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Differentiation of human monocytes and derived
subsets of macrophages and dendritic cells by
the HLDA10 monoclonal antibody panel
Anna Ohradanova-Repic1, Christian Machacek1, Michael B Fischer2,3 and Hannes Stockinger1
The mononuclear phagocyte system, consisting of monocytes, macrophages and dendritic cells (DCs), has an important role in
tissue homeostasis as well as in eliciting immune responses against invading pathogens. Blood monocytes have been viewed for
decades as precursors of tissue macrophages. Although the newest data show that in the steady state resident macrophages of
many organs are monocyte independent, blood monocytes critically contribute to tissue macrophage and DC pools upon
inﬂammation. To better understand the relationship between these populations and their phenotype, we isolated and
differentiated human blood CD14+ monocytes in vitro into immature and mature monocyte-derived dendritic cells (MoDCs) as
well as into seven different monocyte-derived macrophage subsets. We used the panel of 70 monoclonal antibodies (mAbs)
submitted to the 10th Human Leukocyte Differentiation Antigen Workshop to determine the expression proﬁles of these 10
populations by ﬂow cytometry. We now can compile subpanels of mAbs to differentiate the 10 monocyte/macrophage/MoDC
subsets, providing the basis for novel diagnostic and therapeutic tools.
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Monocytes, macrophages and dendritic cells (DCs) have an important
role in tissue homeostasis, innate immune responses and initiation of
adaptive immunity and traditionally comprise the mononuclear
phagocyte system.1,2 Recent data based predominantly on experiments
in the mouse suggest that their ontogeny is rather diverse: monocytes
and DCs are short-lived bone marrow-derived leukocytes that share
the monocyte–macrophage DC progenitor as their last common
haematopoietic precursor.1,3 Afterwards, the development is split into
two separate lineages: monocytes (and monocyte-derived macrophages) develop through a Flt3L-independent common monocyte
progenitor, while a Flt3L-dependent common DC progenitor gives rise
to all DC lineages.1–4 A further restricted pre-cDC progenitor gives rise
to conventional CD1c+ and CD141+ DCs.2,3,5 In contrast, most tissueresident macrophages as well as Langerhans cells are seeded before
birth from embryonic precursors originating in either yolk sac or
foetal liver, are long-lived and maintained in the steady state by
self-proliferation.1,6 Only in skin and intestine, adult circulating
monocytes substantially contribute to the resident macrophage pool in
homeostasis.1,6,7
In humans, all three main DC subsets can be found in the
peripheral blood: conventional CD1c+ DCs (or cDC2s, according to
a new nomenclature8), conventional CD141+ DCs (or cDC1s) and
plasmacytoid DCs (pDCs).3,9 All DC subsets are also detectable in
lymphoid and non-lymphoid tissues, although pDCs are abundant in
1

non-lymphoid tissues only upon inﬂammation.3 CD1c+ DCs are
characterized by high expression of CD1c, CD11c and CD172α
(SIRPα), production of proinﬂammatory cytokines upon stimulation,
migration to draining lymph nodes and efﬁcient priming of CD4+
T-cell responses.2,3 CD141+ DCs are distinguishable by the lack
(or low expression) of CD14, CD1c, CD11c, CD11b and CD172α.
Instead, they express CD370 (Clec9A/DNGR-1) and the chemokine
receptor XCR1, produce tumour necrosis factor α, interferon λ
(IFNλ), but little interleukin-12 (IL-12) when stimulated, and are
superior at cross-presentation of antigens to CD8+ T cells.3,9 pDCs,
characterized by CD123, CD303 and CD304 and low expression of
CD11c and CD14, produce high levels of IFNα in response to viruses
and are thought to be important in antiviral immunity.2,9
Human blood monocytes form three subsets based on the
differential expression of CD14 and CD16: a CD14+CD16-, a CD14lo
CD16+ and an intermediate CD14+CD16+ subset. The most abundant
classical CD14+CD16- monocytes readily extravasate into tissues
in response to inﬂammation, where they can differentiate into
macrophage-like or DC-like cells.1,2,9,10 This ability of blood monocytes to differentiate to DCs or macrophages was explored in vitro
already 20 years ago11,12 and since then, most studies of the human
mononuclear phagocyte system utilised in vitro generated monocytederived macrophages and monocyte-derived DCs (MoDCs) due to the
inability to sample primary cells in sufﬁcient amounts.9 This strategy
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Figure 1 (a) Differentiation regime to obtain human monocyte-derived macrophages (Mϕs) and human MoDCs. MACS-isolated CD14+ human monocytes were
differentiated into macrophages by cultivation with either GM-CSF or M-CSF for 7 days. Afterwards, macrophages were re-seeded and activated as indicated
for 48 h. MoDCs were generated from CD14+ monocytes by 7-day cultivation with GM-CSF and IL-4. Their maturation was induced by stimulation with LPS
for additional 48 h. (b) Control staining of the isolated CD14+ monocytes and the nine monocyte-derived cell populations using CD14 mAb MEM-18
(red histograms; overlaid with the background staining of the isotype control mAb (blue histograms)).

