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m Classical CD16~ vs intermediate/nonclassical CD16" monocytes differ in their homing
potential and biological functions, but whether they differentiate into dendritic cells (DCs)
* Human blood CD16™ with distinct contributions to immunity against bacterial/viral pathogens remains poorly
and_ C_;D1 (_3_ MDDCs investigated. Here, we employed a systems biology approach to identify clinically relevant
et u+n|que ITGfE/ differences between CD16* and CD16~ monocyte-derived DCs (MDDCs). Although both
'I(': g;ff al::LCDDHH21 / CD16" and CD16~ MDDCs acquire classical immature/mature DC markers in vitro, genome-
E-cadherin* pheno- wide transcriptional profiling revealed unique molecular signatures for CD16™ MDDCs,
types, respectively. including adhesion molecules (ITGAE/CD103), transcription factors (TCF7L2/TCF4), and
enzymes (ALDH1A2/RALDH2), whereas CD16~ MDDCs exhibit a CDH1/E-cadherin™ pheno-
type. Of note, lipopolysaccharides (LPS) upregulated distinct transcripts in CD16™ (eg, CCLS,
SIGLEC1, MIR4439, SCIN, interleukin [IL]-7R, PLTP, tumor necrosis factor [TNF]) and CD16~
during differentiation MDDCs (eg, MMP10, MMP1, TGM2, IL-1A, TNFRSF11A, lysosomal-associated membrane
into DCs, including protein 1, MMP8). Also, unique sets of HIV-modulated genes were identified in the 2 subsets.
the LPS-induced TNF Further gene set enrichment analysis identified canonical pathways that pointed to

+CD16" monocytes
preserve a unique tran-
scriptional signature

production. “inflammation” as the major feature of CD16" MDDCs at immature stage and on LPS/HIV
exposure. Finally, functional validations and meta-analysis comparing the transcriptome of
monocyte and MDDC subsets revealed that CD16" vs CD16~ monocytes preserved their
superior ability to produce TNF-a and CCL22, as well as other sets of transcripts (eg, TCF4),
during differentiation into DC. These results provide evidence that monocyte subsets are
transcriptionally imprinted/programmed with specific differentiation fates, with
intermediate/nonclassical CD16™ monocytes being precursors for pro-inflammatory CD103*
RALDH2*TCF4" DCs that may play key roles in mucosal immunity homeostasis/
pathogenesis. Thus, alterations in the CD16"/CD16~ monocyte ratios during pathological
conditions may dramatically influence the quality of MDDC-mediated immunity.

Introduction

Peripheral blood monocytes are myeloid cells originating from the bone marrow that infiltrate secondary
lymphoid organs and peripheral tissues after a few hours/days of circulation through the blood.'?
Monocytes contribute to tissue homeostasis and innate/adaptive immunity against pathogens,
especially upon differentiation into dendritic cells (DCs) or macrophages (M®).3'® In the intestine,
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the majority of DCs and M® are derived from blood monocytes.*'*

In other tissues, monocyte-derived myeloid cells coexist with self-
renewing tissue-resident M® of embryonic/fetal origin.'"®'® The
proportion between these 2 pools varies from homeostasis to tissue
injury and during aging.'” Insights into the existence of self-
renewing tissue-resident myeloid cells were mainly provided by
studies in mice models,'®2° with evidence in humans being still
scarce.?’

Human monocytes are classified into 3 major subsets according to
their differential expression of CD14 and CD16: classical CD14™*
CD167, intermediate CD14"*CD16", and nonclassical CD14™"
CD16™* monocytes.?? Further, other surface markers such as Slan/
M-DC8 proved useful to distinguish classical vs intermediate/
nonclassical monocytes.?*2® Multiple transcriptional studies support
the existence of a developmental relationship between these blood
monocyte subsets.?®?° Most recently, deuterium labeling in humans
and complementary studies in humanized mice models demonstrated
the sequential differentiation of bone marrow-derived classical
monocytes into intermediate and nonclassical monocytes.?> The
identification of CCR2 and CX3CR1 as chemokine receptors involved
in the tissue-specific homing of classical and intermediate/nonclassical
monocytes, respectively, in humans and mice®3%®! open the path fora
detailed understanding of the distinct roles played by these monocytes
in tissue homeostasis and disease pathogenesis.*'3%23% Briefly,
intermediate/nonclassical monocytes distinguish from classical mono-
cytes by their increased frequency during various pathological
conditions, as well as their ability to produce pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-a and interleukin (IL)-1,22333641
to maintain blood vessel homeostasis (“patrolling” CX3CR1™
monocytes),®® and to sense viruses via TLR7/TLR8.33542 Given that
monocytes are DC precursors,>'® these findings raise new ques-
tions relative to potential functional differences between classical
and intermediate/nonclassical monocyte-derived DCs (MDDCs).
Although both CD16~ and CD16™ monocytes differentiate into
DCs in the presence of granulocyte-M® colony-stimulating factor
(GM-CSF) and IL-4 in vitro,**** CD16* monocytes were reported to
preferentially acquire DC features in a model of trans endothelial
migration.*® Also, CD16" is distinguished from CD16~ MDDCs by
their cytokine production, expression of costimulatory molecules,
trafficking potential, and antigen presentation capacity.*>*® At steady
state, it was reported that monocytes can traffic into tissues where
they capture antigens while retaining their “monocyte” phenotype.44°
Whether such tissue-infiltrating monocytes return in the blood
circulation remains a yet unproved possibility.>° The latter scenario
may explain the transcriptional and functional heterogeneity of CD16/
CD16™ monocyte subsets in the blood, indicative of different stages of
monocyte differentiation.262°

In this study, we used a systems biology approach to explore
features of CD16% and CD16~ MDDCs. Our results support a
model in which CD16™ and CD16~ monocytes are imprinted/
programmed to give rise to transcriptionally distinct MDDC subsets
that may play different roles in tolerance vs immunity. Of particular
importance, our study reveals that CD16" vs CD16~ MDDCs
express unique adhesion molecules (eg, CD103), enzymes (eg,
RALDH2), and transcription factors (eg, transcription factor 4
[TCF4]), typically expressed by mucosal DCs, supporting a
scenario in which CD16% monocytes are precursors for mucosal
DCs. These insights orient the rational use of CD16~ vs CD16™
monocytes in DC-based immunotherapies.
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Material and methods
Study subjects

Healthy HIV-uninfected donors were recruited at the Montreal
Chest Institute, McGill University Health Centre and Centre
Hospitalier de I'Université de Montréal (CHUM, Montreal, QC,
Canada). Large quantities of peripheral blood mononuclear cells
(PBMCs) (10°-10"° cells) were collected by leukapheresis, as
previously described.®’ Cytomegalovirus infection was determined
on detection of cytomegalovirus-specific antibodies (Abs), using
chemiluminescent microparticle immunoassay.>?

Ethics statement

This study, using PBMC samples from healthy HIV-uninfected
subjects, was conducted in compliance with the principles included
in the Declaration of Helsinki. This study received approval from
the Institutional Review Board of the McGill University Health
Centre and the CHUM-Research Centre, Montreal, Quebec,
Canada. Written informed consents were obtained from all study
participants.

Flow cytometry phenotypic analysis

Surface staining was performed as previously described,®®

with the following fluorochrome-conjugated Abs: CD3 FITC
(BW264/56), CD8 FITC (BW135/80), CD19 FITC (LT19),
CD1c phycoerythrin (PE) (AD5-8E7; Miltenyi Biotec, Auburn,
CA); CD56 FITC (HCD56; Biolegend, San Diego, CA); CCR7 PE
(150503; R&D Systems, Minneapolis, MN); CD1a FITC (HI149),
DC-SIGN PE (DCN46), HLA-DR APC (G46-6; BD Pharmingen,
San Diego, CA); and CD16 PE-Cy5 (3G8), CD14 FITC
(RMO52), and CD83 PE-Cy5 (HB15a; Beckman Coulter, Brea,
CA). Cells were analyzed using a LSRIl cytometer, Diva (BD
Biosciences, San Jose, CA). Positivity gates were placed using
fluorescence minus 1.3%4

Magnetic and fluorescence-activated cell sorting

Total monocytes were isolated from PBMCs of HIV-uninfected
subjects by negative selection, using magnetic beads (MACS;
Miltenyi).2® Monocytes were further stained with a cocktail of
CD16,CD1c, CD3,CD8,CD19, and CD56 Abs for fluorescence-
activated cell sorting (FACS). Of note, CD14 Abs were not
included in the sorting cocktail in an effort to avoid any potential
stimulation via CD14.%° The CD16* (including mainly nonclassical
CD14*CD16™ " monocytes) and CD16~ monocytes, lacking
expression of the lineage markers CD3, CD8, CD19, CD56, and
CD1c, were sorted by FACS (BDAria Il; BD Biosciences; low
pressure [20 PSI], 100 wM nozzle). Postsort quality control analysis
indicated purities greater than 96% (supplemental Figure 1).

