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Figure 3. Viperin Interacts with IRAK1 and TRAF6
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(A and B) 293 cells were transfected with the indicated expression plasmids. Whole-cell lysate was subjected to immunoprecipitation coupled with immuno-

blotting analysis.

(C and D) FLT3L-induced bone marrow dendritic cells isolated from C57/BL6 mice were stimulated with D19 (1 uM) for 5 hr. Whole-cel lysate was subjected to

immunoprecipitation coupled with immunobilotting analysis.

(E and F) 293 cells were transfected with the indicated expression plasmids. Whole-cell lysate was subjected to immunoprecipitation coupled with immuno-
blotting analysis. IP, immunoprecipitation; IB, immunoblotting. Data are representative of two independent experiments.

was coimmunoprecipitated with IRAK1 and TRAFS6, indicating
that the N-terminal amphipathic a-helix of Viperin is not neces-
sarily required for its interaction with IRAK1 and TRAF6 (Figures
3E and 3F). These results suggested that Viperin regulates an
activation of IRAK1 and TRAF6 to promote TLR7- and TLR9-
mediated IFN production in pDC.
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Viperin Facilitates the K63-Linked Ubiquitination
of IRAK1 to Promote the Production of Type | IFN
TRAFG is an E3 ubiquitin ligase and mediates the signals from
Toll and IL-1 receptors by inducing K63-linked ubiquitination of
various regulators including IRAK1 (Liu et al., 2005; Conze
et al., 2008; Bhoj and Chen, 2009). Because Viperin interacted
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"with IRAK1 and TRAF6, we assessed the status of K&3-linked
ubiquitination on IRAK1 in the presence or absence of Viperin.
K63-linked ubiquitination of IRAK1, which was induced by A-
and D-type CpG DNA, was attenuated in Rsad2~'~ FLT3L-DCs
(Figure 4A). Complementation of wild-type IRAK1, but not the
Lys134Arg and Lys180Arg IRAK1 mutant, which is defective in
K63-linked ubiquitination by TRAF6 (Figure 4B) (Conze et al.,
2008), into frak1” FLT3L-DCs restored the production of
IFN-B induced by the engagement of TLR9 (Figure 4C). The
K63-linked ubiquitination of IRAK1 induced by the ectopic
expression of TRAF6 is not regulated by Viperin, suggesting

IP by Anti-K63 Ub
1B: Anti-hIRAK1

Input cell lysate
1B: Anti-hIRAK1

Figure 4. Viperin Facilitates K63-Linked
Ubiquitination of IRAK1 in Plasmacytoid
Dendritic Cells

(A) Rsad2*"* or Rsad2~~ FLT3L-induced bone-
marrow dendritic cells were stimulated with D19
(1 pM) for 5 hr. Whole-cell iysate was subjected to
immunoprecipitation coupled with immunoblot-
ting analysis.

®) IRAK{WIE-7Pe o JRAK{K134R and K180R protein
was expressed in bone marrow cells isolated from
C57/BL6 mice. The transduced cells were cuitured
in the presence of FLT3L for 7 days and were
stimulated with D19 (1 uM) for 5 hr. Whole-cel
lysate was subjected to immunoprecipitation
coupled with immunoblotting analysis. IP, immu-
noprecipitation; 1B, immunoblotting.

(C) lRAK1wlld-!ype or IRAK1K134R and K180R protein
was expressed in bone marrow cells isolated from
Irak1™”Y mice. The transduced cells were cultured
in the presence of FLT3L for 7 days and were then
stimulated with D19 (1 uM) for 24 hr. Culture
supernatant and whole-cell lysate were subjected
to ELISA and immunoblotting analysis respec-
tively. EV, Empty vector. The results shown are
mean + SD. Statistical significance (p value) was
determined by the Student’s t test. *p < 0.01.
Data are representative of three independent
experiments.
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>
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that Viperin doesn’t directly support ubig-
uitination of IRAK1 by TRAFS. (Figure S4)
These results indicated that Viperin
promotes TLR7 and TLR9-dependent
production of IFN-B production by facili-
tating K63-linked ubiquitination of IRAK1.

Recruitment of IRAK1 and TRAF6
to Lipid Bodies by Viperin
We investigated the localization of Viperin
in pDCs, and found that Viperin localized
on the cytoplasmic punctuate structures
(Figure 5A). It has been reported that
Viperin anchors to the cytosolic face of
adipocyte differentiation-related protein
(ADRP)-positive lipid-enriched compart-
ments known as lipid droplets and that
DCs have ADRP-positive lipid-enriched
compartments, termed lipid bodies, to
promote the immune response (Hinson
and Cresswell, 2009a; Bougnéres et al.,
2009). On the basis of these reports, we examined whether
Viperin localizes on the lipid bodies in DCs. Viperin localized on
the punctate structures positive for the ADRP protein (Figure 5A)
(Bougneres et al., 2009). The chemical inhibitor U18666A, which
disrupts formation of lipid-enriched compartments by reducing
up-take of lipids, attenuated TLR7- and TLR9-dependent
production of type | IFN by FLT3-induced DCs, indicating the
importance of lipid bodies for the signal transduction (Figure 5B).
IRAK1 and TRAF6 also localized on the punctate structures in
pDC after TLR9 stimulation (Figures 6A and 6B). Both endoge-
nous and exogenously expressed Viperin colocalized with
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Figure 5. Viperin Localizes on Lipid Bodies in Plasmacytoid Dendritic Cells

(A) Rsad2*"* or Rsad2 ™'~ FLT3L-induced bone marrow dendritic cells were stimulated with D19 (1 pM) for 5 hr. The cells were fixed with 3% paraformaidehyde and
subjected to immunocytochemistry. The B220* dendritic cells were examined under a fluorescent microscope. Yellow arrows indicate the co-localization. DIC,
differential interference contrast. The scale bar represents 5 um. The percentage of B220* dendritic cells with ADRP*Viperin* dots was measured (n = 200 each).
(B) Rsad2*"* or Rsad2™/~ FLT3L-induced bone-marrow dendritic cells were pretreated with U18666A for 16 hr and then stimulated with D19 (1 pM). Culture
supernatant collected 24 hr after stimulation was subjected to ELISA. The results shown are mean + SD.

IRAK1 and TRAF6 on the punctate structures positive for the
BODIPY dye, a marker of lipid bodies, in pDC after TLR9 stimu-
lation (Figures 6A and 6B and Figures S5A-S5D). Viperin
deficiency disrupted the localization of IRAK1 and TRAF6 on
the BODIPY-positive punctate structures (Figures 6A and 6B).
Although TLR9 localized on the Viperin-positive lipid bodies
with low frequency, MyD88 localized on Viperin-positive lipid
bodies with moderate frequency (Figures S5E and S5F), sug-

358 Immunity 34, 352-363, March 25, 2011 ©2011 Elsevier Inc.

gesting that MyD88 mediates the signals from TLRS on the lyso-
somes to IRAK1 and TRAF6 on the lipid bodies. Viperin also
colocalized with IRF7 in response to CpG DNA and facilitated
the subsequent nuclear translocation of IRF7, which is mediated
by IRAK1 (Figure 7). Viperin might form a large complex with IRF7
and IRAK1 because IRF7 was coimmunoprecipitated with IRAK1
and Viperin when these factors were ectopically expressed in
293 cells (Figure S6). These results indicated that Viperin is
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important for the recruitment of IRAK1 and TRAF6 to the lipid
bodies, which are the transfer points in the TLR7 and TLRS
signaling pathway leading to the activation of IRF7.

DISCUSSION

/f
It has become clear that intracellular membrane-surrounded
compartments play pivotal roles in the signal transduction from
PRRs detecting viral nucleic acids (Saitoh and Akira, 2010).
The signals from RLR are mediated by an adaptor protein,

Cell with BODIPY*

Figure 6. Viperin Recruits IRAK1 and TRAF6
to the Lipid Bodies

(A and B) Rsad2*** or Rsad2™'~ FLT3L-induced
bone-marrow dendritic cells were stimulated with
D19 (1 pM) for 5 hr. The cells were fixed with 3%
paraformaldehyde and subjected to immunocyto-
chemistry. The B220* dendritic cells were exam-
ined under a fluorescent microscope. Yellow
arrows indicate the colocalization. DIC, differential
interference contrast. The scale bar represents
5 um. The percentage of B220* dendritic cells with
the indicated dots was measured (n = 400 each).
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IPS-1 (also known as MAVS, VISA, or
CARDIF), which is expressed on mito-
b chondria and peroxisomes (Seth et al.,
2005; Dixit et al., 2010). Furthermore the
dsDNA-induced innate immune response
requires the dynamic translocation of
STING, a multispanning membrane
protein, from ER to cytoplasmic
membrane-bound structures (Ishikawa
et al., 2009; Saitoh et al., 2009). In the
present study, we demonstrated that the
N-terminal amphipathic a-helix of Viperin
is required for its function, indicating that
Viperin anchors on the membrane lipid
layer of lipid bodies and mediates the
signal from TLR7 and TLR9. Viperin
recruits IRAK1 and TRAF6 to the lipid
bodies in a stimulation-dependent
manner and facilitates the subsequent
K63-linked ubiquitination of IRAK1 by
TRAFSB, which results in the IRF7-medi-
ated induction of type | IFN. Thus, the lipid
bodies are the major transit points in the
TLR7 and TLR9 signaling pathway leading
to the production of type | IFN in pDCs.

Although IRAK1 is specifically involved
in TLR-IL-1R signaling pathway, TRAF6
is critical in the signal transduction from
various immune-related receptors, such
as T cell receptor (TCR), RANK, CD40,
and TLR-IL-1R. Because it has been
reported that Viperin mediates TCR-
induced activation of NF-xB and AP-1, it
would be of interest to assess whether
Viperin promotes Bcl10-dependent K63-
linked ubiquitination of NEMO by TRAF6, an essential process
of NF-«kB activation induced by TCR (Liu et al., 2005; Qiu et al.,
2009; Bhoj and Chen, 2009).