unveiled an incredible plasticity of macrophages in response to various
stimuli, ranging from most extreme classical M1 stimuli (such as IFNγ
or toll-like receptor ligands) to an alternative activation (M2) using
IL-4.13–15 M1-activated macrophages are highly proinﬂammatory with
strong microbicidal and tumoricidal activity and potently stimulate
Th1 responses. Activation with Th2 cytokines IL-4 or IL-13, sometimes referred to as an M2a regime, yields Th2-promoting macrophages with high phagocytic and tissue-remodelling capabilities. In
contrast, activation with IL-10 (sometimes called an M2c activation)
results in an immunosuppressive and tissue-remodelling phenotype.14
Here, we explored the ﬂexibility of human blood CD14+ monocytes
to differentiate and polarise into seven different macrophage subsets as
well as into immature and mature MoDCs (Figure 1a) and analysed
their surface markers by ﬂow cytometry. Using monoclonal antibodies
(mAbs) submitted to the 10th Human Leukocyte Differentiation
Antigen Workshop (HLDA10), we show that each of the differentiated
subsets is unique. Second, our results conﬁrm that these cells are
different from primary DC subsets found in human blood.
RESULTS
In vitro generation of human macrophages and dendritic cells from
human peripheral blood monocytes
To screen the large number of mAbs submitted to the HLDA10
workshop, we isolated 70 million CD14+ monocytes from human
peripheral blood mononuclear cells (PBMCs) by magnetic-activated
cell sorting using CD14 microbeads. The purity of isolated monocytes
was 99.8%, as determined by CD14 staining (Figure 1b). The CD14+
monocytes were then differentiated into macrophages by cultivation
with either granulocyte–macrophage (GM-CSF) or macrophage
(M-CSF) colony-stimulating factor for 7 days (d). Afterwards, both
Clinical & Translational Immunology

lineages were activated with the prototype M1 (lipopolysaccharide
(LPS)+IFNγ) or M2a (IL-4) stimuli or left untreated for 48 h
(Figure 1a). M-CSF-differentiated macrophages were additionally
activated with IL-10 to obtain the M2c subtype.14 MoDCs were
generated from CD14+ monocytes by 7-day cultivation with GM-CSF
and IL-4. Their maturation was induced with LPS for additional 48 h.
Although MoDCs were non-adherent, all types of monocytedifferentiated macrophages were predominantly adherent with a
fried-egg-shaped (GM-CSF-differentiated subtypes) or round-to-rodlike (M-CSF-differentiated subtypes) morphology (data not shown).
To check for proper differentiation, we also measured expression of
several monocyte–macrophage markers by ﬂow cytometry (Figure 1b
and data not shown). In comparison with freshly isolated monocytes,
the LPS coreceptor CD14 was only moderately downregulated from
the surface of all types of M-CSF-differentiated macrophages,
but strong downregulation was observed in GM-CSF-differentiated
macrophages and especially in MoDCs, which is consistent with
previous reports.16,17 Nevertheless, CD14 expression on GM-CSFdifferentiated macrophages activated with either LPS+IFNγ or IL-4
was lower compared with the levels we usually observed.
