dependent NK cell activation via CD8a" c¢DCs. (G) INAM-dependent NK cell activation via
Mes. NK cells, CD8a* ¢DCs, and Mgs were enriched via MACS separation from WT and Inam ™'~ mice. NK cells were cocultured with CD8a* ¢DCs or
Mes in the presence of polyl:C (20 pg/ml) for 24 h. The concentrations of IFN-vy in the culture supernatants were measured by ELISA. The data shown are
representative of at least two independent experiments. Data are means * SD of three independent samples. *p < 0.05.
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a result, IFN-y production was completely blocked under trans-
well conditions (Fig. 3B, 3C). Therefore, NK cells are primed
through contact with CD8a" ¢DCs and Mes independent of sol-
uble mediators. To directly test the contribution of CD8a™ ¢DCs
and Mes to polyl:C-mediated NK cell activation in vivo, we ana-
lyzed Batf3™"" mice, which largely lack the CD8a* ¢DC population
in the spleen of C57BL/6 mice (21), and Me-depleted mice gen-
erated by clodronate liposome injection (22, 23). Approximately
85% of Mes were depleted at 24 h after clodronate liposome in-
jection (Fig. 3D). Three hours after polyl:C stimulation, NK cell
secretion of IFN-y was partially decreased in Batf37"" and M-
depleted mice (Fig. 3E). These results indicate that CD8a* ¢DCs
and Mes are responsible for secretion of IFN-y from NK cells in
response to polyl:C stimulation.

INAM acts on NK cells and BMDC to orchestrate NK~-DC
interaction triggered by polyl:C stimulation (16). To investigate
the role of INAM in the interaction of NK-CD8a* ¢DC and NK-
Mo, we performed an experiment on a coculture of MACS-sorted
splenic NK cells with their accessory cells isolated from WT and
Inam™'™ mice. Cocultures of NK cells and accessory cells lacking
INAM showed that IFN-y production from NK cells required
INAM expression in either NK cells or accessory cells (Fig. 3F,
3G). Notably, deficiency of INAM in both NK and accessory cells
led to a marked decrease in IFN-y production. Taken together,
these results suggest that INAM is required for cell-cell contact in
both NK cells and accessory cells and early IFN-y production by
NK cells.

INAM plays a critical role in rapid IFN-y production by NK
cells in response to polyl:C in vivo

To investigate the role of INAM in polyl:C-mediated cytotoxicity
of NK cells, we injected WT and nam ™'~ mice with polyl:C. After
0, 3, and 24 h, we isolated splenic NK cells and measured cyto-
toxicity ex vivo. In the four NK-sensitive cell lines B16D8, RMA-S,
B16F10, and YAC-1, we found no difference between WT and
Inam™"™ mice in the cytotoxic effect of NK cells against these cell
lines (data not shown). Consistent with these results, cell numbers
expressing granzyme B, known as a cytotoxic lymphocyte protease,
barely differed between splenocytes of WT and Inam™ mice
(Fig. 4A). To determine the role of INAM in NK cell production of
IFN-vy in response to polyl:C, we isolated splenocytes 0, 1, and 3 h
after injecting WT and Inam ™" mice with polyl:C and determined
the intracellular content of IFN-y in NK cells. After 3 h, NK cells
isolated from Inam ™'~ mice produced less IFN-y than WT NK cells
(Fig. 4B). Additionally, we also measured the numbers of other
cytokine-producing cells, including GM-CSE 1L-2, and TNF-q,
from NK cells at 3 h after polyl:C stimulation in WT and Inam ™"~
mice and confirmed no INAM dependence of the production of these
cytokines (Supplemental Fig. 2A). Therefore, INAM specifically
regulates IFN-y through CD8a DC at least within this time frame.
We also measured CD69 expression, known as an NK-activating
marker at 0, 3, and 24 h after polyl:C stimulation. CD69 upregu-
lation in response to polyl:C was partially impaired in NK cells from
Inam ™" mice in comparison with those from WT mice 24 h after
polyl:C stimulation (Fig. 4C). We found no clear difference between
WT and Inam™ mice in expression of CD27 or NK1.1, both of
which evoke IFN-y production through their interaction with the
ligands, or in any other NK receptors at 0, 3, and 24 h after polyl:C
injection (24) (Supplemental Fig. 1B). These results indicate that
INAM-mediated NK activation is independent of incremental ex-
pression of these receptors. Previous reports suggested that proin-
flammatory cytokines including IL-12, IL-15, I1.-18, and type I IFN
play critical roles in the cytotoxicity and IFN-y production of NK
cells (15, 25, 26). To determine their expression at 0, 3, and 24 h
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FIGURE 4. INAM-dependent NK cell activation in vivo. (A) Production of
granzyme B (GzmB) by NK cells. (B) Production of IFN-y by NK cells, WT
(++) and Inam™"" (~/—) mice were L.p. injected with 200 g polyl:C. After
0, 1, and 3 h, splenocytes were isolated, cultured with brefeldin A for an
additional 4 h, and analyzed for intracellular content of IFN-y and granzyme
B by FACS, gating on CD3e™/NK1.1* cells (n = 3 or 4). (C) Expression of
CD69 on the surface of NK cells. WT (+/+) and Inam™ ™ (—/—) mice were
i.p. injected with 200 pg polyl:C or PBS. After 0, 3, and 24 h, CD69
expression was assayed by FACS, and the data were quantitatively ana-
lyzed using mean fluorescence intensity (MFI), gating on CD3e /NK1.1*
cells (n = 3). The data shown are representative of at least two independent
experiments. Data are means * SD of three independent samples. *p < 0.05.

