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Regulation of IFN Regulatory Factor-7 and IFN-a Production
by Enveloped Virus and Lipopolysaccharide in Human
Plasmacytoid Dendritic Cells'

Jihong Dai,* Nicholas J. Megjugorac! Sheela B. Amrute,* and Patricia Fitzgerald-Bocarsly* '

Human plasmacytoid dendritic cells (PDC) are a major source of IFNee upon exposure to enveloped viruses and TLR-7 and
TLR-9 ligands. Although IFN regulatory factor-7 (IRF-7) is known to play an essential role in virus-activated transcription of
IFN- @ genes, the molecular mechanisms of IFNe production in human PDC remain poorly understood. We and others have
recently reported high constitutive levels of IRF-7 expression in PDC as compared with other PBMC. In this study, we demon-
strate that both LPS and HSV up-regulate the expression of IRF-7 in PDC, and that this enhancement of IRF-7 is dependent on
NF-kB activation. The NF-«B inhibitors MG132 and pyrrolidinedithiocarbamate efficiently inhibited the induction of IRF-7 by
HSV or LPS, and also down-regulated the constitutive expression of IRF-7 in PDC and blocked the HSV-induced production of
IFN- . In addition, we found that nuclear translocation of IRF-7 occurred rapidly in response to HSV stimulation, but not in
response to LPS, which is consistent with the stimulation of IFNa production by virus and not by LPS. Although LPS by itself
was not able to induce IFN« production, it led to rapid up-regulation of TLR-4 on PDC and increased the magnitude and
accelerated the kinetics of HSV-induced IFNe production in PDC, providing a mechanism that might be operative in a scenario
of mixed infection. In contrast to the current concept of IFN-« regulation established in cell lines, this study strongly supports the
immediate availability of high constitutive levels of IRF-7 expression in PDC, and suggests an activation required for IRF-7 that
contributes to IFN-a production in virus-stimulated PDC. The Journal of Immunology, 2004, 173: 1535-1548.

terized models of virus-inducible gene activation (1). transcription factors and contributes to the induction of specific

Within several hours after host infection by viruses or defense genes, including IFBI{11). IRF-7 was first described to
some bacteria, production of type | IFN is markedly induced, andbind and repress the EBV Qp promoter for EBV nuclear Ag 1,
this IFN then exerts various physical and biochemical effects, inwhich contains an IFN-stimulated regulatory element-like element £
cluding antiviral and immunomodulatory activities. These early(12). Soon after, IRF-7 was shown to be an important componentg
responses play an important role in innate defense against infeda IFN-« induction (13-15). IRF-7 is primarily expressed in cells &
tious agents (2—4). Induction of type | IFN is regulated at theof lymphoid origin at a low level. Its expression has been shown Z
transcriptional level. The presence of IFN regulatory factor (fRF) to be up-regulated by IFN, LPS, and viral infection (13, 16). Like
like binding sites in the promoter region of IFBland IFN« genes  IRF-3, IRF-7 also undergoes virus-induced phosphorylation and 9
implicated the IRF factors as direct regulators of IFN gene inducnuclear translocation (13, 14). It has been shown that IRF-7 alone
tion (5-9). was able to activate both IFN-and IFN genes, whereas IRF-3

Within the IRF family, the essential and distinct roles of IRF-3 itself mainly activates the IFN8-gene (11, 15). In support of this
and IRF-7 for IFNa gene induction have been made clearer by hypothesis, ectopic expression of IRF-7 has been shown to recon--
recent gene disruption/introduction studies (9, 10). IRF-3 is exstitute virus-mediated IFN-production in fibroblasts, suggesting
pressed constitutively in the cytoplasm in a variety of cells. Uponthat IRF-7 is critical for the induction of virally induced IFN-
viral infection, IRF-3 is activated and translocates from the cyto-gene expression (10).

The major IFNe-producing cells (IPC) in human blood were
originally designated as natural IPC (NIPC). NIPC are rare cells,
representing only-0.1% of the PBMC (17, 18). Although rare, the
NIPC are enormously potent producers of IlelNeach functional

Received for publication November 12, 2003. Accepted for publication May NIPC can produce betw_een 1 and 2 U of IEN(3-10 pg) in .
17, 2004. response to enveloped viruses (18). In contrast, monocytes, which

The costs of publication of this article were defrayed in part by the payment of pagé:_an produce IFNx in response to a much more limited r'ange of
charges. This article must therefore be hereby maedsertisement in accordance  viruses, produce 5- to 10-fold less IFiNen a per cell basis (18,

with 18 U.S.C. Section 1734 solely to indicate this fact. 19). Although there was clear evidence developed over the course
* This work was supported by RO1 AI26806 to P.F.-B. of several years that NIPC belong within the dendritic cell (DC)
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DC, dendritic cell; IKK, kB kinase; IPC, IFNe-producing cell; MFI, mean fluores- by their lack of expression of CD11c (27, 28). They were subse-
cence intensity; MOI, multiplicity of infection; NIPC, natural IPC; PDC, plasmacy- quently further identified to be HLA-DR ”neage (CDS 3,14, 16,

toid DC; PDTC, pyrrolidinedithiocarbamate; RT, room temperature; SV, Sendai vi- ;
rus; TBK, tank-binding kinase. 56, 20) , CD123 (IL-3-Ra) bright. Most recently, these cells have

T he type I IFN family represents one of the best charac-plasm to the nucleus. In the nucleus, IRF-3 assembles with other
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been found to express a unique marker, the C-type lectin blood DC
Ag-2 (BDCA-2) and another marker, BDCA-4 (29, 30). A second
distinct population of circulating DC, myeloid DC, are HLA-DR™,
lineage™, CD11c*, and CD123%™ (24, 27). Myeloid DC produce
relatively little IFN-« in response to viral stimulus, but were re-
cently reported to produce IFN-« in response to dsRNA (25, 31).
In contrast, PDC do not respond to dsRNA and lack the TLR-3
receptor to which it binds.