Generation of immature and mature MDDCs

Monocyte subsets were differentiated into DCs by culture in RPMI
1640 media (2% fetal bovine serum; 1% penicillin/streptomycin)
containing GM-CSF and IL-4 (20 ng/mL; R&D Systems) for 6 days;
cytokine-containing media were refreshed every 2 days (Figure 1A).
For phenotypic analysis, MDDC maturation was induced by
stimulation with Escherichia coli lipopolysaccharides (LPS; SIGMA;
100 ng/mL) for 48 hours. Immature and mature MDDCs were
stained with Abs against CD14 (monocyte marker), CD1a, CD1c,
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and DC-SIGN (immature MDDC markers), and CD83 and CCR?7
(mature MDDC markers).

Confocal microscopy

The visualization of MDDC phenotype and morphology was
performed by confocal microscopy, as previously described.®®°?
Briefly, MDDCs were stained with mouse anti-human PE-
conjugated CD1a Abs (BD Pharmingen) and Pholloidin-AF488
(Invitrogen). Epi-fluorescent and Spinning Disc confocal micros-
copy images were acquired out on an automated Cell Observer
Z1 microscope (Carl Zeiss), using the AxioVision 4.8.2 software
(Carl Zeiss).

Genome-wide transcriptional profiling

Matched CD16™ and CD16~ MDDCs were generated from 5
different healthy HIV-uninfected donors and exposed to media,
E coli LPS (100 ng/mL), or infectious NL4.3BaL HIV-1 virions
(50 ng HIV-p24/10° MDDC) for 24 hours. The HIV NL4.3Bal molecular
clone plasmid was a gift from Dana Gabuzda (Dana-Farber Cancer
Institute, Boston, MA). HIV viral stocks were prepared by trans-
fection of 293T cells with the appropriate plasmid; the concentra-
tion of HIV stocks was determined by ELISA quantification of
HIV-p24 protein; and HIV infectivity was titrated on primary CD4*
T cells, as previously described.®”®° Total RNA was isolated using
RNeasy columns kit (Qiagen). RNA quantity was determined by
Pearl NanoPhotometer (Implen, Germany; 1-5 g RNA/10° cells).
Genome-wide analysis of gene expression was performed by
Génome Québec Innovation Centre (Montreal, QC, Canada), using
the Affymetrix ST 2.0 chips, covering more than 53 000 tran-
scripts and known splice variants across the human transcriptome.
Gene expression data were normalized using the robust multiarray
average method, as implemented in the oligo Bioconductor
package.®®®' Differentially expressed genes were adjusted using
Benjamini-Hochberg method for multiple hypotheses testing, as we
previously reported.®”®° This allowed the use of false discovery rate
thresholds to assess whether a gene is differentially expressed or not.
Differentially expressed genes were further identified (cutoff 1.3-fold;
P < .05; adjusted [adj] P < .05) and classified through gene
ontology (GO), using the NetAffx web-based application (Affymetrix),
whereas differentially expressed pathways were identified using
ingenuity pathway analysis, gene set variation analysis,®> and gene
set enrichment analysis,® as previously described by our group.®®*”
Corresponding heat maps for biological function categories were
generated using programming language R.®® The clustering was
performed using the complete linkage method on the Euclidean
distances from the values represented in the heat maps, as we
previously reported.>”®® Although these methods are known to be
“unsupervised,” clustering samples with a subset of differentially
expressed genes are considered as “supervised.”

Real-time reverse transcription polymerase chain
reaction quantification

One-step SYBR Green real-time reverse transcription polymerase
chain reaction (RT-PCR) was carried out in a LightCycler 480 I
(Roche), using Qiagen reagents according to manufacturer's
recommendations, as previously described.?® Briefly, human ITGAE/
CD103, CDH1/E-cadherin; ALDH1A2/RALDH2, TCF7L2/TCF4,
IGSF2/CD101, and SIGLEC1/CD169 primers were purchased
from Qiagen (QuantiTect Primer Assay). The expression of each
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gene was normalized relative to the internal control 28S rRNA levels
(forward 5’-CGAGATTCCTGTCCCCACTA-3'; reverse 5'-GGG-
GCCACCTCCTTATTCTA-3%%).°% Each RT-PCR reaction was
performed in 2 to 3 replicates.

Cytokine and chemokine quantification

Levels of TNF-a, CCL22, and CCL18 in cell culture supernatants
were quantified by ELISA (R&D Systems), according to the
manufacturer's protocol.

Statistics

Statistical analyses were performed using the GraphPad Prism 6.
Details are included in figure legends. Sample size calculations for

microarray studies and other investigations were based on previous
results, 26:53/56,64,65

Accession numbers

The entire microarray dataset and technical information requested
by Minimum Information About a Microarray Experiment are
available at the Gene Expression Omnibus database under
accession number GSE111474.

Results

Peripheral blood CD16* and CD16~ monocytes
acquire typical DC features in vitro

Phenotypic features of CD16* and CD16~ MDDCs were first
investigated before/after LPS-induced maturation. Highly pure
CD16™ and CD16~ monocytes were cultured in the presence of
GM-CSF and IL-4 for 6 days (Figure 1A; supplemental Figure 1).
Both CD16" and CD16~ monocytes differentiate into DCs, as
reflected by high levels of CD1c and HLA-DR and the loss of
CD14 expression, with CD16 expression conserved on a fraction of
CD16" MDDCs (Figure 1B-C). Further, the expression of immature
(CD1a, CD1c, DC-SIGN) vs mature (CD83, CCR7) DC markers
was assessed on these MDDC subsets before and after LPS-
induced maturation. Both CD16" and CD16~ MDDCs expressed
similarly high levels of CD1c, CD1a and DC-SIGN at immature
stage, and the mature DC markers CD83 and CCR7 upon LPS
exposure (supplemental Figure 2A-B). Staining with CD1a Abs and
phalloidin (actin filaments) followed by confocal microscopy
visualization demonstrated that both MDDC subsets acquired a
typical veiled morphology, with a tendency for more protrusions/
filopodia on the surface of CD16™ vs CD16~ MDDCs (supple-
mental Figure 2C). Thus, both CD16™ and CD16~ monocytes
differentiate into DCs expressing classical immature/mature DC
markers and typical veiled morphology.

CD16" and CD16~ MDDCs respond differently to
bacterial vs viral antigens

To determine whether the distinct ability of CD16*/CD16~ mono-
cytes to sense bacterial/viral pathogens®*? is inherited by their DC
progeny, genome-wide transcriptional profiles of CD16* and CD16~
MDDCs were analyzed before/after exposure to LPS or infectious
HIV-1 (Figure 1AD-H; supplemental Figure 3). Of note, the
HIV concentration used (ie, 50 ng/mL HIV-p24) was selected in
preliminary experiments as being optimal in terms of efficient HIV
trans infection from MDDCs to CD4" T cells (data not shown).
Differentially expressed probe sets were identified based on P values
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(P < .05), adjusted P values (adj. P < .05), and fold change (FC)
expression ratios (Figure 1D-H; supplemental Tables 1-8). A total of
3374 probe sets were differentially expressed between CD16" and
CD16~ MDDCs at immature stage (Figure 1D). Upon LPS-induced
maturation, 9014 and 9167 probe sets were regulated in CD16™
and CD16~ MDDCs, respectively (P < .05; Figure 1E). Among
LPS-modulated probe sets, 7041 were expressed in both MDDC
subsets, whereas 1973 and 2126 transcripts were differentially
regulated by LPS in CD16" and CD16~ MDDCs, respectively
(Figure 1F). In contrast to the high number of LPS-modulated genes,
only 1164 and 663 probe sets were modulated by HIV in CD16"
and CD16~ MDDCs, respectively (P < .05; Figure 1G), with 36
commonly HIV-modulated transcripts (Figure 1H). These results
demonstrate that CD16" and CD16~ monocytes are precur-
sors for transcriptionally distinct MDDC subsets able to sense
bacterial/viral pathogens in unique manners.

