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Interferons (IFNs) are the most important cytokines in antiviral immune re- 
sponses. "Natural IFN-producing cells" (IPCs) in human blood express CD4 and 
major histocompatibility complex class II proteins, but have not been isolated 
and further characterized because of their rarity, rapid apoptosis, and lack of 
lineage markers. Purified lPCs are here shown to be the CD4+CDl l c -  type 2 
dendritic cell precursors (pDCZs), which produce 200 to  1000 times more 
IFN than other blood cells after microbial challenge. pDC2s are thus an 
effector cell type of the immune system, critical for antiviral and antitumor 
immune responses. 

Interferons were discovered in the 1950s as 
factors rapidly produced by vims-infected cells 
that enable neigliboriiig cells to resist vil-us 
infection (1). IFN-a (leukocyte IFN) and IFN-P 
(fibroblast IFN), tlie two type 1 aiiti~iral IFNs, 
are distinct from type 2 IFN-y produced by 
effector T cells. Specialized leukocytes. tlie 
"nahlral IFN-producing cells" (IPCs); were 
shown to be tlie chief IFN-a producers i11 re- 
sponse to e~iveloped viruses, bacteria, and hi- 
lnor cells (2-14). IPCs express CD4 and niajor 
histocomnpatibility complex (MHC) class 11; but 
lack liematopoietic-lineage markers (2-14). 
The nature of IPCs-whether they represent 
dendiitic cells (6; 12; 14)  or cells of a distinct 
lineage (7. 9)-has been con~oversial. There is 
a progressive loss of CD4+ T lymphocytes and 
functional IPCs during human immunodefi- 
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ciency virus (HIV) infection (15. 16).  Preser- 
~ a t i o n  of IPCs is associated with protection 
from opporh~nistic infections. suggesting the 
importance of IPCs in tlie host defense (16). 

A plaslnacytoid cell type from human ton- 
sils and blood that lacks lineage ~liarkers also 
expresses CD4 and MHC class I1 (17-21). 
These cells differentiate into type 2 dendritic 
cells (DC2s) ~ l i e n  cultured with interleukin-3 
(IL-3) and CD40 ligand (19. 21). Unlike mono- 
cyte-deri~ed type 1 dendritic cells (DC 1 s) that 
induced type 1 T lielper cell (T,1) differentia- 
tion. DC2s induced type 2 T helper cell (TH2) 
differe~ltiatio~l (21). Here we ill\-estigated 
whether DC2 precursors (pDC2s) represent 
IPCs. Huiiian pel-iplieral blood cells were sep- 
arated into tlie following populations (19, 21): 
(i) inonocytes ( o ~ e r  90Y0 purity), obtained by 
centrifugatio~i tlirougli 52Y0 Percoll, then 
magnetic bead depletion of B, T, and natural 
killer (NK) cells; (ii) CD4+CD3TCDl l c -  
ilnlilature DCs (99% purity) and (iii) CD4- 
CD3-CDllc-  pDC2s (99Y0 purity). ob- 
tained by iiiagnetic bead depletion of B. T. 
NK cells, and monocytes, followed by fluo- 
rescence-acti~ated cell soitiiig (FACS) (Fig. 
1. A and B): (iv) pDC2-depleted blood mono- 

Table 1. Precursor DC2 cells are the  natural  IFN-producing cells. Cells (2 X l o 5 )  were cultured for 2 4  
hours w i t h  HSV. W i t hou t  HSV, IFN act iv i ty f r om  di f ferent cell types was less than 12.5 U /m l  (23). PBMC: 
t o t a l  blood mononuclear cells; pDC2-dep: blood mononuclear cells positively selected for expressing CD3, 
C D l l c ,  CD19, CD14, and CD56; pDC2-enrich: blood mononuclear cells tha t  were depleted o f  cells 
expressing CD3, CD19, CD14, and CD56; pDC2: FACS-sorted C D 4 + C D l l c - l i n  cells; C D l l c +  DC: 
FACS-sorted C D l l c + l i n  immature  DCs; Mo: monocytes; DCI :  monocyte-derived DCs after 6 days o f  
culture w i t h  either granulocyte-macrophage colony-st imulat ing factor (GM-CSF) + IL-4 or GM-CSF + 
11-4 + CD40 ligand (21); DC2: pDC2-derived DCs after 6 days of culture w i t h  IL-3 or 11-3 + CD40 ligand 
(23). ND,  n o t  determined. 