The molecular mechanisms of IFN-« induction have been in-
vestigated intensively in mouse model systems, human cell lines,
and monocyte-derived DC. However, due to their paucity in pe-
ripheral blood, relatively little is known about the induction of
IFN-« in PDC. Because of their unique ability to produce large
quantities of IFN-« in response to a wide range of enveloped vi-
ruses and CpG, and their ability to respond well to both live and
UV-inactivated enveloped viruses, unlike other IFN-a-producing
cells (reviewed in Ref. 32), we hypothesized that it is likely that
induction of IFN-« in these cells is distinct from induction of the
pathway in other cells. Previous studies demonstrate that IRF-7
gene expression is under the control of IFN-a3 signaling (14, 16).
In mouse embryo fibroblasts, IFN-«a4 and IFN-B prime for further
type | IFN expression in response to viruses through IRF-7 induc-
tion, suggesting that IFN-af is required to amplify its own ex-
pression in vitro through a positive feedback loop (13, 14). We and
others have recently demonstrated high constitutive levels of
IRF-7 expression in PDC as compared with other PBMC subpopu-
lations (33-35).

In this study, we have used the combination of four-color intra-
cellular flow cytometry and immunofluorescence microscopy to
study the protein levels of IRF-7 to further investigate the molec-
ular mechanisms of virus-induced IFN-a production in human
PDC. We demonstrate that: 1) enveloped virus, but not LPS, is
able to induce the production of IFN-« in PDC; 2) IRF-7 appears
to be regulated at two distinct levels in PDC: while expression of
the IRF-7 is induced by both virus and LPS, probably via the
NF-kB pathway, the trans activation function of IRF-7 is only
modulated by virus stimulation, not by LPS; and 3) although LPS
by itself is not able to induce IFN-« production, it can potently
modify both the magnitude and the kinetics of virus-induced
IFN-a production in PDC.

Materials and Methods
Virus and cell lines

HSV-1 strain 2931 was originaly obtained from C. Lopez, then at the
Sloan-Kettering Institute (New York, NY). Sendai virus, strain Sendai/
Cantell, was obtained from Charles River Laboratories (Spafas, MA).
HSV-1 was grown in VERO cells (American Type Culture Collection,
Manassas, VA) and titered by plague-forming assay. Influenza virus A
(Flu), PR8 strain (1 X 10° PFU/ul), was kindly provided by T. Moran
(Mount Sinai Medical Center, New York, NY). All virus stocks were
stored at —70°C until use.

Reagents

PerCP-orallophycocyanin-conjugatedanti-HL A-DR, FI T C-conjugatedanti-
lineage, allophycocyanin-conjugated anti-CD11c, allophycocyanin- or PE-
conjugated anti-CD123, and FITC- or alophycocyanin-conjugated anti-
CD14 were purchased from BD Biosciences (Sunnyvale, CA). PE-
conjugated anti-BDCA-2 was purchased from Miltenyi Biotec (Auburn,
CA). PE-conjugated anti-TLR-4 and isotype control 1gG were purchased
from eBioscience (San Diego, CA). Unconjugated polyclona rabbit anti-
IRF-7, anti-IRF-3, and normal rabbit 1gG (as a control) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). FITC-conjugated goat
anti-rabbit |gG was purchased from BD Pharmingen (Sunnyvale, CA). LPS
isolated from Pseudomonas aeruginosa (<1% protein) was purchased
from Sigma-Aldrich (St. Louis, MO). Highly purified L PS (containing only
0.08% protein) from Escherichia coli K235 was kindly provided by S.
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Vogel (University of Maryland, Baltimore, MD). The NF-«B inhibitors
pyrrolidinedithiocarbamate (PDTC) and MG132 were purchased from
Sigma-Aldrich.

Preparation of PBMC

PBMC were isolated by Ficoll-Hypaque density centrifugation (Lym-
phoprep; Accurate Chemical & Scientific, Westbury, NY) from fresh hep-
arinized peripheral blood obtained with informed consent from healthy
volunteers. The human studies were approved by the Institutional Review
Board of the New Jersey Medical School. The PBMC were resuspended in
RPMI 1640 medium containing 10% heat-inactivated FBS (Gemini Bio-
sciences, Woodland Hills, CA), 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, and 25 mM HEPES, and enumerated el ectroni-
cally with a Coulter Counter series Z1 (Coulter Electronics, Hialeah, FL).
Cells were stimulated at a concentration of 2 X 10%ml by HSV (multi-
plicity of infection (MOI) of 1), Sendai virus (SV) (16 hemagglutinating
U/ml), Flu (MOI of 1), LPS (10 ng/ml), or purified LPS (10 ng/ml).

Isolation of PDC

PDC were isolated by MACS using the BDCA-4 DC isolation kit from
Miltenyi Biotec. PBMC were resuspended in MACS buffer (PBS with
0.5% BSA and 2 mM EDTA; Sigma-Aldrich). PDC were labeled with
anti-BDCA-4 Ab coupled to colloidal paramagnetic microbeads and passed
twice through a magnetic separation column (LS and M S column; Miltenyi
Biotec). The purity of isolated PDC (lineage-negative, CD11c-negative,
HLA-DR-positive, and CD123-positive cells) was >95%. Viability of en-
riched PDC was >95% as determined by trypan blue exclusion.

