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Abstract

Monocytes are progenitors to macrophages and a sub-class of dendritic cells (MoDCs), but they
also act as circulating sensors responding to environmental changes and disease. Technological
advances have defined the production of classical monocytes in the bone marrow through
identification of lineage determining transcription factors and proposed alternative routes of
differentiation. Monocytes released into the circulation can be recruited to tissues by specific
chemoattractants, responding to sequential niche-specific signals that determine their
differentiation into terminal effector cells. Of interest, new aspects of monocyte biology in
circulation are being revealed, exemplified here by discussing the influence of cancer on the
systemic alteration of monocyte subset abundance and transcriptional profiles. These changes can
act to enhance the metastatic spread of primary cancers and may offer therapeutic opportunities.

Monocytes: key players in the innate immune system.

There are two major populations of monocytes in mouse and humans that have been termed
classical and non-classical-- defined by specific markers (Table 1) as well as by an
intermediate transitional population between classical and non-classical ones. During
homeostasis, monocytes survey the vasculature or are recruited to continuously replenish
tissue-resident macrophages (TEMs), for example in the gut. In response to inflammation,
infection, or tissue damage, immune cell recruitment results in the development of effector
macrophages repelling pathogens and mediating tissue repair, (Figure 1, Table 1) as well as
a sub-class of dendritic cells (MoDCs) [1]. Traditionally, monocytes have been primarily
viewed as “conduits” to processes involving macrophages or DCs, and as being beneficial to
the mammalian host. However, the frequency, activity, and fate of monocyte populations has
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also been linked to many diseases, including autoimmunity, chronic inflammation,
cardiovascular diseases, and cancer [2,3]. In these diseases, and others involving monocyte
trafficking, environmental cues acting in the bone, blood, and tissues, dynamically modify
the transcriptional landscape of monocytes, resulting in phenotypes that can potentiate
disease severity (Figure 1, Table 1). Using the processes of monocyte development, here we
discuss mechanisms of monocyte ontogeny, transcriptional regulation, and the relevance to
tissue homeostasis. We also use cancer as an example of a disease state that can influence
monocyte biology. We posit that a better understanding of this regulation is important, as it
might contribute to advancing monocyte targeted therapies in cancer and in turn, be
potentially applicable to other progressive diseases.

Mammalian Monocyte Ontogeny

Monocyte development in the Bone

Postnatal monocytes are formed primarily in the bone marrow (BM) from the differentiation
of hematopoietic stem cells (HSCs) into the common myeloid progenitor (CMP) cells, and
subsequently, into granulocytic myeloid progenitor (GMP) cells; these in turn become
bipotent macrophage dendritic cell progenitors (MDP), finally leading to the unipotent
common monocyte progenitor (cMoP) stage (Figure 2) [4-6]. Though originally identified
in mouse, these progenitors are also found in humans and are transcriptionally similar
between both species [7,8]. Two recent studies demonstrated that cMoPs can directly arise
from GMPs; thus, two developmental pathways — one excluding MDPs— might exist (Figure
2) [9,10]. The development of monocytes in the BM via their progenitors requires de novo
gain of lineage determining transcription factors (LDTFs). The primary LDTF in monocytes
is PU.1 (SPI1) whose expression increases throughout the development of monocyte
progenitors [11]. The combinatorial effect of PU.1 upregulation, in addition to the
collaborative binding and repression of other key LDTFs drive the progenitor fate towards a
monocytic lineage (Figure 2) [11-19].

Early in lineage commitment, the collaborative binding of PU.1 with C/EBPa is essential
for HSC commitment to, and subsequent formation of CMPs [12]. Increasing amounts of
PU.1 then steer CMP transition towards the GMP. This is accompanied by a large decrease
in GataZ gene expression, which is inhibited by PU.1 at the GMP stage [11,13]. The
accessibility of these respective transcription factor (TF) binding motifs are similarly
changed [14,15]. To ensure CMP progression into MDPs, high PU.1 amounts potentiate
Interferon regulatory factor 8 (IRF8) TF expression, and collaborative binding of these two
TFs temporarily blocks the binding of CCAAT - enhancer binding protein a (C/EBPa),
ensuring monocyte/DC fate by inhibiting transit into the neutrophil lineage [16,17]. It is
argued that it is at the CMP stage that commitment to a monocyte fate is determined via this
combination of TFs [11,18]. MDPs then split into the DC progenitor cells or cMoPs. The
amounts of IRF8 continue to rise during the transition of cMoPs into Ly6c" monocytes
wherein PU.1 and IRF8 collaboratively bind to the Kruppel-like factor-4 (KLF4) enhancer
that direct leads to K/f4 expression [19]. KLF4 is an essential factor for monocyte
development as deletion of mouse K774 leads to the absence of Ly6c monocytes,
phenocopying /rf87~ mice [19]. Noteworthy, monocyte differentiation in /77~ mice can be
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partially rescued by KLF4 overexpression [20]. While much of this work has been
conducted in mouse models, the recent use of CRISPR-Cas9 to modify gene expression in
human induced pluripotent stem cells (iPS) offers a new mode to study TFs in monocyte
development. For example, /RF&~iPS cells show no defect in developing into
hematopoietic progenitor cells, but exhibit reduced capacity to generate monocytes,
indicating that IRF8 is an important TF in human monocyte development [21]. However, a
caveat of these studies is that human iPS-derived macrophages are similar to yolk sac
derived macrophages in that they do not require TF C-MYB, typically reported to be
essential for HSC development [22]. Thus, these iPS derived “monocytes” may in fact be
equivalent to tissue-resident progenitors or perhaps, fetal liver monocytes [23].