after polyl:C stimulation, we performed ELISA and qPCR analysis
of serum and spleen cells from WT and Jnam ™" mice. However,
protein levels of IL12p40, IFN-o, and IFN-B were not affected by
Inam disruption in mice (Supplemental Fig. 2B). Additionally,
mRNA expression of JI-15 and II-18 genes was not decreased in
Inam™" mice (Supplemental Fig. 2C). These results suggest that
INAM plays a critical role in the CD69 expression and rapid IFN-y
production, but not the cytotoxicity, of NK cells in response to
polyl:C in a cytokine-independent manner.

INAM is required for the antimetastatic effect by polyl:C-based
cancer immunotherapy

Malignant melanomas are one of the most important targets of
NK-mediated cancer immunotherapy (27). In this study, we tested
two types of polyl:C-based cancer immunotherapy model using
B16D8 and B16F10 cell lines. NK cells show high cytotoxicity
activity against B16D8 cells established in our laboratory as
a subline of the B16 melanoma cell line (28). This subline was
characterized by its low or virtually absent metastatic properties
when injected s.c. into syngeneic C57BL/6 mice. In contrast, the
B16F10 subline was characterized by its high metastatic capacity
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especially into the lung (29). In this model, NK1.1* cells and IFN-y
have a critical role in the suppression of pulmonary metastases (30).

A mouse model with s.c.-implanted B16D8 and polyl:C therapy
has been established in our laboratory (8). To investigate the func-
tion of INAM involved in tumor growth retardation mediated by
polyI:C, we challenged WT and Inam ™'~ mice with B16D8 im-
plantation and then treated the mice with i.p. injection of polyl:C.
The rate of B16D8 growth retardation was indistinguishable
between WT and Inam ™'~ mice (Supplemental Fig. 3), which was
largely dependent on the antitumor effect of polyl:C. This result is
consistent with the observation that there is no difference in
tumoricidal activity against B16D8 between WT and Inam ™'~
mice. To determine the role of INAM in the production of IFN-y
by lung NK cells in response to polyl:C, we isolated leukocytes
from the lung at 0, 3, and 6 h after administration of polyl:C to
B16F10-injected WT and Jnam™'~ mice and determined the in-
tracellular content of IFN-y in NK cells (Fig. 5A). After 6 h, NK
cells isolated from Inam ™'~ mice produced less IFN-y than WT
NK cells (Fig. 5B). To investigate the function of INAM involved
in pulmonary metastases induced by polyl:C, we i.v. challenged
WT and Inam™'~ mice with BI6F10 cells and then treated the
mice by i.p. injection of polyl:C. After four rounds of polyl:C
treatment, we counted tumor foci in the lung. Under unstimulated
conditions, there was no difference in the number and size of
tumor foci in the lungs between WT and Inam ™'~ mice (Fig. 5C).
In WT mice, i.p. injection of polyl:C exerted a significant inhi-
bition in the growth of pulmonary metastases in tumor-bearing
mice compared with PBS controls (Fig. 5D). In contrast, the ef-
fect of polyl:C therapy for pulmonary metastases was partially
abrogated in Jnam ™'~ mice. These results demonstrate that INAM
plays a critical role in IFN-y production by lung NK cells in re-
sponse to polyl:C and unequivocally exhibits antitumor function
in polyl:C-based cancer immunotherapy against IFN-y-sensitive
tumors metastasized to the lung.