ELISPOT assays

ELISPOT assays were used to determine the frequency of IPC using a
simplification of a previously described method (36). PBMC were sus-
pended in RPMI 1640 containing 10% FCS and incubated with HSV-1 for
6 hat 37°C in a 5% CO, incubator. Ninety-six-well microtiter plates with
mixed cellulose ester membrane bottoms (MultiScreen HA plates; Milli-
pore, Bedford, MA) were coated with the 1gG fraction of ammonium sul-
fate-precipitated bovine anti-human IFN-« antiserum (GlaxoSmithKline,
Breckenridge, U.K.) in PBSfor at least 5 h at room temperature (RT). The
plates were then washed three times with PBS. The cells were washed and
added at 1 x 10°/well, and then incubated for 12—16 h at 37°Cina5% CO,
incubator to allow production and capture of IFN-«. The plates were then
washed twice with PBS and six timeswith PBS-T (PBS with 0.05% Tween
20; Sigma-Aldrich). A murine anti-human IFN-a mAb (293 mAb (pro-
vided by G. Alm, Uppsala, Sweden), which recognizes multiple species of
IFN-«) was added at 2 pg/ml. This was followed by 1-h incubation at RT
with goat antiserum to murine 1gG conjugated to HRP (The Jackson Lab-
oratory, Bar Harbor, ME). The plates were again washed, as described, and
then treated with the HRP substrate 3,3’-diaminobenzidine tetrahydrochlo-
ride (Sigma-Aldrich). The spots were enumerated with the aid of a dis-
secting microscope, and the frequencies were calculated and expressed as
IPC per 10° PBMC.

Intracellular flow cytometry for IRF-7 and IFN-« with surface
phenotyping

Intracellular flow for IRF-7 and IFN-«a was performed using indirect cy-
toplasmic staining combined with surface staining. Cells at a concentration
of 2 X 10° cells/ml were stimulated in 1-ml vol in tubes (for PBMC) or in
100 ! in tubes (for purified PDC) with virus or LPS for 4—6 h at 37°C in
a 5% CO, incubator. For detection of IFN-«, brefeldin A (Sigma-Aldrich)
was added at a final concentration of 5 wg/ml at 4 h, and cells were incu-
bated for an additional 2 h. The cells were washed with cold 0.1% BSA
(Sigma-Aldrich) in PBS, blocked with 5% heat-inactivated human serum,
and stained with the appropriate fluorochrome-conjugated cell surface
marker Abs for 20 min at 4°C. The cells were then washed and fixed with
1% paraformaldehyde (Fisher Scientific, Hampton, NH) in PBS overnight
at 4°C. The cells were washed twice with 2% FCS-PBS and permeabilized
with 0.5% saponin (Sigma-Aldrich) in 2% FCS-PBS for 15 min at RT.
Cells were then incubated with rabbit anti-human IRF-7 (400 ng), IRF-3
(2000 ng), or 50 ng of biotinylated 293 mAb in afinal volume of 50 wl for
30 min a RT. Normal rabhit IgG was used for isotype controls for the
IRF-3 and 7 at the same concentrations. The cells were washed twice with
permeabilization buffer, and incubated 30 min with goat anti-rabbit 1gG
FITC or streptavidin-quantum red (Sigma-Aldrich) for IRF-7 and IFN-«,
respectively. The cells were washed and fixed with 1% paraformal dehyde
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in PBS, and analyzed using FACSCalibur flow cytometry with CellQuest
Analysis software (BD Biosciences).

RT-PCR analysis

Total RNA from PBMC was prepared using the TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA), according to the manufacturer’s instruc-
tion. Total RNA from purified PDC was extracted using an RNeasy Mini
Kit (Qiagen, Santa Clarita, CA). The sequences of the primers were as
follows: IFN-a1, sense, 5'-GTACTGCAGAATCTCTCCTTTCTCCTG-3'
and antisense, 5-GTGTCTAGATCHGACAACCTCCCAGGCACA-3;
B-actin, sense, 5'-ACAATGAGCTGCTGGTGGCT-3' and antisense, 5'-
GATGGGCACAGTGTGGGTGA; TLR-4, sense, 5'-CTGCAATGGAT
CAAGGACCA-3" and antisense, 5'-TCCCACTCCAGGTAAGTGTT-3'.
First-strand cDNA was synthesized with oligo(dT) primers. From this mix-
ture of cDNAs, human IFN-a1 and TLR-4 and B-actin DNA were ampli-
fied by PCR using the primer sets. The resulting PCR products from the
RT-PCR were resolved on 2% agarose gels and visualized with ethidium
bromide.

Fluorescence microscopy

Purified PDC (2 X 10° cells/100 ul) were treated with HSV (MOI of 1) or
LPS (10 ng/ml) for 2 h. After stimulation, PDC were stained with PE-
labeled BDCA-2 and then fixed overnight at 4°C. The fixed cells were
seeded on glass slides by cytospin, then permeabilized with 0.2% Triton
X-100. Cells were blocked with wash buffer containing 3% BSA and 10%
normal goat serum for 30 min and incubated with the primary Ab, anti-
human IRF-7 at a1/20 dilution, or normal rabbit IgG, as an isotype control.
After washing, cells were incubated with FITC-conjugated anti-rabbit 1gG,
and 4',6'-diamidino-2-phenylindole at 50 ng/ml. Following extensive
washing of the dlides, coverslips were placed with PBS. Slides were
scanned under fluorescence with an Olympus (Melville, NY) fluorescence
microscope with digital image capture.