Monocyte fate and transcriptional regulation in the blood

Ly6chi monocytes produced in the BM are subsequently released into circulation (Figure 2).
Seminal work revealed the existence of two populations of human monocytes found in
peripheral blood [24]: CD14Hi CD16™ (classical) and CD14L° CD16* (nonclassical)
populations (other markers shown in Table 1), at approximately, a 9 to 1 ratio [25]. Likewise,
the presence of two circulating monocyte populations with distinct functions was confirmed
in mice, although in this case, the populations were approximately equal in frequency and
the high protein expression of TRM-like transcript protein-4, TLT (TREML4) was assigned
as a robust marker for the non-classical population [1,25,26]. Microarray analysis and recent
single cell sequencing suggest that these mouse monocyte populations, Ly6chi and Ly6c'®,
correspond to the human classical and nonclassical populations, respectively [27,28]. There
is a third subset that on fluorescence activated cell sorting (FACS) plots, lies as an
intermediary between classical and non-classical monocytes through intermediate CD14 and
CD16 expression in humans and Ly6c and CCR2 in mice [29,30]. This diffuse population
causes problems of gating on FACS that explain some of the functional discrepancies that
have been noted in the two major subsets between mouse and human [31]. Tracking
experiments of human BM monocytes —into the blood- that were labeled with a pulse of
deuterium-labeled glucose to indicate A synthesis have shown that the non-classical
population is derived from classical monocytes via this transitional intermediate population,
replicating findings in mice that used BrdU incorporation into proliferating monocytes in the
BM [32,33] (Figure 1). During homeostasis, the two established Ly6c* and Ly6c™
populations have coherent transcriptomes, while the intermediate population shows greater
transcriptional diversity; this suggests that there may be various stages of differentiation in
this transient population, although this remains to be robustly assessed [34]. However, in
other studies, transcriptional diversity has also been reported within the Ly6C* population,
suggesting pre-determination of alternative fates in response to external stimuli, as discussed
below [35].

PU.1 motifs and protein expression are increased across all monocyte subpopulations in
mice but the accessibility of binding motifs for JUN (AP1) and KLF TFs are enriched in
classical and non-classical monocytes, respectively [36]. The expression of the
corresponding TFs that recognize these motifs correlates with monocyte identity; thus, FOS
(binding to AP1 motif) and KLF2 (binds KLF motif) TFs are highly expressed in classical
and non-classical monocytes, respectively [36,37]. This transition also requires C/EBPB

Trends Immunol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Robinson et al.

Page 4

binding to the Nuclear receptor subfamily 4 group A member 1 (Nr4al) promoter,
stimulating the expression of this orphan nuclear receptor [34]. Moreover, Nr4al has been
shown to be essential for mouse non-classical monocyte development, acting as a survival
factor [38]. The specificity and interaction between these two TFs in non-classical
monocytes is exemplified by the preferential loss of non-classical monocytes in the
periphery and BM in mice in which Ar4al was genetically ablated (NVr4al~~)[38]. KLF2
binding to the Nir4al super-enhancer region E2 was also responsible for inducing Ar4al
expression in mice [37]. Of note, deletion of the E2 region resulted in decreased Nréal
expression in classical and non-classical monocytes, but not in tissue-resident macrophages
in which the gene was also highly expressed at steady state; this result is interesting as it
might suggest that the E2 super enhancer is monocyte-specific, although this remains to be
assessed [37]. Further, human monocytes showed histone acetylation marks at the E2 region
—an indication of enhancer activation— suggesting that the transcriptional regulation of
N4ral/NR4A1 might be conserved between mouse and human [37]. However, the transition
between classical and non-classical monocytes necessitating NR4A1 may be more complex.
In mice, Muramy! dipeptide (MDP), a component of bacterial peptidoglycan, is a NOD2
receptor agonist and based on kinetic evaluation experiments, is thought to prompt the
transition of monocytes from classical to non-classical monocytes. Specifically, intravenous
administration of MDP into wildtype (WT) and Ar4aZ~~ mice increased the total number of
non-classical monocytes in blood, although to a much lesser degree in the latter [39].
Moreover, comparison of a variety of surface markers after MDP treatment showed that the
their expression in newly arisen Ly6c'® monocytes in Air4aZ~~ mice were similar to those of
WT Ly6c!® monocytes, with the exception of C-X-C 3 motif chemokine receptor 1 (Cx3crl)
and C-C-chemokine receptor type 2 (Ccr2) expression [39]. Collectively, these data suggest
that there may be a potential alternative mechanism, other than Nr4al, that might elicit the
transition of classical monocytes to non-classical monocytes, at least in mice, and in the
context of bacterial (or bacteria-simulated) infection.

