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Editorial on the Research Topic

Targeting Myeloid Cells to Fight Cancer

Refractory and relapsed cancer patients often develop resistance mechanisms associated with
an immunosuppressive tumor microenvironment (TME). Indeed, the TME is critically involved
not only in tumor growth, invasion and dissemination, but in immune editing and resistance
to different therapies both conventional and biological. Innate myeloid cells such as monocytes,
macrophages, neutrophils, and a diverse set of cells, sometime called myeloid derived suppressor
cells (MDSCs) may drive both local and systemic immunosuppression. These cells, however,
possess novel molecules and functions that could be targeted to fight against cancer making them
potential candidates for development of second-generation immunotherapy approaches. The aim
of this article collection is to provide a comprehensive overview of the different myeloid subsets in
the TME, and to describe recent developments and approaches targeting myeloid cells to enhance
anti-tumor immunity and the clinical efficacy of standard-of-care cancer drugs.

HETEROGENEITY OF MYELOID POPULATIONS

Neutrophils exhibit diverse and sometimes contradictory roles in the TME. The review by Jeong
et al. summarizes the regulation of neutrophils that determines the reciprocal dynamics between
them and tumor cells. This continuous interaction has expanded to a formidably complicated
network, including tumor types, tumor stages, subtypes of neutrophils, various signaling molecules
mediating crosstalk, and spatial-temporal interactions with other cell types. This ever-growing
complexity as reviewed by Jeong et al. has revealed how much more there is still to be learned
to be able to achieve effective and consistent therapeutic effects based upon targeting neutrophils.
This diversity is a point emphasized in the mini-review by Granot who suggests that simple binary
classifications are insufficient and that the context defines neutrophil types and functions. Mackey
et al. in their minireview address a particular aspect of the contextual regulation of neutrophils
in the TME, i.e. neutrophil maturation outside the bone marrow. This atypical maturation and
notably the promotion of immature neutrophils by tumors underlie many of the different responses
of neutrophils to cancer.

Similar to neutrophils, monocytes also show significant diversity in the TME. In their
review, Canè et al. support the notion of a “monocyte continuum” instead of classification
of stepwise differences between the different subtypes. They also maintain that monocytes are
more than precursors of macrophages and dendritic cells but also make a direct contribution
to cancer development themselves. An additional feature of this review is the summary of
current monocyte-targeting drugs and their mechanisms of actions. Along these lines, Mengos
et al. describes the documented clinical findings on a CD14+HLA-DRlo/neg monocyte population
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that has emerged as an important mediator of tumor-induced
immunosuppression. Different from MDSCs, these cells arise
from the regular circulating monocyte pool, which lose
HLA-DR expression and get deactivated after an acute or
chronic inflammatory trigger leading to immune paralysis. The
immunosuppressive monocytes can negatively affect responses
to immune checkpoint inhibitors and could be potentially used
as biomarkers to understand disparate responses to immune
activating drugs, in addition to their potential targeting to
increase immunotherapy responses.

SEEING IS BELIEVING

Cellular processes as analyzed by tissue sections at a certain
time point may be missed, impossible to obtain or even
misinterpreted. With new technologies, intravital optical
imaging is providing an unprecedented opportunity to look at
cancer cells and stromal cells in their native environment and
thus yields arguably the most reliable results in interpreting the
TME. Laviron et al. examine the pros and cons of intravital
imaging as compared to other approaches, such as cell sorting
and sequencing, and suggest that an integrative approach offers
the most valuable information.

COMPOUNDS AFFECTING MYELOID

FUNCTIONS IN THE TME

The mode of action of several FDA approved drugs such as
bisphosphonates, trabectedin, imatinib, and sunitinib has been
shown to involve the modulation of macrophage functions in
addition to their respective targets. Whether their macrophage
targeting effects are significantly contributing to drug efficacy
remains to be investigated. In their article Tanita et al. shed light
on the mode of action of bexarotene, a third-generation retinoid
that has been used for decades in the treatment of both early
and advanced cutaneous T-cell lymphomas (CTCL). The authors
show that bexarotene decreases CCL22 production by CD163+

macrophages in CTCL patients. Since CCL22 attracts CCR4+

lymphocytes, such as Tregs, Th2 cells, and also CTCL cells to
support tumor progression, this study proposes the potential of
targeting tumor associated macrophages (TAMs) in CTCL for
improved patient outcome (Tanita et al.)

Another interesting concept is reported by Willebrand et al.
where they studied the effect of high salt intake on the functional
modulation of MDSCs in the TME. Excess salt intake has
been previously shown to balance various innate and adaptive
immune cells toward a pro-inflammatory state, and believed to
be associated with several autoimmune disorders. Therefore, an
interesting question that the authors raised was whether high salt
conditions can promote anti-tumor immunity to inhibit tumor
growth? Surprisingly, the authors find that, while high-salt diet
altered T cell populations, the delay in tumor growth was largely
mediated by an impairment in MDSC suppressive functions
(Willebrand et al.) Thus, high salt-induced molecular changes
could be potentially utilized during immunotherapy.

POSSIBILITIES TO TARGET MYELOID

CELLS FOR IMPROVED CANCER CARE

As a general assumption, macrophages are mostly considered
to have an unfavorable role in cancer since they are effective
suppressors of anti-tumor immune responses and can contribute
to tumor progression in multiple ways. Tumor growth is often
compared to the wound healing process and is metaphorically
described as a “wound that does not heal.” Hua and Bergers
focus on two common components in these two intricately
related processes—blood vessels and immune cells. They explain
how tumor cells hijack the immunosuppressive and angiogenic
programs that occur during the resolution phase of wound
healing toward their own ends. The authors thus suggest
targeting both myeloid cells and angiogenesis to revert the
hijacked wound-healing process.

In a mini review Bercovici et al. discuss the plasticity of
macrophages and focus on macrophage regulated intratumoral
T cell migration and activation. The authors emphasize that
T cell focused treatments should be systematically replaced by
rational combination treatments stimulating both innate and
adaptive arms of the immune system. When appropriately
stimulated macrophages can effectively induce anti-tumor
responses in cooperation with T cells. To date, only a few
myeloid cell targeting strategies under clinical development
have yielded promising results and many have been terminated
due to toxicities. In their review Jahchan et al., indicate
the potential of targeting TAMs in cancer immunotherapy.
They make a persuasive case for such approaches through
the targeting of particular functions of TAMs or by altering
their differentiation to anti-tumoral responses either directly
or through the enhancement of immunotherapy. They also
provide an authoritative update of all current clinical trials using
these approaches.

As shown by this collection of articles, a tremendous diversity
of myeloid cells orchestrate tumor-stromal and stromal-stromal
interactions to regulate the final outcome of the disease.
Elucidation of the detailed mechanisms and systemic rational
evaluation of therapeutic targeting of these cells may be the key
to fighting cancer.
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The CD14+HLA-DRlo/neg Monocyte:
An Immunosuppressive Phenotype
That Restrains Responses to Cancer
Immunotherapy

April E. Mengos, Dennis A. Gastineau and Michael P. Gustafson*

Nyberg Human Cellular Therapy Laboratory, Department of Laboratory Medicine and Pathology, Mayo Clinic, Phoenix, AZ,

United States

Recent successes in cancer immunotherapy have been tempered by sub-optimal clinical

responses in the majority of patients. The impaired anti-tumor immune responses

observed in these patients are likely a consequence of immune system dysfunction

contributed to by a variety of factors that include, but are not limited to, diminished antigen

presentation/detection, leukopenia, a coordinated network of immunosuppressive cell

surface proteins, cytokines and cellular mediators. Monocytes that have diminished

or no HLA-DR expression, called CD14+HLA-DRlo/neg monocytes, have emerged as

important mediators of tumor-induced immunosuppression. These cells have been

grouped into a larger class of suppressive cells called myeloid derived suppressor cells

(MDSCs) and are commonly referred to as monocytic myeloid derived suppressor cells.

CD14+HLA-DRlo/neg monocytes were first characterized in patients with sepsis and were

shown to regulate the transition from the inflammatory state to immune suppression,

ultimately leading to immune paralysis. These immunosuppressive monocytes have

also recently been shown to negatively affect responses to PD-1 and CTLA-4

checkpoint inhibition, CAR-T cell therapy, cancer vaccines, and hematopoietic stem

cell transplantation. Ultimately, the goal is to understand the role of these cells in

the context of immunosuppression not only to facilitate the development of targeted

therapies to circumvent their effects, but also to potentially use them as a biomarker for

understanding disparate responses to immunotherapeutic regimens. Practical aspects

to be explored for development of CD14+HLA-DRlo/neg monocyte detection in patients

are the standardization of flow cytometric gating methods to assess HLA-DR expression,
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an appropriate quantitation method, test sample type, and processing guidances. Once

detection methods are established that yield consistently reproducible results, then

further progress can be made toward understanding the role of CD14+HLA-DRlo/neg

monocytes in the immunosuppressive state.

Keywords: immunosuppression, monocytes, MDSCs, cancer, immunotherapy, biomarker

INTRODUCTION

Exquisitely and carefully modulated immune responses
coordinate the balance between preventing microbial onslaught
and preventing autoimmune attack. Too little immune activation
results in insufficient clearance of foreign invaders, and too
much immune activation results in the targeting of self-antigens
and potentially devastating autoimmune syndromes. This finely
choreographed tightrope act is accomplished, in part, by a
specialized array of immune cells which patrol the body and
exert immunomodulatory roles. While in the larger context
these cells exert the beneficial tempering of immune over-
responsiveness, they can also by similar mechanisms negatively
impact anti-cancer immunotherapy efficacy.

The goal of cancer immunotherapy is to successfully
stimulate anti-tumor responses and overcome tumor-mediated
immunosuppression. Generation of anti-tumor immunity has
been accomplished through different modalities including
cellular immunotherapy, vaccines, monoclonal antibodies,
cytokine administration, and oncolytic virotherapy. These multi-
faceted approaches have yielded tremendous clinical successes in
the past few years. Even so, there have been significant difficulties
in generating durable responses in a majority of cancer patients.
As such, further understanding of immune dysfunction and
the identification of predictive biomarkers are required so
that methods may be developed to increase the efficacy of
immunotherapeutic agents.

Recent data reveal that the potential exists to utilize the
assessment of CD14+HLA-DRlo/neg monocyte abundance as
a biomarker to predict which patients may or may not
respond to immunotherapy regimens. For CD14+HLA-DRlo/neg

monocytes in particular, an extensive array of studies involving
immunotherapy demonstrate that high baseline levels of these
immunosuppressive monocytes were associated with diminished
anti-tumor responses and/or poor clinical outcomes. As CD14+

monocytes lose HLA-DR expression and thus convert from
an inflammatory to an anti-inflammatory phenotype, they
play a role in subverting effective anti-tumor responses, and
their abundance in patient blood inversely correlates with
favorable outcomes.

The purpose of this review is to highlight the documented
findings which demonstrate this correlation. In the context of
cancer immunotherapy, the abundance of these cells may guide
patient selection and/or provide patient monitoring capabilities
for understanding clinical responses on the individual level. Since
there are considerable differences in the biology of these cells
in animal models compared to human studies, this review will
focus mainly on published data from human studies and clinical

trials. However, in some cases, examples may be provided from
animal models where the observations appear to be congruent
with human data.

CD14+HLA-DRlo/neg MONOCYTES ARE

IMMUNOSUPPRESSIVE CELLS THAT

RESPOND TO SYSTEMIC

PRO-INFLAMMATORY CONDITIONS

Myeloid cells that suppress the immune system have been
described by a variety of names including myeloid derived
suppressor cells (MDSCs), M2 monocytes/macrophages,
tumor associated macrophages/myeloid cells, and regulatory
myeloid cells (1–3). They are a heterogeneous population
comprised of precursors of granulocytes, macrophages, and
dendritic cells (DC). However, their characterization and
classification into different subsets remains to be resolved
as there are considerable inconsistencies in the way these
subsets are defined and reported (4). Monocytes that have
low or no HLA-DR expression have been most commonly
referred to as CD14+HLA-DRlo/neg monocytes or monocytic
MDSCs. HLA-DR is one of three MHC class II glycoproteins
expressed on antigen-presenting cells whose function is to
present peptides derived from antigens ingested by the cell
to T-cell receptors (TCR) resulting in T-cell activation. As
such, these cells have a diminished capacity to present antigens
to T cells and a large body of work has demonstrated these
cells to be immunosuppressive. Since the functional capacities
related to the immunosuppressive mechanisms of these cells
have been reviewed elsewhere (5–7), this subject will not be
discussed here. Although, there is still considerable debate over
the origins of human MDSCs (8), several lines of evidence
that will be discussed in this review suggest that CD14+HLA-
DRlo/neg monocytes should be best understood in terms of
arising from the normal circulating monocyte pool and not
from an early precursor cell independent of monocytes. As for
other MDSCs, lineage negative (CD3−CD19−CD56−CD14−)
LIN−CD33+HLA-DR− cells have been described as immature
MDSCs (iMDSCs) and CD33+CD15+HLA-DR− cells as
polymorphonuclear MDSCs (PMN-MDSCs). CD14+HLA-
DRlo/neg monocytes also express high levels of CD33 and CD11b
on their surface. As will be discussed later, CD33 expression is
greater on monocytes compared to other myeloid cells. CD11b
is expressed on nearly all myeloid cells but also is expressed
on human natural killer NK cells (9) and therefore is not an
appropriate marker for human MDSCs. For the sake of brevity,
CD33+CD11b+CD14+HLA-DRlo/neg immunosuppressive
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monocytes throughout this review will be referred to as
CD14+HLA-DRlo/neg monocytes/cells. It should also be noted
that there has been another type of immunosuppressive
monocyte described as CD1c/BDCA1+CD14+ (10). These
CD1c+ monocytes are a mix of classical and intermediate
monocytes and are functionally distinct from CD1c+ dendritic
cells (11). These cells express HLA-DR but not to the same extent
as dendritic cells (10, 11).

Monocytes play a critical role in the response to infection.
Sepsis results when the initial strong pro-inflammatory phase
[referred to as systemic inflammatory response syndrome (12,
13)] then switches to an anti-inflammatory phase. At first glance,
it appears that these conditions act sequentially, but there are
likely elements of both pro- and anti- inflammatory mediators
throughout the entire process. Monocytes are highly sensitive
in the transition to the immunosuppressive state and become
deactivated, resulting in a phase known as “immunoparalysis”
(14, 15) or compensatory anti-inflammatory response syndrome
(16, 17). Immunoparalysis is defined by a decrease in the level of
HLA-DR expression on monocytes during the course of sepsis.

One group has defined immunoparalysis in patients with
septic shock as having occurred when <30% of the monocyte
pool expresses HLA-DR (14). In the early stage of sepsis in
these patients, pro-inflammatory cytokines such as TNFα, IL-1,
GM-CSF, and IL-6, drove the deactivation of monocytes by
down regulating HLA-DR through IL-10 and TGF-β mediated
pathways and diminished capacity for pro-inflammatory
cytokine production (16, 18). These observations have been
confirmed by many other studies. For example, in patients
with injuries from blunt trauma, those that had low levels of
HLA-DR on monocytes after the second day of admission were
significantly more likely to develop sepsis than those patients
that had high levels (19). Monneret et al. demonstrated the
relationship of low HLA-DR levels to survival in patients with
sepsis (20). In the early stages of septic shock, the expression
of HLA-DR on monocytes was not different between survivors
and non-survivors. However, after 48 h post onset, survivors had
significantly higher expression of HLA-DR on monocytes than
those that did not survive the event.

In contrast, there are some reports that have not found a
relationship between the loss of monocyte HLA-DR expression
and septic shock (21, 22). These apparent contradictory
reports perhaps may result from differences in the timing
of sample procurement, clinical settings, and measurement
parameters for HLA-DR expression or other uncharacterized
variables. However, a recent review has confirmed the regulatory
role of CD14+HLA-DRlo/neg monocytes in both normal
and pathological responses to a diverse array of microbial
infections (23).

The loss of HLA-DR on monocytes has been reported in other
non-malignant conditions with an inflammatory component.
CD14+HLA-DRlo/neg monocytes have been described in patients
with severe burns (24, 25), acute and chronic liver inflammation
(26–28), pancreatitis (29–31), amyotrophic lateral sclerosis (32),
and immediately after surgical procedures (33). Although the
precise mechanisms of monocyte deactivation and HLA-DR loss
have yet to be elucidated in each of these diseases, a familiar

pattern of either acute or chronic inflammation tends to be an
initial event triggering the development of immunosuppressive
monocytes. Taken together, the overall data in non-malignant
conditions demonstrate that the loss of HLA-DR is a well-
established marker of functional deactivation of monocytes
and that it associates with poor clinical outcomes in critically
ill patients.

HLA-DR can be down regulated through a variety of
mechanisms. Under normal physiological conditions, HLA-
DR is under the transcriptional control of the MHC Class II
transactivator (CIITA) (34, 35). HLA-DR expression can be
induced by IFN-γ through transcriptional activation via CIITA
(36) and also by GM-CSF possibly through post-transcriptional
mechanisms (33). Conversely, several cytokines can down-
regulate monocytic HLA-DR expression. IL-1β and TGF-β
directly down-regulate transcription of HLA-DR through CIITA
and/or prevent IFN-γ induction of HLA-DR (16, 37, 38). IL-
10 also strongly decreases surface HLA-DR expression but it’s
mechanism of action is to increase intracellular sequestration
of MHC Class II molecules (39) via ubiquitination by inducing
the membrane-associated RING-CH (MARCH) ubiquitin ligase
(40). Glucocorticoids and steroid hormones can also negatively
regulate HLA-DR transcription by decreasing CIITA mRNA
levels. Down-regulation of HLA-DR on monocytes has been
observed in response to cortisol (41), prednisolone (42), and
dexamethasone (43, 44). Overall, many of these mechanisms
that regulate HLA-DR expression have been shown to be
critical mediators of immune paralysis in both sepsis and in
malignant settings.

Soon after the role of monocyte deactivation was observed
in sepsis patients, reports began appearing in the literature
that cancer patients also exhibit monocytes with low HLA-
DR expression. Patients with glioblastoma (45), ovarian cancer
(46), and melanoma (47) were some of the first cancer patients
discovered to have low monocytic HLA-DR expression. In
previous studies with our colleagues at Mayo Clinic Rochester,
we found high levels of these cells in a variety of different cancer
patient groups including those with glioblastoma (43), non-
Hodgkin lymphoma (48), chronic lymphocytic leukemia (49),
and renal cell carcinoma (50). In order to understand the severity
of immunosuppression in cancer patients, we compared the
presence of CD14+HLA-DRlo/neg monocytes in cancer patients
to those patients with acute lung injury with or at risk for sepsis
(51). Many of the cancer patients had levels of CD14+HLA-
DRlo/neg monocytes equally high as patients with sepsis.

In vitro experiments demonstrated that monocytes isolated
from healthy volunteers can lose HLA-DR expression through
co-culture with tumor-derived exosomes (47), exposure to
conditioned media from cultured tumor cells (52, 53), or
even incubation with cytokines like TGF-β (37). Furthermore,
Ribechini et al. have identified a potentially unique pathway
in which GM-CSF can license CD14+ monocytes such that
upon later exposure to INF-γ, the monocytes would switch to
an immunosuppressive phenotype through the upregulation of
indolamine 2,3-dioxygenase (IDO) (54). Bergenfeltz et al. found
that monocytes isolated from breast cancer patients exhibited
gene expression profiles similar to monocytes isolated from
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sepsis patients (55). Specifically, TNFα, IL-1β, HLA-DR, and
CD86 genes were significantly down-regulated in monocytes
from breast cancer patients compared to controls suggesting
that some of the mechanisms that convert monocytes to
the immunosuppressive state are identical in both septic and
malignant conditions.

The implications of these findings for cancer immunotherapy
are significant. The presence of high levels of CD14+HLA-
DRlo/neg monocytes suggests that many of these cancer patients
had reached a point of immunoparalysis prior to treatment
and thus may not be very responsive to immunotherapeutic
approaches. On the other hand, many cancer patients have
been observed with normal levels of CD14+HLA-DRlo/neg

monocytes. The timing of onset, progression and intensity of
immunoparalysis in cancer patients compared to patients with
sepsis will certainly involve both similar and uniquemechanisms.
As such, further work is needed to understand how these cells
respond and contribute to tumor development.

IMPACT ON IMMUNOTHERAPY

Checkpoint Inhibitors
The impact of CD14+HLA-DRlo/neg monocytes on CTLA-4
inhibition with ipilimumab has most clearly been demonstrated
in melanoma patients with advanced disease. Meyer et al.
reported that CD14+HLA-DRlo/neg monocytes were elevated
in melanoma patients. While CD14+HLA-DRlo/neg monocyte
populations were not affected by ipilimumab treatment, patients
that responded to ipilimumab treatment had significantly less
pre-treatment frequencies of CD14+HLA-DRlo/neg monocytes
than those patients that did not respond to treatment (56). In
another study, lower pre-treatment frequencies of CD14+HLA-
DRlo/neg monocytes were associated with overall patient survival
(57). The percentages of CD14+HLA-DRlo/neg cells of total
monocytes appeared to be more predictive of survival than
absolute cell counts (cells/µl). The authors also reported that
after 6 weeks of ipilimumab treatment, lower percentages of
CD14+HLA-DRlo/neg cells were associated with higher changes
in absolute T cell counts, suggesting that the CD14+HLA-
DRlo/neg monocytes restricted CD8+ T cell response. These data
were confirmed to some extent by Tarhini et al. (58), Martens
et al. (59) and Gebhardt et al. (60). Gebhardt et al. found
that decreased CD14+HLA-DRlo/neg monocytes were related to
declines in nitric oxide production in response to ipilimumab
treatment. Finally, de Coaña et al. found that in melanoma
patients PMN-MDSCs decreased upon ipilimumab treatment
whereas CD14+HLA-DRlo/neg monocytes did not change (61).
However, in patients who received a clinical benefit, CD14+HLA-
DRlo/neg monocytes decreased after treatment whereas this was
not the case in patients who progressed. While the frequency of
CD14+HLA-DRlo/neg monocytes was not compared to healthy
volunteers, baseline levels of these cells were similar between
patients with progressive disease and those that had a clinical
benefit. Taken together, the results from these studies present
an interesting dynamic. Clearly, lower baseline frequencies of
CD14+HLA-DRlo/neg monocytes are predictive of outcome and
therefore these monocytes may interfere with the efficacy of

ipilimumab treatment. However, in some patients, particularly
for those who do respond to treatment, there is evidence that
immunosuppressive monocytes decline after treatment. Further
studies are needed to confirm and delineate the mechanisms
behind these observations.

Data are also emerging that demonstrate the role of
monocytes in altered responses to anti-PD-1 therapy. In a study
of stage IV melanoma patients receiving anti-PD-1 therapy,
single cell mass cytometry was used to investigate peripheral
blood biomarkers (62). The pre-treatment frequency of classical
monocytes (CD14+CD16−) that express high levels of HLA-DR
was predictive of overall survival in these patients. The majority
of CD14+HLA-DRlo/neg monocytes are classical monocytes
so the higher expression of HLA-DR in these patients likely
reflects lower levels of immunosuppressive monocytes. The
authors of this study did report that a population similar
to CD33loCD11b+HLA-DRlo cells was not different between
responders and non-responders. However, the gating strategy
for isolating CD33loCD11b+HLA-DRlo cells could very well
include both monocytic and granulocytic populations. In mixed
lymphocyte reaction proliferation assays using PBMCs from
healthy donors, it was shown that proliferation of nivolumab-
treated T cells improved in the absence of monocytes (63).
Additionally, blockade of CSF-1R signaling on monocytes
improved T cell proliferation. Interestingly, the authors of
this study also report that activation of T cells by nivolumab
treatment induced the release of M-CSF from T cells thereby
increasing the immunosuppressive functions of monocytes
through adenosine production and upregulation of PD-L1
on monocytes. PD-1 and CSF-1R blockade in combination
was also found to augment the cytolytic capacity of tumor
infiltrating lymphocytes (TILs) in co-cultures of CD3+ TILs
and CD11b+ tumor infiltrating myeloid cells from patients
with glioblastoma (64). CD14+HLA-DRlo/neg monocyte levels
also appear to distinguish responders from non-responders in
nivolumab treated metastatic melanoma patients who progressed
after ipilimumab therapy (65). Since there have not been
many mechanistic insights garnered from these human studies,
further investigation is needed to determine whether the impact
of CD14+HLA-DRlo/neg monocytes on checkpoint inhibition
reflects a general immunosuppressive environment or to what
degree the expression of monocytic PD-1 and/or PD-L1 disrupts
the efficacy of checkpoint blockade (66–68).

Cancer Vaccines
Data from studies and clinical trials demonstrate that
immunosuppressive monocytes impact cancer vaccines
through several mechanisms that limit optimal anti-tumor
responses. They have been shown to adversely affect responses
to direct injection of peptides/whole tumor cells as well as
to ex-vivo differentiated dendritic cell (DCs) vaccines. In
a therapeutic cancer vaccine study using multiple tumor-
associated peptides (TUMAPs) in renal cell carcinoma (RCC)
patients, Walter et al. looked at six populations of MDSCs
(among other immune parameters) to determine whether these
cells influenced the survival outcome of patients treated with
the vaccine (69). Although five of the six types of MDSCs were
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elevated in RCC patients prior to treatment, CD14+HLA-
DRlo/neg monocytes demonstrated the strongest association
with overall survival whereby their presence in high numbers
was inversely correlated with survival. In non-small cell lung
cancer (NSCLC) patients receiving a telomerase peptide vaccine,
high levels of CD14+HLA-DRlo/neg monocytes were found
to be associated with poorer progression free survival (70).
Prostate cancer patients with low frequencies of CD14+HLA-
DRlo/neg monocytes prior to receiving prostate/GVAX vaccine
in combination with ipilimumab had a mean survival time of 52
months compared to 20 months mean survival for those with
high pre-treatment frequencies (71). These cells did increase
during the course of treatment but the increase did not correlate
with response to treatment. In a trial testing DCs for patients
with primary recurrent glioblastoma, both CD15+SSClo cells
and CD14+HLA-DRlo/neg monocytes were found to be elevated
in patients that progressed but only the CD14+HLA-DRlo/neg

monocytes were found to be both higher as a percent of parent
populations and also in cell counts (cells/µl) (72). Poschke et al.
demonstrated in stage IV melanoma patients that the presence
of CD14+HLA-DRlo/neg cells purified with elutriated monocytes
negatively impacted the maturation, migration, antigen uptake,
and cytokine production of DCs (73). In another trial with
melanoma patients, BDCA1+CD14+ cells were shown to inhibit
T cell proliferation in an antigen-dependent fashion resulting
in impaired responses to monocyte-derived DCs (10). In pre-
clinical studies, our group has found that monocytes purified
by immunomagnetic selection from a variety of cancer patients
have deficiencies in DC maturation and that the method of cell
culture can influence their maturation (7). Additionally, we
found that CD14+HLA-DRlo/neg cells inversely correlated with
the maturation marker CD83 on dendritic cells. Taken together,
the data from these studies and clinical trials demonstrate that
immunosuppressive monocytes impact cancer vaccines through
several mechanisms that limit optimal anti-tumor responses.

Hematopoietic Progenitor Cell

Transplantation
The functional consequences of immunosuppressive monocytes
in hematopoietic progenitor cell transplantation appear to be
dependent on the type of transplant. In autologous transplants,
higher levels of CD14+HLA-DRlo/neg cells in leukapheresis
products were independent predictors of adverse outcomes
both in terms of overall survival and progression free survival
in patients with non- Hodgkin lymphoma (74). However, in
the allogeneic setting, CD14+HLA-DRlo/neg cells may confer
protection against acute graft vs. host disease (aGVHD). Myeloid
cells, including CD14+HLA-DRlo/neg cells, are some of the first
cells to recover after transplantation (75, 76). Mougiakakos
et al. demonstrated that transplant patients had both elevated
monocytes and CD14+HLA-DRlo/neg cells at 1–3 months post-
transplant (77). They also demonstrated that higher frequencies
in peripheral blood also associated with higher grades of
aGVHD. The induction of these cells was likely in response
to circulating levels of G-CSF and IL-6, along with other pro-
inflammatory cytokines. The administration of G-CSF alone

to human donors was sufficient to expand both CD14+HLA-
DRlo/neg monocytes and PMN-MDSCs in both phenotype and
function (78). Similarly, the presence of high CD14+HLA-
DRlo/neg monocyte cell counts in the G-CSF mobilized graft was
associated with lower risks of developing aGVHD in recipients
without affecting the relapse rate or the transplant-related
mortality rate (79). So whereas immunosuppressive monocytes
negatively affect outcomes in autologous transplant patients, they
conversely may provide a benefit of a reduced risk of aGVHD in
allogeneic transplant recipients.

Adoptive and Chimeric Antigen Receptor

(CAR) T Cell Therapies
CD14+HLA-DRlo/neg monocytes may negatively impact the
effectiveness of adoptive and Chimeric Antigen Receptor (CAR)
T cell therapies. While the data from clinical trials is too limited
to show this conclusively, the ability of suppressive monocytes
to inhibit T cells in human cancers has been well documented
(43, 48, 80–83) and has been associated both with dysfunctional
antigen-specific T cells and negative outcomes in melanoma
patients (84). CD19-CAR T cell expansions from mononuclear
cell collections that contained high percentages of monocytes
produced poorer cell yields in children with acute lymphocytic
leukemia and non-Hodgkin lymphoma (85). While they did
not specifically measure CD14+HLA-DRlo/neg monocytes, when
they depleted monocytes by adherence to plastic techniques,
cell expansion improved, and typical expected yields were
achieved. While data has yet to be published from clinical trials
monitoring immunosuppressive monocytes in those receiving
CAR-T cell therapies, reports from animal model studies suggest
that rodent MDSCs are expanded after treatment with CAR-
T cells in a GM-CSF dependent fashion, and that this limited
the anti-tumor activity of the infused cells (86). Other data
from animal models suggest that although transferred T cells
likely induce myeloid derived suppressor cells (87), there may
be some conditions in which T cell therapy can be successful
despite immunosuppression caused by myeloid cells (88). As
data emerges in the human setting, it is not unreasonable to
expect that CD14+HLA-DRlo/neg monocytes will be shown to
play some role in reducing the anti-tumor efficacy of CAR
T cells because the nature of the cytokine release syndrome
involves pro-inflammatory cytokines which have previously been
demonstrated to induce these cells under other conditions.

EFFICACY OF THERAPEUTIC

APPROACHES TARGETING

IMMUNOSUPPRESSIVE MONOCYTES

As evidence for the role of immunosuppressive monocytes
in inhibiting anti-tumor responses continues to build, it
becomes readily apparent that therapeutically targeting
these cells should improve responses to immunotherapy.
Agents designed to interfere with MDSCs have generally been
classified into four categories: (1) inhibition of the conversion,
appearance and/or expansion of MDSCs, (2) inhibition of
MDSC immunosuppressive functions, (3) interference of MDSC
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trafficking to tumors, and (4) direct removal and cytotoxic
approaches (89–91). Several agents that interfere with these
mechanisms have shown promise in pre-clinical animal studies
and have been reviewed elsewhere (89–93). As these drugs move
into clinical trials, it will be very important understand how they
will affect each of the different MDSC populations as well as total
myeloid cells.

Several examples in the literature which are summarized
in Table 1 highlight how drugs targeted to MDSCs affect
the subpopulations in a differential manner. For example,
gemcitabine has been shown to reduce MDSC accumulation
in tumors in animal models (94) but appears to preferentially
decrease PMN-MDSCs and total monocytes but not monocytic
MDSCs when tested in pancreatic cancer patients (95). In
another case, the treatment of solid tumor cancer patients
with an agonistic TRAIL-R2 antibody resulted in the decline
of different MDSC populations while not affecting other
myeloid populations (96). Tyrosine kinase inhibitors (TKI) also
demonstrate differential effects on MDSCs. In chronic myeloid
leukemia patients treated with imatinib, nilotinib, or dasatinib, all
three TKIs decreased PMN-MDSCs but only dasatinib reduced
CD14+HLA-DRlo/neg monocytes (97). Furthermore, the decline
in CD14+HLA-DRlo/neg monocytes correlated with positive
patient molecular responses. Another TKI, sunitinib, was shown
to preferentially inhibit the suppressive activity of CD14+CD16+

monocytes and reductions in these cells were associated with
sunitinib responders (98).

There have been a few clinical trials that have specifically
targeted monocytes and/or immunosuppressive monocytes.
Nywening et al. hypothesized that pharmacological prevention
of monocyte trafficking to tumors via a small molecule
CCR2 inhibitor improves anti-tumor immunity (99). They
tested the CCR2 inhibitor PF-04136309 in combination with
FOLFIRINOX chemotherapy vs. chemotherapy alone in patients
with pancreatic ductal adenocarcinoma. The CCR2 inhibitor
prevented monocyte egress from bone marrow and subsequently
reduced monocyte infiltration into tumors. The reduced
monocyte infiltrate resulted in an increase of intra-tumoral
lymphocytes and improved anti-tumor immunity. Patients
receiving the combination of PF-04136309 and chemotherapy
had higher than expected response rates. One potential caveat
is that monocyte blockade may result in increased infiltration
of granulocytes and, consequently, dual blockade of both
monocytes and granulocytes has been proposed (100). While this
study did not measure immunosuppressive monocytes per se,
there is ample evidence that immunosuppressive monocytes also
migrate to tumors via the CCL2/CCR2 pathway (43, 50, 101, 102).

In other clinical trials, investigators have tested the
effectiveness of blocking CSF-1R signaling in cancer patients.
Myeloid differentiation, monocytic commitment, trafficking,
survival, and proliferation of monocytes/macrophages are all
influenced by CSF-1R signaling (103). It is hypothesized that
blocking the signaling function of this receptor will result in
the reduction of monocyte/macrophage infiltration into tumors
and consequently limit the immunosuppressive nature of the
tumor microenvironment (104). In patients with recurrent
glioblastoma treated with an oral CSF-1R inhibitor PLX3397, the

percentage of non-classical monocytes (CD14loCD16+) declined
after treatment but microglia in the tumor microenvironment
were only modestly reduced (105). However, while taking this
into account, it may be that different glioblastoma subtypes
(i.e., pro-neural glioblastoma) may be more susceptible to
the reprogramming of monocytes/macrophages from CSF-1R
inhibition (106). Finally, CSF-1R+ myeloid cells are associated
with negative outcomes in neuroblastoma patients (107). In
monocytes co-cultured in the presence of neuroblastoma cells,
the CSF-1R inhibitor BLZ945 partially restored HLA-DR and
CD86 expression and reduced the immunosuppressive capacities
of the monocytes on T cell proliferation.

GM-CSF has been used to support myelopoiesis and promote
anti-tumor immunity as a stand-alone monotherapy and also
to complement various immunotherapeutic approaches (108).
Although GM-CSF has been shown to overcome monocyte
deactivation in sepsis by inducing HLA-DR expression, the
utility for use in cancer patients remains to be determined.
In some cases, GM-CSF has been shown to provide a clinical
benefit (109–112). But in several instances, GM-CSF has
demonstrated neutral or negative results (113, 114). While it
is clear that GM-CSF can act via pro- and anti- inflammatory
pathways, emerging data, more prevalent in mouse models
(115–119) but also from human studies (80, 120), indicate that
GM-CSF strongly promotes the development of CD14+HLA-
DRlo/neg monocytes. The data from Ribechini et al. suggest
that the timing of GM-CSF administration may be critical
in the transitioning of pro-inflammatory to anti-inflammatory
pathways (54). Therefore, in order to optimize GM-CSF therapy,
it is critical to further understand and define how dosing,
timing, and other mechanisms contribute to CD14+HLA-
DRlo/neg monocyte accumulation.