5205

BMDC confer direct cytotoxic activity on NK cells by stimu-
lation with RNA via INAM-dependent cell-cell contact (16). Then,
NK cells kill tumor cells via effectors, such as TRAIL and
granzyme B, secondary to upregulation of INAM. However,
splenic DCs hardly induce direct NK cytotoxicity as shown in this
study. In this study, Inam™’~ mice studies revealed that DC/Me
primed NK cells in vivo to induce IFN-vy that was a major effector
for NK antimetastatic activity. Thus, taken together with the
previous results that BMDCs induce NK cytotoxicity via INAM
(16), INAM-involved DC-NK contact induces two arrays of NK
tumoricidal activities, killer effector and IFN-y producer, depen-
ding on the properties of DC subsets. The role of INAM in ILC
activation will be a matter of future interest in this context.

Discussion

In this study, we provide the first demonstration, to our knowledge,
that INAM plays a critical role in the interactions of NK-CD8a™
cDCs and Mes leading to IFN-y production from NK cells in vivo.
Additionally, we also propose that INAM is a novel target mole-
cule for cancer immunotherapy against IFN-y—suppressible me-
tastasis.

IFN-vy coordinates a diverse array of cellular programs via
STATT1 activation, such as antimicrobial response, anti- or protu-
mor response, production of proinflammatory cytokines, and in-
duction of IRF1 (31). IRF1 activates a large number of secondary
response genes, which carry out a range of immunomodulatory
functions (32, 33). In secondary lymphoid organs including spleen
and lymph nodes, NK cells are a dominant IFN-y producer
responding to polyl:C (5). IFN-y primes Ag-specific CD4* and
CD8* T cells and also activates other innate immune cells in-
cluding Mgs (34-36). The TLR3-dependent IFN-vy signaling
pathway is important in protecting the host from pathogenesis
induced by Coxsackievirus group B serotype 3 infection, which
leads to IFN-y production from NK cells (37, 38). Hence, IFN-y
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FIGURE 5. Antimetastatic activity of INAM against B16F10 melanoma. (A) The time schedule of polyl:C (pIC) treatment. (B) Production of IFN-y by
NK cells in the lung. After 24 h, WT and Inam ™'~ mice were i.p. injected with 200 p.g polyl:C. Lung leukocytes were isolated and cultured with brefeldin A
for an additional 4 h, and analyzed for frequency of NK cells and production of IFN-y/granzyme B by FACS, gating on CD3¢/NK1.1* cells (n = 3 or 4). (C)
Tumor foci counts in the lung of WT (+/+) and Inam™~ (—/—) mice under unstimulated conditions at day 12. (D) Tumor foci in the lung of WT (+/+) and
Inam™"" (—/—) mice. WT (+/+) and Inam™'~ (—/—) mice were i.v. injected with 2 X 10° B16F10 melanoma cells at day 0. At days 1, 4,7, and 10, WT and
Inam™"" mice were i.p. injected with 200 p.g polyl:C. At day 12, the mice were sacrificed, and lungs were removed and fixed in 10% formalin solution to
count surface colonies under a dissection microscope. The data shown are representative of at least two independent experiments. Data are means *+ SD of

three independent samples. *p < 0.05.

—307—

S10¢ ‘S Areniqa uo Aisioatuf) oprexpioH Je /810 jounwuwif mamm//:dny woly papeojumod



5206

derived from NK cells controls innate and adaptive immunity,
leading to a Thl response.

In this study, we show that INAM evokes IFN-y production by
NK cells in the early phase by polyl:C stimulation (Figs. 4B, 5B).
In 2 murine CMYV infection model, IFN-y is induced in NK cells
by IL-12 and IL-18 produced by murine CMV~infected CD11b"*
cDCs, whereas these cytokines barely evoke any cytotoxic re-
sponse in NK cells (39). In addition, IFN~y production from NK
cells is induced by anti-CD27 Ab stimulation, but again no cy-
totoxic response is triggered (24). Therefore, these reports indicate
that NK cell cytotoxicity and IFN-y production are independently
controlled by different mechanisms. We found no clear difference
between WT and Jnam™ ™ mice in expression of these cell surface
molecules and cytokines. Hence, the INAM-dependent IFN-y
production from NK cells is based on an as-yet-unknown mech-
anism(s) acting in a manner independent of these molecules.