In homeostatic conditions, classical and non-classical monocytes both contribute to
maintaining tissue integrity. Non-classical monocytes patrol the vasculature, clearing dying
endothelial cells, and protecting vessel health [40]. These cells do not appear to extravasate
and thus, might be called endothelial macrophages. In the liver and spleen of mice, they
occupy vascular niches that locally convert classical to non-classical monocytes via Notch
signaling, upregulating expression of the TFs Air4aZ and POU domain class 2 (Pou2r2), and
significantly lowering Schlafen family member 5 (5/fn5) expression, at least in culture [41].
In disease states, non-classical monocytes can function to prevent tumor metastasis [42]
(Figure 1) or to protect endothelial cells from apoptosis in atherosclerosis [43], either
intrinsically, or indirectly via recruitment and crosstalk with other cell types. Alternatively,
classical monocytes can migrate out of the vasculature to replenish tissue resident
macrophages (TRM) in certain tissues, and to act as inflammatory mediators during acute
and chronic inflammation, for example, in ischemic damage to the kidney or in non-
alcoholic hepatosteatosis (Figure 1). Indeed, throughout their journey, classical monocytes
encounter a variety of signals and cell types which result in dynamic changes to their
transcriptomic and genomic architecture (Figure 2, 3).
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Transcriptional imprinting of monocytes in homeostasis

TRMs are largely derived from embryonic sources and are capable of long-term self-
renewal. However, in several tissues, including the gut [44], skin [45], and heart [46], in
some cases, classical monocytes can contribute to a portion of the steady pool of TRMs,
completely replacing them [44]. Thus, TRMs in many tissues but not all, e.g. the brain
macrophages, microglia [47,48], are the product from two embryonic sources. In this
context, transcriptional imprinting can drive the tissue phenotype. In mice, detailed
dissection of the gut has revealed that TGFBR signaling in recruited classical monocytes is
indispensable for the terminal differentiation of monocytes to intestinal macrophages,
inducing the expression of several intestinal macrophage-specific genes [49]. Of note, gut
macrophages are also characterized by high expression of TF Runx3, a mediator of TGFp
signaling, as compared to other TRMs [50]. Other reported factors that drive the gut
macrophage phenotype include IL-10 [51,52], aryl hydrocarbon receptor ligands [53],
microbiota byproducts [54], as well as a state of hypo-responsiveness to foreign ligands.

