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Tumour-infiltrating myeloid cells (TIMCs) are critical regulators of cancer growth. The different phenotypes, functions and
therapeutic effects of these phagocytes have, however, been difficult to study. With the advent of single-cell-based technolo-
gies, a new ‘worldview’ is emerging: the classification of TIMCs into subtypes that are conserved across patients and across
species. As the landscape of TIMCs is beginning to be understood, it opens up questions about the function of each TIMC
subtype and its drugability. In this Perspective, we outline the current map of TIMC populations in cancer and their known and
presumed functions, and discuss their therapeutic implications and the biological research questions that they give rise to. The
answers should be particularly relevant for bioengineers, materials scientists and the chemical and pharmaceutical communi-

ties developing the next generation of cancer therapies.

inflammatory host cells. Tumour-infiltrating myeloid cells

(TIMCs) are of particular interest because they are abundant
in the stroma of a broad range of tumours, and because at least some
TIMCs modulate key cancer-associated activities'. TIMCs also
modulate the efficacy of virtually all types of cancer drugs, including
nanomaterials and biologicals. Consequently, patients who do not
respond to current treatment options, including immune-check-
point-blockade therapies, may benefit from orthogonal approaches
targeting TIMCs.

There are various subtypes of myeloid cells, operationally divided
into mononuclear cells (macrophages, monocytes and dendritic cells)
and polymorphonuclear cells (neutrophils, mast cells, basophils and
eosinophils). This division can further diversify into a spectrum of
activation states in response to exogenous stimuli. For a long time,
it has remained unclear whether the lineage of each TIMC should
be considered a broad continuum of states or rather a set of separate
and targetable subsets of states. In fact, until recently, a comprehen-
sive understanding of TIMCs has been lacking, in part because the
approaches used to define them relied on a limited set of panels of
markers that did not cover the full spectrum of TIMC states.

With the advent of single-cell-resolution methods and new bio-
informatic tools, it has become possible to comprehensively map
TIMCs in patient samples and to arrange these cells into defined
populations without a priori knowledge of the markers that define
them. The ability to perform these studies in any organism also
permits unbiased comparisons of TIMCs across species including
mice, which remain widely used preclinical models. Identifying dis-
crete subsets of TIMCs opens up opportunities for defining thera-
peutic targets, for developing new pharmaceuticals and for testing
them in both preclinical and clinical settings.

In this Perspective, we first outline the current map and known
functions of populations of TIMCs, using lung cancer as a vantage
point, and discuss unanswered research questions as a roadmap
for future studies. We also consider emerging therapeutic impli-
cations, covering new therapeutic approaches being developed by
bioengineering, materials science, and the chemical and pharma-
ceutical communities.

| he makeup of most cancers involves immune cells and other

Known and presumed functions of myeloid cells in cancer
Single-cell-resolution methods are redefining the understanding of
immunity in various human cancer types, particularly lung adeno-
carcinoma’™, melanoma®‘, head-and-neck cancer’, renal-cell carci-
noma®, breast cancer”'® and glioma''?. At present, human TIMCs
are perhaps best described in non-small-cell lung cancer. Single-cell
RNA sequencing (scRNA-seq) and mass cytometry by time-of-flight
(CyTOF) have revealed the presence and identity of defined popula-
tions of macrophages, monocytes, dendritic cells, neutrophils and
mast cells in these tumours>* (Table 1 and Fig. 1). The map of TIMC
subtypes may be expanded as more tumour types are being analysed
and functionally explored. In what follows, we discuss important
TIMC subtypes and their known and presumed functions.

Macrophages. Macrophages are usually the most abundant immune
population in tumour stroma (Box 1 and Fig. 1a). In non-small-cell
lung cancer, spectral clustering of scRNA-seq data now allows for
the division of macrophages into ten populations, namely Mo, ,
and the cycling macrophages Mg, (Fig. 1b,c and Table 1). These
population subsets show distinct transcriptional states; for example,
Mo, express genes involved in cell proliferation and are reproduc-
ibly found across individuals®. Compared with the other myeloid cell
types discussed in this section, macrophages appear to be more het-
erogeneous, which might be explained in part by the diversity and
plasticity of these cells'*". Yet it remains unclear whether Mo, is
a specific macrophage subclass that is permanently undergoing cell
proliferation within tumours, or a mixture of any of the other defined
populations that happened to be cycling when the tumour was cap-
tured (in which case Mo, could be defined as a transitory state).
When considering the genes that are enriched within each Mg,
subset (with respect to all other immune and non-immune cells
within the tumour stroma), it becomes possible to interrogate bulk-
mRNA-expression databases that include thousands of patients
and to assess whether associations exist between patient survival
and the abundance of defined macrophage subsets within tumours.
Several methods exist to mine bulk RNA data from scRNA-seq
methods*'*~"7. These correlative analyses may help to discriminate
between myeloid cells that promote or suppress cancer growth as
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Table 1| Overview of TIMC classes in human lung cancer