CpG DNA is known to induce IFN-y from NK cells, which is
mediated through pDCs, TLRY in pDCs responds to CpG, and the
pDCs liberate IFN-« and TNF-« that participate in the induction
of IFN-y from NK cells (40). We checked induction of the Inam
mRNA in spleen after stimulation with CpG in WT and fnam™"~
mice (Fig. 1E). The levels of Inam mRNA as well as numbers of
IFN-y-producing cells were hardly increased in response to L.p.
administration of CpG in WT as well as Inam ™" mice, suggesting
no participation of INAM in CpG-induced NK cell IFN-y pro-
duction (data not shown). CpG participates in the activation of the
TLRY pathway in pDCs, but INAM in splenic ¢cDCs and Mos does
not participate in CpG-mediated NK priming. The result is con-
sistent with the fact that polyl:C is an agonist for TLR3 (but not
for TLRY predominantly expressed in pDCs), which is mainly
expressed in CD8a* DCs, especially professional Ag-presenting
CD141* and CD103* DCs in mice (41).

CD8a™* ¢DCs directly recognize polyl:C via the TLR3/TICAM-1
pathway and promote IFN-y production from NK cells in vitro
(9). However, previous analysis of Batf3™'~ mice indicated that
absence of CD8a" ¢DCs resulted in weak NK cell activation, in
agreement with our data (19). We also found that NK cell secre-
tion of IFN-y was partially decreased in mice depleted of Mgs by
injection of clodronate liposomes (Fig. 3E). Notably, expression of
INAM by both NK cells and accessory cells is required for early
IFN-y production through NK-CD8a* ¢DC and/or NK-Mg
interactions (Fig. 3F, 3G). The physiological role of these acces-
sory cells in NK activation is poorly understood. However, our
results indicate that CD8a™ ¢DCs and Meps facilitate early se-
cretion of IFN-y from NK cells in response to polyl:C and INAM
plays a critical role in the interaction between NK cells and
CD8a* ¢DCs and/or Mes, leading to IFN-y production.

IFN-vy exhibits both anti- and protumor activities (42). Systemic
administration of polyl:C exerted a significant inhibitory effect on
the growth of lung metastases in B16F10 melanoma-bearing mice
(30, 42). Using this model, a previous study reported that NK1.1*
cells and IFN-y have a critical role in the protection of lung
metastases (30). Previous studies demonstrated that the IFN-vy
receptor expressed on host cells, but not on melanoma cells, is
important for development of lung metastases (43-45). Hence,
lung metastases are prevented by the IFN-y-inducible immune
response following NK cell activation. We show that INAM is
involved in the IFN-y production of lung NK cells in response to
polyl:C stimulation and unequivocally exhibits antitumor func-
tions in polyl:C-based cancer immunotherapy against IFN-y—
sensitive tumor foci in the lung (Fig. 5D). Therefore, we propose
that INAM is a novel target molecule for cancer immunotherapy
against IFN-y—suppressible metastasis.

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION
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Measles caused by measles virus (MV) infection remains important in child mortality. Although the nat-
ural host of MV is human, mouse models expressing MV entry receptors (human CD46, CD150) and
disrupting the interferon (IFN) pathways work for investigating immune responses during early MV
infection in vivo. Dendritic cells (DCs) are primary targets for MV in the mouse models and are efficiently
infected with several MV strains in the respiratory tract in vivo. However, questions remain about what
kind of DC in a variety of DC subsets is involved in initial MV infection and how the RNA sensors evoke cir-
cumventing signals against MV in infected DCs. Since type 1 IFN-inducing pathways are a pivotal defense
system that leads to the restriction of systemic viral infection, we have generated CD150-transgenic
mice with disrupting each of the IFN-inducing pathway, and clarified that DC subsets had subset-specific
IFN-inducing systems, which critically determined the DC's differential susceptibility to MV.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The pathogenic measles virus (MV) causes measles in infants.
The MV genome is a nonsegmented negative single-stranded RNA
consisting of six genes that encode the nucleocapsid (N), phospho-
protein (P), matrix (M), fusion (F), hemagglutinin (H), and large (L)
proteins. The P gene encodes P protein and the nonstructural V and
Cproteins. Although the nonstructural V and C proteins of wild type
(WT) strains of MV are important in suppressing the host inter-
feron (IFN) response in human cells (Gerlier and Valentin, 2009),
WT strains of MV are less able to suppress type I IFN production in
murine cells than in human cells (Shingai et al,, 2005), suggesting
that V and C proteins are relatively ineffective suppressors for IFN
response in murine cells.

