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Two subsets of conventional dendritic cells (¢cDCs) with distinct cell surface markers and
functions exist in mouse and human. The two subsets of c¢DCs are specialized antigen-
presenting cells that initiate T cell immunity and tolerance. In the mouse, a migratory cDC
precursor (pre-CDC) originates from defined progenitors in the bone marrow (BM). Small
numbers of short-lived pre-CDCs travel through the blood and replace cDCs in the peripheral
organs, maintaining homeostasis of the highly dynamic cDC pool. However, the identity and
distribution of the immediate precursor to human cDCs has not been defined. Using a tissue
culture system that supports the development of human DCs, we identify a migratory precur-
sor (hpre-CDC) that exists in human cord blood, BM, blood, and peripheral lymphoid organs.

The Journal of Experimental Medicine

CORRESPONDENCE

Kang Liu:
kl2529@columbia.edu

OR

and Michel C. Nussenzweig:
nussen@rockefeller.edu

Abbreviation used: ¢cDCs, con-
ventional DCs; CDP, common
dendritic progenitor; pre-CDC,
c¢DC precursor; MS5+FSG,
MSS5 stromal cells with Fle3L,
SCF, and GM-CSF cytokines.

The Rockefeller University Press  $30.00

hpre-CDCs differ from premonocytes that are restricted to the BM. In contrast to earlier
progenitors with greater developmental potential, the hpre-CDC is restricted to producing
CD1c* and CD141+ Clec9a* cDCs. Studies in human volunteers demonstrate that hpre-CDCs
are a dynamic population that increases in response to levels of circulating FIt3L.

Conventional DCs (cDCs) induce immunity
or tolerance by capturing, processing, and pre-
senting antigen to T lymphocytes (Banchereau
and Steinman, 1998). In the mouse, cDCs are
short-lived cells, whose homeostasis in lymphoid
and nonlymphoid tissues is critically dependent
on continual replenishment from circulating
pre-CDC (Liu et al., 2007; Liu and Nussenzweig,
2010). Murine pre-CDCs are BM-derived cells
that are present in very small numbers in the
blood but increase in response to FIt3L injec-
tion (Liu et al., 2007, 2009). pre-CDCs have a
very short dwell time in the blood, 65% of these
cells leave the circulation within 1 min after leav-
ing the BM (Liu et al., 2007, 2009). Upon leav-
ing the circulation, pre-CDC:s seed tissues where
they differentiate to ¢cDCs, which divide further
under the control of FIt3L (Liu et al.,2007,2009).
Thus, in addition to the BM and blood, mouse
pre-CDCs are also found in peripheral lym-
phoid organs and nonlymphoid tissues (Naik
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et al., 2006; Bogunovic et al., 2009; Ginhoux
et al., 2009; Liu et al., 2009;Varol et al., 2009).
Mouse ¢DCs can be divided into two major
subsets, CD11b" DCs and CD8*/CD103" DCs
that differ in their microanatomic localization,
cell surface antigen expression, antigen-processing
activity, and ability to contribute to immune re-
sponses to specific pathogens (Merad et al., 2013;
Murphy, 2013). Despite these important differ-
ences, both CD11b* and CD8*/CD103* cDC
subsets of mouse DCs are derived from the same
immediate precursor (pre-CDC) that expresses
CD135 (Flt3), the receptor for FIt3L, a cyto-
kine that is critical to DC development in vivo
(McKenna et al., 2000; Waskow et al., 2008).
Similar to the mouse, humans have two major
subsets of cDCs. CD141 (BDCA3)*Clec9a®™ DCs
(CD141* ¢DC herein) appear to be the human
counterpart of mouse CD8*/CD103" DCs,
expressing XCR1, Clec9a, IRF8, and TLR3
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and producing IL-12 (Robbins et al., 2008; Bachem et al.,
2010; Crozat et al., 2010; Jongbloed et al., 2010; Poulin et al.,
2010; Haniffa et al., 2012). CD1c (BDCA1)" cDCs appear to be
more closely related to mouse CD11b* DCs, expressing IRF4,
inducing Th17 differentiation upon A. fumigatus challenge,
and imprinting intraepithelial homing of T cells (Robbins
et al., 2008; Crozat et al., 2010; Schlitzer et al., 2013;Yu et al.,
2013). In the mouse, the superior ability of CD8"/CD103*
DCs to cross-present exogenous antigens to CD8" T cells is
attributed to both differential antigen uptake (Kamphorst et al.,
2010) and to increased expression of proteins and enzymes
that facilitate MHC class I presentation (Dudziak et al., 2007).
Human CD141* ¢DCs are more efficient than CD1c¢* ¢cDCs
in cross-presentation (Bachem et al., 2010; Crozat et al., 2010;
Jongbloed et al., 2010; Poulin et al., 2010), but this difference
appears to result from differences in antigen uptake and cyto-
kine activation rather than a specialized cell-intrinsic program
( Segura et al., 2012; Cohn et al., 2013; Nizzoli et al., 2013).

Both CD1c¢" ¢DCs and CD141% ¢DCs are present in
human blood and peripheral tissues. Each subset in the blood
resembles its tissue counterpart in gene expression but appears
less differentiated (Haniffa et al., 2012; Segura et al., 2012;
Schlitzer et al., 2013). These observations are consistent with
the idea that less differentiated human ¢DCs travel through the
blood to replenish the cDC pool in the peripheral tissues
(Collin et al., 2011; Segura et al., 2012; Haniffa et al., 2013).
Others have postulated the existence of a less differentiated cir-
culating DC progenitor based on absence of CD11c, expres-
sion of CD123, and response to FIt3L (O’Doherty et al., 1994;
Pulendran et al., 2000), but the progenitor potential of these
putative precursors that produced large amounts of IFN-a was
never tested directly and they appear to correspond at least in
part to plasmacytoid DCs (Grouard et al., 1997; Siegal et al.,
1999). Thus, whether there is an immediate circulating pre-
cursor restricted to human immature and mature CD1c¢* and
CD141" ¢DCs is not known.