A
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Satistical analysis

Data were analyzed using the Statview statistics program. Significant dif-
ferences between groups were determined by ANOVA, with values of p <
0.05 considered significant.

Results
Identification of PDC in human PBMC

The established protocol for the identification of PDC within
PBMC isto gate on lineage”, HLA-DR™, CD11c™, and CD123™
cells. However, this four-color gating limits the availability of flu-
orescent channelsto evaluate intracellular cytokine or transcription
factor expression in the cells. PDC can aso be identified in pe-
ripheral blood as the cells that are HLA-DR™ and CD123°79™ (35,
37, 38) (Fig. 1). Using multicolor gating, we demonstrate that very
similar populations are defined by first gating on lin”/DR™ cells,
followed by CD123°"9"/CD11c™ gating (Fig. 1A, gates R2 and
R3) as obtained using CD123”"9"YHLA-DR™" cells (gate R5). In
this analysis, the CD123°"9" PDC from gate R3 are painted green,
then located in gate R2 and R5. Similar results were found in
PBMC after stimulation with HSV (Fig. 1B), confirming the iden-
tification of PDC in PBMC by using CD123 and HLA-DR.

IRF-7 expression in PDC is increased by virus or LPS
stimulation

As reported recently, IRF-7 mRNA and protein are constitutively
expressed even in freshly isolated PDC (33—-35) and are induced by
virus or LPS in human PBMC and mouse macrophages (13, 39).
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FIGURE 1. Identification of PDC in PBMC. PBMC were prepared from peripheral blood of normal healthy volunteers and analyzed by four-color flow
cytometry for expression of lineage, HLA-DR, CD11c, and CD123. PBMC unstimulated (A) and stimulated with HSV for 6 h (B) were first gated for
forward and side scatter (R1), then analyzed for lineage vs HLA-DR (R2). The lineage-negative, DR* cells were further analyzed for expression of CD123
and CD11c, and the PDC were defined as CD123 ", CD11c™ (R3). PDC were directly gated as CD123*/HLA-DR™ cellsin PBMC (R5, 474 events, 0.16%
of unstimulated PBMC; 358 events, 0.12% of stimulated PBMC). The CD123*/CD11c™ cells from R3 (475 events, 0.16% of unstimulated PBMC; 346
events, 0.12% of stimulated PBMC) were painted green and traced in the gates R2 and R3. Results are from a representative routine experiment.
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To evaluate the role of IRF-7 in human PDC, we examined the
protein level of IRF-7 expression in PDC induced by different
virus and LPS stimulations. Due to the paucity of PDC in blood,
we used intracellular staining for IRF-7 protein combined with cell
surface staining, as recently described (35). After stimulation with
HSV, SV, Flu, or LPS for 2, 4, and 6 h, the cells were surface
stained with anti-CD123 and HLA-DR for identification of PDC,
followed by fixation and intracellular staining for IRF-7. In con-
firmation of our earlier findings (35), IRF-7 was expressed consti-
tutively at very high levels in PDC as compared with monocytes,
which expressed only low levels of IRF-7 (Fig. 2, A and B). Com-
pared with unstimulated PDC, there was a modest enhancement of
IRF-7 expression that was only observed after 4-h incubation with
virus or LPS. The IRF-7 levels remained high in the virus-stimu-
lated samples at 6 h, but the levels of IRF-7 in the unstimulated
PDC decreased. Compared with the relative levels of IRF-7 at 4 h,
there was no significant increase of IRF-7 levels at 6 h after virus

A Monocytes

MOCK HSV sv

] MOCK-IRF-7

IRF-7 AND IFN PRODUCTION BY DC

or LPS stimulation. The IRF-7 expression in PDC was enhanced
by treatment of PBMC with 10 ng/ml LPS, and this enhancement
followed a similar time course as for the virus-induced up-regu-
lation of IRF-7 (Fig. 2, C and D).

Virus, but not LPS, induces IFN-a production in PDC

Because IRF-7 plays an essential role in virus-activated transcrip-
tion of IFN-a genes (13), and LPS up-regulates the expression of
IRF-7 in PDC, we next examined whether LPS is able to initiate
IFN-« production in PDC. Previous experiments demonstrated that
4-h incubation with enveloped virus, followed by washing, plating
in ELISPOT plates, and overnight incubation led to detectable
IPC, with the peak response occurring after 6-h preincubation, fol-
lowed by overnight in the plates (data not shown). Therefore, for
these studies, PBM C were incubated with virusor LPSfor 4 or 6 h,
then washed and plated overnight for synthesis and capture of
IFN-a. As shown in Fig. 3A, there were some spots (2.1-14.4