Distinct transcriptional profiles in CD16™ and
CD16~ MDDCs at immature stage

Based on P values (<.05) and FC expression ratios (cutoff, 1.3),
447 and 692 probe sets were preferentially expressed in immature
CD16™ and CD16~ MDDCs, respectively (data not shown). When
adj. P < .05 were applied, 159 and 288 probe sets were found
preferentially expressed in immature CD16™" and CD16~ MDDCs,
respectively; new molecular markers for CD16" MDDCs and
CD16~ MDDCs were identified (supplemental Tables 1 and 2).

Gene set variation analysis of differentially expressed genes identified
canonical pathways (C2) and biological processes (C5) preferen-
tially associated with CD16™ or CD16~ MDDCs (supplemental
Figure 4A). Among C2 canonical pathways, pathways enriched in
CD16" MDDCs were linked to nuclear receptors and T-helper
pathways, as well as regulation of interferon o (IFNA) pathway;
whereas pathways enriched in CD16~ MDDCs were linked to DNA
replication and repair and telomere maintenance (supplemental
Figure 4A-B). Among C5 biological processes, pathways enriched
in CD16%" MDDCs were linked to actin filament, response to
extracellular stimuli, IFN-y production, positive regulation of MAPKKK
cascade, lymphocyte differentiation, regulation of lymphocyte acti-
vation, positive regulation of T-cell activation, B-cell activation,
and lymphocyte activation (supplemental Figure 4B). In contrast,
biological processes enriched in CD16~ MDDCs included nuclease
and endonuclease activity, cell cycle, DNA replication, chromatin, and
microtubule motor activity (supplemental Figure 4B).

Further GO classification of differentially expressed genes in
CD16" and CD16~ MDDCs revealed transcripts related to
different biological functions, including: transcription factors,
cytokines, adhesion molecules, chemotaxis, and cell projections

(Figure 2). For the GO term transcription factors, transcripts
enriched in CD16™ MDDCs included the myocyte enhancer factor
2, polycomb group ring finger 2, peroxisome proliferator-activated
receptor v, transcription factor 7-like 2 (TCF7L2 or TCF4), basic
helix-loop-helix family member e41, forkhead box O1 (FOXO1),
homeodomain interacting protein kinase 2, and activating tran-
scription factor 3, whereas transcription factors enriched in CD16™
MDDCs included E2F transcription factor 6 (E2F6) and the hypoxia
inducible factor 1, a subunit (HIF1A; Figure 2A). The heat map in
Figure 2A also reveals upregulation of transcripts for the stem cell
surface markers CD34 and c-kitin CD16~ vs CD16" MDDCs. For
the GO term cytokines, JAK1, CCL22, IL-21R, PTGER4, IL-15,
TNFSF14, CD86, SERPINA1, and aldehyde dehydrogenase 1
family member A2 (ALDH1A2 or retinaldehyde dehydrogenase 2
[RALDHZ2]) transcripts were enriched in CD16" MDDCs, whereas
IL1RL2, dual oxidase 1 (DUOX1), interferon a-inducible protein 6
(IFI16), IL17RB, and CCL18 were enriched in CD16~ MDDCs
(Figure 2B). For the GO term adhesion molecules, CD16™ MDDCs
were enriched in CD97, signaling lymphocytic activation molecule
family 7, TNFRSF12A, ITGAL, paladin, RAPH1, ALCAM, LY9, and
ITGAE (or CD1083) transcripts, whereas C-type lectin domain family
4, member M; integrin, a 9; SIGLEC1; CDH1 (or E-cadherin);
ADAM23; CDH2; EPCAM; SELL; c-kit; CD34; and IFT 74 transcripts
were upregulated in CD16~ MDDCs (Figure 2C). The GO term
chemotaxis further revealed preferential expression of CCR6 in
CD16~ MDDCs (Figure 2D). Finally, several transcripts associated
with the GO term cell projections were differentially expressed in
CD16" vs CD16~ MDDCs (Figure 2E).

Transcripts differentially modulated by LPS in CD16*
vs CD16~ MDDC

Large sets of transcripts were modulated by LPS in both CD16™ and
CD16~ MDDCs (Figure 1E-F). Nevertheless, unique transcriptional
signatures induced by LPS were identified in each MDDC subset
(Figure 3A; supplemental Figures 3 and 5). Using adj. P < .05 and
FC cutoff 1.3 selection criteria, 261 and 221 transcripts were found
upregulated and downregulated, respectively, after LPS exposure
uniquely in CD16" MDDCs (supplemental Tables 3 and 4), whereas
265 and 467 transcripts were upregulated and downregulated,
respectively, by LPS preferentially in CD16~ MDDCs (supplemental
Tables 5 and 6). Among transcripts specifically modulated by LPS in
CD16" MDDCs, CCL8, SIGLEC1, microRNA (MIR)4439, SCIN,
IL7R, PLTP, TNF, CFP (properdin, the positive regulator of the
alternative pathway of complement activation®®®?), clusterin, C2,
MIR331, triggering receptor expressed on myeloid cells 139,
MAP3K8, CXCL1, IL-18, BCL11A, perforin 1, MIR4436, MIR299,
and retinol dehydrogenase 11 (RDH11) were upregulated, whereas
lipoprotein lipase, kelch-like family member 6, CD109, TLR3, ITGAE,

Figure 1. CD16™ and CD16~ monocytes differentiate into DCs with distinct transcriptional profiles. (A) Shown is the experimental flowchart. Briefly, total monocytes

were purified by negative selection using magnetic beads. Highly pure CD16™ and CD16~ monocytes were subsequently sorted by FACS on staining with CD16 Abs and a

cocktail of FITC-conjugated nonmonocyte lineage-specific Abs (CD1¢, CD3, CD8, CD19, and CD56; supplemental Figure 1). Immature MDDCs were generated by culturing
monocyte subsets in the presence of GM-CSF and IL-4 for 6 days. Total RNA was extracted from matched CD16™ and CD16~ MDDCs (n = 5) that were exposed to media,

LPS, or HIV for 24 hours. Genome-wide transcriptional profiling was performed using the Affymetrix HG Plus 2.0 microarrays. (B-C) Shown are the expressions of CD14 and
CD16 on total monocytes before sort (B) and the expression of CD14, CD16, CD1c, and HLA-DR on immature CD16™ and CD16~ MDDCs on differentiation in vitro (C).
Results in B-C are from 1 donor representative of results generated with cells from more than 10 donors. (D-H) Shown are Venn diagrams of differentially expressed genes in

CD16™ vs CD16~ MDDCs in response to media (D), LPS (E), and HIV (G), as well as the representation of the number of commonly and differentially expressed genes on

exposure to LPS (F) and HIV (H). n.s., not significant.
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Figure 2. Gene ontology classification of differentially expressed genes in immature CD16* and CD16~ MDDCs. Transcriptional profiling was performed as
described in Figure 1A,D. Differentially expressed genes in CD16" (green) vs CD16~ (blue) MDDCs exposed to media (immature; P < .05; FC cutoff, 1.3) were classified
using gene ontology in (A) transcription factors, (B) cytokines, (C) adhesion molecules, (D) chemotaxis, and (E) cell projections. Each heat map column represents data

from a distinct donor for matched immature CD16" vs CD16~ MDDCs (n = 5).
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ABCA1, ITGAV, KLF10, and FCGR3A were downregulated
(supplemental Tables 3 and 4). Among transcripts specif-
ically modulated by LPS in CD16~ MDDCs, upregulated were
matrix metallopeptidase 10 (stromelysin 2, MMP10), MMP1,
TNFRSF11A, IL-1A, lysosomal-associated membrane protein 1,
MMPS8, fibrillin 1, aldehyde dehydrogenase 1 family member L2
(ALDH1L2), IL-1 receptor antagonist, triggering receptor ex-
pressed on myeloid cells 1, and mucosa-associated lymphoid tissue
lymphoma translocation gene 1 (MALT1), whereas CD24; STEAP
family member 4; CD163 molecule-like 1(CD163L1); MIR146B;
p21 protein (Cdc42/Rac)-activated kinase 7 (PAK7); CCL18;
G protein-coupled receptor 34; cell adhesion molecule 3 (CAMS3);
IL-17RB; CD207; CD180; legumain; MIR3174; C-type lectin
domain family 4, member M; CD69; CD163; IL-10; integrin, o 9;
and myeloperoxidase transcripts were downregulated (supplemental
Tables 5 and 6).

