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Abstract

Human monocytes have been grouped into classical (CD14**CD167), non-classical
(CD149™CD16**), and intermediate (CD14**CD16*) subsets. Documentation of normal
function and variation in this complement of subtypes, particularly their differentiation poten-
tial to dendritic cells (DC) or macrophages, remains incomplete. We therefore phenotyped
monocytes from peripheral blood of healthy subjects and performed functional studies on
high-speed sorted subsets. Subset frequencies were found to be tightly controlled over time
and across individuals. Subsets were distinct in their secretion of TNFa, IL-6, and IL-1B in
response to TLR agonists, with classical monocytes being the most producers and non-clas-
sical monocytes the least. Monocytes, particularly those of the non-classical subtype,
secreted interferon-a (IFN-a) in response to intracellular TLR3 stimulation. After incubation
with IL-4 and GM-CSF, classical monocytes acquired monocyte-derived DC (mo-DC) mark-
ers and morphology and stimulated allogeneic T cell proliferation in MLR; intermediate and
non-classical monocytes did not. After incubation with IL-3 and FIt3 ligand, no subset differ-
entiated to plasmacytoid DC. After incubation with GM-CSF (M1 induction) or macrophage
colony-stimulating factor (M-CSF) (M2 induction), all subsets acquired macrophage mor-
phology, secreted macrophage-associated cytokines, and displayed enhanced phagocyto-
sis. From these studies we conclude that classical monocytes are the principal source of
mo-DCs, but all subsets can differentiate to macrophages. We also found that monocytes,
in particular the non-classical subset, represent an alternate source of type | IFN secretion
in response to virus-associated TLR agonists.
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Introduction

Monocytes play an important role in immune defense, inflammation, and homeostasis by
sensing their local environment, clearing pathogens and dead cells, and initiating adaptive
immunity, as well as providing a progenitor pool that contributes to inflammatory DCs and
replenishes some tissue macrophages [1-4]. Monocytes also contribute to tissue repair, [1-7]
further underscoring their relevance to both health and disease. Similar to other cell types with
primary and progenitor functions, monocytes are a heterogeneous and plastic cell population,
with context-dependent functions attributed to different subsets [8,9]. This has generated con-
troversy in the literature, where functions of a specific monocyte subset responding to a spe-
cific stimulus, for example infection, in a specific site in vivo [10-15] have been extrapolated to
that subset under all conditions, which is frequently inaccurate [16]. Therefore, a clearer defi-
nition of monocyte subset function is needed.

Monocyte subset function has been more extensively studied in mouse models than in
humans. In the mouse Ly6C*""€" (Gr1*/"€") or inflammatory monocytes circulate in the
blood and egress into tissues following infection, at which point they differentiate into macro-
phages and DCs, producing inflammatory cytokines and reactive oxygen species, stimulating
effector T-cell proliferation, and mediating tissue repair. These cells also contribute to a popu-
lation of monocyte-derived suppressor cells that inhibit T-cell function in cancer and autoim-
mune models. Ly6C™°" (Gr1™°") monocytes adopt a patrolling phenotype, characterized by
long-range crawling along the luminal surface of small vessels, that allows them to survey the
organism for tissue damage in the form of dying and infected cells and mediate their disposal
[17-19].

Human monocyte subpopulations that correspond in phenotype and function to those
present in mice are the CD14""CD16™ (classical), which account for 80-90% of peripheral
blood monocytes, and the CD14*™CD16** (non-classical) subpopulations. The former corre-
sponds to the Ly6C*/™€" inflammatory subset while the latter corresponds to Ly6 patrol-
ling subset in mice. Microarray-based gene expression profiling has confirmed that differential
gene expression profiles observed in mouse monocyte subsets are conserved in human mono-
cyte subpopulations [3,20-24]. However, it should be noted that many in vivo observations of
patrolling monocyte function in mouse models take place during a stage when those cells are
tethered to the vasculature, which may reflect a more committed state than that of non-classi-
cal human monocytes obtained via a peripheral blood draw. An intermediate CD14"*CD16"
subset has also been identified in human blood, and the functions previously attributed to all
CD16" monocytes appear to be distinct for intermediate versus non-classical (CD14%™) sub-
sets [21]. Functional observations of human monocyte subsets documented in the literature
are somewhat controversial, with different responses observed depending on the context of
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their activation. Microarray and functional studies of human and other primate monocyte
subsets in one case showed a closer association of intermediate monocytes with classical
monocytes [21] and in others with non-classical monocytes [25,26]. Although there is agree-
ment that functionally significant monocyte heterogeneity is conserved among mammals [27],
further study of these subsets and their capabilities is clearly indicated.