A mechanism underlying the translocation of Viperin from the
ER to lipid bodies is still not known, whereas Unc93B1-depen-
dent translocation of TLR7 and TLR® from the ER to endolyso-
somes has been revealed (Latz et al., 2004; Kim et al., 2008).
In this context, it would be of interest to assess the involvement
of autophagy-related proteins, regulators of membrane traf-
ficking (Saitoh and Akira, 2010), for the localization of Viperin
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Figure 7. Viperin Colocalizes with IRF7 and Promotes the Nuclear Translocation of IRF7 after TLR9 Stimulation

Flag-tagged IRF7 protein was expressed in bone-marrow cells isolated from Rsad2*"* or Rsad2™~ mice. The transduced cells were cultured in the presence of
FLT3L for 7 days and stimulated with D19 (1 uM) for 5 hr. The cells were fixed with 3% paraformaldehyde and were subjected to immunocytochemistry. The B220*
dendritic cells were examined under a fluorescent microscope. Yellow arrows indicate the colocalization. DIC, differential interference contrast, The scale bar
represents 5 um. The percentage of B220* dendritic cells with IRF7*Viperin®* dots or with nuclear IRF7 was measured (n =200 each).

on the lipid bodies. This is because Atg5, an autophagy-related
protein, is involved in the production of type | IFN by A- and
D-type CpG DNA as well as in the recognition of the viral genome
by TLR7 and TLR9 (Lee et al., 2007). Atg7, another autophagy-
related protein, regulates the number and the size of lipid-en-
riched compartments in various types of cells (Czaja, 2010).
Furthermore, autophagy-related proteins are involved in the
translocation of membrane associated IFN-y-inducible p47
GTPase lIGP1 from the ER or Golgi apparatus to the lamp1-posi-
tive compartments after infection by Toxoplasma gondii

360 Immunity 34, 352-363, March 25, 2011 ©2011 Elsevier Inc.

(Zhao et al., 2008). Further studies will be required to address
this issue.

Viperin has been considered aradical SAM enzyme, given that
it harbors a CX3CXoC motif as well as some additional motifs
conserved in the radical SAM enzyme family (Duschene and
Broderick, 2010; Shaveta et al., 2010). It has been shown that
SAM is the methyl donor in the biological reaction and the
precursor of polyamines, which are often involved in the regula-
tion of cellular responses (Duschene and Broderick, 2010;
Shaveta et al., 2010). Radical SAM enzymes induce cleavage
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of SAM to generate the 5'-deoxyadenosyl radical, which contrib-
utes to the cleavage of C-H bonds in the alkyl group and alters
the local concentration of SAM (Duschene and Broderick,
2010; Shaveta et al., 2010). Recent studies have uncovered
that purified Vipetin protein could contain a [4Fe-4S]" cluster
under anaerobic conditions and induce the cleavage of SAM
in vitro, suggesting that Viperin acts as a radical SAM enzyme
during the antiviral response (Duschene and, Broderick, 2010;

Shaveta et al., 2010). Indeed, mutations in the CXzCX,C motif .

of the Viperin protein disrupt its ability to suppress the replication
of certain types of RNA viruses (Jiang et al., 2008; Jiang et al.,
2010). However, the exact mechanism through which the radical
SAM enzyme alters the function of Viperin on viral replication
remains unknown. We have observed pattial involvement of
the CX3CX,C motif in the Viperin protein with regulation of the
TLR7 and TLR9-mediated production of type I IFN; it is difficult
to clarify the exact function of the Viperin CXzCXoC motif. In
future studies, identification of the chemical reaction catalyzed
by the radical SAM enzyme domain of Viperin would be impor-
tant in revealing the molecular function of Viperin during the
antiviral response.

TypellFN triggers orchestrated expression of antiviral proteins.
Each IFN-inducible protein contributes to the antiviral response
at various stages and protects the host suffering from viral
infection. We here provide evidence that Viperin, the IFN-induc-
ible protein, acts as a regulator for PRR-mediated innate immune
response. Thus, Viperin plays dual roles: a direct suppression of
viral replication as ieported and a facilitation of TLR7- and
TLRY-mediated production of type | IFN. Our study provides
insight into the role of Viperin in the regulation of host defense
responses to viruses. Although various IFN-inducible proteins,
such as the APOBEC family and Zinc finger antiviral proteins,
contribute to the direct suppression of viral replication, it remains
unclear whether such molecules are involved in the regulation of
PRR-triggered signaling pathways (Wolf and Goff, 2008; Neil and
Bieniasz, 2009). Therefore revalidation of the roles of IFN-induc-
ible proteins in PRR-mediated innate immune responses will be
needed for better understanding of host defense.

EXPERIMENTAL PROCEDURES

Mice and Cells
The methods for the generation of Viperin-deficient mice are described in the
Supplemental Experimental Procedures. Irak1 ¥ mice were kindly donated by
J.A. Thomas (University of Texas Southwestern Medical Center, Texas, USA).
Irf3~/~ and Irf7~/~ mice were kindly donated by T. Taniguchi (University of
Tokyo, Tokyo, Japan). Mouse splenic plasmacytoid dendritic cells were
isolated with a Plasmacytoid Dendritic Cell Isolation Kit I (Miltenyi Biotec).
Mouse bone marrow dendritic cells and mouse thioglycollate-elicited perito-
neal macrophages were prepared as previously described (Kato et al., 2006;
Saitoh et al., 2008).

Mice were maintained in our animal facility and treated in accordance with
the guidelines of Osaka University.

Viruses and Bacteria

NDV has been described previously (Kato et al., 2006). Salmonella typhimu-
rium (SR-11 x 3181) was provided by the Kitasato Institute for Life Science.
Listeria monocytogenes was described previously (Uematsu et al., 2007).

Reagents
ADRP antibody was purchased from Abcam. Anti-IRAK1 and anti-Myc anti-
bodies were purchased from Cell Signaling Technology. Actin and TRAF&

antibodies were purchased from Santa Cruz Biotechnology. Viperin antibody
was purchased from Hycult biotech. Ubiquitin (Lys63-specific clone Apu3)
antibody was purchased from Millipore. Flag antibody and Poly (dA-dT)
were purchased from'Sigma. Poly (rl-rC) was purchased from GE Healthcare.
Depleted zymosan, FITC-labeled ODN1585, Flagellin, LPS, and Pam3CSK4
were purchased from invivogen. R848 was purchased from Alexis. Curdlan
was purchased from WAKO. Lipofectamine 2000, BODIPY, and alexa-labeled
secondary antibodies were purchased from Invitrogen. ELISA kits for mouse
CXCL10 and IL-12 p40 were purchased from R&D Systems. ELISA kits for
mouse IFN-«¢ and IFN-B, and recormnbinant mouse IFN-B were purchased
from PBL InterferonSource. Recombinant mouse GMCSF and human FLT3L
were purchased from Peprotech. D19, D35, and ODN1668 were synthesized
as described previously (Kawagoe et al., 2007).

Plasmids

pcDNA3.1 (+) was purchased from Invitrogen. The retroviral expression
construct pMX was kindly donated by T. Kitamura (The University of Tokyo,
Tokyo, Japan). pMRX, a derivative of pMX, was kindly donated by S. Yamaoka
(Tokyo Medical and Dental University, Tokyo, Japan). pMRX-ires-puro and
pMRX-ires-bsr have been described previously (Saitoh et al., 2003). Comple-
mentary DNA encoding the Myc-tag sequence and mouse Viperin was
inserted into pcDNA3.1 (+) and pMRX-ires-puro, generating pcDNA3-Myc-Vi-
perin and pMRX-Myc-Viperin-ires-puro, respectively. Complementary DNA
encoding the Flag-tag sequence and mouse IRF7 was inserted into
pMRX-ires-puro, generating pMRX-IRF7-Flag-ires-puro. Complementary
DNA encoding IRAK{"d9Pe or |RAK1K134R and KIBOR \yas amplified by
PCR with pcDNA3-V5-IRAK1WIEtPe or pcDNA3-VE-IRAKKI34R and KI80R
(kind gifts from J.D. Ashwell; National Cancer Institute, Maryland, USA) as
a template. The inserts were cloned into pMRX-ires-puro, generating pMRX-
IRAK1WT-ires-puro and pMRX-IRAK1K134R and K180R_jraq nro, respectively.
The expression plasmids for Flag-tagged MyD88, IRAK4, IRAK1, TRAFS,
and IRF7 have been described previously (Kawai et al., 2004; Uematsu
et al., 2005). The pCMV-3xFlag hTRAF3 plasmid was provided by T. Yasui
(Osaka University, Osaka, Japan).

Retroviral Gene Transduction

The Plat-E cells used for the generation of recombinant retrovirus were kindly
donated by T. Kitamura (The University of Tokyo, Tokyo, Japan). Retroviral
infection was performed as previously described (Saitoh et al., 2008).

RT-PCR
Total RNA was isolated with RNAeasy Mini kits (QIAGEN) in accordance with
the manufacturer's instructions. Reverse transcription was performed with
ReverTra Ace (TOYOBO) in accordance with the manufacturer's instructions.
For quantitative PCR, cDNA fragments were amplified by Real-Time PCR
Master Mix (TOYOBO) in accordance with the manufacturer's instructions.
Fluorescence from the TagMan probe for each cytokine was detected by
a 7500 Real-Time PCR System (Applied Biosystems). For determining the
relative induction of IFN-B and IL12 p40 mRNA, the mRNA expression level
of each gene was normalized to the expression level of 185 RNA.