Type Subtype Example genes Association with clinical Comments
outcome
Macrophages Mg, CXCL5, NT5E, IL1B Bad MO-like
Mg, FN1 - MO-like and M2-like
Mg, APOE, CTSD - M2-like
Mg, MMP7, TIMP3 Bad MO-like
Mgs CHITI1, CTSK Neutral MO-like and M2-like
Mg, CCL18, CD209 Neutral M2-like
Meg, MARCO, PPARG Neutral MO-like and M2-like
Mgg CXCL12 Bad M2-like
Mg, CXCL9, CXCL10 Bad M2-like (and M1-like)
Mac,q MKI67, TOP2A - MO-like and M2-like
Monocytes Mono;, CD14, FCN1 Bad Similar to CD14+* ‘classical’ monocytes
Mono, ITGAL, LILRB2 - Similar to CD14™ and CD16* ‘non-classical’
monocytes
Mono, ST100A8, IL1B Bad Express neutrophil-associated genes (MonoN)
Mono, CCL17,CD74 = Express DC-associated genes (MonoDC)
Dendritic cells DC, CLEC9A, XCR1 Good Cross-present antigens to CD8* T cells (cDC1)
DC, CDTA, TNFSF12 Good Coordinate CD4* T-cell responses (cDC2)
DC, CD40, FSCN1 Good Can sense IFN-y and produce IL-12
pDC GZMB, TCF4 Good pDC
Neutrophils N, ARGI, PADI4 Neutral Present in healthy tissue in mice
N, IFITI, IFIT2 - Rare subtype, also found in blood
N, CXCR1, CXCR2, ILTB Neutral Likely an intermediate between N1and N5
N, SIGLECT0, IL1B = Likely an intermediate between N1and N5
N CCL3, PI3, IL1B Bad Similar to pro-tumour Siglec-F" neutrophils in
mice
Mast cells Mast, CLU Good Mouse equivalent not yet identified
Mast, CMAT Neutral Rare subtype

The information in this table has been extracted from ref. 2.

well as those that remain uninvolved (Table 1). In non-small-cell
lung cancer, the presence of the macrophage subsets Ma,, Mg,
and Mo, is strongly associated with poor patient survival, suggest-
ing that these cells promote tumour outgrowth and are important
immunotherapy targets. By contrast, the presence of Ma,, Mg, and
Mg, correlates with neither better nor worse patient survival, posit-
ing these cells as possible bystanders in the tumour microenviron-
ment. To date, other macrophage subsets have not been assessed.
Although macrophages are often catalogued as classically acti-
vated cells (M1 type) or alternatively activated cells (M2 type; Box 1),
categorizing tumour-associated macrophages (TAMs) as M1 or M2
has limitations (Fig. 1d and Table 1). For example, in non-small-cell
lung cancer, many macrophage subsets simultaneously express an
uncommitted MO signature and an M2 signature; Mg, are predomi-
nantly MO0-like; Ma,, Mg, and Mg are predominantly M2-like; and
none of them are M1-like, perhaps with the exception of Mg, mac-
rophages, which are predominantly M2-like. Such a detailed analysis
indicates that M2-like macrophages can be found in growing lung
tumours and that M2 is not a distinct macrophage state. In breast can-
cers and endometrial cancers, bulk-RNA-sequencing studies revealed
distinct gene-expression profiles for TAMs than for resident macro-
phages from homeostatic tissues (in particular, the genes SIGLECI
and CD163); yet the TAMs did not show a preferential enrichment
for M2-associated genes'®. Moreover, single-cell-resolution studies

showed that breast-cancer-associated macrophages can simultane-
ously express M1-related and M2-related genes', further support-
ing the notion that macrophage activation within tumours does not
follow a simple M1-M2 polarization model.

Mechanistic studies are warranted to further assess the functional
relevance of TAM subsets and to clarify which ones promote or sup-
press tumours in various cancer types. For example, CD163* TAMs
in experimental mouse models preferentially promote tumour
growth when compared with their CD163~ counterparts, and selec-
tively removing CD163* TAMs promotes cancer regression, anti-
tumour T-cell immunity and sensitivity to immunotherapy”. The
Mg,, Mg, and Mg, subsets in human lung cancer express CDI163 at
higher levels’, making these subsets candidate therapeutic targets.

Monocytes. Monocytes are often operationally divided into so-
called classical and non-classical cells (Box 1). Studies using scRNA-
seq have revealed four distinct populations of monocyte-like cells
in human tumours (Mono,_,; Fig. 1b,c and Table 1). Mono, and
Mono, correspond to classical and non-classical monocyte subsets?,
respectively, whereas Mono; and Mono, remain less understood.
Mono, (or MonoN) and Mono, (or MonoDC) express neutrophil-
associated and dendritic-cell-associated genes, respectively. All four
subsets are reproducibly found across patient tumour samples and
have also been detected in peripheral blood**.
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Fig. 1| Tumour-infiltrating myeloid cell types. a, Two-dimensional visualization of immune and non-immune single-cell transcriptomes in lung tumours
from patients. The data are shown using SPRING, a pipeline for data filtering, normalization and visualization using force-directed layouts'*®. Each dot
represents a single cell. b, SPRING plots of TIMC subsets from the same patients. ¢, |dentification of expression-enriched genes in each TIMC subset,
as compared with all others in the microenvironment of the human lung tumour. NK cells, natural killer cells; TPM, gene transcripts per million; TPM,;,
second-highest expression value per gene transcripts per million (see ref. ? for details). d, Classification of macrophage subsets by MO-like, M1-like and

M2-like gene signatures. Fig. 1 adapted with permission from ref. 2, Elsevier.