Here, we report the existence of a migratory pre-CDC in
humans (hpre-CDC) that develops from committed DC pro-
genitors (hCDPs) in the BM (Lee et al., 2015) and is the im-
mediate precursor of both CD1c* and CD141* ¢DCs, but
not pDCs or monocytes. hpre-CDCs are present in BM, cord,
and peripheral blood, as well as peripheral lymphoid tissues.
In studies of human volunteers, FIt3L injection induces ex-
pansion of hpre-CDCs in the circulation. Thus, human ¢DC
precursors constitute a dynamic circulating population whose
homeostasis is regulated by Flt3L, a cytokine that is responsive
to inflammatory and infectious agents.

RESULTS

Identification of an immediate precursor to human cDCs

To define cell surface markers that might be expressed by cir-
culating hpre-CDCs, we examined DCs and monocytes for
expression of cytokine receptors that are found on BM DC
progenitors (Lee et al., 2015). Whereas CD116 (GM-CSF re-
ceptor) is expressed on differentiated monocytes and DCs,
CD135 (FIt3L receptor) is restricted to DCs, CD115 (M-CSF
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receptor) is expressed only on monocytes, and CD117 (SCF
receptor) 1s found on the surface of CD141* ¢cDCs and most
CD1c¢*t ¢DCs, but not on pDCs or monocytes (Fig. 1).
CD45R A, a marker expressed by several different hematopo-
etic cell progenitors including granulocyte monocyte pro-
genitors (GMP) and common lymphoid progenitors (CLP;
Chicha et al., 2004; Doulatov et al., 2010), is highly expressed
only on pDCs (Fig. 1). Finally, CD34 is expressed on early
DC progenitors (Chicha et al., 2004; Doulatov et al., 2010;
Lee et al.,2015), but not on fully differentiated DCs or mono-
cytes, suggesting that loss of CD34 would precede ¢cDC de-
velopment (Fig. 1). Collectively, the data suggests that if a
hpre-CDC exists in human blood it may be found in the CD
347CD115"CD116*CD117*CD135* fraction.

To try to identify hpre-CDCs in cord blood, we ex-
cluded terminally differentiated lymphoid cells (CD19*CD3*
CD567), granulocytes (CD66b™), monocytes (CD14%), pDCs
(CD303/BDCA2%), and ¢cDCs (CD1c¢™ and CD141%). The
remaining CD45" cells were subdivided into 4 groups by ex-
pression of CD34, CD117, and CD135, as follows: CD34"
CD117* (CD34%), CD34-CD117~ (CD1177), CD34~
CD117*CD135~ (CD1357), and CD34-CD117*CD135*
(CD135%; Fig. 2 a). Pools of 1,000 purified cells were cultured
on MS5 stromal cells with Flt3L, SCE and GM-CSF cytokines
(MS5+FSG herein) under conditions that support DC devel-
opment in vitro (Lee et al., 2015). Only CD34"CD117" and
CD34-CD117*CD135" cells produced identifiable progeny
(Fig. 2 b). As expected, CD34"CD117" cells, which should
contain the least committed progenitors because they retain
CD34 expression, developed into monocytes, granulocytes,
pDCs, CD1c* and CD141" ¢DCs, and B cells, indicating
that they are indeed multipotent (Fig. 2 b and not depicted).
In contrast, CD34 " CD117"CD135" cells were restricted
to CD1c¢"™ and CD141* ¢DCs and monocytes, suggesting
that this pool of cells contains the immediate precursor to
human ¢DCs and monocytes (Fig. 2 b). To further purify
the hpre-CDC, we fractionated the CD34~CD117*CD135*
pool based on expression of CD116, CD115, and CD45R A
(Chicha et al., 2004; Doulatov et al., 2010) and assayed
their potential in MS5+FSG cultures (Fig. 2 ¢). Whereas
CD116"CD45RA*CD115* cells produced primarily CD14*
CD1c¢™ monocytes, a small number of CD1c¢"*CD14" ¢DCs
(Patterson et al., 2005; Granelli-Piperno et al., 2006), and no
CD141" ¢DCs; CD116"CD45RATCD115 cells yielded
primarily CD1c* and CD141* ¢DCs and only rare mono-
cytes and pDCs (Fig. 2 d). These results were reproducible
in multiple different human donors (Fig. 2 e). Therefore,
CD116"CD45RA*CD115 cells show the restricted de-
velopmental potential expected of hpreDCs and CD116*
CD45RA*CD115* cells of premonocytes. hpre-CDCs ex-
press high HLA-DR, an intermediate level of CD123, and a
low level of CD11c¢ (Fig. 2 f). Morphologically, hpre-CDCs
are mononuclear cells that present a distinctive formation of
multilobulated nucleus and a few veiled processes but do not
possess the membrane extensions typically associated with
cDCs (Fig. 2 g).
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Figure 1. Expression of cytokine receptors on
DCs and monocytes. Flow cytometry plots show
expression of CD117, CD135, CD115, CD123, CD45RA,
CD34, and CD116 on gated CD3~-CD19-CD56™ cells
(gray), differentiated monocytes (CD14+ orange),
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pDCs (CD303* green), CD1c* ¢DCs (blue), and CD141+
¢DCs (red) from peripheral blood. Table summarizes
results of flow cytometry.
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hpre-CDCs in adult blood and lymphoid organs
In the mouse, pre-CDCs are found in circulation and in tis-
sues. To determine the physiological distribution of hpre-