A common theme emerges from all studies cited. Therapies
targeting immunosuppressive monocytes have a wide variety of
effects on these cells, and underlying mechanisms are still not
well understood. While many of these studies remain relatively
limited in scope, and much work remains to better identify the
optimal strategies and indications, these promising preliminary
results clearly warrant further investigation into developing
methods to target monocytes in cancer patients. The negative
effect of immunosuppressive monocyte levels, particularly of the
CD14+HLA-DRlo/neg phenotype, is clear. Therefore, rigorous
and well-defined immune monitoring and phenotyping of
patient myeloid cells in clinical trials is justified, as their
measurement is critical for understanding the mechanism(s) of
action of such therapies.

THE POTENTIAL FOR UTILIZING

IMMUNOSUPPRESSIVE MONOCYTES AS

A PREDICTIVE BIOMARKER

The clinical significance of the broad class of MDSCs has been
well documented and the pathway to utilizing these cells as
biomarkers has recently been proposed (121). In many studies,
the presence of CD14+HLA-DRlo/neg monocytes in circulation
has been shown to be a systemic marker of immune suppression,
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TABLE 1 | Therapeutic approaches targeting immunosuppressive monocytes.

Agent Mode of action Observed effects on human MDSCs

Gemcitabine Inhibition of the expansion of MDSCs • Preferentially decreases PMN-MDSCs and total monocytes but

not monocytic MDSCs in pancreatic cancer patients

TRAIL-R2 antibody Apoptotic programmed cell death • Declines in different MDSC populations while not affecting other

myeloid populations

Tyrosine kinase inhibitor

(TKI) imatinib

Interference with signal transduction, suppressing cell proliferation,

differentiation, migration, metabolism and programmed cell death

• Decreases PMN-MDSCs

Tyrosine kinase inhibitor

(TKI) nilotinib

Interference with signal transduction, suppressing cell proliferation,

differentiation, migration, metabolism and programmed cell death

• Decreases PMN-MDSCs

Tyrosine kinase inhibitor

(TKI) dasatinib

Interference with signal transduction, suppressing cell proliferation,

differentiation, migration, metabolism and programmed cell death

• Decreases PMN-MDSCs

• Decreases CD14+HLA-DRlo/neg monocytes, which correlates

with positive patient molecular responses.

Tyrosine kinase inhibitor

(TKI) sunitinib

Interference with signal transduction, suppressing cell proliferation,

differentiation, migration, metabolism and programmed cell death

• Preferentially inhibits suppressive activity of CD14+CD16+

monocytes, which associates with sunitinib responders

Small molecule CCR2

inhibitor PF-04136309

Prevention of monocyte trafficking to tumors (likely including

immunosuppressive monocytes)

• Improves anti-tumor immunity

CSF-1R inhibitor PLX3397 Myeloid differentiation, monocytic commitment, trafficking,

survival, and proliferation of monocytes and macrophages

• In recurrent glioblastoma, percentage of non-classical

monocytes (CD14loCD16+) declines but microglia in the tumor

is only modestly reduced. (However other glioblastoma

subtypes may respond differently)

CSF-1R inhibitor BLZ945 Myeloid differentiation, monocytic commitment, trafficking,

survival, and proliferation of monocytes and macrophages

• In co-culture with neuroblastoma, monocytes partially recover

HLA-DR and CD86 expression, reducing immunosuppression of

T-Cell proliferation

GM-CSF Stimulation of myelopoiesis and promotion of anti-tumor immunity • Reverses monocyte deactivation in sepsis by inducing HLA-DR

expression

• Utility in cancer patients remains to be determined.

• May also promote the development of CD14+HLA-DRlo/neg

monocytes, dependent on dosing, timing, and

other mechanisms.

References provided in the text.

and has been associated with the accumulation of these cells in
tumors (50). Both their ability to impair anti-tumor immune
responses and that they may be a promising therapeutic target
make a compelling case for the development of standardized
tools and/or assays to measure CD14+HLA-DRlo/neg monocytes
in a manner that is useful for guiding therapeutic decisions for
patients receiving immunotherapy.

Perhaps the simplest and most efficient way to measure
CD14+HLA-DRlo/neg monocytes is by flow cytometry of
peripheral blood; therefore, acquisition of tumor biopsies which
may not always be available from patients is unnecessary.
The small sample of blood that is required to measure these
cells justifies further investigation into monitoring them as an
informative biomarker. Significant variability currently exists in
the way these cells have been measured and reported in the
literature. We outline these variables in Table 2 and highlight
areas of concern, including differences in flow cytometry
gating strategies, cell enumeration methods, timing of sample
procurement, and processing procedures. These differences in
methodology have been problematic, creating variability in
actual, and reported results. Mandruzzato et al. have shown
that the lack of standardized gating strategies was one of the
largest factors of variation when measuring the total group
of MDSCs (122). Nonetheless, standardized gating strategies
have been used to gain meaningful correlations to clinical

outcomes. We and others (124) have shown that standardization
of the measurement of these cells can result in consistent and
robust assays.

Typically, CD14+HLA-DRlo/neg monocytes are measured
by flow cytometry in blood samples collected from patients.
These monocytes are phenotypically positive for CD14,
CD33, and CD11b (125). The source of inconsistencies is
often in the measurement of monocyte HLA-DR loss, as
HLA-DR expression exhibits considerable variation and
is not uniform across all subtypes of monocytes. Figure 1

displays a diagram of surface marker commonalities within the
myeloid compartment. CD33 expression on human myeloid
cells appears to be bi-modal as granulocytes and immature
myeloid cells express moderate amounts of CD33 whereas
monocytes exhibit strong CD33 expression (Figure 1A).
MDSCs of both granulocytic and monocytic lineage reside
within the CD33+ population of cells. CD33− cells comprise
cells from the lymphoid lineage (Figure 1B). Often CD33
and HLA-DR are used to measure MDSCs but these two
markers are not solely sufficient to distinguish the three types of
MDSCs. To distinguish monocytic MDSCs by flow cytometry,
CD33 positive cells are gated from total leukocytes and then
monocytes are further gated based on CD14 expression.
The combination of CD33++ and CD14+ distinguishes
monocytes from all other myeloid cells (Figure 1D). CD33+
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TABLE 2 | Recommendations for consistent and reproducible reporting for

immunosuppressive monocytes by flow cytometry.

Processing steps

that contribute to

variation in reporting

Examples observed in

the literature*

Recommendations for

best practices

Phenotypes:

combinations reported

(2, 122, 123)

CD14+HLA-DRlo/neg

CD33+HLA-DR−

LIN−, CD14+, HLA-DR−

CD33+, CD11b+, CD14+

CD33 (bright): confirm

myeloid origin

CD14 (+): parent population

HLA-DR (lo/neg): distinguish

between “normal” and

immunosuppressive

populations

CD16: identify

subpopulations

Processing of blood

samples

Purification of mononuclear

cells/Ficoll separation

Effects of cryopreservation/

thawing

Timing of sample collection

and storage

Directly stain whole blood

Blood draws taken at

approximately same time of

day (i.e., mornings)

Samples processed within

4–6 h; held at

room temperature

Quantification/

enumeration of

CD14+HLA-DRlo/neg

cells

As % of PBMCs

As % of Total Leukocytes

Cells/µl

HLA-DR MFI

Cells/µl

% of CD14

Molecules per cell

Gating strategies Monocyte measurement by

Forward and Side scatter

CD14+ from Mononuclear

gate

Histogram or Quadrant of

HLA-DR expression

CD33br from Mononuclear

gate, then CD14+ cells

Fluorescence minus one

(FMO) staining to determine

HLA-DR negative cells

* Not all inclusive.

cells not expressing CD14 comprise a separate pool of CD33+

subtypes (Figure 1C) including CD15(+)/SSC(hi)/HLA-DR(−)

granulocytes and granulocytic MDSCs (currently very few
reproducible markers distinguish g-MDSCs by flow cytometry)
(Figure 1E), CD15(−)/SSC(lo)/HLA-DR(−) immature MDSCs
(Figure 1F), and LIN(−) HLA-DR(+++) dendritic cells or other
myeloid cells (Figure 1G). Although the illustration is meant to
visualize the hierarchy of myeloid cell populations, it is likely
that some myeloid progenitors may become CD14+ and hence
join the pool of monocytic cells.

The immunosuppressive monocyte of phenotype
CD14+HLA-DRlo/neg resides within the CD33(++)/CD14(+)

population of mononuclear cells (Figure 1D). This population
may be further sub-divided based on CD16 expression into
classical (CD14+CD16−), intermediate (CD14+CD16+), and
non-classical (CD14loCD16+) monocytes [Figures 1H–J and
Ziegler-Heitbrock et al.(127)]. Interestingly, HLA-DR expression
varies between these subgroups in that intermediate monocytes
express the highest amount of HLA-DR and classical monocytes
expressing the least (125). Note that the HLA-DR expression
level noted as HLA-DR(+), is not low enough to classify as
the immunosuppressive HLA-DR(lo/neg) phenotype. From the
combined pool of the three monocyte subtypes (Figure 1K), the
immunosuppressive phenotype may arise by loss of HLA-DR
expression (Figure 1L). The CD14+HLA-DRlo/neg cell most
typically arises from the classical monocyte pool, but may also be

derived from the intermediate and non-classical monocyte pools.
For setting the HLA-DR(+) vs. HLA-DR(lo/neg) threshold in flow
cytometry, a convenient internal negative control is available
in the CD33−CD14−HLA-DR− mononuclear cell population.
The threshold is set at the upper limit of HLA-DR in that
population, thereby delineating the boundary to distinguish low
or negative from high HLA-DR expression in the CD33+CD14+

monocyte population.
Further complicating the comparison of CD14+HLA-

DRlo/neg monocyte levels between different studies is the
output of how the cells are enumerated. Examples from the
literature include reported cells as a percent of peripheral blood
mononuclear cells (PBMCs), a percent of total leukocytes, a
percent of monocytes, total cells per volume of blood (i.e.,
cells/µl), mean fluorescence intensity (MFI), molecules per
cell, and based on other non-flow cytometry methods such as
polymerase chain reaction assays. For flow cytometry based
assays, reporting the abundance of CD14+HLA-DRlo/neg

monocytes as a percent of PBMCs or total leukocytes is the
least informative, particularly when measuring these cells from
cancer patients where many patients exhibit severe leukopenia
and/or lymphopenia. This phenomenon leads to artificially
high percentages because the comparative denominator of
total PBMCs or leukocytes can be much lower than in the
control or healthy volunteer subject groups. Since it remains
to be determined how much HLA-DR expression must be
diminished before the monocyte becomes deactivated or
immunosuppressive, it may be more appropriate to measure
surface expression of HLA-DR on monocytes rather than
measure cell abundance. While MFI is commonly used for
measuring surface expression, it is difficult to standardize
MFI values between different instruments within the same
laboratory let alone between different laboratories. As such, we
recommend the use of fluorescent beads such as Anti–HLA-
DR/Anti-Monocyte QuantibriteTM (BD Biosciences) to better
assess the quantity of surface protein expression on cells. Finally,
computational approaches for reducing the effect of procedural
and inter-user variability on assay results have been developed
which use coefficient of variation to quantify the HLA-DR
spread on monocytes in healthy subjects and patients with
melanoma (57).

Another source of variation that contributes to inconsistent
results is the method by which blood samples are processed. The
most common processing steps for the isolation of peripheral
blood mononuclear cells (PBMCs) include sucrose gradient
centrifugation followed by subsequent cryopreservation of
the purified cells. In direct comparisons of processing steps
in samples from patients with gastrointestinal cancer, Duffy
et al. found that although the processing steps yielded relatively
consistent results when comparing cancer patients to healthy
subjects, the absolute numbers of CD14+HLA-DRlo/neg

monocytes were significantly different when comparing whole
blood staining to freshly isolated PBMCs in the cancer patient
cohort (128). Several groups have found that cryopreservation
can negatively affect the immunosuppressive functions,
enzymatic activity, and/or the abundance/distribution of
MDSC subsets (61, 129, 130). Monneret et al. found that
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FIGURE 1 | Relationship of immunosuppressive CD14+HLA-DRlo/neg monocytes to other myeloid cells and myeloid derived suppressor cells. A diagram of CD

marker commonalities between cell types within the myeloid subclass including MDSCs and other cells with similar CD marker expression. (A) MDSCs of both

granulocytic and monocytic lineage reside within the CD33+ population of cells. (B) Cells not expressing CD33 are considered to be of lymphoid lineage. (C) Cells not

expressing CD14 comprise a separate pool of CD33+ subtypes. (D) CD14+ monocytes typically strongly express CD33, hereafter noted as CD33(++). (E)

CD15(+)/SSC(hi)/HLA-DR(−) normal granulocytes and granulocytic MDSCs. (F) CD15(−)/SSC(lo)/HLA-DR(−) immature MDSCs. (G) LIN(−) HLA-DR(+++) dendritic

cells or other myeloid cells. Three sub-populations of monocytes are (H) classical monocytes (CD14+CD16-) (I) intermediate monocytes (CD14+CD16+) (J)

Non-classical monocytes (CD14loCD16+) (K) Representation of the combined pool of the three monocyte subtypes (L) The CD14+HLA-DRlo/neg cell most typically

arises from the classical monocyte pool, but may also be derived from the intermediate and non-classical monocyte pools. The red lines on the cells represent relative

HLA-DR expression on the cells. *Under some conditions, granulocytes can express CD14 (126).

in blood samples collected in EDTA anti-coagulant tubes,
HLA-DR expression was influenced both by storage time
and temperature in their study of patients with sepsis and
in control subjects (131). After sample collection, increased
storage time at room temperature led to dramatically
increased HLA-DR expression both in terms of percent
positive monocytes and MFI. Higher storage temperatures
also appeared to increase HLA-DR levels as well. Docke
et al. also found that processing and transport steps can
influence HLA-DR and thus recommended staining unprocessed
blood within 4 h of the blood draw (132). Additionally,
they found that the HLA-DR values for samples that were
lysed/washed vs. lysed/no wash strongly correlated despite
the slightly higher overall HLA-DR values reported in the
lyse/no wash samples. In summary, there are many processing
steps that affect the accurate measurement of CD14+HLA-
DRlo/neg monocytes. Results from minimally processed

samples appear to yield the most reliable results for HLA-
DR quantification. Therefore, as whole blood staining of
fresh blood is becoming more standard practice, this will no
doubt improve the prospect of using CD14+HLADRlo/neg

monocytes as a biomarker for understanding responses to
cancer immunotherapy.

CONCLUSIONS

There is now a large body of evidence linking
CD14+HLADRlo/neg monocytes to systemic immune
suppression and paralysis and their negative affect on cancer
immunotherapy. As new evidence suggests that systemic
immunity plays an important role in optimal responses to
cancer immunotherapy (51, 133), circulating monocytes likely
contribute significantly to this phenomenon. From studies
published to date, it appears that the various immunotherapeutic
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approaches do not drastically change the abundance of
CD14+HLADRlo/neg monocytes but their pre-treatment
levels correlate with poorer or more favorable outcomes in
most settings. While deciphering the precise mechanisms
of CD14+HLADRlo/neg monocyte-mediated suppression in
humans will remain difficult, the established data warrant
further efforts to investigate novel ways to counteract these
cells. Finally, the immunosuppressive CD14+HLA-DRlo/neg

monocyte not only may be a very good therapeutic target, but
also may be a very good candidate for biomarker development.
They are easy to quantify, likely to reflect general systemic
immunosuppression, and may even reflect what is happening in
the tumor microenvironment.
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In most cancers, myeloid cells represent the major component of the immune

microenvironment. Deciphering the impact of these cells on tumor growth and in

response to various anti-tumor therapies is a key issue. Many studies have elucidated the

role of tumor-associated monocytes and tumor-associated macrophages (TAM) in tumor

development, angiogenesis, and therapeutic failure. In contrast, tumor dendritic cells (DC)

are associated with tumor antigen uptake and T-cell priming. Myeloid subpopulations

display differences in ontogeny, state of differentiation and distribution within the

neoplastic tissue, making them difficult to study. The development of high-dimensional

genomic and cytometric analyses has unveiled the large functional diversity of myeloid

cells. Important fundamental insights on the biology of myeloid cells have also been

provided by a boom in functional fluorescent imaging techniques, in particular for TAM.

These approaches allow the tracking of cell behavior in native physiological environments,

incorporating spatio-temporal dimensions in the study of their functional activity.

Nevertheless, tracking myeloid cells within the TME remains a challenging process

as many markers overlap between monocytes, macrophages, DC, and neutrophils.

Therefore, perfect discrimination between myeloid subsets remains impossible to date.

Herein we review the specific functions of myeloid cells in tumor development unveiled by

image-based tracking, the limits of fluorescent reporters commonly used to accurately

track specific myeloid cells, and novel combinations of myeloid-associated fluorescent

reporters that better discriminate the relative contributions of these cells to tumor biology

according to their origin and tissue localization.

Keywords: tumor-associated macrophages, live imaging, fluorescence reporters, immuno oncology, multiphoton

imaging, two-photon microscopy

INTRODUCTION

Myeloid cells form a vast and heterogeneous group of cells that play a major role in shaping
the tumor microenvironment (TME). Tumor associated macrophages (TAM) represent the most
abundant myeloid subset across multiple cancer types, and they generally correlate with poor
outcomes. Dendritic cells (DC) in tumors represent a less abundant subset, and contradictory
results surround their association with tumor prognosis. DC are classified into subpopulations
exhibiting different specificity for priming T-cells (1, 2). Macrophages and DC subsets display a
strong overlap of phenotypic markers, adding a high level of complexity to accurately identify
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them. So far, TAM have been considered to arise primarily from
monocyte cells. Recent discoveries regarding tissue macrophage
ontogeny challenge this assumption (3). Different tissues of
origin are likely to contribute in part to how TAM heterogeneity
arises (4–6). Flow cytometry allows qualitative and quantitative
characterization of these cells but does not preserve their in situ
localization to study native cell-cell interactions. In contrast,
intra-vital imaging at cellular-scale resolution offers the ability
to study cell migration and interactions in living tissue in real-
time. It is tempting to consider “truth” what is visible to the eye,
and thus direct visualization of cell interactions tends to provide
more confidence in the interpretation of a biological process. A
main hurdle of this approach rests on the accurate tracking of
these cells since the number of available markers are more limited
than for flow cytometry and many markers overlap between
monocytes, macrophages, DC and even neutrophils, potentially
leading to misinterpretations. Moreover, one must keep in mind
that imaging experiments usually focus on specific cell subsets,
avoiding the potential contribution of the “unseen.” Herein, we
review how fluorescent imaging, and more specifically in situ
live imaging, has contributed to the characterization of TAM
and tumor-DC. We discuss limitations of the most common
models used for the discrimination and tracking of these different
subsets, and we present some perspectives derived from the
combination of different fluorescent reporter mouse strains used
to unveil microanatomical niches of myeloid subsets in tumors.

FUNCTIONAL IMAGING OF
TUMOR-ASSOCIATED MYELOID CELLS

Microscopy studies represent a necessary approach to truly
comprehend the relationship between cells in their physiological
environment (7). Beyond the simple identification of cell
distribution across the tissue provided by histological analysis,
the development of live imaging in situ has generated
fundamental insights in cellular functions and is termed
“functional imaging.” Here, we mention studies based on
monocyte and TAM imaging to highlight how this approach has
contributed to our knowledge of their function within tumors.

Functional Imaging of Tumor-Associated
Myeloid Cell Dynamics and Interactions
With Tumor Cells
Intra-vital imaging of TAM has helped to identify their role in
tumor invasiveness and metastasis (8, 9). Direct visualization
of fluorescent macrophages and tumor cell lines has revealed
CSF1 and EGF-dependent chemotaxis, respectively, (10) and has
led to the elaboration of a tumor cell/macrophage cross-talk
model (7, 11). In vitro imaging is an important complementary
approach to study the molecular pathways involved in this
model. Beyond paracrine loops, the combination of in vitro
and in vivo imaging has provided evidence that physical
contacts between macrophages and tumor cells correlate with
invadopodium formation through the induction of RhoA activity
on tumor cells (12). The strength of real time imaging is
elegantly illustrated by the work of Harney et al showing that

the role of Tie2+ perivascular macrophages in this intravasation
process is transient and mainly occurs in highly defined
microanatomical niches termed “Tumor Microenvironment
of Metastasis” (TMEM) (13). Another study has found that
macrophages orchestrating early dissemination in breast cancer
are CD206Hi and Tie2+ and migrate toward tumor cells through
CCL2 production by the latter (14).

Macrophages have also been involved in the “streaming cell
movement” of tumor cells, defined as the migration of multiple
cells in a single file pattern (15). Directional streaming toward
the endothelium results from CXCR4 upregulation on TAM and
CXCL12 secretion by peripheral fibroblasts (16). Cocultures in
3D-matrices have provided the subcellular resolution to identify
a macrophage/tumor cell communication mechanism involving
the formation of tunneling nanotubes between the two cell
types that is required to induce this directional cell streaming
(17). This heterotypic interaction might favor the switch from a
mesenchymal migration mode of tumor cells toward an MMP-
independent ameboid-like migration as observed in spheroid
culture (18). Cytoplasmic exchange between macrophages and
tumor cells has been confirmed in vivo in zebrafish (19). In
vivo visualization of migratory activity of TAM, tumor-DC
and neutrophils has been observed using differentially ingested
dextran particles or differential staining by intravascular injection
of fluorescent antibodies in MMTV-PyMT/cfms-EGFP+ mice.
Sessile cells exhibited strong endocytosis and MMP activity,
however TAM and tumor-DC could not be disciminated
based on the tested labeling combination (20). Similar labeling
approaches have unveiled that migratory capacities of myeloid
cells in mammary cancer were less sensitive to hypoxia than
regulatory T-cells (21).

Considering macrophage ontogeny and tissue specification
has raised the question of their differential function in
pathological contexts, particularly in cancer development.
Although microglial cells have been considered as the primary
TAM subset in brain tumors, it is commonly held that the
majority of TAM among many other tumors are monocyte-
derived (MoD-TAM) (22). Evidence is recently accumulating
that tissue-resident macrophages represent a distinct functional
subset from MoD-TAM in other cancer types (16, 23, 24). While
resident macrophages were associated with ECM production,
recruited macrophages were more involved in the modulation
of the adaptive immune response (24), in addition to matrix
remodeling and tumor cell clearance following chemotherapeutic
treatment (16).

So far, very little information on the role of tissue-resident
macrophages in solid tumors is available from imaging studies.
The reporter model used in our recent study has been an
interesting option for simultaneous tracking of macrophages of
different origins in lung tumors (16). MoD-TAM and monocytes
tended to accumulate in the periphery of advanced lung tumor
nodules and displayed higher displacements than their resident
counterparts (16). Their increased migratory behavior also
fits with the observation of streaming TAM recruited in a
CCR2-dependent manner (25). Accordingly, CCR2-dependent
recruited TAM in lung tumors have been associated with
remodeling activity and higher tumor cell dissemination (16).
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So far, modulating the CCL2/CCR2 axis appears useful
in identifying the monocytic origin of TAM. Nevertheless,
while the accumulation of tissue resident macrophages
has been shown to be CCR2-independent in lung tumors
(16), this subset binds CCL2, suggesting that they might
respond to a local CCL2 gradient. One should consider that
targeting the CCR2 axis may directly or indirectly affect
recruited as well as resident TAM. Resident TAM do not
necessarly have an embryonic origin but could also arise
from local proliferation of MoD-resident macrophages
that have progressively colonized the tissue at steady state
as observed in several tissues (26). Fate mapping models
to track embryonic-derived macrophages by imaging
are necessary to determine whether resident TAM are of
embryonic origin.

Functional Imaging of TAM Role in
Metastatic Seeding
With the opportunity to track single cells in real time,
live imaging has greatly improved our knowledge on the
early events of metastatic seeding, in particular through
the development of in vivo lung imaging (27). Patrolling
monocytes have been reported to rapidly engulf tumor material
in lung capillaries reducing metastasis development (28).
This patrolling activity has also been efficiently monitored
using a peritoneal window in colorectal tumors treated with
anti-VEGFR2 therapy, highlighting a protumoral activity
through neutrophil recruitment (29). Patrolling monocytes
do not appear to be the only myeloid cells involved in
this process. Rather, a series of sequential waves involving
different myeloid subsets are able to uptake tumor material
in the lung (30). CCL2-dependent monocyte recruitment
has been strongly implicated in metastatic seeding by
experiments utilizing CCL2 blockade or global macrophage
depletion (31, 32). The relative roles of interstitial lung
macrophages and monocyte-derived cells on this early process
remain unclear.

Functional Imaging of TAM and Tumor-DC
Interactions With Lymphocytes
Live imaging has also contributed to identifying direct
interactions of myeloid cells with T-cells in the TME. Trapping
of antigen specific T-cells by myeloid cells in sustained and
non-productive interactions has been proposed to favor
immunosuppression (33, 34). Macrophage depletion has been
associated with increased CD8 T-cell infiltration and improved
response to anti-PD-1 “checkpoint” immunotherapy (35).
Macrophage/Treg interactions after radiotherapy have also been
visualized in a model of head and neck cancer. TNF-mediated
cross talk between the two subsets is a proposed mechanism
responsible for how an immunosuppressive environment
dampens therapeutic efficacy (36). While the vast majority
of tumor-infiltrating T-cells seem to be in contact with TAM
correlating with poor ability to induce effector functions, Broz
et al. have identified a sparse subset of tumor-DC with strong
immunostimulatory capacities (2). Recruitment of this subset via

NK cell crosstalk mediated by FLT3 ligand and resulting physical
interactions defines a positive prognostic factor for anti-PD-1
therapy in melanoma patients (37). Overall, this supports the
idea that TAM are usually associated with immune suppressive
activity while tumor-DC are more immunostimulatory (38).

Overall, monitoring myeloid cell dynamics, morphology, local
distribution in specific TMEM, and interactions with other
partners of the TME has unveiled many of their key biological
mechanisms. However, the capacity to accurately identify specific
myeloid subsets by imaging can be limiting.

TRACKING MYELOID CELLS IN TUMORS

Specific identification of myeloid cells by imaging is
challenging because of their heterogeneity, plasticity, and
overlapping markers.

In vivo antibody injection represents an interesting alternative
for cell identification, but there are multiple limitations of this
approach. Efficient cell staining is limited by tissue penetration
of antibodies, and the persistence of the staining is low due to
degradation and recycling activities in living tissues. Finally, the
impact of multiple in vivo antibody staining on cell dynamics
and function cannot be neglected, and findings regarding
cell behavior should be interpreted with caution. Fluorescent
reporter mice are, thus far, the best option to overcome
these limitations. However, the lack of cell-specifc labeling
ability still presents a challenge. Promoter-driven fluorescent
protein (FP) production is never restricted to a specific
subset. Moreover, it is not recommended to associate reporter
expression with endogenous protein expression. Therefore,
a careful phenotypic characterization of each model using
flow cytometry is required to adequately define the imaged
cell populations.

Many transgenicmice (listed below) have been developed with
various fluorescent reporters to attempt to discriminate specific
myeloid populations.

The development of a Csf1r-EGFP transgene (MacGreen)
has confirmed that this receptor is expressed in monocytes,
tissue-resident macrophages and some populations of
DC, such as the Langerhans cells; yet is also present in
trophoblasts and granulocytes (39, 40). The deletion of a
conserved distal element from the Csf1r promoter on the
1CSF1R-ECFP reporter (MacBlue) mouse ablated expression
in trophoblasts and reduced expression in granulocytes
(41). Reporter gene expression is maintained in alveolar
macrophages, microglia, and Langerhans cells, however it is
ablated in most resident macrophage populations including
osteoclasts (42), Kupffer cells (43), and lung interstital
macrophages (44). Hawley et al. created a Csf1r-mApple
mouse (MacApple) with the same pattern of expression as
MacGreen mice (45). Crossing MacApple with MacBlue mice
results in specific patterns of fluorescent expression among
monocytes and macrophages as observed in the lung and the
brain. The authors propose that ECFP expression may be
present in cells relying more on IL-34 or CSF2 while ECFP−

mApple+ macrophages would depend more on CSF1 for their
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homeostasis (45, 46). The regulation of CSF1R expression
requires further investigation.

The Cx3cr1EGFP reporter mouse (47) is commonly used
to monitor patrolling monocytes (29, 48–50) and tissue
macrophages (51), but this reporter is also expressed by subsets
of NK cells and dendritic cells as well as epidermal T-cells
harboring a dendritic-like morphology. EGFP upregulation on
subsets of T-cells has been also reported during viral infection
(52). Whether tumor-infiltrating T-cells upregulate CX3CR1
must be investigated when using this strain as they can represent
an important confounding subset when imaging the TME.
We have developed an additional dimension of resolution
using the combination of MacBlue x Cx3cr1EGFP x MacApple
reporter mice. This strain provides an improved display of
the myeloid compartement heterogeneity in lung tumors,
allowing the visualization of recruited, resident interstitial,
and alveolar macrophages as well as neutrophils based on
differential expression of the fluorescent reporters (Figure 1A).
This further highlights microanatomical niches with specific
myeloid subset distributions (Figure 1B). Although EGFP
expression is lower in classical compared to non-classical
monocytes (and has thus been used to track the latter), the
discrimination between both subsets by imaging is imprecise.
The high expression of ECFP in the MacBlue mouse improves
the detection of both subsets, but their discrimination is still not
possible (53, 54).

The Nr4a1gfp fluorescent reporter mouse provides a good
marker to monitor non-classical monocytes in the lungs (28).
Combination between MacBlue and Nr4a1gfp might offer an
opportunity to simultaneously track both subsets (Figure 1C).

FP expression guided by the Ccr2 promoter would be
expected to preferentially label classical monocytes, but
this fluorescent reporter is also highly expressed on NK
cells [(55) and personal observation]. NK cells are often
abundant in the TME and can lead to misinterpretation
of imaging studies using this reporter. Combination with
other reporters may therefore improve specificity. For
instance, combining Ccr2RFP and Cx3cr1EGFP reporters allows
tracking of the relative accumulation of CCR2hiCX3CR1low

and CCR2lowCX3CR1hi cells in glioblastoma, arguing
for distinct origins of TAM in this model (56). As NK
subsets also express EGFP in the Cx3cr1EGFP, the risk
of NK contamination when imaging and identifyinng
myeloid cells in the TME using this mouse strain must
be considered.

LysMEGFP reporter mice display bright expression of
GFP based on the lysozyme M locus and are widely used to
visualize monocytes and macrophages. However, this marker
is also strongly expressed in neutrophils (50, 57). Using
this reporter for live imaging is challenging as monocytes,
macrophages, and neutrophils are closely related in the
TME and the discrimination of these populations requires
additional markers. The combination of LysMEGFP with MacBlue
might be considered, but the strong overlap of expression
of these two reporters between granulocytes, monocytes
and macrophages limits their accurate identification by
imaging (Figure 1D).

Mouse strains expressing FP driven by the Itgax promoter
(CD11c) typically provide very bright fluorescent signal and
are available in different colors (58). Although Itgax-based
reporters are routinely associated with DC, it is clear that
numerous TAM will express the FP and thus prevent the
exclusive visualization of DC using this unique reporter
(Figure 1E). The combination of CD11cRFP with Cx3cr1EGFP

in the study by Broz et al has provided an additional
dimension to better discriminate DC and TAM in breast
tumors (2). The combination of CD11RFP and Xcr1venus reporters
provides also an alternative to more accurately identify DC by
imaging (59).

Altogether, these transgenic models have demonstrated utility
in providing new insights on the dynamics of different
myeloid populations (Figure 1F). Furthermore, the combination
of different fluorescent reporters appears to be a valid and
worthwhile approach to target the cells more accurately.
We have already demonstrated that the relative expression
of the fluorescent reporter in MacBlue x Cx3cr1EGFP mice
identifies TAM subsets of distinct origins with specific anatomic
distribution (16). TAM microanatomical niches are even more
marked in the spontaneous mammary tumor model PyMT-
ChOVA combined with the MacBlue x Cx3cr1EGFP x MacApple
reporters. Subsets with relative dominant expression of the
three FP have been identified (Figure 2A). EGFP+ cells are
mainly localized to the neoplasic mammary epithelium basal
membrane and ECFP+ are more clustered in the stroma. In
addition to genetic fluorescent reporters, two-photon imaging
can be used to generate fluorescence from specific cellular
structures without the need of an exogenous fluorescent
probe. Coherent anti-Stokes Raman scattering (CARS) imaging,
for example, allows imaging of lipid deposits showing that
a MacApple+ subset is enriched in the adipose tissue of
the PyMT tumors (Figure 2B) and favoring the notion
of spatial diversity of TAM (60). Whether or not these
subsets originate from resident macrophages of the mammary
epithelium and surrounding adipose tissue needs further
investigation. Second harmonic generation (SHG) is another
label-free approach based on the intrinsic optical properties
of extracellular structures that has been used to highlight T-
cell trafficking in the collagen matrix of the TME (61, 62).
Tracking the evolution of collagen density according to tumor
stage can be correlated with the functional characterization
of TAM, as they are major actors in ECM remodeling.
Szulczewski et al. have reported a label-free metabolic imaging
protocol allowing for the visualization of NADH and FAD
based on their autofluorescent properties. This technique
has identified that macrophages express high levels of FAD
and are mainly glycolytic, enabling their discrimination from
tumor cells without adding any exogenous staining molecule
(63). Label-free sensing of biomolecules typically does not
result in photobleaching and reflects physiological content
and distribution when compared with exogenous fluorescent
probes. This label-free imaging also provides an opportunity
to obtain information from human samples. As these methods
lack specificity, complementary markers are necessary to study
myeloid function.
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FIGURE 1 | Combination of distinct fluorescent reporter mice identify myeloid cell diversity in the tumor, MacBlue, Cx3cr1EGFP, and MacApple mice were intercrossed

to generate a combined fluorescent mouse strain. TC-1 lung carcinoma cell line was inoculated and different myeloid subsets in the lung tumor were analyzed for their

(Continued)
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FIGURE 1 | relative expression of the fluorescent reporters by flow cytometry (A) and tissue distribution by multiphoton microscopy (B). At a single reporter level, the

overlap is major between different subsets but the resulting combination of fluorescent reporters for each cell highlights a more specific signature for each subset

population (see schematic cell fluorescent signature on the right). (B) Left image shows the distribution of distinct myeloid cells in a lung tumor nodule. Right image

represents magnification of left image. Discrimination of the distinct subsets is based on the known expression of each reporter seen in (A). Mostly Monocytes and

MoD-TAM (Blue/Green/ Red) are distinct from resident TAM (Green), neutrophils (Red) and Alveolar macrophages (Blue/Red). The image was acquired using a Zeiss

7MP multiphoton microscope coupled with a Chameleon Visio II (at 840 nm) and an OPO Mpx (at 1104 nm). (C) Combination of Macblue and Nr4a1GFP reporter mice

allows the distinction of Ly6Clow from classical monocytes and MoD-TAM. Cell fluorescent signature on the right is generated according to the relative expression of

each reporter for all subsets. EGFP is exclusively found in Ly6Clow monocytes, ECFP expression is presented in (A). (D) Combination of Macblue and LysMEGFP

reporter mice allows the distinction of Neutrophils from monocytes and macrophages. EGFP Expression is brighter in neutrophils than in resident interstitial

macrophages but similar to alveolar macrophages. Due to spectral overlap between ECFP and EGFP, the accurate discrimination between these subsets can be

limited. (E) In the ItgaxYFP reporter mice (CD11cYFP), the YFP is strongly expressed by classical DC (cDC1) and CD11b+ DC (cDC2) but is also in found in a fraction

of Resident and MoD-TAM discriminated by the MacBlue reporter. Therefore, CD11c should not be used as an exclusive marker of DC. For all histogram plots,

subsets are defined as: CD11b+ Ly6Chi Ly6G− SiglecF− CD64low for Ly6Chi Mo; CD11b+ Ly6Clow/− Ly6G− SiglecF− CD64low for Ly6Clow Mo; CD11b+ Ly6G+

SiglecF− for Neutrophils; CD11b+ Ly6C− CD64+ ECFP+ EGFP+ for MoD TAM; CD11b+ Ly6C− CD64+ ECFP− EGFP+ for Resident TAM; CD11b+ Ly6C−

CD64+ CD11c+ SiglecF+ for alveolar mac (AM); CD11b− CD11c+ CD64− MHC-II+ for cDC1; CD11b+ CD11c+ CD64− MHC-II+ for cDC2. (F) Table summarizing

the relative expression of the different reporters across the indicated immune subsets according to + and-signs. +/– stands for differential expression among one

given population.