HLDA10 mAbs that failed to bind any of the generated cell types or
bound weakly to freshly isolated monocytes only
We received 70 mAbs submitted to the HLDA10 workshop and tested
them with freshly puriﬁed CD14+ monocytes and all nine differentiated cell types described above. The staining parameters (geometric
mean of ﬂuorescence intensity, corrected for the background staining
using isotype control mAbs, and percentage of positive cells with
respect to a 0.1% cutoff of the negative control) of all tested mAbs
are summarised in Supplementary Table. Thirty mAbs failed to
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substantially bind to any tested cell type. These included mAbs speciﬁc
to tetanus toxoid or to proteins normally localised intracellularly, such
as vimentin or calreticulin.18 Others recognised antigens known to be
speciﬁcally expressed outside the myeloid lineage: Clec5C, also known
as NKp80, expressed on NK cells and some T-cell subsets,19
Glycoprotein A Repetitions Predominant (GARP, also known as

LRRC32) expressed by activated regulatory T cells,20 protein tyrosine
phosphatase, receptor type, C-associated protein (PTPRCAP, also
known as LPAP) expressed on T and B cells,21 or decoy IL-13
receptor α 2 (IL13Ra2) and Fat-1 cadherin, expressed on neoplastic
cells.22,23 Similarly, negligible binding, not exceeding 1% positive
events in any of the population tested, was detected using mAbs

Figure 2 (a) Expression proﬁles of HLDA10 mAbs that stained GM-CSF-differentiated macrophages and MoDCs. The expression proﬁle of CD1a mAb 0619
(code 10-10) is shown at the top. Identical patterns were seen with another CD1a mAb (clone 010e, code 10-03), CD1b mAb O249 (code 10–18) and
CD1c mAb L161 (code 10–26). Three mAbs with unknown speciﬁcity (code 10–38, clone BGA69; code 10–82, clone CMRF-44 and code 10–69, clone
CMRF-56) showed a similar pattern but in contrast to the CD1 mAbs recognised poorly immature MoDCs. The expression proﬁles of these mAbs are shown at
the bottom. (b) HLDA10 mAbs reactive with certain monocyte-derived macrophage and DC populations but not with freshly isolated monocytes. In all cases,
the speciﬁc staining shown by the red histograms is overlaid with the background staining of the isotype control mAbs (shown in blue).
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speciﬁc to Axl, CD365 (also known as TIM-1 or HAVCR1), CD135
(also known as Flt-3 (FMS-like tyrosine kinase 3) or Flk-2), CD85g
(also known as ILT7) and with three (clones 9A11 and 8F9, the latter
used in two different formats) out of four mAbs speciﬁc to CD370
(also known as Clec9A or DNGR-1). In summary, negativity of these
mAbs might be due to the lack of expression of the respective antigens
by the generated cells.
However, activities of the following mAbs may have been lost
during labelling or transport, because the respective antigens were
described to be expressed on at least one of the tested cell types or
other mAbs of the same speciﬁcity scored positively: no binding was
detected with one mAb (clone GE2) out of three speciﬁc to CD369
(also known as Clec7A or Dectin-1) and one mAb (clone 111F8.04)
out of three to CD367 (also known as Clec4A or dendritic cell
immunoreceptor (DCIR)). Furthermore, the HLDA10 mAbs to the
C-type lectin domain family members Clec2D (also known as LLT1 or
OCIL) and Clec14A, to the B7 family member B7-H4 and to the
immunoglobulin superfamily member DORA (DOwn-Regulated by
Activation, also known as IGSF6) were negative, though previous
studies showed that B7-H424 and Clec2D25 were expressed on human
MoDCs or even on monocytes. Furthermore, mRNAs for scarcely
characterised Clec14A26 and DORA27 were detected in MoDCs.
Nine mAbs bound to freshly isolated monocytes but not to any of
the macrophage or MoDC subtypes. These were mAb FAB6367P
recognising the CD302 molecule (Clec13A), mAb 24 to the CD85h
molecule (ILT1), mAb FAB1798P to the lectin-like oxidised LDL
receptor (LOX-1/Clec8A), mAb FAB3131P to the CD202b molecule
(Tie-2/TEK), mAb 9F4 to TIM-4, mAb FAB1517P to ULBP-3, mAb
FAB6049P to CD370/Clec9A and mAbs FAB3744P and FAB3479P
against the formyl peptide receptors FPR1 and FPR2, respectively. The
majority of these stainings were very modest, with 1.6–10.2% positive
events. Only CD85h mAb 24 stained positively 433% of isolated
monocytes.