Determining the precise tumour-related functions of these
monocyte subsets requires more research. The presence of Mono, in
lung tumours correlates with neither better nor worse survival; how-
ever, the presence of Mono, and Mono;, is associated with poorer
clinical outcomes (Table 1; Mono, could not be assessed). Also,
bulk-RNA-sequencing studies showed altered gene-expression pro-
files for peripheral blood monocytes obtained from patients with
breast cancer or endometrial cancer when compared to monocytes
from healthy controls, which indicates that human solid tumours
can amplify discrete monocyte states in the periphery’. This sug-
gests that there are additional opportunities to study monocyte
populations that presumably exhibit tumour-promoting functions.
Interestingly, some experimental conditions trigger the accumula-
tion of inflammatory monocyte-like cells that carry antitumour
functions'’, which indicates that triggering tailored (inflammatory)
monocyte responses may be therapeutically desirable. Considering
that dendritic cells can exhibit antitumour activity, it is also relevant
to study the functions of Mono, and their possible role in promoting
antitumour immune responses.

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

Denderitic cells. Although dendritic cells within tumours are typi-
cally rare, they can orchestrate antitumour functions (Box 1). In
human lung tumours, scRNA-seq has revealed the presence of three
conventional dendritic cell subsets, termed DC, ;, in addition to
plasmacytoid dendritic cells (pDC; Fig. 1b,c and Table 1). These
cell populations were found in nearly all patients studied”. DC, and
DC, express gene signatures that map well to those of conventional
DC1 (¢cDC1) and ¢DC2. DC, do not express the canonical ¢cDCl
markers XCR1 and CLECYA, yet they do express the ¢cDC1 fac-
tors basic leucine zipper ATF-like transcription factor 3 (BATF3)
and interferon-regulatory factor 8 (IRF8). DC;, present additional
features that are relevant to antitumour immunity, including the
production of the cytokine interleukin-12 (IL-12), which promotes
the activation of tumour-infiltrating CD8* T cells and is neces-
sary for effective immune checkpoint blockade in cancer mouse
models”’. DC, also upregulate the C-C chemokine receptor type 7,
which can guide dendritic cell migration to T-cell areas in draining
lymph nodes®; yet in the context of successful immunotherapy, at
least some tumour-infiltrating DC, progressively lose their motility
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Box 1| Myeloid cell types

Macrophages. Macrophages localize within all organs of the body,
are phenotypically and functionally diverse'*”, and can have dif-
ferent origins'*'*. Within tumours, these cells are frequently re-
ferred to as TAMs. In patients, TAMs are often defined as CD68*,
CD163* or both, and studies using these markers have revealed
a strong association between the high densities of these cells and
poor patient prognosis in numerous cancer types (with some ex-
ceptions)'. Conversely, experimental studies have described many
tumour-promoting functions of TAMs, including stimulating
tumour-cell proliferation, enhancing tumour vascularization, in-
creasing tumour-cell invasion and suppressing anti-tumour im-
mune cells. Some TAMs may also display anti-tumour functions,
including directly killing tumour cells and activating other anti-
tumour immune cells'. Macrophages have long been catalogued as
M1-activated or M2-activated cells'”!, with M1-like cells carrying
anti-tumour functions and M2-like cells supporting tumour-pro-
moting functions; however, single-cell-based studies indicate that
macrophage activation within tumours does not follow a simple
MI1-M2 polarization model.

Monocytes. Monocytes are circulating cells that are often
operationally divided into the so-called classical subsets (CD14*
in humans and Ly6Ch in mice) and non-classical subsets
(CD14"™ and CD16* in humans, and Ly6C® in mice)'>. Non-
classical monocytes patrol the vasculature and remove damaged
endothelial cells. Although they typically remain low in number
within tumours, non-classical monocytes may suppress tumour
metastasis by removing cancer cells in the tumour vasculature
and by recruiting antitumour immune cells locally'””. By contrast,
classical monocytes can be amplified under inflammatory
conditions and might extravasate into tumours, where they
may differentiate into macrophages and other cell types. Many

locally?”, suggesting that these cells can acquire aberrant trafficking
behaviour and persist within tumours, where they mediate antitu-
mour functions.

Analysing human cancer biopsies supports the potential for den-
dritic cells to benefit the host. As with T-cell infiltration metrics,
having more dendritic cells within tumours correlates with better
overall patient survival and improved responses to immune check-
point blockade in various cancer types*~*. The presence of DC,-
associated markers has been associated with positive prognoses in
various cancer types, including breast cancer, lung cancer and mela-
noma®***. DC, (refs. >*°), DC; (ref. ?) and pDC (ref. ?) remain less
studied, but their presence within tumours has also been connected
to improved clinical outcomes (Table 1). These data suggest that
tumour-infiltrating dendritic cells, although typically rare, include
distinct subsets with non-overlapping functions; also, each subset
may promote antitumour immunity locally and, at least in some set-
tings, could be harnessed for immunotherapy.

Neutrophils. Neutrophils are increasingly understood to be a
particularly important myeloid population in the tumour micro-
environment (Box 1). As these cells show lower transcript counts
than other immune cells, they are occasionally and inadvertently
excluded when employing the data filters commonly used in
scRNA-seq studies. This limitation can be circumvented by set-
ting low filtering thresholds to allow neutrophil detection. It also
appears important to evaluate neutrophils (as well as other myeloid
cell types) directly from freshly obtained samples, and to avoid
cryopreservation strategies. By using this approach, studies using
single-cell technologies have started to reveal neutrophil heteroge-
neity within tumours. In human lung tumours, neutrophils form

inflammatory monocyte-derived cells within tumours are thought
to promote cancer outgrowth'. Single-cell-based studies have
revealed four distinct monocyte populations, some of which
remain poorly understood.