FIGURE 2 | Identification of specific myeloid cell distribution in spontaneous mammary carcinoma. MacBlue x Cx3cr1EGFP x MacApple mice were crossed with

PyMT-ChOVA mice from Engelhardt et al. (33). Briefly this mouse develops spontaneous multifocal mammary tumors expressing CherryFP and Ovalbumin. (A) Whole

mammary tumors cryo-section shows microanatomical niches of the PyMT tumor with specific enrichment of myeloid cells with distinct fluorescent signatures.

EGFP+ cells (green) localize at the basal membrane of the mammary carcinomas (region I) and are homogeneously distributed across the neoplasic tissue, ECFP+

cells (blue) accumulate in sparse clusters (region II). AppleFP cells cannot be discriminated from CherryFP using these settings but Apple+ cells (red) are visualized in

the tumor-associated mammary fat pad (region III) confirming the existence of another subset of myeloid cell. Arrows with * highlight CherryFP+ tumor nodules and

arrows indicate AppleFP+ cells. Images were acquired using a Zeiss epifluorescent microscope (Axio Observer Z1). (B) Mammary fat pad-associated AppleFP+

myeloid cells were confirmed by CARS imaging (2,846 cm−1 ) allowing the visualization of lipid deposits of adipocytes (in yellow). Image was acquired using a Zeiss

7MP multiphoton microscope coupled with a Chameleon Visio II (at 840 nm) and an OPO Mpx (at 1,104 nm) synchronized by a delay line (Coherent).

CONCLUDING REMARKS

The delineation of myeloid heterogenity relies on our ability
to multiply the number of simultaneously imaged parameters.
Although high-dimensional analysis by flow/mass cytometry and
single cell transcriptomics is now accessible, accomplishing this
characterization with spatiotemporal resolution using optical
imaging remains challenging. Because of the strong overlap of
commonly used fluorescent reporters between several myeloid
subsets, mouse models must be carefully chosen based on the

population of interest. The development of spectral unmixing
(64) may offer a promising alternative technique to multiply
the number of fluorescent parameters recorded simultaneously,
but so far has been restricted to analysis of fixed tissue. The
use of imaging windows allows longer-term tracking of cellular
behavior (65). This approach may also contribute to better
understand myeloid functions over time and in response to
therapy. Tracking myeloid cell subsets using combinations of
complementary approaches, such as in vivo fluorescent antibody
labeling, dextran uptake, endogenous fluorescent reporters, and
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label-free optical imaging processes, is likely to yield a full
appreciation of the phenotypic and functional diversity of TAM
and DC. Fate mapping models to label embryonically derived
macrophages might additionally identify tumor myeloid cell
origin and will certainly be the goal of imaging studies in the near
future. Despite some complexity that can dampen the accurate
identification of myeloid subsets in the TME, previous studies
have been extraordinarily rewarding in our understanding of
tumor-associated myeloid cell biology.
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Excess salt intake could affect the immune system by shifting the immune cell balance

toward a pro-inflammatory state. Since this shift of the immune balance is thought

to be beneficial in anti-cancer immunity, we tested the impact of high salt diets

on tumor growth in mice. Here we show that high salt significantly inhibited tumor

growth in two independent murine tumor transplantation models. Although high salt fed

tumor-bearing mice showed alterations in T cell populations, the effect seemed to be

largely independent of adaptive immune cells. In contrast, depletion of myeloid-derived

suppressor cells (MDSCs) significantly reverted the inhibitory effect on tumor growth. In

line with this, high salt conditions almost completely blocked murine MDSC function in

vitro. Importantly, similar effects were observed in human MDSCs isolated from cancer

patients. Thus, high salt conditions seem to inhibit tumor growth by enabling more

pronounced anti-tumor immunity through the functional modulation of MDSCs. Our

findings might have critical relevance for cancer immunotherapy.

Keywords: cancer, dietary factor, MDSC, cancer immunotherapy, sodium chloride (dietary)

INTRODUCTION

The balance between pro- and anti-inflammatory cells and signals is critical for preserving immune
homeostasis and a disturbed immune cell balance is believed to contribute to autoimmunity and
cancer. Recent data have demonstrated that a high salt diet (HSD) could influence the immune
cell balance toward a pro-inflammatory state, where the induction of pro-inflammatory cells,
such as T helper 17 cells (TH17) and M1-like macrophages is promoted and the function of
anti-inflammatory cells, such as M2-like macrophages and regulatory T cells (Tregs) is impaired
(1–4). High salt intake is a ubiquitous phenomenon of Western diets and is indeed implicated
in a plethora of diseases like cardiovascular and metabolic as well as autoimmune diseases (5, 6).
Particularly the pro-inflammatory effects of a HSD are believed to be associated with autoimmune
diseases like e.g., multiple sclerosis (MS) and inflammatory bowel diseases (IBD) (7). These
pro-inflammatory effects of high salt on the immune cell balance raise the question if high salt
conditions could also affect anti-tumor immunity and cancer.
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The immune system is able to recognize neoplasms and
after therapeutic intervention it can also attack and eradicate
tumors as recent advances in the field of cancer immunotherapy
(e.g., immune checkpoint inhibition) have shown. Indeed,
immunotherapy is one of the most promising approaches to treat
cancer (8, 9). However, a major obstacle for successful cancer
immunotherapy is the highly immuno-suppressive environment
induced by many tumors. It is well-documented that the tumor
microenvironment frequently induces an immune protective
and tolerogenic environment by e.g., promoting the induction
of various immune suppressive cell types or by inducing the
expression of immune suppressive cytokines (10–14).

Important players in the tumor microenvironment
are myeloid cells, which can support tumor growth by
providing growth factors, such as vascular endothelial
growth factor (VEGF) (15) and additionally can be strongly
immunosuppressive. One of these tumor promoting myeloid
cell types are myeloid-derived suppressor cells (MDSCs)
(16–18). MDSCs are a classically defined as a heterogeneous
population of immature myeloid cells that fail to terminally
differentiate and exert a strong immune suppressive potential
in mice and humans. The induction of MDSCs from myeloid
progenitors occurs in the bone marrow (BM) and spleen usually
in the context of chronic inflammation and often leads to
an accumulation of these cells in the periphery in cancerous
conditions. Here they can inhibit various other immune cells
like T and B cells, dendritic cells (DC) and natural killer cells
(NK) and thereby contribute to an immune suppressive state
using different molecular mechanisms of suppression. However,
also in the absence of T cells, GR1 positive myeloid cells can
support tumor growth (19) e.g., by the promotion of tumor
angiogenesis (15). The presence of MDSCs in cancer patients is
associated with a poor disease prognosis and tumor recurrence
(17, 20). MDSCs can be further subdivided based on their origin
and phenotype into granulocytic or polymorphonuclear MDSCs
(PMN-MDSCs) and monocytic (M-MDSCs) (17, 21). Both
MDSC subsets can be frequently detected in BM, spleen, blood
and tumor tissues of cancer patients. In mice PMN-MDSCs are
defined as CD11b+Ly6GhighLy6Clow, whereas M-MDSCs are
defined as CD11b+Ly6G−Ly6Chigh cells, although both marker
combinations are not entirely specific and can also include
neutrophils or classical monocyte populations (17). In humans
PMN-MDSCs are characterized by CD11b+CD14−CD15+HLA-
DR− or CD11b+CD14−CD66b+ expression and M-MDSCs
are CD11b+CD14+CD15−HLA-DRlow/− cells (17). MDSCs
further show a high grade of plasticity. They can react to
environmental triggers like altered cytokine milieus or hypoxia
and adapt their phenotype and function accordingly or can
even differentiate into cells with pro-inflammatory potential
(18, 22). However, how and if MDSCs react to changes in the
ionic microenvironment as e.g., found in tumor tissues through
increased necrosis (23) or through induction by HSD (24, 25)
is unknown.

Since high salt affects various adaptive and innate immune
cells it is plausible that MDSCs may also react to elevated
Na+ concentrations. Considering the immune stimulatory effects
of high salt, these conditions may be favorable for enhanced

tumor immunology by boosting pro-inflammatory effector cells
and blocking anti-inflammatory cells. We therefore sought to
analyze the impact of HSD on tumor growth in murine tumor
transplantation models. Here we show that a HSD significantly
reduces tumor growth in two independent tumor transplantation
models. The effect seems to be largely dependent on myeloid
cells by impacting MDSC function and thereby leading to
enhanced anti-tumor immunity. Thus, our study identified a
novel effect of how high dietary salt intake could modify innate
immune reactions by modulating murine and human MDSC
function. These data may offer novel strategies for improving
cancer immunotherapies.

MATERIALS AND METHODS

Mice
C57BL/6 mice were purchased from Charles River and housed
in the facility of the University of Hasselt under standardized
conditions. Further, C57BL/6 mice were purchased from
Janvier and housed in the facility of Vrije Universiteit Brussel
(VUB) under standardized conditions. RAG2−/− mice were
kindly provided by Thomas Blankenstein. Animal studies were
approved by the ethics committees of animal studies at the
University of Hasselt (201738) and VUB (14-220-26).

Diet and Tumor Inoculation
Mice were either fed a normal diet (Control group) containing
0.5% NaCl or sodium enriched diet (HSD group) containing
4% NaCl as well as 1% NaCl enriched tap water for 2 weeks
before tumor inoculation. In some experiments, diet switch
was started directly before tumor inoculation. Both diets were
purchased from SSNIFF (Ctrl: E15430-04, HSD: E15431-34;
Soest, Germany). Mice were maintained on the respective diet
during the course of the experiment. B16F10 melanoma cells
(ATCC) were cultured in DMEM (Sigma Aldrich) supplemented
with 10% FCS (Gibco) and Penicillin/Streptomycin (Gibco)
and Lewis Lung carcinoma (LLC) cells (ATCC) were
cultured in RPMI (Lonza) supplemented with 10% FCS
and Penicillin/Streptomycin. Cells were maintained mycoplasma
free, tested continuously by HEK-blue mycoplasma detection
(Invivogen). Tumor cells were subcutaneously injected in the left
abdominal flank (LLC at 1 × 10e6 expose 6 and B16F10 at 2 ×

10e5 expose 5 cells/mouse). Tumor growth was monitored three
times per week by using a caliper. Tumor volume was calculated
with the ellipsoid formula (π/6∗a∗b∗c) as described before (26).

Flow Cytometry and Preparation of Single

Cell Suspensions
Blood was taken by tail vein puncture. Spleens and lymph
node(s) were mashed through a 70µm cell strainer. Tumor
tissue was minced and subjected to digestion cocktail containing
collagenase at 500µg/ml and DNAse at 40 units/ml for 30min
at 37◦C and passed through a 70µm cell strainer. Single cell
suspensions were subjected to red blood cell lysis (eBioscience).
Cells were washed with MACS buffer (0.5% BSA 2mM EDTA)
and subjected to flow cytometry (further named FACS) staining
protocol or resuspended in complete RPMI medium and
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restimulated with 50 ng/ml phorbol 12-myristate 13-acetate
(PMA) and 250 ng/ml Ionomycin (Sigma) in the presence of
GolgiPlug (BD) for 5 h to detect cytokines by FACS. Single cell
suspensions were firstly stained with fixable Live/Dead cell kit
(Thermo Fisher Scientific) for 10min at room temperature. Cells
were then incubated with antibody cocktails for 30min at 4◦C
in MACS buffer. Intracellular staining was performed using the
FoxP3 staining kit (eBioscience) according to the manufacturers
protocol. The following antibodies were used: CD3 (Biolegend or
eBioscience, 17A2), CD4 (Biolegend or BD Pharmingen, RM4-5),
CD8 (eBioscience, 53-6.7), CD11b (eBioscience, M1/70), CD25
(BD Pharmingen, PC61), CD44 (eBioscience, IM7), CD45.2 (BD,
104), CD62L (eBioscience,MEL-14), CD183 (Biolegend, CXCR3-
173), CD192 (Biolegend, SA203G11), CD196 (Biolegend, 29-
2LI7), CD274 (Biolegend, 10F.9G2), CD279 (BD, J43), FoxP3
(eBioscience, FJK-16s), F4/80 (eBioscience, BM8), I-A/I-E (BD,
M5/114.15.2), IFNγ (eBioscience, XMG1.2), IL-9 (Biolegend,
RM9A4), IL-10 (eBioscience, JES5-16E3), IL-17 (eBioscience,
eBio17B7), Ly6C (Biolegend, HK1.4), Ly6G (Biolegend, 1A8),
Siglec-F (BD, E50-2440) and TNFα (Biolegend, MP6-XT22),
Eomes (eBioscience, Dan11mag), T-bet (Biolegend, 4B10),
CD19 (Biolegend, MB19-1), CD5 (Biolegend, 53-7.3). MDSCs
were defined as CD11b+Ly6ChighLy6G− (M-MDSC) and as
CD11b+Ly6CmedLy6Ghigh (PMN-MDSC) pre gated on CD45.2+

live cells excluding doublets and dead cells. Cells were acquired
on a BD FACS-Fortessa instrument (BD) and analyzed using
FlowJo V.10.1 software (FlowJo LLC) and by using FlowSOM.

FlowSOM Analysis
FACS data was manually gated on single live and/or CD11b+

or CD4+ T cells and later exported as FCS files in FlowJo
V.10.1 (FlowJo, LLC). The automated analysis of exported FCS
files was done by using FlowSOM algorithm, a R bioconductor
package that uses self-organizingmaps for dimensional reduction
visualization of flow cytometry data (27). All data was
concatenated scaled and logical transformed on import. Cells
were assigned to a Self-Organizing Map (SOM) with a 10 × 10
grid, grouping similar cells into 100 nodes. Each node in the
FlowSOM tree gets a score indicating its correspondence with
this requested cell profile. To visualize similar nodes in branches,
a minimal spanning tree (MST) was constructed and cell counts
were log scaled and nodes with similar expression markers were
clustered within metaclusters. The FlowSOM algorithm was run
three times to ensure reproducibility of the results. Comparisons
between groups (HSD and Ctrl) were performed using a Mann-
Whitney test by computing the mean percentage per sample
group in each cluster and by testing statistical significance on
every node within metaclusters. P-values were two-sided and
analysis was performed using RStudio (version 3.4.4).

Apoptosis Assay
B16F10 and LLC cells were cultured under 40mM NaCl
concentration or 80mM Mannitol (Sigma Aldrich) as an
osmolyte control and additional control cells were cultured in
medium only. Cells were harvested after 48 h by trypsinization
and resuspended in AnnexinV binding buffer (0.01M Hepes,
0.14M NaCl, 2.5mM CaCl2). AnnexinV-FITC (BD) was added

for 30min. Propidium iodide (PI) was added at 1µg/ml shortly
before acquisition on a FACS Calibur instrument (BD).

ELISA
Serum samples from tumor-bearing control and HSD fed mice
were subjected to TNFα-, IL17A, IL-10-, and IFNγ- specific
ELISA. All ELISA-kits were purchased from RD-Systems and
performed according to the manufacturers protocol. Finally,
wells were incubated with the horseradish peroxidase substrate
o-phenylenediamine dihydrochloride (OPD) (Thermo Scientific)
and optical density measurement was done on the iMark
microplate reader (Biorad) with a 450 nm wavelength filter.

Antibody Depletion
Anti-Gr-1 (clone RB6-8C5) depletion antibody was purchased
from BioXCell (West Lebanon, NH). 200 µg were i.p. injected
4 days after tumor injection and later on every second day.
Control mice received PBS injection at the same time. Depletion
efficiency was monitored by FACS analysis of blood samples
using antibodies against CD11b and Ly6-C.

Quantitative Real-Time PCR
Tumor or spleen tissue was placed in RLT buffer containing
b-mercaptoethanol and shredded in a Tissue-lyser (Qiagen).
RNA was isolated from the lysates using the RNeasy Kit
(Qiagen). RNA was reversely transcribed using the Quanta
cDNA Kit (Quanta Biosciences). Quantitative real-time PCR was
performed with the Power up SYBR Green Master Mix (Applied
Bioscience). Samples were measured on the Step ONE Plus
RT-PCR machine (Applied Biosciences). The following primers
were used: Tnfα forward: 5′-GAGCAATGACTCCAAAGTAG-
3′, Tnfα reverse: 5′-CGTAGCAAACCACCAAGTGG-3′,
Ifnγ forward: 5′-AAAGAGATAATCTGGCTCTGC-
3′, Ifnγ reverse: 5′-GCTCTGAGACAATGAACGCT-3′,
Nos2 forward: 5′-CCCTTCAATGGTTGGTACATGG-
3′, Nos2 reverse: 5′-ACATTGATCTCCGTGACAGCC-3′,
IL-10 forward: 5′-ATAACTGCACCCACTTCCCA-3′, IL-
10 reverse: 5′-GGGCATCACTTCTACCAGGT-3′, Csf2
forward: 5′-TTTACTTTTCCTGGGCATTG-3′, Csf2 reverse:
5′-TAGCTGGCTGTCATGTTCAA-3′, Sgk1 forward:
5′-CCAAACCCTCCGACTTTCAC-3′, Sgk1 reverse: 5′-
CCTTGTGCCTAGCCAGAAGAA-3′, Il17a forward:
5′-ATCCCTCAAAGCTCAGCGTGTC-3′, Il17a reverse:
5′-GGGTCTTCATTGCGGTGGAGAG-3′, Pbgd forward:
5′ TGGTTGTTCACTCCCTGAAGG-3′ and Pbgd reverse:
5′-AAAGACAACAGCATCACAAGGGT-3′, Hprt forward:
5′-GTTGGATACAGGCCAGACTTTGTT-3′ and Hprt reverse:
5′-GAGGGTAGGCTGGCCTATAGGCT-3′. Data was analyzed
by 2−11Ct method.

Murine MDSC Isolation and Suppression

Assay
Subcutaneous LLC tumors were excised and treated with 10
U/ml collagenase I, 400 U/ml collagenase IV and 30 U/m1
DNase I (Worthington) for 30min at 37◦C. Tumors and spleens
were squashed and filtered. Red blood cells in spleen and
tumor cell suspensions were removed using erythrocyte lysis
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buffer. To purify MDSCs, CD11b+ cells were enriched by
using anti-CD11b microbeads (Miltenyi Biotec). MDSCs were
sorted from CD11b+ cells using FACS Aria II (BD Biosciences)
(Supplementary Figure 10). Post sort analysis revealed on
average cell purity above 90%. For suppression assays, sorted
MDSCs were added at different ratios to splenocytes (2 ×

105 splenocytes/well) stimulated with anti-CD3 (1µg/ml) and
anti-CD28 (2µg/ml) in flat-bottom 96-well plates in RPMI
medium supplemented with 10% FCS, 300µg/ml L-glutamine,
100 U/ml penicillin, 100µg/ml streptomycin, 1mM sodium
pyruvate, 1mM non-essential amino acids and 0.02mM 2-
mercaptoethanol in the presence or absence of additional 40mM
NaCl or 80mM Mannitol solution in the cultures. After 24 h,
3H-thymidine was added and T-cell proliferation was measured
after another 18 h of culture as counts per minute (cpm) on a
Wallac 1450 Liquid Scintillation Counter. Suppressive capacity of
MDSCs isolated from HSD or control diet receiving animals was
measured in a similar manner, without adding additional NaCl.

Human MDSC Isolation and Suppression

Assay
PMN-MDSCs and autologous CD3+ responder T cells from
cancer patients were isolated and tested in suppression assays
as described before (28). In brief, MDSCs were isolated from
CD3-depleted PBMC by FACS using anti-human CD66b-FITC,
anti-human CD33PE, anti-human HLA-DR-APC, and anti-
human lineage cocktail (CD3, CD20, CD19, CD56, all BV421).
Post sort analysis by FACS revealed a purity of at least 90%.
T lymphocytes were labeled with 10µM Cell Proliferation
Dye eFluor R© 450 (CPDye405) according to manufacturer
instructions (eBioscience, Frankfurt am Main, Germany). For
induction of T cell proliferation cells were stimulated in L-
arginine free RPMI 1640 medium (Thermo Fisher scientific,
Karlsruhe, Germany) supplemented with 10% (v/v) heat-
inactivated FCS, 100 IU/ml penicillin, 100 mg/ml streptomycin
(Thermo Fisher scientific), and 150µML-Arginine (both Sigma-
Aldrich) in 96 well round bottom plates coated with CD3
(1µg/ml, clone OKT-3, eBioscience) and CD28 (2µg/ml, clone
28.2, Beckman coulter). Autologous PMN-MDSC subsets were
added in a T-cell: MDSC ratio of 2.5:1. To study the effect of
high salt conditions additional 40mM NaCl solution (Sigma-
Aldrich) were added to the medium. CPDye405 intensity was
analyzed by flow cytometry after 4 days of co-culture and
proliferation. Proliferation index calculation is based on dye
dilution and was calculated with ModFit LT3.3 (Verity Software,
Topsham, US) according to an algorithm provided by the
software. Written informed consent was obtained from all
human subjects prior to inclusion in this project in accordance
with the ethical standards of the institutional review board,
ethical approval was granted by University of Essen, Germany
(07/3500 and 16/7135).

Immunohistochemistry
Immunohistochemistry on tumor sections was done as described
before (26). In brief, 5µm sections of OCT-tissue tech (Sakura)
embedded LLC tumor tissues were mounted on slides air-
dried overnight and fixed in acetone for 10min and air-dried

for another 20min. Slides were treated with 0.2% galantine
(Sigma Aldrich) and 0.2% Triton X-100 in PBS and additionally
blocked with antibody diluent (Dako) for 1 h at RT. All antibody
stainings were performed in Dako antibody diluent solution.
Primary antibodies were incubated overnight at 4◦C. After 3
times washing with PBS, second antibodies were added for
1 h together with Hoechst 33342 (Sigma Aldrich) at room
temperature. Negative controls were generated by staining with
secondary antibodies and Hoechst 33342 only. After staining,
the slides were covered with slowfade (Life Technologies) and
analyzed with ObserverD.1 or LSM710 confocal microscopes
(Zeiss). The following anti-mouse antibodies were used for
confocal and fluorescence microscopy: CD31 (clone MEC13.3,
BD # 550274, isotype control rat IgG2a), cleaved caspase 3 (cell
signaling # 9604S), CD146 (clone ME9-F1, BD # 562230, isotype
control rat IgG2a). As secondary antibodies Alexa 488-, Alexa
568-, and Alexa 647- labeled: anti-rat IgG and anti-rabbit IgG
(Life Technologies) were used. Hoechst 33342 was used for
staining nuclei.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
(GraphPad Software). Data were analyzed by unpaired t-test.
Data tested against a specified value were analyzed by one-sample
t-test. Repeated measurement two-way ANOVA using Sidak’s
multiple comparison tests was applied on tumor growth data.
Data were presented, if not indicated elsewhere, as mean ±

S.E.M. P < 0.05 was considered to be statistically significant (∗p
< 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

RESULTS

High Salt Intake Inhibits Tumor Growth in

Mice
To examine the effects of HSD on cancer development we
used the B16F10 syngeneic melanoma transplantation model.
This poorly immunogenic tumor model (29, 30) was chosen
to analyze possible immune activating effects of a HSD in
mice. We first applied a protocol previously used in models
of hypertension and autoimmunity by pre-feeding mice with
a 4% NaCl containing chow and 1% NaCl in the drinking
water compared to a control diet before tumor inoculation
(Figure 1A) (1, 4). Of note, HSD fed mice showed a significantly
inhibited tumor growth in the B16 tumor model (Figure 1B).
Delayed tumor outgrowth was evident as early as day 11
post-injection (p.i.), leading to significant differences in tumor
size between both groups at day 13 p.i. and at the day of
sacrifice (day 15–17 p.i.) (Figures 1B,C). This effect seemed
to be specific for the dietary regimens, since besides water
intake no other confounders like e.g., general appearance, weight
gain, and food intake were different (Supplementary Figure 1

and data not shown) nor was there a direct effect of high
sodium concentrations (additional 40mM NaCl) on tumor cell
viability during in vitro culture nor any effect of mannitol
as an osmolyte control (Supplementary Figure 2). The NaCl
concentrations used in vitro are comparable to the in vivo
situation in high salt fed animals (24, 25). Only at concentrations
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FIGURE 1 | High salt diet inhibits tumor growth in mice. (A) Experimental design. C57BL/6 mice were kept on control diet (Ctrl) or were fed a high salt diet (HSD)

before tumor inoculation. After tumor challenge the mice were further kept on the same diets until sacrifice. (B) Mice pre-fed on the respective diets were challenged

with B16F10 melanoma cells by subcutaneous (s.c.) injection. Growth curve and dotplot shows tumor volume as mean ± S.E.M. (n = 11) at the indicated time points

pooled from two of three independent experiments with similar results. (C) Representative pictures were taken from tumors of control and HSD fed mice at day 15

post-induction (p.i.) (scale bar = 1 cm). (D) Mice that were fed a control diet or HSD for 2 weeks were subcutaneously injected with Lewis lung carcinoma cells (LLC)

and tumor growth was monitored over time. Growth curve and dotplots shows tumor volume as mean ± S.E.M. (n = 8) at the indicated time points from one

representative of three independent experiments with at least 5 mice per group. (E) Representative pictures were taken from LLC tumors of control and HSD fed mice

at day 20 p.i. (scale bar = 1 cm). Statistical analysis was performed by Two-way repeated-measure Anova test (**p < 0.01, ***p < 0.001).

much higher than 40mM NaCl high salt conditions were toxic
to tumor cells as reported for other tested cell types before
(1) (Supplementary Figure 2). To examine if the results were
reproducible also in other transplanted tumor models, we tested
the HSD regimen in the Lewis lung carcinoma model (LLC)
(31). Similar to the B16 model, HSD also significantly delayed
LLC tumor growth (Figures 1D,E). Thus, HSD was able to

significantly inhibit tumor growth in two independent tumor
transplantation models.

Salt-Induced Changes of the Immune

System in Tumor-Bearing Mice
Since it is well-known that a HSD could have a profound
impact on the host immune system by several mechanisms (7)
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we first analyzed general immune parameters in tumor-bearing
mice receiving a HSD compared to controls. Transcriptional
analysis by quantitative real-time PCR with reverse transcription
(qRT-PCR) of tumor tissue from mice at day 15–17 after
tumor cell inoculation revealed a significant increase of tumor
necrosis factor alpha (Tnfα), interferon-γ (Ifnγ ) and a tendency
of increased nitric oxide synthase 2 (Nos2) expression (p
= 0.0549), whereas transcripts for interleukin (IL) 10 (Il10)
and granulocyte macrophage-colony stimulating factor 2 (Csf2)
remained unchanged (Figure 2A). The expression of serum
and glucocorticoid-regulated kinase (Sgk1), as a prominent salt
signature gene (32) was similarly not changed (Figure 2A).
When analyzing spleen cells from tumor-bearing mice at day
15–17 p.i., we detected similarly significant changes in Tnfα,
Ifnγ , and Nos2 expression and a significant increase in Sgk1
expression (Figure 2B). Similar to the LLC model, we found
increases in Tnfα, Ifnγ , and Nos2 expression in the HSD B16
model (Supplementary Figure 3A). However, in both tissues we
were unable to detect changes in Il17a expression. Moreover,
ELISA-mediated analysis of serum cytokines of tumor-bearing
animals on day 15–17 p.i. did not show any differences for
TNFα, IFNγ, IL-10, or IL-17A between both groups (data not
shown). However, by intracellular FACS analysis we detected
increases of TNFα and IFNγ expression in tumor infiltrating cells
(Supplementary Figure 3B).

We next analyzed by FACS the abundance of CD3+, CD4+,
and CD8+ T cells in different tissues of tumor-bearing mice.
FACS analysis of tumors, spleens, peripheral blood, tumor
draining lymph nodes (dLN) and mesenteric lymph nodes
(mLN) revealed no significant changes between control and
HSD groups (Figure 2C; Supplementary Figure 3C). Although
there were no obvious changes in T cell populations, particularly
the higher expression of Tnfα and Ifnγ indicated a more
pro-inflammatory environment in HSD fed mice compared
to controls and suggests that the observed effect of delayed
tumor growth is potentially related to changes in the host
immune system.

High Salt Mediated Effect on Tumor

Growth Is Largely Independent of T Cells
Since it is known that a HSD can profoundly affect the phenotype
and function of CD4+ T cells, particularly TH17 cells and
Tregs (1, 4, 6, 33, 34), we further examined these subsets
in more detail in tumor-bearing animals receiving either a
HSD or control diet by multicolor FACS analysis of different
tissues as shown in Figure 2C. In line with the increased
cytokine expression (Figures 2A,B; Supplementary Figure 3A),
we detected a significantly higher number of effector-memory
CD4+ T cells (TEM) and TH1-like cells in the mLN of HSD fed
tumor-bearing mice based on an antibody panel containing CD3,
CD4, CD44, CD62L, CCR6, and CXCR3 specific antibodies by
FlowSOM analysis at day 15–17 p.i. (Figure 3A). However, cells
isolated from other tissues, including tumor-infiltrating cells, did
not show any significant differences (Supplementary Figure 4

and data not shown). The higher percentage of TEM cells was
confirmed by a manual gating strategy for CD44 and CD62L

expression in CD4+ T cells of mLN (Figure 3B). HSD fed
animals further displayed a higher percentage of CXCR3+ CD4+

T cells in mLN cells, indicative of an increase in TH1 cells in HSD
fed tumor-bearing animals (Figure 3C). Of note, an increase of
TH1 cells was reported before in a model of lupus nephritis in
an SGK1 dependent manner (35) and possibly could explain
the HSD mediated effect on tumor growth. However, we only
detected subtle changes of Sgk1 expression (Figures 2A,B) that
makes this scenario unlikely. Moreover, there seemed to be no
changes in TH17-like cells based on CCR6 chemokine receptor
expression (Figure 3C).

We next extended the analysis by intracellular FACS after
PMA/ionomycin restimulation in vitro for intracellular cytokine
detection. Again, we were not able to detect significant changes
for IL-17A (Figure 3D), indicating that TH17 cells may not play a
significant role in the delayed tumor growth of animals receiving
a HSD. In contrast to the observed increases of TH1-like cells,
we were also not able to detect more IFNγ expressing cells in
HSD fed mice, indicating that the observed increase of TH1-like
cells based on CXCR3 expression in mLN is of rather minor
relevance (Figure 3D). This was similar in all tissues analyzed
(data not shown).

Since we and others demonstrated before that a HSD could
also impact Foxp3+ Tregs (7, 34), for instance by inducing a TH1-
like effector phenotype, we carefully analyzed the frequency and
cytokine expression of Tregs in different tissues of both groups.
However, the detailed analysis of Foxp3+ Tregs did not show
any significantly altered frequency or phenotype (Figures 3E,F;
Supplementary Figure 5) indicating that Tregs may not play a
critical role in the HSD induced delayed tumor growth in this
model. Besides CD4+ T cells, we were not able to detect any
significant changes in CD8+ T cells nor NK cells in the tissues
and at time points analyzed (Supplementary Figures 6, 7).

Having analyzed changes in the phenotype and function of
T cells in high salt fed tumor-bearing mice, we next wanted to
directly evaluate the contribution of T cells to tumor growth
reduction mediated by HSD. To this end, we applied a similar
tumor transplantation model using LLC and B16 tumor cells
in RAG2 deficient animals, completely lacking mature T and
B cells (36). Surprisingly, while tumor growth reduction was
slightly less efficient, the HSD effect was still detectable in RAG2
deficient mice (Figure 3G; Supplementary Figure 8), indicating
that T cells rather play a minor role in this model. Thus,
although we were able to detect differences in T cell populations
between both groups, the HSD mediated effect on tumor growth
seemed to be mostly independent of alterations in T cells as well
as B cells.

High Salt Intake Modulates

Myeloid-Derived Suppressor Cells
Since T cells were not the major driving force behind the HSD
mediated effect on tumor growth, we further analyzed innate
immune cells in more detail. We and others have shown before
that particularly M1-type- and M2-type macrophages were
sensitive to HSD conditions (2, 3, 37). Thus, we hypothesized
that innate immune cells may be key for the observed effect
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FIGURE 2 | High salt diet creates a pro-inflammatory environment in tumor-bearing mice. (A) Quantitative RT-PCR analysis of LLC tumor tissue. Bar graphs show fold

change as mean ± S.E.M. from HSD samples normalized to control samples. Data are pooled from two independent experiments (n = 8–10). (B) Quantitative

RT-PCR analysis of spleen samples from LLC tumor-bearing mice. Bar graphs show fold change as mean ± S.E.M. from HSD samples normalized to control samples

(n = 5). (C) Tumors as well as the indicated organs from tumor-bearing mice were subjected to FACS analysis of T cell subsets. Cellular events were defined

according to an extended lymphocyte gate, excluding doublets and dead cells. T cells were defined as CD3+ and further gated according to CD4 and CD8

expression. Bar graphs show mean ± S.E.M. of CD3+ cells (upper row), CD4+ T cells (center row, gated on CD3+), and CD8+ T cells (lower row, gated on CD3+).

Samples were analyzed on day 15–17 p.i. statistical significance was determined by t-test (*p < 0.05, **p < 0.01).

of inhibited tumor growth in HSD receiving animals. In this
respect, particularly myeloid-derived suppressor cells are known
to have a critical impact on tumor growth (17, 28). MDSCs
are classified as myeloid cells with suppressive function and
can be identified in mice using the markers CD11b, Ly6C,
and Ly6G for PMN-MDSC (CD11b+Ly6GhighLy6Clow) and M-
MDSCs (CD11b+Ly6G−Ly6Chigh) (17, 28, 38–40).