Numerous tracing and genetic ablation studies in mice have solidified the notion that
classical monocytes replace existing TRMs to various extents in a tissue-specific manner
[48,55]. Yet, little is known about the molecular mechanism orchestrating monocyte
acquisition of the resulting tissue-specific phenotypes, potentially due to technical
difficulties in isolating cells, and acquiring sufficient cell numbers for analysis, particularly
in a homeostatic setting. Although artificial, niche depletion studies offer a modality to
understand how monocytes acquire the molecular properties of TRMs under non-
inflammatory conditions. For example, in a mouse model in which liver Kupffer cells (KC)
were ablated, circulating Ly6c monocytes rapidly colonized the liver and differentiated into
KC that were capable of self-renewing [56]. Recently, two novel studies detailed certain
specific molecular processes underlying the conversion of monocytes to KCs. By
undertaking detailed kinetic analyses of the changes in monocyte transcriptional signatures
as these differentiated into KCs and comparing these with the transcriptomes of hepatocytes,
Liver Sinusoidal Endothelial Cells (LSECs), and pericytes over the same time period, the
authors predicted likely cellular interactions that might imprint KC identity in mice [57] (Fig
3). By comparing changes in transcriptional signatures in these cell types in conjunction
with analysis of enhancer landscapes, another study arrived at the same conclusion [58]. In
addition, using the transcriptomes of different liver cell types, the study revealed that Notch
ligand DLL4 and TGFB/BMP family members expressed in liver sinusoidal endothelial cells
LSECs sequentially drove the election and function of enhancers regulating KC-specific
gene expression (Figure 3B). Further, hepatic stellate cells also expressed the monocyte and
macrophage growth factor, Colony stimulating factor 1 (CSF1);this is relevant as it might
serve as a niche signal that is important for ensuring the maintenance of KC identity,
although this remains to be further tested [57]. Moreover, upon recruitment to the mouse
liver, monocytes encountered Delta-Like 4 (DLL4), expressed on LSECs, and DLL4-
mediated activation of Notch signaling converted recombination signal binding protein for
immunoglobulin kappa J region (RBPJ) from a transcriptional repressor to an activator, thus
activating pre-existing but poised enhancers in monocytes, and rapidly inducing the KC
LDTF, Nr1h3(encoding LXRa) [50,59]. Furthermore, LXR activity, also induced by
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desmosterol, allowed the selection of new enhancers comprising the repertoire of mature
KC; and TGFB/BMP-SMAD signaling also promoted and/or maintained KC-specific
enhancer and gene expression [50,59]. While the liver is closed to monocyte colonization
under such homeostatic conditions, collectively, these studies demonstrate how
transcriptomic and epigenetic-led hypothesis generation can be used to predict key
molecular pathways coordinating monocyte-to-TRM differentiation. Importantly this type of
analysis should lead to the identification of signaling pathways that result in an improved
understanding of tissue architecture at homeostasis, and thus, a better appreciation of what
happens during disease. Indeed, a recent study also in mice, employed similar depletion
methods in combination with adoptive transfer of monocytes followed by in-depth
transcriptomic interrogation to qualitatively advance the understanding of the factors
involved in establishing TRM identity in recruited monocytes in the gut [60]. Specifically,
during monocyte-macrophage differentiation in the intestines, the expression of transcription
factors E3-Sumo Ligase (£grl, 2, and 3) were upregulated while expression of C/EBP and
E2F family members were significantly downregulated along with TFs involved in
regulating the immune response, such as Bachl, Bcl6, Irf9, Nfatc3, NfKb1, consistent with
the hyporesponsive phenotype of intestinal macrophages [61]. Additionally, consistent with
past reports, the expression of SpsZ (PU.1) was also downregulated in these intestinal
macrophages. Also, in mice, TFs that were required for imprinting the identity of other
TRMs, including Gata6 and LXRa, were increased in differentiated monocytes [50,59].
Thus, the use of additional mouse knockout studies and Chipgeq to assess the expression of
these transcription factors can greatly assist in further resolving the interplay that occurs
between niche-specific signals, and the exact sequence of TF activation that is necessary to
confer TRM identity onto recruited monocytes.

The monocyte studies reported here have been performed during homeostasis, but disease
states affect both monocyte production and phenotypes [62]. These changes may work to
amplify pre-existing heterogeneity within the monocyte population or have global
population effects such as the induction of monocyte egress following depletion in response
to LPS stimuli in humans [63]. For example, in mice, inflammation can trigger pre-existing
sub-monocytic populations to become microbicidal macrophages and GM-CSF-dependent
MoDCs. This divergence is controlled by SfpiZ, as haploinsufficiency in this TF has resulted
in reduced MoDCs and monocyte numbers, but in turn, generated iNOS™ macrophages
more efficiently, as shown from lineage tracking [35]. As an example, we now discuss the
effects of cancer — as a disease state — on modulating monocyte biology.

Transcriptional imprinting of monocytes in cancer

There are at least three major contexts in which monocyte conditioning may occur in the
context of cancer: within the BM or spleen, the circulation itself, or on arrival to the tumor
microenvironment (TME). In mouse and human cancers, there is often monocytosis and
granulopoiesis that leads to enlarged spleens [64]. However, the exact mechanism behind the
elevation in total circulating monocyte numbers is unknown. Global profiling studies of
mouse monocytes indicate relative uniformity in the transcriptional profiles of classical
monocytes and thus, suggest limited cellular heterogeneity. However, at least a minor Tie2*
sub-population of monocytes has been described that gives rise to Tie2* Tumor associated
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Macrophages (TAMSs) that enhance angiogenesis [65]. Another population of blood cells that
come from the BM in mice and humans has been called myeloid derived suppressor cells
(MDSCs) because of their cytotoxic CD8* T cell suppressive activities. These cells are
thought to be immature, and two types have been reported, monocytic (M-MDSC) and
granulocytic (G-MDSC) [66]. M-MDSC might be derived from the monocyte lineage but
unfortunately, the markers used do not differentiate them from true monocytes, nor in many
cases, immature neutrophils. A recent detailed analysis in a wide range of human
pathologies including many cancer types, showed elevated G-MDSCs but not M-MDSCs in
the blood of patients [67]. However, M-MDSCS derived from monocytes can form a
population in tumors and these cells have cytotoxic CD8* T cell suppressor activity [66,68].
The systemic effect of cancer influencing the production and increased number of different
types of monocytes has been likened to emergency hematopoiesis relative to healthy
individuals [66]. During emergency hematopoiesis, but not in cancer, novel monocytic sub-
populations have been described: these include neutrophil-like monocytes, trained
monocytes, and SatM monocytes. These subpopulations have been recently reviewed
elsewhere [66,69].