CDCs in adult humans, we examined BM, peripheral blood,

and tonsils using the same cocktail of surface markers used to
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analyze cord blood. Lin"CD34~CD117"CD135% cells in
the BM resembled those in the cord blood and contained
CD116*CD115~ hpre-CDC-like cells and CD116*CD115*
premonocyte-like cells (Fig. 3 a). These hpre-CDC-like (Lin
“CD34-CD117*CD135*CD116"CD1157) cells were also
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Figure 2. Screening of populations in the cord blood for committed cDC lineage potential. (a) Flow cytometry plots show gating of CD45+*CD3~
CD19-CD56-CD14-CD66b~CD1c~CD141-CD303~ cells in human cord blood can be divided into four populations based on CD117, CD34, and CD135:
CD34+CD117+ (CD34+), CD34-CD117~ (CD1177), CD34-CD117+CD135~ (CD1357), and CD34~CD117+CD135* (CD135*). Numbers indicate the frequency
of respective gates. (b) Differentiation potential of 1,000 purified cells from each of 4 populations indicated in (a) in MS5+FSG cultures for 7 d. Flow cy-
tometry plots show gated live human CD45* cells. (c) Flow cytometry plots show CD135* cells indicated as in (a) can be further separated into 4 populations
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detected in the peripheral blood and the tonsil. In contrast,
the premonocyte-like (Lin~CD34~CD117*CD135*CD116
*CD115%) cells are lacking in the peripheral blood and tonsil
(Fig. 3 a). To determine the developmental potential of the
hpre-CDC-like cells in different tissues, we purified them
and cultured them under conditions that support DC devel-
opment. Although occasional hpre-CDCs remained undiffer-
entiated, all cultures, irrespective of hpre-CDC origin from
cord blood, BM, blood, or tonsils, predominantly produced
CD1c" and CD141" ¢DCs and few, if any, CD14*CD1c™
monocytes (Fig. 3 b). CD1c* ¢DCs produced in our culture sys-
tem can express some CD14, but gene array data show that these
CD1c* CD14" cells are ¢cDCs and not monocytes (Lee et al.,
2015). In contrast, the CD1157"CD116* premonocytes in the
BM, which are absent from the blood and tonsils, produced
primarily monocytes and no CD141" ¢DCs (Fig. 3 ¢). Cells
showing the hpre-CDC phenotype constitute 0.008% (range,
0.001-0.016%) of the CD45% cells in cord blood, 0.117%
(range, 0.056—0.188%) in the BM, 0.001% (range of 0.001—
0.002%) in the peripheral blood, and 0.001% (range, 0.001—
0.002%) 1in the tonsil (Fig. 3 a). Thus, whereas hpre-CDCs
originate in the BM and travel through the blood to seed lym-
phoid tissues, the monocyte precursor is retained in the BM.

Proliferative capacity and clonal potential of hpre-CDC

To examine the proliferative potential of hpre-CDC, we pu-
rified them from cord or peripheral blood and compared
their developmental potential to CD34* hematopoietic stem
and progenitor cells (HSPCs) purified from cord blood in
MS5+FSG culture (Lee et al., 2015). Whereas CD34" pro-
genitors expanded 156-fold during the 7-d culture period,
hpre-CDCs from cord blood or peripheral blood expanded
only 8- and 6-fold, respectively (Fig. 4 a). The relatively low
level of hpre-CDC expansion could result from low prolifer-
ative capacity or poor clonal efficiency. To determine their
proliferative capacity, we loaded purified hpre-CDCs or
CD34* HSPCs with CFSE and documented division by dye
dilution at days 2 and 7 of culture. On day 2, HSPCs re-
mained CD34" and produced neither CD1c¢* nor CD1417
cDCs, whereas hpre-CDCs differentiated into CD1c* and
CD141* ¢DCs (Fig. 4, b and ¢). On day 7, both CD34* HSPC
and hpre-CDC cultures contained CD1c* and CD141" ¢DCs
(Fig. 4 b). CD34" HSPC:s divided up to 9 times in 7 d, whereas
hpre-CDCs underwent a maximum of 4 divisions (Fig. 4 c).
Comparison of CFSE dilution revealed that hpre-CDC-
derived CD1c* ¢DCs and CD141" ¢DCs underwent at least
one more division than hpre-CDCs in the culture (Fig. 4 ¢), in-
dicating that cDCs are also capable of cell division. Consistent
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with this notion, purified blood CD1c¢* and CD141* ¢cDCs also
divided 3—4 times in culture (Fig. 4 ¢). Thus, hpre-CDCs have
a more limited proliferative capacity than CD34* HSPCs
in vitro. Nevertheless, a single hpre-CDC may be able to give
rise to as many as 256 ¢cDCs.