Immunoblotting and Immunoprecipitation
Immunoblotting and immunoprecipitation were performed as previously
described (Saitoh et al., 20086).

ELISA
The level of cytokine production was measured by ELISA in accordance with
the manufacturer's instructions.

Immunocytochemistry

Immunofiuorescence staining was performed as previously described (Saitoh
et al., 2008). In brief, the paraformaldehyde fixed cells were permeabilized with
saponin and were incubated in PBS with 1% goat serum and 5% fetal calf
serum (FCS) for the blocking. The immunofluorescence staining was per-
formed in FCS-containing PBS with the indicated antibodies and then with
the appropriate fluorescent dye-labeled secondary antibodies. The cells
were subsequently stained with biotin-labeled anti-B220 antibody and
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Streptavidin-Qdot625. Samples were examined under an IX81-DSU spinning
disc confocal microscope (Olympus).

Intracellular IFN-« Staining

Fit3L-induced bone marrow DCs were stimulated with D18 (1 pM) for 5 hr and
were cultured in the presence of Golgi stop for an additional 3 hr. The cells
were fixed in paraformaldehyde and permeabilized by saponin-containing
buffer. The cells was stained by a mixture of rat anti-mouse IFN-¢, antibodies
(clone F18 purchased from Hycuit Biotechnology and clone RMMA-1
purchased from PBL Biomedical Laboratories) and subsequently by biotiny-
lated mouse anti-rat IgG antibody (Jackson Immuno Research Laboratories)
and Streptavidin-APC. The cells were subsequently stained with PE-labeled
anti-B220 antibody and analyzed on a FACS Calibur (BD Biosciences).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/.
immuni.2011.03.010.
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IL-1a Modulates Neutrophil Recruitment in Chronic
Inflammation Induced by Hydrocarbon Oil

Pui Y. Lee,®" Yutaro Kumagai,*’*’1 Yuan Xu,*' Yi Li,*" Tolga Barker,*'
Chao Liu,*" Eric S. Sobel,*" Osamu Takeuchi,” Shizuo Akira,i Minoru Satoh,* -8
and Westley H. Reeves® 5

Exposure to naturally occurring hydrocarbon oils is associated with the development of chronic inflammation and a wide spectrum
of pathological findings in humans and animal models. The mechanism underlying the unremitting inflammatory response to hydro-
carbons remains largely unclear. The medium-length alkane 2,6,10,14 tetramethylpentadecane (also known as pristane) is a hydro-
carbon that potently elicits chronic peritonitis characterized by persistent infiltration of nentrophils and monocytes. In this study, we
reveal the essential role of IL-1a in sustaining the chronic recruitment of neutrophils following 2,6,10,14 tetramethylpentadecane
treatment. IL-1o and IL-1R signaling promote the migration of neutrophils to the peritoneal cavity in a CXCR2-dependent
manner. This mechanism is at least partially dependent on the production of the neutrophil chemoattractant CXCL5. Moreover,
although chronic infiltration of inflammatory monocytes is dependent on a different pathway requiring TLR-7, type I IFN re-
ceptor, and CCR2, the adaptor molecules MyD88, YL-1R-associated kinase IRAK)-4, IRAK-1, and IRAK-2 are shared in reg-
ulating the recruitment of both monocytes and neutrophils. Taken together, our findings uncover an IL-1a—dependent mechanism
of neutrophil recruitment in hydrocarbon-induced peritonitis and illustrate the interactions of innate immune pathways in chronic

inflammation. The Journal of Immunology, 2011, 186: 1747-1754.

hronic inflammation is characterized by unremitting im-

mune responses to persistent microbial infection or chem-

ical agents (1). Continued influx of leukocytes and lo-
cal production of inflammatory mediators are common features at
sites of chronic inflammation. Although chemokine gradients play
a prominent role in leukocyte migration, the mechanisms re-
sponsible for the sustained chemokine production and subsequent
influx of neutrophils and monocytes in chronic inflammation are
not well defined.

Exposure to naturally occurring hydrocarbon oils is associated
with the development of chronic inflammation and a variety of
pathological findings in humans and animal models (2-5). Due to
 their ability to enhance and sustain inflammation, hydrocarbons are
often used as adjuvants in vaccines (6, 7). Among the most po-
tent hydrocarbons in eliciting chronic inflammation is the medium-
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length alkane 2,6,10,14 tetramethylpentadecane (TMPD; also
known as pristane). A single i.p. dose of TMPD elicits infiltration of
neutrophils and monocytes into the peritoneal cavity for several
months (8). The chronic inflammatory response promotes the for-
mation of plasmacytomas and lipogranulomas, a form of ectopic
lymphoid tissue (5, 9). Depending on the genetic background, per-
sistent inflammation in TMPD-treated mice also promotes the de-
velopment of a plethora of autoimmune manifestations including
autoantibodies, glomerulonephritis, arthritis, and pulmonary vascul-
itis (9—13). In addition, TMPD augments mAb production by hy-
bridoma cells by stimulating IL-6 production (14).

Recent studies have begun to unravel the mechanisms re-
sponsible for the chronic inflammation induced by TMPD. The
response to TMPD is orchestrated by major components of the
innate immune system. The continued influx of Ly6C" inflam-
matory monocytes to the peritoneal cavity requires the presence of
type I IFN (IFN-I) production downstream of TLR-7 signaling
(15). IFN-I activates the production of the monocyte chemo-
attractants CCL2, CCL7, and CCL12, which collectively recruit
monocytes to the site of inflammation in a CCR2-dependent man-
ner (16). The persistent infiltration of neutrophils, in contrast, re-
mains largely unexplained. In this study, we aimed to define the
mechanism of neutrophil recruitment in TMPD-induced chronic
inflammation.

Materials and Methods
Mice

These studies were approved by the Institutional Animal Care and Use
Committee. Wild-type C57BL/6, TNF-a™/~, CCR2™/", and IL-IR™/~
mice (all on a C57BL/6 background), BALB/c, CXCR2™~ (BALB/c
background), C3H/HeJ, C3H/HeOul, and CBA/CaJ mice were from The
Jackson Laboratory (Bar Harbor, ME). FcRy-chain™~ mice were from
Taconic Farms (Hudson, NY), and 129/Sv mice were from B&K Universal
Limited (Grimston, Aldbrough, England). Mice were maintained in a
specific pathogen-free facility at the Malcolm Randall Veterans Affairs
Medical Center (Gainesville, FL). MyD88 ™/~ apoptosis-associated speck-
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like protein containing a caspase recruitment domain (ASO)™", Nalp3_' -
caspase-17'", IL-1R-associated kinase (IRAK-I)_/ ~, IRAK-27/", IRAK-
177IRAK-2™/", IRAK-4"", and IFN regulatory factor-7 (IRF-7)'~
mice (on a C57BL/6 background), and littermate controls were bred and
maintained in a specific pathogen-free facility at Osaka University. Mice
(8-10-wk-old) received 0.5 ml i.p. injection of TMPD, pentadecane,
n-hexadecane, squalene (Sigma-Aldrich, St. Louis, MO), or mineral oil
(Harris Teeter, Matthews, NC). Peripheral blood and peritoneal exudate
cells (PECs) were isolated as described (9). For morphiological analysis,
neutrophils were sorted using PE-conjugated anti-Ly6G and magnetic
bead-conjugated anti-PE Abs (17). Fifty thousand sorted cells were cyto-
centrifuged onto glass slides (Fisher Scientific, Pittsburgh, PA) and stained
using the Hema3 kit (Fisher Scientific). For IL-1a and CXCLS5 blockade,
mice treated’ with TMPD for 2 wk were given 200 pg anti-IL-lo neu-
tralizing Abs, hamster I1gG (Biolegend, San Diego, CA), anti-CXCL5
neutralizing Abs, or rat IgG! isotype control Abs (R&D Systems, Min-
neapolis, MN) i.p., and analysis was performed after 24 h.

Real-time quantitative PCR

Quantitative PCR (Q-PCR) was performed as previously described (17).
Briefly, total RNA was extracted from 10° peritoneal cells using TRIzol

(Invitrogen, Carlsbad, CA), and cDNA was synthesized using the Superscript k

11 First-Strand Synthesis Kit (Invitrogen). Q-PCR was performed using the
SYBR Green JumpStart Kit (Sigma-Aldrich) with an Opticon H thermo-
cycler (Bio-Rad, Hercules, CA). Amplification conditions were: 95°C for 10
min, followed by 45 cycles of 94°C for 15 s, 60°C for 25 s, and 72°C for 25 s.
After the final extension (72°C for 10 min), a melting-curve analysis was
performed to ensure specificity of the products. Gene expression was nor-
malized to 18S RNA, and expression relative to the sample with the lowest
expression was calculated using the 2785 method (18). Primers used in this
study were all described previously (15, 16) except for CXCL2 (forward: 5'-
AAGTTTGCCTTGACCCTGAA-3'; reverse: 5'-CGAGGCACATCAGGT-
ACGAT-3") and CXCL3 (5'-forward: CCACTCTCAAGGATGGTCAA-3';
reverse: 5'-GGATGGATCGCTTTTCTCTG-3").

Flow cytometry

The following conjugated Abs were used: anti-CD11b-PE, anti-CD8-
allophycocyanin, anti~CD4-FITC, anti-CD1 1c-PE, anti-B220-allophycocya-
nin—-Cy5.5, anti-Ly6G-PE, -anti-Ly6C-FITC, anti-Ly6C-biotin, anti-Siglec-
F-biotin (all from BD Biosciences, San Jose, CA), anti-CCR3-Alexa 647,
anti-CD11b-Pacific Blue (Biolegend), and avidin-allophycocyanin (eBio-
science, San Diego, CA). Cells were then stained with an optimized amount of
primary Abs or the appropriate isotype contro} for 10 min at room temperature
as previously described (15). Fifty thousand events per sample were acquired
using a CYAN ADP flow cytometer (Beckman Coulter, Hialeah, FL) and an-
alyzed with FCS Express 3 (De Novo Software, Ontario, Canada).