IFN (U/ml) 

PBMC pDC2-dep pDC2-enrich pDC2 C D l l c + D C  M o  DC1 DC2 

Exp. 1 500 N D  2,800 89,800 120 N D  <12.5 1,100 
Exp. 2 4 0  <12.5 180 20,000 <12.5 350  <12.5 <12.5 
Exp. 3 700 4 0  2,800 638,000 7 0  90  N D  N D  

www.sciencemag.org SCIENCE VOL 284 11 JUNE 1999 1835 



R E P O R T S  

Fig. 1. Tracing and isolation of IPCsIpDCZs from human peripheral blood. CD3+ T cells, CD19+ B 
cells, CD16+ and CD56+ NK cells, and CD14+ monocytes were depleted from blood mononuclear 
cells by immunomagnetic beads (Dynabeads M-450; Dynal, Oslo, Norway). The cells were stained 
with anti-CD4Tricolor (Immunotech, Marseille, France), anti-,CDllc-PE (Becton Dickinson, San 
Jose, California), and a mixture of fluorescein isothiocyanate-labeled antibodies to  CD3, CD15, 
CD16, CDZO, CD57 (Becton Dickinson), CD14 (Coulter, Miami, Florida), and CD34 (Immunotech). 
Within the lineage-negative population (A), CD4+CDllc- lPCs and CDl l c +  immature DCs were 
isolated (B). lPCs are plasmacytoid by Ciemsa staining (C) and contain rough endoplasmic 
reticulum and Colgi apparatus under transmission electron microscopy (D). The CDl l c +  blood 
immature DCs display dendrites (E and F). 

nuclear cells; and (v) pDC2-enriched blood 
mononuclear cells (19). pDC2s have a plas- 
macytoid morphology, with rough endoplas- 
mic reticulum and Golgi apparatus (Fig. 1, C 
and D). The CDl lc+ blood immature DCs 
display short dendrites (Fig. 1, E and F). The 
frequency of pDC2s in human blood mono- 
nuclear cells is less than 0.5% and increased 
to 3 to 10% after magnetic bead depletion of 
lineage-positive cells. The pDC2-depleted 
population contains B, T, NK cells, mono- 
cytes, and DCs. These cell populations were 
exposed to ultraviolet (UV)-irradiated herpes 
simplex virus (HSV) for 24 hours (22), and 
IFN in the culture supernatant was measured 

by a bioassay (23). 
IFN production by total peripheral blood 

mononuclear cells (PBMCs) from three donors 
was 40, 500, and 700 international units (IU) 
per 2 X lo5 cells (Table 1). There was a four to 
six times increase in IFN production from 
pDC2-enriched blood mononuclear cells (180 
to 2800 IU per lo5 cells) and a 180 to 91 1 times 
increase in IFN generation from purified 
pDC2s (20,000 to 638,000 IU per lo5 cells). 
pDC2-depleted PBMCs, immature CDllc+ 
DCs, monocytes, and monocyte-derived 
DCls produced little or low levels of IFN. 
The ability of pDC2s to produce IFN was 
decreased after maturation into DC2s by cul- 

Fig. 2. lmmunoperoxidase staining for IFN-a 
(27, 22). (A) Purified CD4+CDllc-lin- lPCs 
were stimulated with HSV for 6 hours. (B) lPCs 
cultured in medium for 6 hours. The isotype 
controls for the primary antibody in both cell 
preparations show no staining. 

ture with IL-3 or IL-3 plus CD40L for 6 days 
(Table 1). The geometric mean IFN-a gener- 
ation by pDC2s was - 1 IU per cell, similar to 
previous estimates (2). Immunoperoxidase 
staining for human IFN-a confirmed that 
most pDC2s contained IFN-a protein after 
6 hours of exposure to HSV (Fig. 2) (22). 
Analysis of IFN-a and IFN-B mRNA by 

chain reaction (PCR) showed that 
among human blood cells, pDC2s were mak- 
ing the most IFN-a and IFN-P mRNA (Fig. 
3) (24). Thus, the blood cells responsible for 
IFN generation in response to HSV, previ- 
ously known as the IPCs, are actually the 
DC2 precursors. These cells can be traced 
and isolated by their expression of CD4 or 
IL-3 receptor after depletion of cells express- 
ing lineage markers and CDl l c  (19, 21). 

The purified IPCs also produced high levels 
of IFN in response to Sendai virus and heat- 
killed Staphy~ococcus aureus, confirming the 
previous studies on PBMCs and partially puri- 
fied IPCs (2-14). The ability of UV-irradiated 
virus and heat-killed bacteria to induce IFN 
production by IPCs suggests that viral infection 
is not required for triggering IFN production. 
The rapid production of IFN by IPCs in the 
absence of other cells suggests that IPCs repre- 
sent an effector cell type of the innate immune 
system. We propose that the IPCsIpDC2s 
should be included in the hematopoietic devel- 
opmental chart as a distinct cell lineage. They 
function as professional IFN-producing cells at 
the precursor stages and as professional anti- 
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pDC2 pDC2 CDl 1 c+ lyzed with cytopathic reduction in human foreskin fibro- 
Mast monolayers cultured with vesicular stomatitis virus 

PBMC enriched pure DC Mono Neg (sensitivity. 2 to 25 IU of IFN per milliliter) (23). Cytocen- 

clonal antibody 7N4-1 (10 pg/ml; Schering-Plough Re- 
search Institute, Kenilworth. NJ) (21). Cells from 6-hour 
cultures were centrifuged and the sediment frozen for 
IFN-a and IFN-P mRNA PCR analyses (24). 