As CD370 mAb FAB6049P showed a positive staining with
monocytes in comparison with the two other tested CD370 mAbs
9A11 and 8F9, we analysed monocytes of two other donors using this
mAb. The staining was negative (data not shown), corroborating that
the CD370 molecule (Clec9A) is most likely not expressed by
monocytes and monocyte-derived cells. These results also showed
that CD370 mAb FAB6049P might recognise a sub-population of
blood monocytes in a donor-dependent manner.
HLDA10 mAbs recognising only GM-CSF-differentiated
macrophages and MoDCs
Seven mAbs speciﬁcally recognised all types of the GM-CSFdifferentiated macrophages and both immature and mature MoDCs,
but did not bind monocytes or any of the M-CSF-differentiated
macrophages. These included two CD1a mAbs (clones 010e and
0619), one CD1b mAb (clone O249), one CD1c mAb (clone L161)
and three mAbs (clones CMRF-44, CMRF-56 and BGA69) with
unknown speciﬁcity. The strong binding of all CD1 mAbs was
enhanced in response to LPS+IFNγ or LPS. A typical expression
pattern of the CD1 mAbs is shown by CD1a mAb 0619 in Figure 2a
(top). Two of the three mAbs with unknown speciﬁcity (BGA69 and
CMRF-44) stained weaker immature MoDCs than the third mAb
CMRF-56. However, the overall staining patterns of these three mAbs
were very similar, which raised the assumption that they might
recognise the same antigen (Figure 2a, bottom).
Clinical & Translational Immunology

HLDA10 mAbs recognising at least one differentiated cell type but
not monocytes
Four mAbs reacted with at least one differentiated cell type but not
with monocytes (Figure 2b). The CD273 mAb ANC8D12 recognising
the immunoinhibitory molecule B7-DC (also known as PD-L2)
stained strongly not only immature and mature MoDCs but also all
types of the GM-CSF-differentiated macrophages. Within the
M-CSF-differentiated macrophages it stained only those that were
activated with LPS+IFNγ or IL-4. The same populations were
recognised by mAb 118A8.05, speciﬁc to an unknown antigen similar
to DC-SIGN/CD209 (therefore termed DC-SIGN-like), although the
staining of the LPS+IFNγ- or LPS-activated populations was weaker.
More discrete stainings were observed with mAbs speciﬁc to cytokine
receptors: mAb 1B4 speciﬁc to thymic stromal lymphopoietin
receptor (TSLP-R/CRLF2) strongly reacted only with mature MoDCs
and stained very weakly all GM-CSF-differentiated macrophages.
The CCR5 mAb HEK/1/85 stained weakly immature MoDCs
and all macrophage populations that were not activated with
proinﬂammatory stimuli.
HLDA10 mAbs binding to monocytes and to at least one of the
differentiated cell types
Thirteen mAbs intensely stained monocytes and reacted with at least
one macrophage or MoDC population (Figure 3). Out of those, mAb
FAB2384P speciﬁc to the C-type lectin receptor (CLR) Clec5A (also
known as myeloid DAP12-associating lectin or MDL-1) stained beside
monocytes all macrophages but not MoDCs.
The most distinctive staining was observed with two CD368 mAbs
(FAB2806P and 9B9) recognising another CLR family member—
Clec4D (also known as Dectin-3 or macrophage C-type lectin, MCL),
which stained only M-CSF-differentiated and LPS+IFNγ-stimulated
macrophages. However, while mAb FAB2806P stained strongly also
monocytes, we detected only a weak staining using mAb 9B9,
suggesting that its epitope might be largely hidden on monocytes.
All three CD371 mAbs (HB3, FAB2946P and 50C1) against the
myeloid inhibitory C-type lectin-like receptor (MICL, also known as
Clec12A) scored highly positively with freshly isolated monocytes.
Expression of MICL was downregulated through each differentiation
regime with the strongest downregulation upon M-CSF treatment.