B
*
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FIGURE 2. PDC express high levels of IRF-7 that are up-regulated by virus or LPS. A and B, High levels of congtitutive IRF-7 expression in PDC
compared with the expression of IRF-7 in monocytes. PBMC were surface stained CD123 PE and HLA-DR allophycocyanin for identification of PDC
populations, and CD14 alophycocyanin for monocytes, followed by fixation and intracellular staining for IRF-7. The cells were gated on PDC and
monocyte populations, respectively (A, upper panels). Histogram overlays compare expression of IRF-7 (gray filled histogram) with isotype 1gG control
(black line) in A, lower panels. Data are representative of three independent experiments in A and means of the MFI of IRF-7 minus means of isotype
controls = SEM of three independent experimentsin B. Significant differences (p < 0.05) are indicated by an asterisk. C, Expression of IRF-7 isincreased
by virus or LPS. A total of 2 X 10%ml PBMC was stimulated with HSV (MOI = 1), SV (16 hemagglutinating U/ml), Flu (MOl = 1), or LPS (10 ng/ml)
for 6 h, followed by staining for PDC and IRF-7 in A. Histogram overlays compare expression of IRF-7 in PDC between mock (gray filled histograms)
and PBMC stimulated with different viruses or LPS (black lines). Data are representative of five independent experiments. D, Time course of expression
of IRF-7 intracellular in PDC after stimulation with viruses or LPS. The means of MFI of IRF-7 minus means of isotype controls = SEM of n = 5
independent experiments are shown. Significant differences (p < 0.05) between mock and PBMC stimulated with different virus or LPS are indicated by
an asterisk.
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FIGURE 3. Virus, but not LPS, induces IFN-a production in PDC. A, 2 X 10%ml PBMC were stimulated with virus (in amounts as described in Fig.
1) or 10 ng/ml LPSfor 4 and 6 h. Frequency of |FN-a-producing cells was determined by ELISPOT. Data represent the average values of triplicate samples.
The experiment was repeated twice with similar results. B and C, PBMC (2 X 10%ml) were stimulated with virus, as described in Fig. 1, or LPSfor 4 h,
then RNA was extracted and run for IFN-a1 or B-actin by RT-PCR. Expression of IFN-a«1 mRNA in PBMC after stimulation with virus or 10 ng/ml LPS
is shown in B and with HSV or different doses of LPS in C. D, Intracellular flow cytometry of IFN-a-producing cells after stimulation of PBMC with
different virus or 10 ng/ml LPS for 6 h. Cells were gated on the PDC population, asin Fig. 2A. Numbers indicate percentage of |FN-«-positive cells (upper

right quadrant). Data are representative of five independent experiments.

IPC/10* PBMC) detected after 4-h initial stimulation with envel-
oped virus, with many more IFN-« spots (9.3-45.6 IPC/10%) ob-
served at 6 h. In agreement with our previous studies, SV induced
many more spots than HSV or Flu, because both PDC and
monocytes respond to SV with IFN-« production (19, 23, 40, 41),
while primarily PDC produce IFN-« in response to HSV or Flu.
Notably, neither unstimulated cells nor LPS-treated cells produced
IFN-« (Fig. 3A). We aso examined the levels of IFN-a1 mRNA
expression in PBMC because IFN-a1 was found to be the major
transcript expressed in both monocytes and PDC (35). Asshownin
Fig. 3B, the expression of IFN-a1 mRNA was induced after 4-h
stimulation with enveloped virus, however, IFN-al1 was not ex-
pressed at detectable levels in LPS-treated or unstimulated cells
(Fig. 3C). To confirm these results in PDC, intracellular IFN-«
protein expression was measured. We found |FN-« production was
induced in PDC stimulated with HSV, SV, or Flu. In contrast, LPS
did not induce IFN-« production (Fig. 3D). These results confirm
the findings of others (34, 42, 43) and indicate that LPS is not able
to induce IFN-« production in PDC even though it enhances IRF-7
expression.

Purified LPS up-regulates IRF-7 expression in PDC, and is
inhibited by polymyxin B

To confirm that the enhancement of IRF-7 expression in PDC was
not due to impurities of LPS, we evaluated the ability of highly

purified LPS to induce IRF-7 in PDC. Compared with the expres-
sion of IRF-7 in HSV-stimulated-PDC, |IRF-7 expression was en-
hanced to even higher levelsin response to 10 ng/ml purified LPS
(Fig. 4, A and B). However, as found with the less pure LPS, the
purified LPS did not induce IFN-« production in PDC or PBMC
(data not shown).

To examine whether LPS or HSV enhances IRF-7 expression in
purified PDC, PDC were purified from PBMC by positive selec-
tion with anti-BDCA-4 microbeads and stimulated with LPS or
HSV. IRF-7 was modestly increased in both HSV- and LPS-stim-
ulated PDC after 6-h incubation (Fig. 4, D and E), which is con-
sistent with our observations in Fig. 2. When LPS was added in
combination with polymyxin B, a molecule that is known to bind
LPS and neutralize its effects (44), there was no up-regulation of
IRF-7 inthe PDC (Fig. 4F). Therefore, the effects of LPS on IRF-7
expression in PDC were most likely due to stimulation by LPS and
not to secondary effects.

Up-regulation of TLR-4 gene expression in PDC by LPS

Recent studies have demonstrated the importance of signaling
through TLR in innate immune response to microbes (reviewed in
Ref. 45). Signaling through TLR is essential for DC maturation
induced by bacteria and other pathogens. Genetic analysis has
identified TLR-4 as a primary receptor for LPS (46, 47). Previous
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studies have suggested that expression of TLR by human PDC is
restricted to TLR-1, TLR-6, TLR-7, TLR-9, and low levels of
TLR-10 (48, 49). However, it has been described that microbial
stimuli affect the expression of their cognate TLR (50-52), and
TLR-4 gene expression can be up-regulated by LPS in immature
mouse DC (53). We therefore examined the expression of TLR-4
on human PDC. TLR-4 message expression was examined in pu-
rified PDC. As shown in Fig. 5B, TLR-4 mRNA expression was
expressed at low levels or was undetectable in unstimulated PDC,
but clearly discernible as after 2-h stimulation with purified LPS.
Surface expression of TLR-4 was not detected in unstimulated DC,
but was modestly up-regulated following stimulation with purified
LPS (Fig. 5A). In contrast, monocytes constitutively expressed sur-
face TLR-4, and this expression was unaffected by LPS treatment
(Fig. 5A, right panel). These results confirmed that the expression
of TLR-4 on PDC was up-regulated by purified L PS within a short
period of time, which is consistent with the increased expression of
IRF-7 following LPS stimulation (Fig. 4A), and suggests that the
canonical TLR-4-mediated pathway is most likely involved in the
enhancement of IRF-7 expression in response to LPS. Interest-

ingly, HSV stimulation of the PDC also resulted in up-regulation
of TLR-4 mRNA (Fig. 5B).