It is likely that these diverse functions attributed generally to monocytes are due to the pres-
ence of multiple monocyte subpopulations responding to activation in a variety of contexts
over time [3,6,28]. A thorough understanding of the homeostasis, function, and differentiation
potential of human monocyte subsets from healthy subjects is therefore a pre-requisite for
establishing their roles in human disease. Such understanding should enable more specific tar-
geting of innate responses in the setting of infection, inflammation, autoimmunity, cancer,
and transplantation as well as the development of monocyte-based biomarkers that measure
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either disease activity or response to therapy in these conditions [29]. In the current study, we
aimed at establishing a baseline understanding of how each subset of the monocyte compart-
ment in healthy adult humans behaves under a limited set of clearly defined, well controlled,
commonly used ex vivo laboratory conditions in order to uncover key differences between
the three human monocyte subsets related to their hardwired function and differentiation
potential.

Materials and methods
Immunophenotyping

Peripheral blood was drawn from consenting healthy adult subjects with IRB approval at the
University of Pittsburgh (IRB#00608014). Cell counts were obtained using a Coulter Counter
Analyzer (Beckman Coulter). Monocytes were immunophenotyped in 200 uL of fresh whole
blood. Non-specific binding was blocked using 10% mouse serum (Invitrogen). Cells were
stained for 30 minutes with monoclonal antibodies (mAbs) against the markers described
below, treated with Fix/Lyse buffer (BD Biosciences) according to the manufacturer’s protocol,
and washed twice in FACS buffer (PBS supplemented with 1% FCS and 0.05% sodium azide)
prior to analysis.

Lymphoid cells were excluded using fluorescently preconjugated primary antibodies
against lineage markers CD3, CD4, CD15, CD19, CD56, and NKp46 after exclusion of dou-
blets and HLA-DR™ cells (all from BD). Monocyte subsets were identified according to their
expression of CD14 and CD16, and percent of total monocytes and absolute number was cal-
culated for each subset. A panel of markers was interrogated for each sample using fluores-
cently preconjugated primary antibodies against CD11b, CD11c, CD62L, CD163, CDS80,
CD47, SIRPq, PD-1, PD-L1, PD-L2 (BD) and CX3CR1 (eBioscience). Marker expression was
measured using a BD LSR Fortessa flow cytometer and data were analyzed using Flow]Jo (Tree
Star). Isotype controls and/or FMO controls for each marker were used to calculate delta mean
fluorescence intensity for the population.

Isolation of human monocyte subsets

Leukocyte concentrates were purchased from the Central Blood Bank of Pittsburgh. Red blood
cells (RBC) were lysed using an ammonium chloride buffer (Stem Cell Technologies) accord-
ing to the manufacturer’s protocol. PBMCs were rinsed in wash buffer twice, then incubated at
37°Cin FCS containing 5mM EDTA to remove any remaining platelets [30,31]. After washing,
monocytes were negatively selected using an EasySep Human Monocyte Enrichment Kit with-
out CD16 Depletion (Stem Cell Technologies) according to the manufacturer’s protocol.
Remaining cells were stained for FACS with anti-CD14, -16, -HLA-DR, and lineage exclusion
markers as described for phenotyping above. High-speed sorting was performed on a BD
FACSAria to yield high-purity monocyte subset populations (>95%). Cells were cultured in
complete medium consisting of RPMI-1640 (Cellgro) supplemented with 2 mML-glutamine,
10mM HEPES, 100 IU/mL penicillin/streptomycin and 10% heat-inactivated fetal calf serum
(FCS) (all from Gibco) except where other media formulations are indicated.

Cell imaging
Sorted monocytes were imaged after being seeded in chamber slides (ibidi) and allowed to

adhere. Cells were fixed in 4% paraformaldehyde, permeabilized with a saponin solution, and
stained with Hoescht dye and fluorescently labeled phalloidin (both from Molecular Probes),
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and mAbs against B-tubulin (BD) and vinculin (Abcam). Cell morphology was captured on an
Eclipse TiE epifluorescent microscope with NIS Elements deconvolution software (Nikon).