We examined subsets of myeloid cells including potential
MDSC populations in tumor-bearing mice receiving either HSD
or control diet by FACS in different tissues at different time
points (Figure 4). Of note, FlowSOM analysis of samples from
peripheral blood at day 14 p.i. showed significant changes in
myeloid cell populations (Figure 4A). We observed a similar
trend in CD11b+Ly6GhighLy6Clow PMN-MDSCs by manual

Frontiers in Immunology | www.frontiersin.org 7 June 2019 | Volume 10 | Article 114135

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Willebrand et al. Sodium Intake and Cancer

FIGURE 3 | The impact of T cells on high salt mediated reduced tumor growth. (A) FlowSOM visualization of flow cytometry data across mesenteric lymph nodes

(mLN). Single live CD4+ cells for each sample (Ctrl, n = 4; HSD, n = 4) were exported and concatenated then analyzed using FlowSOM, which arranges the cells into

(Continued)
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FIGURE 3 | clusters (represented by circles) according to similarities in their expression profiles. Each node represents one cluster (total = 100 nodes). Colored nodes

highlight statistically significant changes (p < 0.05) in cell population between two groups (HSD and Ctrl). (B) The same mLN samples as in (A) were analyzed by

manual gating for (B) CD4+ effector-memory T cells (CD44+CD62L−). (C) Th1-like cells (CD4+CXCR3+) and Th17-like cells (CD4+CCR6+). (D) IL-17 and IFNγ

producing CD4+ T cells after PMA/Ionomycin restimulation and intracellular staining. Statistical significance was determined by unpaired t-test (*p < 0.05).

(E) FoxP3+CD25+ regulatory T cells in tumor-bearing mice. FACS plots show the indicated parameters after pre-gating on CD3+CD4+ T cells. Dotplots show

frequency of the indicated populations as mean ± S.E.M. (n = 4/group) representative of three independent experiments. (F) IFNγ-producing regulatory T cells after

restimulation of mLN single cell suspensions from LLC tumor-bearing mice. Representative FACS plots show FoxP3 against IFNγ after pre-gating on CD3+CD4+ T

cells. Dotplots show frequency of FoxP3+ IFNγ+ cells as mean ± S.E.M. from 4 to 5 mice in each group. Similar results were obtained from B16 tumor-bearing mice.

(G) RAG2−/− mice were fed a high salt diet (HSD) or control diet (Ctrl) and challenged with LLC tumor cells. Growth curve shows tumor volume as mean ± S.E.M. for

7 mice in each group. Statistical analysis was performed by Two-way repeated-measure Anova test (*p < 0.05, **p < 0.01).

gating (Figure 4B; Supplementary Figure 9) and confirmed an
increase of PMN-MDSCs at day 14 p.i. (p = 0.0559) as
well as day 9 (p = 0.1336), although not reaching statistical
significance. When analyzing MDSC subsets in tumors and
spleens at day 15–17 p.i., however, we could not detect any
significant differences in frequencies of MDSCs (Figure 4C;
Supplementary Figure 10). In addition, we could not reveal
any significant changes in monocyte/macrophage populations
(Figure 4C; Supplementary Figure 10), indicating that by HSD
the composition of myeloid cell populations was changed
systemically (in peripheral blood) but not locally in the tumor.
Since MDSCs could also affect tumor angiogenesis (15), we
analyzed abundance of endothelial cells in tumor sections by
CD31 immunohistology. Specificity for blood vessel endothelial
cells was confirmed by CD146 co-staining (41) (data not
shown). However, we could not detect major differences in
CD31 staining indicative for alterations in the degree of tumor
angiogenesis between the two groups at time points analyzed
(Supplementary Figure 11).

The above data suggested that HSD induced changes on
the myeloid compartment and that particularly MDSCs might
be key to HSD induced inhibited tumor growth. To directly
test the impact of MDSCs in the HSD tumor model, we
applied an antibody-mediated depletion of MDSCs by using
anti-GR1 antibodies, known to be very efficient in depleting
MDSCs in mice (42). In line with previous studies (43), this
protocol efficiently depleted MDSCs and neutrophils in the
model system as monitored by FACS analysis in blood and
tumors (Supplementary Figure 12). Importantly, by depleting
MDSCs using anti-GR1 antibodies, the inhibitory effect of
HSD on tumor growth was completely abolished (Figure 4D).
Antibody treated HSD fed animals displayed a similar tumor
growth as animals receiving the control diet. These data indicate
that the population of MDSCs are essential players in the HSD
mediated inhibitory effect on tumor growth.

High Salt Blocks Suppressive Function of

Murine and Human MDSCs
The above data clearly pointed toward phenotypic and functional
changes of MDSCs upon HSD and indicated that these changes
in MDSC populations significantly contributed to the inhibitory
effect of high salt on tumor growth. Although the number of
MDSCs in spleen and tumor was not altered upon HSD, it is
possible that HSD alters the function of these cells. To further
test if high salt may directly affect MDSCs, we analyzed the
impact of increased sodium concentrations onMDSC phenotype

and function in vitro (Figure 5). To mimic in vitro the high salt
conditions in the interstitial tissues of animals receiving a HSD
diet (24, 25), we used an established protocol by increasing the
sodium concentration in cell cultures by adding an additional
40mM of NaCl (1, 3, 4, 33, 34). To test the effects of high salt
on MDSC function we isolated MDSCs from spleens and tumors
of LLC tumor-bearing mice and examined these cells in vitro
for their capacity to suppress effector T cells under control or
high salt conditions (+40mM NaCl). It has been shown that
immature myeloid cells can affect tumor growth also in the
absence of T cells (19) and although the in vivo experiments
in RAG2 deficient mice clearly pointed to a T cell independent
mechanism for myeloid cell mediated tumor growth reduction,
we still resorted to the in vitro T cell suppression assay, as
an established method to analyze changes in immunoregulatory
phenotype after salt exposition.

MDSCs were isolated based on the expression
of specific markers as described before (16, 21)
(Supplementary Figures 13A,B). Of note, high salt conditions
blocked MDSC suppressive capacity in vitro almost completely
(Figure 5A; Supplementary Figure 14A). Particularly, the effect
was observed in M-MDSCs isolated from tumors and spleens
indicating that this subset was highly affected by high sodium
conditions in vitro. A similar tendency, although to a lower
extent, was also observed for PMN-MDSCs (data not shown). As
an osmolyte control, we tested the effects of 80mM mannitol in
cultures but did not observe a similar effect, indicating that the
effect was rather specific to Na+ ions and was not simply due to
changes in osmotic pressure (Supplementary Figure 13C). Of
note, a similar effect of functional inactivation was also observed,
when testing the suppressive capacity of MDSCs isolated from
HSD and control fed mice. MDSCs isolated from tumors of
HSD fed mice showed lower suppressive function compared to
MDSCs isolated from tumors of control fed mice, indicating that
the functional changes occur also under high salt conditions in
vivo (Supplementary Figure 14B).

To examine if this effect may also apply to human MDSCs,
we isolated MDSCs from peripheral blood of cancer patients
(Supplementary Table 1). Since in humans the subset of
PMN-MDSCs have been demonstrated to be the subset
with highest suppressive activity and clinical relevance
in cancer patients (16, 28), we isolated MDSCs as HLA-
DR−CD33dimCD66b+Lin−CD14dim cells from five independent
cancer patients (Figure 5B). We then tested MDSC functionality
in suppression assays under control or high salt (+40mM NaCl)
conditions as measured by fluorescent dye dilution of labeled
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FIGURE 4 | High salt diet mediates changes in myeloid cells in tumor-bearing mice. (A) FlowSOM visualization of flow cytometry data in blood. Single live

CD45+CD11b+ cells for each sample (Ctrl and HSD, n = 6/group) were exported and concatenated then analyzed using FlowSOM, which arranges the cells into

(Continued)
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FIGURE 4 | clusters (represented by circles) according to similarities in their expression profiles. Each node represents one cluster (total = 100 nodes). Colored nodes

highlight statistically significant changes (p < 0.05) in cell population between two groups (HSD and Ctrl). (B) Blood samples from B16 tumor-bearing mice were

analyzed for MDSC populations at day 9 and 14 p.i. FACS plots show representative distribution of M-MDSC-like cells (Ly6-ChighLyG− and PMN-MDSC-like cells

(Ly6CmedLy6-Ghigh) after gating on CD11b+ cells. Bar graphs show the frequency of each population in high salt diet fed mice (HSD) compared to control mice (Ctrl)

as mean ± S.E.M. from 6 mice in each group. Statistical significance was determined by unpaired t-test. (C) Single cell suspensions from spleens and tumors were

analyzed as in (B) at day 16. Dotplots show the frequency of each population in high salt diet fed mice (HSD) compared to control mice (Ctrl) as mean ± S.E.M. from 5

to 6 mice in each group. (D) High salt diet (HSD) fed mice were treated with an anti-GR-1 antibody or PBS as control from day 4 after B16 melanoma cell inoculation

on consecutively every second day. Growth curve shows tumor volume as mean ± S.E.M. of 5 mice in each group. Statistical analysis was performed by Two-way

repeated-measure Anova (**p < 0.01).

T cells as described before (28) (Figure 5C). Of note, high salt
conditions blocked the suppressive function of MDSCs in T cell
suppression assays of all five patients (Figure 5D). This data
clearly show that increased sodium concentrations, mimicking
high salt conditions in tissues of HSD fed animals, could indeed
markedly change the inflammatory phenotype of MDSCs and
alter their function (here shown for immunosuppression) in
mice and humans. While it remains to be shown how exactly
myeloid cells reduce tumor growth, the animal experiments
using HSD show that such changes can directly affect tumor
growth in vivo.

DISCUSSION

High dietary salt intake is believed to be associated with
various diseases (5). Besides implications in cardiovascular
pathologies, recent data have clearly shown that high salt
intake could profoundly modulate the immune system through
direct and indirect mechanisms-mainly leading to shifts toward
a pro-inflammatory milieu (6, 7). However, the majority of
current in vivo data is based on studies in rodents, using
protocols of extremes of high salt intake that likely cannot
extrapolate to humans and therefore findings have to be analyzed
carefully if they can apply to the human situation (7, 44).
Nevertheless, few available studies in humans indicate that even
moderate changes in salt intake could impact host immunity
and clinical parameters in a similar manner compared to
experimental animal studies. For instance, a daily increase
of 6 g NaCl for 14 days seemed to affect already TH17 cell
frequency and blood pressure as reported for a small human
pilot study (4, 45). The data presented here indicates that
a high salt diet could also strongly affect tumor growth
by enhancing anti-tumor immunity through the modulation
of MDSC function. Thus, in the context of an immune
response to cancer, a high salt diet may positively affect
anti-tumor immunity, similar to enhanced immune responses
toward certain pathogens as shown before for Leishmania
infection in skin (2).

In humans, high sodium intake might be a risk factor for the
development of gastric cancer (46, 47). However, animal studies
on gastric cancer development show contradictory results (48–
51) indicating that the exact role of sodium intake in cancer
development is still not well-defined and the stomach represents
a very peculiar milieu because of the acidic nature and the ionic
composition in the gastric mucosa.

When analyzing major immune parameters in tumor-bearing
mice between control and high salt fed mice, we could detect
increases in Tnfa, Ifng, and Nos2 expression in spleen and
tumor tissues, indicating a more pro-inflammatory environment
in HSD mice. Although we couldn’t measure any significant
changes in T cell frequencies between the two groups, HSD
impacted adaptive immune cells in our model, as measured by
increased effector-memory and TH1-like cells in tumor-bearing
mice. However, this was only evident in mLN of tumor-bearing
mice, indicating that these changes may not play a relevant
role for the observed effects. A possible explanation for this
observation might be the known impact of HSD on the gut
microbiota and T cells (4). We neither did detect changes in
TH17 cells, a T cell subpopulation usually enhanced under high
salt conditions particularly in experimental settings of neuro-
and gut-inflammation. However, this can be due to the nature
of the inflammatory conditions of the tumor models used or
due to different time points and tissues analyzed compared to
other experimental models of inflammation under HSD (45). In
contrast to CD4+ T effector cells, we were not able to detect
any significant differences in the CD8+ T cell compartment at
the examined time points in different tissues. Since regulatory
T cells can also critically be affected by high salt (34) and they
greatly impact anti-tumor immunity (52), we also examined
this suppressive CD4+ T cell subset thoroughly in our model.
However, Foxp3+ Tregs didn’t show any differences in frequency
or altered subpopulations [e.g., IFNγ+ TH1-like Tregs (34)]
between both groups in all tissues analyzed. Nevertheless, we
cannot exclude functional changes, since we did not test the
in vitro suppressive capacity of isolated Tregs from tumor-
bearing mice that was shown to be impaired under high salt
conditions in vitro and in humanizedmouse models in settings of
a xenogeneic graft-vs.-host disease model (x-GvHD) in vivo (34).
However, importantly, since we observed almost similar effects
of delayed tumor growth under HSD in RAG2−/− animals, the
effect seems not to be critically dependent on T cells in both
tumor models tested, suggesting that the changes in phenotype
seen in the T cell compartment are a reflection of the changes in
the pro-inflammatory milieu but do not significantly contribute
to tumor control.

Therefore, we further examined innate immune cells in
tumor-bearing mice. Monocyte/macrophages have been shown
before to be sensitive to high salt (2, 3, 37) and particularly
M1-type macrophages were induced to become more pro-
inflammatory in an p38MAPK/NFAT5 dependent manner and
to express higher levels of a pro-inflammatory gene signature,
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FIGURE 5 | High salt conditions block murine and human MDSC function in vitro. (A) MDSCs isolated from LLC tumors and spleens of tumor-bearing mice were

cultured with splenocytes at the indicated ratios in the presence of anti-CD3/CD28 stimulating antibodies. Cells were either cultured under high salt (+40mM NaCl) or

(Continued)
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FIGURE 5 | control conditions (Ctrl). Proliferation of responder splenocytes was measured by 3H-thymidin incorporation. Curves show proliferation normalized to

controls (stimulated splenocytes without addition of MDSCs) as mean ± S.E.M from triplicates representative for three independent experiments with similar results.

(B) PMN-MDSCs were sorted from PBMCs of patients with oropharynx or bladder cancer. FACS plots show the gating strategy. (C) FACS purified human

PMN-MDSC were co-cultured with CPDye405-labeled autologous CD3+ T cells under control (Ctrl) or high salt conditions (+40mM NaCl) for 4 days at a 1:2.5 ratio.

FACS histograms from a representative patient are shown. (D) Graph shows proliferation index from five independent patients under control or high salt (+40mM

NaCl) conditions. Statistical significance was determined by unpaired t-test (*p < 0.05).

including Tnfα and Nos2 (2, 37) two genes that were also highly
induced in HSD fed animals. However, we could not detect
any significant changes in frequencies of monocyte/macrophage
populations locally in the tumor milieu, although we cannot
exclude functional changes on these cells upon HSD. In addition,
we could not detect any changes in NK cell frequencies.
Nevertheless, when analyzing CD11b+Ly6GhighLy6Clow and
CD11b+Ly6G−Ly6Chigh myeloid cell populations in tumor-
bearing animals that include MDSCs, we observed systemically
increased numbers of CD11b+Ly6GhighLy6Clow MDSC-like cells
in high salt fed mice. Particularly in blood at early time points
after tumor inoculation, these PMN-MDSCs seemed to be
increased in cell numbers under HSD compared to controls,
indicating an effect of HSD in tumor-bearing mice in this
myeloid cell population. Since MDSCs are critical modulators
of anti-tumor immunity (16–18) we thus analyzed this subset in
more detail.

Interestingly, the depletion of GR1+ cells annihilated the HSD
effect on tumor growth, clearly pointing toward a functional
role of MDSCs. We thus tested the impact of high sodium
concentrations on the suppressive capacity of MDSCs in vitro,
as a surrogate marker for their suppressive vs. pro-inflammatory
activity. Of note, high salt concentrations in vitro, mimicking
sodium content in tissues of HSD fed animals, significantly
blocked the function of MDSCs isolated from tumor-bearing
mice in suppression assays. Moreover, MDSCs isolated directly
from tumors of HSD fed mice showed similarly a lack of
suppression compared to cells isolated from tumors of control
fed mice. In this respect, it is of interest that a previous study
found accumulation of functional MDSCs in different models
of hypertension, including a salt sensitive setting, implicating
a functional role in blood pressure regulation. However, how
the specific salt sensitive L-NG-Nitroarginine Methyl Ester (L-
NAME) model for hypertension compares to the tumor models
is currently unclear and would be of interest to be investigated in
further studies (53). Our data indicate that high sodium content
may directly affect particularly MDSC function in tumor-bearing
mice, consequently leading to a shift in the immune balance
toward a pro-inflammatory environment. However, since T cells
do not seem to be the major force driving the anti-tumoral effect,
as demonstrated by the RAG2−/− experiments, the key executing
cell type seems to be rather of innate origin. Possibly, as observed
by increases of Tnfa, Ifng, and Nos2 expression, it could well
be that in HSD fed animals besides other innate immune cells
like macrophages, tumor-infiltrating MDSCs themselves became
more pro-inflammatory and anti-tumoral. In this respect it is
of interest that MDSCs were shown to be highly plastic cell
types with the ability to convert toward proinflammatory effector
cells (22).

Importantly, a clear modulation of suppressive activity
under high salt conditions was also observed in circulating
human MDSCs from cancer patients. This indicates that high
salt could similarly affect MDSC function in humans. Thus,
potential molecular changes induced by high salt conditions
may offer novel therapeutic targets to possibly assist cancer
immunotherapy. MDSCs are considered to be a major hurdle
in cancer immunotherapy, preventing efficient immune attack
against tumors e.g., when using checkpoint inhibitors (20,
54). Therefore, the further exploration of this effect may
have potential in immune therapies for targeting MDSC
function. However, the detailed analysis of the molecular
effect has to be addressed in future studies and is out of
the scope of this study. It would be of interest for future
studies to analyze the role of known molecular high salt
targets like p38/MAPK, SGK1 and NFAT5 and if they are
also involved in salt exposed MDSCs, as it has been shown
for T cell and monocyte/macrophage populations. Of note,
p38/MAPK signaling is also of crucial importance for the pro-
inflammatory and pro-tumoral activity of tumor-associated PMN
in humans (55). In addition, it would be of interest to test
in future studies if the functional changes in MDSCs under
high salt exposure are also related to epigenetic remodeling
and changes in immuno-metabolism as observed for M2-type
macrophages (3).

In summary, we show that a high salt diet significantly
delays tumor growth in two independent murine tumor
transplantationmodels. This effect seems to be mediated through
enhanced anti-tumor immunity by a functional inactivation
of MDSCs. Since high salt conditions also affected human
MDSCs in a similar manner, our data suggest that the
targeting of this mechanism could potentially be a novel
beneficial strategy to block MDSC function in settings of
cancer immunotherapy.
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It is well established that tumor-associated macrophages (TAM) found in most advanced

tumors have a pro-tumoral role. In this context, TAM limit the activity of tumor-infiltrating

lymphocytes (TIL), and a number of mechanisms have been described including a

trapping in the stroma, impeding TIL to reach malignant cells. Based on these results, a

number of therapeutic approaches have been designed to deplete TAM. However, during

tumor regression induced by immunotherapeutic treatments, recent studies revealed that

TAM can switch from pro-tumoral to anti-tumoral and actively cooperate with TIL. Here,

we will review the two faces of TAM in their interaction with TIL. We will summarize how

they can inhibit T cell activities in growing tumors, and how they may also, together

with T cells, successfully contribute to tumor eradication after an appropriate stimulation.

Finally, we will discuss current promising therapies combining TAM reprogramming with

T cell-based immunotherapy.

Keywords: cancer, macrophages, T cells, immunotherapy, migration, inflammation

INTRODUCTION

Macrophages are amongst the most versatile cells in the body. Resident macrophages are abundant
in all tissues where, like microglia in the brain or Kuppfer cells in the liver, these “pro-tissular
macrophages” contribute to optimize the functioning of the tissue in which they are, by maintaining
it clean and preventing an unnecessary inflammation (1). Besides, following an appropriate
stimulation, e.g., following an infection, macrophages may be key contributors to immune
responses (2). They participate to a variety of functions, primarily as effector cells to eliminate
the invading bodies but also to drive an acute inflammation, to promote the recruitment of
other immune cells as well as to present antigens to T cells. The switch from the pro-tissular,
anti-inflammatory state to the pro-immune, inflammatory one, may take place within a few
minutes. This is what happens to subcapsular macrophages when they detect the arrival of
pathogens in the lymph node subcapsular sinus (3). This switch may take hours or days, when
it involves the recruitment of blood monocytes, followed by their appropriate differentiation in
the tissue. Even though the distinction between pro-tissular and pro-immune macrophages shares
similarities with the M2/M1 distinction, we favor the idea that the most important difference
between these two macrophage subtypes is functional rather than phenotypic.

In advanced tumors, macrophages favor tumor growth and are associated with a bad outcome in
most cancers. Therefore, tumor-associated macrophages (TAM) are usually considered as simply
“pro-tumoral”. This has not always been the case. In the 1990s, a potential role of macrophages
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for cancer treatment has been a popular idea and this concept
has begun to emerge. Indeed, in sensitized tumors, macrophages
may be anti-tumoral, with the modulation of some gene
expression (4).

We will summarize here some specific consequences of the
functioning of macrophages in progressing tumors, in which
their dominant role is pro-tumoral and immunosuppressive. In
particular, we will focus on the mechanisms by which TAM limit
TIL from reaching tumor cells. We will continue by considering
how one can favor the switch of TAM to pro-immune cells
exerting an anti-tumoral action. For these two TAM faces, our
focus will be on positive or negative interactions between TAM
and TIL, as summarized in the Figure 1.

TAM INHIBIT T CELL ACTIVITIES IN
PROGRESSING TUMORS

TAM can promote tumor growth by a variety of mechanisms
that include tumor cell proliferation, metastasis, angiogenesis
and inhibition of T cell anti-tumoral activities. A considerable
number of excellent reviews have been published on the various
ways in which TAM contribute to tumor growth [for instance see
(5)]. Yet, the mechanisms by which TAM negatively control T
cells are not completely understood and we would like to focus
on those related to intratumoral T cell migration.

TAM Impair T Cell Migration Within Tumors
Our team has recently shown that, in untreated progressing
tumors, TAM have a detrimental impact on TIL ability to
migrate within tumors and contact malignant cells (6). By
using an experimental system based on thick slices made
from fresh tumor biopsies combined with fluorescent imaging
microscopy, we evidenced the presence of stable conjugates
formed between TAM and CD3T cells in the stroma of
human lung tumors as illustrated in the Figure 2A. If such
interactions do not result in T cell activation, macrophages
could contribute to sequestering lymphocytes away from tumor
cells (6). Remarkably, in mouse mammary tumor models
we found that the depletion of TAM with pexidartinib, an
inhibitor of the colony stimulating factor 1 receptor (CSF1R),
increased the motility of TIL and their ability to reach tumor
cells. This is consistent with data obtained in a mouse model
of pancreatic carcinoma but with a CD8T cell-macrophage
trapping process that occurs outside the tumor (7). Whether
a similar mechanism also affects CD4T cells is unknown
for the moment. In murine lymph nodes, macrophages were
shown to sequester γδT cells unable to recirculate in the
blood (8).

Altogether, these data suggest that TAM participate to the
exclusion of TIL from the vicinity of cancer cells which

Abbreviations: CAF, carcinoma-associated fibroblasts; CAR, chimeric antigen

receptor; CSF1R, colony stimulating factor 1 receptor; ECM, extracellular matrix;

HDAC, histone deacetylase; IFN, interferon; PI3K, phosphatidylinositol 3-kinase;

STING, stimulator of interferon genes; TAM, tumor-associated macrophages; TIL,

tumor-infiltrating lymphocytes; TGFβ, transforming growth factor beta.

is considered to be a major hurdle for T cell-based anti-
tumor immunotherapy.

Mechanisms Underlying Blockade of T Cell
Migration by TAM
The mechanisms by which TAM prevent CD8T cells from
reaching tumor cells is not known at the moment. We
favor an adhesion process between both cell types triggered
by an antigen recognition which by itself is insufficient to
trigger full T cell activation. This would be in line with
data showing antigen-dependent interactions between CD8T
cells and myeloid cells in a spontaneous mammary carcinoma
murine model (9). However, the nature of the adhesion
molecules involved in such cell-cell conjugates needs to be
further investigated.

An effect of TAM on environmental factors controlling the
motility of T cells cannot be ruled out. Studies performed
over the last few years have provided evidence for a role of
the structure of the tissue and the presence of chemokines in
regulating the migration of T cells (10). By tracking T cells in
fresh human lung tumor slices, we reported an important role
of chemokines produced by tumor cells in the ability of T cells
to infiltrate tumor islets (11). Such chemokines contribute to a
low grade chronic inflammation. In mice harboring mammary
tumors, we found that the depletion of TAM resulted in more
inflammatory chemokines, such as CCL2 and CXCL10, which
are likely to enhance the entry of T cells into the tumor and
their intratumoral migration (6). The reason of an enhanced
production of chemokines upon TAM depletion is not known
for the moment. One possibility is that TAM could participate
to the degradation and/or inactivation (e.g., nitration) of
inflammatory chemokines, a process reported to occur in murine
tumors (12).

A hallmark of advanced tumors is the development of a
fibrosis characterized by an excessive accumulation of collagen
I, likely to favor tumor progression and prevent antitumor
T cell functions by limiting lymphocytes from migrating and
contacting tumor cells, as we have previously demonstrated (13).
Thus, a dense extracellular matrix (ECM) made by activated
carcinoma-associated fibroblasts (CAF) might be responsible
for the excluded T cell profile observed in various human
carcinomas. The cells and elements that are susceptible to
enhance collagen I production by CAF include macrophages.
In many physiological situations like breast development,
macrophages actively participate to the construction of the tissue
(14, 15). In addition, the number of pro-tissular macrophages
parallels the amount of tissue fibrosis in many human
tumors. For example in colorectal tumors and in melanoma,
a mesenchymal signature, associated with a bad outcomes
and resistance of PD-1 therapy, are characterized by genes
involved in extracellularmatrix remodeling, angiogenesis, wound
healing and TAM suggesting that pro-tissular macrophages
and CAF are part of a similar environment (16–18). Evidence
obtained in mouse models of colon cancer and pancreatic ductal
adenocarcinoma indicates a role of TAM in ECM production
within the tumor suggesting that TAM could indirectly inhibit
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FIGURE 1 | Characteristics of TAM in tumors. In advanced tumors, TAM are pro-tissular and promote tumor growth by several ways including by trapping TIL in the

stroma. However, under appropriate activation, TAM positively cooperate with TIL to induce tumor regression. The pro-tissular and pro-immune TAM subtypes are

present in two different environments depicted in the figure. Pro-tissular TAM reside in a mesenchymal environment enriched in a dense ECM network and TGFβ.

Conversely, pro-immune TAM are distributed in an inflammatory milieu enriched in type I IFN and T-cell chemoattractants.

FIGURE 2 | Within tumors, T cells and macrophages are often in contact. (A) In a human lung tumor, numerous CD3T cells are potentially interacting with

macrophages (stained by CD206). Bar, 100µm. (B) Interactions between TIL and TAM in mammary carcinoma mouse tumors (MMTV-PyMT) before and after 4 days

(4d) of treatment with the STING agonist DMXAA. Of note, the immunotherapeutic agent induces a massive recruitment of CD8T cells and macrophages (stained by

F4/80) with many contacts between both cell types. White arrows indicate TAM-T cells contacts. Bar 50µm.

T cell migration through the construction of a dense stroma (19,
20). TAM can fine-tune fibrosis by depositing and/or remodeling
the ECM (20) but indirect effects through cross-talks with

CAF are also envisioned (Figure 1). In that context, a recent
study demonstrates that TAM activate CAF to produce excessive
amount of the ECM, excluding T cells from tumor cells, through
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the secretion of granulin, a growth factor belonging to the
epithelin family (21).

Macrophage-Depletion Strategies May
Potentiate Anti-tumor T-Cell Therapies
The aforementioned studies demonstrating a negative impact of
TAM on T cells fostered the development of strategies combining
pro-tissular macrophage-depletion with approaches that boost
T cells. In preclinical mouse tumor models, the depletion of
TAM has been combined with T cell-based therapies, both anti-
PD-1 and adoptive T cell transfer, which results in enhanced
efficacy of the immunotherapy treatment (22–26). For example,
we have shown that a macrophage-depletion strategy through
CSF1R inhibition, which by itself has a minor effect on the tumor
growth, also improved the efficacy of an anti-PD-1 treatment (6).

Based on these results, several therapeutic applications
to impair TAM recruitment or survival are either entering
or have entered clinical trials (27). CSF1R inhibitors are
currently being tested, the most advanced being the small-
molecule Pexidartinib (28). However, CSF1R inhibitors have
shown very limited antitumor effects in patients as single
agents, suggesting the need to combine these inhibitors with
other approaches, including immune checkpoint inhibitors.
Such combination strategies are ongoing in a number of solid
malignancies (NCT02452424, NCT02713529). Macrophages also
use the CCL2/CCR2 axis to enter into tumors. Thus, anti-
CCR2 approaches are being developed to reduce the number
of immunosuppressive macrophages into solid malignancies
(29). In addition, chemotherapeutic agents (e.g., gemcitabine,
cyclophosphamide, trabectedin), although not specific to TAM,
have been shown to deplete myeloid cells (30–32).

TOWARD STRATEGIES FAVORING AN
ANTI-TUMORAL ROLE OF TAM

There is increasing evidence that an appropriate activation
of macrophages, rather than their depletion, would drastically
potentiate an anti-tumor immune response. Macrophages
appropriately stimulated by TLR ligands or after abundant
cell death, be it induced by radiotherapy, chemotherapy or
other means, are key players of an acute inflammation,
with numerous consequences. First, inflammatory macrophages
release chemokines, leading to the recruitment of innate
immune cells and T cells (33). Another major feature of
acute inflammation is the activation of the tumor vasculature
which controls T cell extravasation (34, 35). In addition,
activated macrophages can attack and reduce the density of the
intratumoral ECM (36), thus facilitating TIL mobility in the
tumor microenvironment. Finally, macrophages are the most
abundant cells in tumors, after tumor cells themselves, which
constitute a major asset to propagate de novo inflammatory
process in the tumor microenvironment. A careful analysis of
the various TAM subsets infiltrating human tumors revealed in
addition that a high density of anti-tumoral TAM correlated with
a favorable prognosis (37).

Historically, various clinical trials were initiated, for instance
with the injection of activated macrophages (38) or cytokines
and microbial derived molecules (39–43) aiming at activating
macrophages directly in vivo. Anti-tumoral effects of such
macrophage activators have been reported, but such approaches
have been globally disappointing. The conclusion to be drawn
from this scientific period is that targeting only macrophages
cannot induce a systematic tumor regression.

These provisional failures and the very fast increase of T cell
knowledge led, in the following years, to an almost complete
oversight of anti-tumoral capabilities of macrophages. However,
recent advances in myeloid cell biology are putting macrophages
back into play, as we will discuss.

Inhibition of Pro-tumoral TAM Orientation
The inhibition of molecules that contribute to a pro-tumoral
TAM orientation represents an interesting strategy. Here we will
focus on TGFβ, PI3Kγ, and some HDAC (histone deacetylases)
which will nicely illustrate our point.

TGFβ Inhibition

The major effect of TGFβ, in large tumors in particular, is
to resolve inflammation, to facilitate wound healing and to
contribute to immunosuppression. TGFβ does it in various ways.
In tumors, TAM are both a source and a target of TGFβ,
which is involved in a positive feed-back loop for stabilizing
the pro-tumoral TAM phenotype. In parallel, TGFβ promotes
the activation of fibroblasts while it inhibits the expression of
several molecules necessary for the cytotoxic activity of T cells.
Therefore, this molecule appeared to be a central mediator in
the TAM/CAF/TIL axis. In the literature on erythropoiesis or
on fibrotic diseases, one can find that an anti-TGFβ treatment
could be done, in principle, by reducing the concentration of
circulating TGFβwith anti-TGFβ antibodies or with TGFβ ligand
traps (44), or with pharmacological blockers of TGFβ signaling,
such as SB431542 (45). Importantly for the activity of anti-tumor
T cells, the combination of TGFβ blockade and anti-PDL1 has
been shown to decrease the activity of fibroblasts and the density
of ECM relieving the exclusion of T cells from malignant cells
(46, 47). Another major effect of TGFβ is the inhibition of IFNβ

signaling as we have recently shown in murine spontaneous
tumors (48). Type I IFN are central in the initiation of T-cell
responses and this finding could be of major importance for
combined anti-tumor treatments, in which an anti-TGFβ would
not be active on its own, but only for amplifying the potency
of T cells. An anti-TGFβ treatment could modify the TAM
phenotype and sensitivity to STING agonist within 3 days in this
spontaneous tumor model (48).

Class II HDAC Inhibition

Class IIa HDAC, which includes HDAC4, act quite differently
from other HDAC. A specific Class IIa HDAC inhibitor, which
appears to have no effect on T cells, is able to induce an
inflammatory state by promoting the infiltration of phagocytic
and immunostimulatory CD40+ TAM, resulting in an anti-
tumoral action (49). Thus, specific inhibitors of class IIa HDAC
might prove to be of great interest in combined anti-tumoral
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therapies. Note that, in different instances, TGFβ effects appear
to be mediated by HDAC4 (48, 50, 51). Thus, the two molecules
may use common pathways to maintain an immunosuppressive,
anti-inflammatory macrophage activity.

PI3Kγ Inhibition

PI3Kγ is a PI3K activated by chemokine receptors (52). In
myeloid cells, PI3Kγ is important both for the recruitment
of monocytes/macrophages and neutrophils (53), and for the
resolution of inflammation, in particular with macrophages
phagocyting apoptotic neutrophils. In macrophages, the
dominant role of PI3Kγ is the resolution of inflammation and
immunosuppression (54). Under these conditions, specific
inhibitors of PI3Kγ (55, 56) could obviously be of major interest
in combined anti-tumoral therapies.

Note that a recent study has evidenced the role of the
scavenger receptor clever-1 in TAM pro-tumoral activities. In
mouse tumor models, clever-1 blockade leads to macrophage
repolarization that become immunostimulatory enhancing T cell
responses against tumors (57). A phase I clinical trial with a
blocking anti-clever-1 antibody is currently ongoing in various
solid tumors (NCT03733990).

Activation of Anti-tumoral TAM Activities
We would like to shed light on two main pathways promoting an
anti-tumoral TAM activity. One involves the CD40 pathway, the
other one the induction of type I IFN.

The CD40L-CD40 pathway may be activated by CD40
agonists or with cells that express CD40L as it is the case with
activated TIL or NKT (58). In a mouse model of pancreatic
cancer, the density of the ECM was shown to be reduced
after an anti-CD40 agonist treatment, through the activation
of matrix metalloproteinases production by TAM, which may
facilitate the motility of T cells (59). Further work from the
same group indicates that a CD40 agonist triggers the release
of IFNγ and CCL2 responsible for both the recruitment of
monocytes/macrophages into the tumor and their polarization
toward ECM-degrading cells (60).