Effects of NF-«B pathway inhibitors on expression of IRF-7

The LPS/TLR-4 interaction has been described to result in NF-«xB
activation (54). An NF-«B site located next to the TATA box on
the IRF-7 promoter was reported to be responsible for the induc-
tion of the IRF-7 gene by 12-O-tetradecanoylphorbol-13-acetate
(55). In addition, the proinflammatory cytokine TNF-« also in-
duces IRF-7 expression that is dependent upon the same NF-xB
site (56). We therefore conducted experiments to test whether the
NF-kB pathway isinvolved in the expression of IRF-7 by PDC in
response to LPS or enveloped virus using the NF-«B inhibitors
PDTC and MG132. As demonstrated in Fig. 6, A and B, the in-
duction of IRF-7 by either LPS or HSV was inhibited to levels
even lower than the constitutive expression of IRF-7 by 6-h treat-
ment with 20 uM PDTC or MG132. Furthermore, IFN-« produc-
tion by HSV-stimulated PDC was abrogated in the presence of
either PDTC or MG132 (Fig. 6, A and B). Similar results were also
found using purified PDC (Fig. 6, B and C). However, when PDTC
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or MG132 was added 4 h after the initiation of stimulation with
HSV, a point when the gene expression of IFN-« was already
induced by HSV (Fig. 3B), there was no inhibition of HSV-in-
duced IFN-a production by PDTC or MG132 (Fig. 7).

We further asked whether the NF-«B inhibitors affected the con-
stitutive levels of IRF-7 expression and whether they had any ef-
fect on IRF-3 expression. As shown in Fig. 8, after 1- or 4-h in-
cubation with PDTC, the IRF-7 expression was down-regulated in
either unstimulated or HSV-stimulated PDC. The same was seen
with 4-h incubation with MG132, which inhibits NF-«B by inhib-
iting the proteasome. In contrast, neither drug inhibited the expres-
sion of IRF-3. These inhibitors did not induce significant cytotox-
icity, as demonstrated by using annexin/7-aminoactinomycin D
staining (data not shown). Taken together, these results suggest
that the NF-«B pathway is involved in the IRF-7 expression stim-
ulated by virus or LPS and aso in the constitutive IRF-7 expres-
sion in PDC, but is not involved in the expression of IRF-3.

HSV, but not LPS, induces nuclear translocation of IRF-7 in
PDC

To determine whether HSV-induced production of IFN-« is asso-
ciated with activation of IRF-7, nuclear translocation experiments
were undertaken. PDC were isolated from PBMC, stimulated with
HSV or LPS, and examined for the expression of nuclear vs cy-
toplasmic IRF-7 by immunofluorescence. As shown in Fig. 9, a
diffuse staining of IRF-7 was seen in both the cytosol and nucleus

of unstimulated PDC, consistent with our previous findings (35).
Following 2-h stimulation with HSV, avery bright nuclear staining
of IRF-7 was observed. In contrast, there was no increase in nu-
clear IRF-7 staining after LPS stimulation; however, a high fluo-
rescence of IRF-7 was observed in the cytosol of the LPS-stimu-
lated PDC, in agreement with the LPS-induced up-regulation of
IRF-7, as shown by flow cytometry (Fig. 4). These results clearly
demonstrate that although HSV and LPS both up-regulate the ex-
pression of IRF-7, activation of IRF-7 occurred in HSV-, but not
in LPS-treated human PDC.

LPS accelerates virus-induced IFN-a production in PDC

Concomitant infection with both bacteria and virus is a common
clinical situation. Because LPS is able to increase the expression of
IRF-7 in PDC, we asked whether L PS can modulate virus-induced
IFN-a production in PDC. As shown in Fig. 10A, pretreatment of
PBMC with LPS 2 h before HSV, SV, or Flu stimulation efficiently
increased the population of PDC that produce IFN-a. As shownin
Fig. 10C, the mean fluorescence intensity (MFI) of IFN-« in HSV-
stimulated PDC increased in a time-dependent manner (1-6 h),
indicating an accumulation of IFN-« within the PDC. Pretreatment
of PBMC with LPS did not significantly increase the amount of
IFN-« produced at peak (as defined by MFI) (Fig. 10C), but did
significantly accelerate the production of IFN-« such that the per-
centage of |PC had aready plateaued by 2 h in the LPS-pretreated
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C (=96% pure PDC and =0.3% monocytes) were stimulated with HSV 6 h

in the presence or absence of 20 uM MG132, then RNA was extracted and run for IFN-al or B-actin by RT-PCR. Data are representative of two

independent experiments.

cells (Fig. 10B). Together, these results suggest that L PS treatment
of PDC accelerates or primes virus-induced |FN-a production.