Dendritic cells. Dendritic cells and related lineages can be
partitioned into pDCs, ¢cDCs and monocyte-derived dendritic
cells. cDCs include at least two populations, named cDC, and cDC,
(ref. ). cDC;s are often defined with the cell-surface markers
XCRI1 and CLEC9A and are best known to cross-present antigens
to CD8* T cells®. cDC,s are often identified with the markers CD1A
and CD172A; they do not cross-present antigens and are therefore
inefficient activators of CD8* T cells but can drive antitumour
CD4" T-cell responses®. Monocyte-derived dendritic cells can
have an array of functions but may be difficult to distinguish from
cDCs by surface-marker expression*>*2. Single-cell-based studies
have revealed three distinct populations of conventional dendritic
cells in addition to pDCs.

Neutrophils. Neutrophils have been identified as the most
significant prognostic populations across many cancer types'”,
particularly because the number of neutrophils increases as
tumours progress’. In animal models, neutrophils enhance
tumour-promoting events, including cancer-cell proliferation,
angiogenesis and immunosuppression. Neutrophils can also
foster tumour progression by awakening dormant cancer cells,
escorting and protecting circulating tumour cells, and driving
cancer metastasis'”'””. However, neutrophils can also take
on opposing functions” and have eliminated tumour cells
in some experimental settings. They can also promote CD8*
T-cell activation and antagonize metastasis’>'*. Clearly, a better
understanding of neutrophil diversity is needed. Single-cell-based
studies have revealed at least five subsets of neutrophils.

a continuum of states that, via spectral clustering, resolve into
five subsets, namely N,_; (Fig. 1b,c and Table 1). N, and N; define
edges in an N;-to-N;,-to-N,-to-N; continuum, with N, expressing
high levels of the canonical neutrophil markers S100A8, SI00A9
and ADAMS, and N; expressing the cytokines chemokine (C-C
motif) ligand 3 (CCL3) and colony stimulating factor 1 (CSF1),
which are associated with tumour progression’”**. N,, which are
typically rare, express type-I-interferon response genes, including
IFIT1 and IFIT2.

The relative abundance of each neutrophil state varies across
patients. The presence of N, and N, correlates with neither better
nor worse patient survival, yet the presence of N strongly correlates
with poorer survival’, suggesting that these cells promote tumour
progression and may be relevant immunotherapy targets (Table 1;
N, could not be assessed, and the rarity of N, makes them diffi-
cult to study in correlative studies). Accordingly, mouse studies
have determined that neutrophils defined by Siglec-F"&" expression
include N; and exhibit more potent tumour-promoting functions
than their Siglec-F'°" counterparts>>.

The analysis of a randomized trial of the role of the inhibition of
IL-1p, involving more than 10,000 patients with atherosclerosis and
followed up for several years (the canakinumab anti-inflammatory
thrombosis-outcomes study), identified substantially decreased
lung cancer incidence and mortality in the group that received
anti-IL-1p therapy™. Interestingly, in lung tumours, IL1B is strongly
upregulated in some myeloid cell types, including neutrophils—
most notably N;—as well as Mg, and Mono,. As the presence within
tumours of any of these populations is strongly associated with poor
patient survival?, it is possible that IL-1p production by these TIMC
populations directly contributes to tumour outgrowth.
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Fig. 2 | Five therapeutic opportunities relevant to TIMC populations. Greater understanding of the TIMC landscape can help discover new therapeutic
targets (yellow), pharmacologically manipulate phagocytosis (blue), improve the delivery of drugs (orange), ablate or prevent the recruitment of
pro-tumoural TIMC subsets (green) and unleash antitumoural TIMC responses (purple).

Other classifications and cell types. In addition to the discussed
immune populations, other TIMC subsets may be relevant targets
for cancer treatment. For instance, among polymorphonuclear cells,
mast cells and basophils substantially decrease in abundance when
tumours arise*. Also, mast cells comprise two populations, namely
Mast, and Mast,, and the presence of Mast, in lung adenocarcinoma
is strongly associated with better clinical outcomes’. It is possible that
amplifying this mast-cell population could provide clinical benefit.

The term myeloid-derived suppressor cells (MDSCs) is frequently
used to define a heterogeneous population of immature myeloid
cells that suppress T-cell responses, promote cancer outgrowth
and express CD11b and Grl in mice’*?. However, these markers
indiscriminately label different subsets, including at least some neu-
trophils and monocytes™. This has limitations, in part because not
all CD11b* Grl* cells are immunosuppressive—other cells, such as
TAMs, can also be immunosuppressive but are excluded when using
the MDSC terminology—and because aside from immunosuppres-
sion, this group of cells can display other functions that should not
be overlooked as they could also be relevant to cancer and its treat-
ment. Overall, it appears more useful to identify myeloid cells as
neutrophils, monocytes and other well-defined immune types—
rather than as mixtures of cell populations—and to consider all
tumour-associated functions for these cells.

Emerging therapeutic targets

The growing understanding of the landscape of TIMCs has impor-
tant implications for developing new therapeutic approaches, for
defining new and more specific drug targets and for understand-
ing resistance mechanisms. Several review articles have focused on
pharmacological parameters*~” and on screening nanomaterials®.
Here we touch on five salient points relevant to the therapeutic tar-
geting of TIMCs (Fig. 2).