TLR stimulation and luminex assays of cytokine production

Sorted monocyte subsets were cultured overnight (18 hours) in RPMI-1640 with each agonist
from the Human Toll-like receptor (TLR) 1-9 kit according to protocols supplied by the man-
ufacturer (InvivoGen), with use of the following working concentrations: pam3CSK4 (1ug/
mL), HKLM (10® cells/mL), poly(I:C) (10 ug/mL), LPS (1 pg/mL), flagellin (10 pg/mL), FSL-1
(1pg/mL), imiquimod (10 pg/mL), ssRNA40 (10 ug/mL), ODN2006 (5 uM). Inflammatory
cytokines were quantified in culture supernatants by Milliplex Luminex bead-linked immuno-
assay according to the manufacturer’s protocol (EMD Millipore). Luminex beads were read
and cytokine concentration calculated on a Bio-Plex Luminex reader (BioRad). All samples
and standards were measured in duplicate and measurements were normalized to baseline
reactivity of unstimulated cells for each subject and cytokine.

A similar method was used to determine concentrations of IFN-a following induction to
plasmacytoid DC (pDC) differentiation and stimulation with the intracellular TLR agonists
Poly(I:C), ssRNA40, and CpG ODN 2216 in the presence of the lipid-based transfection
reagent LyoVec (all from InvivoGen); this method was also used to quantify macrophage-asso-
ciated cytokines following induction to classical (M1) and alternative (M2) macrophage differ-
entiation. Supernatants were collected after overnight incubation from undifferentiated
monocyte cultures and treated cultures, cryopreserved at -80°C, then analyzed as described
above.

Monocyte differentiation

Monocyte subsets were induced to differentiate to one of four phenotypes following isolation:
(1) mo-DCs by culturing in AIM-V medium supplemented with 10% heat-inactivated fetal
calf serum (FCS) (Gibco), 1000 U/mL recombinant human (rh) granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) (Berlex) and 1000 U/mL rhIL-4 (R&D Systems) for seven
days; (2) pDCs by culturing in complete medium supplemented with 20 ng/mL rhIL-3 and
100 ng/mL rhFlt3 ligand (both from Miltenyi Biotec) for seven days; (3) classical (M1) macro-
phages by culturing in complete medium supplemented with 50 ng/mL rhGM-CSF for five
days; or (4) alternative (M2) macrophages by culturing in complete medium supplemented
with 100 ng/mL rh macrophage colony-stimulating factor (M-CSF) (Miltenyi Biotec) for five
days. Differentiation studies were performed on tissue culture-treated plastic (Sigma).

Interrogation of surface markers on differentiated populations

Expression of surface markers of interest was measured by flow cytometry as described above
following induction to terminal differentiation using fluorescently preconjugated primary
mAbs against CD209, CD1a, CD40, CD86, CD54, CD80, CD83, HLA-DR,DP,DQ, CD71,
CD206, CD123, Flt3 (all from BD), BDCA-2, (eBioscience), and EMR1 (Abcam), in addition
to the other mAbs described above.

CFSE-MLR

MLR were performed by incubating each subset of interest in a 1:5 ratio with carboxyfluores-
cein diacetate succinimidyl ester (CFSE)-dyed (Molecular Probes) allogeneic responder
PBMCs for 5 days at 37°C in 5% CO,-air. Proliferation of allo-activated CD4" or CD8" T cells
was identified after cell surface staining with mAbs against CD3 (BD), CD8 (BD), and with a
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dead cell stain kit (Molecular Probes) and by quantifying CFSE dilution. For IFN-y (BD) intra-
cellular staining, cultured cells were re-stimulated in vitro for 4 h with 4 pg/mL anti-CD3 (BD)
and 2 ug/mL anti-CD28 (R&D) mAbs in the presence of Golgi-Plug (BD). Data acquisition
and analysis was performed as described for immunophenotyping.

Phagocytosis assays

Phagocytosis assays were performed by incubating monocytes with 1 um fluorescent polysty-
rene beads (Spherotech) for 30 minutes at 37°C. Cells were rinsed twice in FACS buffer, and
fluorescent signal was measured by flow cytometry.

Statistical analyses

Differences in surface marker expression were detected using repeated measures one-way
ANOVA with matched subjects, followed by Bonferroni post-testing to compare means of
each group to one another using Prism. Luminex data were normalized for each cytokine with
each subject serving as their own control and analyzed using repeated measures one-way
ANOVA. All statistical analyses were performed using GraphPad Software.