ELISA

CXCL1, CXCL2 (PeproTech, Rocky Hill, NJ), and CXCLS5 ELISA (R&D
Systems) were performed following the manufacturer’s instructions. OD
was converted to concentration using standard curves based on recombi-
nant chemokines analyzed by a four-parameter logistic equation (Softmax
Pro 4.3; Molecular Devices, Sunnyvale, CA).

Cell culture

NIH3T3 cells were cultured in complete DMEM (containing 10% FBS, 10
mM HEPES, glutamine, penicillin/streptomycin, and 10 U/ml heparin) and
seeded on 24-well cell-culture plates (10° cells/well). Cells were stimulated
with PBS or 500 pg/mi rIL-1a (Biolegend), IL-18 (BD Bioscience), or
IFN-B (PBL Laboratories, Piscataway, NJ) and incubated at 37°C in a 5%
CO, atmosphere for 6 h. RNA extraction and Q-PCR were performed as
described above.

Statistical analysis

For quantitative variables, differences between groups were analyzed by the
unpaired Student ¢ test. Data are presented as mean = SE. All tests were
two-sided. A p value <0.05 was considered significant. Statistical analyses
were performed using Prism 4.0 (GraphPad Software, San Diego, CA).

Results

Chronic recruitment of neutrophils induced by TMPD and
other hydrocarbons

The inflammatory response to TPMD is characterized by chronic
accumulation of monocytes and neutrophils in the peritoneal cavity

IL-1o IN CHRONIC INFLAMMATION

(8). To better understand the mechanism of neutrophil recruitment
in this model, we first studied the time course of neutrophil ac-
cumulation. In untreated or PBS-treated wild-type C5S7BL/6 mice,
very few neutrophils (characterized by surface expression of the
myeloid marker CD11b and the neutrophil-specific marker Ly6G)
were present in the peritoneal cavity (Fig. 1A). Neutrophils begin
to accumulate within 24 h of TMPD treatment, comprising about
one third of the PECs (Fig. 14). The absolute number of neu-
trophils peaked after 2 wk and remained stable for 4-6 wk before
a gradual decline was observed (Fig. 1B and data not shown).
Magnetic bead sorting of PECs using Abs to Ly6G yielded
polymorphonuclear cells morphologically consistent with neutro-
phils (Fig. 1C). Based on these findings, all subsequent analyses
were performed 2 wk after TMPD treatment. Nevertheless, neu-
trophils were detectable up to 6 mo post TMPD treatment (Fig. 14,
1B), illustrating the chronicity of the inflammatory response. The
infiltration of eosinophils, which are distinguished from neutrophils
by morphology and surface expression of CCR3 and Siglec-F (19),
was minimal in TMPD-treated mice (Supplemental Fig. 1).

In addition, an expansion of the neutrophil compartment in the
peripheral blood also was evident following TMPD treatment.
Whereas small numbers of inflammatory monocytes displaying
high surface expression of Ly6C and no expression of Ly6G were
seen in the peripheral blood of untreated mice (Fig. 1D, ovals),
larger numbers of neutrophils expressing intermediate levels of
Ly6C (boxes) in addition to Ly6G were present. Two weeks after
TMPD injection, the proportions of both Ly6C™ monocytes and
neutrophils in the peripheral blood were increased by 2-3-fold
compared with baseline levels (Fig. 1D).

These changes were not strain specific, as neutrophil influx was
also detected in other wild-type strains injected with TMPD, al-

- though the greatest effect was seen in BALB/c mice (Table I).

Furthermore, we extended our analysis to other naturally occur-
ring hydrocarbons including mineral oil, squalene, pentadecane,
and n-hexadecane. Similar to TMPD, all of these hydrocarbons
elicited chronic recruitment of neutrophils into the peritoneal
cavity (Fig. 1E). This number of neutrophils in PECs 2 wk after
mineral oil or squalene treatment was similar to TMPD, whereas
hexadecane or pentadecane treatment elicited slightly greater lev-
els of neutrophils.

TMPD-induced neutrophil recruitment is mediated by IL-1R
signaling

The mechanism of hydrocarbon-induced chronic neutrophil
recruitment remains unclear and appears independent of the path-
ways required for monocyte migration. Recent studies demon-
strated that although TLR-7, IFN-I receptor, and CCR2 are es-
sential for the persistent recruitment of Ly6C™ monocytes into the
peritoneal cavity following TMPD treatment, these components
are all dispensable for the neutrophil response (15, 16). To identify
the mechanism(s) responsible for the chronic neutrophil influx,
we first examined the role of several proinflammatory mediators
previously implicated in the immune response to TMPD (9, 10,
17, 20). Compared to wild-type controls, mice deficient in TNF-a
or FcR +y-chain all showed comparable levels of neutrophil re-
cruitment 2 wk after TMPD injection. The response was also
similar in C3H/HeJ mice, suggesting that endotoxin is not re-
sponsible for our observations (Fig. 2A). Moreover, the infiltra-
tion of neutrophils in this model was not dependent on Nalp3/
cryopyrin, ASC, or caspase-1 (Fig. 2B). These components of the
inflammasome complex are key mediators of neutrophil migra-
tion in several models of sterile inflammation (21-23).
Interestingly, the accumulation of neutrophils in the peritoneal
cavity was largely abolished in the absence of IL-IR type I (Fig.
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FIGURE 1. TMPD induces chronic recruitment of neutrophils in mice.
Flow cytometry (A) and quantification of PECs (B) in wild-type C57BL/6
mice treated with PBS or TMPD at the indicated time points after treat-
ment (n = 4 per group). Neutrophils are characterized by coexpression of
CD11b and Ly6G. The percentage of neutrophils is indicated within each
plot. C,.Morphologic analysis of PECs from TMPD-treated mice before
and after magnetic bead sorting using anti-Ly6G Abs (original magnifi-
cation X200). D, Flow cytometry of peripheral blood cells in C57BL/6
mice before and 2 wk after TMPD treatment. Dotted ovals indicate Ly6C™
monocytes (CD11b*Ly6C™) and boxes indicate neutrophils (CDI11b*
Ly6C™9). The percentage of both populations is indicated within each
plot. E, Quantification of PECs in C57BL/6 mice treated with PBS or
various hydrocarbon oils for 2 wk (1 = 4 per group). For bar graphs, each
bar represents the mean and error bars indicate SE.

o

2C). This effect was specific as numbers of Ly6C™ monocytes,
B lymphocytes, T lymphocytes, and dendritic cells in the perito-
neal exudate were comparable to wild-type mice. The depletion of
neutrophils was evident at 1 d or 2 wk post TMPD treatment,
indicating that IL-IR signaling mediates both acute and chronic
neutrophil recruitment in this model (Fig. 2D). Consistent with
these findings, morphological analysis of PECs from TMPD-
treated IL-1R '™ mice showed a predominance of monocytes and
lymphocytes, whereas few neutrophils were present (Fig. 2E).
Moreover, expansion of the neutrophil compartment in the pe-
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FIGURE 2. TMPD-induced neutrophil recrnitment is mediated by IL~
IR signaling. A, Quantification of Ly6G* neutrophils in PECs from
TMPD-treated wild-type C57BL/6, TNF-a ™™, FcRyy-chain™~, and C3H/
HelJ mice (n = 6 to 7 per group). B, Quantification of Ly6G* neutrophils in
PECs from TMPD-treated CS7BL/6, ASC™, caspase-1 =/~ and
NALP3 ™"~ mice (r = 8 per group). C, Comparison of PEC populations in
TMPD-treated C57BL/6 and IL-1R™~ mice (1 = 6 per group). D, Flow
cytometry of PECs from CS7BL/6 and IL-1R ™~ mice 1 d or 2 wk after
TMPD treatment. The'percentage of neutrophils is indicated within each
plot. E, Morphologic analysis of PECs from TMPD-treated IL-1R ™/~ mice
(original magnification X200). F, Flow cytometry of peripheral blood cells
in TMPD-treated C57BL/6 and IL-1R™'™ mice. Dotted ovals indicate
Ly6C" monocytes (CD11b*Ly6C™), and boxes indicate neutrophils
(CD11b*Ly6C™9), The percentages of cells in these populations are in-
dicated within each plot. For all panels, unless otherwise noted, all mice
were treated with TMPD 2 wk prior to analysis. Each bar in bar graphs
represents the mean and error bars indicate SE. *p < 0.05 compared with
wild-type controls (Student’s unpaired ¢ test).

ripheral blood also was abrogated in the absence of IL-1R (Fig.
2F). These data suggest that neutrophil recruitment in the TMPD
model of chronic inflammation is specifically mediated by 1L-1R
signaling.