Discovery of new therapeutic targets for TIMCs. To overcome
limitations in the current treatment options for cancer, the target-
ing of the immune system beyond T cells should exploit the diver-
sity of non-redundant immune components. The uncovering of the
full repertoire of TIMC states and their functions is just beginning;
accordingly, current treatments might affect both pro-tumoural
and antitumoural populations in ways that are not yet understood.
As many TIMC states exhibit distinct gene-expression profiles,

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

the mining of scRNA-seq datasets can identify new cellular targets
that selectively present pro-tumoural (or antitumoural) functions,
and could thus be antagonized (or agonized) in a therapeutic set-
ting. For example, a population of tumour-promoting neutrophils”
and a population of antitumour dendritic cells’’ emerged as targets,
but specific druggable proteins of these subsets have yet to be dis-
covered. The search for new therapeutic targets may also benefit
from considering genes or myeloid cell populations that are pres-
ent within the stroma of growing tumours yet absent from healthy
tissues. These and other efforts could have major implications for
the design of new immunotherapies that are more efficient and less
toxic than currently available treatments.

Manipulation of the phagocytosis of TIMCs. Phagocytosis plays
a critical role in the surveillance of tumours, including the clearing
of apoptotic cells, the elimination of cellular debris, the expelling of
extravasated red blood cells and the removal of cancer-associated
bacteria. Phagocytes use different surface receptors and signalling
pathways to ingest nanoparticles and debris. Much of the under-
standing of the molecular basis of phagocytosis derives from genetic
screens in model organisms. Genome-wide CRISPR screens investi-
gating phagocytosis mechanisms for different magnetic nanoparti-
cles in the macrophage-differentiated human myeloid cell line U937
revealed that the NHL repeat-containing protein 2 is a central player
in phagocytosis, as well as the need for very long-chain fatty acids
for the efficient phagocytosis of certain substrates®. Another study
showed that a multi-receptor-tyrosine-kinase (MAPK)-inhibitor
nanoformulation efficiently accumulated in TAMs to block bidirec-
tional resistance pathways and thus that mitogen-activated protein
kinase inhibitors affect TAM function®. Ongoing research suggests
that there is a largely unexplored opportunity to pharmacologically
manipulate the phagocytosis of TIMC subtypes.

Cancer cells can overexpress specific anti-phagocytic surface
proteins, which prevent clearance by TIMCs, most notably macro-
phages. These proteins, often referred to as ‘don’t eat me’ signals,
include the membrane integrin CD47 (ref. *'), beta-2 microglobu-
lin of the major histocompatibility class I complex** and the sialo-
glycoprotein CD24 (ref. ©*). Interaction of these ligands with their
receptors on TIMCs (namely SIRPa for CD47, LILRBI for beta-2
microglobulin and SIGLEC10 for CD24) can inhibit phagocytosis
and are thought to contribute to cancer-cell evasion from the
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immune system. Drugs that antagonize the interaction of ‘don’t
eat me’ signals with their receptors may thus be used to raise tumou-
ricidal TIMC functions. The clinical evaluation of a CD47-antibody
checkpoint inhibitor showed promising activity in patients with
non-Hodgkin’s lymphoma when used in combination with ritux-
imab*. Also, inhibitors of glutaminyl-peptide cyclotransferase-like
protein, a modifier of the CD47-SIRPa checkpoint®, are in devel-
opment and could be used to enhance the immune blockade of anti-
tumour TIMC responses.

Improvement of drug pharmacokinetics. Considering that TIMCs
can substantially affect cancer drug pharmacokinetics, it is impor-
tant to better understand this influence and harness it for therapy. In
what follows, we discuss these unresolved questions: can one capital-
ize on TIMCs to improve drug accumulation within tumours? Can
some TIMCs be further exploited as drug reservoirs? Conversely,
can TIMCs interfere with the delivery of antibody drugs to their
intended targets, and can this process be prevented to augment the
efficacy of treatment?

The augmented delivery of drugs to tumours should improve
therapeutic efficacy and could be achieved by harnessing TIMCs.
For example, clinically approved chemotherapeutic-loaded thera-
peutic nanoparticles can be more effectively delivered to tumours
when more TIMCs are present. Intravital imaging evidence has
revealed that radiation therapy induces macrophages to accumu-
late near the tumour vasculature, where the cells elicit bursts of
extravasation and enhance the uptake of a drug in neighbouring
tumour cells®. Interestingly, TIMC numbers may significantly rise
after therapy initiation, leading to an apparent increase in tumour
size: a process often referred to as ‘pseudoprogression’. Similar
outcomes can be seen with cycles of neoadjuvant therapy or by
mechanical means (in particular, radiofrequency or cryoablation).
Overall, these findings suggest that manipulating TIMCs may
facilitate the delivery of drugs to tumours, and that this is achiev-
able therapeutically.

Aside from their ability to enhance the delivery of drugs to
tumours, TIMCs may also serve as drug depots. For instance, phago-
cytic TIMCs can efficiently accumulate a number of therapeutic
nanoparticles, such as Pt-poly(ethylene glycol)-poly(lactic acid-co-
glycolic acid)”. Drug accumulation in macrophages is sometimes
more pronounced than in tumour cells, even when nanomaterials
are targeted to the latter with antibodies. Interestingly, however,
TIMC-accumulated toxins are released in a gradient and can thus
kill surrounding cancer cells over time*”. When TIMCs are ablated
(by zolendronate, for instance), nanotherapeutics are generally less
effective”’; conversely, the efficacy of therapeutic nanoparticles typi-
cally increases when more TIMC:s are present. Moreover, delivering
therapeutic nanoparticles to TIMCs could, in principle, affect the
biological role that TAMs play in the intravasation of cancer cells
into vasculature*®®. Irrespective of the method used to promote
drug accumulation and release within tumours, it is clear that selec-
tively harnessing TIMC subtypes with antitumour functions could
prevent undesired effects mediated by other TIMC populations.