True monocytes isolated by FACS sorting from the serum of patients with epithelial cancers
are altered in their relative subset abundance, with an increase in non-classical monocytes
relative to healthy individuals; moreover, both classical and non-classical monocyte
populations are transcriptionally distinct from those of healthy individuals [70-72]. The
mechanisms behind these alterations are unknown and it is not even known whether
monocytes may have recirculated from the TME; nevertheless, there is similarity in the
transcriptional signatures, cytokine profiles, and functions of monocytes isolated from the
serum of patients with severe inflammatory response syndrome (SIRS) compared to those
isolated from certain cancer patients [73-75]. This suggests that the conditioning of
circulating monocytes might be due to inflammatory mediators, rather than tumor-specific
signals. However, this might not always be the case. For example, monocytes in human
breast cancer can have distinct transcriptional signatures compared to those found in certain
inflammatory diseases (e.g. Lyme disease) and artificial intelligence-derived gene expression
signatures might be predictive of the presence of cancer; these monocyte signatures might
also be distinguished in the blood of cancer patients compared with those harboring other
inflammatory diseases [71].

In addition to inflammatory factors, tumor cell-derived exosomes can play a role in
modulating monocytic function [76,77]. Specifically, exosomes isolated from both human
and mouse melanomas [77], can alter monocyte fate in mice in a manner that is dependent
on the invasiveness of the original tumor. Thus, injection of exosomes isolated from highly
metastatic melanoma tumors have resulted in pro-tumoral Ly6c* monocytes being recruited
to the pre-metastatic niche. Conversely, in mice, exosomes isolated from less invasive non-
metastatic cancers have led to the expansion of anti-tumoral Ly6c!® monocytes, and their
recruitment to the bone and lungs; here, these monocytes exerted protective effects via NK
cell recruitment/activation, as well as by inducing macrophage killing of metastatic cells
[77]. On a transcriptional level, this appeared to be due to the presence of pigment
epithelium-derived factor-expressing exosomes which increased Nr4al gene expression in
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circulating monocytes [77]. In mouse mammary cancer models, anthracycline chemotherapy
was associated with expansion of Ly6c monocytes recruited to the lung and increased rates
of metastasis relative to untreated cancer-bearing mice. This was reported to be due to the
release of extracellular vesicles by anthracycline-treated tumor cells; these extracellular
vesicles in turn, increased CCL2 lung endothelial cell expression and elevated CCR2
expression on Ly6cM monocytes [78]. In addition, human monocytes previously exposed to
pancreatic tumor-derived exosomes presented elevated amounts of phosphorylated signal
transducer of transcription 1 alpha/beta (STAT1) relative to exosomes from healthy
volunteers resulting in altered CD14 HLA-DR expression, and driving an
immunosuppressive phenotype [79].

In mouse models, monocytes are recruited to the tumor microenvironment via a number of
different chemotactic factors [80]. The recruitment and retention of Ly6c" monocytes at
both primary and bone and lung metastatic sites is under the regulation of CCR2-CCL2 axis
[63,81-84] (Figure 4). Using human xenograft metastatic models, classical human
monocytes have also been shown to migrate into tumor sites in a CCR2-dependent manner
[82]. These monocytes then differentiate into TAMs (primary) or metastasis (secondary)
associated macrophages (MAMSs) that play trophic roles in the tumor [82,85]. In the primary
tumor, this CCL2-mediated recruitment [84] appears to be dominant, but is entirely
genetically redundant, with factors such as Vascular derived endothelial growth factor A
(VEGFA)) or CSF1 acting as powerful alternative monocyte recruitment factors [86,87].
Ablation of CsfI using the null mutation osteopetrotic (CsfI%%) in a mouse model of
mammary cancer (caused by the Polyoma Middle T oncoprotein expression) results in few
TAMs and a significant inhibition of tumor progression and metastasis relative to WT mice
[87]. Moreover, in metastasis mouse models of breast cancer, inhibition of classical
monocytic recruitment can reduce metastatic seeding and persistent tumor growth [82,85].
In contrast, in these models, nonclassical monocytes have been documented to be initially
protective through enhancement of NK cell activity. However, as the disease progresses, the
pro-tumoral effect of classical monocytes appears to win with classical monocytes becoming
dominant [42,85]. In addition, CCL2 has been reported to be the primary driver of classical
monocyte recruitment in a mouse model of breast cancer bone metastasis; these recruited
monocytes —but not resident macrophages— can promote tumor outgrowth [88]. The
chemokine CCLS8 which is a factor released by TAMs in response to tumor derived factors
such as TNFa to recruit monocytes, can also act through CCR2 to recruit these cells, as
recently shown in vitro for human monocytes [71]. Additionally, the chemokine CCL5 can
affect monocyte production within the BM as well as the subsequent recruitment of these
cells to Breast Phyllodes tumors [89,90]. Lastly, increased amounts of CCL4 have also been
reported to correlate with TAM infiltrates in colorectal tumors [91].