GO classification of differentially expressed genes in CD16™ and
CD16~ MDDCs exposed to LPS revealed transcripts linked to
cell migration and cytokines. For the GO term chemotaxis, top-
regulated transcripts included OR1D2, TNFRSF11A, RALA, CXCR4,
and CCL18 for CD16~ MDDC, and AMICA1; chemerin chemokine-
like receptor 1; ITGAM; protein tyrosine phosphatase; receptor type, J;
CCL22; and proteolipid protein 2 for CD16™* MDDCs (Figure 3B). For
the GO term cytokines, top regulated transcript enriched in CD16™
MDDCs included fms-related tyrosine kinase 3, MALT1, NUP107,
IGF1R, CXCR4, IL17RB, CCL18, EGR1, IL-7, IL.-23R, IFNA1, and
IL-1R1, whereas in CD16™, MDDCs included IL-21R, LTB, IL-18, LTA,
CCL22, TNF, MYD88, interferon a-inducible protein 6, CD86, and
DUOX2 (Figure 3C). Thus, both MDDC subsets sense LPS, but in
transcriptionally distinct manners, with CD16" compared with
CD16~ MDDCs exhibiting a superior pro-inflammatory profile, as
reflected by their upregulated expression of LTB, IL-18, LTA, TNF,
CCL22, MYD88, and DUOX2 transcripts.

Transcripts differentially modulated by HIV in CD16™
vs CD16~ MDDCs

Transcriptional changes observed in CD16™ or CD16~ MDDCs on
exposure to HIV were minor compared with those induced by LPS
(Figure 1D-H; supplemental Figures 3 and 6). A number of 44 and
84 transcripts were specifically up- and downregulated, respec-
tively, by HIV in CD16™ MDDCs (supplemental Table 7). Also, a
number of 25 and 30 transcripts were specifically up- and
downregulated, respectively, by HIV in CD16~ MDDCs (P < .05;
FC cutoff 1.3; supplemental Table 8). Heat maps in supplemental
Figure 6A-B illustrate top transcripts modulated by HIV in CD16™
and CD16~ MDDCs (P < .05; FC cutoff, 1.3). None of these
changes in gene expression reached an adj. P < .05 (supplemental
Figure 3). Of note, HIV differentially regulated the expression of
multiple MIRs in both CD16™ and CD16~ MDDCs. Transcripts
upregulated by HIV in CD16™* MDDCs included the IFI6, MIR568,
MIR4718, CD101 (a molecule potentially involved in the negative
regulation of T-cell activation®®), MIR4717, SIGLEC1, MIR3692,

MIR3188, MIR4441, Kruppel-like factor 10 (KLF10), MIR4672,
MIR548S, CASP6, MIR583, and MIR4491, whereas downregulated
transcripts included the p-associated, coiled-coil containing protein
kinase 1 pseudogene 1 (ROCK1P1), ubiquitin-specific peptidase
17-like family member 5, cytokine receptor-like factor 2, MIR548I3,
MIR509-3, IFNA1, fms-related tyrosine kinase 3, IL-2RA, mediator
complex subunit 27, activating transcription factor 3, IFNA16, and
CCR4 (Figure 4A; supplemental Table 7; supplemental Figure 6A).
Transcripts upregulated by HIV in CD16~ MDDCs included
MIR1271, MIR516A2, MIR3911, MIR196A1, S100B, MIR320C1,
MIR3665, MIR3201, and MIR523; whereas downregulated tran-
scripts included MIR4499, MIR3975, MIR4263, MIR545, MIR130B,
and MIR4308 (Figure 4A; supplemental Table 8; supplemental
Figure 6B). Of note, immature CD16" MDDCs shared transcripts
with HIV-exposed CD16~ MDDCs (Figure 4A). When GO analysis
was performed, transcripts associated to exosomes were predom-
inant and preferentially expressed by HIV-exposed CD16" vs CD16~
MDDCs (Figure 4B). These results reveal minor but tailored effects
HIV exerts on the functionality of CD16™ and CD16~ MDDCs.

CD16* MDDCs exhibit a unique pro-inflammatory
molecular signature

Gene set enrichment analysis identified canonical pathways modu-
lated in CD16™ vs CD16~ MDDCs by LPS and/or HIV exposure
(Figure 5). Canonical pathways linked to 20S proteasome, myeloid
lineage, myeloid M®s DC inflammatory interleukin, and inflammation Il
were enriched in CD16% vs CD16~ MDDCs in all experimental
conditions (Figure 5A). Changes in the expression of various MIRs
were also observed, including the preferential expression in CD16™
vs CD16~ MDDCs of MIR1271 under constitutive conditions,
MIR146b on LPS stimulation, and MIR4499 after HIV exposure
(Figure 5B). Thus, distinct canonical pathways and MIR-mediated
regulatory mechanisms control MDDC functions, with inflalmmation
being a key feature of CD16" MDDCs.

CD16™ monocytes differentiate into CD103* RALDH2*
TCF4™" DCs that produce high TNF levels

The microarray results listed in supplemental Tables 1-8 and
illustrated in supplemental Figure 7 were further subject to RT-PCR
and ELISA validations. Results in Figure 6A reveal that CD103,
RALDH2, and TCF4 are indeed transcriptional markers for imma-
ture CD16" MDDCs, whereas CD16~ MDDCs exhibited prefer-
entially CDH1/E-cadherin transcripts. RT-PCR validations also
revealed that HIV-exposed CD16" and CD16~ MDDCs are
distinguished by preferential expression of CD101 and CD169,
respectively (Figure 6B). Finally, results in Figure 6C illustrate
that CD16" vs CD16~ MDDCs produce higher levels of TNF-a
on LPS exposure. Also, CD16" vs CD16~ MDDCs produced
superior levels of CCL22 at immature stage or on HIV exposure,
whereas CCL18 was mainly produced by immature and mature
CD16~ MDDCs (Figure 6C). In contrast to HIV that did not
increase the ability of MDDCs subsets to produce these

Figure 4. Differential gene expression in CD16™ and CD16~ MDDCs in response to HIV. Transcriptional profiling was performed as described in Figure 1A,G-H, with

matched MDDCs subsets exposed to media (immature) or HIV for 24 hours. Shown are top differentially regulated genes in immature and HIV-exposed CD16™ (green) and
CD16~ MDDCs (pink) (A) and differentially expressed genes in CD16™ (green) vs CD16™ (blue) MDDC subsets exposed to HIV (P < .05; FC cutoff, 1.3) linked to the gene

ontology terms exosome (B). Heat map cells are scaled by the expression-level z-scores for each probe individually. Results were generated with cells from 5 different donors

identified with different color codes.
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Figure 5. CD16™* and CD16~ MDDCs exposed to media, LPS, or HIV exhibit unique molecular signatures. Genome-wide transcriptional profiles were generated as
described in Figure 1A,D-H for MDDC subsets exposed to media, LPS, or HIV for 24 hours. (A) Gene set enrichment analysis allowed the identification of top-regulated
canonical pathways (C2), commonly and differentially expressed between CD16™ vs CD16~ MDDCs exposed to media, LPS, or HIV-1. (B) Shown are top-regulated
micro-RNAs (MIR) differentially expressed between CD16* and CD16~ MDDCs exposed to media, LPS, or infectious HIV virions. Results were generated with matched
MDDC subsets from 5 different donors.
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Figure 6. Novel functional markers for CD16* and CD16~ MDDCs. MDDC subsets were generated and exposed to media (immature), LPS (mature), or HIV for 24
hours, as described in Figure 1A. Shown are real-time RT-PCR validation of relative ITGAE/CD103, CDH1/E-cadherin, ALDH1A2/RALDH2, and TCF7L2/TCF4 mRNA
expression in immature MDDC subsets (A), as well as IGSF2/CD101 and SIGLEC1/CD169 in HIV-exposed MDDC subsets (B). (A-B) Results were generated with matched
MDDC subsets from 3 to 5 different donors. Each symbol represents the median value of 2 to 3 RT-PCR replicates, with values for CD16~ MDDCs being considered 1.
Paired Student t test P values are indicated on the graphs. (C) Shown are levels of TNF-a, CCL22, and CCL18 quantified by ELISA in cell culture supernatants from matched
CD16" and CD16~ MDDCs on exposure to media, LPS, or HIV (n = 4-5, mean + SEM). Paired Student ¢ test P values for log;o cytokine levels are indicated on the graphs.

cytokines/chemokines, LPS was a strong inducer of TNF-a and superior pro-inflammatory and chemoattractant potential com-
CCL22, but not CCL18 (Figure 6C). Thus, CD16™ mono- pared with CD16~ MDDCs that express a CDH1™" transcrip-
cytes are precursors for CD103"RALDH2*TCF4" DCs with a  tional signature.
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Figure 7. Meta-analysis identifies a transcriptional signature
conserved by CD16* and CD16~ monocytes during differen-
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A conserved transcriptional signature in CD16™
monocytes and MDDCs

A meta-analysis was performed using transcripts differentially expressed
in CD16" vs CD16~ monocytes (GSE168362°) and CD16™ vs
CD16~ MDDC data sets (GSE111474; Figure 1A,D-H). Results in
Figure 7 reveal multiple transcripts conserved between CD16™
MDDCs and their monocyte progenitors. This indicates that
CD16™ monocytes are stably imprinted with a transcriptional profile
that is conserved during differentiation into DCs.