Results
Monocyte subset frequencies are tightly regulated

Gating of human monocyte subsets according to size, granularity, HLA-DR expression, and
expression of CD14 and CD16 (after exclusion of doublets and lineage™ cells) yielded three
subsets: the classical subset (CD14""CD16"), the intermediate subset (CD14""CD16%), and the
non-classical subset (CD14%™CD16"™) (Fig 1A). Analysis of surface markers on cells from 25
healthy subjects revealed that these subsets are distinct from one another in their expression of
CD11b (p = 0.0095), with higher expression on the classical and intermediate subsets, and
CD11c (p =0.026) and CX3CR1 (p = 0.15) (fractalkine receptor), with highest expression on
the non-classical subset (Fig 1B and 1C). CD62L and CD163 were expressed at low levels on all
subsets, with no detectable difference between subsets. Interrogation of co-stimulatory and co-
inhibitory molecules revealed that all monocytes express low levels of CD80 (B7) at baseline,
with intermediate monocytes consistently expressing slightly more. All subsets expressed the
co-inhibitory molecule CD47 and its receptor SIRPa, with non-classical monocytes having the
highest SIRPo expression (p = 0.028). The number of total monocytes in circulation varied
widely across healthy individuals, ranging from 63.42/uL to 515.07/uL (Fig 1D). Monocyte
subset frequencies were found to be tightly regulated across individuals, however, with the fol-
lowing means for each subset: 84% classical, 95% CI (81.1, 86.8), 6.7% intermediate (4.3, 9),
and 9.3% non-classical (7.1, 11.4) (Fig 1E). Over time (4-6 months) the average change in sub-
set frequencies for any given individual was not significant: 4.3% difference in classical fre-
quency, 2.3% difference for intermediate, and 2.4% difference for non-classical (Fig 1F).

Morphology of sorted monocyte subsets

Immediately after magnetic enrichment and high-speed sorting from leukocyte concentrates,
all monocyte subsets appeared as small, round, homogeneous cell populations by bright-field
microscopy (Fig 2A). After two days of culture on plastic in complete medium without added
growth factors, classical monocytes adhered well and appeared to proliferate (Fig 2B). Non-
classical monocytes were smaller than the other subsets and began to die, with a few adhering
and demonstrating early conversion to macrophage morphology, as evidenced by macro-
phage-specific morphological features, such as punctate actin-rich podosomes and vinculin-
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(B) Representative histograms of cell surface markers on monocyte subsets from one of 25 healthy subjects phenotyped (C = classical, | = intermediate,

NC = non-classical). Classical monocytes (red), intermediate monocytes (yellow), and non-classical monocytes (blue) are shown overlaid on negative
controls (dashed). (C) Mean expression (+SD) of surface markers on all subjects phenotyped. (D) Absolute numbers of total (black), classical (red),
intermediate (yellow), and non-classical monocytes (blue) in circulation (bar = mean). (E) Frequency of each subset as a percentage of total circulating
monocytes. (F) Change in the frequency of each subset in each of 10 subjects re-phenotyped 4—6 months following initial phenotyping. The average change

in frequency (A) of each subset is shown.

https://doi.org/10.1371/journal.pone.0176460.g001

rich focal adhesions (Fig 2B and 2C). The intermediate subset displayed behavior in-between
that of the classical and non-classical subsets (Fig 2B and 2C).

Monocyte subsets are distinct in secretion of inflammatory cytokines

Freshly isolated classical, intermediate, and non-classical subsets were distinct in their secre-
tion of IL-1, IL-6, and TNFo. in response to overnight stimulation with agonists to Toll-like
receptors 1-9, with classical monocytes generally being the best producers and non-classical
monocytes being poor producers (Fig 3). Intermediate monocytes produced levels of TNFa.
comparable to classical monocytes in response to all stimulants, which is consistent with previ-
ous reports (Fig 3A) [32]. Secretion of IL-1f in response to several TLR agonists was signifi-
cantly higher in the classical subset than others (Fig 3B). Similarly, secretion of IL-6 by the
classical subset was higher than the other subsets, particularly in response to Flagellin, a bacte-
rial protein that signals through TLR5 (Fig 3C). We also measured levels of IL-10, IL-12p70,
and IL-23, but we observed no significant secretion of these cytokines by any undifferentiated
monocyte subset (data not shown).