Table L. Quantification of peritoneal exudate cells in wild-type mouse strains 2 wk after TMPD treatment

Strain n Neutrophils Ly6C" Monocytes Dendritic Cells B Cells CD4* T Cells CD8* T Cells
C57BL/6 6 432060 4.80 + 0.87 0.50 = 0.07 0.85 = 0.23 0.90 + 0.27 0.90 = 0.23
BALB/c] 6 9.49 * 0.43 236 *+ 0.15 0.23 = 0.02 0.68 = 0.05 0.64 + 0.11 1.13 £ 0.18
129/Sv 6 3.23 + 0.54 4.85 = 048 0.31 = 0.08 0.84 = 0.20 1.03 = 0.17 0.79 = 0.14
C3H/Oul 6 4.80 * 1.60 4.50 + 1.58 0.35 = 0.07 0.90 = 0.26 0.35 = 0.07 0.23 = 0.06
CBA/Cal 4  337x038 3.65 = 1.04 0.27 = 0.07 0.83 + 0.24 1.20 = 0.15 0.37 = 0.03

All values represent cell number X 108, Cell populations were guantified by flow cytometry using the following surface markers: neutrophils (CD11b*
Ly6G"), Ly6C" monocytes (CD11b*Ly6C™), dendritic cells (CD11CHA1P), B lymphocytes (B220*CD11C™), CD4* T cells (CD4*CD11C™CD11b7)

and CD8" T cells (CD8"CD11C™CD11b7).
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MyD88 and IRAKs modulate both monocyte and neutrophil
recruitment

To elucidate the pathway downstream of IL-1R, we. tested the
effects of TMPD in mice deficient of the adaptor molecules in-
volved in IL-1R signaling including MyD88 and members of
the IRAK family (24-26). Consistent with the essential role of
© MyD88 and IRAK-4 in IL-1R signaling, the number of neu-
trophils in the peritonedl cavity after TMPD treatment was sig-
nificantly reduced in the absence of these molecules (Fig. 3A).
Unlike IL-1R ™/~ mice, which demonstrated normal recruitment of
Ly6C™ monocytes (Fig. 2C), TMPD-treated IRAK-4™/~ mice
exhibited a drastic reduction of these inflammatory monocytes in
the peritoneal cavity (Fig. 3B). As described previously (15), this
also was seen in MyD88-deficient mice. In the absence of sig-
nificant monocyte and neutrophil influx, the total number of PECs
was reduced by >90% in MyD88 '~ and IRAK-4~/" mice com-
pared with wild-type mice (not shown).

IRAK-1 and IRAK-2 differentially regulate the signaling cas-
cade downstream of IRAK-4 (27). Curiously, the recruitment of
neutrophils was partially intact in the absence of either of these
kinases (Fig. 3B). Combined deficiency of IRAK-1 and IRAK-2
was required to recapitulate the observations in IRAK-4"'" mice,
suggesting that IRAK-1 and IRAK-2 can partially compensate for
one another in the inflammatory response to TMPD.

Although the mechanisms of monocyte and neutrophil recruit-
ment both require MyD88 and IRAKs, these pathways can be dis-
tinguished by downstream utilization of IRF-7. IRF-7 interacts
with MyD88 and IRAKSs to promote TLR-induced IFN-I pro-
duction but does not participate in IL-1R signaling (28, 29).
Consistent with requirement of TLR-7 activation and IFN-I pro-
duction for monocyte recruitment (15, 16), IRF-7 deficiency
resulted in defective accumulation of Ly6C™ monocytes, but not
neutrophils, following TMPD treatment (Fig. 3A, 3B). Taken to-
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FIGURE 3. MyD88 and IRAK-4 mediate the recruitment of both neu-
trophils and inflammatory monocytes induced by TMPD. Quantification of
neutrophils (4) and Ly6C™ monocytes (B) in PECs from wild-type C57BL/
6 (n =7), MyD88™'™ (n = 6), IRAK-4™'" (1 = 8), IRAK-17"" (n = 8),
IRAK-27'" (1= 8), IRAK-177 IRAK-2™"" (2= 6), and IRE-7"" (n =9)
mice 2 wk after TMPD treatment. Each bar represents the mean, and error
bars indicate SE. *p < 0.05 compared with wild-type controls (Student’s
unpaired ¢ test).
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gether, these data suggest that IL-1R signaling specifically me-
diates neutrophil influx, whereas the adaptor molecule MyD88
and IRAKs 1/2/4 are shared with the pathway used for monocyte
recruitment.

IL-1cx, but not IL-1, is responsible for the influx of neutrophils

Because the IL-1R mediates responses to both IL-1e and IL-18,
we next evaluated the role of these cytokines in TMPD-treated
mice. Compared to wild-type controls, IL-1B~deficient mice ex-
hibited comparable levels of neutrophil recruitment 2 wk after
TMPD injection (Fig. 4A, 4B). In line with these findings, the
absence of caspase-1, a protease that generates the active form of
IL-1B, did not impact the neutrophil response (Fig. 2B). To ad-
dress the role of IL-la, we tested the effects of monoclonal
neutralizing Abs against IL-la in mice treated with TMPD. A
single dose of anti-IL-la Abs reduced the infiltration of neu-
trophils by ~40-50% (Fig. 4C, 4D). This effect was specific to
neutrophils as the numbers of monocytes and lymphocytes in the
peritoneal cavity were not affected (data not shown). Therefore,
IL-1a is the primary mediator of neutrophil influx in this model.

IL-1c promotes neutrophil recruitment by inducing CXCLS
expression

To further understand the mechanism of neutrophil migration
driven by IL-la, we studied the involvement of chemokines
downstream of IL-1R signaling. Several members of the CXC che-
mokine family are potent neutrophil chemoattractants produced
in response to IL-1R stimulation (30-32). In vitro studies using
cultured fibroblasts showed that IL-1a and IL-1B are equally
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FIGURE 4. TMPD-induced neutrophil recruitment requires IL-1c, but
not IL-1B. Flow cytometry (A) and quantification of neutrophils (B) in
wild-type C57BL/6 and IL-18~'~ mice 2 wk after TMPD treatment (n = 7
per group). Flow cytometry (C) and quantification of neutrophils (D) in
C57BL/6 mice injected with 200 pg hamster IgG or anti-IL-1o Abs 2 wk
after TMPD treatment (n = 5 per group). Analysis was performed 24 h
after Ab treatment. For all flow cytometry plots, the percentage of neu-
trophils is indicated within each plot. Each bar in bar graphs represents the
mean, and error bars indicate SE. *p < 0.05 compared with wild-type or
isotype controls (Student’s unpaired ¢ test).
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effective in upregulating the transcription of the neutrophil che-
moattractants CXCL1 and CXCL5 (Supplemental Fig. 2). In
PECs from TMPD-treated mice, expression of the neutrophil che-
moattractants CXCL1, CXCL2, CXCL3, and CXCLS as well as
the monocyte chemoattractants CCL2, CCL12, and CX5CLI all
were detectable using Q-PCR (Fig. 5A). However, the transcript
levels of CXCLS5 were reduced significantly in IL-1R~deficient
mice compared with wild-type controls, whereas the expression
of other CXC chemokines and monocyte chemoattractants was
largely unaffected. Supporting these findings, CXCLS5 protein was
readily detectable in the peritoneal lavage fluid at 1 d, 2 wk, and
1 mo post TMPD treatment (Fig. 5B). CXCLS5 levels were drasti-
cally reduced in the peritoneal lavage fluid from TMPD-treated IL-
IR™'" mice (Fig. 5C), whereas deficiency of IL-1B did not impact
the production of this chemokine. The expression of CXCLS5, but
not CXCL1, CXCL2, or CXCL3, was similarly reduced by the
administration of anti-IL-la. Abs (Fig. 5D). IL-1a blockade also
reduced CXCLS5 protein levels in the peritoneal lavage fluid (Fig.
5E).

In contrast to CXCLS3, the amounts of CXCL1 in the peritoneal
lavage fluid from TMPD-treated mice were small (Fig. 5F). In-
terestingly, although significant amounts of CXCL2 were detected
in the lavage fluid, the production of this chemokine is intact in the
absence of IL-1R (Fig. 5G). Because IL-1 signaling is responsible
for ~90% of neutrophil influx both acutely and chronically after
TMPD treatment (Fig. 2D), CXCL2 is unlikely to be the major
neutrophil chemoattractant in this model.

To further evaluate whether CXCLS5 is critical to neutrophil
migration in this model, we tested the effect of TMPD in mice
deficient of CXCR?2, the primary receptor for CXCL5. Compared to
wild-type BALB/c controls, CXCR2 ™~ mice exhibited ~90% re-

1751

duction of neutrophil influx to the peritoneal cavity in response to
TMPD treatment, recapitulating the observations in IL-1R ™~ mice
(Fig. 5H, 5I). Finally, we investigated the effect of CXCL5
blockade on granulocyte recruitment. Administration of neutral-
izing Abs to CXCL5 reduced the infiltration of granulocytes to the
peritoneal cavity by ~30% compared with treatment with isotype
control Abs (Fig. 5J). Taken together, these data suggest that IL-1a
and IL-IR signaling promotes the chronic infiltration of gran-
ulocytes at least in part by inducing CXCLS5 expression (Fig. 6).

Discussion

The proinflammatory effects of naturally occurring hydrocarbon
oils were described more than a half century ago (7). These pro-
perties have been applied to the development of vaccines, in which
hydrocarbons are commonly incorporated as adjuvants to augment
the response to immunization (6, 7). In contrast, exposure to hydro-
carbons is associated with the development of chronic inflammation
and a variety of pathological findings including plasmacytoma for-
mation, lymphoid neogenesis, and autoimmune manifestations (2
5). The mechanism(s) of hydrocarbon-induced inflammation re-
mains largely unexplained.