To determine the clonal efficiency of hpre-CDCs, we
compared them to CD34" HSPCs and progenitors in limit-
ing dilution assays. Whereas 1 in 4.57 CD34" cells produced
CD45" cells (i.e., granulocytes, monocytes, DCs, or lym-
phoid cells), 1 in 7.84 and 1 in 6.55 hpre-CDCs from cord
blood or peripheral blood, respectively, produced CD45"
cells during the culture period (Fig. 5 a). This is in line with
our observation that some hpre-CDCs remained undifferen-
tiated in our cultures (Fig. 3 b). Although CD34* HSPCs had
higher clonal potential, only 12 out of 43 (28%) were able to
produce cDCs (Fig. 5 ¢ and Fig. S1), and both cord blood
and peripheral blood hpre-CDCs generated mainly ¢DCs
(Fig. 5 ¢, Fig. S2, and Fig. S3). Individual hpre-CDCs pro-
duced either CD1c* ¢cDCs or CD141* ¢DCs or both (Fig. 5 b).
Of 81 cells assayed, ~88% of all productive clones of cord
blood hpre-CDCs produced ¢DCs; 32% yielded only
CD141" ¢DCs, 50% only to CD1c* ¢DCs, and 6% produced
both CD1c¢" and CD141* ¢DCs (Fig. 5 ¢ and Fig. S2). Of
105 cells assayed, 90% of hpre-CDCs from the PBMC pro-
duced only ¢DCs; 11% gave rise to CD141* ¢DCs only, 65%
only to CD1c* ¢DCs, and 14% produced both CD1c* and
CD141* ¢DCs (Fig. 5 ¢ and Fig. S3). This demonstrates that
hpre-CDCs purified from peripheral or cord blood have
clonal efficiencies and differentiation potential similar to CD1c*
and CD141* ¢DCs (Fig. 5 ¢). Only a very small fraction of
hpre-CDCs produced monocytes alone or monocytes and
DCs (Fig. 5 ¢; 11.5 and 10.5% from cord blood and periph-
eral blood, respectively). Thus, the hpre-CDC population in
peripheral and cord blood contains single cells with potential
to differentiate into both major subsets of human ¢DCs.

Progenitors of hpre-CDCs

We have identified a common DC progenitor in BM and
cord blood that produces pDCs and cDCs (hCDP; Lee et al.,
2015). To determine whether there exists a progenitor—progeny
relationship between the hCDP and hpre-CDC (Fig. 6 a),
we purified hCDPs from cord blood (Fig. 6 b) and tested
whether they differentiate into hpre-CDCs in MS5+FSG
culture. hCDPs down-regulated CD34 as early as 1 d after
culture and diverged into two populations: one group of cells
up-regulated CD303 and assumed a pDC phenotype, the other
group was CD303~ but expressed CD45RA, CD117, and
CD116 resembling hpre-CDCs. The number of hpre-CDCs

based on CD116, CD115, and CD45RA: CD135*CD116~ (CD1167), CD135*CD116*CD45RA~(CD45RA ), CD1357CD116*CD45RATCD115* (CD115%), and
CD135*CD116*CD45RA* CD115 (CD1157). (d and e) Differentiation potential of 100 purified cells from each of 4 populations indicated in (c) in
MS5+FSG cultures for 7 d. (d) Flow cytometry plots of CD45* cells gated as in (c), showing expression of CD141, CLEC9a, CD1c, and CD19. (e) Graphs
show mean output of pDC, CD1c* ¢DC, CD141+ cDC and monocytes from each population from three independent experiments. (f) Histograms show ex-
pression of CD11¢, HLA-DR, CD123, CD135, CD117, CD45RA, CD116, and CD115 on indicated cell-type. (g) Morphology of purified cord blood hpre-CDCs
by Giemsa staining of cytospin preparations (100x). Dotted lines indicate cropping out of white space between cells. Bar, 10 um.
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Figure 3. hpre-CDCs in human lymphoid organs and blood.

(a) Representative flow cytometry plots of gated Lin(CD3/19/56/14/66b)
~DC(CD1¢/141/303)~CD34~ cells show gating strategy and composition
of hpre-CDCs (SSC°CD117+CD116*CD135* CD45RA*CD 1157, red) and
premonocytes (SSC°CD117+CD116*CD135* CD45RA+*CD 115+, green) in
human cord blood (CB), BM, peripheral blood (PB), and tonsil. Numbers
indicate frequency of cells of parent gate (CB, n=5;BM, n=4,PB, n=5;
Tonsil, n = 3; n, number of donors). (b) Differentiation potential of puri-
fied hpre-CDCs indicated in (a) in MS5+FSG cultures for 5 d. Flow cytom-
etry plots of gated live human CD45* cells show culture output of CD141*
¢DC (red) and CD1c* ¢DC (blue). Representative results of four (CB), three
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peaked at day 2, and this was followed by increase of CD1c”
cDCsand CD1417* ¢cDCs (Fig. 6 ¢). We conclude that hCDPs
lose CD34 expression and give rise to hpre-CDCs and pDCs
in culture.

FIt3L injection induces expansion

of hpre-CDCs in human blood

FIt3L stimulates DC hematopoiesis (Karsunky et al., 2003)
and 1s an acute phase reactant that can be elevated in infection
in both mice and humans, accounting for DC expansion in
patients with malaria infection and in volunteers injected
with Flt3L (Maraskovsky et al., 2000; Pulendran et al., 2000;
Guermonprez et al., 2013). In humans, FIt3L injection is associ-
ated with a rapid increase in circulating DCs and in CD11c¢™
CD123* cells that produce large amounts of IFN-a when
cultured with influenza virus (Pulendran et al., 2000). The
latter were initially thought to be DC progenitors but were
subsequently shown to be pDCs (Siegal et al., 1999; Liu, 2005).

