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Plasmacytoid dendritic cells (pDCs) are known mainly for their
secretion of type | IFN upon viral encounter. We describe a
CD2"cD5*CD81* pDC subset, distinguished by prominent den-
drites and a mature phenotype, in human blood, bone marrow,
and tonsil, which can be generated from CD34* progenitors. These
CD2"CD5*CD81* cells express classical pDC markers, as well as the
toll-like receptors that enable conventional pDCs to respond to
viral infection. However, their gene expression profile is distinct,
and they produce little or no type | IFN upon stimulation with
CpG oligonucleotides, likely due to their diminished expression of
IFN regulatory factor 7. A similar population of CD5*CD81* pDCs is
present in mice and also does not produce type | IFN after CpG
stimulation. In contrast to conventional CD5-CD81~ pDCs, human
CD5"CD81" pDCs are potent stimulators of B-cell activation and
antibody production and strong inducers of T-cell proliferation
and Treg formation. These findings reveal the presence of a discrete
pDC population that does not produce type | IFN and yet mediates
important immune functions previously attributed to all pDCs.
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lasmacytoid dendritic cells (pDCs) are a distinct lineage of

bone-marrow—derived cells that reside mainly in blood and
lymphoid organs in the steady state, but can also be found in sites
of infection, inflammation, and cancer (1). As one of the two
principal lineages of dendritic cells, pDCs diverge from con-
ventional DCs (cDCs) during maturation in the bone marrow
and are recognized mainly for their rapid and massive produc-
tion of type I IFN (IFNa/p) in response to viral infection (2).
Although generally viewed as weak antigen-presenting cells by
comparison with cDCs, pDCs interact with many types of cells,
such as NK cells, cDCs, T cells, and B cells through their se-
cretion of cytokines and chemokines in addition to type I IFN, as
well as through their expression of various costimulatory mole-
cules (3, 4). Thus, pDCs are capable of activating CD4* helper
and regulatory T cells and CD8" cytotoxic T cells (5-16). They
can also stimulate B-cell activation, differentiation into plasma
cells, and antibody production through mechanisms that are not
yet completely understood (17-22).

Whether the diverse functions of pDCs are mediated by the
same cells responding to different environmental cues or by
distinct preprogrammed subsets or lineages is not clear, although
several reports suggest the existence of phenotypically distinct
subpopulations of pDCs in mice (23-25) and humans (26-30).
Surface expression of CD2 divides human pDCs into two distinct
subsets. Whereas both CD2'° and CD2" pDCs produce type I
IFN, the CD2" subset secretes more IL12p40, triggers more
T-cell proliferation (26), and is relatively resistant to apoptosis
on the basis of higher BCL2 expression (28). Here we show that
CD2" pDCs contain a unique subpopulation that expresses CD5
and CD81. Unlike CD2"CD5~CD81~ pDCs, CD2"CD5*CD81*
pDCs fail to produce type 1 IFN but release large quantities of
other proinflammatory cytokines upon stimulation and are po-
tent inducers of plasma cell formation and antibody secretion.
Despite their relative rarity, the CD5"CD81* pDCs can be found
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not only in peripheral blood mononuclear cells (PBMCs), but
also in bone marrow, cord blood, and tonsil, and can be gener-
ated from CD34" hematopoietic progenitor cells in vitro.