Classical monocytes are the primary source of monocyte-derived DC

We examined the potential of each subset to differentiate to various terminal fates in the pres-
ence or absence of differentiation cues (growth factors and cytokines). After culture in mo-DC
induction medium (GM-CSF and IL-4), classical monocytes acquired mo-DC morphology,
similar to what has been described for unfractionated monocytes [33]. As early as two days
after induction with mo-DC medium, bright field images of sorted monocyte subsets showed
that classical monocytes were already forming dendrites, with sparse macrophage-like cells
intermixed; intermediate monocytes displayed a mix of highly adherent macrophage-like mor-
phology and occasional cells with dendrites; and non-classical monocytes showed differentia-
tion of a few cells to macrophage-like morphology, but massive cell death otherwise (data not
shown). After one week of culture, classical monocytes exhibited fully differentiated DC char-
acteristics, with large, adherent morphology and many dendrites (Fig 4A and 4B). Intermedi-
ate monocytes did to a lesser degree, with a mix of highly adherent macrophage-like cells and
occasional cells with dendrites (Fig 4A and 4B). Non-classical monocytes did not, showing dif-
ferentiation of a few cells to macrophage-like morphology, but massive cell death otherwise
(Fig 4A and 4B). After differentiation induction, classical monocytes exhibited a DC immuno-
phenotype, including high expression of HLA-DR, loss of CD14 expression, and acquisition of
CD16, CD11¢, CD209 (DC-SIGN), CD1a, and CD40; intermediate monocytes maintained
expression of CD14 and exhibited lower expression of DC markers than classical monocytes;
non-classical monocytes did not shift their surface marker expression to that of a mo-DC (Fig
4C and 4D). In CFSE-MLR mo-DCs derived from classical monocytes were able to stimulate
robust allogeneic T cell proliferation (Fig 4E) and IFN-y production (Fig 4F). Intermediate
and non-classical monocytes subjected to the same mo-DC differentiation cocktail, as well

as undifferentiated monocytes of each subset, were not able to induce T cell proliferation or
IFN-y production (Fig 4E and 4F). Mo-DC generated in these experiments did not display
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Fig 2. Morphology of sorted monocyte subsets. (A) Low power magnification of monocyte subsets after magnetic
enrichment and high-speed sorting from leukocyte concentrates (photomicrographs taken at 10X). (B) Differential
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interference contrast (DIC) image of monocyte subsets after two-day culture and adherence to substrate at low magnification
(upper panel) and high magnification (lower panel). (C) Fluorescent image of the cells shown in lower panel B, with actin
(orange), vinculin (green), B-tubulin (green) and nucleus (blue) stained to show morphological features.

https://doi.org/10.1371/journal.pone.0176460.9002

enhanced phagocytosis of 1um beads relative to undifferentiated monocytes (Fig 4G), consis-
tent with their DC phenotype.

Monocytes are an important source of IFN-a but not a precursor of
plasmacytoid DC

We cultured sorted monocyte subsets with IL-3 and Flt3 ligand to determine their ability to dif-
ferentiate to pDCs [34]. We did not observe development of pDC morphology (spherical, secre-
tory morphology similar to that of a plasma cell lymphocyte) by any subset (Fig 5A). Classical
monocytes differentiated to cells exhibiting DC and macrophage morphology, as did intermedi-
ate monocytes, but intermediate monocytes also exhibited high cell death. Non-classical mono-
cytes displayed robust proliferation in pDC induction medium and differentiated to cells with
DC and macrophage morphology that formed interconnected reticular networks in the dish.
While the classical subset displayed up-regulation of markers associated with human pDCs,
such as BDCA-2, IL-3R, and Flt3, other surface markers examined (HLA-DR, CD14, CD16,
CD11b, CD11¢, CX3CR1) were not in agreement with an immunophenotype of pDCs (Fig 5B).
Additionally, we did not observe enhanced IFN-a. secretion by any subset in response to intra-
cellular stimulation of TLRs 3, 8, and 9 following induction to pDC differentiation (Fig 5C). Of
note, these cells secreted lower levels of IFN-a relative to undifferentiated monocytes (Fig 5D)
upon stimulation of TLRs 3, 8, and 9 with Poly(I:C), ssRNA40, and CpG dinucleotides, respec-
tively. Therefore, we did not find convincing evidence that any monocyte subset could be made
to differentiate into pDC, but observed significant production of IFN-o by undifferentiated
monocytes, especially the non-classical subset, in response to viral TLR ligands.

All monocyte subsets differentiate to macrophages

Investigating the potential of each subset to differentiate to classical (M1) and alternative (M2)
macrophages, we observed that all monocyte subsets acquired macrophage morphology,
including a rounded but firmly adherent appearance with actin-rich podosomes and exten-
sions indicating attachment to the substrate (Fig 6A-6D). All subsets acquired the expected
surface markers in response to incubation with either low dose GM-CSF (to induce M1) or
M-CSEF (to induce M2) (Fig 6E). In addition, HLA-Class II, CD80, CD71 and CD206 were
preferentially up-regulated in all subsets by M1 conditions compared to M2. Similarly, all
subsets produced macrophage-associated cytokines in response to both induction media.
However, we observed more robust secretion of macrophage-associated cytokines after differ-
entiation with M-CSF (M2) rather than GM-CSF (M1), in particular IL-23 and MCP-1 in all
subsets (Fig 6F). We also observed enhanced secretion of IL-10, IL-6, and PDGF-BB from the
classical monocyte subset after differentiation with M-CSF. Macrophages differentiated from
all subsets demonstrated strong phagocytic activity relative to undifferentiated monocytes or
bulk PBMC, with the greatest response observed in the classical monocyte-derived macro-
phages independent of the induction protocol (GM-CSF vs M-CSF) (Fig 6G).