To determine whether FIt3L mobilizes DC progenitors
into the blood, we made use of samples from three volunteers
subcutaneously injected with 25 pg/kg of Flt3L for 10 con-
secutive days. 14-color flow cytometry was used to assess the
number of ¢DCs, pDCs, and hpre-CDCs (Fig. S4). The
number of circulating ¢cDCs increased on day 5 and peaked
on day 14 after the initial injection (Fig. 7, a and b). The de-
gree of cDC expansion varied with a 32—234-fold increase in
CD1c" cDCs, a 40—171-fold increase in CD141" ¢DCs, and
16—22-fold increase in pDCs in the blood (Fig. 7 b). Similar
to CD141" ¢DCs obtained from MS5+FSG culture (Lee
et al., 2015), Flt3L-induced CD141* ¢DCs express variable
levels of CD1c, and all DC subtypes in Flt3L-injected indi-
viduals down-regulated expression of the FIt3L receptor,
CD135 (Fig. 7 ¢; Waskow et al., 2008). Thus, as others have
found, both subtypes of cDCs and pDCs increase in the blood
in response to FIt3L injection (Pulendran et al., 2000).

Like the more differentiated DCs, hpre-CDC also in-
creased in the blood of the same patients, starting on day 5 but
peaking earlier, on days 11-12 after injection (Fig. 7, a and b).
Flt3L-expanded hpre-CDCs were similar to their uninduced
counterparts and cord blood derived hpre-CDCs in producing
CD1c* and CD141* ¢DCs in MS5+FSG culture (Fig. 7 d).
In contrast, the immediate precursors of hpre-CDCs, hCDPs,
and more distant progenitors such as hGMDPs or hMDPs
were undetectable in the peripheral blood of individuals in-
jected with Flt3L at any time point examined (Fig. S4). We
conclude that FIt3L expands human DCs and their progenitors
and recruits hpre-CDCs, but not earlier DC progenitors, into
the circulation.

(BM), three (PB), and two (tonsil) independent experiments are shown.
(c) Differentiation potential of purified premonocytes from cord blood
(CB) and BM in MS5+FSG cultures for 5 d. FACs plots show phenotype
of gated live human CD45* culture-derived cells including monocytes
(orange) and CD1c* cDCs (blue). Representative of three independent
experiments are shown.
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Figure 4. Proliferative capacity of hpre-CDCs. (a) Expansion of purified hpre-CDCs or CD34+ HSPCs from peripheral blood (PB) or cord blood (CB) in

MS5+FSG cultures for 7 d. Graph shows the mean fold change of live human CD45* cells from 100 input cells from three independent experiments. *, P <
0.005, unpaired two-tailed Student's t test. (b and ¢) CD34+ HSPCs and hpre-CDCs were purified from CB, labeled with CFSE, and cultured in MS5+FSG for
2 or 7 d; proliferation was assessed by flow cytometry. FACs plots show (b) gated CD45* culture-derived cells, including CD34+ cells (purple), CD34-CD1c™
CD141~ cells (orange), CD141* cDCs (red), and CD1c* ¢DCs (blue) and (c) their CFSE dilution. Dotted lines mark last division by hpre-CDCs. Plots are repre-

sentative of three independent experiments.

Other myeloid populations, such as monocytes and gran-
ulocytes also expand in response to FIt3L, starting on day 5
and peaking on day 14 after the initial injection (Fig. 7,
e and f). Interestingly, comparison of the fold change at day
14 indicates that Flt3L preferentially increases the number
of human cDCs and their progenitors rather than the other
myeloid subsets, i.e., pDCs, monocytes, and granulocytes in
blood (Fig. 7 g).

DISCUSSION

DCs turn over in tissues and must be replaced continuously to
maintain homoeostasis (Liu et al., 2007; Liu and Nussenzweig,
2010). In the mouse, lymphoid and nonlymphoid tissue
resident DCs are continually replenished by pre-CDCs,
which are produced in the BM, enter the circulation and then
emigrate into tissues to differentiate into both major subsets
of ¢cDCs (Naik et al., 2006; Bogunovic et al., 2009; Ginhoux
et al., 2009; Liu et al., 2009; Varol et al., 2009). Defining
the mouse pre-CDC was essential to establishing that DCs
represent a unique cell lineage because pre-CDCs do not
produce monocytes, or pDCs; their differentiation potential
is restricted to ¢cDCs.

JEM Vol. 212, No. 3

Human DC development has been difficult to delineate,
in part because of limited access to human tissues and limited
tissue culture methods. Earlier human trials showed increased
numbers of DCs in the blood after Flt3L injection, and sug-
gested that a CD11¢~CD123* IFN-a producing cell might
be a DC progenitor (Pulendran et al., 2000). However, pro-
genitor potential was never tested directly and it is likely that
those cells represent pDCs, which are CD123" and induced
by Flt3L injection (Fig. 7 a). More recently, circulating cDCs
were shown to be less mature than their tissue-derived coun-
terparts and it has been proposed that these less mature cells
are the precursors of tissue cDCs (Collin et al., 2011; Segura
et al., 2012; Ginhoux and Schlitzer, 2014). Our experiments
identify a human pre-CDC that resides in the BM, peripheral
blood, and peripheral lymphoid organs that is the direct pro-
genitor of both major subsets of human ¢cDCs. Whether the
hpre-CDC differentiates into ¢cDCs in the blood or tissues or
both has yet to be determined.