Results

CD5 and CD81 Distinguish Subsets of Human pDCs. Peripheral blood
pDCs were analyzed by flow cytometry for their expression of
different tetraspanin proteins based on the previous finding that
expression of the tetraspanin molecule CD9 distinguishes high
and low IFNa-producing pDCs in mice (23). CDS5 expression
was also analyzed, as this molecule has been detected on a
small fraction of human CD2" pDCs (27, 28). PBMCs were
first enriched for pDCs through magnetic negative selection
and then stained for lineage (CD3, CD19, CD20, CD14, CD16,
and CD56) and pDC surface markers. pDCs were gated as
lineage " HLA-DRTBDCA4*CD123*CD11c™ cells (Fig. 14).
Among the tetraspanins that we screened, CD81 was reproduc-
ibly expressed on 10-20% of CD2" pDCs. CD5 was also
expressed on a portion of the CD2" pDCs, enabling CD2" pDCs
to be divided into CD5*CD81" and CD5”CD81~ subsets (Fig.
1A4). Giemsa staining of the freshly sorted pDCs revealed strik-
ingly different morphology of these two subsets. Whereas the
CD2MCD5~CDS81~ cells appear as larger lymphoid cells with a
smooth surface, CD2"CD5"CD81™" cells display multiple short
dendrites extending from their surface as well as a larger irreg-
ularly shaped nucleus (Fig. 1B). The CD5*CD81* pDCs express
higher levels of CD86, CD80, and CD40 both at steady state and
after CpG stimulation (Fig. 1 C and D). HLA-D related (HLA-
DR) was also expressed at a higher level on CD5*CD81* pDCs
(Fig. S1). To determine whether the differences in costimulatory
molecule expression might reflect a CpG dose or kinetic effect, we
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Fig. 1. CD5 and CD81 distinguish subsets of CD2" pDCs. (A) Gating strategy for pDC subsets within CD2" pDCs based on CD5 and CD81 expression.
(B) Grunwald-Giemsa staining of freshly isolated pDC subsets. (C and D) Expression of costimulatory molecules on pDC subsets before and after CpG-A stimulation
as indicated by flow cytometry histograms and median fluorescence intensity (MFI) (n = 3). (E) Expression of CD5 and CD81 on purified CD5"CD81~ pDCs before
and after CpG stimulation. Results shown are representative of three independent experiments. (F) Human bone marrow and cord blood mononuclear cells were
stained for pDC surface markers as well as CD2, CD5, and CD81. The graphs show expression of CD5 and CD81 on gated CD2" pDCs. (G) CD34* hematopoietic

progenitor cells (HPCs) were purified from PBMCs, and cultured in the presen

ce of FIt3-L, TPO, and IL-3 for 21 d. CD11c and CD123 expression was used to

gate on HPC-derived pDCs (CD123*CD11¢”) and CD11c* cells; CD2, CD5, and CD81 expression was further used to gate on the pDC subsets. *P < 0.05,

**P < 0.01.

stimulated each population with 2 or 10 pg/mL CpG and analyzed
these molecules after 12, 24, and 48 h. Although higher concen-
trations of CpG induced higher expression of CD86, CD80, and
CD40 on both populations, at all CpG doses and culture periods
tested, the CD5TCD81* population expressed higher levels of
costimulatory markers than the CD5"CD81™ population (Fig. S24).

The increased expression of costimulatory markers and HLA-DR
on the CD5*CD81* pDCs is consistent with a more mature phe-
notype. We assessed the possibility that CD5 and CD81 expression
reflects an activation process by stimulating CD5"CD81~ pDCs with
CpG for 24 h, and then analyzing their expression of CD5 and
CD81 (Fig. 1E). Although about 20% of the activated CD5~CD81~
pDCs developed dim but detectable CD81 staining, expression of
CD5 was not induced, suggesting that if the CD5*CD81" pDCs
developed from activated CD5"CD81~ pDCs, factors in addition to
those studied here were required. Conversely, expression of CD5
and CD81 by CD5*CD81" pDCs was maintained after CpG stim-
ulation (Fig. S2B), suggesting that they are relatively stable on these
cells. Moreover, CD5*CD81" pDCs were found in bone marrow,
cord blood, and tonsil (Fig. 1F and Fig. S3), and in bone marrow or
tonsil the percentage of these cells was comparable to that in blood.

Although pDCs are rare compared with the other major im-
mune cell types, large numbers of functional pDCs can be gen-
erated from human CD34% hematopoietic progenitor cells
(HPCs) (31). To determine whether CD5*CD81* pDCs can be
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generated from HPCs, we incubated purified CD457CD34% cells
with a combination of Flt3-ligand (FIt3L), IL-3, and thrombopoietin
(TPO). After 3 wk, more than 44% of CD45" cells had become
CD11¢"CD123* pDCs. Although the percentage of CD2" pDCs
within HPC-derived pDCs was lower than regularly seen in blood,
about 9% of these cells were CD5*CD81", which is similar to their
percentage in blood and bone marrow (Fig. 1G).