Even if anti-CD40 antibodies may not only target TAM and
DCs, but also other CD40-expressing cells such as endothelial
cells, in combination with gemcitabine, CD40 agonists have
already been shown to induce clinical responses in patients
with surgically incurable pancreatic cancer (59). This CD40-
dependent TAM activation is more efficient when combined with
T cell activation (61), or with TLR9 stimulation (62).

Type I IFN has also been shown to enhance anti-tumor
activities of myeloid cells. The release of IFNα/β in tumors can
be achieved by irradiation (63), some chemotherapeutic agents
(64) but more efficiently by a direct activation of the STING
(Stimulator of Interferon Genes) molecule. TLR ligands, such
as CpG, may also result in the production of IFNα/β by TAM.
We have recently shown that this type I IFN contribution to
anti-tumoral treatments may be strongly inhibited by TGFβ
that accumulates abundantly in spontaneous tumors (48). TGFβ
inhibition may therefore be an important element of an efficient
combined treatment stimulating anti-tumor activity of TAM.

Overall, the balance toward anti-tumor activity of TAMmaybe
switched ON if one aims at inhibiting their pro-tissular activity
while favoring their pro-immune activity. Various clinical trials
are ongoing with such macrophages targeting agents (65).

The duration of an increased anti-tumoral activity of TAM
is a question that warrants further investigations. Recruited
macrophages with high cytotoxic and phagocytic activities were
found to accumulate between 4 and 8 days following treatments
(30, 33, 66). Thereafter, factors of the tumor microenvironment,
such as VEGF, have been shown to influence the reconstitution of
the TAM compartment (30), and to promote tumor outgrowth.
The persistence of anti-tumor activity of macrophages may also
depend on their interactions with anti-tumor T cells as will be
discussed below.

ACTIVATED TAM COOPERATE WITH TIL
FOR A GLOBAL ANTI-TUMORAL ACTIVITY

An increasing number of reports lead to the conclusion that
T cells and TAM can cooperate to fight tumors. We have
shown that activated TAM were necessary to reject transplanted
tumors after therapeutic vaccination (66) or STING /type I
IFN activation (33). Importantly, STING exerts an anti-tumoral
activity involving both TAM and T cells (33, 48) with a key
role exerted by IFNα/β production by TAM. In such an acute
inflammatory context, the depletion of TAM drastically reduced
the production of T-cell chemoattractants and the accumulation
of CD8T cells in tumors. Thus, TAM can either favor or
prevent intra-tumoral T cell infiltration, depending on whether
an inflammatory/immune response has been triggered or not.
In addition, a positive feed-back may be observed, with T cells
amplifying the activity of immunostimulatory TAM (66). This
demonstrates that TAM and anti-tumoral CD8 TIL can work in
synergy to reject tumors following an appropriate stimulation.

As a matter of fact, TAM-T cells positive interactions have
been observed in various settings, but were rarely put at the
forefront. Such positive interactions have been reported after
intratumoral injection of TLR3 or TLR9 agonists (67, 68), after
the use of checkpoints blockers anti-PD1/anti-CTLA4 (69), or
after the adoptive transfer of tumor-infiltrating T cells (70) as
well as chimeric antigen receptor (CAR) T cells (71). Table 1
summarizes clinical trials in which a combination of drugs
targeting TAM and TIL has been evaluated.

Consequences of TAM-T Cell Cooperation
After facilitating the entry of T cells in sensitized tumors, TAM
can interact closely with T cells as illustrated in Figure 2B and
present tumor antigens, and thus reactivate them (72). The
importance of such a reactivation may be illustrated by the
fact that MHC class I expression on tumor infiltrating myeloid
cells is strikingly crucial for the rejection of B16 tumor cells by
adoptively transferred tumor-specific CD8T cells (73).

Thus, TAM may help T cells, but reciprocally, T cells can
contribute to macrophage activation, and the release of IFNγ
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TABLE 1 | Ongoing clinical trials targeting TAM and TIL in solid tumors.

Macrophage/TIL

targets

Clinical trial

number

Investigators Indications Study design Immune response evaluation Phase

Depletion of

pro-tumoral TAM

Anti-

CCR2/CCR5/anti-PD1

NCT03184870 Bristol-Myers Squibb Solid tumors aCCR2/CCR5 vs. aCCR2/CCR5 + aPD1 vs.

aCCR2/CCR5+ chemotherapies

Decrease in regulatory T cells &

tumor-associated macrophages

I

Anti-CFS1R/anti-PD1 NCT02526017 Five Prime

Therapeutics, Inc.

Solid tumors aCSF1R + aPD1 vs. aCSF1R alone Changes in macrophage and T-cell

levels/Changes in gene expression in peripheral

T-cell and other leukocyte phenotypes, and

levels of peripheral myeloid-derived suppressor

cells

I

Anti-CFS1R/anti-

PDL1

NCT03238027 Syndax

Pharmaceuticals, Inc.

Solid tumors aCSF1R alone vs. aCSF1R + aPDL1 Inflammatory cytokines/TIL expansion I

Anti-CSF1R/anti-

PDL1

NCT02323191 Hoffmann-La Roche Solid tumors aCSF1R + aPDL1 TAM depletion I + II

Inhibition of

pro-tumoral TAM

activity

Anti-CTLA-4,

Anti-PDL1/OX40L Ig

NTC02705482 MedImmune LLC Advanced solid

tumors

OX40L Ig + aPDL1 vs. OX40L Ig + aCTLA4 TIL expansion I

Anti-PDL1/OX40L Ig NTC02221960 MedImmune LLC Recurrent or

Metastatic Solid

Tumors

OX40LIg alone vs. OX40L Ig + aPDL1 Biomarkers activity on TIL I

PD1-Fc-OX40L NTC03894618 Shattuck Labs Solid tumors and

lymphomas

1 or 2 inejctions i.t I

TGFbRI

inhibitor/anti-PDL1

NCT02937272 Eli Lilly and Company Solid tumors TGFbRI inh orally alone vs. TGFbRI inh orally +

anti-PDL1 i.v

I

TGFb

inhibitor/anti-PD1

NCT02423343 Eli Lilly and Company Solid tumors

(NLSC/HCC)

TGFB inh orally + anti-PD1 i.v I + II

Activation of

anti-tumoral TAM

activity

TLR7, 8

agonist/anti-PDL1

NTC02556463 MedImmune LLC Solid tumors aTLR7/8 alone vs. aTLR7/8 + aPDL1 TIL expansion/Inflammatory cytokine levels I

TRL9 agonist/OX40

agonist

NCT03831295 Stanford Cancer

Institute Palo Alto

Solid neoplasms TLR9 agonist x3 i.t + OX40 agonist x2 i.v and

x3 i.t vs. TLR9 agonist x3 i.t + OX40 agonist x3

i.v and x3 i.t

I

TLR4

agonist/anti-PD1,

ICOS agonist, OX40

agonist

NCT03447314 GlaxoSmithKline Neoplasms OX40 + TLR4 agonists vs. ICOS + TLR4

agonists vs. aPD1 + TRL4 agonists vs. OX40 +

ICOS + TLR4 agonists

I

STING

agonist/anti-PD1

NCT03172936 Novartis

Pharmaceuticals

Solid tumors and

lymphomas

One vs. 3 doses of STING agonist (i.t) + 1

injection of anti-PD1 (i.v)

Cytokines, TIL expansion in targeted and

non-targeted lesions

I

STING

agonist/anti-CTLA4

NCT02675439 Novartis

Pharmaceuticals

Solid tumors and

lymphomas

3 injections of STING agonist (i.t) vs. 2 injections

of STING agonist (i.t) + 1 injection of aCTLA4

Measurement of CD8-TIL counts/RNA

expression analysis of IFN gamma and

immunomodulatory genes

I

CD40

agonist/anti-PDL1

NCT02304393 Hoffmann-La Roche Advanced/

metastatic solid

tumors

1 dose of CD40 agonist i.v + aPDL1 vs. 1 dose

of CD40 agonist s.c + aPDL1

TIL expansion, PDL1 expression on tumor and

immune infiltrating cells

I

anti-CD47,

IFN-α2/anti-PD1,

anti-PDL1

NCT02890368 Trillium Therapeutics

Inc.

Solid tumors aCD47 Monotherapy/aCD47 + PD-1/PD-L1

Inhibitor/aCD47 + pegylated IFN-α2/aCD47 +

T-Vec/aCD47 + radiation

Anti-tumor activity I

GMCSF/iNeo-Vac-

P01

(peptides)

NCT03662815 Sir Run Run Shaw

Hospital

Solid tumors iNeo-Vac-P01 (peptides)+ GM-CSF x7 doses IFN-gamma measurement/CD4 and CD8T

cells subsets

I

Ad-IFNγ/TIL adoptive

transfer

NCT01082887 Nantes University

Hospital

Metastatic

melanoma

2 injections of Ad-IFNγ (i.t) +2 injections of TIL

(i.v)

I+II
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seems determinant in this process (66). For instance, the anti-
tumor potency of some adoptively transferred T cells was shown
to rely on the IFNγ-dependent activation of TAM (74).

Another consequence of such a TAM repolarization is the
acquisition of effector functions by these activated cells. Indeed,
appropriately activated TAM can phagocyte and engulf tumor
cells (75, 76). Additionally, they can kill tumor cells, as shown
by several groups (67, 68), including ours (66). TAM, endowed
with cytotoxic and cytostatic activities, can kill malignant cells by
TNFα secretion (66, 77), NO (74) and sometimes on TRAIL (78).

CONCLUSION

The common point of view that TAM are pro-tumoral cells is
only correct in one specific situation: that of growing tumors.
We have recalled that TAM could play such a role in different
ways, including by trapping T cells in the tumor stroma and
by reducing their mobility and therefore their capacity to reach
cancer cells.

However, we have also discussed that TAM, when
appropriately stimulated, have the capacity to cooperate with
T cells for an anti-tumoral action. Despite the well-established
importance of such a cooperation in anti-infectious immune
responses, its importance in anti-tumoral responses has been too
often neglected. First, 30 years ago, it has been neglected by those
who attempted to treat cancer by only stimulating the innate
immune system. More recently, the importance of the TAM-T
cell cooperation has again been ignored by those who considered
that, for anti-tumoral immune responses, T cells were the good
guys and macrophages the bad ones.

We have shown here that an efficient strategy should aim
at stimulating both T cells and TAM so as to promote their
cooperation. This cooperation is not just about a help provided
by TAM to T cells: the two cell types may be both helpers

for the other, and final effectors against the tumor. Treatments
aiming at stimulating only one cell type (only T cells or only
macrophages) should be systematically replaced by well-thought
combined treatments for stimulating both of them. In particular,

T cell-focused treatments with checkpoint inhibitors or CAR T
cells would greatly benefit being combined with activators of pro-
immune TAM activities such as CD40 agonists, STING activators
or otherof IFNα inducers, and with inhibitors of pro-tissular TAM
functions, i.e., inhibitors ofTGFβ or class IIa HDAC. The only
caveat we would put on it is the potential immune-related adverse
effects that may follow efficient tumor rejection. But taking
into account that such triple combinations have the greatest
chances to promote efficient anti-tumoral therapies would be a
fundamental step forward.

AUTHOR CONTRIBUTIONS

ED, AT, and NB conceived the article, wrote the first version
of the manuscript, and integrated inputs from MG. MG
designed the Table 1 with the contribution of NB and the
Figure 1 with the contribution of AT. ED and AT designed
the Figure 2. All authors approved the final version of
the article.

ACKNOWLEDGMENTS

This work was granted by Worldwide Cancer Research, the
Plan Cancer (Tumor Heterogeneity and Ecosystem Program),
the Comité de Paris de La Ligue Contre le Cancer, the
Cancer Research for Personalized Medicine (CARPEM), CNRS,
INSERM, andUniversity Paris-Descartes. MGwas granted by the
Ministère de l’Education Nationale, de l’Enseignement Supérieur
et de la Recherche. We are grateful to E. Peranzoni and IMAG’IC
facility of the Cochin Institute for the Figure 2.

REFERENCES

1. Wynn TA, Chawla A, Pollard JW. Macrophage biology in

development, homeostasis and disease. Nature. (2013) 496:445–55.

doi: 10.1038/nature12034

2. Biswas SK, Mantovani A. Macrophage plasticity and interaction with

lymphocyte subsets: cancer as a paradigm. Nat Immunol. (2010) 11:889–96.

doi: 10.1038/ni.1937

3. Sagoo P, Garcia Z, Breart B, Lemaitre F, Michonneau D, Albert ML, et al. In

vivo imaging of inflammasome activation reveals a subcapsular macrophage

burst response that mobilizes innate and adaptive immunity. Nat Med. (2016)

22:64–71. doi: 10.1038/nm.4016

4. Guerriero JL. Macrophages: the road less traveled, changing

anticancer therapy. Trends Mol Med. (2018) 24:472–89.

doi: 10.1016/j.molmed.2018.03.006

5. DeNardo DG, Ruffell B. Macrophages as regulators of tumour

immunity and immunotherapy. Nat Rev Immunol. (2019) 19:369–82.

doi: 10.1038/s41577-019-0127-6

6. Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun

C, et al. Macrophages impede CD8T cells from reaching tumor cells and

limit the efficacy of anti-PD-1 treatment. Proc Natl Acad Sci USA. (2018)

115:E4041–E50. doi: 10.1073/pnas.1720948115

7. Beatty GL, Winograd R, Evans RA, Long KB, Luque SL, Lee JW,

et al. Exclusion of T cells from pancreatic carcinomas in mice

is regulated by Ly6C(low) F4/80(+) extratumoral macrophages.

Gastroenterology. (2015) 149:201–10. doi: 10.1053/j.gastro.2015.

04.010

8. Audemard-Verger A, Riviere M, Durand A, Peranzoni E, Guichard V, Hamon

P, et al. Macrophages induce long-term trapping of gammadelta T cells with

innate-like properties within secondary lymphoid organs in the steady state. J

Immunol. (2017) 199:1998–2007. doi: 10.4049/jimmunol.1700430

9. Engelhardt JJ, Boldajipour B, Beemiller P, Pandurangi P, Sorensen C, Werb

Z, et al. Marginating dendritic cells of the tumor microenvironment cross-

present tumor antigens and stably engage tumor-specific T cells. Cancer Cell.

(2012) 21:402–17. doi: 10.1016/j.ccr.2012.01.008

10. Krummel MF, Bartumeus F, Gerard A. T cell migration, search strategies and

mechanisms. Nat Rev Immunol. (2016) 16:193–201. doi: 10.1038/nri.2015.16

11. Salmon H, Franciszkiewicz K, Damotte D, Dieu-Nosjean MC, Validire P,

Trautmann A, et al. Matrix architecture defines the preferential localization

and migration of T cells into the stroma of human lung tumors. J Clin

Investigat. (2012) 122:899–910. doi: 10.1172/JCI45817

12. Molon B, Ugel S, Del Pozzo F, Soldani C, Zilio S, Avella D, et al. Chemokine

nitration prevents intratumoral infiltration of antigen-specific T cells. J Exp

Med. (2011) 208:1949–62. doi: 10.1084/jem.20101956

13. Peranzoni E, Rivas-Caicedo A, Bougherara H, Salmon H, Donnadieu

E. Positive and negative influence of the matrix architecture on

antitumor immune surveillance. Cell Mol Life Sci. (2013) 70:4431–48.

doi: 10.1007/s00018-013-1339-8

Frontiers in Immunology | www.frontiersin.org 7 July 2019 | Volume 10 | Article 156350

https://doi.org/10.1038/nature12034
https://doi.org/10.1038/ni.1937
https://doi.org/10.1038/nm.4016
https://doi.org/10.1016/j.molmed.2018.03.006
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1073/pnas.1720948115
https://doi.org/10.1053/j.gastro.2015.04.010
https://doi.org/10.4049/jimmunol.1700430
https://doi.org/10.1016/j.ccr.2012.01.008
https://doi.org/10.1038/nri.2015.16
https://doi.org/10.1172/JCI45817
https://doi.org/10.1084/jem.20101956
https://doi.org/10.1007/s00018-013-1339-8
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bercovici et al. The Two Faces of Tumor-Associated Macrophages

14. Ingman WV, Wyckoff J, Gouon-Evans V, Condeelis J, Pollard JW.

Macrophages promote collagen fibrillogenesis around terminal end

buds of the developing mammary gland. Dev Dyn. (2006) 235:3222–9.

doi: 10.1002/dvdy.20972

15. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and

fibrosis. Immunity. (2016) 44:450–62. doi: 10.1016/j.immuni.2016.02.015

16. Becht E, de Reynies A, Giraldo NA, Pilati C, Buttard B, Lacroix L, et al.

Immune and stromal classification of colorectal cancer is associated with

molecular subtypes and relevant for precision immunotherapy. Clin Cancer

Res. (2016) 22:4057–66. doi: 10.1158/1078-0432.CCR-15-2879

17. Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-Momblona X,

Iglesias M, et al. Stromal gene expression defines poor-prognosis subtypes in

colorectal cancer. Nat Genet. (2015) 47:320–9. doi: 10.1038/ng.3225

18. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al.

Genomic and transcriptomic features of response to anti-PD-1 therapy in

metastatic melanoma. Cell. (2016) 165:35–44. doi: 10.1016/j.cell.2016.02.065

19. Afik R, Zigmond E, Vugman M, Klepfish M, Shimshoni E, Pasmanik-Chor

M, et al. Tumor macrophages are pivotal constructors of tumor collagenous

matrix. J Exp Med. (2016) 213:2315–31. doi: 10.1084/jem.20151193

20. Zhu Y, Herndon JM, Sojka DK, Kim KW, Knolhoff BL, Zuo C, et al. Tissue-

resident macrophages in pancreatic ductal adenocarcinoma originate from

embryonic hematopoiesis and promote tumor progression. Immunity. (2017)

47:323–38 e6. doi: 10.1016/j.immuni.2017.07.014

21. Quaranta V, Rainer C, Nielsen SR, Raymant ML, Ahmed MS, Engle DD,

et al. Macrophage-derived granulin drives resistance to immune checkpoint

inhibition in metastatic pancreatic cancer. Cancer Res. (2018) 78:4253–69.

doi: 10.1158/0008-5472.CAN-17-3876

22. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden

SF, et al. Leukocyte complexity predicts breast cancer survival and

functionally regulates response to chemotherapy. Cancer Discov. (2011) 1:54–

67. doi: 10.1158/2159-8274.CD-10-0028

23. Mok S, Koya RC, Tsui C, Xu J, Robert L, Wu L, et al. Inhibition

of CSF-1 receptor improves the antitumor efficacy of adoptive

cell transfer immunotherapy. Cancer Res. (2014) 74:153–61.

doi: 10.1158/0008-5472.CAN-13-1816

24. Neubert NJ, Schmittnaegel M, Bordry N, Nassiri S, Wald N, Martignier C,

et al. T cell-induced CSF1 promotes melanoma resistance to PD1 blockade.

Sci Transl Med. (2018) 10:436. doi: 10.1126/scitranslmed.aan3311

25. Strachan DC, Ruffell B, Oei Y, Bissell MJ, Coussens LM, Pryer N, et al.

CSF1R inhibition delays cervical and mammary tumor growth in murine

models by attenuating the turnover of tumor-associated macrophages and

enhancing infiltration by CD8+ T cells. Oncoimmunology. (2013) 2:e26968.

doi: 10.4161/onci.26968

26. Zhu Y, Knolhoff BL, Meyer MA, Nywening TM, West BL, Luo J, et al.

CSF1/CSF1R blockade reprograms tumor-infiltrating macrophages

and improves response to T-cell checkpoint immunotherapy

in pancreatic cancer models. Cancer Res. (2014) 74:5057–69.

doi: 10.1158/0008-5472.CAN-13-3723

27. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associated

macrophages as treatment targets in oncology. Nat Rev Clin Oncol. (2017)

14:399–416. doi: 10.1038/nrclinonc.2016.217

28. Cannarile MA, Weisser M, Jacob W, Jegg AM, Ries CH, Ruttinger D.

Colony-stimulating factor 1 receptor (CSF1R) inhibitors in cancer therapy.

J Immunother Cancer. (2017) 5:53. doi: 10.1186/s40425-017-0257-y

29. Nywening TM, Wang-Gillam A, Sanford DE, Belt BA, Panni RZ, Cusworth

BM, et al. Targeting tumour-associated macrophages with CCR2 inhibition

in combination with FOLFIRINOX in patients with borderline resectable

and locally advanced pancreatic cancer: a single-centre, open-label, dose-

finding, non-randomised, phase 1b trial. Lancet Oncol. (2016) 17:651–62.

doi: 10.1016/S1470-2045(16)00078-4

30. Loyher PL, Hamon P, Laviron M, Meghraoui-Kheddar A, Goncalves E, Deng

Z, et al. Macrophages of distinct origins contribute to tumor development in

the lung. J Exp Med. (2018) 215:2536–53. doi: 10.1084/jem.20180534

31. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine

selectively eliminates splenic Gr-1+/CD11b+ myeloid suppressor cells

in tumor-bearing animals and enhances antitumor immune activity.

Clin Cancer Res. (2005) 11:6713–21. doi: 10.1158/1078-0432.CCR-

05-0883

32. Allavena P, Signorelli M, ChieppaM, Erba E, Bianchi G,Marchesi F, et al. Anti-

inflammatory properties of the novel antitumor agent yondelis (trabectedin):

inhibition of macrophage differentiation and cytokine production. Cancer

Res. (2005) 65:2964–71. doi: 10.1158/0008-5472.CAN-04-4037

33. Weiss JM, Guerin MV, Regnier F, Renault G, Galy-Fauroux I, Vimeux L, et al.

The STING agonist DMXAA triggers a cooperation between T lymphocytes

and myeloid cells that leads to tumor regression. Oncoimmunology. (2017)

6:e1346765. doi: 10.1080/2162402X.2017.1346765

34. Ganss R, Ryschich E, Klar E, Arnold B, Hammerling GJ. Combination of T-

cell therapy and trigger of inflammation induces remodeling of the vasculature

and tumor eradication. Cancer Res. (2002) 62:1462–70.

35. Sektioglu IM, Carretero R, Bender N, Bogdan C, Garbi N,

Umansky V, et al. Macrophage-derived nitric oxide initiates T-cell

diapedesis and tumor rejection. Oncoimmunology. (2016) 5:e1204506.

doi: 10.1080/2162402X.2016.1204506

36. Long KB, Beatty GL. Harnessing the antitumor potential of macrophages

for cancer immunotherapy. Oncoimmunology. (2013) 2:e26860.

doi: 10.4161/onci.26860

37. Fridman WH, Zitvogel L, Sautes-Fridman C, Kroemer G. The immune

contexture in cancer prognosis and treatment. Nat Rev Clin Oncol. (2017)

14:717–34. doi: 10.1038/nrclinonc.2017.101

38. Pages F, Lebel-Binay S, Vieillefond A, Deneux L, Cambillau M, Soubrane O,

et al. Local immunostimulation induced by intravesical administration

of autologous interferon-gamma-activated macrophages in patients

with superficial bladder cancer. Clin Exp Immunol. (2002) 127:303–9.

doi: 10.1046/j.1365-2249.2002.01766.x

39. Axelrod RS, Havas HF,MuraskoDM, Bushnell B, GuanCF. Effect of themixed

bacterial vaccine on the immune response of patients with non-small cell lung

cancer and refractory malignancies. Cancer. (1988) 61:2219–30.

40. Engelhardt R, Mackensen A, Galanos C. Phase I trial of intravenously

administered endotoxin (Salmonella abortus equi) in cancer patients. Cancer

Res. (1991) 51:2524–30.

41. Klimp AH, de Vries EG, Scherphof GL, Daemen T. A potential role of

macrophage activation in the treatment of cancer. Crit Rev Oncol. (2002)

44:143–61. doi: 10.1016/S1040-8428(01)00203-7

42. Nardin A, Lefebvre ML, Labroquere K, Faure O, Abastado JP. Liposomal

muramyl tripeptide phosphatidylethanolamine: targeting and activating

macrophages for adjuvant treatment of osteosarcoma. Curr Cancer Drug

Targets. (2006) 6:123–33. doi: 10.2174/156800906776056473

43. Tang ZY, Zhou HY, Zhao G, Chai LM, ZhouM, Lu JZ, et al. Preliminary result

of mixed bacterial vaccine as adjuvant treatment of hepatocellular carcinoma.

Med Oncol Tumor Pharmacother. (1991) 8:23–8.

44. Suragani RN, Cadena SM, Cawley SM, Sako D, Mitchell D, Li R, et al.

Transforming growth factor-beta superfamily ligand trap ACE-536 corrects

anemia by promoting late-stage erythropoiesis. Nat Med. (2014) 20:408–14.

doi: 10.1038/nm.3512

45. Farzaneh M, Derakhshan Z, Hallajzadeh J, Sarani NH, Nejabatdoust A,

Khoshnam SE. Suppression of TGF-beta and ERK signaling pathways as a new

strategy to provide rodent and non-rodent pluripotent stem cells. Curr Stem

Cell Res Ther. (2019) 14:466–73. doi: 10.2174/1871527318666190314110529

46. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.

TGFbeta attenuates tumour response to PD-L1 blockade by contributing to

exclusion of T cells. Nature. (2018) 554:544–8. doi: 10.1038/nature25501

47. Tauriello DVF, Palomo-Ponce S, Stork D, Berenguer-Llergo A, Badia-

Ramentol J, Iglesias M, et al. TGFbeta drives immune evasion in

genetically reconstituted colon cancer metastasis. Nature. (2018) 554:538–43.

doi: 10.1038/nature25492

48. Guerin M, Regnier F, Feuillet V, Vimeux L, Weiss JM, Guilbert T,

et al. TGFbeta blocks STING-induced IFN release and tumor rejection in

spontaneous mammary tumors. BioRxiv. (2018). doi: 10.1101/336990

49. Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA, Pourzia AL,

Schad S, et al. Class IIa HDAC inhibition reduces breast tumours and

metastases through anti-tumour macrophages. Nature. (2017) 543:428–32.

doi: 10.1038/nature21409

50. Glenisson W, Castronovo V, Waltregny D. Histone deacetylase 4

is required for TGFbeta1-induced myofibroblastic differentiation.

Biochim Biophys Acta. (2007) 1773:1572–82. doi: 10.1016/j.bbamcr.2007.

05.016

Frontiers in Immunology | www.frontiersin.org 8 July 2019 | Volume 10 | Article 156351

https://doi.org/10.1002/dvdy.20972
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1158/1078-0432.CCR-15-2879
https://doi.org/10.1038/ng.3225
https://doi.org/10.1016/j.cell.2016.02.065
https://doi.org/10.1084/jem.20151193
https://doi.org/10.1016/j.immuni.2017.07.014
https://doi.org/10.1158/0008-5472.CAN-17-3876
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1158/0008-5472.CAN-13-1816
https://doi.org/10.1126/scitranslmed.aan3311
https://doi.org/10.4161/onci.26968
https://doi.org/10.1158/0008-5472.CAN-13-3723
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1186/s40425-017-0257-y
https://doi.org/10.1016/S1470-2045(16)00078-4
https://doi.org/10.1084/jem.20180534
https://doi.org/10.1158/1078-0432.CCR-05-0883
https://doi.org/10.1158/0008-5472.CAN-04-4037
https://doi.org/10.1080/2162402X.2017.1346765
https://doi.org/10.1080/2162402X.2016.1204506
https://doi.org/10.4161/onci.26860
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1046/j.1365-2249.2002.01766.x
https://doi.org/10.1016/S1040-8428(01)00203-7
https://doi.org/10.2174/156800906776056473
https://doi.org/10.1038/nm.3512
https://doi.org/10.2174/1871527318666190314110529
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/nature25492
https://doi.org/10.1101/336990
https://doi.org/10.1038/nature21409
https://doi.org/10.1016/j.bbamcr.2007.05.016
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bercovici et al. The Two Faces of Tumor-Associated Macrophages

51. Guo W, Saito S, Sanchez CG, Zhuang Y, Gongora Rosero RE, Shan B,

et al. TGF-beta1 stimulates HDAC4 nucleus-to-cytoplasm translocation and

NADPH oxidase 4-derived reactive oxygen species in normal human lung

fibroblasts. Am J Physiol Lung Cell Mol Physiol. (2017) 312:L936–L44.

doi: 10.1152/ajplung.00256.2016

52. Solinas G, Becattini B. The role of PI3Kgamma in metabolism

and macrophage activation. Oncotarget. (2017) 8:106145–6.

doi: 10.18632/oncotarget.22068

53. Hirsch E, Katanaev VL, Garlanda C, Azzolino O, Pirola L, Silengo

L, et al. Central role for G protein-coupled phosphoinositide 3-

kinase gamma in inflammation. Science. (2000) 287:1049–53.

doi: 10.1126/science.287.5455.1049

54. Kaneda MM, Messer KS, Ralainirina N, Li H, Leem CJ, Gorjestani S, et al.

PI3Kgamma is a molecular switch that controls immune suppression. Nature.

(2016) 539:437–42. doi: 10.1038/nature19834

55. Evans CA, Liu T, Lescarbeau A, Nair SJ, Grenier L, Pradeilles JA, et al.

Discovery of a selective phosphoinositide-3-kinase (PI3K)-gamma inhibitor

(IPI-549) as an immuno-oncology clinical candidate. ACS Med Chem Lett.

(2016) 7:862–7. doi: 10.1021/acsmedchemlett.6b00238

56. Pemberton N, Mogemark M, Arlbrandt S, Bold P, Cox RJ, Gardelli C, et al.

Discovery of highly isoform selective orally bioavailable phosphoinositide

3-kinase (PI3K)-gamma inhibitors. J Med Chem. (2018) 61:5435–41.

doi: 10.1021/acs.jmedchem.8b00447

57. Viitala M, Virtakoivu R, Tadayon S, Rannikko J, Jalkanen S, Hollmen M.

Immunotherapeutic blockade of macrophage clever-1 reactivates the CD8(+)

T-cell response against immunosuppressive tumors. Clin Cancer Res. (2019)

25:3289–303. doi: 10.1158/1078-0432.CCR-18-3016

58. Cortesi F, Delfanti G, Grilli A, Calcinotto A, Gorini F, Pucci F, et al. Bimodal

CD40/Fas-dependent crosstalk between iNKT cells and tumor-associated

macrophages impairs prostate cancer progression. Cell Rep. (2018) 22:3006–

20. doi: 10.1016/j.celrep.2018.02.058

59. Beatty GL, Chiorean EG, Fishman MP, Saboury B, Teitelbaum UR, Sun

W, et al. CD40 agonists alter tumor stroma and show efficacy against

pancreatic carcinoma in mice and humans. Science. (2011) 331:1612–6.

doi: 10.1126/science.1198443

60. Long KB, Gladney WL, Tooker GM, Graham K, Fraietta JA, Beatty GL.

IFNgamma and CCL2 cooperate to redirect tumor-infiltrating monocytes to

degrade fibrosis and enhance chemotherapy efficacy in pancreatic carcinoma.

Cancer Discov. (2016) 6:400–13. doi: 10.1158/2159-8290.CD-15-1032

61. Jackaman C, Lew AM, Zhan Y, Allan JE, Koloska B, Graham PT,

et al. Deliberately provoking local inflammation drives tumors to become

their own protective vaccine site. Int Immunol. (2008) 20:1467–79.

doi: 10.1093/intimm/dxn104

62. Jensen JL, Rakhmilevich A, Heninger E, Broman AT, Hope C, Phan F, et al.

Tumoricidal effects of macrophage-activating immunotherapy in a murine

model of relapsed/refractory multiple myeloma. Cancer Immunol Res. (2015)

3:881–90. doi: 10.1158/2326-6066.CIR-15-0025-T

63. Vanpouille-Box C, Demaria S, Formenti SC, Galluzzi L. Cytosolic DNA

sensing in organismal tumor control. Cancer Cell. (2018) 34:361–78.

doi: 10.1016/j.ccell.2018.05.013

64. Sistigu A, Yamazaki T, Vacchelli E, Chaba K, Enot DP, Adam J, et al. Cancer

cell-autonomous contribution of type I interferon signaling to the efficacy of

chemotherapy. Nat Med. (2014) 20:1301–9. doi: 10.1038/nm.3708

65. Pathria P, Louis TL, Varner JA. Targeting tumor-associated macrophages in

cancer. Trends Immunol. (2019) 40:310–27. doi: 10.1016/j.it.2019.02.003

66. Thoreau M, Penny HL, Tan K, Regnier F, Weiss JM, Lee B, et al. Vaccine-

induced tumor regression requires a dynamic cooperation between T

cells and myeloid cells at the tumor site. Oncotarget. (2015) 6:27832–46.

doi: 10.18632/oncotarget.4940

67. Shime H, Matsumoto M, Oshiumi H, Tanaka S, Nakane A, Iwakura Y,

et al. Toll-like receptor 3 signaling converts tumor-supporting myeloid

cells to tumoricidal effectors. Proc Natl Acad Sci USA. (2012) 109:2066–71.

doi: 10.1073/pnas.1113099109

68. Shirota Y, Shirota H, Klinman DM. Intratumoral injection of

CpG oligonucleotides induces the differentiation and reduces the

immunosuppressive activity of myeloid-derived suppressor cells. J Immunol.

(2012) 188:1592–9. doi: 10.4049/jimmunol.1101304

69. Gubin MM, Esaulova E, Ward JP, Malkova ON, Runci D, Wong P, et al.

High-dimensional analysis delineates myeloid and lymphoid compartment

remodeling during successful immune-checkpoint cancer therapy. Cell.

(2018) 175:1443. doi: 10.1016/j.cell.2018.11.003

70. Hollenbaugh JA, Dutton RW. IFN-gamma regulates donor CD8T cell

expansion, migration, and leads to apoptosis of cells of a solid tumor. J

Immunol. (2006) 177:3004–11. doi: 10.4049/jimmunol.177.5.3004

71. Textor A, Listopad JJ, Wuhrmann LL, Perez C, Kruschinski A, Chmielewski

M, et al. Efficacy of CAR T-cell therapy in large tumors relies upon

stromal targeting by IFNgamma. Cancer Res. (2014) 74:6796–805.

doi: 10.1158/0008-5472.CAN-14-0079

72. Ma Y, Mattarollo SR, Adjemian S, Yang H, Aymeric L, Hannani D,

et al. CCL2/CCR2-dependent recruitment of functional antigen-presenting

cells into tumors upon chemotherapy. Cancer Res. (2014) 74:436–45.

doi: 10.1158/0008-5472.CAN-13-1265

73. Kerkar SP, Goldszmid RS, Muranski P, Chinnasamy D, Yu Z, Reger RN,

et al. IL-12 triggers a programmatic change in dysfunctional myeloid-

derived cells within mouse tumors. J Clin Investigat. (2011) 121:4746–57.

doi: 10.1172/JCI58814

74. Vicetti Miguel RD, Cherpes TL, Watson LJ, McKenna KC. CTL induction

of tumoricidal nitric oxide production by intratumoral macrophages

is critical for tumor elimination. J Immunol. (2010) 185:6706–18.

doi: 10.4049/jimmunol.0903411

75. Bougherara H, Nemati F, Nicolas A, Massonnet G, Pugniere M, Ngo C,

et al. The humanized anti-human AMHRII mAb 3C23K exerts an anti-

tumor activity against human ovarian cancer through tumor-associated

macrophages.Oncotarget. (2017) 8:99950–65. doi: 10.18632/oncotarget.21556

76. Montalvao F, Garcia Z, Celli S, Breart B, Deguine J, Van Rooijen N,

et al. The mechanism of anti-CD20-mediated B cell depletion revealed by

intravital imaging. J Clin Investigat. (2013) 123:5098–103. doi: 10.1172/JCI

70972

77. Zhang B, Karrison T, Rowley DA, Schreiber H. IFN-gamma- and TNF-

dependent bystander eradication of antigen-loss variants in established

mouse cancers. J Clin Investigat. (2008) 118:1398–404. doi: 10.1172/JCI

33522

78. Griffith TS, Wiley SR, Kubin MZ, Sedger LM, Maliszewski CR, Fanger NA.

Monocyte-mediated tumoricidal activity via the tumor necrosis factor-related

cytokine, TRAIL. J Exp Med. (1999) 189:1343–54. doi: 10.1084/jem.189.