The cell surface markers used to define mouse DCs and
their progenitors are not entirely conserved by their human
counterparts. For example, lack of cell surface MHCII expres-
sion, one of the key features that distinguishes mouse pre-CDCs
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from fully differentiated DCs, cannot be used to define human
DC progenitors because MHCII is expressed on the surface
of most early human hematopoietic cells. Similarly, CD11c used
as marker to identify pre-CDCs in the mouse is expressed
at low levels on hpre-CDCs (Fig. 2 f) and should not be used
to identify this cell in humans. However, both human and
mouse pre-CDCs express CD135. This receptor marks the
entire DC pathway in both species from the earliest BM pre-
cursor to the fully differentiated ¢DCs in tissues (Chicha et al.,
2004; Fogg et al., 2006; Naik et al., 2007; Onai et al., 2007;
Waskow et al., 2008; Doulatov et al., 2010; Lee et al., 2015).

In the mouse, DC progenitors can be distinguished from
other cells based on increasingly restricted expression of cyto-
kine receptors (Karsunky et al., 2003; Onai et al., 2007; Waskow
et al., 2008; Liu et al., 2009). We applied this principle to
identify the hpre-CDC and made use of differential expres-
sion of CD116 (GM-CSF receptor), CD135 (FIt3L recep-
tor), CD115 (M-CSF receptor), CD117 (SCF receptor), and
CD45RA (marker for DC progenitors) on monocytes, cDCs,
and pDCs to uncover the hpre-CDC, which is Lin"CD34~
CD117*CD135"CD115"CD116"CD45R A*. In contrast,
otherwise identical cells that are CD115" appear to be the
immediate precursors of monocytes, resembling the mouse
common monocyte progenitor (cMOP), in its differentiation
potential as well as in its absence in the circulation (Hettinger
et al., 2013).

hpre-CDC:s enter the circulation and emigrate into tissues
as incompletely differentiated progenitors. In the mouse, this
feature of the ¢cDC lineage enables pre-CDC differentiation
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into specialized subsets in different tissues. We speculate that
similar tissue specific heterogeneity in cDC subtypes will also
be found in human. In contrast, the closely related human
monocyte progenitor is restricted to the BM (Fig. 3). Similar
to monocytes, pDCs enter the circulation as fully differenti-
ated effector cells.

Like all ¢cDCs and their early progenitors, hpre-CDCs
express CD135, the receptor for Flt3L. Our experiments
show that like more mature cDCs (Maraskovsky et al., 1997;
Pulendran et al., 2000), hpre-CDCs are mobilized into the
blood by Flt3L injection. However, the immediate precursor
of hpre-CDCs, hCDPs, are not. FI3L levels in serum increase
in response to DC depletion in mice and are also increased in
humans that lack cDCs and other myeloid cells due to GATA2
mutation (Dickinson et al., 2014). In addition, levels of this
hematopoietin are also increased in the serum of humans in-
fected with Plasmodium falciparum, and in mice infected with
Plasmodium chaubodii or Plasmodium yoelli or cytomegalovirus
(Eidenschenk et al., 2010; Guermonprez et al., 2013). More-
over, in humans infected with P. falciparum, increased serum
FIt3L is associated with an increase in the number of circulat-
ing cDCs. Thus, cDC levels in humans are regulated in part by
hpre-CDC recruitment from the BM in response to Flt3L.

In both humans and mice, pre-CDCs constitute a very
small population of cells in the peripheral blood (0.001 and
0.02%, respectively). Although present in only small num-
bers, the flux of pre-CDCs through the blood stream is remark-
ably high due to their short residence time in circulation. In the
mouse, 65% of pre-CDCs are cleared from the circulation

Circulating precursors of human dendritic cells | Breton et al.
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Figure 6. hpre-CDCs descend from hCDPs. (a) Flow cytometry plots show comparison of hCDP (purple) and hpre-CDC (orange) in cord blood. (b) Flow
cytometry plots of gated CD45+Lin(CD3/19/56/14)~CD34+ show phenotype and purity of magnetically enriched cord blood (CB) CD34* cells (presorting,
upper) and sorted cells (post-sorting, bottom). hCDPs were gated as CD34+*CD38"CD45RA*CD10~CD123". (c) Differentiation kinetics of hCDPs purified
from CB in MS5+FSG cultures for 1, 2, or 4 d. FACs plots show culture output of live human CD45* cells, including CD34+ cells (purple), pDC (green),
CD1c* cDC (blue), CD141+ cDCs (red), and hpre-CDCs (orange). Representative of four independent experiments are shown. Graphs summarize composi-
tion of indicated populations among total hCD45+ cells. Bars are mean values from four independent experiments, and error bars are SEM.

within 1 min after entering the blood, indicating a t;,, < 1 min
(Liu et al., 2007, 2009). Thus, a cell with a half-life in circu-
lation of 24 h would have to be present in circulation at a
1,440-fold higher concentration than the pre-CDC to achieve
the same overall flux. Similar behavior has been demonstrated
for HSCs in the circulation (Wright et al., 2001). Like their
mouse counterparts, hpre-CDCs have limited expansion po-
tential (Fig. 4 a; Liu et al., 2009), but their immediate prog-
eny, CD1c* and CD141* ¢DCs, can proliferate to further
expand the DC pool in the periphery (Fig. 4 ¢; Kabashima
et al., 2005; Liu et al., 2009; KC et al., 2014). We speculate that
this highly dynamic pool of specialized antigen-presenting
cells allows rapid adaptation to acute antigenic challenges.