CD5*CD81* pDCs Produce Little or No IFNa in Response to CpG
Oligonucleotides. Secretion of type I IFN, especially IFNa, is
the hallmark of pDC function. To evaluate cytokine production
by the pDC subsets, we stimulated FACS-sorted CD5"CD81™
and CD5*CD81* pDCs with CpG oligonucleotides, which are
TLRY agonists, or the TLR7/8 agonist R848, and measured their
type I IFN secretion. Whereas the CD5 CD81™ pDCs pro-
duced large amounts of IFNa, especially in response to CpG, the
CD5"CD81* pDCs secreted little or no IFN« (Fig. 24). When we
stimulated the different HPC-derived cell populations with CpG-
A for 24 h, both total pDCs (CD11¢”"CD123%) and CD5~CD81~
pDCs secreted IFNa, whereas CD57CD81" pDCs failed to
produce any detectable IFNa (Fig. S4). Despite their failure to
produce IFNa, CpG-stimulated CD5"CD81" pDCs secreted
increased amounts of inflammation-associated cytokines and
chemokines, such as IL-12p40, IL-6, IL-8, etc., compared with
CD57CD81™ pDCs (Fig. S54).
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Fig.2. CD5"CD81* pDCs produce little or no IFNa. (A) CD2"' CD5*CD81* and
CD2" CD57CD81~ pDCs were sorted and stimulated with CpG-A, CpG-C, or
R848 for 24 h, and the supernatants were analyzed by ELISA for IFNa pro-
duction. Results shown are representative of five independent experiments.
(B) Flow cytometry analysis of expression of TLR9 in freshly isolated pDC
subsets. Results are representative of three independent experiments.
(C) mRNA expression of IRF7, TAK1, and IRF5 by purified pDC subsets based
on gRT-PCR analysis. Results shown are representative of three independent
experiments. *P < 0.05, **P < 0.01. ns, not significant.

The failure of CD57CD81" pDCs to produce IFNa was not
due to a lack of TLR7 or 9, because these molecules were clearly
present by Western blot (Fig. S5B). Flow cytometric analysis also
showed that the two pDC subsets expressed TLRY at similar
levels (Fig. 2B). Among the IFN regulatory factors (IRFs) that
control pDC activation, IRF7 is critical for the induction of type I
IFN transcription, whereas IRFS5 and TAKI are required for ex-
pression of costimulatory molecules and production of IL-6 and
TNF. Quantitative RT-PCR (qQRT-PCR) analysis revealed markedly
lower expression of IRF7 but a higher expression of IRFS mRNA in
CD5*CD81* pDCs than in CD5-CD81~ pDCs (Fig. 20).