Intravital imaging evidence has also shown that TIMCs can
withhold anti-PD-1 monoclonal antibodies from their intended
targets. Anti-PD-1 antibodies are designed to block the PD-1
receptor on the surface of CD8* T cells, enabling these cells to
attack tumours; however, by simultaneously tracking macrophages,
CD8* T cells and anti-PD-1 drugs in real time in mice, it was
found that anti-PD-1 antibodies can be transferred from T cells to
neighbouring macrophages within minutes after drug administra-
tion*. This process involves fragment crystallizable (Fc) receptors
(FcyR), which are expressed on the surface of macrophages and
other TIMC subsets and bind the antibody drug’s Fc domain™.
Blocking Fc-FcyR interactions prolongs the binding of anti-PD-1
antibodies to tumour-infiltrating CD8* T cells and enhances

immunotherapy-induced tumour regression in mice. FcyR binding
also affects the activity of other monoclonal antibodies. Therefore,
a better understanding of the role of the various Fc receptors
expressed by TIMC, and the leveraging of drug-action mecha-
nisms, should facilitate the engineering of better therapeutics.

Containment of pro-tumoural TIMCs. Therapeutic approaches
aimed at eliminating tumour-promoting TIMCs involve blocking
their recruitment to tumours, ablating them and ‘re-educating’
them to eliminate pro-tumour functions. Although clinical tri-
als are underway, most of the knowledge currently derives from
animal studies.

Because many myeloid cells within tumours originate from
circulating precursors, controlling the numbers of TIMCs may
be achieved by antagonizing molecules such as CSF1-CSF1R or
CCL2-CCR2, which promote the production of TIMC precur-
sors in haematopoietic organs or the recruitment of these cells to
tumours"*. For example, targeting CSF1R can reduce TIMC num-
bers, which improves T-cell responses and limits tumour progres-
sion in some animal models. However, such approaches are globally
more effective when combined with orthogonal strategies, such as
T-cell-targeting immunotherapies, radiotherapies or chemothera-
pies'. In the clinic, monotherapy with CSF1R antibodies has shown
therapeutic efficacy against tenosynovial giant cell tumours™, which
are characterized by the overexpression of CSF1. Ongoing clinical
trials should help evaluate the efficacy of various inhibitors of the
above-mentioned pathways across cancer types and in combination
with several other cancer drugs. Additional molecular pathways
control neutrophil and monocyte production, and involve mol-
ecules such as the growth factor G-CSF* and the peptide hormone
angiotensin II**. Targeting these molecules or associated pathways
decreases the numbers of TIMCs and suppresses tumour outgrowth
in animal models. Encouraging clinical data also indicate that add-
ing an angiotensin II receptor blocker to cytotoxic therapy may
benefit patients with locally advanced pancreatic cancer®. However,
these approaches may have limitations. For instance, therapeu-
tic agents that target macrophages indiscriminately could affect
healthy tissues in which myeloid cells are involved with controlling
normal tissue function and unselectively ablate TIMCs with oppos-
ing functions, including those that contribute to cancer control. An
improved understanding of the heterogeneity of TIMCs should help
define new therapeutic agents and strategies for the ablation of pro-
tumoural TIMCs more selectively.

Considering that most TIMCs in growing tumours are immu-
nosuppressive and pro-tumourigenic*, an additional therapeutic
strategy is to ‘re-educate’ these cells so that they lose their tumour-
enhancing functions and, ideally, gain immunosupportive and
antitumourigenic activity. One promising approach is to stimu-
late toll-like receptors (TLRs) and cytosolic nucleic acid-sensing
pathways™. Activating these pathways triggers the secretion of
pro-inflammatory and antiviral cytokines. Most activators of these
pathways are large and complex compounds—such as CpG DNA,
lipopeptides, cyclic dinucleotides and double-stranded RNA, as
well as their synthetic mimetics such as polyinosinic:polycytidylic
acid—that require nanoformulations and/or specialized delivery
systems. An exception are imidazoquinolines, which are small-mol-
ecule TLR agonists. For example, resiquimod, a TLR7/8 agonist, can
be delivered to TIMCs in cyclodextrin nanoparticles and thus be
used for immunotherapy®. Other small-molecule agonists of TLR
and of the stimulator of interferon genes (STING) transmembrane
protein are also emerging and are being tested clinically. Additional
strategies for macrophage activation or ‘re-education’ have also
been explored™; for example, CSFIR may not only ablate macro-
phages or prevent their recruitment to tumours, but also alter their
polarization®*2. Therapeutic agents aimed at ‘re-educating’ tumour-
promoting TIMCs may also activate antitumour TIMCs.
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Unleashing antitumoural TIMCs. Considering that dendritic
cells are obligate partners of T cells, the design of current and
next-generation immunotherapies aiming to foster antitumour
T-cell immunity should closely examine any effects of drugs on
these cells. Characterizing dendritic cell populations and path-
ways of specific agonism could yield promising new therapeutic
targets. Although recent efforts suggest that amplifying DC, within
tumours promotes tumour control*>****%, increasing DC,, DC,
and pDC responses may also be rewarding therapeutically>*"*.
For example, DC, can sensitize tumours to immune checkpoint
blockade via IL-12 production®, and several therapeutic strate-
gies may enhance this response, including the administration of
cytokines intratumourally® or the provision of drugs that signal
through the non-canonical nuclear factor kB pathway, which is
upregulated in DC, (ref. *'). Such drugs include agonistic antibod-
ies specific to family members of the tumour necrosis factor recep-
tor (for example, CD40, OX40 or LTBR)** and small molecules
blocking cellular inhibitors of apoptosis (cIAP)”’. These drugs can
have unfavourable pharmacokinetics and show off-target toxici-
ties when administered systemically, but these limitations may be
circumvented when considering TIMCs. For example, myeloid-
targeted nanoformulations incorporating a cIAP inhibitor pref-
erentially induce IL-12 production by TIMCs in vivo and, as a
monotherapy, slow down tumour growth without triggering sig-
nificant systemic toxicity”’.