TMPD is a medium-length hydrocarbon that elicits a potent
chronic inflammatory response in mice characterized by persistent
infiltration of neutrophils and monocytes (8). In this study, we
illustrate the essential role of IL-la. in TMPD-induced neutro-
phil recruitment. IL-la activates a pathway that requires IL-1R,
MyD88, IRAK1/2, and IRAK-4, leading to a signaling cascade
that culminates in the production of the neutrophil chemo-
attractant CXCLS5 (Fig. 6). Blockade of IL-la reduced the pro-
duction of CXCL5 and infiltration of neutrophils to the peritoneal
cavity in TMPD-treated mice. In contrast, neutrophil influx was
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FIGURE 5. IL-lo regulates neutrophil migration by inducing expression of CXCLS in TMPD-treated mice. A, Q-PCR analysis of chemokine expression
in PECs from TMPD-treated C57BL/6 (1 = 5) and IL-1R™’ mice (n = 6). ELISA quantification of CXCLS in peritoneal lavage fluid from C57BL/6 mice
treated with TMPD (B) for the indicated duration (n = 4 to 5 per group) and C57BL/6 (n = 5), IL-IR™~ (n = 6), and IL-18™/" mice (n = 4) (C) 2 wk after
TMPD treatment. D, Q-PCR analysis of chemokine expression in PECs from TMPD-treated wild-type C57BL/6 mice injected with 200 pg hamster IgG or
anti-IL-lat Abs (2 =5 per group). E, ELISA quantification of CXCLS5 in peritoneal lavage fluid from TMPD-treated C57BL/6 mice injected with hamster
IgG or anti-IL-lat Abs (n =5 per group). ELISA quantification of CXCL1 and CXCL2 in peritoneal lavage fluid from C57BL/6 mice treated with TMPD
(F) for the indicated duration (n = 4 to 5 per group) and C57BL/6 (n = 5) and IL-1R™/™ (n= 6) (G) 2 wk after TMPD treatment. Quantification (H) and flow
cytometry analysis (/) of neutrophils in wild-type BALB/c and CXCR2™/" mice after TMPD treatment (n = 7 per group). J, Quantification of neutrophils in
C57BL/6 mice injected with 200 pg anti-CXCL5 Abs or isotype control IgG1 2 wk after TMPD treatment (n =5 per group). Unless otherwise indicated, all
mice were treated with TMPD 2 wk prior to analysis. Each bar represents the mean and error bars indicate SE. *p < 0.05 compared with wild-type or
isotype controls (Student’s unpaired 7 test).
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not impacted by the absence of other proinflammatory mediators
including IL-1B, TNF-q, IL-6, and TLR-4. Both IFN-y and IFN-I
are also dispensable (16). This mechanism is also different from
the pathway used in chronic monocyte recruitment in the TMPD
model (15, 16). The persistent influx of monocytes is mediated by
the production of several CC-chemokines downstream of TLR-7
activation and IFN-I production (Fig. 6). Interestingly, the IL-1R
and TLR signaling cascades share key signaling molecules in-
cluding MyD88 and IRAK-4 (24-26). As a result, the recruitment
of both neutrophils and monocytes is abolished in the absence of
these molecules. These pathways diverge downstream of IRAK
signaling. IFN-1 production and monocyte recruitment initiated by
TLR-7 depend on the transcription factor IRF-7, whereas IL-1R
signaling and neutrophil recruitment is IRF-7 independent and
likely mediated by NF-«B activation (33, 34).

How TMPD triggers the release of IL-1a remains to be solved.
Recent evidence suggests that dying cells and cellular debris from
the chronic inflammatory response may contribute to the release
of this cytokine. Introduction of necrotic cells to the peritoneal
cavity triggers neutrophil migration in an IL-1a~dependent man-
ner (35). Interestingly, the release of IL-la during necrosis, but
not apoptosis, distinguishes the inflammatory response to the two
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FIGURE 6. Proposed pathways of neutrophil and monocyte recruitment
in TMPD-induced chronic inflammation. Neutrophil pathway (left side):
TMPD treatment results in the release of 1L-1a, likely from necrotic cells.
In target cells such as mesothelial cells or peritoneal exudate cells, IL-1a
stimulates the IL-1R complex, which initiates a signaling cascade that
requires MyD88 and IRAKSs, culminating in the activation of NF-«xB and
production of the neutrophil chemoattractant CXCL5. Neutrophils migrate
to CXCLS5 via a CXCR2-dependent mechanism. Monocyte pathway (right
side): TMPD treatment results in the activation of TLR-7, which elicits the
production of IEN-I through a MyD88- and IRAK-4—dependent pathway.
IFN-I binds to IFNAR and subsequent signaling events result in the pro-
duction of IFN-stimulated chemokines including CCL2, CCL7, and CCL2.
These chemokines mediate the migration of Ly6C™ monocytes through
their interaction with CCR2.
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types of cell death (36). Furthermore, necrotic cell debris is also
a source of RNA-associated autoantigens (such as components of
small ribonucleoproteins) (37-39), which may be responsible for
the activation of TLR-7 and subsequent recruitment of Ly6Ch
monocytes in this model (Fig. 6). The target(s) of IL-1a is also
not completely understood. Although gene expression data in
PECs suggest a role of these inflammatory cells in the production
of neutrophil chemoattractants, mesothelial cells also could be
a major source of these chemokines. A recent study demonstrates
that IL-1a released from dying cells stimulates the migration of
neutrophils by inducing CXCL1 expréssion by mesothelial cells
(40). Although a similar mechanism may be involved in TMPD-
induced chronic inflammation, CXCLS5 rather than CXCL1 seems
to play a more prominent role in TMPD-induced neutrophil re-
cruitment. Additional studies will be needed to distinguish the
roles of mesothelial cells and PECs in this model.

In addition to modulating chemokine production, IL-loe and
IL-1R signaling possess other functions that may fuel the chronic
inflammatory response. Transgenic overexpression of IL-la in
mice is sufficient to trigger a form of arthritis characterized by
a predominance of macrophages and neutrophils in the synovium
(41). As TMPD-treated BALB/c mice develop an inflammatory
arthritis (42), it will be of interest to examine the effect of IL-1R
deficiency on the pathogenesis of arthritis in this model. IL-1a
also is thought to be responsible for the maintenance of gran-
ulopoiesis through the induction of neutrophil-M-CSF expres-
sion (41, 43). Indeed, the proliferation of not only neutrophil/
macrophage progenitors, but also multipotent progenitors and
hematopoietic stem cells, is supported by IL-1R signaling (44).
This chemokine-independent mechanism may be responsible for
the peripheral granulocytosis in TMPD-treated mice, although the
effects of TMPD on the different progenitor populations have not
been assessed.

CXCLS, also known as epithelial cell-derived neutrophil at-
tractant 78, directs the migration of neutrophils primarily via the
receptor CXCR2 (45, 46). The interaction between CXCLS5 and
CXCR2 is critical for neutrophil recruitment in several models of
inflammatory disease (47-50). CXCL5 expression is induced by
IL-1e, IL-1B8, and TNF-a through activation of NF-«kB (51-54),
whereas IFN-o and IFN-y both suppress the production of this
chemokine (55, 56). Production of CXCLS5 downstream of kinin
B1 receptor activation plays an important role in IL-1B—induced
neutrophil migration (57). Interestingly, CXCLS5 is also a mediator
of neutrophil migration in the inflammatory response induced by
IL-23 and IL-17 (58). Although our data suggest that IL-1a is
responsible for CXCLS5 production in the TMPD model, whether
the 1L-23-11.-17 axis modulates IL-la or CXCL5 expression
warrants further investigation. It is noteworthy that our observa-
tions are also distinct from the inflammatory response to turpen-
tine oil, which relies on IL-$ production (59, 60). Furthermore, the
monocyte chemoattractant CCL2 has been implicated in the chronic
infiltration of neutrophils in a model of adjuvant-induced vasculitis
(61). The involvement of CCL2 and its receptor CCR2, however,
seems limited to the regulation of monocyte migration in mice ex-
posed to i.p. TMPD.

A potential limitation of the current study is the partial response
exhibited by IL-1a and CXCL5 blockade. Whereas the influx of
neutrophils was inhibited by >90% in IL-IR™'~ and CXCR2 ™/~
mice, neutralization of IL-1a or CXCLS5 only achieved a reduction
of 30-40%. This level of response is comparable to another study
that administered these Abs i.p (35, 58). Although the partial re-
sponse is likely due to the unremitting inflammatory response to
TMPD and/or the presence of neutrophils in the peritoneal cavity
prior to administration of Abs, it remains possible that other
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cofactors are involved. For example, IL-1 signaling can directly
activate the vascular endothelium to augment neutrophil chemo-
taxis (62).

In conclusion, our study elucidates the molecular pathway re-
sponsible for neutrophil recruitment in hydrocarbon-induced
chronic inflammation. These findings highlight the role of IL-1a
in maintaining persistent neutrophil recruitment to sites of inflam-
_mation at least in part by regulating CXCL5 production. In view of
the induction of lupus by TMPD, the current data also may be of
interest with regard to the recent evidence that proinflammatory
neutrophils are involved in the pathogenesis of vascular disease in
lupus patients (63). Whether therapeutic interventions targeting
IL-1a, CXCLS5, or CXCR2 are effective in chronic inflammatory
or vascular diseases or in the inflammatory arthritis induced by
TMPD warrants further evaluation.
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Dendritic Cells in Hepatitis Virus Infection: A Legatus Within
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Abstract: Hepatitis B or C virus (HBV or HCV) causes chronic liver diseases that eventually progress to liver cancer.
Both viruses are armed with multiple machineries for modulating immune responses in infected hosts. Mild and pervasive
immune cell dysfunction, but not fully compromised, is a hallmark of chronic HBV or HCV infection, of which
fundamental mechanisms are yet to be clarified. Dendritic cells (DC) as immune sentinels sense virus via toll-like
receptors (TLR) or retinoic acid inducible gene-I (RIG-I) and evoke-a cascade of immune reactions by secreting cytokines
or by interacting other lymphocytes. Reduced and disabled DC potentially give negative impact on adjacent cells, such as
NK cells, NKT cells and T cells. However, lack of evidence for active viral replication in DC or blood cells imply the
presence of undisclosed contrivances that are independent of infection. Successful treatment of chronically infected
patients with anti-viral agents is accompanied with numerical and/or functional restoration of DC, suggesting that DC
could serve as potential therapeutic targets. Further studies are warranted for the establishment of therapeutic DC vaccine
in order to gain more vigorous and sustained virus-specific immune responses. Cross talk between DC and lymphocytes
are thus critical in shaping innate and subsequent adaptive immune responses against hepatitis virus, either spontaneously

or therapeutically.