Discussion

In this manuscript we sought to expand our understanding of the functional significance of
human peripheral blood monocyte subsets because of the important roles that monocytes have
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Fig 3. Cytokine secretion by sorted monocyte subsets stimulated with agonists to TLRs 1-9. Secretion of TNFa (A), IL-13 (B) and IL-6 (C)
by monocyte subsets (mean + SD, n = 6) in response to extracellular TLR agonists pam3CSK4 (1ug/mL), HKLM (108 cells/mL), poly(1:C) (10 g/
mL), LPS (1 pg/mL), flagellin (10 pg/mL), FSL-1 (1pug/mL), imiquimod (10 pg/mL), ssRNA40 (10 pg/mL), and ODN2006 (5 uM) in culture for 18
hours is shown (*p<0.05).

https://doi.org/10.1371/journal.pone.0176460.9003

in immunity, inflammation, and tissue homeostasis, as well as the diseases that arise when
these fundamental processes become dysregulated. Our studies clarified previously reported
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Fig 4. Classical monocytes differentiate to monocyte-derived DCs. (A) DIC images of sorted monocyte subsets after seven days in DC differentiation
medium, with classical monocytes displaying fully differentiated DC morphology, intermediate monocytes also displaying DC morphology, although the
cells are fewer and smaller, and non-classical monocytes showing no differentiation to DC in the few living cells, but otherwise evidence of cell death
(upper panel, photomicrographs taken at 20X). DIC images (bottom panels) were captured at 60X (bar = 10um). (B) Fluorescent images of the cells
pictured in lower panel of A, with actin (orange), vinculin (green), B-tubulin (green) and nucleus (blue) stained to show morphological features

(bar = 10pm). (C) MFI (mean +SD) of surface marker expression for all subjects (n = 5) (* p<0.05, ** p<0.01, **** p<0.0001, 1 p = 0.06). (D)
Representative histograms from one subject (C = classical, | = intermediate, NC = non-classical). Plots from each subset—classical monocytes (red),
intermediate monocytes (yellow), and non-classical (blue)—cultured in DC differentiation medium for seven days are shown overlaid on plots from
control cultures for each subset cultured in unsupplemented complete medium for seven days (dashed). (E) T cell proliferation in allogeneic MLRs
using mo-DCs derived from classical monocytes (right bracket), undifferentiated unfractionated monocytes (center bracket), or PBMC (left bracket)
as stimulators are shown (mean + SD, 2 technical replicates from one subject). (F) IFN-y production in dividing T cells in allogeneic MLRs shown in

E. (G) Phagocytosis assay using DC differentiated from classical, intermediate, and nonclassical monocytes (right bracket) or undifferentiated
monocytes (center bracket) Controls include PBMCs incubated with beads at 0°C and 37°C, as well as monocyte-derived macrophages (left bracket).
Bars represent mean + SD of 2 technical replicates from one subject.

https://doi.org/10.1371/journal.pone.0176460.9004

characteristics of these subsets but also uncovered novel, fundamental features relevant to
their function and differentiation potential.

Immunophenotyping of monocyte subsets showed differential expression of surface mark-
ers, with higher expression of CD11b and CD62L on classical and intermediate subsets and
higher expression of CD11c and CX3CR1 on the non-classical subset. These findings are in
agreement with previous work from other groups [21]. However, we noted higher expression
of the regulatory molecule SIRPa. on non-classical monocytes, which is a novel finding and
one that may have implications regarding a regulatory role for non-classical monocytes, espe-
cially considering the propensity of this subset to macrophage differentiation and the known
regulatory function of SIRPo on tissue-resident macrophages that are important for maintain-
ing immune homeostasis. SIRPc, which is expressed on monocytes and monocyte-derived
cells, is an inhibitory receptor that suppresses phagocytosis, DC differentiation and maturation
[35] as well as cytokine production based on our current results.

We found that monocyte subset frequencies are tightly regulated in healthy subjects, both
over time and across multiple individuals, reinforcing the idea that functional differences
between the subsets are of such consequence as to merit strict regulation and maintenance.
One of these differences may be in the types of pathogenic stimuli each subset responds to. It
has been previously documented that classical and intermediate monocytes respond to bacte-
ria-associated signals, whereas non-classical monocytes are poorly responsive to bacteria-asso-
ciated signals and more responsive to virus-associated signals [21]. Our findings with regard to
cytokine secretion by each human monocyte subset are consistent with this notion.