Additionally, the ability of dendritic cells to foster antitumour
immunity indicates that tumours can develop evasion mechanisms,
which could also be targeted therapeutically. For instance, some
tumours keep away BATF3-dependent dendritic cells (likely both
DC, and DC,;) either by suppressing the production of chemokines
(such as CCL4) that attract dendritic cells® or by secreting inflam-
matory mediators (such as prostaglandin E2) that block dendritic-
cell accumulation within tumours™. Both processes prevent T-cell
recruitment into tumours and promote resistance to immunother-
apy. Besides excluding dendritic cells, tumours can render them
locally dysfunctional. For example, tumour-induced activation of
the endoplasmic reticulum stress factor X-box binding protein 1 in
intratumoural dendritic cells blunts antitumour immunity”. The
immunosuppressive cytokine IL-10, which can be produced by
TAM:s, also suppresses the antitumour functions of dendritic cells*.
Efficiently manipulating these different pathways in therapy should
promote antitumour immunity.

Beyond dendritic cells, other TIMC populations may oppose
tumour progression and can be therapeutically stimulated. For
example, it is possible that antitumour macrophages can be
expanded or further activated to eliminate tumour cells’”>. Some
neutrophils may also participate in tumour-cell destruction”’” or
promote various forms of antitumour T-cell immunity”®”. Since
macrophages and neutrophils are globally associated with enhanc-
ing tumour outgrowth, it will be important to define more precisely
which myeloid cell states functionally oppose tumour progression
and thus could be harnessed for therapy.

Research questions

The increasingly understood and consequently expanding land-
scape of immune cells in cancers has given rise to a number of
important biological questions.

TIMC subtypes are preserved across patients and species. TIMC
mapping at the single cell level in human lung cancer has revealed
that the same tumour myeloid populations are found across patients’.
Tumour cells, by contrast, vary considerably across patients, indi-
cating that the myeloid microenvironment, at least within lung
tumours, is much more stereotyped than the tumour tissue that it
infiltrates. Consequently, drugs that target defined myeloid subsets
could have broad applicability in cancer immunotherapy.
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Direct comparison of TIMCs in human and mouse lung can-
cers further indicates cross-species conservation. Specifically, all
dendritic cells and all monocyte subsets, as well as the neutrophil
subsets N;, N, and N, are conserved, whereas macrophages show
species-specific patterns’. This suggests that studying TIMCs in
mice can help elucidate features of human cancers, and that mice
are relevant experimental models for testing drugs that target TIMC
subsets that are conserved across the two species.

Identifying the TIMC landscape in other cancer types requires
further work. Interestingly, some tumour-infiltrating immune cell
types may have unique conserved phenotypes regardless of the
tumour type in which they reside. For instance, although tumour-
infiltrating regulatory T cells—which can also promote cancer
growth—express transcripts that are distinct to those of regulatory
T cells in other tissues, the same regulatory T-cell phenotypes are
reproducibly seen across tumour types in mice and humans®.

The biological relevance of newly discovered cell states. Current
scRNA-seq studies mostly focus on generating cell atlases that
identify and enumerate different cell states present in clinical and
preclinical samples. It is important that this information is used
to generate models for assessing the functional relevance of newly
defined cell states.

Identifying surface markers for immune populations of inter-
est could help define how to purify these cells, which could then
be further assessed phenotypically and functionally ex vivo or
in vitro. Mining scRNA-seq datasets could help determine whether
a population of interest preferentially transcribes genes encoding
cell-surface proteins and thus which monoclonal antibodies could
be used to enrich these cells from tumour tissues (notwithstand-
ing the important caveat that mRNA expression does not always
predict protein presence). Additionally, spatial transcriptomics and
single-molecule tracking®-** should be useful to reveal the loca-
tion of different cell populations and their interactions. Obtaining
this information should further increase the understanding of the
complexity and functional relevance of TIMCs in the context of the
tumour architecture.

Immune cell states that are conserved across species could also
be evaluated functionally in animal models. This offers the possi-
bility of using a variety of approaches, including cell-fate-mapping
tools*, gene editing tools and intravital imaging setups®, for assess-
ing fundamental aspects of these cells (particularly their origin,
their biological functions, and where and how they traffic) and to
reveal if and how they respond to therapeutic interventions and
other manipulations in vivo.

Additionally, identifying newly discovered myeloid-cell states
could serve diagnostic purposes. For instance, a liquid-biopsy
approach assessing a tumour-driven peripheral-blood-mono-
cyte-derived transcriptomic signature'® could be used to predict
the presence of some cancers (at least those that foster a systemic
monocyte response).