Discussion

In the present study, we have confirmed that PDC constitutively
express high protein levels of IRF-7, consistent with recent studies
by us and others (33—35). In contrast, monocytes expressed much
less IRF-7 and produce 5- to 10-fold less IFN-« on a per cell basis
and in response to a much more limited range of viruses (18, 19,
35). In addition, we found that enveloped viruses (including HSV,
SV, and Flu) and LPS can increase the expression of IRF-7 in
PDC; however, only virus, but not LPS, induced | FN-« production
in these cells. This latter observation is in agreement with the
findings of others: that LPSis a poor inducer of IFN-« production
in human PDC (34, 42, 43). Moreover, the data demonstrate that

the induction of IRF-7 by stimulation with LPS is insufficient to
induce IFN-« production; rather, there is a distinct pathway for
virus to induce IFN-« production in PDC.

Several studies have shown that in response to viral infection,
IRF-7 is activated through phosphorylation and is transported to
the nucleus, where it participates in the activation of type | IFN
gene transcription (13, 14, 16, 57). By blocking phosphorylation
and nuclear accumulation of IRF-7, aKaposi’s sarcoma-associated
herpesvira immediate-early protein, open reading frame 45, effi-
ciently inhibits the activation of type | IFN genes during vira
infection (58). Phosphorylation is a common thread in response to
infection; however, the underlying mechanisms leading to phos-
phorylation-dependent transcriptional activity are distinct and de-
pend, at least in part, on distinct cellular kinases. IRF-3, for ex-
ample, was found to be activated by phosphorylation on a specific
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serine residue, Ser®9®, following Sendai virus infection and dsRNA
treatment, but not LPS (59). The kinase for IRF-7 phosphorylation
is till unknown.

Although phosphorylated IRF-7 activity can be mimicked by
substitution of individual serine residues with phosphomimetic as-
partate residues (60), the exact sites of virus-induced phosphory-
lation within the regulatory domains have not been definitively
established. Direct study of IRF-7 phosphorylation in PDC is dif-
ficult due to the low frequency of these cells in peripheral blood
and the prohibitively high numbers of PDC from a single donor
that are required for detection of phosphorylated IRF-7 by Western
blot. However, because nuclear translocation occurs following
IRF-7 phosphorylation, fluorescence microscopy studies of IRF-7
translocation can provide information regarding IRF-7 activation.
In this study, we found that the translocation of IRF-7 occurred in

PDC within 2 h of stimulation with HSV, which is earlier than
when IRF-7 enhancement was observed in virus-stimulated PDC
(at 4 h). Thisis consistent with other results reported in CpG DNA-
stimulated human PDC: that the nuclear translocation of constitu-
tive IRF-7 and the IFN-a gene expression were induced earlier
than IRF-7 expression (34). It islikely that virus directly activates
IRF-7 that is congtitutively expressed at high levels in PDC to
trigger the transcription of IFN-«a genes. Interestingly, athough
LPS significantly up-regulated the expression of IRF-7 in PDC, no
nuclear translocation of IRF-7 was induced by LPS. This suggests
that the effects of virus on PDC leading to IFN-« production are
mediated through mechanisms that are distinct from those of LPS
activation. For example, virus may trigger adistinct kinase cascade
for the induction of IFN-a. Recently, it has been reported that three
kinases (IkB kinase (IKK)B, IKKe, and tank-binding kinase
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(TBK)1) activate NF-«kB, whereas only IKK e and TBK1 are com-
ponents of the virus-activated kinase that activates IRF-3 and
IRF-7 by phosphorylation (61, 62). It is possible that HSV may
activate IRF-7 via IKKe or TBK1 in PDC. This will be an inter-
esting issue to be addressed in future studies.

PDC have been reported to express TLR-9, but not TLR-4 (48,
49). However, in our study, PDC clearly responded to LPS with
the up-regulation of IRF-7. The response also occurred in purified
PDC. The up-regulation of IRF-7 was even higher in response to
highly purified LPS than to the commercia preparation (data not
shown) and was sensitive to polymyxin treatment. By its priming
for the accumulation of IRF-7, LPS was able to modify both the
magnitude and the kinetics of virus-induced IFN-« production.
Moreover, the surface and mRNA expression of TLR-4 were rap-
idly up-regulated in PDC in response to LPS, which may help to
explain the effect of LPS on the induction of IRF-7 in PDC. Al-
though we could not totally rule out the possibility that the low
levels of TLR-4 message in the purified PDC were contributed to

by the small numbers of contaminating monocytes (typically 0.3—
0.5%), its up-regulation on the surface of the LPS-stimulated PDC,
but not monocytes, suggests the TLR-4 expression by the PDC.
Moreover, athough the surface expression of TLR-4 was low in
the LPS-primed PDC, these levels are similar to the levels induced
on airway epithelial cells by respiratory syncytia virus, and which
were shown to be physiologicaly active (63). However, as the
purity of PDC was 95%, we cannot rule out the possibility of an
indirect effect of cytokines contributed by the small numbers of
contaminating cells.