CD46 (also called MCP) was first identified as an MV entry
receptor for laboratory-adapted and vaccine strains of MV. CD46
is expressed in all human nucleated cells including epithelial cells
(Gerlier and Valentin, 2009). In 2000, human CD150, a signaling
lymphocyte activation molecule (SLAM), was identified as the sec-
ond MV entry receptor for all MV strains including WT (Tatsuo et al.,
2000). Expression of CD150 is restricted to activated lymphocytes,
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dendritic cells (DCs), and macrophages (Delpeut et al., 2012), con-
sistent with the lymphotropism of MV. However, the expression
pattern of CD150 does not explain why WT strains of MV infect
epithelial cells that do not express CD150. Recently, human nectin-
4 (also called poliovirus receptor-related 4, PVRL4) was identified
as the third entry receptor for WT strains of MV (Mihlebach et al,,
2011; Noyce et al,, 2011). Expression of nectin-4 is restricted to the
basolateral surface of epithelial cells (Delpeut et al.,, 2012). Thus,
laboratory-adapted and vaccine strains of MV use CD46 and CD150
as entry receptors, and WT strains of MV use CD150 and nectin-4.
Initial infection with WT stains of MV via CD150 occurs in DCs and
alveolar macrophages (AMs) and secondary spreading of MV infec-
tion is established in lymphocytes through infected DCs and AMs.
Ultimately, MV-infected lymphocytes systemically spread to distal
sites including the respiratory tract and then MV infects epithelial
cells via nectin-4, resulting in release of MV into the airway lumen
of the infected lung (Delpeut et al.,, 2012). C-type lectin DC-SIGN
(also called CD209) has an important role for infection of DCs by
laboratory-adapted and WT strains of MV (de Witte et al.,, 2006),
although DC-SIGN is dispensable for MV entry. Both attachment
and infection of immature DCs with MV are blocked by DC-SIGN
inhibitors, suggesting that DC-SIGN is critical for enhancement of
CD46/CD150-mediated infection of DCs (de Witte et al., 2006).
Human CD150 transgenic (Tg) and CD150 knock-in mice were
generated as MV infection models to study receptor tropism and
the immune dynamics of MV (Hahm et al., 2003, 2004; Ohno
et al,, 2007; Sellin et al,, 2006; Shingai et al., 2005; Welstead et al,,
2005) and these mice were somehow permissive to MV in vivo.
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Systemic infection by WT strains of MV in vivo was observed in
CD150Tg/Ifnar~/~ mice, generated by crossing CD150Tg mice with
mice having the disrupted IFN receptor 1 (Ifnar) gene; the other is
CD150Tg/Stat1-/~ mice, generated by crossing CD150Tg mice with
mice knocked out for the signal transduction and activator of tran-
scription 1 (Stat1) gene, which is a major signaling molecule for
the IFN receptor (Shingai et al., 2005; Welstead et al,, 2005). Both
models indicate the importance of the IFNAR pathway for restric-
ting MV in vivo infection in mice. DCs and AMs are primary targets
for MV intranasally inoculated into CD150Tg models (Ferreira et al.,
2010), since these cells express CD150 and are located in the lung
where host cells firstly encounter MV. Results from mouse models
for MV in vivo infection reflect in vitro high susceptibility of human
monocyte-derived DCs (moDCs) to MV. DCs and AMs are the first
target cells during early MV infection in monkeys (de Swart et al,,
2007; Lemon et al, 2011). All these data indicate that type I IFN
produced by DCs and AMs primarily protects hosts from systemic
MYV infection.

In this review, we summarized the mouse model studies on the
host antiviral response to MV infection, which involves both toll-
like receptors (TLRs) and retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) in specific DC subsets.