Whether subtypes of TIMCs are evolutionary intermediates or
defined end populations is unclear. The ontogenic relationships
between TIMC subsets remain incompletely understood. Many
TAMs originate from circulating monocytes, which are themselves
produced by bone-marrow-derived haematopoietic stem cells®*°.
Experimental studies indicate the existence of unidirectional transi-
tions from circulating monocytes that have arrived at the tumour
site to sessile perivascular macrophages that promote tumour-cell
intravasation®. Also, some TAMs originate from embryonic devel-
opment independently from haematopoietic stem cells and mono-
cytes®”~". These cells that reside in tissue may be relevant therapeutic
targets, especially in the lung and liver, where they are particularly
abundant. Having more information about the origins of macro-
phages, and making distinctions between resident and recruited
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cell types as well as across lineage relationships and fates, will help
annotate the Mo subsets identified by scRNA-seq and further reveal
how overall macrophage responses could be manipulated.

Defining the origins of tumour-infiltrating dendritic cells also
requires further work. For example, DC; cells, which provide anti-
tumour functions and depend on BATEF3 for their development,
likely derive from ¢DC precursors but may also be produced by
circulating monocytes’*”. Understanding intratumoural DC, gen-
eration may help define therapeutic approaches that amplify antitu-
mour dendritic cell responses. The precise mechanisms that create
anti-tumour dendritic cell diversity also need to be elucidated.
Conceivably, DC, and DC, may derive from the same ¢cDC1 pro-
genitor considering that subsets both foster CD8" T-cell antitumour
immunity and express the cDCI transcription factors BATF3 and
IRF8. Defining the cues that control DC, versus DC, trajectories
might be relevant in therapy.

Because neutrophils form a continuum of states, it is possible
that each subset is linked ontogenically to its immediate ‘neigh-
bour, with N, (which is a healthy tissue state in mice) progressing
continuously to N;, N, and Ny (which are tumour-specific states in
mice) in growing tumours. These considerations should help define
new molecular and cellular targets that can be harnessed to limit
tumour-promoting neutrophil responses in therapy.

By measuring the ratio of the spliced (mature) and unspliced
(immature) versions of gene transcripts in scRNA-seq datasets”, it
is possible to infer whether the expression of each gene is increasing
or decreasing. This method can predict cellular dynamics and tra-
jectories, for example, from early progenitors to differentiated cells
all collected and assayed at the same time. This method, among oth-
ers, of inferring RNA velocities in single cells should facilitate the
understanding of TIMC-lineage relationships in growing tumours
and in their response to therapy in both humans and mice. Also,
animal models can be used to directly map the fate of adoptively
transferred TIMC progenitors in vivo* (provided that the trans-
ferred cells behave similarly to their endogenous counterparts).

Ways in which TIMC subsets can be identified more rapidly
without using scRNA-seq. scRNA-seq is an extraordinarily power-
ful tool used to dissect the genetic heterogeneity of immune cells.
However, the method is expensive, is not immune to errors and
can be time consuming. Also, today’s commonly used scRNA-seq
approaches do not provide geographical information of gene expres-
sion. Therefore, there is a need to define and validate additional cell
surface markers for all TIMC subtypes so that tissues can be more
readily assessed by flow cytometry or immunohistochemistry. The
use of validated markers is important, as some existing markers can
be suboptimal and even inaccurate in defining TIMC populations’.
To process samples more rapidly and more frequently, particularly
in clinical contexts, new methods of cellular analyses are needed.
One emerging technique relies on cyclic immunophenotyping of
fine-needle aspirates, as blood analysis poorly reflects the immune
cell composition of tumours®. The use of fine-needle aspirates obvi-
ates the need for core biopsies of primary tumours and relies instead
on fine needles with much lower periprocedural complication
rates and greater patient acceptance’. Moreover, it is well known
that TIMCs shed extracellular vesicles into circulation and that
sensitive and specific methods might be able to identify these rare
vesicles in peripheral blood.

The phagocytic capacities of TIMC subtypes. Most research
examining the toxicity and clearance of nanomaterials has focused
on their organ distribution rather than their cellular distribu-
tion and differences in the rates of phagocytosis of different cells.
Advances in intravital imaging® and careful flow-cytometry tech-
niques (that avoid the loss of cell populations) are enabling more
detailed studies. Two reports have shown that certain types of

polymeric carbohydrate nanomaterials are preferentially internal-
ized by TIMCs rather than by macrophages residing in tumour-
free tissues’>”. However, considerable work remains to be done to
define the cellular distribution of different nanomaterials and bio-
logicals, particularly across all subtypes of TIMCs. This effort will
lay the groundwork for increasingly selective phagocyte targeting.
Efforts are also needed towards the complete understanding of the
mechanisms of phagocytosis™.

Outlook

Given the extraordinary power of studying TIMCs via single-cell-
resolution methods—such as scRNA-seq™*, intravital imaging®
and spatial transcriptomics®*>—and computational tools®, we
expect that the understanding of human and murine myeloid cell
subtypes will improve rapidly over the next few years. Having a
‘parts list’ of cell types is the first step, and annotating them with
functional information will be the next task. Given the central role
of these cells in many diseases, new TIMC-directed therapeutics will
invariably emerge. Beyond the discussed research questions, there
are also important clinical questions: what new drug targets can be
identified, and will they synergize with existing treatments? What
kinds of studies are required to test and predict the human efficacy
of new materials and biological drugs? What clinical readouts are
available to quantitate the efficacy of these new drugs? We hope that
the questions and discussion in this Perspective will inspire imme-
diate research opportunities. Although the Perspective focuses on
cancer, most of the knowledge discussed can be applied to other
diseases involving myeloid cells, including autoimmune diseases,
wound healing and cardiovascular conditions such as those derived
from myocardial infarction, stroke and atherosclerosis.
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