CD5"CD81" pDCs Are Efficient at Inducing Plasma Cell Differentiation
and Antibody Production. Previous studies have demonstrated that
activated human blood pDCs can induce proliferation and
differentiation of B cells (17, 21, 22). To examine the role of
CD5*CDS81* and CD5CD81~ pDCs in B-cell activation, FACS
purified pDC subpopulations were stimulated with CpG-B, and
cocultured with purified carboxyfluorescein succinimidyl ester
(CFSE)-labeled autologous B cells in the presence of IL-2, IL-
10, and CD40-ligand (CD40L), which support B-cell growth and
antibody production (21). For measurement of proliferation, B
cells were collected after 5 d and analyzed for CFSE dilution. As
expected, B cells cultured alone did not proliferate in the ab-
sence of CpG. The highest percentage of proliferating B cells
(>70%) was observed when B cells were cultured with the
CD5*CDS81* pDCs (Fig. 34). In the presence of CD5*CD81"
pDCs, B cells also exhibited greater viability and expressed higher
levels of activation markers, including CD25 and CD69 (Fig. S6).
To determine whether plasma cells are induced in B-pDC cocul-
tures, the cultured cells were harvested on day 10 and analyzed
for the presence of cells with phenotype of plasma cells
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(CD19%™~CD20~CD38"). When B cells were cultured alone,
only a small percentage became CD20~CD38" (Fig. 3B). When
cocultured with pDCs, more B cells differentiated into plasmablasts
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Fig. 3. CD5"CD81* pDCs promote B-cell proliferation, plasma cell differ-
entiation, and antibody production. pDC subsets were sorted and stimu-
lated overnight with CpG-B. Activated pDCs were then washed to remove
residual CpG-B and cocultured with CFSE-labeled autologous B cells. (A)
After 5 d, proliferation of B cells cultured alone without or with CpG-B, or
cocultured with pDC subsets, was analyzed by CFSE dilution using flow
cytometry. (B) After 10 d, B cells from different culture groups were ana-
lyzed by flow cytometry for plasma cell (CD20~CD38") differentiation. The
results shown are representative of eight independent experiments. (C)
Mean percentage of plasma cells derived from B cells cultured alone (n = 4)
or B-pDC cocultures (n = 8). (D) IgG and IgM in the supernatants were mea-
sured by ELISA after 12 d of B-pDC coculture in the absence or presence of IL-2,
IL-10, and CD40L. The results shown are representative of five independent
experiments. (E) Expression (MFI) of CD70 on CpG-activated pDC subsets (n =
5). (F) 1gG and IgM production by B cells cocultured with preactivated CD5"
CD81" pDCs in the presence of anti-CD70 blocking antibody. Results shown
are representative of three independent experiments. *P < 0.05, **P < 0.01,
**x%kP < 0.0001.
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or plasma cells, and such differentiation was dramatically increased
in cocultures containing CD5"CD81* pDCs (Fig. 3 B and C).

We further found both IgG and IgM were present in the
supernatants obtained from cocultures of B cells and CD5*
CD81* pDCs in the absence of exogenous cytokines, and the
levels were higher than those seen in cocultures with CD5™
CD81™ pDCs (Fig. 3D). When cytokines were added to the co-
cultures, Ig production was further enhanced, and the difference
in antibody production between cocultures with the two pDC
subsets became even greater (Fig. 3D). Previous studies have
shown that soluble factors, such as IFNa and IL-6, as well as
direct pDC-B-cell contact mediated by CD70-CD27 interaction,
play important roles in pDC-induced plasma cell differentiation
and antibody production (17, 21). Despite the secretion of IL-6
by activated CD5*CD81" pDCs, blocking IL-6 with a neutral-
izing antibody did not affect IgG production in the B-pDC co-
cultures (Fig. S7). To address the role of pDC-B-cell contact in
Ig production induced by the CD5"CD81* pDCs, pDCs and B
cells were cultured on opposite sides of a Transwell mem-
brane that permitted passage of soluble molecules but not cells.
Under these conditions, IgG production was reduced (Fig. S8),
suggesting that direct cell-cell contact is required for opti-
mal plasma cell differentiation. Subsequently, we found that
CD5"CD81" pDCs express higher levels of CD70 after stimu-
lation (Fig. 3E), and when blocking antibody against CD70 was
added to B-pDC cocultures, secretion of IgG and IgM was al-
most completely abolished (Fig. 3F).