JEM Vol. 212, No. 3

MATERIALS AND METHODS

Cell samples. Human umbilical cord blood and leukophoretic peripheral
blood (buffy coat) were purchased from New York Blood Center. Human
BM was obtained from total hip arthroplasty at Hospital for Special Surgery
(New York, NY). Tonsils were obtained from routine tonsillectomies per-
formed at the Babies and Children’s Hospital of Columbia-Presbyterian
Medical Center (New York, NY). Informed consent was obtained from the
patients and/or samples were exempt from informed consent being residual
material after diagnosis and fully de-identified. All samples were collected
according to protocols approved by the Institutional Review Board at Co-
lumbia University Medical Center and The Rockefeller University (New
York, NY). The specimens were kept on ice immediately after surgical re-
moval. Tonsil samples were minced, treated with 400 U/ml collagenase
(Roche) at 37°C for 20 min, and put into cell isolation. BM samples were
preserved in solution containing 1000 U/ml heparin (National Drug Code
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#63323-540-11) until digestion. The samples were then digested in RPMI
containing 20 mg/ml collagenase IV (#C-5138; Sigma-Aldrich) for 15 min
at 37°C. After density centrifugation using Ficoll-Hypaque (GE Healthcare),
aliquots of mononuclear BM cells were frozen and stored in liquid nitrogen
for future analysis.

Cell isolation and flow cytometry. Fresh mononuclear cells were isolated
by density centrifugation using Ficoll-Hypaque (GE Healthcare). Samples
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from cord blood, peripheral blood, BM, and tonsil were incubated with
fluorescent-labeled antibodies for direct analysis on the BDLSR II flow
cytometers (BD) or further purification by fluorescence-activated cell sort-
ing on the BD FACSAria or Influx, both using HeNe and argon lasers.

For isolation of rare hpre-CDCs from cord blood and peripheral blood,
an enrichment step was performed before sorting. In brief, mononuclear cells
were incubated with antibodies against CD135 (4G8; PE; BD) and CD117
(A3C6E2; Biotin; BioLegend) for 40 min at 4°C. After washing, antibody

Circulating precursors of human dendritic cells | Breton et al.

G20z JequieoaQ GO Uo 1senb Aq Jpd° Ly L1710z Wel/698Z5 . L/1L0Y/E/Z L g/pd-aone/wal/Bio ssaidnyy/:dpy woly pspeojumoq


http://www.jem.org/cgi/content/full/jem.20141441/DC1

against PE (PE0O1; Biotin; BioLegend) was added and incubated for another
10 min at 4°C. After washing, CD117" and CD135" cells were positively se-
lected using anti-biotin MicroBeads and LS MACS magnetic columns (Mil-
tenyi Biotec). For sorting hpre-CDCs, enriched cells (from CB or PB) or total
mononuclear cells (from CB, PB, BM, or tonsils) were stained for CD14
(TuK4; Qdot-655; Invitrogen), CD3 (OKT3; Brilliant Violet [BV] 650;
BioLegend), CD19 (HIB19; BV650; BioLegend), CD56 (HCD56; BV650;
BioLegend), CD66b (G10F5; PerCP-Cy5.5; BioLegend), CD303 (201A;
PerCP-Cy5.5; BioLegend), CD1c (L161; APC-Cy7; BioLegend), CD141
(M80; PE-Cy7; BioLegend), CD34 (581; Alexa Fluor 700; BioLegend),
CD117 (104D2; BV421; BioLegend), CD135 (4G8; PE; BD), CD45RA
(HI100; BV510; BioLegend), CD116 (4H1; FITC; BioLegend), and CD115
(9-4D2-1E4; APC; BioLegend) for 40 min on ice. hpre-CDCs were isolated
as Lin(CD3/19/56/14)~ Granulocyte(CD66b) " pDC(CD303) " cDC(CD1c/
CD141)~CD34~CD117*CD135SSC CD116*CD115"CD45R A*.

In addition to these antibodies, for surface marker phenotype charac-
terization of fully differentiated cells, CD45 (HI30; Alexa Fluor 700; Bio-
Legend), CD34 (581; APC-Cy7; BioLegend), CD3 (UCHT1; Biotin; BD),
CD19 (HIB19; Biotin; BD), CD56 (B159; Biotin; BD), CD115 (12-3A3-
1B10; PE; eBioscience), CD123 (9F5; PE; BD) and CD45R A (12-0458-42;
eBioscience; PE) were used alternatively, followed by a secondary stain with
streptavidin-conjugated PerCP-Cy5.5 for 40 min on ice.

Cultured cells were harvested and stained with LIVE/DEAD (Life
Technologies), CD45 (AF700), CD56 (B159; Pacific Blue; BD), CD66b
(G10F5; PerCP-Cy5.5; BioLegend), CD19 (HIB19; APC-Cy7; BioLeg-
end), CLEC9a (8F9; PE; BioLegend), CD14 (Qdot-655), CD1c (L161; PE-
Cy7; BioLegend), CD303 (201A; FITC; BioLegend), CD123 (6H6; BV510;
BioLegend), CD141 (AD5-14H12; APC; Miltenyi Biotec) for 40 min on
ice and analyzed for lineage potential by flow cytometry. Absolute cell counts
have been calculated relative to a well containing a known number of CD45"
cells (i.e., 10,000 cells), which were added on the day of harvest.

For CFSE assays, cultured cells were stained with LIVE/DEAD (Life
Technologies), CD45 (AF700), CD34 (APC-Cy7), CLECYa (PE), CD14
(Qdot-655), CD1c (PE-Cy7), and CD141 (APC) for 40 min on ice.