8.1343

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Bercovici, Guérin, Trautmann and Donnadieu. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 156352

https://doi.org/10.1152/ajplung.00256.2016
https://doi.org/10.18632/oncotarget.22068
https://doi.org/10.1126/science.287.5455.1049
https://doi.org/10.1038/nature19834
https://doi.org/10.1021/acsmedchemlett.6b00238
https://doi.org/10.1021/acs.jmedchem.8b00447
https://doi.org/10.1158/1078-0432.CCR-18-3016
https://doi.org/10.1016/j.celrep.2018.02.058
https://doi.org/10.1126/science.1198443
https://doi.org/10.1158/2159-8290.CD-15-1032
https://doi.org/10.1093/intimm/dxn104
https://doi.org/10.1158/2326-6066.CIR-15-0025-T
https://doi.org/10.1016/j.ccell.2018.05.013
https://doi.org/10.1038/nm.3708
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.18632/oncotarget.4940
https://doi.org/10.1073/pnas.1113099109
https://doi.org/10.4049/jimmunol.1101304
https://doi.org/10.1016/j.cell.2018.11.003
https://doi.org/10.4049/jimmunol.177.5.3004
https://doi.org/10.1158/0008-5472.CAN-14-0079
https://doi.org/10.1158/0008-5472.CAN-13-1265
https://doi.org/10.1172/JCI58814
https://doi.org/10.4049/jimmunol.0903411
https://doi.org/10.18632/oncotarget.21556
https://doi.org/10.1172/JCI70972
https://doi.org/10.1172/JCI33522
https://doi.org/10.1084/jem.189.8.1343
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


MINI REVIEW
published: 19 July 2019

doi: 10.3389/fimmu.2019.01710

Frontiers in Immunology | www.frontiersin.org 1 July 2019 | Volume 10 | Article 1710

Edited by:

Jeffrey W. Pollard,

University of Edinburgh,

United Kingdom

Reviewed by:

Kawaljit Kaur,

University of California, Los Angeles,

United States

Sanjivan Gautam,

National Institutes of Health (NIH),

United States

*Correspondence:

Zvi Granot

zvikag@ekmd.huji.ac.il

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,

a section of the journal

Frontiers in Immunology

Received: 30 April 2019

Accepted: 08 July 2019

Published: 19 July 2019

Citation:

Granot Z (2019) Neutrophils as a

Therapeutic Target in Cancer.

Front. Immunol. 10:1710.

doi: 10.3389/fimmu.2019.01710

Neutrophils as a Therapeutic Target
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Zvi Granot*
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Neutrophils are the most abundant population of white blood cells in the human

circulation. They are terminally differentiated myeloid cells which were traditionally

associated with fighting infections and inflammatory processes. While this perception

of neutrophils is still widely prevalent, in the past decade it has become clear that

neutrophils also play a critical role in tumor growth and progression. The unique tumor

microenvironment, consisting of the non-malignant stroma that surrounds tumor cells, is

shaped by numerous cues emanating from both tumor cells and stromal cells which

support the growing tumor. Various immune cells, including neutrophils, make up a

significant proportion of the tumor stroma. Immune cells exist for the protection of

the host against various threats including the detection and elimination of cancerous

cells. However, in the context of cancer immune cells are often coerced into a tumor

supportive phenotype. This is also the case for neutrophils, which are often described

to possess tumor promoting properties and to associate with poorer prognosis. The

fact that neutrophils may contribute to tumor growth and progression suggests they

may be targets for anti-cancer therapies. This review discusses the various functions

neutrophils may play in cancer and the possibility of targeting these functions as a novel

mode of immunotherapy.

Keywords: neutrophils, cancer, metastasis, tumor microenvironment, therapy

DISTINCT NEUTROPHIL SUBSETS OR A FUNCTIONAL

SPECTRUM?

Neutrophils are phagocytes which play a key role in protection of the host against microbial
infections as well as taking a critical part in inflammatory processes. In the context of cancer,
neutrophils were also shown to play other, non-conventional roles, andmay either promote (1, 2) or
limit tumor growth (3–5). The conflicting reports regarding neutrophil function in cancer suggest
that like other cells of the immune system, neutrophils may be divided into distinct subsets.
However, until recently neutrophils were viewed as a homogeneous population of terminally
differentiated cells. Still, in a recent study we were able to show that neutrophils in the context of
cancer may be divided into 3 subsets—Normal Density Neutrophils (NDN), mature and immature
LowDensity Neutrophils (LDN) (6).Wewere able to associate cytotoxic anti-tumor properties with
NDN and immunosuppressive pro-tumor properties with LDN (6). In fact, neutrophils subsets
distinguishable by their density were found in a wide range of clinical scenarios and are not only
associated with cancer (7). Unlike cells of the adaptive immune system, which can be easily defined
based on surface expression of unique markers, such surface markers are not well-characterized
for neutrophils. In fact, several studies suggested possible markers but these still need to be better
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validated (8, 9). Still, neutrophil subsets may be distinguished
according to their different physical properties (6) and there
is increasing evidence for the existence of various neutrophil
subsets which may be defined by their functionality. The lack
of validated surface markers, together with their short half-
life, makes neutrophils very difficult to study. Further, although
specific functionally distinct subsets may be identified, it is still
not clear whether these are truly specific subsets or are they
simply found on extreme ends of a functional spectrum. That
said, the accumulating data regarding neutrophil function in
cancer highlights various functional aspects that may be targeted
or modified to benefit patients. Following is an account of
neutrophil functions and characteristics in the context of cancer
and a discussion of how and whether targeting these aspects is
feasible or beneficial for cancer therapy.

NEUTROPHIL TO LYMPHOCYTE RATIO

Neutrophils are notorious for their tumor promoting properties
(1, 2, 10). First and foremost, high neutrophil numbers, otherwise
manifested as the Neutrophil to Lymphocyte Ratio (NLR),
represent a poor prognostic factor. This was found to be
applicable to breast, colon, liver, and many other types of cancer
(10). The reasons for the increase in neutrophil numbers are
not always fully understood. Some tumors express high levels of
colony stimulating factors (i.e., G-CSF and GM-CSF) which may
account for the increase in mobilized neutrophils. Other tumors
are in a state of smoldering inflammation which may also drive
the increase in neutrophil numbers.

NLR relates to the numbers of circulating neutrophils,
however, the extent of neutrophil infiltration of tumors also
appears to have an adverse prognostic value (11). High neutrophil
infiltration is associated with poor prognosis, advanced stage
cancer and lower recurrence free survival (12–16). Some evidence
suggest that high NLR may correlate with the number of
tumor associated neutrophils (17). However, this needs to be
further evaluated.

These observations raise a question regarding the possible
targeting of neutrophils as a means for better patient outcome.
Neutrophils are critical for anti-microbial protection, the
option of eliminating neutrophils as a therapeutic strategy
cannot be seriously considered since neutropenia is a life
threatening condition. A possible alternative would be
the depletion of specific neutrophil subpopulations while
sparing those subpopulations essential for anti-microbial
protection (see above). Unfortunately, although the existence
of distinct neutrophil subsets in cancer has been convincingly
demonstrated, our understanding of neutrophil subsets and
the features making them distinct is still lacking. Specifically,
as long as there are no clear markers to distinguish specific
subsets, eliminating specific subsets for therapeutic purposes
is impossible.

PRO-TUMOR NEUTROPHIL FUNCTIONS

Angiogenesis
The angiogenic switch that characterizes a transition toward
a more aggressive tumor phenotype is regulated by the

expression of angiogenic factors such as VEGF (18). As such,
targeting angiogenesis should serve to limit tumor growth.
This indeed turned out to be the case to a limited extent
and in certain types of cancer (19). When looking for the
source of angiogenic factors in the tumor microenvironment,
neutrophils, together with other stromal cells, were shown
to provide proangiogenic factors and actively promote tumor
angiogenesis. Specifically, neutrophils were shown to provide
MMP9, VEGF and HGF (Figure 1). Furthermore, neutrophils
were shown to provide factors that circumvent common anti-
angiogenic therapies targeting VEGF (20). Taken together, these
observations highlight a key role for neutrophils in propagating
tumor angiogenesis and suggest that targeting of neutrophil
mediated angiogenesis, or targeting of the angiogenic neutrophil
subpopulation (if such subpopulation indeed exists), may be used
as an anti-angiogenic therapeutic approach.

Tumor Cell Dissemination
Metastasis is the final and lethal stage in cancer progression. For
tumor cells to metastasize they need to acquire unique features
that support the transition from the primary site, their survival in
the circulation and the successful metastatic seeding in a distant
organ. In this context neutrophils were shown to play various
roles to promote the intravasation of tumor cells (MMPs and
neutrophil elastase, Figure 1), their survival in the circulation
(21), their adherence to the endothelium at the future site of
metastasis (priming of the premetastatic niche and NETs) and
the process of extravasation (Figure 1). Recently neutrophils
were also shown to play a critical role in the awakening of
dormant tumor cells and the initiation of metastases growth
(22). Targeting of neutrophil function in each of these stages
of metastatic dissemination may have significant implications
on metastatic progression. This is elegantly demonstrated in a
recent study by Albrengues et al. (22) who show that NETs
are required for promoting the exit from dormancy and the
establishment of marcometastases. This finding is noteworthy
since it proposes a clinical scenario where intervention is still
possible, i.e., administration of DNAse to eliminate NETs to
maintain tumor cells dormant and prolong distant metastasis
free survival.

Immune Suppression
The term Myeloid Derived Suppressor Cells (MDSC)
encompasses a wide range of myeloid cells which possess
immunosuppressive properties. In the context of cancer, these
cells have the capacity to suppress cytotoxic T cells and promote
immune evasion. The broadness of the MDSC umbrella also
covers neutrophils but since it is a relatively well-defined
population the term suppressive neutrophils is more accurate.
We have previously shown that immunosuppressive neutrophils
are propagated to promote the resolution of an inflammatory
process. It seems that a similar rationale is employed in the
context of cancer—the propagation of immunosuppressive
neutrophils serves the resolution of tumor associated
inflammation. However, since the tumor is in a continuous state
of inflammation that does not resolve, suppressive neutrophils
are mobilized excessively to the point where they become the
dominant subpopulation of neutrophils. Under these conditions

Frontiers in Immunology | www.frontiersin.org 2 July 2019 | Volume 10 | Article 171054

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Granot Targeting Neutrophils in Cancer

FIGURE 1 | Neutrophil functions in cancer and potential therapeutic targets. Neutrophils play various and conflicting roles in cancer. Tumor promoting functions (red

arrows) and anti tumor functions (blue arrows) are executed by specific molecular mediators. Tumor promoting propeties: Neutrophils promote tumor cell

dissemination by degradation of the ECM at the primary and premetastatic sites and promote tumor cell seeding by deploying NETs. Promotion of angiogenesis is

mediated by secretion of VEGF and HGF and the release of angiogenic factors from the ECM by neutrophil derived MMP9. Neutrophil mediate immune supprssion via

the secretion of ROS and Arginase 1 to limit T cell dependent anti-tumor immunty. Anti-tumor properties: Neutrophils limit tumor growth and metastatic progression by

eliminating tumor cells either directly or via antibody dependent mechanisms. Neutrophils can stimulate anti-tumor adaptive immune by acting as antigen presenting

cells, secretion of TNFα, secretion of Elastase and secretion of Cathepsin G (Cath G).

the overall neutrophil contribution is pro-tumorigenic.
Immunosuppressive neutrophils (often referred to as G-
MDSC) contain large amounts of arginase I (Figure 1) which
suppresses T cell proliferation through deprivation of L-arginine
(23, 24). Immunosuppressive neutrophils were also shown to
generate high levels of hydrogen peroxide (Figure 1) and thus
block T cell proliferation (25, 26). These observations provide
insight into the role played by neutrophils that are maintaining
an immunosuppressive tumor microenvironment and highlight
their role in facilitating metastatic spread through suppression
of adaptive immune components (6, 25, 27). These observations
suggest that administration of immunotherapies concomitant
with blocking of neutrophil-mediated immunosuppression
may further potentiate anti-tumor adaptive immunity.
This notion was in fact demonstrated in two separate
studies; the first showing that blocking of c-MET in
neutrophils improves the efficacy of immunotherapy by
limiting the recruitment of immunosuppressive neutrophils
(28). The second study, recently published by Veglia et al.
(29) shows that FATP2 deficient neutrophils lose their
immunosuppressive properties leading to a significant delay in
tumor progression.

ANTI TUMOR NEUTROPHIL FUNCTIONS

Neutrophil Cytotoxicity
While most of the data regarding neutrophil function in cancer
supports a pro-tumorigenic role, neutrophil may also eliminate
cancerous cells and limit metastatic seeding. Unlike other
neutrophil properties discussed above, neutrophil cytotoxicity

requires a high level of specificity. Neutrophils need to be
activated, they need to be attracted to tumor cells, they must
identify tumor cells as a target, they must form physical contact
with tumor cells and must secrete cytotoxic mediators (H2O2) to
induce tumor cell apoptosis (Figure 1). Neutrophil recognition
of tumor cells may be mediated either directly [RAGE-Cathepsin
G (30)] or in an antibody dependent fashion [ADCC (31)].
In addition, tumor cells must be susceptible to neutrophil
cytotoxicity (i.e., express the H2O2-dependent TRPM2 Ca2+

channel) for neutrophils to exert this favorable function (32).
It seems that although cytotoxic neutrophils may be detected
throughout the course of the disease, neutrophil cytotoxicity
is mostly evident in early stages of tumor progression. This is
most likely due to suppressive conditions that govern the tumor
microenvironment. Since TRPM2 expression in tumor cells
varies, not all tumor cells are equally susceptible to neutrophil
cytotoxicity. Neutrophil resistant tumor cells should be targeted
by other means. However, preventing the transition form HDN
to LDN (perhaps by blocking TGFβ activity) should enhance the
proportion of anti-tumor neutrophils and may be considered as a
possible anti-cancer therapy. Further, the transfusion of cytotoxic
neutrophils, although somewhat challenging, is actively being
evaluated (Lift BioSciences).

Stimulation of Adaptive Immune

Responses
The notion that adaptive immunity is the major effector in anti-
tumor immune responses is well-accepted. However, there is
evidence supporting a role for neutrophils in this respect too.
For example, neutrophils were shown to interact with T cells
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and are required for proper anti-tumor CD4+ and CD8+ T-cell
responses (33–36). In fact, neutrophils were shown to present
antigens and provide accessory signals for T cell activation (37,
38). In addition, N1 tumor associated neutrophils were shown to
require T-cells for their anti-tumor activity at the primary site,
which may indicate possible stimulation of T cells by neutrophils
(33). Finally, neutrophils are able to recruit and activate T-cells
via secretion of cytokines, including TNFα, Cathepsin G and
neutrophil elastase (27) (Figure 1).

CONTEXT DEPENDENT NEUTROPHIL

FUNCTION

Neutrophils may present with either tumor promoting or
tumor limiting properties. It is not yet clear whether this is
a manifestation of distinct subsets or the extreme ends of a
wide functional spectrum. Regardless, neutrophils are the first
responders of the immune system and as such are equipped
with a wide variety of receptors. This makes neutrophils highly
responsive to cues in their microenvironment and may explain
why neutrophils function one way at the primary tumor and in
a completely different way in the pre-metastatic niche. Indeed,
neutrophil function was found to be dramatically modified by
factors such as TGFβ and type I interferons.

TGFβ
TGFβ is a highly versatile molecule which may act as both
tumor suppressor and oncogene. However, when examining the
effect it exerts on neutrophil function in cancer it is regarded as
pro tumoral. Fridlender et al. (33) were the first to show that
TGFβ in the tumor microenvironment acts to block neutrophil
cytotoxicity. In this study they also coined the “N1” anti-
tumor and “N2” pro-tumor terminology to describe neutrophil
function in cancer. Their study showed that TGFβ both blocked
the anti-tumor function of neutrophils and restricted their
entry into the tumor (33). Later studies provided better insight
into the effect of TGFβ on neutrophil function in cancer.
First, TGFβ directly blocks the production of H2O2, a key
mediator of neutrophil cytotoxicity, by activated neutrophils.
Second, TGFβ was found to block the migration of tumor
neutrophils toward tumor cells. And third, TGFβ was found
to change the ratio between HDN and LDN (see above).
Together, these observations demonstrate that TGFβ not only
blocks the favorable anti-tumor functions of neutrophils, it also
increases the proportion of tumor promoting neutrophils thereby
supporting tumor growth. Since TGFβ is abundant at the primary
and metastatic tumors, neutrophil cytotoxicity is not evident in
these sites but rather the pro-tumor functions are manifested.
In contrast, during the early stages of metastatic dissemination,
circulating tumor cells arriving to the future site of metastasis
are not protected by high levels of TGFβ and are susceptible
to neutrophil cytotoxicity. Hence neutrophil cytotoxicity is
evident at the time of metastatic seeding and possibly at early
stages of tumorigenesis but not in the microenvironment of an
established tumor.

IFNs
Type I interferons have an effect on neutrophil function
that opposes that of TGFβ. IFNs were first identified as
having anti-viral functions and later on were also found to
play an anti-tumorigenic role. IFNs mediate an anti-tumor
immune response by activating various immune cells (39).
On top of modulating the function of lymphocytes and
macrophages, IFN-β was found to suppress the expression
of proangiogenic factors, such as VEGF and MMP9, thereby
limiting tumor growth (40). In addition to modifying the
expression of protumorigenic factors, IFN-β enhances the
recruitment of neutrophils and their life span in primary
tumors (41, 42). Finally, type I IFN activity was found to
inhibit neutrophil-mediated priming of a receptive premetastatic
niche (43).

Together, these observations support the notion that
neutrophil function in cancer is heavily dictated by the specific
microenvironment. More importantly, these data suggest that
rather than modifying the function of neutrophils or depleting
specific subsets, one may achieve a therapeutic benefit mediated
by neutrophils via modulation of the tumor microenvironment.
Essentially, blocking TGFβ activity or enhancing IFNs activity
at the tumor microenvironment should facilitate neutrophil
anti-tumor cytotoxicity and may be considered as a mode of
anti-tumor immunotherapy.

CONCLUDING REMARKS

Neutrophils are essential for host protection against microbial
infections and as such cannot be eliminated as a mode of therapy.
However, the progress made in recent years highlighting the
fact that neutrophils are not a homogeneous population of cells,
opens new opportunities for targeting neutrophils as a mode
of cancer therapy. Better characterization of neutrophils, their
different subsets and distinct functions may serve to specifically
deplete harmful populations and enhance neutrophils’ favorable
functions. However, taking into account the fast rate of
neutrophil replenishment, this strategy will require continuous
administration of antibodies. This therapeutic approach is not
without risk and previous studies using antibodies to deplete
neutrophils show that ultimately the depleting antibodies lose
their efficacy.

A different strategy for the manipulation of neutrophil
function in cancer is via the modulation of the tumor
microenvironment in a fashion that would permit neutrophil
anti-tumor functions. Indeed, using small molecules to block
TGFβ showed a dramatic effect on tumor growth that
was dependent on neutrophils. Furthermore, Novitskiet al.
demonstrated that tumor growth and metastatic spread are
blocked when using a mouse model of myeloid-specific deletion
of TGFβR2 (44). Together, these observations suggest that
modifying TGFβ activity in neutrophils in vivo may be sufficient
for stimulating a robust anti-tumor response. That said, current
therapies targeting TGFβ signaling prove to be toxic and are
not tolerated well. A possible alternative for circumventing
the toxicity of systemic administration of small molecule
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TGFβ blockers is a more targeted approach. Future therapies
using neutrophil specific drug delivery may serve to harness
neutrophils toward fighting cancer. Such technology is yet to
be developed.
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The tumor microenvironment (TME) of diverse cancer types is often characterized by

high levels of infiltrating myeloid cells including monocytes, macrophages, dendritic cells,

and granulocytes. These cells perform a variety of functions in the TME, varying from

immune suppressive to immune stimulatory roles. In this review, we summarize the

different myeloid cell populations in the TME and the intratumoral myeloid targeting

approaches that are being clinically investigated, and discuss strategies that identify

new myeloid subpopulations within the TME. The TME therapies include agents that

modulate the functional activities of myeloid populations, that impact recruitment and

survival of myeloid subpopulations, and that functionally reprogram or activate myeloid

populations. We discuss the benefits, limitations and potential side effects of these

therapeutic approaches.

Keywords: tumor micoenvironment, macrophage, tumor associated macrophage (TAM), immune checkpoint

blockade (ICB), dendritic cell (DC), myeloid cells, myeloid tuning, monocytes

INTRODUCTION

The tumor microenvironment (TME) consists of a cellular multitude including fibroblasts,
endothelial cells, and immune cells from the lymphoid and myeloid lineage (1–3). The TME shapes
the growth of tumor cells and influences responses to therapies (4). In cancer patients, the immune
system fails to suppress tumor growth in part due to the presence of active immune checkpoints
or “brakes,” that usually result in the suppression of T-cell function (5, 6). CTLA-4 was the first
immune checkpoint identified on T-cells in 1996 (7) and led to the development of the anti-
CTLA-4 antibody Ipilimumab that is now approved in the clinic (8). PD-1 (9) was the second
immune checkpoint identified (10) and led to the development of multiple anti-PD-1 and anti-PD-
L1 monoclonal antibodies that are now approved therapies (11, 12). These Immune Checkpoint
Blockade (ICB) therapies mainly function by re-engaging the immune system to promote anti-
tumor activity. In the clinic, ICB therapies have shown profound clinical benefits and durable
responses in a subset of patients in multiple tumor indications, including metastatic melanoma,
NSCLC, and renal cell carcinoma (13). Only about 25% of patients across all indications respond
to ICB therapies, highlighting the importance for additional therapies to treat the remaining non-
responsive patients (14). There is currently a major effort to develop therapies that block additional
immune inhibitory pathways (e.g., TIM3, LAG3, IDO, VISTA, and KIR) or that activate immune
co-stimulatory receptors (e.g., CD40, GITR, ICOS, CD137, and OX40) (15). To date, these second
generation immune-therapies have yet to yield significant clinical efficacy beyond anti-PD-1,
anti-PD-L1, or anti-CTLA-4 therapies. For instance, IDO-1 inhibitors failed to provide benefit
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as monotherapy in Phase I/II clinical trials (16, 17) and in
combination with anti-PD-1 therapy in a Phase III clinical trial in
advanced melanoma patients (18), highlighting the challenges to
understand the biology of this drug target and to explore further
combination therapies in the clinic.

Both the lack of progress in next-generation ICB agents
targeting the T cells as well as identification of resistance and
regulatory pathways beyond T cells in the TME has renewed
interest in identification of novel targets in the TME. Profiling the
immune cells in the TME of patients with advanced techniques
demonstrated significant differences in the immune infiltrates
and composition of the TME within patients from the same
tumor types, especially in cells from the myeloid lineage (19–23).
The intratumoral myeloid cells in the TME are heterogeneous in
nature and include mononuclear cells (monocytes, macrophages,
dendritic cells), and polymorphonuclear granulocytes (3, 19, 24,
25). In normal tissues, these myeloid cells assist in damage
repair and provide a first line of defense against dangers such as
pathogens and viruses. They are not uniform, either in form or
function, presumably to ensure versatile responses to the diverse
challenges faced in normal and disease physiology. In the TME,
they can either suppress or promote anti-tumor immunity and
play an important role in phagocytosis and antigen presentation
to T-cells (24, 26, 27). For instance, myeloid inhibitory cells such
as tumor-associated macrophages (TAMs) can limit responses
to chemotherapy, irradiation, and angiogenic inhibitors (28–
30). In contrast, stimulatory myeloid cells such as migratory
dendritic cells (DCs) are critical for eliciting potent anti-tumor
T-cell responses, and patients with higher migratory DCs have
significantly increased overall survival (19, 20, 24, 26, 27, 31).
Despite the potential to mediate antitumor effector T cell
immunity, however, steady-state DC populations also maintain
peripheral T cell tolerance (32, 33) and these baseline homeostatic
processes may compromise their stimulatory capacity in some
patients (34, 35). Therefore, strategies to target specific myeloid
populations and cellular programs in the clinic have attracted
considerable attention from many companies, and multiple
drug agents are currently being evaluated in the clinic. In this
review, we describe the myeloid subpopulations in the TME
and summarize the different myeloid tuning strategies to target
these cells.

MYELOID SUBPOPULATIONS IN THE
TUMOR MICROENVIRONMENT

Themyeloid cell populations within the TME, their ontogeny and
development, the key chemokines required for their trafficking
and survival, as well as the gene products that are used by
many researchers to define the various myeloid populations in
humans and mice are outlined in Figure 1 and discussed in more
detail below.

Macrophages
The most abundant myeloid population in tumors are generally
TAMs (27, 36). Though an inclusive term, TAMs have
heterogeneous ontogeny and can broadly be classified on this

basis as monocyte-derived macrophages “mo-Macs” or yolk-sac
derived tissue-resident macrophages (29, 30, 36, 37). While high
frequencies of TAMs are generally associated with poor prognosis
in a wide variety of cancer indications, correlations between
high TAM density and improved survival have also emerged
(30, 38, 39). These discordant observations raise questions
about whether there are qualities of TAMs that can make them
beneficial to an adaptive response, and also reinforce the need
for markers to rigorously distinguish TAMs from distinct origins,
distinct phenotypes, as well as from other myeloid populations
(Figure 1). Like some of their other myeloid counterparts, TAMs
take on distinct activation states. Although it trivializes the
diversity in vivo, TAMs are often reduced to existing in binary
states of classical (“M1”) or alternative (“M2”) activation based
on in vitro studies that skewed macrophage differentiation with
the single chemokines IFN-γ vs. IL-4, respectively. Although
more reductionist than what occurs in vivo, these two cellular
profiles exemplify the possibility of polarized transcriptional and
secretory programs, and those in turn may explain conflicting
correlations in patient outcome (40). For instance, “M2”
signatures, which sometimes correlate with poor prognosis, tend
to be anti-inflammatory and associated with tissue remodeling
and wound-healing processes (30, 38). However, it is now clear
that activation and polarization of macrophages consist of a
range of non-terminal phenotypes rather than two binary states
and there are multiple factors contributing to their intratumoral
and intertumoral heterogeneity, such as the anatomical location,
cancer subtype, and exposure to a myriad of environmental
factors corrupting the TAMs to exist in a katzenjammer
state (30, 38, 41, 42).

The heterogeneity of macrophages may be due to lineage-
imprinted differences between mo-Macs and tissue-resident
macrophages (30, 37, 43, 44). While some tissue-resident
macrophages express tissue-specific markers (45), recent
advances have improved separation of mo-Macs and tissue-
resident macrophages in the TME (36, 37). In these studies,
tissue-resident macrophages exhibited a stronger “M2” profile
(36) and took on a wound repair program (37) while mo-Macs
exhibited the ability to prime CD8+ T cells, although these
experiments were performed in vitro with pulsed antigen,
bypassing normal cross-presentation machinery (37). RNA-
sequencing (RNA-seq) analyses of breast and endometrial
cancer TAMs in comparison with FACS sorted tissue-resident
macrophages from normal tissues confirmed the existence of
tissue-specific niches that influence macrophage and TAM
profiles irrespective of their common precursor cells (45). A
better understanding of macrophage origin and heterogeneity
is vital when exploring the effects of targeting the macrophage
population within the TME. Recent studies using single-cell
profiling by RNA-seq suggest a more complex heterogeneity
and plasticity of macrophages that could further affect tumor
development and responsiveness to immunotherapy (21–23).

Dendritic Cells
Conventional DCs (cDCs) similarly exhibit diversity, broadly
delimited as cDC1 and cDC2, with commitment to each
occurring early in specific precursor populations, called
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FIGURE 1 | Summary of the different subtypes of myeloid cells present in the TME, their ontogeny and development, their survival and trafficking requirements, and

their human and mouse nomenclatures including transcription factors and cell surface markers. The “Others” myeloid cells in the last row represent the granulocytes.

“Lineage−” is defined as CD3−CD14−CD16−CD19− for the human nomenclature and CD3−NKp46−B220− for the murine nomenclature.

pre-cDCs (46) and the two mature classes corresponding
to differential transcription factor requirements and having
functional specialization (47–49). Pre-cDCs are detectable in
the blood, lymphoid, and non-lymphoid tissue, and can also
be found in the TME (50). Although cellularity may vary, both
cDC1s and cDC2s can be found in mouse and human tumors
(21, 27, 51) and take on distinct roles in the priming of anti-
tumor T cells. cDCs, particularly cDC1s, require FLT3-ligand
(FLT3-L) for development and in situ proliferation, as well as
GM-CSF for survival in peripheral tissue (52). Although there
have been reports of some cancers producing GM-CSF (53), the

origin of these cytokines in the TME is largely uncharacterized.
Notably, recent data suggests that natural killer cells act as a rich
source of FLT3-L in the TME (20).

cDC1s excel at antigen cross-presentation and are critical
for initiating CD8+ T cell responses across a number of
immunological settings, including tumor models (27, 51, 54). In
mice, cDC1s have two major subclasses: lymphoid tissue resident
CD8a+ DCs and non-lymphoid tissue (NLT) migratory CD103+

DCs, which are strikingly similar to one another transcriptionally
and share expression of the chemokine receptor XCR1 (49, 51,
55). Together cDC1s depend on transcription factors IRF8 (49)
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and BATF3 (54) for development, although strict requirements
between the subsets may differ (48). Although genetic models
eliminating these genes are useful for broad depletion of
cDC1s (54), more recent use of mixed bone marrow chimeras
demonstrated a specific and critical role for CCR7+ CD103+

DCs in migration and initiation of CD8+ T-cells responses in
tumor-draining lymph nodes (LNs) (26, 51). In addition to
outperforming the other DC subset at cross-presentation, tumor
cDC1s are a primary producer of IL-12 (27), which contributes to
CD8+ T-cell proliferation and effector function and is associated
with higher rates of responsiveness to chemotherapy (56).
Furthermore, cDC1s exert potent anti-tumor activity in the TME
despite being an extremely rare population (27). Tumor cDC1
production of CXCL9 and CXCL10 can recruit activated T-
cells to the TME (57) where local cDC1 re-stimulation of T-
cells support anti-tumor activity (27). Although the mechanistic
requirements and consequences of DC re-activation are still
not well-understood, tumor cDC1s may promote higher T-cell
motility and contact with cancer cells (20, 57, 58).

In contrast to cDC1s, cDC2s typically preferentially activate
CD4+ T-cells through presentation of peptides on MHC-
II, express SIRPα, and are dependent on the transcription
factor IRF4 (49, 52). Despite this overarching classification,
cDC2s encapsulate a great degree of heterogeneity (55). While
historically cDC2s have largely been identified as CD11b+ DCs
(47), dermal cDC2s do include a CD11bhi, and CD11blo KLF4-
dependent population (59), highlighting the advantage of using
SIRPα as a defining marker. Another complicating feature of
cDC2s is that they share many surface markers with monocytes
and macrophages (e.g., CD11b, CD11c, SIRPα, CX3CR1, CCR2,
CD14). While this overlap has made it difficult to precisely
define and isolate cDC2s, additional markers including CD64,
MERTK, and Ly6C have been proposed to selectively identify
macrophages and monocytes (60). ZBTB46 has also emerged as
a cDC lineage-restricted transcription factor and may help to
clarify ontogeny (61). In humans, cDC2s are best aligned with the
CD1c+ (BDCA1+) subset found in the blood and various tissues
including tumor (35, 62, 63) and comprise at least two subset
populations as revealed by recent single-cell RNA-sequencing
analysis (35, 64).

Inflammatory DCs
Although cDCs are tautologically pre-cDC-derived, monocytes
can be recruited to sites of inflammation and differentiate
into mo-DCs, also called inflammatory or iDCs, in response
to a number of infectious or adjuvant agents (65). Monocyte
ontogeny is primarily demarcated by CCR2-dependency and
surface markers, and transcriptional profiling of skin cell
populations revealed that mo-DCs exhibit a similar gene
signature to CD11b+ cDCs (60). In some cases, mo-DCs may
substitute for cDCs functionally or shape T-cell differentiation
(65). As with cDCs, mo-DCs have been identified in the
TME of mice (66) and human tumor ascites (65), and
may also contribute to anti-tumor immunity as they were
suggested to actively suppress T-cell responses (66). Indeed,
anthracycline chemotherapy can prompt massive recruitment
and differentiation of monocytes. In this model the therapeutic

benefit of chemotherapy relied on CD11b+ cells (67), suggesting
that these mo-DCs may exhibit anti-tumor activity. Many
questions remain as to how mo-DCs develop, if mo-DC
populations from these studies share common transcriptional
programs, and how they are functionally distinct from their
peer cDCs. While seemingly semantic, clarity on origin,
and functional specification will allow for more consistent
comparisons across models and shed light on the myeloid
populations that contribute to anti-tumor responses.

Plasmacytoid DCs
Plasmacytoid DCs (pDCs) develop from the common DC
progenitor (CDP), but are independent of the cDC lineage
(47). While they can promote antiviral responses through type-
I interferon, pDCs can also induce tolerance and have been
associated with poor outcome in breast and ovarian cancer (68).
Despite their proposed tolerogenic properties, however, some
studies have found potent anti-tumor activity in pDCs upon
therapeutic stimulation (68). It is important to note, however,
that a recent study identified human CD123+ CD33+ pre-cDCs
to exhibit substantial surface marker overlap with pDCs (69).
Although CD33 and several othermarkers can separate pre-cDCs
from pDCs (69), the cells used in older studies of pDCs may
be contaminated with pre-cDCs, and conclusions drawn may
warrant reevaluation.

Monocytes
In both mouse and human, monocytes develop in a colony-
stimulating factor 1 (CSF-1) dependent manner primarily
in the bone marrow, through differentiation of monocyte-
committed common monocyte progenitor (cMoP) population
(70, 71). Although single-cell sequencing approaches are rapidly
identifying subsets of these cells in bone-marrow, blood, and
tissue, two primary subtypes, classical and non-classical or
“patrolling” monocytes, clearly exist within the blood (72, 73).