CD5*CD81* pDCs Trigger T-Cell Proliferation and Treg Differentiation. In
standard mixed lymphocyte reactions, CD2" pDCs are more effi-
cient than CD2'° pDCs in the induction of T-cell proliferation (26).
However, little is known about the contribution of pDC subsets to
the generation of particular types of T cells. We cocultured fresh
pDC subsets with allogeneic CFSE-labeled CD4* T cells and after
6 d, proliferation of T cells was assayed on the basis of CFSE di-
lution. As shown in Fig. 4 4 and B, both pDC subsets induced T-cell
proliferation in the absence of exogenous stimulation; the CD5*CD81*
pDCs were substantially more efficient, based on the higher per-
centage (~50%) of cocultured T cells that proliferated. Interestingly,
more CD25"Foxp3* Tregs arose in the CD5"CD81* pDC-
containing cultures (Fig. 4C). To directly study the ability of the
pDC subsets to induce Treg formation, we replaced total CD4™ T cells
with purified naive CD4" T cells and again found that CD5*CD81*
pDCs induced more Foxp3™ Tregs from naive T cells than did
CD5™CD81" pDCs (Fig. 4D, Upper Left, 3.61% vs. 1.42%).
Although both pDC subsets became better inducers of Treg dif-
ferentiation following preactivation with CpG, CD5"CD81" pDCs
remained more efficient than CD5"CDS81™ pDCs (Fig. 4D, Upper
Right, 10.2% vs. 4.16%). Moreover, T cells cocultured with pre-
activated CD5"CD81* pDC produced more IL-10 (Fig. 4D,
Lower). To determine whether these pDC-induced Foxp3* Tregs
are suppressive, we sorted the CD4*CD25™ T cells from the
CD5*CD81* pDC/naive T-cell cocultures and added them to
the anti-CD3/CD28 stimulated effector T cells. Proliferation of
effector T cells was greatly suppressed (from 56.3% to 8.62%),
indicating the CD5*CD81" pDC-induced Foxp3™ cells were
functional Tregs (Fig. 4E).

Because TGFp can induce Foxp3™ Treg differentiation in
other settings (32), we investigated the potential role of this
cytokine in CD57CD81" pDC-mediated Treg induction by
adding a neutralizing anti-TGFp antibody to the cocultures.
This addition resulted in a reduction of Treg generation in the
CD5"CD81" cocultures from 12.0% to 7.3% (Fig. 4F). However,
Treg induction by CD5 CD81~ pDCs was similarly reduced
(from 5.7% to 3.6%) in the presence of the antibody. Moreover,
relatively little TGFp was secreted by either pDC subset (Fig.
S5A4). Another factor known to contribute to adaptive Treg
generation is indoleamine 2,3-dioxygenase (IDO) (33, 34).
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Fig. 4. CD5*CD81* pDCs trigger T-cell proliferation and Treg generation.
(A) Allogeneic total CD4* T cells were labeled with CFSE and cultured alone
or with fresh CD5°CD81~ or CD5*CD81* pDC subsets for 6 d. T-cell pro-
liferation was analyzed by flow cytometry on the basis of CFSE dilution. One
representative experiment is shown out of four independent experiments.
(B) Average percentage of proliferated CD4* T cells cocultured with pDC
subsets (n = 4). (C) Expression of CD25 and Foxp3 on CD4* T cells from the
cultures shown in A. Results shown are representative of three indepen-
dent experiments. (D) Freshly isolated or CpG-stimulated pDC subsets
were cocultured with allogeneic naive CD4™ T cells for 6 d. Percentage of
CD25"Foxp3* T cells and IL-10 production by T cells derived from T-pDC
cocultures were assessed by intracellular staining. Results shown are repre-
sentative of three independent experiments. (E) CD4*CD25" T cells derived
from naive CD4" T cells after coculturing with CD5"CD81* pDCs for 6 d were
sorted, mixed with CFSE-labeled CD4tCD25"CD127* effector T cells (Teff) at a
1:1 ratio, and cultured for 5 d in the presence of anti-CD3/CD28 beads. Dilution
of CFSE in Teff was analyzed by flow cytometry. (F) Percentage of CD25"Foxp3*
T cells derived from CD4" naive T cells cocultured with different pDC subsets in
the presence of anti-TGFf blocking antibody. (G) Expression of IDO by fresh or
activated pDC subsets, as determined by flow cytometry (n = 3). *P < 0.05.
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Intracellular staining of pDC subsets before and after CpG ac-
tivation revealed that both pDC subsets produce IDO,
especially after activation, with slightly more production by
CD5*"CD81* pDCs (Fig. 4G). In combination, these results in-
dicate that TGFp and IDO contribute to Treg induction by both
pDC subsets, but other not yet identified factors likely explain
the superior Treg-inducing ability of CD5*CD81* pDCs.