2. Type I IFN-inducing pathways respond to viral RNA

The IFN response, which is the induction of type I IFN-o/
is a major antiviral defense pathway that confers virus resis-
tance to neighboring cells. Previous reports showed that viral RNA
is detected by cytoplasmic pattern recognition receptors (PRRs)
such as RIG-I and the melanoma differentiation-associated gene
5 (MDAS5) (Kawai and Akira, 2009). MDAS and RIG-I detect long
and short dsRNA, respectively (Kato et al, 2008). TLR3 recog-
nizes extracellular double-stranded RNA (dsRNA) in the endosome
whereas RIG-1 and MDAS5 sense cytoplasmic dsRNA (Fig. 1). TLR3
recruits the adaptor, Toll/interleukin-1 receptor (TIR) homology
domain-containing adaptor molecule 1 (TICAM-1, also called TRIF)
in response to dsRNA and induces type I IFN production. Activation
of RLRs is regulated by multiple consecutive processes includ-
ing dephosphorylation, ubiquitination and oligomerization of RLR
(Gack et al., 2007; Wies et al.,, 2013). The CARD domain of RLRs is
phosphorylated by unknown kinases in steady state, prohibiting
RLR activation (Wies et al., 2013). Viral infection activates RLRs via
dephosphorylation by serine-threonine phosphatases PP1a and
PP1vy (Wies et al., 2013). The dephosphorylated RLRs provide sig-
nals through the mitochondrial antiviral signaling protein (MAVS;
also called VISA, Cardif, or IPS-1) to induce type I IFN. Disrupting
these adaptor genes results in failure to activate IFN regulatory
factor (IRF)-3 and IRF-7, abrogating type [ IFN production and
antiviral host defense. Virus-derived single-stranded RNA (ssRNA)
is recognized by TLR7 and TLR8 which are in the endosome. MyD88-
dependent signaling is activated upon viral RNA recognition by
TLR7 to induce type I IFNs (i(awai and Akira, 2009). Unlike ubig-
uitous RLRs, TLR expression is restricted to particular cell types
with a different set of TLRs (Tabie 1) (Edwards et al., 2003). This
differential expression pattern of TLRs directs specific sets of cells
to respond to particular TLR ligands, which enhance a variety of
immune responses.

3. Type I IFN induction in MV-infected murine DCs

Studies in mice with targeted gene deletions provide insight
into the mechanisms of type I IFN induction in response to MV
infection in vivo and in vitro. Bone marrow-derived DCs (BMDCs)
were used to study MV permissiveness of DCs, initially in CD150Tg
mice (Ohno et al, 2007; Shingai et al,, 2005; Welstead et al., 2005).

Studies using BMDCs from CD150Tg mice in combination with
Mavs=!=, Irf3~/= [Irf7-I-, Ticam1~/- and Myd88~/- mice showed that
type 1 IFN expression in BMDCs completely relied on MAVS but
not TICAM-1 and MyD88 (Takaki et al., 2014). Surprisingly, BMDCs
derived from CD150Tg/Irf3~/~/Irf7-/~ mice produce a detectable
IFN-B in response to MV infection, which confers nonpermissive-
ness to CD150Tg/[Irf3~/~[Irf7-/~ BMDCs (Takaki et al, 2014). A
pharmacological study indicated that MV-derived IFN-3 expres-
sion partially depended on NF-«kB (Takaki et al, 2014). A recent
study using West Nile virus showed that IRF3/IRF7 and IRF5 coor-
dinately regulate the type I IFN response in DCs (Lazear et al., 2013).
For MV, IRF5 might be a transcription factor for MAVS-dependent
and IRF3/IRF7-independent type [ IFN induction in BMDCs (Fig. 2).