Our finding in this experimental in vitro system suggests that human classical monocytes
differentiate to a mo-DC phenotype, while non-classical and intermediate monocyte subsets
do not, is in agreement with in vivo observations in the mouse that classical monocytes readily
follow a DC differentiation program at the expense of macrophage differentiation, while non-
classical, patrolling monocytes favor a macrophage differentiation program [17]. Although
two earlier studies on human monocytes had suggested that both classical and non-classical
subtypes can be made to differentiate into mo-DC, the results may have been biased by the gat-
ing strategy and/or method used to sort monocyte subsets, such that a substantial fraction of
classical monocytes, which are by far the most numerous, were included in the non-classical
subset [33,36]. In contrast, by using a stringent gating strategy whereby non-classical mono-
cytes are identified based on bright CD16 staining (CD16"") (Fig 1A), instead of merely
CD16" and by utilizing flow-assisted high-speed cell sorting we ensured very high purity of the
monocyte subsets subjected to further analysis. Finally, we did not observe significant induc-
tion of CD80 or CD83 on mo-DC generated from classical monocytes, suggesting these cells
require additional stimulatory cues for maturation [20,37].
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Fig 5. Monocytes do not differentiate to pDCs, but do secrete type | IFN in response to intracellular TLR stimulation. (A) Photomicrographs of
sorted classical, intermediate, and non-classical monocytes after one week of culture in pDC differentiation medium. All cultures display features of both
differentiated DCs and macrophages, with colony formation and reticular networking (bar = 50um). (B) Representative histograms from one of two healthy
subjects (C = classical, | = intermediate, NC = non-classical). Classical monocytes (red), intermediate monocytes (yellow), and non-classical monocytes
(blue) cultured for seven days in pDC medium are shown overlaid on undifferentiated, uncultured monocytes (dashed). Plots from mature pDCs are shown in
the bottom row (grey shaded). (C) IFN-a secretion by monocytes cultured in pDC differentiation medium for seven days and stimulated with agonists to
intracellular TLR (mean +/- SD, n = 2) (D) IFN-a secretion by undifferentiated monocytes in response to stimulation with agonists to intracellular TLR. TLR
agonists were added in the presence of lipid transfection reagents in both C and D.

https://doi.org/10.1371/journal.pone.0176460.9g005
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Fig 6. All monocyte subsets differentiate to macrophages with culture in GM-CSF- or M-CSF-containing medium. (A) DIC images of
macrophages differentiated from sorted classical, intermediate, or non-classical monocytes cultured for five days in medium with low-dose GM-CSF
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to induce M1 differentiation (bar = 10um). (B) Fluorescent images of the cells in panel A, where actin (orange), vinculin (green), B-tubulin (green) and
nucleus (blue) stains show morphological features. Of note, all subsets display rounded but firmly adherent appearance with actin-rich podosomes
and extensions indicating attachment to the substrate (bar = 10um). (C) DIC images of macrophages differentiated from sorted classical, intermediate,
or non-classical monocytes cultured for five days in medium with M-CSF to induce M2 differentiation (bar = 10um). (D) Fluorescent images of the cells
in panel C, where actin (orange), vinculin (green), B-tubulin (green) and nucleus (blue) stains show morphological features. Note the presence of
ventral membrane podosome formation in cells from all subsets (bar = 10pm). (E) Heatmap showing normalized expression of macrophage-
associated surface markers for each subset (C = classical, | = intermediate, NC = non-classical) as undifferentiated, uncultured monocytes (left panel),
cultured in M1 medium (center panel), or cultured in M2 medium (right panel). (F) Heatmap showing secretion of macrophage-associated cytokines for
each subset (C = classical, | = intermediate, NC = non-classical) as undifferentiated, uncultured monocytes (top panel), cultured in M1 medium (middle
panel), or cultured in M2 medium (bottom panel). Each box represents the mean of two technical replicates; data is shown separately for each subject
tested. (G) Phagocytosis by undifferentiated monocytes and monocytes differentiated in either M1 or M2 macrophage-induction medium. Bars
represent mean +/- SD of two technical replicates from one subject. Controls include PBMCs incubated with beads at 0°C and 37°C (left bracket).