For progenitor-progeny relationship experiments, CD34" cells were first
enriched from cord blood using CD34 MicroBead kit and LS MACS magnetic
columns (Miltenyi Biotec). Enriched CD34* cells (40-95% purity) were then
incubated with Lin (CD3/19/56/14; BV650), CD34 (AF700), CD38 (HIT2;
BV421; BioLegend), CD10 (HI10a; PE-Cy7; BioLegend), CD45R A (BV510),
CD123 (PE),CD116 (FITC),and CD115 (APC). hCDPs were sorted as Lin~
CD34+*CD38MCD10-CD45RA*CD123"CD115". Cultured cells were har-
vested at specific time points and stained with LIVE/DEAD, CD45 (AF700),
CD14 (Qdot-655), CD3 (BV650), CD19 (BV650), CD56 (BV650), CD303
(FITC),CD1c (PE-Cy7), CD141 (APC), CD34 (APC-Cy7), CD117 (BV421),
CD123 (PE), CD45RA (BV510),and CD116 (FITC) for 40 min on ice.

Morphological analysis. Purified hpreDCs were analyzed by Giemsa stain-
ing of cytospin preparations. As few as 5 X 104 cells were cytospun for 5 min
at 800 rpm on a glass slide and then stained with the Hemacolor stain kit as
recommended by the manufacturer (HARLECO). Slides were then imaged
on an Axioplan 2 microscope at 100X magnification (Carl Zeiss).

Cell culture. MS5 BM stromal cells were maintained and passed in com-
plete a-MEM medium (Invitrogen) with 10% FCS and penicillin/strepto-
mycin (Invitrogen). 24 h before hpre-CDC culture, MS5 stromal cells were
treated with 10 pg/ml of mitomycin C (Sigma-Aldrich) for 3 h, washed, and
reseeded at 3.75 X 10* MS5 cells per well in 96-well plates. Purified popula-
tions were seeded in medium containing 100 ng of Flt3L/ml (Celldex),
20 ng/ml SCF (PeproTech), and 10 ng/ml GM-CSF (PeproTech). Cells
were harvested between day 1 and 14 for flow cytometry analysis.

To determine cellular divisions in culture, input populations were la-
beled for 15 min with 5 uM CFSE (Molecular Probes) at 37°C.

Limiting dilution assay. For limiting dilution experiments, cells were
sorted directly into 96-well plates containing MS5+FSG at 1, 2, 4, 8, or 16
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cells per well for CD34* HSPCs, and at 1, 5 or 10 cells per well for hpre-
CDCs.The percentage of detection failure for cDCs was calculated as 100% X
(1-k/n), where k is the number of positive wells and n the total number of wells
combined from three or four independent experiments (CB and PB, respec-
tively). We classified each well as positive if more than 5 cells were detected for
¢DCs or other lineages among live human CD45* cells. Then, for every posi-
tive clone, we scored positive for cDCs or other lineages based on their re-
spective gates to determine the clonal lineage potential. The frequency of
DC-producing precursors was determined by “Loi de Poisson” using the Ex-
treme Limiting Dilution Analysis software provided by the Walter and Eliza Hall
Institute of Medical Research Bioinformatics (Parkville,Victoria, Australia.

FIt3L injection in volunteers. 3 healthy volunteers received a 25 pg/kg/
day subcutaneous injection of CDX-301 (a clinical formulation of recombi-
nant human Flt3L; Celldex) for 10 d. Blood samples were collected before
and at 5, 8, 10, 11, 12, 14, and 21 d after initial administration. PBMCs were
isolated from heparinized blood using Ficoll-Hypaque and stored in liquid
nitrogen for further analysis.

PBMCs were stained with CD116 (4H1; FITC; BioLegend), CD135
(4G8; PE; BD), CD66b (G10F5; PerCP-Cy5.5; BioLegend), CD335 (9E2,
PerCP-Cy5.5, BioLegend), CD303 (201A; PerCP Cy5.5; BioLegend),
CD141 (M80; PE-Cy7; BioLegend), CD117 (104D2; BV421; BioLegend),
CD123 (6H6; BV510; BioLegend), CD20 (2H7; BV605; BioLegend), CD3
(OKT3; BV605; BioLegend), CD45RA (MEM-56; Qdot 655; Life Tech-
nologies), LIVE/DEAD Fixable Blue Dead Cell Stain (Life Technologies),
CD14 (Ttk4; Qdot 800; Life Technologies), CD115 APC (9-4D2-1E4;
APC; BioLegend), CD34 (581; Alexa Fluor 700; BioLegend), CD1c (L161;
APC-Cy7; BioLegend). For surface staining, titrated antibodies were added
to 2 million cells in 50 pl PBS for 20 min at 4°C.

Washed cells were fixed in 2% formaldehyde and stored at 4°C until
analysis, which was performed using an LSR II flow cytometer (BD). The
whole sample was acquired and analysis was performed using Flow Jo 9.1
software (Tree Star). hpre-CDCs were isolated as Lin(CD3/20/335/14)~
Granulocyte(CD66b) " DC(CD303~CD1c/CD141)-CD34-CD117*CD135*
CD116* CD115"CD45RA*CD123*.

Online supplemental material. Fig. S1 shows clonal output of cord blood
CD34* HSPC:s. Fig. S2 shows clonal output of cord blood hpre-CDCs. Fig. S3
shows clonal output of peripheral blood hpre-CDCs. Fig. S4 shows 14-color
gating strategy for identification of human hpre-CDCs in blood and that
hCDPs, hMDPs, and hGMDPs are undetectable in the blood before and after
Flt3L administration in healthy volunteers. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20141441/DC1.
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