23. F. P. Siegal et a/., Leukemia 8, 1474 (1994). 
24. Reverse transcriptase (RT)-PCR: RNA was isolated 

with the acid guanidinium thiocyanate-phenol-chlo- --- roform method IP. Chomczrski and N. Sacchi. Anal. 
Biochem. 162. 156 (1987)l. DNA contamination was 
removed by digestion with deoxyribonuclease 1 (5 U; 
Boehringer-Mannheim, Indianapolis. IN) for 30 min at 
37OC. Controls without RT were performed. Reverse 
transcription was carried out with pd(T)12-18 (Phar- 
macia. Alameda, CA) priming and Superscript II RT 

IFN-p + (Life Technologies, Grand Island. NY ). PCR reaction 
volume was 25 pI containing 100 ng of each primer. 

S14- 40 nM of each deoxynucleoside triphosphate. 1 p I  of 
cDNA. and 1.25 U of AmpliTaq (Perkin-Elmer. Foster 

Fig. 3. RT-PCR amplification of IFN-a and IFN-P. PCR products amplified from each cell population Ciw, CA). The primers used were as follows: IFN-a 
afler 20, 25, 30, or 35 cycles were separated on a 2% agarose gel containing ethidium bromide. 
Negative controls contained no cDNA. Marker is 1-kb DNA Ladder (Life Technologies, Grand Island, 
New York). IFN-a mRNA is apparent in PBMCs, is increased in the DC2 precursors (pDC2s) with 
enrichment and purification, and is diminished in the monocyte fraction. IFN-P mRNA is visualized 
only in the most highly purified DC2 precursors. 

gen-presenting type 2 DCs upon terminal 13. J. J. Ferbas et al., J. lmmunol. 152,4649 (1994); 5. B. 

differentiation. Feldman et al.. I. Leukocyte Biol. 57, 214 (1995). 
14. 5. Chanekar et al., j. Immunol. 157, 4028 (1996). 

Type IFNs have pleiotr0pic effects On the 15. C. Lopez, P. Fitzgerald, F. P. Siegal. j. Infect. Dis. 148, 
immune system, including up-regulation of 962 (1983): D. M. Howell, s. B. Feldman. P. Kloser, P. 
MHC class 1 on all cell types and activation of Fitzgerald-Bocarsly, Clin. Immunol. Immunopathol. 7, 

macrophage and NK cells (2). l m s  are also 223 (1994); J. Ferbas, J. Navratil, A. Logar, C. Rinaldo. 
Clin. Diagn. Lab. Immunol. 2. 138 (1995). 

in the activation and both 16. F. P. Siegal et al., I. Clin. Invest. 78. 115 (1986). 
CD4+ and CD8' T cells (25, 26). Now with 17. u. O'Doherty et a/..]. Exp. Med. 178. 1067 (1993). 

the abilitv to trace and isolate I~cs:  it should be 18. U. O '~oher t i  et al., imtnunology 82.487 (1994). 
possible directly study the be- 19. C. Crouard et al..]. Exp. Med. 185. 1101 (1997). 

20. J. Olweus et a/.. Proc. Natl. Acad. Sci. U.S.A. 94, 
tween IPCs and other cell types within the 12551 (19971. ,.---,- 
immune system. IFN-a has been widely used 21. M.-c. Rissoan et a/.. Science 283. 1183 (1999). 
for treating hepatitis B and C as well as ;arious 22. Cells were incubated with UV-irradiated I h  in 

cancers. A progressive loss of PCs  has ken q u d ~ ~ l i c a t e  wells (2 10' cells in 200 PI of culture 
medium per well with 2 X lo4 plaque-forming units of 

observed during HTV infection, suggesting that virus in %-well culture dates) (23). IFN in suwrnatants 
IPCs may represent targets for HIV-mediated from 24-hour culhres with and without IL-3'were ana- 

infection-and deletion. The present study pro- 
vides an approach to directly monitor the num- 
ber and functional state of IPCs in these pa- 
tients. The ability to purify and culture IPCs in 
vitro will allow M e r  studies on the molecular 
mechanisms that control the survival and 
growth of IPCs and their production of IFN, 
which may lead to novel therapies for patients 
with viral infections and cancer. 
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The mammalian inner ear contains the cochlea and vestibular organs, which are 
responsible for hearing and balance, respectively. The epithelia of these sensory 
organs contain hair cells that function as mechanoreceptors t o  transduce sound 
and head motion. The molecular mechanisms underlying hair cell development 
and differentiation are poorly understood. Mathl, a mouse homolog of the 
Drosophila proneural gene atonal, is expressed in inner ear sensory epithelia. 
Embryonic Mathl-null mice failed t o  generate cochlear and vestibular hair cells. 
This gene is thus required for the genesis of hair cells. 

The inner ear initially forms as a thickening The otic placode gives rise to neurons of the 
of the ectoderm, termed the otic placode, be- VIIIth cranial nerve and invaginates to be- 
tween rhombomeres 5 and 6 in the hindbrain. come the otocyst, from which the inner ear 
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