Discussion

Monocytes are precursors for DCs, professional antigen-
presenting cells that shape self-tolerance as well as immunity to
pathogens.'®”° Here, we provide evidence that intermediate/
nonclassical CD16™ and classical CD16~ monocytes are precursors
for transcriptionally/functionally distinct DC subsets (Figure 8)
that may exhibit a peculiar capacity to shape immunity against
bacterial/viral pathogens. Thus, a functional specialization exists

11,34,69
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not only between CD16™ and CD16~ monocytes®®2242 byt also
between their DC progeny, supporting the idea that changes in
monocyte heterogeneity during various pathological conditions
have consequences on the quality of DC-mediated immune
responses.’®

Biological processes linked to lymphocyte activation were enriched
in CD16" vs CD16~ MDDCs. Indeed, CD16™ MDDCs expressed
transcripts involved in immunological synapse formation, including
activation molecules (CD86, CD97, LY9), adhesion molecules
(ALCAM, LFA-1), and transcription factors (FOXO1, activating
transcription factor 3, TCF4). CD97 was previously identified as
a marker for CD16™ monocytes®® and an HIV permissiveness
factor”'; FOXO1 upregulates CCR7 and ICAM1 for complete DC
maturation’?; AFT3 has a role in Th17 polarization73; and TCF4,
a component of the Wnt/B-catenin pathway, regulates DC
functions”*”® and restricts HIV in myeloid cells.”® As opposed to
CD16™ MDDCs, transcriptional profiles in CD16~ MDDCs point to
a less active cellular metabolism, with enriched expression of early
hematopoietic precursor and stem cell transcripts (CD34, c-kit, and
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Transcription factors

Surface markers

Adhesion molecules

Chemotaxis

Cytokines

Functional markers

HIV interactors

LPS response

HIV response

TCF7L2/TCF4, PPARG, FOXO1,
ATF3

CD16, CD86, CD97, LY9,

ITGAL, ALCAM, CD103/ITGAE

CCL22

IL-15

ALDH1A2, JAK1, MGLL, FAH2,
MTSS1, P2RX1

P2RX1, MDM2, ITGAL, IL-15,
TCF7L2, ACTA2, PACST1, JAK1,
and PPARG

CCL8, SIGLEC1, MIR4439, SCIN,
IL-7R, PLTP, TNF, CFP, CLU, C2,
MIR331, MAP3K8, SNX10,
CXCL1, IL-18, P2RY8

IFI6, MIR568, MIR4718, CD101,
MIR4717, ZNF714, ZNF429

I Y T

HIF1A

CD34, c-kit, BRCA2

CDH1/E-cadherin, ITGA9, CDH2,
SIGLEC1, EPCAM, SELL

CCR®g, CCL18, PPBP/CXCL?7

IL-7, IFNA1

STEAP4, PAK7, TRIM15, TRIM10,
IFI16, S100B, MPO, DUOX1,
DUOXA1

TRIM15, SIGLEC1, CDH1, HIF1A,
NUP93

MMP10, MMP1, TGM2, IL1A,
TNFRSF11A, LAMP1, MMP8,
ALDH1L2, TREM1, MALTT,
ALCAM, PPARG, CXCLS, IL6ST,
IL-23A, S100A3

MIR1271, MIR516A2, MIR3911,
PKP2, MIR196A1, S100B

Figure 8. Unique transcriptional signatures discriminate
CD16" from CD16~ MDDCs. Shown are top-differentially
expressed genes in CD16" vs CD16~ MDDCs at immature
stage or on exposure to LPS and HIV. Selected top-modulated
genes encode for transcriptional factors, surface markers,
adhesion molecules, chemotaxis, cytokines, functional markers,
HIV interactors, LPS response, and HIV response. Transcripts

in bold were validated at RNA and/or protein level in Figure 6.

ITAG9, HIF1A), cell migration markers (CCR6, SELL and EPCAM),
cytoskeleton (PAK?), adhesion molecules (CDH1 and CDH2) and
phagocytosis (SIGLEC1). The biological processes enriched in
CD16~ vs CD16™ MDDCs included biological terms such as cell
cycle, DNA replication, chromatin, and microtubule motor activity.
CD16~ compared with CD16" MDDCs, were also enriched in
transcripts involved in the protection against oxidative stress
including myeloperoxidase, DUOX1, and DUOAX1.?” Interestingly,
CD16~ MDDCs also expressed the sensor for microbial DNA
IFI16,”® previously reported to sense HIV in CD4" T cells.”®

Pioneering studies by Sanchez-Torres et al demonstrated that
CD16" vs CD16~ MDDCs differ in their immunogenic potential,43
with differences in CD86 and CD11A expression that are
confirmed by our transcriptional studies. One major finding of
our study is that CD16" and CD16~ MDDCs exhibit unique
CD103"RALDH2 " TCF4™ and E-cadherin™ phenotypes, respec-
tively. Our findings mirror evidence in mice demonstrating distinct
roles of mucosal CD103" and E-cadherin™ DCs in intestinal
tolerance (Treg differentiation) and immunity (Th17 differentia-
tion), respectively.®982 RALDHZ2 is involved in the biosynthesis of
the retinoic acid (RA) from vitamin A.8385 The coexpression of
TCF4 and RALDH2 in CD16™* MDDCs is consistent with the fact
that TCF4 regulates RALDH2 expression in DCs.”*®® In humans,
CD1c" DCs were reported to produce RA8” Our transcriptional
profiling indicates that RA-producing DCs differentiate from CD16™
monocytes. It is known that RA-producing DCs imprint CD4 ™ T cells
with gut-homing potential during antigenic presentation.8° RA
was reported to promote naive T-cell differentiation into Tregs
or Th17 cells, depending on the cytokinic environment.®® We
demonstrated that RA acts on memory CD4" T-cells to in-
creases HIV permissiveness in Th17 cells via mechanistic target of
rapamycin—dependent mechanisms.>®®* Thus, by producing RA,
CD16" MDDCs may either act as regulatory DCs or activate Th17
cells to promote HIV dissemination at mucosal level."®®" Indeed,
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CD16" monocytes express high levels of CX3CR1,°%%" a

chemokine receptor mediating migration into the gut,®? and they
may differentiate into mucosal CD103"RALDH2" DCs. The
pathogenic potential of CD16™ vs CD16~ MDDCs in the context
of HIV-1 infection may also be mediated by the production of the
homeostatic cytokine IL-15,°°* pro-inflammatory cytokine TNF-a*",
and the chemokine CCL22, which may attract CCR4™ Th17 cells
and deliver costimulatory signals essential for HIV replication.%® The
pathogenicity of CD16™ MDDCs during HIV infection requires further
in-depth investigations.

Despite the fact that both CD16* and CD16~ MDDCs acquire a
mature CD83"CCR7" phenotype after LPS exposure, distinct
transcriptional signatures were observed in these subsets. Mature
CD16™ MDDCs expressed transcripts for inflammatory cytokines/
chemokines (TNF-q, IL-18, CXCL1), complement components (C2,
CFP), phagocytosis and HIV capture (SIGLEC1 ),%8 and microRNA
(Mir-331, Mir-4439). In contrast, mature CD16~ MDDCs expressed
transcripts associated with type-1 interferon response (IL1A, IFNA1),
inflammasome activation pathway (MALT1°7:°8), cell migration
(CXCL6 and metalloproteinases MMP1,°® MMP8'°° and
MMP10'°"), Th17 polarization (IL-23, IL-6ST), DC-T-cell interaction
(ALCAM, TNFRSF11), and mitochondrial functions (ALDH1L2).
Thus, CD16™ and CD16~ MDDCs respond differently to LPS,
indicative that each DC subset exhibits a distinct immunological role
in immunity.

In contrast to LPS, HIV exposure induced minimal changes in the
transcriptional profiles of both CD16* and CD16~ MDDCs, with no
signs of DC maturation. Our results are in line with studies published
by other groups demonstrating the limited capacity of MDDCs to
sense HIV.'°%"% |ndeed, HIV was reported to inhibit the function of
TANK-binding kinase 1, a kinase involved in IFN signaling pathway."°®
Nevertheless, specific transcripts (ie, CD101 and SIGLEC1) and
microRNAs were identified as differentially modulated by HIV in
these MDDC subsets; their role in controlling the immunogenic vs
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pathogenic features of CD16" MDDCs during bacterial or viral
infection remains to be investigated in future studies.