Keywords: Dendritic cells, HBV, HCV, interferon, natural killer cells, natural killer T cells.

INTRODUCTION

Hepatitis B virus (HBV) and hepatitis C virus (HCV) are
two major causes of chronic liver disease worldwide. HBV is
a small DNA virus that is a prototype of Hepadnaviridae
family, while HCV is s single stranded RNA virus that
belongs to Flaviviridae. Both viruses are hepatotrophic, but
not directly cytopathic and elicit progressive liver injuries
resulting in end-stage liver disease unless -effectively
eradicated [1, 2]. Epidemiological studies revealed that the
relative percentages of acutely infected patients developing
chronic hepatitis are different when comparing HBV and
HCV infection. Less than 10% of HBV-infected patients
develop chronic hepatitis, while more than 80% of HCV-
infected ones do so [1, 2]. Such difference may in part rely
on the differences in the immunogenicity of viral proteins
and the kinetics of viral replication during the early stages of
infection [3]. One of the major determinants in the clinical
course of viral hepatitis is the host immune response. It has
been proposed that the ability of infected hosts to mount a
vigorous and sustained cellular immune reactions to HBV
and HCV is required for control in primary infection. Once
HBV or HCV survives the initial interaction with the host
immune system, it uses several means to nullify the selective
immunological pressure during the later phases of infection.
First, these viruses alter their antigenic epitopes recognized
by T cells and neutralizing antibodies to escape immune
surveillance [4, 5]. HBV and HCV also subvert immune
functions, including those of NK cells, dendritic cells (DC)
and T cells. Antiviral agents, pegylated interferon (IFN)-a,
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ribavirin and nucleot(s)ide analogues, widely used for the
treatment of chronic HBV or HCV infection reduce the viral
load or enhance immunity in order to prevent the subsequent
development of liver cirrhosis or hepatocellular carcinoma
(HCO) [1, 6].

Cumulative reports have shown that innate immune
system dictates the direction and magnitude of subsequent
adaptive immune response. It is generally accepted that
HBV- or HCV-specific CD8" T cells are responsible for
virus elimination by inducing hepatocyte apoptosis [4, 5].
Innate immune cells, including NK cells and NKT cells, may
contribute to HBV or HCV eradication after primary
infection; however, their roles in chronically infected state
remain elusive. Since dendritic cells (DC) orchestrate anti-
viral immune response by linking innate and adaptive arms
of immune system [7], functional impairment of DC leads to
failure of NK cells, NKT cells, CD4" and CD8" T cells.
Infiltration of disabled CD8" T cells to the infected liver may
result in weak liver inflammation that is not sufficient for
HBYV or HCV eradication [8].

In this paper, we discuss the current understandings of
the roles of innate and adaptive immunity in the
pathogenesis of hepatitis virus infection as well as efficacy
of anti-viral therapy, especially focused on interaction of DC
and other players.

KEY PLAYERS IN IMMUNE RESPONSES TO VIRAL
HEPATITIS

After HBV or HCV infects the liver, viral replication
continues and viral particles are continuously released into
the circulation. Theoretically, the first lines of defense are
provided by anti-viral type 1 IFN and subsequent IFN-
inducible genes (ISGs). As for cellular components in innate
immune system, NK and NKT cells play major roles in liver

© 2012 Bentham Science Publishers
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immunology, of which populations are relatively increased
in the liver compared to the periphery. These cells are
activated in the liver, where expression of IFN-o and ISGs
are extremely high during the early phase of hepatitis virus
infection [9]. Activated NK and NKT cells secrete IFN-v,
which inhibits replication of hepatitis virus mainly through a
non-cytolytic mechanism (Fig. 1a) [10].

Dendritic cells (DC) or resident macrophages in the liver
are capable of taking up viral antigens, and processing and
presenting them to other immune cells (Fig. 1b) [7]. Since
DC express distinct sets of toll-like receptors (TLRs) and
cytosolic pathogen sensors [11], it is likely that some viral
components stimulate DC through ligation of these receptors
(Fig. 2). DC develop a mature phenotype and migrate to
lymphoid tissues (Fig. 1c), where they stimulate effectors,
including T cells and B cells (Fig. 1d). Following the
encounter of DC with other cells, DC secrete various
cytokines (IL-12, TNF-0, IFN-o. and IL-10) instructing or
regulating the functions of the adjacent cells [7]. In addition
to these cytokines, DC express various co-stimulatory
molecules and ligands to enhance or limit the functions of
immune and infected cells. The existence of functionally and
ontogenetically distinct DC subsets has been reported; i.e.,
myeloid DC (MDC) and plasmacytoid DC (PDC) [12].
MDC predominantly produce IL-12 or TNF-a following
pro-inflammatory stimuli, while PDC release a considerable
amount of IFN-o upon virus infection depending on the
immune stimulus; both cytokines in actuality can be made by
both cells. Helper T cells have an immunoregulatory
function mediated by the secretion of cytokines that support
either cytotoxic T lymphocyte (CTLs) generation (Thl with
secretion of IL-2, IFN-y and TNF-a) or B cell function and
antibody production (Th2 with secretion of IL-4, IL-5, IL-10
and IL-13) (Fig. 1e). In addition to Th1/Th2 paradigm, CD4"
T cells secreting IL-17 (Th17) are induced under distinct

Blood DC
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cytokine conditioning and are involved in liver inflammation
or autoimmunity. DC ontogeny and DC-derived cytokines
are crucially associated with the differentiation or
polarization of helper T cell subsets.

It is generally accepted that adaptive immunity performs
a critical role during the clinical courses of hepatitis. The
involvement of antigen-specific CD4" T cells in HBV or
HCV eradication has been well described during both acute
or chronic infection [5]. However, there is little evidence that
CD4" T cells mediate direct liver cell injury in virus
infection. Thus, it is likely that CD4" T cells play a critical
role in facilitating other antiviral immune mechanisms, such
as enhancing CD8" effector function. The antigen-primed
CTLs recruit to the liver (Fig. 1f) and constitute the critical
element in the eradication of virus-infected cells (Fig. 1g).

* The increment of specialized immune suppressors such as

regulatory T cells (Tregs) has been shown in HBV or HCV
infection [13, 14]. These cells are actively involved in the
alleviation of Thl- or CTL-mediated liver inflammation,
thus contributing to persistence of hepatitis virus (Fig. 1h).

NATURAL COURSE OF ACUTE HBV OR HCV
INFECTION

Acute HBV Infection

During the early phase of primary HBV infection, HBV-
DNA is not detectable in serum or the liver for 4-7 weeks
following exposure. HBV infection of the liver directly induces
type I IFN, which subsequently activates NK cells. Thus, even
in the incubation phase, activated NK cells are thought to play
crucial role in the control of HBV replication by producing IFN-y.
This is supported by the observation that circulating NK cells
increases before the peak of HBV replication, which subsides
following HBV reduction [15]. Activated NKT cells are
involved in the inhibition of HBV replication, as evidenced by

ymphoid
tissue

Fig. (1). Key players in immune reactions in viral hepatitis. CTL, cytotoxic T lymphocyte; DC, dendritic cell; HBV, hepatitis B virus;
HCV, hepatitis C virus; NK, natural killer cell; NKT, natural killer T cell; Th, helper T cell. (a)-(h), see text.
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HBV transgenic mouse model [16]. Increment of human NT
cells, as defined as CD3'CD56" cells, is observed in acute
hepatitis B prior to the peak of T cell responses [17].
Subsequently a rapid increase in HBV replication occurs at 10-
12 weeks of infection, which is accompamed by mductlon of
adaptive 1mmun1ty HBV-specific CD4" and CD8" T cells are
detectable in the blood even before the onset of overt hepatitis
[15]. In-chimpanzee inoculated with a single strain of HBV, the
size of viral burden may be one of the determinants dictating the
outcomes. The larger size of HBV is administered, the higher
chance of immune-mediated HBV clearance is gained in
chimpanzees [18]. Generally, strong and Thl-biased CD4" T
cell response and multi-specific CD8" response are associated
with HBV clearance [19]. HBV-specific CD8" T cells continue
to increase after a marked reduction in HBV-DNA and reach
their highest number at the time of maximal ALT levels (0.1-

1.3% of perlpheral CD8" T cells), then decline during the
recovery phase in parallel with a resolution of hepamls [15,19].
From a CD4"- or CD8" T cell depletion study in chlmpanzees
HBV-specific CD8" T cells, but not CD4", are the main
effectors responsible for viral clearance [20] In comparison
with HCV-spemﬁc CD8" T cells using tetramers, HBV-specific
CD8" T cells are highly activated and capable of proliferating
and secreting much IFN-y [21]. Since interactions among IFN,
NK and T cells seem to be complicated in the acute phase,
suppressive factors are involved as a compensatory mechanism.
In this context, HBV-induced IL-10 at pnmaly infection may be
closely related with down-regulation of CD4" and CD8" T cell
responses [22].