The observation that the NF-kB site in the human IRF-7 pro-
moter is sufficient to induce the expression of |RF-7 provided new
information on the regulation of the IRF-7 gene (56). The activa-
tion of NF-«B is quite well understood: NF-«B is present as an
inactive complex with its regulatory subunit I1«B. |kB-« is phos-
phorylated at specific serine residues by the signal-activated | kB
kinase complex. Then the phosphorylated 1kB-a is specifically
recognized and polyubiquitinated to become a substrate for
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degradation by the proteasome, resulting in the liberation of NF-
kB. Recently, three novel stimulators of IRF-7 gene expression,
namely EBV latent membrane protein 1, 12-O-tetradecanoylphor-
bol-13-acetate, and TNF-«, have been found to regulate IRF-7
expression through the NF-«B pathway (55, 56, 64). It aso has
been shown that a supersuppressor of |«B is capable of blocking
the induction of IRF-7 by latent membrane protein 1, and that
overexpression of NF-«xB (p65 plus p50) can induce the expression
of IRF-7 (64). Both virus and LPS are known activators of the
NF-kB pathway (65, 66) and capable of inducing IRF-7 expression
(13, 39). The kinetics of IRF-7 enhancement in PDC by both virus
and LPS were quite similar, and the NF-«B pathway inhibitor
PDTC and proteasome inhibitor MG132 (which functionally
serves as an NF-«B inhibitor) efficiently suppressed both virus-
and LPS-mediated induction of IRF-7. Neither inhibitor induced
significant cytotoxicity at the effective dose (data not shown).
Moreover, the production of TNF-a was not observed in purified
PDC after LPS stimulation (48, 49), suggesting that the induction
of IRF-7 by virus or LPS could be a direct transcription event.
Moreover, these chemicals neither inhibited IRF-3 expression in
PDC when present from the initiation of culture, nor inhibited
IFN-« induction in PDC when added 4 h after virus stimulation,
again arguing against atoxic effect. It iswell known that IRF-7 can
be induced through the action of autocrine IFN produced in re-
sponse to virus infection in fibroblast cells. Because IRF-7 is ex-
pressed at very low levelsin these cells, the IFN induction in the
early phase is required for an abundant expression of IRF-7
through IFN-aR feedback signaling. Then activated IRF-7 trans

activates multiple IFN genes, in a delayed manner (14—16). Our
data suggest that PDC already possess the transcriptional machin-
ery to alow them to respond promptly to the vira stimulation.
Similarly, unlike fibroblasts, mouse IPC can produce early IFN-«
independent of IFN-aR feedback signaling (67). Most recently,
Taniguchi and colleagues (68) indicated that this positive feedback
mechanism may not be operational upon LPS stimulation of mouse
bone marrow DC.

IRF-7 is reported to be short-lived (t;,, = 1 h) and must be
continuously produced for its function on IFN-a3 genes (13, 16).
We observed that the levels of IRF-7 decreased in unstimulated
PDC after incubation in vitro for 6 h, which suggests that the PDC
are not able to efficiently maintain their IRF-7 expression in vitro.
The NF-«B inhibitors PDTC and MG132 significantly down-reg-
ulated IRF-7 expression in unstimulated PDC, suggesting that the
NF-«B pathway is also involved in maintaining the constitutive
expression of IRF-7 in PDC.

To date, there is no evidence for a requirement for NF-«B to
induce IFN-a genes, and the IFN-a genes lack NF-«B binding
sites (69); however, binding sites for IRF proteins and a require-
ment for IRF protein activation are a common feature of IFN-«
genes. The inhibitors PDTC and MG132 suppressed the induction
of IRF-7in PDC by HSV, and also down-regulated the constitutive
expression of IRF-7 in PDC, and blocked the production of IFN-«
induced by HSV. These effects are unlikely to be a result of inhi-
bition of viral replication because HSV-induced |FN-« production
is independent of HSV replication (70). Moreover, the inhibitors
did not inhibit the production of |FN-a when they were added after
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FIGURE 10. LPS augments and accelerates virus-induced |FN-« production in PDC. A, PBMC were incubated with or without LPS (10 ng/ml) for 2 h,
followed by stimulation with HSV, SV, or Flu for an additional 4 h. Cells were surface stained with CD123 PE and HLA-DR allophycocyanin for
identification of PDC populations, followed by fixation and intracellular staining for IFN-«. Numbers shown on the flow cytometric dot plots represent
percentage of PDC that produced IFN-« (cells in upper right quadrant). Data are representative of three independent experiments. B and C, Time course
of IFN-« production by LPS priming. A total of 2 X 10%ml PBMC was preincubated with or without LPS for 2 h, then stimulated with HSV for different
time points. Cells were surface stained with CD123 PE and HLA-DR allophycocyanin for identification of PDC populations, followed by fixation and
intracellular staining for IFN-«. The percentage of 1PC was determined as in B. The increased MFI by LPS priming is shown in C. The means = SEM

of three independent experiments are shown.

the activation of IFN-« gene transcription had aready been in-
duced, further indicating that the high levels of constitutive IRF-7
expression in PDC are sufficient for triggering virus-induced
IFN-a production.

Mixed infection is a clinical condition that occurs with high
frequency in individuals who are immunocompromised as a con-
sequence of HIV-1 infection, organ transplantation, or cancer. No-
tably, in PDC, athough LPS by itself was unable to induce IFN-«
production, it potently augmented and accelerated virus-induced
IFN-a production. Because IRF-7 activation is required to induce
IFN-a3 gene induction by virus, the accumulation of IRF-7 by
LPS priming could play a major role in LPS-mediated enhance-
ment of IFN-« production in virus-stimulated PDC. Given the
multiple roles of IFN-« in shaping both innate and adaptive im-
munity, and the central importance of PDC in bridging innate and
adaptive immunity (71), enhanced | FN-« production in virus-stim-
ulated PDC by LPS priming may provide an important protective
mechanism during mixed infection.

In conclusion, we have presented data defining the critical role
of IRF-7 in virus-induced IFN-« production in human PDC, and
suggest two distinct regulatory pathways of IRF-7: the expression
levels of IRF-7 in PDC can be increased by either virus or LPS via
an NF-kB-dependent pathway, whereas the activation and trans-
location of IRF-7 in PDC are induced by a distinct pathway that is
triggered by virus, but not LPS. The modification of virus-medi-

ated IFN-« production by LPS priming further provides a potential
protective mechanism in mixed infection.
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