Previous transcriptional characterization of monocyte subsets
and their progeny provided valuable insights into their functional
specialization.?*?°?° |n our study, canonical pathways linked
to inflammation distinguished CD16* from CD16~ MDDCs at
immature stage, as well as after exposure to LPS or HIV.
Noteworthy, similar to CD16" monocytes,>>333¢4! we demon-
strate that CD16™ MDDCs are major TNF-a. producers in response
to LPS. Consistently, our meta-analysis revealed that transcripts
differentially expressed in CD16" vs CD16~ monocytes®® were
also found in the present study as markers of immature CD16™
MDDCs (eg, TCF7L2) and CD16~ MDDCs (eg, HIF1a; Figure 7).
Thus, CD16"* and CD16~ monocytes are imprinted with a unique
transcriptional program, likely via epigenetic modifications,'°” that is
in part preserved during differentiation into DCs. This unique
transcriptional imprinting/programming may be the result of distinct
cell-to-cell and/or antigens/pathogens interactions during mono-
cyte trafficking in vivo.3°*°

In this study, we did not distinguish between intermediate and
nonclassical CD16" monocytes. Future studies should use alterna-
tive markers such as M-DC8/slan?®>2%*" to study the immunological
features of DCs derived from these functionally distinct CD16™
monocyte subsets 242541108

In conclusion, our results provide evidence supporting the existence of
a “division of labor” between CD16™* and CD16~ MDDCs and offer a
solid platform for future validations toward the identification of
molecular determinants of DC immunogenicity/pathogenicity, with
relevance for pathological conditions such as sepsis and HIV-1
infection (Figure 8). Alterations of the CD16"/CD16~ monocyte ratio
may significantly influence the quality of DC-mediated immune
responses in the context of specific pathogens; these aspects deserve
future detailed investigations. Finally, our results provide guidance
for the rational use of CD16* vs CD16~ MDDCs in DC-based
therapeutic strategies.

Acknowledgments

The authors thank the Centre de recherche du Centre Hospitalier de
I'Université de Montréal FACS Core Facility for expert technical

References

support in FACS analysis and cell sorting, Mario Legault (HIV/
AIDS and Infectious Diseases Network of the Fonds de
Recherche Québec-Santé) for help with ethical approvals and
informed consents, and Dana Gabuzda (Dana-Farber Cancer
Institute, Boston, MA) for the HIV molecular clones. The authors
thank Josée Girouard and Angie Massicotte (McGill University
Health Centre) for their involvement in human subject re-
cruitment for leukapheresis collection, and Natalia Fonseca do
Rosario and Laurence Raymond Marchand for assay optimiza-
tion, contribution to cell sorting and culture, and critical reading
of the manuscript. Lastly, the authors acknowledge the major
contribution to this work of all human donors via their gift of
leukapheresis.

This work was supported by grants from the Canadian Institutes
of Health Research (CIHR; HOP-120239) (P.A.) and by Canadian
HIV Cure Enterprise Team Grant HIG-133050 from the CIHR in
partnership with the Canadian Association for AIDS Research and
International AIDS Society. V.S.W. received a CIHR Fellowship.
J.-P.R. holds a Louis-Lowenstein Chair in Hematology and Oncology,
McGill University.

Authorship

Contribution: V.S.W. generated the majority of results, analyzed
data, prepared figures, and wrote the manuscript; A.C. generated
results in Figure 6 and significantly contributed to manuscript re-
vision; J.-P.G. performed microarray data analysis and generated
figures; D.G. and A.G. performed flow cytometry sorting; A.C.-B.
generated results in supplemental Figure 2C; Y.Z. performed ex-
periments; C.L.T. and J.-P.R. ensured access to clinical samples/
information and/or provided experimental protocols; P.A. designed
research, analyzed data, and wrote the manuscript; and all authors
reviewed and accepted the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

ORCID profiles: V.S.W., 0000-0002-4602-4273; A.C., 0000-
0001-6741-5145; P.A., 0000-0003-1922-5640.

Correspondence: Petronela Ancuta, CHUM-Research Centre,
900 rue Saint-Denis, Tour Viger R, Room R09.416, Montreal, QC
H2X 0A9, Canada; e-mail: petronela.ancuta@umontreal.ca.

1. Serbina NV, Jia T, Hohl TM, Pamer EG. Monocyte-mediated defense against microbial pathogens. Annu Rev Immunol. 2008;26(1):421-452,

2. Patel AA, Zhang Y, Fullerton JN, et al. The fate and lifespan of human monocyte subsets in steady state and systemic inflammation. J Exp Med. 2017;

214(7):1913-1923.

3.  CrosJ, Cagnard N, Woollard K, et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses via TLR7 and TLR8 receptors. Immunity.

2010;33(3):375-386.

Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat Rev Immunol. 2014;14(6):392-404.
5. Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol. 2005;5(12):953-964.

Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA. Differentiation of phagocytic monocytes into lymph node dendritic cells in vivo. Immunity.

1999;11(6):753-761.

7.  Anbazhagan K, Duroux-Richard |, Jorgensen C, Apparailly F. Transcriptomic network support distinct roles of classical and non-classical monocytes in

human. Int Rev Immunol. 2014;33(6):470-489.

8. Chomarat P, Banchereau J, Davoust J, Palucka AK. IL-6 switches the differentiation of monocytes from dendritic cells to macrophages. Nat Immunol.

2000;1(6):510-514.

€ blood advances 13 NovEMBER 2018 - vOLUME 2, NUMBER 21

CD16" MDDC TRANSCRIPTOME 2875


http://orcid.org/0000-0002-4602-4273
http://orcid.org/0000-0001-6741-5145
http://orcid.org/0000-0001-6741-5145
http://orcid.org/0000-0003-1922-5640
mailto:petronela.ancuta@umontreal.ca

10.

11.

12.

18.
14.

15.

16.
17.
18.
19.

20.
21.

22.
23.

24,

25.
26.

27.
28.

29.

30.
31.
32.
33.
34.
35.

36.

37.

38.
39.

40.

41.

42.

Randolph GJ, Beaulieu S, Lebecque S, Steinman RM, Muller WA. Differentiation of monocytes into dendritic cells in a model of transendothelial
trafficking. Science. 1998;282(5388):480-483.

Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, heterogeneity, and relationship with dendritic cells. Annu Rev Immunol. 2009;
27(1):669-692.

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development of monocytes, macrophages, and dendritic cells. Science. 2010;
327(5966):656-661.

Cheong C, Matos I, Choi JH, et al. Microbial stimulation fully differentiates monocytes to DC-SIGN/CD209(+) dendritic cells for immune T cell areas.
Cell. 2010;143(3):416-429.

Wacleche VS, Tremblay CL, Routy JP, Ancuta P. The biology of monocytes and dendritic cells: contribution to HIV pathogenesis. Viruses. 2018;10(2):E65.

Bain CC, Bravo-Blas A, Scott CL, et al. Constant replenishment from circulating monocytes maintains the macrophage pool in the intestine of adult mice.
Nat Immunol. 2014;15(10):929-937.

Dey A, Allen J, Hankey-Giblin PA. Ontogeny and polarization of macrophages in inflammation: blood monocytes versus tissue macrophages. Front
Immunol. 2015;5:683.

Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue macrophages. Immunity. 2014;41(1):21-35.
Molawi K, Wolf Y, Kandalla PK, et al. Progressive replacement of embryo-derived cardiac macrophages with age. J Exp Med. 2014;211(11):2151-2158.
Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated macrophages. Science. 2013;342(6161):1242974.

Ensan S, Li A, Besla R, et al. Self-renewing resident arterial macrophages arise from embryonic CX3CR1(+) precursors and circulating monocytes
immediately after birth. Nat Immunol. 2016;17(2):159-168.

Goldmann T, Wieghofer P, Jordao MJ, et al. Origin, fate and dynamics of macrophages at central nervous system interfaces. Nat Immunol. 2016;17(7):797-805.

Takata K, Kozaki T, Lee CZW, et al. Induced-pluripotent-stem-cell-derived primitive macrophages provide a platform for modeling tissue-resident
macrophage differentiation and function. Immunity. 2017;47(1):183-198.

Ziegler-Heitbrock L, Ancuta P, Crowe S, et al. Nomenclature of monocytes and dendritic cells in blood. Blood. 2010;116(16):e74-e80.