The lowest downregulation was seen on the GM-CSF-differentiated
cells but upon activation of these cells with both LPS+IFNγ and IL-4,
MICL expression was further suppressed. Although having the same
staining proﬁle, the three CD371 mAbs stained especially monocytes
and GM-CSF-differentiated macrophages with different intensities
(Figure 3).
In comparison with CD371, a very similar staining we observed
with mAb FAB17291P speciﬁc to the Trem-2 (triggering receptor
expressed on myeloid cells 2), though this receptor was upregulated by
IL-4 in the M-CSF-differentiated macrophages. Two CD369 mAbs
(FAB1859P and 15 E 2), recognising Clec7A/Dectin-1, stained
predominantly monocytes, MoDCs and IL-4-activated macrophages
of both lineages and barely reacted with the other M-CSF macrophage
subtypes. mAb AY19 to the interleukin 1 receptor accessory protein
(IL1RAP, also known as IL-1RAcP) substantially stained monocytes
and both classically and alternatively activated macrophages of the
GM-CSF lineage but no other macrophage or MoDC type.
Finally, mAb 36H2 speciﬁc to the paired immunoglobulin-like type
2 receptor (PILRA, also known as FDF03) and mAb TX45 to CD300c
(also known as MAIR II) stained predominantly monocytes, while
binding to any of the differentiated/activated cells was barely detectable. The only difference was that mAb 36H2 displayed a slightly
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Figure 3 Expression proﬁles of HLDA10 mAbs that stained monocytes and at least one of the differentiated cell types. Speciﬁc staining shown in red
histograms is overlaid with the background staining of the isotype control mAbs (shown in blue).
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Figure 4 Expression proﬁles of HLDA10 mAbs that stained all cell types analysed. Speciﬁc staining shown in red histograms is overlaid with the background
staining of the isotype control mAbs (blue histograms).

stronger binding with both LPS+IFNγ-treated macrophages and LPStreated MoDCs.
HLDA10 mAbs that stained all mononuclear phagocyte populations
generated
Seven mAbs reacted with all cell types analysed (Figure 4). CD101
mAb BB27 showed the most robust expression of its antigen on
monocytes and GM-CSF-differentiated macrophages. mAb L4 speciﬁc
to the purinergic receptor P2X7 (also known as P2RX7) and the
CD245 mAbs DY12 and DY35 exhibited a more uniform staining with
moderately increased staining on the LPS+IFNγ-activated GM-CSF
lineage and mature MoDCs. Additionally, increased P2X7 staining was
observed in the M-CSF lineage upon LPS+IFNγ stimulation. Further,
mAbs FAB2365P and F38-2E2 recognising the CD366 molecule (also
known as TIM-3 or HAVCR2) revealed a downregulation of TIM-3 in
response to the proinﬂammatory stimuli in both macrophage lineages
and also in MoDCs. mAbs FAB1748P and 9E8 speciﬁc to the CD367
molecule (also known as Clec4A or DCIR) showed an identical
staining pattern: they highly stained monocytes and MoDCs, while
staining of macrophages was weaker with downregulation upon LPS
+IFNγ stimulation. On the other hand, IL-4 upregulated the CD367
molecule.
DISCUSSION
The difﬁculty to access human tissue-resident macrophages as well as a
rarity of human DCs in the blood (o0.1% of PBMCs) have prompted
researchers to rely on in vitro differentiation of human blood
monocytes with GM-CSF or M-CSF to obtain monocyte-derived
macrophages or with GM-CSF+IL-4 to obtain MoDCs. These studies
Clinical & Translational Immunology

revealed many important functions of the mononuclear phagocyte
system.9 However, one needs to be aware of the limitations of this
approach and that a lot of work is still ahead of us.
In this study, we evaluated the expression proﬁle of human
monocytes and nine different types of monocyte-derived cells including seven macrophage subtypes as well as immature and mature
MoDCs by using the panel of mAbs submitted to HLDA10. HLDA10
focused on DC antigens and thus the call was to submit DC-speciﬁc
mAbs. Therefore, we were puzzled when we did not observe binding
of several mAbs speciﬁc to known or suspected DC antigens in any of
the populations tested, although our generated MoDCs expressed high
levels of the CD1a, CD1b and CD1c molecules and were negative for
CD14, characteristics of DCs. It may be possible that some mAbs lost
their functionality during the labelling procedure or during transport.