CD57CD81" pDCs Are Present in Mice and Produce Little IFNa. To
explore the possibility that a population of pDCs exists in mice
that is similar to human CD5*CD81* pDCs, we analyzed pDCs
in the blood, spleen, and bone marrow of 6- to 8-wk-old healthy
C57BL/6 mice. In contrast to human pDCs, mouse pDCs express
B220 and PDCA-1, as well as low levels of CD11c (23, 24). After
gating on cells with this phenotype, we examined their expression
of CD5 and CDS81. Although none of the pDCs expressed CD2
and there were too few pDCs in blood to analyze further, among
spleen and bone marrow pDCs, 17% and 3%, respectively,
were CD5*CD81" (Fig. 54, Upper). Similar frequencies of
CD5*CDS81* pDCs were seen in spleen and bone marrow of age-
and gender-matched germ-free B6 mice (Fig. 54, Lower), suggesting
that the development of these cells is not dependent on the
microbiome. When the CD5*CD81" and CD5 CD81~ mouse
pDCs were purified from spleen and stimulated with CpG, the
CD57CDS81~ pDCs produced IFNa, whereas the CD5"CD81*
pDCs did not (Fig. 5B). These results indicate that pDCs func-
tionally and phenotypically similar to the CD5"CD81* pDCs of
humans are present in mice.

CD57CD81" pDCs Display a Distinct Transcription Profile. Whole
genome microarray analysis of freshly sorted human CD5*CD81*
and CD57CD81™ pDC subsets was performed to further assess the
extent to which these subsets diverge from one another. Although
both subsets expressed similar amounts of the pDC-defining
transcription factors, E2-2 (TCF4) and SPIB (Table S1), along
with other classical pDC markers, they diverged significantly in
their overall profile. Remarkably, 969 genes differed in their ex-
pression by more than twofold between the subsets (Fig. S94).
Among these genes, 276 were overexpressed by the CD5 CD81™
pDCs and many were noncoding small nucleolar RNAs that had
diverse cellular functions. There were 693 genes overexpressed by
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Fig. 5. CD5"CD81* pDCs are present in mice. (A) Expression of CD5 and CD81
was determined on mouse pDCs in spleen and bone marrow harvested from
conventional (Upper) or germ-free (Lower) C57BL/6 mice. (B) Mouse pDC sub-
sets were sorted from spleen and stimulated with CpG (ODN 2395) for 24 h,
after which the supernatants were assayed for IFNa by ELISA. ****P < 0.0001.
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the CD5*CD81* pDCs, and the top four genes were lysozyme
(LYZ), annexin (ANXA1), coactosin-like F-actin binding protein
1 (COTL1), and AXL receptor tyrosine kinase (Fig. S9B). We
further validated AXL protein expression by flow cytometry and
found it was highly expressed by CD5*CD81* pDCs, but not CD5~
CD81~ pDCs (Fig. S9C).

Discussion

These findings demonstrate that discrete subsets of human pDCs
can be distinguished within the CD2™ pDC population based on
their distinctive morphologies, differential expression of CD5
and CD81, and contrasting functions. Despite these differences,
each pDC subset expresses classical pDC surface markers, pDC-
defining transcription factors, and the TLRs that enable pDCs to
respond to viral infection. Conversely, they lack expression of
myeloid DC markers. A striking feature of CD5*CD81* pDCs is
that they produce little or no type I IFN upon stimulation with
CpG oligonucleotides. IRF7 plays a central role in initiating type
I IFN gene transcription in pDCs (35-40), and IRFS, through a
feedback mechanism, further magnifies type I IFN production
(41, 42). The CD5*CD81* pDCs express substantially less IRF7
mRNA than CD57CD81~ pDCs, which might explain their di-
minished type I IFN production. In contrast, these pDCs express
a higher level of IRF?S, a signaling factor in pDCs that can induce
transcription of proinflammatory cytokines, chemokines, and
costimulatory molecules, as well as IFNa/p (43-46). This finding
may explain their more abundant production of IL-6 and ele-
vated expression of CD40, CD80, and CD86.