Schakel K, Kannagi R, Kniep B, et al. 8-Sulfo LacNAc, a novel carbohydrate modification of PSGL-1, defines an inflammatory type of human dendritic
cells. Immunity. 2002;17(3):289-301.

Hofer TP, Zawada AM, Frankenberger M, et al. Characterization of subsets of the CD16-positive monocytes: impact of granulomatous inflammation and
M-CSF-receptor mutation. Blood. 2015;126(24):2601-2610.

Ancuta P. A slan-based nomenclature for monocytes? Blood. 2015;126(24):2536-2538.

Ancuta P, Liu KY, Misra V, et al. Transcriptional profiling reveals developmental relationship and distinct biological functions of CD16+ and CD16-
monocyte subsets. BMC Genomics. 2009;10(1):408.

Ingersoll MA, Spanbroek R, Lottaz C, et al. Comparison of gene expression profiles between human and mouse monocyte subsets. Blood. 2010;115(3):e10-e19.

Frankenberger M, Hofer TP, Marei A, et al. Transcript profiling of CD16-positive monocytes reveals a unique molecular fingerprint. Eur J Immunol. 2012;
42(4):957-974.

Villani AC, Satija R, Reynolds G, et al. Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science. 2017;
356(6335):eaah4573.

Ancuta P, Rao R, Moses A, et al. Fractalkine preferentially mediates arrest and migration of CD16+ monocytes. J Exp Med. 2003;197(12):1701-1707.
Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with distinct migratory properties. Immunity. 2003;19(1):71-82.
Geissmann F, Gordon S, Hume DA, Mowat AM, Randolph GJ. Unravelling mononuclear phagocyte heterogeneity. Nat Rev Immunol. 2010;10(6):453-460.
Ziegler-Heitbrock L. Blood monocytes and their subsets: established features and open questions. Front Immunol. 2015;6:423.

Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation and antigen-presenting functions. Nat Rev Immunol. 2017;17(6):349-362.

Auffray C, Fogg D, Garfa M, et al. Monitoring of blood vessels and tissues by a population of monocytes with patrolling behavior. Science. 2007,
317(5838):666-670.

Frankenberger M, Sternsdorf T, Pechumer H, Pforte A, Ziegler-Heitbrock HW. Differential cytokine expression in human blood monocyte subpopulations:
a polymerase chain reaction analysis. Blood. 1996;87(1):373-377.

Thieblemont N, Weiss L, Sadeghi HM, Estcourt C, Haeffner-Cavaillon N. CD14lowCD16high: a cytokine-producing monocyte subset which expands
during human immunodeficiency virus infection. Eur J Immunol. 1995;25(12):3418-3424.

Belge KU, Dayyani F, Horelt A, et al. The proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF. J Immunol. 2002;168(7):3536-3542.

Ancuta P, Wang J, Gabuzda D. CD16+ monocytes produce IL-6, CCL2, and matrix metalloproteinase-9 upon interaction with CX3CL1-expressing
endothelial cells. J Leukoc Biol. 2006;80(5):1156-1164.

Ancuta P, Kamat A, Kunstman KJ, et al. Microbial translocation is associated with increased monocyte activation and dementia in AIDS patients. PLoS
One. 2008:3(6):€2516.

Dutertre CA, Amraoui S, DeRosa A, et al. Pivotal role of M-DC8™ monocytes from viremic HIV-infected patients in TNFa overproduction in response to
microbial products. Blood. 2012;120(11):2259-2268.

van de Veerdonk FL, Netea MG. Diversity: a hallmark of monocyte society. Immunity. 2010;33(3):289-291.

2876 WACLECHE et al 13 NOVEMBER 2018 - VOLUME 2, NUMBER 21 & blood advances



43.

44,

45,

46.

47.

48.

49.

50.
51.

52.

53.

54.
55.

56.

57.

58.

50.
60.
61.
62.
63.

64.

65.

66.
67.
68.
69.
70.
71.
72.
73.

74.
75.

Sanchez-Torres C, Garcia-Romo GS, Cornejo-Cortés MA, Rivas-Carvalho A, Sanchez-Schmitz G. CD16+ and CD16- human blood monocyte subsets
differentiate in vitro to dendritic cells with different abilities to stimulate CD4+ T cells. Int Immunol. 2001;13(12):1571-1581.

Qu C, Brinck-Jensen NS, Zang M, Chen K. Monocyte-derived dendritic cells: targets as potent antigen-presenting cells for the design of vaccines against
infectious diseases. Int J Infect Dis. 2014;19:1-5.

Randolph GJ, Sanchez-Schmitz G, Liebman RM, Schékel K. The CD16(+) (FcgammaRIll(+)) subset of human monocytes preferentially becomes
migratory dendritic cells in a model tissue setting. J Exp Med. 2002;196(4):517-527.

Rivas-Carvalho A, Meraz-Rios MA, Santos-Argumedo L, et al. CD16+ human monocyte-derived dendritic cells matured with different and
unrelated stimuli promote similar allogeneic Th2 responses: regulation by pro- and anti-inflammatory cytokines. Int Immunol. 2004;16(9):
1251-1263.

Balboa L, Romero MM, Laborde E, et al. Impaired dendritic cell differentiation of CD16-positive monocytes in tuberculosis: role of p38 MAPK. Eur J
Immunol. 2013;43(2):335-347.

Bajana S, Herrera-Gonzalez N, Narvaez J, et al. Differential CD4(+) T-cell memory responses induced by two subsets of human monocyte-derived
dendritic cells. Immunology. 2007;122(3):381-393.

Jakubzick C, Gautier EL, Gibbings SL, et al. Minimal differentiation of classical monocytes as they survey steady-state tissues and transport antigen to
lymph nodes. Immunity. 2013;39(3):599-610.

Varol C, Yona S, Jung S. Origins and tissue-context-dependent fates of blood monocytes. Immunol Cell Biol. 2009;87(1):30-38.

Boulassel MR, Spurll G, Rouleau D, et al. Changes in immunological and virological parameters in HIV-1 infected subjects following leukapheresis. J Clin
Apher. 2003;18(2):55-60.

Wacleche VS, Chomont N, Gosselin A, et al. The colocalization potential of HIV-specific CD8+ and CD4+ T-cells is mediated by integrin 37 but not
CCR6 and regulated by retinoic acid. PLoS One. 2012;7(3):e32964.

Gosselin A, Monteiro P, Chomont N, et al. Peripheral blood CCR4+CCR6+ and CXCR3+CCR6+CD4+ T cells are highly permissive to HIV-1
infection. J Immunol. 2010;184(3):1604-1616.

Roederer M. Compensation in flow cytometry. Curr Protoc Cytom. 2002;Chapter 1:Unit 1 14.

Kim S, Becker J, Bechheim M, et al. Characterizing the genetic basis of innate immune response in TLR4-activated human monocytes. Nat Commun.
2014;5(1):5236.

Bernier A, Cleret-Buhot A, Zhang Y, et al. Transcriptional profiling reveals molecular signatures associated with HIV permissiveness in Th1Th17 cells and
identifies peroxisome proliferator-activated receptor gamma as an intrinsic negative regulator of viral replication. Retrovirology. 2013;10(1):160.

Cleret-Buhot A, Zhang Y, Planas D, et al. Identification of novel HIV-1 dependency factors in primary CCR4(+)CCR6(+)Th17 cells via a genome-wide
transcriptional approach. Retrovirology. 2015;12(1):102.

Wacleche VS, Goulet JP, Gosselin A, et al. New insights into the heterogeneity of Th17 subsets contributing to HIV-1 persistence during antiretroviral
therapy. Retrovirology. 2016;13(1):59.

Planas D, Zhang Y, Monteiro P, et al. HIV-1 selectively targets gut-homing CCR6+CD4+ T cells via mTOR-dependent mechanisms. JC/ Insight. 2017;2(15):93230.
Carvalho BS, Irizarry RA. A framework for oligonucleotide microarray preprocessing. Bioinformatics. 2010;26(19):2363-2367.

Huber W, Carey VJ, Gentleman R, et al. Orchestrating high-throughput genomic analysis with Bioconductor. Nat Methods. 2015;12(2):115-121.
Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinformatics. 2013;14(1):7.

Subramanian A, Tamayo P, Mootha VK| et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA. 2005;102(43):15545-15550.

Monteiro P, Gosselin A, Wacleche VS, et al. Memory CCR6+CD4+ T cells are preferential targets for productive HIV type 1 infection regardless of their
expression of integrin 37. J Immunol. 2011;186(8):4618-4630.