Alternatively, this result may reﬂect the inability of monocytes to
differentiate into true DCs using the GM-CSF+IL-4 regime or may
indicate that pathways, which these cells underwent from the common
monocyte–macrophage DC progenitor, are too divergent. As noted
previously for blood monocytes,7 also our monocytes and all
monocyte-derived populations were devoid of the CD135 molecule
(Flt-3) that restricts the DC development along the Flt3L gradient.9
We also did not observe expression of pDC-restricted CD85g/ILT728
or the C-type lectin receptor CD370 (Clec9A also known as DNGR-1)
that is speciﬁcally expressed on CD141+ DCs (cDC1s) and crucial for
their cross-presenting capacity of necrotic cell-derived antigens.3,29
Similarly, we did not detect expression of Axl, a TAM receptor
tyrosine kinase involved in apoptotic cell clearance, which is speciﬁcally expressed by Langerhans cells, but not by monocyte-derived cells
unless stimulated with transforming growth factor-β1.30 We also did
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not detect the CD365 molecule (also known as Tim-1 or HAVCR1).
This receptor was initially described as T-cell restricted and mediating
Th2 inﬂammation and also to be expressed in kidney proximal tubule
cells,31 but one report has shown low levels of TIM-1 mRNA also in
cDC2s and pDCs.32 However, we cannot exclude the possibility that
we were not able to detect some DC markers due to polymorphisms in
the human population.
Eight antigens we found to be expressed on freshly isolated
monocytes but not on any differentiated macrophage or MoDC
subset. Among these, the CD202b molecule (angiopoietin-1 receptor
Tie-2) was already described as a marker of a proangiogenic subset of
monocytes.2,33 Similarly, mAbs to the CD302 molecule (C-type lectin
receptor DCL-1 or Clec13A) involved in phagocytosis, endocytosis
and migration, or to the FPR2 (formyl peptide receptor 2),
which regulates chemotaxis and cell activation, stained only monocytes
and their antigens were already reported as downregulated during
in vitro differentiation to macrophages or MoDCs.34,35 We failed to
detect expression of the efferocytosis-mediating proteins TIM-4 and
LOX-1/Clec8A on differentiated macrophages or MoDCs. Since both
were described to be expressed by these cells in vivo,31,36 we presume
that their expression might depend on factors poorly recapitulated
in vitro.
A signiﬁcant number of mAbs (eighteen) within the HLDA10
workshop panel recognised members of the CLR family, which are
widely expressed on myeloid cells. CLRs contain one or more
conserved structural motifs called the C-type lectin-like domain that
gave the name to the family.36 The prototypical function of the C-type
lectin-like domain is calcium-dependent binding of lectins (carbohydrates) present on pathogens or self-antigens, but several CLRs bind
lectins or other ligands, such as proteins or lipids, in a calciumindependent manner.36 CLRs then signal to engage the cell’s phagocytic or endocytic machinery and ligand uptake. Furthermore, many
CLRs are involved in immune cell responses, including reactive oxygen
species production, inﬂammasome activation, chemotaxis, cytokine
production or DC maturation.37 CLR signalling can either synergize or
antagonise signals from other receptors, leading to ﬁne-tuning of
innate immune response to infection or tissue damage.36,37
The CD369 molecule (Clec7A/Dectin-1) is a β-glucan pattern
recognition receptor. Upon binding of β-1,3-linked glucans present
in the cell wall of fungi, some bacteria and plants, Dectin-1 engages
signalling cascades that drive innate and adaptive immunity through
its phosphorylated cytoplasmic ITAM (immune-receptor tyrosinebased activation motif, also referred to as hemITAM, since it contains
only one YxxL motif).36,37 Previous studies have shown that human
Dectin-1 is expressed on granulocytes, monocytes, DCs, monocytederived macrophages and MoDCs.38,39 The expression pattern we
observed during macrophage differentiation, including its further
downregulation by proinﬂammatory stimuli and upregulation by IL-4,
is in line with the expression pattern observed for mouse Dectin-1.40
In contrast, the CD368 molecule (also known as Dectin-3, Clec4D or