Detailed studies in mouse models of lung metastasis indicate that monocytes are not just
conduits to MAMSs; upon their arrival at the metastatic site, they express VEGFA that
increases vessel permeability which in turn enhances metastatic cell seeding. Indeed, this
activity can be recapitulated in vitro where classical monocytes can stimulate tumor cell
transendothelial cell migration in a process mimicking extravasation [82]. Furthermore,
monocytes, along with tumor cell derived VEGFA, can drive further differentiation of these
progenitors into MAMSs, promoting tumor cell survival and persistent growth [92].
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Moreover, classical WT monocytes transferred into Ccr2”7~and F/tI 7~ (VEGFR1) genetic
knockout mice rescued the reduced metastasis phenotype produced by the effect of the null
mutation, definitively revealing the monocyte origin of this metastasis-enhancing activity
[82,92].

It is extremely difficult to define when a monocyte becomes a macrophage, but clearly,
tissue engagement immediately changes their transcriptional profile. In mouse models of
breast cancer lung metastatic disease, tumor-cell derived CCL2 drives an initial
differentiation of the newly recruited Ly6c*™ monocyte, through an autocrine CCL3-CCR1
mediated mechanism in the monocyte, to a precursor Ly6ct* CD11bM cell [63]. This latter
phenotype is immunosuppressive to cytotoxic CD8* T cells through the production of
reactive oxygen species (ROS) production, as shown by ex-vivo inhibitor experiments in
cytotoxic CD8* T-cell assays, but also enhances tumor cell viability in vivo [63]. Moreover,
lineage tracing experiments have indicated that this intermediary cell always differentiates
into a MAM that in turn, has a different transcriptional profile and different mechanism of
immunosuppression via Cytotoxic T-lymphocyte protein 4 (CTLA4) checkpoint inhibitors,
than the monocyte or its first progenitor; this has suggested that the sequential differentiation
of the recruited monocyte to a mature macrophage can be influenced by the TME (Figure 4)
[68]. These precursor cells can accumulate in the TME, as evidenced from observations that
their rate of recruitment exceeds their differentiation into MAMs, thus acting as a bone fide
pool of M-MDSCs in this tissue [93]. Their subsequent differentiation into MAMs can alter
their transcriptional profile further, which is in turn different from that of TAMs in the
primary tissue [30,93]. Supporting these data, TAMs in human breast and endometrial
cancers have highly divergent transcriptional signatures relative to the circulating monocytes
in the host, and relative to each other; this suggests that the individual TME has a significant
impact on TAM differentiation [71].

From another angle, little is known about the transcriptional regulation of monocyte
phenotypic and functional changes in cancers. In the model of bone metastasis, monocyte
differentiation is driven by 1L4 —and has been hypothesized to act through STAT6 [88].
However, to our knowledge, no systematic analysis has been performed on the outcomes of
transcriptional regulation in monocytes when neoplasias are present. This lack of data
reflects the lack of specify of genetic means of ablation in monocytes alone. Thus, the
emergence of monocyte restricted cre-recombinases such as Ms4a3 cre in genetic mouse
models might enable the feasibility of such important experiments [10].

Technical advances in single cell RNA sequencing and high dimensional flow cytometry are
being increasingly used to define the cell populations in primary and metastatic human
tumors based on transcripts or protein markers at single cell resolution [94-96]. Indeed,
single cell RNA-seq analysis of the immune cell populations of 8 primary human breast
cancers have enabled the derivation of an immune cell atlas providing transcriptional
profiles of monocytes, macrophages, dendritic cells, B cells, and various T cell subsets [95].
In contrast to the above studies, mouse models of breast cancer in which all TAMs and
MAMs have been recruited from monocytes, two recent studies performed in-depth analysis
of the immune cell populations of primary and metastatic human brain tumors (Figure 5)
[96,97]. Both studies found that primary glioblastomas were occupied by both TRM,
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microglia-derived cells, and monocyte-derived cells, whereas in metastatic brain tumors,
most TAMs were monocyte-derived (Figure 5). In addition, the glioblastoma TME imposed
a distinct pattern of gene regulation on microglia and monocyte-derived macrophages
relative to that found in metastatic tumors. In concert with these differences, metastatic
tumors exhibited a more diverse immune cell population than primary glioblastomas,
including a higher frequency of regulatory T cells (Figure 5) [96,97]. Collectively, these
studies establish tumor-specific roles in the transcriptional imprinting of recruited monocyte-
derived and resident macrophages in mouse and human tumors in vivo and provide
important resources for further investigation.