DaFonseca S, Niessl J, Pouvreau S, et al. Impaired Th17 polarization of phenotypically naive CD4(+) T-cells during chronic HIV-1 infection and potential
restoration with early ART. Retrovirology. 2015;12(1):38.

Schwaeble W, Huemer HP, Mdst J, et al. Expression of properdin in human monocytes. Eur J Biochem. 1994;219(3):759-764.

Reis ES, Barbuto JA, Isaac L. Human monocyte-derived dendritic cells are a source of several complement proteins. Inflamm Res. 2006;55(5):179-184.
Rainbow DB, Moule C, Fraser HI, et al. Evidence that Cd101 is an autoimmune diabetes gene in nonobese diabetic mice. J Immunol. 2011;187(1):325-336.
Sallusto F, Lanzavecchia A. Monocytes join the dendritic cell family. Cell. 2010;143(3):339-340.

Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen processing machines. Cell. 2001;106(3):255-258.

Zhou H, Xu M, Huang Q, et al. Genome-scale RNAi screen for host factors required for HIV replication. Cell Host Microbe. 2008;4(5):495-504.
Dong G, Wang Y, Xiao W, et al. FOXO1 regulates dendritic cell activity through ICAM-1 and CCR7. J Immunol. 2015;194(8):3745-3755.

Guenova E, Skabytska Y, Hoetzenecker W, et al. IL-4 abrogates T(H)17 cell-mediated inflammation by selective silencing of IL-23 in antigen-presenting
cells. Proc Natl/ Acad Sci USA. 2015;112(7):2163-2168.

Swafford D, Manicassamy S. Wnt signaling in dendritic cells: its role in regulation of immunity and tolerance. Discov Med. 2015;19(105):303-310.

Suryawanshi A, Tadagavadi RK, Swafford D, Manicassamy S. Modulation of inflammatory responses by Wnt/B-catenin signaling in dendritic cells: a novel
immunotherapy target for autoimmunity and cancer. Front Immunol. 2016;7:460.

€ blood advances 13 NovEMBER 2018 - vOLUME 2, NUMBER 21 CD16" MDDC TRANSCRIPTOME 2877



76.

77.

78.
79.

80.
81.
82.
83.

84.

85.

86.

87.

88.
89.
90.
91.

92.
93.

94.

95.

96.

97.
98.
99.

100.

101.
102.

103.

104.

105.

106.

107.
108.

Narasipura SD, Henderson LJ, Fu SW, Chen L, Kashanchi F, Al-Harthi L. Role of B-catenin and TCF/LEF family members in transcriptional activity of HIV
in astrocytes. J Virol. 2012;86(4):1911-1921.

Van Brussel |, Schrijvers DM, Martinet W, et al. Transcript and protein analysis reveals better survival skills of monocyte-derived dendritic cells compared
to monocytes during oxidative stress. PLoS One. 2012;7(8):e43357.

Unterholzner L, Keating SE, Baran M, et al. IFI16 is an innate immune sensor for intracellular DNA. Nat Immunol. 2010;11(11):997-1004.

Monroe KM, Yang Z, Johnson JR, et al. IFI16 DNA sensor is required for death of lymphoid CD4 T cells abortively infected with HIV. Science. 2014;
343(6169):428-432.

Jung S. Dendritic cells: a question of upbringing. Immunity. 2010;32(4):502-504.
Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ dendritic cells: master regulators of tolerance? Trends Immunol. 2011;32(9):412-419.
Agace WW, Persson EK. How vitamin A metabolizing dendritic cells are generated in the gut mucosa. Trends Immunol. 2012;33(1):42-48.

Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B. Lamina propria macrophages and dendritic cells differentially induce regulatory and
interleukin 17-producing T cell responses. Nat Immunol. 2007;8(10):1086-1094.

Jaensson E, Uronen-Hansson H, Pabst O, et al. Small intestinal CD103+ dendritic cells display unique functional properties that are conserved between
mice and humans. J Exp Med. 2008;205(9):2139-2149.

Zhang Z, Li J, Zheng W, et al. Peripheral lymphoid volume expansion and maintenance are controlled by gut microbiota via RALDH+ dendritic cells.
Immunity. 2016;44(2):330-342.

Manoharan |, Hong Y, Suryawanshi A, et al. TLR2-dependent activation of 3-catenin pathway in dendritic cells induces regulatory responses and
attenuates autoimmune inflammation. J Immunol. 2014;193(8):4203-4213.

Sato T, Kitawaki T, Fujita H, et al. Human CD1c¢™ myeloid dendritic cells acquire a high level of retinoic acid-producing capacity in response to vitamin Ds.
J Immunol. 2013;191(6):3152-3160.

Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic acid imprints gut-homing specificity on T cells. Immunity. 2004;21(4):527-538.
Mora JR, von Andrian UH. Retinoic acid: an educational “vitamin elixir” for gut-seeking T cells. Immunity. 2004;21(4):458-460.
Mucida D, Park Y, Kim G, et al. Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid. Science. 2007;317(5835):256-260.

Wacleche VS, Landay A, Routy JP, Ancuta P. The Th17 lineage: from barrier surfaces homeostasis to autoimmunity, cancer, and HIV-1 pathogenesis.
Viruses. 2017;9(10):E3083.

Niess JH. What are CX3CR1+ mononuclear cells in the intestinal mucosa? Gut Microbes. 2010;1(6):396-400.

Lugli E, Mueller YM, Lewis MG, Villinger F, Katsikis PD, Roederer M. IL-15 delays suppression and fails to promote immune reconstitution in virally
suppressed chronically SIV-infected macaques. Blood. 2011;118(9):2520-2529.

Eberly MD, Kader M, Hassan W, et al. Increased IL-15 production is associated with higher susceptibility of memory CD4 T cells to simian
immunodeficiency virus during acute infection. J Immunol. 2009;182(3):1439-1448.

Ancuta P, Autissier P, Wurcel A, Zaman T, Stone D, Gabuzda D. CD16+ monocyte-derived macrophages activate resting T cells for HIV infection by
producing CCR3 and CCR4 ligands. J Immunol. 2006;176(10):5760-5771.

Sewald X, Ladinsky MS, Uchil PD, et al. Retroviruses use CD169-mediated trans-infection of permissive lymphocytes to establish infection. Science.
2015;350(6260):563-567.

Dupaul-Chicoine J, Saleh M. A new path to IL-1B production controlled by caspase-8. Nat Immunol. 2012;13(3):211-212.
Yu JW, Hoffman S, Beal AM, et al. MALT1 protease activity is required for innate and adaptive immune responses. PLoS One. 2015;10(5):e0127083.

Saalbach A, Janik T, Busch M, Herbert D, Anderegg U, Simon JC. Fibroblasts support migration of monocyte-derived dendritic cells by secretion of PGE2
and MMP-1. Exp Dermatol. 2015;24(8):598-604.

Xiao Q, Zhang F, Lin L, et al. Functional role of matrix metalloproteinase-8 in stem/progenitor cell migration and their recruitment into atherosclerotic
lesions. Circ Res. 2013;112(1):35-47.

Murray MY, Birkland TP, Howe JD, et al. Macrophage migration and invasion is regulated by MMP10 expression. PLoS One. 2013;8(5):¢63555.

Manel N, Hogstad B, Wang Y, Levy DE, Unutmaz D, Littman DR. A cryptic sensor for HIV-1 activates antiviral innate immunity in dendritic cells [published
correction appears in Nature. 2011;470(7334):424]. Nature. 2010;467(7312):214-217.

Blanchet FP, Moris A, Nikolic DS, et al. Human immunodeficiency virus-1 inhibition of immunoamphisomes in dendritic cells impairs early innate and
adaptive immune responses. Immunity. 2010;32(5):654-669.

Laguette N, Sobhian B, Casartelli N, et al. SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature. 2011;
474(7353):654-657.

Lahaye X, Satoh T, Gentili M, et al. The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by the innate sensor cGAS in dendritic
cells. Immunity. 2013;39(6):1132-1142,

Harman AN, Nasr N, Feetham A, et al. HIV blocks interferon induction in human dendritic cells and macrophages by dysregulation of TBK1. J Virol. 2015;
89(13):6575-6584.

Netea MG, van der Meer JW. Trained immunity: an ancient way of remembering. Cell Host Microbe. 2017;21(3):297-300.

Schakel K, von Kietzell M, Hansel A, et al. Human 6-sulfo LacNAc-expressing dendritic cells are principal producers of early interleukin-12 and are
controlled by erythrocytes. Immunity. 2006;24(6):767-777.

2878 WACLECHE et al 13 NOVEMBER 2018 - VOLUME 2, NUMBER 21 & blood advances