macrophage C-type lectin, MCL) is highly expressed by neutrophils
and monocytes and weakly by DCs in the peripheral blood; and its
expression is lost upon in vitro differentiation of monocytes into
macrophages or MoDCs.41 Our results conﬁrmed this phenotype, but
our observation that Dectin-3 was profoundly and speciﬁcally
upregulated in the M-CSF- and LPS+IFNγ-stimulated macrophages
has not been reported earlier. It is interesting to speculate that this
macrophage subset might be pivotal for host defence against fungi
or mycobacteria, since Dectin-3, paired with other CLRs, namely
Dectin-2 (Clec6A) or Mincle (Clec4E), respectively, has been shown to
serve as a pattern recognition receptor for these pathogens.42,43

Clec5A, also known as MDL-1, represents another member of the
family involved in myeloid cell activation. MDL-1 serves as a dengue
virus receptor44 and MDL-1 modulating mAbs revealed its involvement in a mouse model of arthritis, though its endogenous ligand
remained unidentiﬁed.45 Our data conﬁrm the previously published
results showing that MDL-1 was exclusively expressed by monocytes,
macrophages and osteoclasts, but not by MoDCs.36,44 The last two
CLRs we found expressed in our monocyte-derived cells are the
CD367 molecule (Clec4A, also known as DCIR) and the CD371
molecule (Clec12A, also known as MICL). Both are immunoinhibitory
receptors that upon engagement recruit phosphatases SHP-1
and SHP-2 to their phosphorylated cytoplasmic immune-receptor
tyrosine-based inhibition motifs.36,37 DCIR is predominantly
expressed by DCs, including MoDCs, while MICL by monocytes
and granulocytes, but both CLRs have been shown to be expressed in
other myeloid populations and downregulated by proinﬂammatory
stimuli.46–49 In line with the published data, we observed downregulation of the CD367 and CD371 molecules in response to the
LPS+IFNγ/LPS stimulation. Additionally, we extend these ﬁndings by
reporting of a loss of CD371 expression from the surface of the
M-CSF-differentiated but not GM-CSF-differentiated macrophages.
In conclusion, using mAbs submitted to the HLDA10 workshop, we
provide here a comprehensive analysis of antigens expressed on the
surface of blood monocytes, immature and mature MoDCs and on
seven monocyte-derived macrophage subsets. We found that several
known DC markers (for example, CD135, CD370 and CD85g) were
not expressed by monocytes or in vitro derived cells, while other
antigens (for example, CD366, CD367, CD245 and CD101) we found
highly expressed by all cell types analysed. In addition, we observed
clear differences in the expression of several markers including CD273,
CD1a, CD101, CD369, CD371 and IL1RAP between the similarly
activated GM-CSF- and M-CSF-differentiated macrophage populations that corroborate the distinct action of these two CSFs onto
monocyte differentiation observed by the transcriptome analysis.50
In summary, using the HLDA10 mAb panel we show that we can
subtly discriminate different types of macrophages and DCs, which is
the basis and prerequisite to speciﬁcally target pathogenic subtypes of
macrophages and DCs driving autoimmune diseases or malignancies.
METHODS
Reagents and antibodies
LPS (Escherichia coli serotype O55:B5) was purchased from Sigma-Aldrich
(Munich, Germany). Recombinant human M-CSF, IFNγ and IL-10 were
obtained from Peprotech (Rocky Hill, NJ, USA). Recombinant human
GM-CSF and IL-4 were from Novartis AG (Basel, Switzerland). The HLDA10
mAb panel, tested within the 10th Human Leukocyte Differentiation Antigen
Workshop, in Wollongong, Australia, is detailed at http://www.hcdm.org. Alexa
Fluor 647-conjugated monomeric streptavidin used at a ﬁnal concentration of
2.5 μg ml − 1 was prepared in-house. Allophycocyanin-conjugated goat antimouse IgG+IgM Ab used at a ﬁnal dilution of 1:2500 was from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Control antibodies
included: Paciﬁc Blue-, FITC- or PE-labelled mouse IgG1 isotype control mAb,
clone MOPC-21 (Biolegend, San Diego, CA, USA), Paciﬁc Blue-conjugated
CD14 mAb, clone MEM-18, unlabelled mouse IgG1 isotype control mAb, clone
PPV06 (both from EXBIO, Prague, Czech Republic) and biotin-labelled mouse
IgG1 isotype control mAb MCA928B (AbD Serotec, Oxford, UK).