Concluding remarks

Monocytes are highly adaptable cells that are influenced by the plasma milieu and are
subsequently transformed by signals encountered upon entry into a tissue niche. Substantial
progress has been made in identifying environmental factors and downstream pathways that
drive monocyte differentiation into a few of the many types of tissue macrophages.
Importantly, we remain far from understanding the complete set of internal and external
signals that are sufficient to establish any particular macrophage phenotype (see outstanding
questions). Achieving this goal is made more challenging by the increasing appreciation of
myeloid cell complexity, as revealed by single cell technologies. Nevertheless, the power of
these new technologies needs to be tempered with further biological understanding and
association studies with specific defined markers. For example, a report having defined 4
monocyte subsets in human blood [30] has now come under intense security as the Mono4
population in this report expressed NK cell markers, leading to the conclusion that there
might only be three major monocyte populations with a mis-ascribed NK cell population
[98]. We posit that it is obvious that while in transition from one population to another,
individual cells in the transitional phase will all have slightly different transcriptomes. Thus,
there can be endless discussions about diversity but what is most important is that a
consensus map be achieved regarding the monocyte populations during homeostasis [98].
This baseline might inform an outstanding question on whether the developmental fates can
be influenced by changing environments to give functionally different monocytic
populations, or whether there are only whole-scale population shifts. The dramatic shifts in
monocytic populations and transcriptomes in cancer suggest the latter. Therefore, another
outstanding question is whether these shifts are simply markers of the systemic environment
or whether they have functional outcomes influencing the disease state. Given the roles of
monocytes in mouse models enhancing metastasis for example, we would argue the latter,
but this will be a challenge to answer in humans.

This analysis raises a key question on how the signaling pathways that have been defined for
the recruitment and differentiation of monocytes interact with LDTFs, and how these
interact with the overlaid differentiation factors within the blood and tissue in cancer; this is
only beginning to be understood in homeostasis. This question is relevant as it might be
possible to derive interventions that can define a switch in cell fate or phenotype for
therapeutic purposes. Thus, insights into intra- and inter-cellular crosstalk may better inform
the roles of macrophages in homeostasis, immunity, and cancer, and are likely to be
strengthened by emerging technologies such as spatial transcriptomics, where single cell
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transcriptomes can be revealed within the context of two- or three-dimensional tissue
sections [e.g., [99]]. These methods may also enable improved identification of potential
ligand receptor pairs in adjacent cells. In addition, the increasing ability to perform deep
epigenetic analyses of relatively small populations of cells is enabling the inference of TFs
and upstream signaling pathways that can regulate cell identity from dynamic enhancer
landscapes in both normal [58] and pathogenic [100] tissue environments. A better
understanding of the mechanisms controlling context-specific monocyte and TRM
phenotypes will be essential for the rational development of methods that can beneficially
alter their functions in disease.
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Outstanding questions

. What is the mechanism behind the systemic alterations in monocyte
abundance and their transcriptomes in different cancers? Can these alterations
be reversed and can this reversal influence disease progression? Profound
systemic changes could be an epi-phenomenon or be causal in disease. If the
latter case, then reversal of changes may be therapeutic.

. Are monocytes involved in reciprocal interactions with disease sites to which
they are recruited and thus influence disease progression? If the tissue
environment turns recruited monocytes into effector cells at specific sites, this
opens the possibility of tissue-specific therapeutic interventions.

. When does a monocyte become a macrophage, what controls these steps, and
do these intermediate states have functions in vivo? Fate mapping is essential
for studying monocyte differentiation into a macrophage in tissues. How
many intermediates states are there and what are their functions?

. Are tissue macrophage functions independent of an embryonic or bone
marrow derived origin? Origin can determine function, offering the possibility
of therapeutic discrimination.

. Are monocytes and tissue resident macrophage precursors transcriptionally
similar, and are they controlled in the adult vs the neonate by the same tissue
environment cues?

If the progenitors are different, they might be independently targeted therapeutically.
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Highlights

Mammalian monocyte development in the bone marrow from hematopoietic
stem cells is driven by evolving and dynamic genomic enhancer landscapes
and sequential binding of Lineage determining transcription factors

Monocyte fates are highly diverse; their plasticity and niche-specific
regulation are beginning to be revealed in contexts of homeostasis,
inflammation, and cancer.

Murine models of liver injury reveal that the interactions of monocytes with
liver sinusoidal cells can lead to sequential alterations of genomic enhancer
landscapes that ultimately drive Kupffer cell-specific expression of enhancers
and genes.