Acute HCV Infection

In clear contrast with HBV, HCV-RNA levels rapidly
increase during the first few days of HCV infection and
continue to be high during the incubation periods [23], which
lasts for up to 10-12 weeks following infection. Although
HCV triggers expression of type I IFN and ISGs in liver
during this phase [9], the HCV viral load does not decrease.
This suggests that HCV impedes the execution of anti-viral
molecular mechanisms, including interferon regulatory
factor (IRF)-3 [24], as well as NF-xB and RNA-dependent
protein kinase (PKR) [25]. In parallel with the onset of acute
hepatitis, activated HCV~spec1ﬁc T cells enter the liver [26].
HCV- specxﬁc CD4" and CD8" T-cell responses and IFN-y
co-expression coincide with decreases in HCV quantity [26].
Vlgorous multi epitope-specific, Thl type and sustained
CD4" T cell responses are detected in resolved cases [23]
By contrast, in cases that progress to chronic hepatitis, CD4"
T cell responses are weak, narrowly selected and short-lived
[27]. The frequency of HCV-specific CD8" T cells is high
during the acute phase of infection (2-8% of peripheral CD8"
T cells), however, it decreases after HCV persistence
develops (0.01-1.2%) [28]. Despite the high numbers of
CTL, some of these cells are “stunned” in acute phase, as
demonstrated by an inability to produce IFN-y and to
proliferate in response to HCV antigens [28, 29].

INNATE IMMUNITY
Interferon and Interferon-Stimulated Genes

Mammalian toll-like receptors (TLRs) sense some
pathogen-associated molecular patterns (PAMP) embedded
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in virus components and then induce inflammatory cytokines
or type-I IFN, resulting in the augmentation of anti-virus
immune reactions [11]. Retinoic acid inducible gene-I (RIG-
I) and melanoma differentiation antigen (MDA) -5 are
cytosolic molecule that sense dsRNA as virus replicative
intermediate, which subsequently activates IRF-3 and NF-kB
pathways [30]. Several lines of evidence have been presented
that HBV or HCV impedes TLR- or RIG-I-dependent signal
transduction, resulting in lesser magnitude of ISG responses.

HBY Infection

Limited information is available for which HBV
components stimulate relevant PAMP receptors. In general,
activation of TLR-dependent pathways suppresses HBV
replication both in vifro and in vivo [31]. In chronic HBeAg—
positive patlents it is reported that TLR2 expression is
down-regulated in hepatocytes, Kupffer cells or monocytes,
suggesting that TLR2-dependent pathway in these cells is
impaired [32]. Acute-on-chronic hepatitis B is a critical liver
disease that frequently becomes fatal. In such patients who
failed to survive, the expression of TLR3 and IFN-B in
monocyte-derived DC (MoDC) was significantly decreased
compared to those who survived.[33]. These results suggest
that TLR3-dependent pathways are involved in either a cause
or a consequence of liver inflammation. In mice, HBs, HBe
antigens and HBV virions are capable of inhibiting TLR-
dependent pathways [34]. Recently, it has been shown that
HBV-X protein directly degrade adaptor molecule MAVS,
resulting in the inhibition of RIG-I-dependent signaling
pathways [35]. Alternatively, Yu et al. reported that, in the
shared downstream of TLR and RIG-I, HBV polymerase is
responsible for IRF3 inhibition at the levels of TBK1/IKKe
[36].

HCYV Infection

Large-scale cohort study on US veterans revealed that the
prevalence of various infectious diseases, including virus,
bacteria and parasites, in HCV-infected individuals is
significantly higher than those in uninfected controls [37].
These observations suggest that first-line defense against
pathogens, of which system is initiated by TLR/RIG-I
stimulation, is functionally impaired in HCV infection.
Several mechanisms have been proposed regarding to HCV-
induced suppression of innate immunity. By using HCV
subgenomic replicon system, it has been demonstrated that
HCV NS3/4A proteins influences on the functions of adaptor
molecules mediating TLR-dependent and RIG-I-dependent
pathways, resulting in an impairment of the induction of
IFN-B as well as subsequent ISGs [38, 39]. However, it is
yet to be proven whether the results obtained from HCV
replicon are applicable or not for HCV-infected individuals.
HCV core has been reported as one of the crucial
immunogenic components. Several molecules have been
regarded as targets of HCV core-mediated immune
alteration, such as STATI [40] or SOCS3 [41], all of which
eventually dampen IFN and ISG induction. Alternatively, in
mouse macrophage cell line, HCV NSS5A is shown to inhibit
TLR-dependent IFN response by interacting adaptor
molecule, MyD88 [42].
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To investigate the roles of TLR/RIG-I in HCV infection,
we compared their expressions and the functions in MDC
and PDC between the patients and donors. In MDC. from
HCV-infected patients, TLR2, TLR4 and RIG-I expression
were significantly higher than those in healthy counterparts
[43]. Of particular interest, regardless of the higher
expressions, specific agonists for these sensors stimulated
patients MDC to induce lesser amount of IFN-f and TNF-o
compared to donor MDC [43]. These results show that, in
MDC, the signal transduction via these receptors is strongly
impeded in HCV infection. Further investigation is needed to
clarify which TLR or RIG-I is predominantly utilized by
HCV to evoke immune reactions.

Natural Killer Cells

Within the liver, NK cells comprise 20-30% of
mononuclear cells, as compared to that they consist of 10-
15% in PBMC [44]. It thus needs to be stressed that such
regional differences in the distribution of NK cells may raise
conflicting analytical results of these cells. In HBV- or
HCV-infected liver, NK cells are deemed to be activated by
type-1 IFN and have gained ability to produce substantial
amount of IFN-y. Recently, it is reported that such NK
activation at this phase is not always correlated with the
outcomes of infection, but they are capable of dictating
further T cell responses [45, 46]. Cumulative data have
shown that activated NK cells, not only T cells, could be
effectors in liver injury in HBV or HCV infection, in which
TRAIL-mediated apoptosis is involved.

Natural Killer cells express various functional receptors;
the one group that transduces inhibitory signals (Killer
Inhibitory Receptors/KIRs, CD94, NKG2A) and the other
does activating signals (NKG2D). The function of NK cells
is dynamically regulated in vivo by the balance between
expressions of counteracting receptors and their association
with relevant ligands [47]. Large scale cohort studies. in
HCV infection have disclosed that certain combinations of
HLA-C and KIR haplotypes are closely associated with
spontaneous HCV clearance [48, 49]. Such epidemiological
observations raise a possibility that NK cells play an active
role in HCV eradication.

We compared the expressions of NK cell receptor
between HCV-infected patients and healthy donors. As for
inhibitory receptors, KIR expressions are not different
between the groups; however, CD94 and NKG2A
expressions are higher in patients than controls [50]. In
contrast, activating receptor NKG2D expression is
comparable between the groups. It is yet to be determined
how the expression of NK cell receptor is regulated. In our
hands, HCV pseudo-virus did not enter purified NK cells,
suggesting that NK cells are not susceptible to direct HCV
infection (unpublished data). Thus, some soluble factors
and/or direct binding of HCV particles to NK cells might be
the cause of NK receptor dysregulation.

Natural Killer T Cells

Natural killer T (NKT) cells are a unique lymphocyte
subset co-expressing T-cell receptor (TCR) and NK cell
markers [51]. The NKT cell population is highly
heterogeneous according to the differences in types and
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tissue distribution; invariant (or classical) NKT (iNKT) cells
express an invariant TCR, composed of Vo24-JoQ
preferentially paired with VP11 in humans [51], whereas
non-invariant NKT cells express diverse TCR. Invariant
NKT cells recognize glycolipid antigens presented on CD1d
expressed by DCs [S51]. Although endogenous ligands of
iNKT cells are little known, o-galactosyl-ceramide
(0GalCer) has been used as a surrogate for natural ligands.
In contrast, non-invariant NKT cells are activated by CD1d-
dependent manner but are not reactive to aGalCer. Baron et al.
reported that, in HBV-transgenic mice, non-invariant NKT
cells are critically involved in acute liver injury [52]. As for
a human counterpart, Exley er al. observed that CD1d-
restricted non-invariant NKT cells are infiltrated in HCV-
infected liver, where they presumably exert their promoting
role in liver inflammation [53]. Hepatic inflammatory cells
or biliary cells up-regulate CDI1d expression which
subsequently supports NKT cell activation [54]. In addition,
hepatic stellate cells are capable of activating NKT cells via
surface CD1d and secretion of IL-15 [55].

For chronic HCV infection, some controversial reports
have been published about the frequency of iNKT cells [56,
571, however, their functional roles in HCV-infected patients
are largely unknown. We demonstrate that the number and
functions of INKT cells from HCV-infected patients are
comparable with those from healthy subjects at the steady
state [58]. By contrast, activated iNKT cells from patients
released more Th2 cytokines, most significantly IL-13, than
those from the controls [58]. Recently, other groups have
reported that IL-4 and IL-13 from fresh iNKT cells were
increased in liver cirrhosis caused by HBV or HCV,
implying that these cells are pro-fibrogenic to the liver [59].
If this is the case, our findings suggest that iNKT cells in
chronic HCV infection are pro-fibrogenic per se even in the
pre-cirthotic stage. The reason why iNKT cells in HCV
infection are Th2-biased needs to be further investigated.

Dendritic Cells
HBYV Infection

Several reports have been available for functional
alterations of DC subsets in HBV infection [60]. Infection of
HBV to DC is still controversial and the described functional
defects are minimal when compared with HCV [61, 62]. It is
reported that peripheral PDC are phenotypically and
functionally intact [63]. In contrast, PDC ability of secreting
IFN-a is reported to be impaired specifically in response to
TLRY but not to TLR7 agonists [64]. As for the mechanisms,
HBs antigen is responsible for such PDC disability partly by
up-regulating suppressor molecule SOCS-1 [64]. Similarly,
other investigators reported that PDC frequency as well as
their TLRY expression are decreased [65]. In addition to
PDC, MDC dysfunction is observed as well, which is
presumably caused by HBV particles and HBs antigen [66].

In contrast to circulating PDC, liver-infiltrating
counterparts are more vulnerable to HBV; liver PDC are
significantly reduced and disabled in non-survivors of acute-
on-chronic hepatitis B compared to those in survivors [67].
Blockade of PDC-derived IFN-o downgraded the amounts
of 1L-12 and TNF-areleased from adjacent cells [67],