Previous studies have demonstrated that mature or activated
pDCs, like cDCs, can process and present exogenous antigens in
association with both MHC class I and class II molecules and
therefore induce T-cell activation and proliferation (5-9). Acti-
vated pDCs can also induce the differentiation of naive T cells
into different types of helper T cells and Tregs (3, 10, 12-15).
Coculture of the pDC subsets with naive allogeneic CD4" T cells
demonstrated a superior ability of CD5*CD81* pDCs to trigger
T-cell proliferation, even in the absence of exogenous pDC
stimuli. They also induced more Treg differentiation from naive
CD4" T cells, suggesting that this pDC subset may play a role in
mediating immune tolerance. However, given their abundant
secretion of IL12p40, IL-6, and other proinflammatory cyto-
kines, they may also have the potential to promote Th1 or Th17
differentiation or expansion under certain conditions.

Another distinctive attribute of CD5"CD81" pDCs is their
superior ability to activate B cells and induce plasma cell dif-
ferentiation and antibody production. These properties have
been well documented in total pDCs (17, 21, 22, 47, 48). Al-
though both soluble factors and cell-cell contact have been
reported to be involved in such pDC-B-cell interaction, there is
disagreement with regard to the relative importance of these
elements (17, 21, 22). Type I IFN and IL-6 produced by human
and mouse pDCs were reported to be important in the genera-
tion of plasmablasts and antibody production (17, 22). However,
a more recent study showed that induction of B-cell proliferation
and Ig secretion by CpG-activated human pDCs is not dependent
on type I IFN but relies instead on cell—ell contact through CD70-
CD27 interaction (21). Because CD5"CD81" pDCs do not produce
type I IFN under the conditions studied here, B-cell activation by
these cells is clearly independent of this cytokine. By contrast, the
cell surface molecule CD70 plays a critical role in the B-cell acti-
vation and maturation induced by CD5"CD81* pDCs, as indicated
by the observation that blockade of CD70 with an anti-CD70 an-
tibody dramatically reduced pDC-induced Ig production. CD5
and/or CD81 may contribute to the functions of these pDCs, but
due to their broad expression on B and T cells, we did not attempt
to investigate this possibility.

An interesting question is whether CD57CD81" pDCs repre-
sent a separate pDC lineage or derive from other pDCs as a
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consequence of cellular activation. Their prominent dendrites
and higher expression of HLA-DR and costimulatory molecules
are suggestive of a more mature population that has undergone
activation in vivo. Stimulation of CD5"CD81~ pDCs with CpG
oligonucleotides in vitro did not result in the appearance of
CD5*CD81™" cells, but the possibility remains that factors dif-
ferent from those studied here could have led to their formation
from preexisting pDCs in vivo. Given these considerations, we were
surprised to find that phenotypically and functionally identical
pDCs are present in human bone marrow and cord blood, and that
such cells could be generated from whole blood CD34" HPCs. The
latter finding suggests that CD5~CD81~ pDCs may arise at an early
stage of development in parallel with other pDCs. Additionally, the
distinct gene expression profile of the CD5*CD81* cells supports
the view that they may represent a developmentally distinct pDC
population. Moreover, a phenotypically and functionally similar
population of pDCs is present in mice. Regardless of their origins,
the fact that CD5"CD81" pDCs are present in similar frequency in
the steady state in most healthy humans suggests that they may play
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an important role in maintaining immune homeostasis. In addition,
our findings indicate that selected immune functions previously
ascribed to all pDCs are mainly performed by this rare subset and
do not rely on type I IFN.

Materials and Methods

Human PBMCs, as the major source of circulating pDCs, were isolated from
buffy coats obtained from healthy adult blood donors at the Stanford Blood
Center. Human cord blood and bone marrow samples were purchased from
AllCells. Human tonsil cells were obtained from the Stanford Tissue Bank.
Human subjects protocols were approved by Stanford’s Institutional Review
Board (Palo Alto, CA) (IRB protocols 11977 and 13942), and all blood and
tissue donors provided informed consent. Mouse experiments were ap-
proved and conducted in accordance with Stanford University Institutional
Animal Care and Use Committee (protocol 13605). The details of the ma-
terials and methods are shown in S/ Materials and Methods.
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