Murine models of genetic fate mapping, combined with studies of human
cancers using single-cell transcriptome and proteome analysis, as well as
bioinformatic-inferred algorithms mapping trajectories of cellular
differentiation, demonstrate that the tumor-associated macrophage (TAM)
phenotype is driven by tumor-specific features, regardless of their origin from
monocytes or yolk-sac derived tissue resident monocytes.
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Figure 1. Monocyte differentiation in blood and tissues
Classical monocytes differentiate into non-classical monocytes through an intermediary

stage. Markers are shown for human (top) and mouse (bottom). Classical monocytes
extravasate into tissues to replace resident macrophages, participate in wound responses,
contribute to pathogenic tissue inflammation, and promote tumor progression and
metastasis. Non-classical monocytes are retained in vessels where they perform surveillance
and monitor pathogenic insults. They can also extravasate at sites of metastasis and inhibit
tumor cell establishment through a NK cell mediate mechanism.
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Figure 2. Differentiation of circulating monocytes from bone marrow progenitor cells
Differentiation from early progenitors through progressively restricted ones that are then

released into the circulation as classical monocytes (mice and humans) is regulated by the
sequential expression of transcription factors (shown at the top). Alternative pathways to
non-classical monocytes have also been proposed as indicated by the arrow. HSCs;
hematopoietic stem cells, CMP; common myeloid progenitor cells, GMP; granulocytic
myeloid progenitor cells, MDP; bipotent macrophage dendritic cell progenitor, cMoP;
unipotent common monocyte progenitor.
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Figure 3. Molecular mechanisms by which niche-specific signals promote monocyte
differentiation into different macrophage phenotypes (mice and humans).

Panel A. Niche specific signals induce the expression of lineage determining factors
(LDTFs) that collaborate with core macrophage LDTFs to drive the selection of new
enhancers. Pre-existing and new enhancers are further influenced by the actions of broadly
expressed signal-dependent transcription factors that mediate the effects of internal and
external signals.

Panel B. Sequence motifs enriched in Kupffer cell specific enhancers can enable inference of
the transcription factors and upstream signaling pathways that drive differentiation from
progenitor cells. For each motif, corresponding transcription factors, upstream signaling
pathways, and sources of liver-specific signals are indicated.
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Figure 4. Origin of tumor- and metastasis-associated macrophages in mouse models of breast
cancer.

Classical monocytes are recruited to both primary and metastatic sites via a CCL2-CCR2
driven chemokine signaling pathway. In the primary tumor, these recruited monocytes
undergo sequential development into TAMSs, which are first involved in a streaming behavior
that drives tumor cell invasion via a CSF1-Epidermal growth factor (EGF) paracrine loop,
before being recruited to vessels by fibroblast expressed CXCL12. On the vessel, these
TAMSs enhance tumor cell intravasation by expressing VEGFA. At metastatic sites, the
circulating tumor cells recruit classical monocytes expressing VEGFA (causing vessel
permeability) that upon arrival, promotes the extravasation of the latter. Subsequent
signaling pathways (as indicated), result in monocyte differentiation through a progenitor
stage (MAMPC) --that is immuno-suppressive via production of reactive oxygen species
(ROS)-- into a MAM that confers survival signals to tumor cells via vascular cell adhesion
protein 1 (VCAML1) engagement. These MAMs further differentiate, supporting metastatic
tumor growth via the depicted signaling pathways; this process occurs in part via inhibition
of cytotoxic CD8* T cells and NK cell effector functions.
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Figure 5.
Proportions and tumor specific phenotypes of monocyte-derived and microglia-derived

tumor associated macrophages in metastatic brain tumors and glioblastoma.
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Classical and Non-Classical Monocytes in Humans and Mice
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“Classical” “Inflammatory”

“Non-Classical” “Patrolling”

Human surface antigen

CD14** CD16~ CCR2* CSF1R

CD14* CD16* CSF1R

Mouse surface antigen

Ly6c** Treml4~ CCR2* CSFIR

Ly6c™ Treml4** CSF1R

Recruitment

Recruited from blood through CCR2 release.

Migrate in response to CX3CL1

Transcription factors

PU1, JUN, FOS, IRF8, KLF4

PU1, NR4A1, KLF2

Genes up-regulated

VCAN, CD163, CD63 S100A12, S100A8,

FCGR3A, IFITM1-3, CDKN1C, MTSS1

Pathways up-regulated

Immune response, defense response, inflammatory response,
chemotaxis, TLR, lysosome

Immune system process, leucocyte migration,
cytoskeleton rearrangement

Metabolic profile

Carbohydrate Nucleotide production ROS production

Oxidative phosphorylation

Cytokines

TNFa, IL-1B, IL-6
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