In human, classical monocytes are characterized by their
expression of both CD14 and CD16, while in mouse they are
described as being Ly6ChiCCR2+. Classical monocytes, hereby
referred to as Ly6Chi monocytes, are thought to persist in
circulation for 1–2 days, at which point they have either entered
a tissue site in response to a stimulus, differentiated into a
non-classical monocyte, or died (74). Studies on a population
of cells known as monocytic myeloid-derived suppressor cells
(mMDSC) (75), which includes monocytes, have been shown
to promote tumor growth through the production of various
immunosuppressive cytokines and factors (76–78) and the
suppression T-cell proliferation and function (79), suggesting
that perhaps, even as an undifferentiated precursor monocytes
may contain functional capacity of consequence. Furthermore,
a recent study using multiphoton intravital imaging of the lung
pre-metastatic site in mice revealed that as pioneering metastatic
tumor cells arrived and died, distinct waves of myeloid cells
ingested tumormaterial, supplying antigen to both pro- and anti-
tumor immune compartments (80). Monocytes were found to
engulf the majority of tumor material, potentially sequestering
valuable tumor antigen from stimulatory DC populations and
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genetic ablation of monocytes resulted in higher antigen loads in
those DC.

Non-classical monocytes, hereby referred to as Ly6Clow

monocytes, are described in human as being CD14low CD16+

and in mouse as Ly6ClowCCR2−Nr4a1+ (81). Unlike their
Ly6Chi monocyte counterparts, the function and critical features
of Ly6Clow monocytes are poorly understood, particularly in the
TME. Ly6Clow monocytes are generally characterized as being
blood-resident, which helps explain data suggesting a role for
them in the surveying of endothelial integrity (82, 83). While
the role and even presence of Ly6Clow monocytes in the TME
is debatable, Ly6Clow monocyte involvement in the metastatic
site is clearer. A recent study (84) using Nr4a1-deficient mice,
which lack Ly6Clow monocytes, demonstrated that in the absence
of Ly6Clow monocytes tumor metastatic burden significantly
increased but could be reduced by adoptive transfer of Nr4a1-
proficient LyC6low monocytes. It was shown that infiltrating
Ly6Clow monocytes detect tumor through CX3CR1 and were
capable of phagocytosing tumor material.

Granulocytes
These cells include tumor associated neutrophils (TANs), which
are distinct from circulating neutrophils in phenotype, cell
surface markers, and chemokine activity. These neutrophils
are recruited to the tumor site through various chemokine
and receptor systems and their accumulation in the tumor
is influenced by multiple factors and interactions with other
cells types and environmental cues in the TME (85). Although
neutrophils can inhibit or promote tumor progression based
on their active role as regulators of the immune system
and their impact on the TME, clinical evidence show their
correlation with poor prognosis in multiple tumor indications
such as melanoma, lung, melanoma, and renal carcinomas (86–
90). Various reviews have highlighted the paradoxical role of
neutrophils and provided insights on the mechanisms for their
recruitment to the tumor site, their functional plasticity and
polarization, and their activation to support tumor progression
or enhance their antitumor functions (91–97). At present,
numerous laboratories are engaged in single-cell sequencing
efforts focusing on neutrophil heterogeneity, polarization, and
lineage determination.

Beyond neutrophils, inflamed tissue can contain mast cells,

eosinophils, or basophils, but little is known of the possible
role(s) for these cells in cancer progression and the surrounding
microenvironment. Similar to monocytes and macrophages,
these cells can produce various angiogenic and lymphangiogenic
factors important for tumor development andmetastasis, chronic
inflammation, and tissue injury and remodeling (98, 99).
Mast cells are the stromal components of the inflammatory
microenvironment and secrete a myriad of protumorigenic and
antitumorigenic molecules depending on the environment, the
tumor type, or their peritumoral or intratumoral localization
(100). Eosinophils and basophils can also have protumorigenic
or antitumorigenic roles, depending on their modulatory and
regulatory functions to other immune cells in the TME or to
their cytotoxic effects against tumor cells (101–103). Increasing
evidence suggests that neutrophils, mast cells, eosinophils, or

basophils can be potential therapeutic targets in different types
of tumors (3, 100). However, there are still many unanswered
questions that should be addressed before we understand
their exact function in tumor progression and design accurate
strategies for targeting them.

Both monocytes and neutrophils are often referred to as
“myeloid-derived suppressor cells” orMDSC, a name given based
on data suggesting a pro-tumoral, immune suppressive function
when cultured with T-cells. For clarity purposes, we will refer
to all myeloid cells in this review based on their individual
population name.

THERAPEUTIC TARGETING OF MYELOID
POPULATIONS IN THE TME

Given that there are populations of myeloid cells within the
TME that impede productive anti-tumor immunity, it is of
great interest to target myeloid populations that block anti-
tumor immunity antagonistically, or to activate stimulatory cells
that can help promote anti-tumor immunity. In this review we
discuss the notion of “myeloid tuning,” which broadly involves
the use of therapeutic compounds to change the composition

of myeloid cells in the TME or to alter their functional

attributes. Figure 2 describes the six myeloid tuning strategies
and highlights the myeloid targets known to inhibit recruitment,
block survival, affect proliferation, induce immune activation,
alter differentiation, and stimulate reprogramming of myeloid
cells in the TME (Figure 2 and Table 1). Multiple recent reviews
have described various strategies to target the myeloid cells in
the TME (3, 25, 29, 30, 38, 104–106). Here we aim to focus
on the ongoing clinical trials of agents targeting the TME
myeloid cell populations that are showing early therapeutic
promise, placing them within the “myeloid tuning” mechanisms-
of-action framework.

Targets and Therapies That Alter TME
Myeloid Population Composition by
Altering Cell Recruitment, Proliferation,
and Survival
Altering the recruitment of specific subsets of myeloid cells to the
tumor, or modulating their proliferation or survival is viewed as
a promising approach to promote durable anti-tumor responses
either as single agent therapies or in combination with currently
available cancer therapies. Many of the myeloid protein targets
that are being pursued therapeutically to alter TME myeloid
composition (Figure 2) vary in their specificity or lack thereof for
specific subsets, and are discussed below.

CCL2-CCR2 Axis
The chemokine CCL2 and its receptor CCR2 are critical
for attracting monocytes into tissues. CCR2 inhibition retains
monocytes in the bone marrow and reduces the number of
TAMs in tumors, leading to decreased tumor burden and
metastasis in different tumor indications (107–114). Previous
reviews have described different strategies to prevent CCL2-
mediated recruitment of myeloid cells and elucidated the
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FIGURE 2 | Cartoon depicting the six “Pillars of Myeloid Tuning” and the myeloid targets within each category. The myeloid tuning strategies affecting the

Composition of the TME include targets modulating Recruitment (CCL2-CCR2/5, CSF1-CSF1R, CXCL8-CXCR1/2; CXCL12-CXCR4, VEGF-VEGFR, Endothelins),

Proliferation (FLT3L-FLT3, TLRs, CD40-CD40L), and Survival (CSF1R, TRAIL/Caspase 8, VEGF, c-kit). The myeloid tuning strategies altering the Function of the TME

include targets inducing Differentiation (CSF1, GM-CSF, G-CSF, Retinoic Acid Receptor ATRA), Reprogramming (Histone Deacetylase, CSF1R, MARCO, Arginase,

PI3Kγ), and Activation (CD47-SIRPα, A2AR, CD73/CD39, STING, TLRs, CD40, Arginase). The indicated myeloid targets in each category are not comprehensive.

pharmacological difficulties in safely and efficiently blocking
this CCL2/CCR2 axis (29, 30, 115–118). Multiple experimental
agents targeting the CCL2/CCR2 axis also showed limited
efficacy in the clinic, and the clinical testing of some of
these agents were recently discontinued (e.g., Carlumab from
Centocor/J&J, Plozalizumab from Millenium Pharamceuticals,
and PF-04136309 from Pfizer). The limited therapeutic efficacy
of the Carlumab was attributed to the profound accumulation
of total CCL2 in the periphery due to high chemokine synthesis
rate and the significant discrepancy between the in vitro and
in vivo KD values (119, 120). The limited efficacy and lack of
durable responses of these agents could in part be linked to the
rapid compensation by granulocytes, the lack of effect on tissue
resident macrophages, and the rebound inmonocyte recruitment
after treatment cessation as seen in pre-clinical models (37,
121, 122). The anti-CCR2 mAb Plozalizumab was terminated
in a Phase I trial in malignant melanoma (NCT02723006) due
to a classified business decision in May 2018. PF-04136309, a
small molecule antagonizing CCR2, was used in combination
with FOLFIRINOX in a Phase Ib study in resectable pancreatic
ductal carcinoma (NCT01413022). Treatment related toxicities
of grade≥3 adverse events were seen in≥10% of patients treated

with both therapies, which included neutropenia, lymphopenia,
hypokalemia, and diarrhea (123). Another clinical trial in
metastatic pancreatic patients using PF-04136309 in combination
with nab-paclitaxel and gemcitabine was terminated in May 2017
(NCT02732938) reported by the sponsor as due to a change in
portfolio strategy without commenting on either safety or efficacy
signals. Previously, it had been reported that in 21 enrolled
patients, the drug had encouraging safety, PK, and efficacy
profiles (124).

NOX-E36, an Emapticap pegol RNA Aptamer that targets
CCL2 showed an acceptable clinical safety profile in type II
diabetes patients and decreased the CCR2+ monocytes blood
count as expected [NCT01547897; (125)]. NOX-E36 therapy
in a mouse tumor model inhibited the infiltration of tumor-
associated macrophages leading to significant changes of the
TME and a reduction in liver tumor burden (126). The small
molecule inhibitor CCX-872, which targets CCR2, is currently
in the clinic for the treatment of patients with advanced and
metastatic pancreatic cancer (NCT02345408), and data from the
ongoing Phase Ib trial demonstrated promising safety and overall
survival with the CCX872 and FOLFIRINOX combination
therapy compared to FOLFIRINOX alone (127, 128).
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TABLE 1 | Summary of ongoing clinical trials with agents that target myeloid cells.

Target Myeloid target cells Drug name Drug class Sponsor Indications Clinical trials

CCL2 Chemokine for Monocytes and

other immune cells

NOX-E36 PEG-Aptamer Noxxon Pharma AG NSCLC and PDAC Phase Ib/II Planned

CCR2

CCR5

Monocytes Macrophages,

DCs, T-cells

BMS-813160 SM Bristol-Myers Squibb Co Advanced Solid Tumors Phase Ib/II, NCT03184870

CCR2 Monocytes Macrophages,

DCs, T-cells

CCX872-B SM ChemoCentryx Inc Metastatic Adenocarcinoma of

the Pancreas

Phase Ib; NCT02345408

CXCR2 Neutrophils, Mast cells,

Macrophages, Monocytes

SX-682 SM Synthrix Biosystems Inc Metastatic Melanoma Phase I; NCT03161431

CXCL8 Chemokine for neutrophils and

monocytes

BMS-986253 SM Bristol-Myers Squibb Co Hormone sensitive prostate

cancer

Phase Ib/II; NCT03689699

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

PLX-3397 SM Plexxikonn Inc Tenosynovial Giant Cell Tumor Phase III NCT02371369

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

PLX-3397 SM Plexxikonn Inc Solid Tumors

GBM and Gliosarcoma

Refractory Leukemias and

Refractory Solid Tumors

KIT-mutated Melanoma

Metastatic Breast Cancer

Phase I; NCT01004861

Phase I/II; NCT02777710

Phase I/II; NCT01790503

Phase I/II; NCT02390752

Phase I/II; NCT02975700

Phase Ib/II; NCT01596751

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

ARRY-382 SM Array BioPharma Inc Solid Tumors Phase Ib/II NCT02880371

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

Cabiralizumab mAb Bristol-Myers Squibb Co Advanced Pancreatic Cancer

Stage IV Pancreatic Cancer

Resectable Biliary Tract Cancer

Phase II; NCT03336216

Phase II; NCT03697564

Phase II; NCT03768531

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

Cabiralizumab mAb Bristol-Myers Squibb Co Advanced Melanoma, NSCLC,

and RCC

Tenosynovial Giant Cell Tumor

Selected advanced cancers

Phase I; NCT03502330

Phase I/II; NCT02471716

Phase I; NCT02526017

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

BLZ-945 SM Novartis AG Advanced Solid Tumors Phase I/II; NCT02829723

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

LY-3022855 mAb Eli Lilly and Co Melanoma

Pancreatic Cancer

Phase I/II; NCT03101254

Phase I; NCT03153410

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, epithelial

cells)

Emactuzumab mAb F. Hoffmann-La Roche

Ltd

Advanced Solid Tumors

Platinum-Resistant Ovarian

Cancer

Phase I; NCT02323191

Phase II; NCT02923739

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

AMG-820 mAb Amgen Pancreatic Cancer, Colorectal

Cancer, NSCLC

Phase Ib/II; NCT02713529

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

DCC-3014 SM Deciphera

Pharmaceuticals LLC

Hematological Tumors; Solid

Tumors

Phase I; NCT03069469

CSF1R Monocytes, Macrophages,

DCs (also on microglia, Paneth

cells, Ostecolasts, Epithelial

cells)

SNDX-6352 SM Syndax Pharmaceuticals

Inc

Solid Tumors Phase I; NCT03238027

M-CSF Growth factor for monocytes,

macrophages, and other cells

Lacnotuzumab mAb Novartis AG Advanced Malignancies Phase Ib/II; NCT02807844

(Continued)
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TABLE 1 | Continued

Target Myeloid target cells Drug name Drug class Sponsor Indications Clinical trials

M-CSF Growth factor for monocytes,

macrophages, and other cells

PD-0360324 mAb Pfizer Inc Platinum-Resistant Epithelial

Ovarian Cancer

Phase II; NCT02948101

CD47 Tumor Cells, Red Blood Cells Hu-5F9G4 mAb Forty-Seven Inc Hematological Malignancies

Relapsed/Refractory B-cell

Non-Hodgkin’s Lymphoma

Ovarian Cancer

Solid Tumors and Advanced

Colorectal Cancer

Phase I; NCT03248479

Phase Ib/II; NCT02953509

Phase I; NCT03558139

Phase Ib/II; NCT02953782

CD47 Tumor Cells, Red Blood Cells IBI-188 mAb Innovent Biologics Inc Advanced Malignant Tumors and

Lymphoma

Advanced Malignancies

Phase I: NCT03763149

Phase I: NCT03717103

CD47 Tumor Cells, Red Blood Cells CC-90002 mAb Celgene Corp Advanced Solid and

Hematologic Cancers

Phase I; NCT02367196

CD47 Tumor Cells, Red Blood Cells SRF-231 mAb Surface Oncology Inc Advanced Solid and

Hematologic Cancers

Phase I; NCT03512340

SIRPα Macrophages, DCs ALX-148 Fusion protein ALX Oncology Inc Advanced Solid Tumors and

Lymphoma

Phase I; NCT03013218

SIRPα Macrophages, DCs TTI-621 Fusion protein Trillium Therapeutics Inc Hematologic Malignancies and

Selected Solid Tumors

Relapsed and Refractory

Solid Tumors

Phase I; NCT02663518

Phase I; NCT02890368

SIRPα Macrophages, DCs TTI-622 Fusion protein Trillium Therapeutics Inc Relapsed or Refractory

Lymphoma or Myeloma

Phase I; NCT03530683

PI3Kγ Macrophages, neutrophils,

eosinophils. Mast cells

IPI-549 SM Infinity Pharmaceuticals

Inc

Advanced Solid Tumors

Advanced HPV+ and

HPV- HNSCC

Phase I; NCT02637531

Phase II; NCT03795610

A2AR T-cells, monocytes,

macrophages, DCs, NKs

CPI-444 SM Corvus Pharma Advanced Cancers Phase I; NCT02655822

A2AR T-cells, monocytes,

macrophages, DCs, NKs

PBF-509 SM Novartis AG Advanced NSCLC Phase I; NCT02403193

A2AR T-cells, monocytes,

macrophages, DCs, NKs

AB-928 SM Arcus Biosciences Inc Advanced Malignancies

Gastrointestinal Malignancies

TNBC and Gynecologic

Malignancies

Lung Cancer

Phase I; NCT03629756

Phase I; NCT03720678

Phase I; NCT03719326

Phase I; NCT03846310

CD73 Ectonucleotidase in the TME MEDI-9447 mAb MedImmune LLC Advanced EGFRm NSCLC

Relapsed Ovarian Cancer

Metastatic Triple-Negative Breast

Cancer

Metastatic Pancreatic Cancer

Phase Ib/II; NCT03381274

Phase II; NCT03267589

Phase I/II; NCT03616886

Phase Ib/II; NCT03611556

CD73 Ectonucleotidase in the TME CPI-006 mAb Corvus Pharma Advanced Cancers Phase I; NCT03454451

CD73 Ectonucleotidase in the TME BMS-986179 mAb Bristol-Myers Squibb Co Advanced Solid Tumors Phase I/IIa; NCT02754141

CD73 Ectonucleotidase in the TME AB-680 SM Arcus Biosciences Inc Healthy Volunteers Phase I; NCT03677973

CD73 Ectonucleotidase in the TME NZV-930 mAb Novartis AG Advanced Malignancies Phase I; NCT03549000

Arginase Macrophages, Neutrophils CB-1158 SM Calithera/Incyte Corp Advanced and Metastatic Solid

Tumors

Relapsed or Refractory

Multiple Myeloma

Phase I/II; NCT02903914,

NCT03314935

Phase I/II; NCT003837509

Arginase Macrophages, Neutrophils AEB-1102 Rec Enzyme Aeglea Biotherapeutics Advanced Solid Tumors

Extensive Disease SCLC

Phase I; NCT02561234

Phase I/II; NCT03371979

Arginase Macrophages, Neutrophils ARG1-18 Vaccine Herlev Hospital Metastatic Solid Tumors Phase I; NCT03689192

TLR3 DCs, Macrophages, T-cells Rintatolimod Oligonucleotide Hemispherx Biopharma

Inc

Recurrent Ovarian Cancer

Metastatic Colorectal Cancer

Peritoneal Surface Malignancies

Metastatic TNBC

Phase II; NCT03734692

Phase I; NCT03403634

Phase I/II; NCT02151448

Phase I; NCT03599453

TLR4 Macrophages, Monocytes,

Granulocytes, DCs

G100 Rec Adenovirus Immune Design Corp Follicular Non-Hodgkin’s

Lymphoma

Cutaneous T-cell Lymphoma

Phase I/II; NCT02501473

Phase II; NCT03742804

(Continued)
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TABLE 1 | Continued

Target Myeloid target cells Drug name Drug class Sponsor Indications Clinical trials

TLR4 Macrophages, Monocytes,

Granulocytes, DCs

GSK-091 SM GlaxoSmithKline Plc Advanced Solid Tumors Phase I; NCT03447314

TLR4 Macrophages, Monocytes,

Granulocytes, DCs

ECI-006 Oligonucleotide eTheRNA

Immunotherapies

Metastatic Melanoma Phase I; NCT03394937

TLR5 Macrophages, Monocytes,

DCs, T-cells, Intestinal

Epithelial cells

M-VM3 Vaccine Panacela Labs Inc Prostate Cancer Phase Ib; NCT02844699

TLR7 B-cells, DCs, Monocytes,

Macrophages, Neutrophils

Imiquimod

UGN-102

SM UroGen Pharmaceuticals

Ltd

Non-muscle Invasive Bladder

Cancer (NMIBC)

Phase II; NCT03558503

TLR7

TLR8

B-cells, DCs, Monocytes,

Macrophages, Neutrophils

NKTR-262 SM Nektar Therapeutics Advanced or Metastatic Solid

Tumor Malignancies

Phase I/II; NCT03435640

TLR7

TLR8

B-cells, DCs, Monocytes,

Macrophages, Neutrophils

Resiquimod

R848

SM Galderma SA Metastatic Melanoma Phase II; NCT00960752

TLR8 DCs, Monocytes,

Macrophages, Neutrophils

Motolimod

VTX-2337

SM Celgene Corp Recurrent, Platinum-Resistant

Ovarian Cancer

Phase I/II; NCT02431559

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

Lefitolimod

MGN1703

Oligonucleotide Mologen AG Metastatic Colorectal Cancer

Advanced Solid Tumors

Phase III; NCT02077868

Phase I; NCT02668770

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

Tilsotolimod Oligonucleotide Idera Pharmaceuticals

Inc

Solid Tumors Phase II; NCT03865082

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

AST-008 Oligonucleotide Exicure Inc Advanced Solid Tumors Phase Ib/II; NCT03684785

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

CMP-001 Oligonucleotide Checkmate

Pharmaceuticals Inc

Metastatic Colorectal Cancer

Non-small Cell Lung Cancer

Advanced Melanoma

Melanoma with LN disease

Phase I; NCT03507699

Phase I; NCT03438318

Phase I; NCT02680184

Phase II; NCT03618641

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

SD-101 Oligonucleotide Dynavax Technologies

Corp

Relapsed or Refractory Follicular

Lymphoma

B-Cell Non-Hodgkin Lymphoma

Advanced or Metastatic

Solid Malignancies

Phase Ib/II; NCT02927964

Phase I; NCT03410901

Phase I; NCT03831295

TLR9 B-cells, T-cells, Macrophages,

Monocytes, Neutrophils

DV-281 Oligonucleotide Dynavax Technologies

Corp

Non-small Cell Lung Carcinoma Phase I; NCT03326752

DC DCs Poly-ICLC

(Hiltonol)

Vaccine Oncovir Inc MRP Colon Cancer

Unresectable Solid Cancers

Recurrent Pediatric Gliomas

Solid Cancer

Prostate Cancer

Phase I/II; NCT02834052

Phase I/II; NCT03721679

Phase II; NCT01188096

Phase II; NCT02423863

Phase I; NCT0362103

FLT3L DC Progenitors, pDCs, cDCs rhuFlt3L/(CDX-

301)

Rec protein Celldex Therapeutics Low Grade B-Cell Lymphomas

Advanced NSCLC

Phase I/I; NCT01976585

Phase II; NCT02839265

STING T-cells, NK cells, DCs,

Monocytes, Macrophages

MK-1454 SM Merck & Co Inc Advanced/Metastatic Solid

Tumors and Lymphomas

Phase I; NCT03010176

STING T-cells, NK cells, DCs,

Monocytes, Macrophages

ADU-S100

(MIW815)

SM Aduro BioTech Inc Advanced/Metastatic Solid

Tumors and Lymphomas

Phase I; NCT02675439

NCT03172936

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

APX-005M mAb Apexigen Inc Solid Tumors

Advanced Sarcomas

Metastatic Melanoma

Pediatric CNS Tumors

Metastatic Pancreatic Cancer

Phase I; NCT02482168

Phase II; NCT03719430

Phase I/II; NCT02706353

Phase I; NCT03389802

Phase Ib/II; NCT03214250

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

Selicrelumab mAb F. Hoffmann-La Roche

Ltd

Advanced/Metastatic Solid

Tumors

Phase I; NCT02665416,

NCT02304393

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

ABBV-927 mAb AbbVie Inc Advanced Solid Tumors

Advanced Head and

Neck Cancer

Phase I; NCT02988960

Phase I; NCT03818542

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

MEDI-5083 Fusion protein MedImmune LLC Advanced Solid Tumors Phase I; NCT03089645

(Continued)
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TABLE 1 | Continued

Target Myeloid target cells Drug name Drug class Sponsor Indications Clinical trials

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

SEA-CD40 mAb Seattle Genetics Inc Advanced Malignancies Phase I; NCT02376699

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

JNJ-7107

(ADC-1013)

mAb Johnson & Johnson Advanced Stage Solid Tumors Phase I; NCT02829099

CD40 DCs, Macrophages,

Monocytes, B-cells,

Endothelial Cells, Tumor Cells

CDX-1140 mAb Celldex Therapeutics Inc Advanced Malignancies Phase I; NCT03329950

CCL5-CCR5 Axis
Notably, alternative recruitment of monocytes can be achieved
via the CCL5-CCR5 axis (129) and inhibiting that axis also
restricted cancer growth in colorectal cancer (130) and blocked
metastasis of basal breast cancer cells. A dual small molecule
inhibitor, BMS-813160, that targets both CCR2 and CCR5,
is being tested in patients with advanced pancreatic cancer
in combination with Nivolumab and Gemcitabine and Nab-
paclitaxel (NCT03184870).

Emerging data suggest that tumor-produced IL-8 (CXCL8)
plays an important role in recruiting neutrophils and monocytes
into the TME of many cancer types (131). Neutralization of IL-
8 by the mAb HuMax-IL8 in TNBC decreases the recruitment
of neutrophils (also referred to as PMN-MDSCs) to the tumor
site and facilitates immune-mediated killing (132). The IL-8
inhibitor BMS-986253 is being tested in a Phase Ib/II trial
in combination with Nivolumab in hormone-sensitive prostate
cancer [NCT03689699; (133)].

CSF1-CSF1R Axis
The CSF1/CSF1R axis plays a key role in the differentiation,
recruitment, proliferation, and survival of both monocytes and
macrophages (134). Multiple inhibitors of the CSF1/CSF1R axis
are being clinically developed, and these inhibitors have been
extensively reviewed (29, 135–137). The most advanced agent in
clinical testing is the small molecule selective kinase inhibitor
Pexidartinib (PLX-3397), which is being tested in a Phase III
trial in Tenosynovial Giant Cell Tumors (TGCT; NCT02371369).
Pexidartinib demonstrated efficacy in TGCT (136, 138, 139).
TGCT is driven by the translocation of chromosome 1 and
2 (1p13 to 2q35), which leads to the overexpression of CSF1
caused by the fusion of CSF1 to COL6A3 (140). Pexidartinib
is also being investigated for the treatment of various solid
tumors, such as metastatic breast cancer, advanced ovarian
cancer, colorectal cancer, and pancreatic cancer, in combination
with chemotherapy or ICBs (Table 1). In pre-clinical models,
PLX-3397 increased the efficacy of anti-PD-1 or chemotherapy
treatments (141, 142). While PLX-3397 is a CSF1R inhibitor, it
also targets the c-kit and FLT3 receptor tyrosine kinases (RTKs),
which are expressed on other myeloid populations including
mast cells and dendritic cells. Two other small molecules CSF1R
inhibitors are in development, BLZ-945 and ARRY-382. BLZ-
945 is currently in Phase I/II trails for patients with advanced

solid tumors (NCT02829723). In preclinical studies, BLZ-945
was shown to repolarize TAMs to become antitumoral in mouse
models of glioblastoma by downregulating genes that have been
associated with an M2-like macrophage polarization phenotype
(143), and to decrease tumor progression as monotherapy and
in combination with ICBs in a mouse model of neuroblastoma
(144). ARRY-382 is also being tested in Phase I/II in patients with
advanced solid tumors (NCT02880371). Preliminary clinical data
demonstrated partial responses with a manageable tolerability
profile (145).

The anti-CSF1R mAb, Cabiralizumab blocks the activation
and survival of monocytes and macrophages by inhibiting
the binding of the two ligands CSF1 and IL-34 to CSF1R
(146, 147). Cabiralizumab is being tested in a Phase I
clinical trial in advanced solid tumors (NCT02526017), in a
Phase II trial in advanced pancreatic cancer (NCT03336216),
and in TGCT (NCT02471716). Preliminary data suggests
tolerable safety profiles in combination with Nivolumab and
durable clinical benefits in heavily pretreated patients with
pancreatic cancer (148). Recent data showed that treatment with
Cabiralizumab and Nivolumab depletes immunosuppressive
TAMs and promotes a pro-inflammatory TME (149). For
instance, tumors from treated patients had a decrease in
CSF1R+ macrophages, an increase in CD8+ T cells, and an
increase in pro-inflammatory genes.Moreover, these patients had
increased levels of CSF1/IL-34 and decreased levels non-classical
monocytes in the periphery (149). In addition, Cabiralizumab
demonstrated initial clinical benefits in patients with Pigmented
Villonodular Synovitis (150). In addition to Cabiralizumab,
several other antagonistic anti-CSF1R mAbs are in clinical
development (see Table 1). AMG-820 (a fully human IgG2
targeting CSF1R) resulted in a 32% stable disease in a Phase II
study (NCT01444404) in patients with relapsed or refractory
advanced solid tumors and induced adverse effects including
periorbital edema, increased aspartate aminotransferase, fatigue,
nausea, blurred vision, and deafness (151). AMG-820 is also
being tested in combination with pembrolizumab in patients
with pancreatic, NSCLC, and colorectal cancer (NCT02713529).
LY3022855 (a humanized IgG1 targeting CSF1R) is being tested
in a Phase I/II trial in patients with metastatic melanoma
in combination with BRAF/MEK inhibitors (NCT03101254).
Emactuzumab is a mAb that blocks CSF1R dimerization, and
demonstrated a 7% complete response rate in a Phase I
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trial with TCGT patients and had no reported dose toxicity
(152). Targeting the CSF1R ligand CSF1 has also proven to
be a promising strategy. Two mAbs developed by Novartis
(Lacnotuzumab) and Pfizer (PD-0360324) are currently in the
clinic. Recent data from Lacnotuzumab (MCS110)’s Phase Ib
clinical trial in advanced malignancies showed it is tolerated
and has preliminary antitumor activity, especially in the
pancreatic cancer cohort. However, grade 3 suspected drug-
related adverse effects were observed and included periorbital
edema, increased blood creatine phosphokinase, and increased
aspartate aminotransferase (AST) (153).

While targeting the CSF1/CSF1R axis has shown clinical
promise, novel resistance, and compensatory mechanisms could
emerge. For instance, acquired and inherent resistance to CSF1R
blockade has been reported in pre-clinical mouse models of
glioblastoma multiforme and other cancer types harboring
specific genetic alterations (105). Moreover, a recent study
identified a compensation between CSF1R+ macrophages and
Foxp3+ regulatory T-cells (Tregs) that can drive resistance to
immunotherapy in a mouse model of colorectal cancer (154).
In addition, the common side effects observed in most of the
CSF1/CSF1R antagonistic small molecules and mAbs developed
could be caused by the systemic depletion of tissue resident
macrophages in normal tissues. In addition to targeting the
CSF1/CSF1R axis to reduce tumor associated myeloid cells
there are a number of additional agents, including trabectidin
(Yondelis R©), lurbinectedin, and the bisphosphonates clodronate
and zoledronic acid (3, 29, 116).While there aremultiple ongoing
clinical trials to evaluate bisphosphonates, there is no available
data regarding their anti-tumor activity. Therefore, finding new
targets that are selectively upregulated in the TAMs and tumor-
associated monocytes is crucial and might lead to more clinical
benefits with fewer side effects.

Targets and Therapies That Alter TME
Myeloid Population Function by Altering
Cell Activation, Reprograming, and
Differentiation
Altering the activation status of pro-tumorigenic myeloid
cells to inhibit their immunosuppressive activity (reversal of
immunosuppression) or altering pro-tumorigenic myeloid cells
by differentiating or reprograming them to become anti-
tumorigenic is viewed as another promising approach to promote
durable anti-tumor responses either as single agent therapies
or in combination with currently available cancer therapies.
Another approach to alter the TMEmyeloid population function
is to induce activation of anti-tumorigenic myeloid cells such
as DCs. Many of the myeloid protein targets that are being
therapeutically pursued to alter TMEmyeloid function are shown
in Figure 2 and listed in Table 1 and are discussed below.

CD47-SIRPα Regulation of Phagocytosis
The CD47-SIRPα axis is a myeloid specific ICB that inhibits
phagocytosis of tumor cells by macrophages and other myeloid
cells (155). The “don’t eat me signal” CD47 is overexpressed
on the majority of hematopoietic malignancies and solid tumors

and is also expressed on red blood cells (156–158). CD47
binds its ligand SIRPα, a RTK expressed on the cell surface
of macrophages and dendritic cells and associates with the
downstream inhibitory tyrosine phosphatases SHP-1 and SHP-
2 (159). Recent review articles present the various clinical
strategies to enhance phagocytosis by targeting the CD47-
SIRPα axis (116, 155, 160, 161), and discuss the limitations
and potential toxicities of targeting this axis (116, 160). The
antagonistic anti-CD47 mAb Hu-5F9G4 induces phagocytosis
of tumor cells by blocking the CD47-SIRPα interaction (162).
Hu-5F9G4 was evaluated in a Phase Ib dose escalation study
in patients with relapsed/refractory non-Hodgkin lymphoma,
follicular lymphoma and diffuse large B-cell lymphoma (DLBCL)
in combination with rituximab (NCT02953509). In this small
study of 22 subjects (with 21/22 known to be refractory to
single agent rituximab), anti-tumor responses were observed in
50% of subjects (including 36% with complete response). Hu-
5F9G4 in combination with rituximab at standard rituximab
doses was generally safe and a maximum tolerated dose of
the antibody was not declared (163). The main on- target side
effect was anemia, which could be mitigated and managed by
initially “priming” subjects with a 1 mg/kg dose of Hu-5F9G4
to eliminate aging red cells prior to introducing therapeutic
intent dosing. Dose limiting toxicities not requiring treatment
discontinuation were reported in two subjects (pulmonary
embolism and grade 4 neutropenia requiring G-CSF) (163). A
third subject developed idiopathic thrombocytopenic purpura
treated with glucocorticoids and immune globulin and required
treatment discontinuation. Hu-5F9G4 is also being evaluated in
patients with solid tumors (NCT02216409), and acute myeloid
leukemia (AML) (NCT02678338) with and without azacitidine
(NCT03248479). Recent data has shown this combination
therapy leads to an increase in phagocytosis of AML blast
cells by human macrophages in vitro and clearance of
AML in vivo, leading to a prolonged survival compared
to Hu-5F9G4 or azacitidine alone (164). Since anemia and
neutropenia have been a concern for anti-CD47 therapies
(165), strategies for better priming and maintenance doses are
crucial. To this point, studies demonstrated that an initial
priming dose of Hu-5F9G4 resulted in a near complete loss
of CD47 antigen only on RBCs and not on white blood
cells and AML bone marrow blasts, suggesting that CD47
pruning (loss) is protective for RBCs and could decrease
the potential for toxicities (166). Hu-5F9G4 is also being
evaluated in combination with Cetuximab in patients with
solid tumors and advanced colorectal cancer in a Phase I/II
study (NCT02953782). Clinical trials for another anti-CD47
mAb, CC90002, was recently terminated in patients with AML
for unspecified hematologic toxicities described as reversible
(NCT02641002), but it is still being tested in a Phase I dose
escalation study in patients with other hematological cancers
and advanced/refractory solid tumors followed by combination
treatment with Rituximab (NCT02367196).

TTI-621, a SIRPα-Fc (human IgG1 Fc) fusion protein
that blocks the CD47-SIRPα interaction, is being tested in
patients with hematologic malignancies and solid tumors
(NCT02663518), while TTI-622 (a SIRPα-Fc (human IgG4 Fc)

Frontiers in Immunology | www.frontiersin.org 11 July 2019 | Volume 10 | Article 161169

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Jahchan et al. Myeloid Tuning for Treating Tumorigenesis

fusion protein is being evaluated in a Phase I clinical trial in
relapsed or refractory lymphoma or myeloma (NCT03530683).
Currently it is unknown whether the SIRPα fusion proteins will
have better efficacy and/or a better tolerability profile compared
to the anti-CD47 mAb therapies.