https://doi.org/10.1371/journal.pone.0176460.9006

We observed that under commonly used macrophage differentiation conditions (GM-CSF
or M-CSF), all human monocyte subsets readily undergo differentiation to macrophages, with
enhanced phagocytic function. The classical monocyte subset exhibited the most phagocytic
function following differentiation. In the absence of added differentiation factors, however,
the non-classical subset appeared to have an inherent propensity to differentiate into macro-
phages. The few non-classical monocytes that adhered to tissue culture plastic in unsupple-
mented medium displayed signs of macrophage differentiation, such as ventral membrane
podosome formation, after just one to two days in culture. This would suggest that the non-
classical subset is predisposed to differentiate to macrophages upon egress from circulation,
though further study in vivo will be required to understand the significance of this observation.
Our observation that only classical monocytes can differentiate into either DCs or macro-
phages points to the remarkable plasticity of this subset in comparison to the other monocyte
subtypes and lends further support to the widely circulated but unproven hypothesis that the
three monocyte subsets represent discrete stages on a spectrum of differentiation from classical
to non-classical, with classical monocytes representing the least differentiated.

We did not distinguish greatly between differentiation to classical (M1) versus alternative (M2)
macrophages, given that: (1) tissue macrophages represent a complex collection of cells, many of
which do not even originate from circulating monocytes, and they are inadequately represented
by this dichotomous terminology; (2) specifically the classification of macrophages within the M2
designation has grown diverse, complex, and context-dependent with the inclusion of studies on
cancer, atherosclerosis, and other non-physiologic states in a preponderance of the macrophage
literature; and (3) macrophage classifications exist in vivo not so much as a terminally differenti-
ated fate, but as an activation status that changes with time and context [2,4,38,39]. Additionally,
the lineage markers attributed to each of these phenotypes are not well defined. Rather, we relied
upon morphologic features, such as actin-rich podosomes, and phagocytic activity as indicators of
a macrophage phenotype and presented the surface marker and cytokine secretion data without
strictly assigning them to M1 and M2 subtypes, which overlap. This is not to suggest that M1 and
M2 polarizations are not real or of importance, especially when considering the effects monocytes
and macrophages have on T helper polarization [40,41], but that additional analysis of monocyte/
macrophage polarization is beyond the scope of the current work.

We concluded based on surface marker expression and secretion of IFN-o. that no mono-
cyte subset can be made to differentiate to a pDC phenotype using an induction cocktail of IL-
3 and Flt3 ligand, which is in agreement with the mouse literature showing that monocytes
likely split from a pDC-competent lineage at the level of the macrophage-DC progenitor
[42,43], though this is much less clear in humans [44]. Our observation that non-classical
monocytes do not differentiate to pDC yet are particularly good producers of type I IFN in
response to viral simulants, especially the TLR3 ligand poly(I:C) [45], is consistent with the
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idea that they serve as an alternate, available source of IFN-o production, complementing the
function of pDCs, which respond with IFN-a release to TLRs 7-9 stimulation [46]. IFN-o
release in response to TLR3 stimulation proved essential for generation of type-1 polarized
(IL-12 producing) DC which are essential for cross-priming, polarization and imprinting
migratory properties of anti-tumor functional CD8" T cells [47]. These results may also sup-
port a role for non-classical monocytes in the initiation of autoimmune disease through their
ability, like pDCs [48], to sense nucleic acids released from human cells [49].

In the presence of IL-3 and Flt3 ligand, all monocyte subsets differentiated to mixed mo-
DC/macrophage phenotypes and displayed surface marker expression consistent with mo-
DCs, although the intermediate subset was not well sustained in this environment. In particu-
lar, non-classical monocytes displayed robust proliferation and formation of reticular net-
works in response to IL-3 plus Flt3 ligand, while it was not responsive to commonly used
protocols for generation of mo-DC in vitro (IL-4 + GM-CSEF). Flt3 ligand is the primary differ-
entiation cue that drives DC development in vivo, but the DCs produced are of lymphoid ori-
gin and are generated under steady-state conditions [50,51]. It is generally assumed that F1t3
ligand does not stimulate production of classical (myeloid) DCs or mo-DCs, which in vivo
arise under inflammatory conditions and are often referred to as inflammatory DCs. Whether
non-classical monocytes can give rise to DCs under non-standard conditions in vitro or non-
inflammatory conditions in vivo has not been studied and requires further exploration.

Concepts related to human monocyte subsets that would be helpful to explore in the future
include the breadth of the sensing repertoire of each of the subsets and their differentiated
progeny; whether and which of these subsets has a regulatory role and is most responsible for
generating suppressor myeloid cells; and what the implications are of the different functions
and differentiation potential of monocyte subsets to human diseases such as autoimmunity,
autoinflammation, transplant rejection, atherosclerosis, and cancer. We believe that the results
of our current study lay the ground for informed and accurate analyses of monocyte subsets in
these important clinical disorders.
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