Monocyte isolation
Leukocytes of a healthy donor were collected using a leukocyte reduction
system chamber and a Trima Accel automated blood collection system
(Terumo BCT, Lakewood, CA, USA). PBMCs were isolated from these
preparations by density gradient centrifugation using Lymphoprep (Axis-Shield,
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Oslo, Norway). CD14+ monocytes were then puriﬁed from the PBMCs by
magnetic-activated cell sorting using CD14 microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany). The study, performed in accordance with the
Declaration of Helsinki, was approved by the ethics committee of the Medical
University of Vienna (2177/2013).

Macrophage and MoDC differentiation
CD14+ monocytes were cultured in complete culture medium consisting of
RPMI-1640 medium supplemented with 2 mM L-glutamine, 100 μg ml − 1
streptomycin, 100 U ml − 1 penicillin and 10% heat-inactivated foetal calf serum
(all from Invitrogen, Carlsbad, CA, USA) at a concentration of 6.6 × 105 cells
per ml (or 1 × 106 cells per ml for differentiation of M-CSF-primed macrophages). To trigger differentiation to macrophages, human recombinant
cytokines were used at the following ﬁnal concentrations: 25 ng ml − 1
GM-CSF or 50 ng ml − 1 M-CSF. Medium was supplemented every 2–3 days.
After 7 days, macrophages were harvested by pipetting and the adherent cells
were collected by subsequent trypsinisation. Cells were then centrifuged and
resuspended in macrophage serum-free medium (Invitrogen) supplemented
with 2 mM L-glutamine, 100 μg ml − 1 streptomycin, 100 U ml − 1 penicillin and
2% foetal calf serum. Cell density was adjusted to 3 × 105 cells per ml before
seeding to 10 cm dishes. After 30 min recovery time, polarisation to the M1
state was induced by 100 ng ml − 1 LPS plus 25 ng ml − 1 IFNγ for 48 h.
We polarised the macrophages to the M2a state by using 20 ng ml − 1 IL-4 or
to the M2c state by 20 ng ml − 1 IL-10 (the latter for M-CSF-differentiated
macrophages only).
Differentiation to MoDCs was achieved by cultivation of CD14+ monocytes
for 7 days in complete culture medium supplemented with 50 ng ml − 1
GM-CSF plus 50 ng ml − 1 IL-4. For their maturation, the cells were further
cultivated for 48 h with 100 ng ml − 1 LPS.

Flow cytometry
Human macrophages were detached from the culture plates by treating them
with ice-cold 1.5 mM EDTA in Hank’s balanced salt solution. Also, MoDCs
were treated the same way. Cells were then washed with precooled staining
buffer (PBS containing 1% BSA and 0.02% NaN3) and incubated on ice for
30 min with 2.4 mg ml − 1 human IgG (Beriglobin P; CSL Behring, King of
Prussia, PA, USA) to prevent non-speciﬁc binding of the mAbs to Fc receptors.
Monocytes were used at a concentration of 1 × 105 cells/staining, while
macrophages and MoDCs were used at 8 × 104 cells/staining. Then, antibodyﬂuorochrome conjugates with appropriate isotype controls were added to a
ﬁnal concentration of 2.5 μg ml − 1 in a total staining volume of 40 μl. Cells
were incubated for 30 min on ice and then washed twice with the staining
buffer. In case of an unconjugated mAb, or biotin-labelled mAb, the respective
second step reagent was added and cells were again incubated 30 min on ice
and washed again with the staining buffer. Directly before analysis, DAPI
(0.5 μg ml − 1, Sigma-Aldrich) was added. Samples were analysed on an LSRII
ﬂow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) equipped with the
FACSDiva software; and the data were further processed with the FlowJo
software (Treestar, Ashland, OR, USA). Living single cells were gated according
to their forward- and side-scatter characteristics, and dead cells were excluded
using DAPI. The positive gate was set according to the staining with the isotype
control mAbs with the cutoff of 0.1%. In Supplementary Table, geometric
mean of ﬂuorescence intensity of the speciﬁc mAb staining is corrected for
background staining using matched isotype control mAb.
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