An in vivo MV infection study using a CD150Tg mouse model
revealed that MAVS disruption scarcely led MV permissiveness or
type I IFN gene expression in the spleen compared to CD150Tg
mice (Takaki et al.,, 2013). In vitro infection assays showed that
isolated cell subsets of CD11c* DCs, but not T or B cells, mainly
produced type I IFN in response to MV infection through a MAVS-
independent pathway. Various types of DCs have been identified in
mouse secondary lymphoid tissues, including three CD11ch&h sub-
sets of conventional DCs (cDCs): CD8a*, CD4* and CD4~ CD8a~
double negative (DN) DCs (Vremec et al., 2008), and one sub-
set of CD11c!*% plasmacytoid DCs (pDCs) (Asselin-Paturel et al.,
2001). These DC subsets express different sets of TLR genes and
have distinct functions (Table 1) (Edwards et al., 2003; Luber et al,,
2010). Mouse pDCs express most TLRs except TLR3 and therefore
respond to a wide range of pathogen-associated molecular pat-
terns including TLR7 ligand (Boeonstra et al,, 2003; Edwards et al.,
2003). CD8a* DCs express high amounts of TLR3, but not TLR7
(Edwards et al., 2003) and mainly participate in poly 1:C-induced
cross-presentation. Although a CD4* and DN DCs have a similar TLR
expression pattern (Edwards et al., 2003), CD4* DCs but not DN DCs
express TLR7 protein at low levels (Takaki et al,, 2013). Type I IFN
expression is induced in CD4* DCs and pDCs, but not CD8a* and
DN DCs that are isolated from MAVS-disrupted mice during in vitro
MV infection (Takaki et al., 2013). This result indicates that type
I IFN-inducing pathways in pDC and CD4* DCs are independent
of the MAVS pathway. A pharmacological study showed that the
MyD88 pathway is involved in a MAVS-independent type I IFN-
inducing pathway (Takaki et al, 2013). This result was confirmed
using CD150Tg/Myd88-/- pDCs, suggesting that TLR7 is responsible
for recognition of MV RNA in CD4* and pDCs. Since the RLR-MAVS
pathway usually senses endogenous viral RNA in CD4* DCs (Luber
et al., 2010), MAVS disruption highlights that the MyD88 pathway
participates in initial type I IFN induction in CD4* DCs in MV infec-
tion (Fig. 2). However, CD150Tg/Myd88~/~ mice are not permissive
to MV infection in vivo, both MyD88 in pDCs and CD4* DCs and
MAUVS in other cells contribute to protection against systemic MV
infection.

Since TLR7 is in the endosome, viral RNA transport to the endo-
some is required to activate the TLR7/MyD88 pathway. Autophagy
is required for the recognition of vesicular stomatitis virus by TLR7
to transport cytosolic viral replication intermediates into the lyso-
some, leading to type I I[FN production in pDCs (Lee et al., 2007)
IFN-B mRNA expression is induced in UV-irradiated MV-infected
CD150Tg/Mavs—/~ DCs; however, treatment with an autophagy
inhibitor prevented this IFN-8 induction (unpublished data). These
data suggest that autophagy but not viral replication is required
for MV-mediated type I IFN induction via TLR7 in MAVS-disrupted
murine DCs.

In contrast to BMDCs, type I IFN gene expression is observed in
DCs and splenocytes derived from MV-infected CD150Tg/Mavs—/~
mice, which prevents DCs from MV infection in vivo in these mice
(Takaki et al.,, 2013, 2014). RIG-1/MAVS but not TLR7/MyD88 medi-
ates the antiviral response to RNA virus in conventional DCs. The

—311—



H. Takaki et al. / The International Journal of Biochemistry & Cell Biology 53 (2014) 329-333

EMCV

NDV, V&V,
HCV, influenza

H

g

{ > Type | IFNs

331

endosome

SSRNA

Cytoplasm

Inflammatory gytokines =,

Fig. 1. Recognition of RNA by RLRs and TLRs. Double-stranded RNA (dsRNA) synthesized by RNA virus replication in infected cells is recognized by endosomal TLR3 and
cytosolic RIG-1 like receptors (RLRs), RIG-1 and MDAS. They differentially recognize viral dsRNA products such that long dsRNA chains fit in MDAS, 5'-triphosphates short
dsRNA couple with RIG-I and structured RNA activate TLR3 (Tatematsu et al., 2013). The outline of their signaling cascades that lead to the activation of IRF3 and NF-«B is
overviewed (Kawai and Akira, 2009). Single-stranded RNA (ssRNA) is recognized by endosomal TLR7, leading to the activation of NF-xB and IKK «/f3 via adaptor protein
MyD88. Transcription factor activation resuls in expression of type 1IFN and inflammatory cytokines. NDV, newcastle disease virus; SeV, sendai virus; HCV, hepatitis C; EMCV,

encephalomyocarditis virus

Table 1
Expression of TLRs in murine and human DC subset.
TLR1  TLR2Z  TLR3 TLR4 TLR5 TLR6  TLR7  TLR8  TLR9  TLR10
Mouse Conventional DCs (CD11cMieb B220-) Cch4* + + - + + + + - + -
CD4-CD8x~ + + +f + + + Af - + -
CDh4~ + + + + - + - + -
Plasmacytoid DCs (CD11¢"% B220* PDCA-1") + + - + 4] + & - + -
Human Myeloid DCs (CD11c*) + + + + + + + e - +
Monocyte-derived DCs (moDCs) + + + + + - H— + -
Plasmacytoid DCs (CD11¢~ BDCA2' BDCA4") Ao - - - - - + - + +

TLR expression in murine and human DC subset is described in refs (Jarressay et al., 2001; Kadowaki et al., 2001; Edwards et al., 2003; Luber et al., 2010).

studies using reporter mouse that expresses green fluorescence
protein (GFP) under the control of the [fn-«6 promoter show that
intranasal infection with newcastle disease virus (NDV) induces
GFP expression in AMs and c¢DCs in lung as an initial defense via
the RLR pathway (Kumagai et al, 2007). Although systemic NDV
infection leads to GFP expression in not only pDCs but also ¢DCs
and AMs, the frequency of GFP positive cells is higher in pDCs than
in other cells. Thus, the activation of different subsets of DCs would
be important to produce type [ IFNs in systemic and local RNA virus
infection.

Similar to murine DCs, PRRs expression differs with subsets
of human DCs (Table 1) (Jarrossay et al.,, 2001; Kadowaki et al,,
2001). In cDCs, MV transcription is required to activate type I
IFN response, since UV-irradiated MV is unable to promote IFN-
B production (Duhen et al., 2010). Type I IFN induction by pDCs
depends on the recognition of MV RNA via the endosomal pathway,
since UV-irradiated MV infection induces IFN-a production and
this induction is cancelled by an endosomal acidification inhibitor
in pDCs (Duhen et al, 2010). Although MV can inhibit TLR7 and
TLR9-mediated type 1 IFN induction by MV-V and MV-C proteins
in human pDCs (Pfaller and Conzelmann, 2008; Schiender et al.,
2005; Yamaguchi et al,, 2014), it remains unknown whether MV

proteins act as suppressors in murine DCs. Moreover, MV interacts
with human DC-SIGN to enhance infection of human DCs (de Witte
et al., 2006). However, how MV-H protein binds murine CIRE/DC-
SIGN is unknown. The findings in murine DCs may differ from those
in human DCs when infected with MV.

4. Type I IFN and cytokines in the context of MV
immunosuppression

DCs contribute to MV-induced immunosuppression, including
downregulation of costimulatory molecules and inhibition of IL-
12 production following lipopolysaccharide stimulation (Coughlin
et al, 2013; Hahm et al, 2004, 2007). MV infection suppressed
BMDCs development via type ! IFN that acts through STAT2-
dependent signaling but independent of the STAT1 signaling (Hahm
et al,, 2005). Furthermore, in vivo MV infection induces a T helper
type 2 response, enhances apoptosis, and induces regulatory T cells
(Koga et al., 2010; Sellin et al., 2009). Blocking IL-10 signaling pre-
vents MV-induced immunosuppression in CD150 knock-in mice,
indicating that IL-10 participates in immunosuppression (Koga
et al, 2010). In addition, high amounts of IL-10 are produced in
CD4* T cells obtained from MV-infected CD150Tg mice (Takaki
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Fig. 2. Recognition of MV RNA in mouse DC subsets. DC subsets have their own viral RNA sensors to induce type I IFN. MV specifically infects these DC subsets. The ways for

IFN induction in each DC subset are shown schematically. UV-MV; UV-irradiated MV

et al, 2014). In early infection by lymphocytic choriomeningitis
virus (LCMV), type 1 IFN is produced via the TLR7/MyD88 path-
way in pDCs. MDA5/MAVS-mediated type I IFN induction in other
cells is required for sustained type I IFN responses to acute and
chronic LCMV infection (Wang et al., 2012). Thus, different sources
of type I IFN and signaling pathways affect immune responses to
viral infection. Besides IL-10, IL-12 and type I IFN, other cytokines
and signaling molecules affect MV-mediated immunomodulation.
Further analysis is needed to clarify the function of DCs that mod-
ulate MV-induced immunosuppression.
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