Immunosuppressive Adenosine Signaling
Other strategies to activate the myeloid cells in the TME include
the inhibition of their immunosuppressive functions, such as
blocking the arginase, CD39/CD73 ectonucleotidases, and the
adenosine A2A receptor (A2AR) pathways. Toward the latter,
the extracellular adenosine concentrations and downstream
signaling via the A2AR pathway has been shown to create a
highly immunosuppressive microenvironment by significantly
decreasing the immune responses in inflamed tissues and tumors
(167–169). Many companies are developing mAbs and small
molecules against these targets and some are being evaluated
in the clinic (Table 1), and were recently reviewed (169). CPI-
444 is a small molecule inhibitor targeting A2AR and is being
evaluated in a Phase I trial in patients with advanced cancers
(NCT02403193). Recent data from patients with refractory
renal cell carcinoma showed that CPI-444 was well tolerated
and prolonged survival as monotherapy and in combination
with Atezolizumab (170). In addition, the expression of a
novel adenosine biomarker signature in pre-treated tumor
biopsies was significantly associated with tumor response to
CPI-444 (171–173).

CD73 is the ectonucleotidase that catalyzes the irreversible
conversion of AMP to adenosine, leading to the high levels of
adenosine observed in the TME (174, 175). The monoclonal
antibody MEDI-9447 (Oleclumab) antagonizes the enzymatic
activity of CD73 through two distinct conformation-mediated
mechanisms, which allows it to block both soluble and cell-
surface CD73 in a non-competitive manner (176). MEDI-9477
can mediate changes in the infiltrating lymphoid and myeloid
populations in the TME of mouse models, such as activation
of macrophages and increasing CD8+ effector cells (177).
In advanced pancreatic or colorectal cancer patients treated
with Oleclumab (NCT0253774), free soluble CD73 and CD73
bound on peripheral T-cells were decreased across all doses
and patients, and tumoral CD73 expression was also decreased
(178). Oleclumab monotherapy and in combination with
durvalumab showed manageable safety profile and encouraging
clinical activity in colorectal and pancreatic cancer patients
[NCT0253774; (178)].While the adenosine pathwaymay be a key
immunoregulatory node, we have to be prudently cautious about
targeting specific members of the pathway without taking into
account the biochemical pathway redundancies and feedback
mechanisms that counter-regulate them.

TLRs and CD40 Agonists
Toll like receptors play important roles in the activation of
the innate immune response and have been pivotal targets in
cancer immunotherapy. They can selectively activate a subset
of DC and macrophage populations to take on stimulatory
and pro-inflammatory phenotypes (179–181). TLR3, TLR4,
TLR5, TLR7, TLR8, and TLR9 agonists are being clinically

evaluated (Table 1). The TLR7 agonist Imiquimod (topical
cream) was approved for the treatment of basal cell carcinoma
and showed additional efficacy in breast cancer skin metastases
and melanoma. Imiquimod is believed to stimulate cytokine
production, increase the infiltration of macrophages, DCs,
and lymphocytes, and directly induce apoptosis in the tumor
cells (182). Urogen Pharmaceuticals developed imiquimod
(UGN-201) in a reverse thermal hydrogel formulated with
the chemotherapeutic agent Mitomycin C (MMC), which is
being evaluated in a Phase II trial in patients with low grade
non-muscle invasive bladder cancer (NCT03558503). G100
is an intratumoral TLR4 agonist (composed of glucopranosyl
lipid A in stable emulsion) that creates a systemic immune
response when injected locally as a vaccine. G100 has been
evaluated in multiple clinical trials and data from Phase I
(NCT02501473) showed that it is well tolerated with clinical
activity as a monotherapy and in combination with the anti-PD-1
antibody Pembrolizumab (183, 184). In addition, patients with
TLR4 expression at baseline had a significant improved overall
response rate (185). In a proof-of-concept trial in Merkel cell
carcinoma patients (NCT02035657), intratumoral G100 induced
anti-tumor immune responses leading to tumor regression
without systemic toxicities (186). Based on encouraging results
from a small early phase data, advanced trials are ongoing
with intralesional SD-101 (a class c CpG Oligonucleotide
TLR9 agonist) in combination with Pembrolizumab (187).
The most advanced TLR9 agonist in the clinic is Lefitolimod
(MGN1703), which is a synthetic DNA-based agonist that
results in an antitumor immunomodulation, including increased
release of cytokines and chemokines from peripheral blood
mononuclear cells (PBMCs) and an increase in expression of
surface activation markers of cells on a variety of immune
cells (188–190). Lefitolimod is being evaluated in a pivotal
Phase III trial of first-line maintenance in 549 enrolled patients
with metastatic colorectal cancer (NCT02099868), following
promising data in previous Phase I and II trials, where MGN1703
showed therapeutic efficacy in multiple solid tumors and was
well-tolerated in long-term treatment with high doses (191–193).

The TNFR family member CD40 is expressed on the vast
majority of myeloid cells such as DCs, macrophages, monocytes,
and is also expressed on B-cells, tumor cells, and endothelial
cells. Signals transduced by CD40 result in upregulation of
multiple proteins critical to effector T-cell priming, including
immunostimulatory cytokines, major histocompatibility (MHC)
molecules, and the co-stimulatory ligands CD80 and CD86 (194–
196). Multiple CD40 agonists have been developed to activate
innate and adaptive immunity and some are being evaluated
in the clinic [(197), Table 1]. APX-005M is the most advanced
CD40 agonist in the clinic and is being tested in a Phase II
trial in patients with advanced sarcomas (NCT03719430) and in
Phase I/II in patients with metastatic melanoma [NCT02706353;
(198)] and metastatic pancreatic cancer (NCT03214250). Recent
preliminary data from the Phase Ib clinical trial in previously
untreated metastatic pancreatic cancer showed that 20 out
of the 24 patients had tumor shrinkage when treated with
standard of care chemotherapy with and without Nivolumab.
However, toxicity was a key concern as 13 out of the 24 patients
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experienced adverse effects and had to discontinue the treatment
combinations (199). This trial has now progressed to the Phase II
stage (NCT03214250).

Reprogramming Targets
Targets that are considered likely to induce switching in TAMs
from a pro-tumoral to a tumoricidal state include class I
and class II histone deacetylases (200–202), the macrophage
receptor with collagenous structure MARCO (203), CD11b
(204), and PI3Kγ (205, 206). Within these, PI3Kγ is a key
regulator of the pro-tumoral and immunosuppressive state of
TAMs and its genetic and pharmacological inhibition switches
the TAMs to a pro-inflammatory state and subsequent tumor
growth inhibition (205, 206). The selective small molecule PI3Kγ

inhibitor IPI-549 was evaluated in a Phase I/Ib clinical trial in
220 patients with advanced solid tumors as monotherapy and
in combination with Nivolumab (NCT02637531). IPI-549 was
shown to be well-tolerated at all the doses tested and showed
40 percent disease control and durable partial responses in
patients with indications not typically responsive to anti-PD1
therapy (207, 208). Data from peripheral blood from IPI-549
treated patients showed upregulation of IFN-gamma responsive
factors and an increase in proliferation of exhausted memory
T-cells (207, 208). In addition, paired tumor biopsies from
monotherapy IPI-549 treated patients showed a decrease in
CD163, sometimes called an “M2” macrophage marker (208),
consistent with the mechanism-of-action in the pre-clinical
studies of IPI-549 inducing immune activation and reducing
immune suppression (205).

Many of the above discussed targets and drugs used in the
clinic are not specific to specific subpopulations of myeloid
cells and might be contributing to some of the side effects
and toxicities discussed above. In order to identify novel
targets specifically expressed on unique myeloid subsets, such as
macrophages, neutrophils, and DCs, sophisticated technologies
need to be employed. These include single-cell RNA-sequencing
(scRNA-seq) and mass cytometry, and are discussed below.

IDENTIFYING NOVEL TME MYELOID
SUBPOPULATIONS

To improve the efficacy and safety of agents that target myeloid
subpopulations in the TME it will likely be necessary to
have a deeper understanding of the extent of the functional
diversity of intratumor myeloid subpopulations. Modern, high-
throughput scRNA-seq, and cytometry by time of flight
(CYTOF) technologies (209) have begun to revolutionize our
understanding of the TME, both in terms of intra- and inter-
tumoral variability. Historically, most efforts to understand the
architecture and complexity of the TME were confined to the
use of bulk RNA sequencing and microarray technologies which,
while providing some sample and indication level differentiation,
offer little insight into the cellular composition heterogeneity of
an individual tumor. Granularity of gene expression associated
with various stromal, malignant, and immune cell populations
as well as any heterogeneity existing within those populations is
lost upon averaging across cells to yield a single transcriptional

profile. A variety of cellular deconvolution methodologies (210–
214) were described to attempt to recapture this heterogeneity,
but they rely on the existence of specific cellular markers that
possess little or no collinearity between cell types. This approach
works well for the major cellular constituents of a tissue but
has limited efficacy in classifying subpopulations of cells or
identifying rare, novel subsets. The capacity for new scRNA-
seq methods to capture tens of thousands of unique, cellular
transcriptomes in a single experimental run, particularly when
combined with high-throughput flow cytometric sorting as an
a priori enrichment strategy, offers a unique and powerful
window into the TME. It enables not only the measurement
of relative abundances of diverse cell types, but also the
relationship, substructure and differentiation processes within
those cells. Single cell methodologies now exist to profile mRNA,
DNA, epitope levels, methylation, transcription factor binding,
chromatin accessibility, and in some cases even preserving spatial
information (215). Although insights and advances driven by
single cell sequencing of the intratumoral myeloid compartment
are, as of yet, limited, key lessons are beginning to emerge.

While a variety of human tumor ecosystems have been
profiled at single cell resolution (21, 22, 216–223) only a few
contain sufficient myeloid cells to adequately address questions of
subpopulation heterogeneity, lineage dynamics, or ontogeny. To
date, most studies interrogating the myeloid compartment of the
TME focused specifically on macrophages, as they are, by far, the
most abundant cell type in that milieu. In breast cancer, a positive
correlation of M1- and M2-derived gene signatures across the
aggregate of multiple subclusters of TAMs was shown (22)
and identified a concomitant increase of M2-markers, MARCO,
NRP2, and CD276 along with CCL3, sometimes associated with
antitumoral functions, across macrophage lineages derived from
trajectory-based analyses (22). These findings were corroborated
in a study that performed single cell profiling of human
gliomas, and correlated expression profiles of the M1-marker,
TNFα, and the M2-marker, IL10, as evidence that a binary
model of macrophage activation may not exist in vivo and
instead may be better examined according to a spectrum-based
model (222, 224). Similarly, the application of mass cytometry
in clear cell renal cell carcinoma (220) revealed 17 separate
TAM clusters, across which canonical in vivo differentiation
markers exhibited a range of expression, not the expected
binary distribution. Similar to activation status, macrophage
ontogeny has been sparsely examined in the context of human
single cell sequencing datasets. In IDH-mutant low-grade glioma
(219) researchers found a spectrum of differentiation based on
gene expression between tissue resident microglia and blood-
derived macrophages whereas in late stage glioma, primarily
glioblastoma, the two populations of macrophages appear quite
distinct (222). Utilizing the aggregation of tumor and healthy
cells to classify gene signatures or gene sets that differentiate
TAMs from their tissue-resident brethren in a single lung
adenocarcinoma patient, TREM2, MARCO, APOE, and CD81
were shown to be specifically upregulated in TAMs, relative to
alveolar macrophages (21).

Investigation into the intratumoral complement of
monocytes, dendritic cells, and granulocytes is, to this point,
sorely lacking from a single cell sequencing perspective. This
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will undoubtedly improve, however, as cellular encapsulation
technologies yield higher throughput and researchers begin to
focus specifically on individual cellular populations via flow
cytometric enrichment. This approach has already begun to yield
dividends in the periphery, particularly in various dendritic cell
populations with respect to ontogeny (46, 69) and the discovery
of novel cellular subtypes (64). To this point, most single cell
tumor studies have taken a macroscopic view of the tumor
microenvironment: either all cells or partially enriched subsets
are submitted for encapsulation and sequencing. Typically,
samples from multiple patients are aggregated to generate
sufficient numbers of cells to either differentiate between cell
type or to provide a more global, indication-specific view of the
tumor ecosystem. In this scenario, we urge researchers to also
provide patient-specific analyses as the aggregation of samples
homogenizes inter-patient variability in much the same way bulk
sequencing homogenizes expression profiles across cell types.
This issue is particularly important for human samples which,
compared to tumors from in-bred mouse strains, are marked by
extremely variable microenvironment composition.

Different issues arise when attempting to understand the
heterogeneity within and between closely related cell types.
Nearly all single cell technologies rely on the downstream
identification of discrete cellular clusters. As recently reviewed
by Andrew and Hemberg (225), these cluster identification
algorithms range between K-means, hierarchical, graph, and
density-based methods, each implemented in a variety of
different ways. For divergent cell types that possess disparate
functional programs, these methods generally converge.
However, in the context of cells with a shared ontogeny, it can
be quite difficult to arrive at a consistent pattern of clustering,
particularly in light of the fact that most algorithms require a
priori knowledge of resulting cluster number or require upfront
modulation of parameters that directly dictate cluster number.
In practice, this often means setting a fold-change cutoff that is
reached by a set number of markers as the defining criterion for a
cluster. The identification of a robust clustering of cells does not
mean that those clusters have different biological and functional
status. From an analytical standpoint, genes that differ between
clusters may be assessed via gene set enrichment techniques to
understand functional consequence and, of course, if those genes
allow flow cytometric-based sorting, those populations may be
compared with relevant experimental techniques.

CONCLUSION

The different myeloid tuning strategies we discuss in this
review describe the various myeloid targets and agents

being investigated in the clinic. Some of these agents
modulate the function of myeloid populations to inhibit
their immunosuppressive activities and make them more anti-
tumorigenic and some agents impact recruitment and survival
of myeloid subpopulations. Few myeloid targeting strategies in
the clinic have yielded promising results and many have been
terminated due to toxicities related to the specificity or lack of
tumor specificity of the target or to the properties of the agent
being used. It is too early for us to know how these agents
will play out in the clinic as many of the clinical trials are still
ongoing and we have to wait for the results to determine their
success or failure. However, the majority of the targets being
pursued are not exclusively expressed on just one population
of myeloid cells but rather they can be expressed on multiple
myeloid populations, and even at times on lymphocytes and
tumor cells.

While the understanding of intra- and intertumoral myeloid
composition is in its nascent stages, particularly in humans, single
cell sequencing technology will almost assuredly serve to identify
heretofore unknown cellular subsets that may yield actionable
targets in the fight against cancer. Additional pre-clinical studies
are needed to determine the function of those novel targets in the
TME and the pathophysiological relevance of the newly identified
cellular cluster subsets. Finally, a more granular understanding
of the kinetics and environmental queues that drive peripheral
monocyte transition to TAM phenotypes could yield upstream
targets designed to prevent the development of these type of
suppressive cells.
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Cancer immunotherapy relies on either restoring or activating the function of adaptive

immune cells, mainly CD8+ T lymphocytes. Despite impressive clinical success, cancer

immunotherapy remains ineffective in many patients due to the establishment of tumor

resistance, largely dependent on the nature of tumor microenvironment. There are

several cellular and molecular mechanisms at play, and the goal is to identify those

that are clinically significant. Among the hematopoietic-derived cells, monocytes are

endowed with high plasticity, responsible for their pro- and anti-tumoral function.

Indeed, monocytes are involved in several cancer-associated processes such as

immune-tolerance, metastatic spread, neoangiogenesis, and chemotherapy resistance;

on the other hand, by presenting cancer-associated antigens, they can also promote

and sustain anti-tumoral T cell response. Recently, by high throughput technologies, new

findings have revealed previously underappreciated, profound transcriptional, epigenetic,

andmetabolic differences amongmonocyte subsets, which complement and expand our

knowledge on the monocyte ontogeny, recruitment during steady state, and emergency

hematopoiesis, as seen in cancer. The subdivision into discrete monocytes subsets,

both in mice and humans, appears an oversimplification, whereas continuum subsets

development is best for depicting the real condition. In this review, we examine the

evidences sustaining the existence of a monocyte heterogeneity along with functional

activities, at the primary tumor and at the metastatic niche. In particular, we describe

how tumor-derived soluble factors and cell-cell contact reprogram monocyte function.

Finally, we point out the role of monocytes in preparing and shaping the metastatic

niche and describe relevant targetable molecules altering monocyte activities. We think

that exploiting monocyte complexity can help identifying key pathways important for the

treatment of cancer and several conditions where these cells are involved.

Keywords: monocytes heterogeneity, monocyte continuum, primary tumor, metastatic niche, targeting of

monocytes

INTRODUCTION

Monocyte diversity is well-recognized but the biologic and clinical significance of the different
monocyte subtypes is far from being completely elucidated. The main hallmark of monocytes
is their plastic nature, whereby they can exert multiple roles during the course of the immune
response including cytokine production, pathogen clearance, antigen presentation, wound healing,
and pro/anti-tumoral response (1–3). The original classification of monocytes into classical (in
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humans: CD14high, CD16−; in mice: Ly6Chigh), intermediate
(in humans: CD14high, CD16low), and non-classical (in humans
CD14low, CD16high; in mice: Ly6Clow) is currently being
replaced by evidences supporting the existence of a “monocyte
continuum” rather than stepwise differences between the
different subtypes (4). Indeed, in mice under steady state,
circulating classical monocyte subsets have been shown to
switch into non-classical monocytes over time (5–7). However,
it remains to be shown what relationship exists among the
human monocytic subsets, and whether and how pathological
conditions, like inflammation and cancer, impact this process.

Circulating monocytes have been viewed for many years, as
precursor cells that provide tissue macrophages and dendritic
cell (DCs) populations (8, 9); however, mounting evidence
suggests that monocytes have their own effector functions in
the blood and at peripheral sites throughout the body (10). The
emerging data that distinct monocyte subsets, carrying different
genetic, epigenetic, transcriptional, and metabolic arrangements,
are committed to become macrophages and DCs seems to
contradict the general accepted view of monocytes responding to
a particular environmental stimuli and then differentiating into
multifaceted macrophages and DCs. The intriguing evidence,
both in mice and humans (11–13), of trained-monocytes,
both present as mature and precursor cells, seems to strongly
support the former hypothesis and reinvigorate the idea that
monocytes have specific functions beyond being precursor cells.
In this review, by combining the most recent advances in
the field of monocytes’ genetic, epigenetic, transcriptomic, and
metabolomic, we outline and evaluate the changes occurring
in monocyte subsets that underlie the aforementioned plasticity
and heterogeneity. Secondly, we discuss new concepts in the
monocyte field, like trained immunity and reprogramming and
highlight the targetable pathways controlling monocyte fate
and function.

We think that combining the information of single-cell
transcriptome profiling, metabolomics array and epigenetic
studies will elucidate complex relationships between cell types,
thus solving limitations in the existing classification that relies on
a relatively small number of markers.

MONOCYTE PHENOTYPICAL AND
TRANSCRIPTIONAL PLASTICITY

Inflammatory and Patrolling Monocytes
Studies over the past two decades have delineated two major
subsets of monocytes in mice and humans. Inflammatory
monocytes (iMo), characterized by the high expression of the
chemokine receptor CCR2, are repeatedly released from the bone
marrow into the circulation. These cells, alternatively known
as classical monocytes, are Ly6Chi in mice and correspond
to the CD14hiCD16lo monocyte subset in humans. The fate
of these cells is strictly dependent on the state of the
body. Under steady state conditions, extravasated iMo and
their derived-cells enrich in nearly all tissues throughout the
body, where they form a small yet significant group of the
so called local tissue-resident macrophages (7). The gradual

accumulation of monocyte-derived macrophages in tissues is
generally associated with the slow but progressive replacement
of embryonic macrophages, in both quantitative and qualitative
fashion (14). Monocyte-derived macrophages present sustained
genemodifications as compared to their circulating counterparts,
as they shape to the tissue microenvironment. They acquire
transcriptional signatures resembling resident macrophages of
embryonic origin, even though a certain level of differences
remains at the epigenetic, transcriptional and functional levels
(15–17). Whether monocyte-derived macrophages that infiltrate
tissues under steady-state condition gain a self-renewal ability,
comparable to their embryonic counterparts, is still a matter of
debate and seems to strictly depend on the type of infiltrated
tissue. On the other hand, iMo can also conserve their
monocyte-like state inside the tissues without differentiating into
macrophages, thereby acting as a local monocyte reservoir (18)
(Table 1).

Besides the aforementioned pathway of maturation, iMo
can either remain in the blood, or transition into patrolling
monocytes (pMo) by the setting up of de novo enhancers
and activation of “frosted” enhancers (19, 20) (Table 1). The
mechanisms driving the conversion of iMo into pMo are just
beginning to be elucidated. It appears that Delta-like 1 (Dll1)
signal from endothelial cells by interacting with NOTCH2
only iMo favors their switch into pMo cells (21). These data
clearly indicate that iMo and pMo monocytes are biologically
intertwined, corroborating observation obtained at the epigenetic
level, which indicated that both monocyte subsets use the same
promoter repertoire and minimally differ in their chromatin
organization (19). Of course, this scenario raises several
questions: are the iMo infiltrating the tissues able to reprogram
into pMo? Is this switch tissue dependent? Can we interfere with
this reprogramming to control the transition? Is there any factor
maintaining iMo reservoir? Are pMo thus originated able to
re-enter the blood stream? Are monocyte-derived macrophages
transcriptionally similar to pMo? In mice, iMo can give rise
to pMo, even though this does not rule out the presence
of an alternative route for pMo development, independent
from the iMo subset (8). Indeed, genetic evidence for this
transition do exist. Two myeloid-determining transcription
factors, like interferon regulatory factor 8 (IRF8), and the
downstream Kruppel-like factor (KLF4), have been shown to
regulate iMo generation without affecting the pMo numbers.
Moreover, studies conducted on either global IRF8−/−mice,
or fetal liver transplant of KLF4−/−cells into irradiated wild
type mice, indicate a drastic reduced numbers of iMo in the
bonemarrow, while maintaining relatively normal pMo numbers
(22). These findings suggest a pathway for pMo development
untied from the iMo subset, probably originating directly from
the common monocyte progenitor (cMoP). The identification
of the transcription factors nerve growth factor IB (NR4A1)
has helped to withstand the hypothesis that pMo can arise
independently from iMo monocytes. On the other hand, recent
single-cell RNA sequencing of murine and human monocytes
indicate that circulating iMo and pMo represent, under
physiological conditions, a nearly homogenous populations (19).
Interestingly, data recently published (23) combining single
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TABLE 1 | Summary of monocyte subsets presented in this review, highlighting their markers and function in both humans (top part of the table) and mice (bottom part of

the table).

Monocyte subset Markers of identification Function

HUMAN

Inflammatory monocytes (iMo) CCR2+/CD14high/CD16low/neg Inflammatory response

Patrolling monocytes (pMo) CX3CR1+/CD16high/CD14low Tissue repair

Immunosuppressive monocytes

(M-MDSC)

CD11b+/CD14+/CD124+/PD-L1+/CCR2+/HLA-

DR−/ARG1/IDO1/cFLIP/IL-6/IL-10/TGFβ/STAT3/cEPBβ/NF-κB

Immune dysfunction, tumor angiogenesis and

vasculogenesis, promotion of metastasis,

promotion of tumor cell stemness

Trained monocytes CD14+/Dectin1+/CD36+/TLR4+/GM-

CSFR+/NOD/mTOR/ERK1/ERK2/NLPR3/HIF1α/aerobic

glycolysis/TNFα/IL-6/IL-1β/H3K18Ac/H3K4me/H3K27ac

Innate immune memory that balance the

equilibrium of balance of immune homeostasis,

priming, training, and tolerance

SatM-expressing monocytes Undefined Not yet identified in humans

Neutrophil-like monocytes Undefined Not yet identified in humans

MOUSE

Inflammatory monocytes (iMo) SSCint/CD11b+/F4/80+/CD64+/Ly6Chigh/CD43low/CD62L
+/CD115+/CCR2+/CX3CR1−/MHCIIlow/−/IRF8/KLF4

Inflammatory response

Patrolling monocytes (pMo) SSCint/CD11b+/F4/80+/CD64+/Ly6Clow/CD43
high/CD62L−/CD115+/CCR2−/CX3CR1+/MHCIIlow/TREML4

Tissue repair

Immunosuppressive monocytes

(M-MDSC)

CD11b+/Ly6C+/Ly6Glow/neg/CD124+/PD-

L1+/CCR2+/ARG1/NOS2/cFLIP/IL-6/IL-

10/TGFβ/STAT3/STAT1/STAT6/cEPBβ/NF-κB/Chop/S100A8/S100A9

Immune dysfunction, tumor angiogenesis and

vasculogenesis, promotion of metastasis,

promotion of tumor cell stemness

Trained monocytes Ly6Clow/Dectin1+/CD36+/TLR4+/GM-

CSFR+/NOD/mTOR/ERK1/ERK2/NLPR3/HIF1α/aerobic

glycolysis/lactate/mevalonate/TNFα/IL-6/IL-

1β/H3K18Ac/H3K4me/H3K27ac

Innate immune memory that balance the

equilibrium of balance of immune homeostasis,

priming, training, and tolerance

SatM-expressing monocytes Ly6Clow/Flt3−/FcεR1+/CEACAM1+/F4/80−/Mac1+/C5aR+/M-

CSFR+/MSR1+/cEPBβ/MPO- and NE-containing

granules

Fibrosis

Neutrophil-like monocytes Ly6C+/MPO- and NE-containing granules Response to microbial components (i.e., LPS)

and maintaining homeostasis at steady-state

profile and functional and phenotypic characterization, showed
that monocytes subsets (defined as classical, intermediate, and
non-classical) isolated from peripheral blood of both healthy
mice and humans, can be further divided into two additional
populations: one group expressing classical monocyte genes
and also cytotoxic genes and the other one with undefined
activity. Other studies conducted in human and mouse lung
cancer samples (24) have showed that several tumor-infiltrating
myeloid populations (TIM) and among those monocytes are
uniquely associated with the disease and with clinical progress,
highlighting the potential to use TIM as immunotherapeutic
targets. We think that the multiple cell subsets identified in
the aforementioned manuscripts, should be tested for their
functional relevance in tumor progression, in disease progression
and their abundance should be correlated with therapeutic
response. Of course, the correlation between human and
mouse TIM will help to achieve these goals with the ultimate
purpose of gaining more insight into monocytes and monocyte-
dependent therapies.

In contrast, patrolling monocytes (pMo) represent a more
differentiated subset and are marked by the higher surface
expression of CX3CR1. pMo express low levels of Ly6C in mice
and are CD14loCD16hi in humans; they routinely check the
vessels under physiological conditions through the engagement

of an LFA/ICAM-dependent crawling mechanism with resting
endothelial cells (25, 26). This patrolling behavior of pMo can
be observed throughout the interdigitated system of capillaries,
arterioles, and venules. Similarly, human CD14lo CD16hi pMo
show patrolling behavior when adoptively transferred into
immuno-compromised mice (27). The crawling features of pMo
allows them to efficiently sense particles, on the one hand,
and on the other hand to monitor of endothelial cell integrity.
However, these cells are not restricted to the vessels as pMo also
undergo diapedesis and can be identified within the parenchyma
of multiple tissues (7). pMo display a longer lifespan at the
steady state compared to iMo and they are, also for this reason,
found in the blood, at any given time, more abundant than
their counterpart (5, 28). Interestingly, pMo cells are strongly
susceptible of the physiological status of the organism and
therefore they might represent a potential diagnostic tool (29).
Nevertheless, how the fine balance between iMo and pMo
levels and differentiation capacity is maintained/regulated during
severe inflammation, autoimmune diseases, and cancer is just
began to be elucidated.

Under pathological conditions, such inflammation and
cancer, the rapid recruitment of myeloid cells to sites of injury
stimulates a constant development and mobilization of cells
from the bone marrow, causing a state of “emergency” that
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might generate monocytes from different ways or precursors.
These include monocytes that have circumvented the canonical
MDP-cMoP-monocyte developmental axes and resemble
neutrophil-like iMo derived from GMP precursors (30). An
additional example of a recently described monocyte subset
that appears under inflammatory conditions is the segregated
nucleus-containing atypical pMo (SatM) (31). SatM and
neutrophil-like monocytes represent a minor pool of monocyte
subsets under steady-state (19, 30, 31) (Table 1), yet become
conspicuous during inflammation (30, 31). At present, the lack
of reliable surface markers, associated with a deep epigenetic
and transcriptional profile unable to make a clear distinguish
between neutrophil-like iMo identified using GFI1/IRF8-
reporter mice (30) from classical iMo and SatM (identified as
Ly6ClowCeacam1hiF4/80−Mac1hi), from non-classical pMo
(31). The limited whole-cell proteomic data available so far
showed, for example, that SatM cells contain granules expressing
granulocyte-related protein, like myeloperoxidase (MPO) and
neutrophil elastase (NE) (31) (Figure 1). These cells are related to
fibrosic responses; in fact, adoptive transfer of SatM monocytes
into bleomycin-treated mice exacerbates fibrosis. Furthermore,
it was shown that chimeric mice, lacking the CCAAT/enhancer-
binding protein beta (Cebpb) in the hematopoietic progenitors
were resistant to fibrosis when exposed to bleomycin but they
had unaltered inflammatory response, further supporting the
role of SatM in sustaining the mechanism of fibrosis (31).
Nevertheless, more studies will be required to uncover the origin
of these subsets and their involvement in different pathologies.
To add more complexity, a recent work by Hanna et al. (32),
showed that a subset of circulating pMo, but not iMo, accumulate
at the site of tumor where they display an anti-tumoral role, by
directly engulfing cancer cells and by releasing factors which
in turn activate cytotoxic natural killer cells (NK). Are these
extravasating pMo similar to their blood counterpart? How
the findings from Hanna et al. (32) correlate with observations
that extravasating pMo can differentiate into macrophages
during cancer? Are pMo “corrupted” by tumor cells once they
have extravasated within tissues and switched to pro-tumoral
cells? Are iMo and pMo competing for the access to the tumor
site? Are iMo suppressing the anti-tumor function of pMo?
Indeed, this mechanism is also consistent with the data from
the pMo adoptive transfer experiments since pMo appear to act
early during seeding but not after establishment of metastatic
foci despite their continued accumulation. Therefore, under
pathological conditions it still remains possible that pMo derive
from either blood iMo, via the formation of an intermediate
Ly6Cint monocyte, or from bone marrow Ly6C+ monocytes,
from an independent bone marrow monocyte progenitor, or
from a combination of all these pathways (Figure 1). In order
to solve all these issues a detailed understanding of the factors
and pathways regulating the development and survival of both
iMo and pMo populations in specific inflammatory settings
is necessary.

As mentioned before, adoptive transfer and fate-mapping
studies support the hypothesis that monocytes develop along a
differentiation continuum in which inflammatory monocytes
give rise to the patrolling subset in the circulation (3, 5).

Development of monocytes from bone marrow progenitors
combines the regulated expression of numerous transcription
factors, with the contribution of growth factors and cytokines
(33). Monocytes and neutrophils are both derived from
hematopoietic stem cells (HSCs) via common myeloid
progenitors (CMPs), which can originate from granulocyte-
monocyte progenitor (GMP) and monocytes/macrophages, DC
precursors (MDPs) (34, 35) (Figure 1). The commitment toward
monocytes is characterized by three major lineage-determining
factors (LDTF): PU.1, CCAAT/enhancer-binding protein beta
(Cebpb) and Cebpa. PU.1 is a master regulator of myeloid and
lymphoid cell development (36). The genetic ablation in mice of
PU.1 promotes a lethal embryonic phenotype and the transfer
of PU.1 mutated stem cells favors an altered myelopoiesis
characterized by a robust contraction in both monocytes and
DCs (37, 38). By binding closed chromatin through its C-
terminal DNA-binding domain (39), PU.1 acts as a coordinator
for the activation of selected genomic regions in collaboration
with monocyte-associated transcriptional factors such as the
IRF8 and KLF4 (40). Moreover, PU.1 synergistically cooperates
with C/EBP-δ to activate the promoters of interleukin-6 (IL-
6) and CCL5 (41) and transactivates the human macrophage
colony-stimulating factor receptor (M-CSFR) promoter via the c-
Jun pathway (42). Proteins of the C/EBP family radically impact
the myeloid cells development. Since in Cebpa-deficient mice the
transition from CMPs to GMPs is completely abrogated, these
mice lack the granulocytic compartment (43, 44) indicating that
C/EBPα is the master regulator of steady-state granulopoiesis.

Additionally, during myelopoiesis, C/EBPα controls and
activates the myeloid-associated gene expression program by
binding to either promoters or enhancers of myeloid-related
genes, such as colony stimulating factor 3 receptor (CSF3R),
growth factor independent-1 (GFI-1), interleukin 6 receptor (IL-
6R), or C/EBPε, both in mice and in human stem cells (45).
C/EBPα inhibits specific transcriptional factors attenuating the
expression of non-myeloid lineage genes (46, 47). Moreover,
genetically enforced inducible C/EBPα expression in GMPs
by tamoxifen administration favors monocyte development
demonstrating the critical role of this transcriptional factor
during monopoiesis (48). By contrast, C/EBPβ is not necessary
for steady-state granulopoiesis. However, C/EBPβ was recently
identified as the key factor during the epigenetic default
differentiation of iMo monocytes into pMo cells under steady
state condition, highlighting the multifaceted role of this
transcriptional factor during monocyte development (19). In
this regard, a key contribution of C/EBPβ to mylopoiesis is
highlighted by data showing that mice knockout for Cebpb have
a dramatic reduction in circulating monocytes (19). C/EBPβ

is also the master regulator of emergency myelopoiesis; in
fact, inflammatory signals (i.e., cytokine stimulation) strongly
induce the downregulation of all members of C/EBP family
except for C/EBPβ (43). Under pathological condition, like
fibrosis, a C/EBPβ-associated gene program in FcεR1+ GMPs
progenitors promote the development of alternative monocytes,
like SatM, previously described. As we will discuss below,
C/EBPβ-driven programs are also activated in cancer-educated
myeloid cells.
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FIGURE 1 | Layout depicting the monocyte lineage precursors (on top), the monocyte subsets in the peripheral blood (center), and monocyte fate in cancer tissues.

Indicated are relevant surface markers, transcription factors, secreted cytokines, intracellular mediators, and relevant metabolic pathways. Continuous lines indicate

events occurring during normal myelopoiesis while shaded lines indicate events in emergency myelopiesis (e.g., cancer and inflammation). Briefly, under steady state

cMop precursors originate both inflammatory (1) and patrolling (2) monocytes, both in humans and mice. However, it has been reported that during emergency

myelopoiesis cMop precursors can also differentiate into M-MDSC (3) and into not yet defined immature cells (4). Particularly, during infection, inflammatory

monocytes acquire a trained phenotype (5) and also switch into Ly6Cint cells (6) only identified in mice and with not fully defined function, transcriptional regulators,

(Continued)
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FIGURE 1 | and markers. During fibrosis a novel subset of monocytes, so called SatM (8), have been characterized, in mice, defined as Ly6C+ and expressing

proteins typical of the neutrophil granules (MPO and NE). These cells, together with neutrophil-like monocytes (7), found in peripheral blood of mice during microbial

infection and in the bone morrow in steady-state condition, originate from GMP/FcεRI+ precursors cells in the bone marrow. In pathological conditions, like cancer,

inflammatory monocytes infiltrating the tissue give rise to TAM (9) which in turn represent a fultifaced population of macrophages. Additionally, inflammatory monocytes

can also differentiate into classical DC (10) expressing the costimulatory molecules CD80 and CD86 and TipDC (11) expressing high level of NOS2 and TNFα.

Myeloid-Derived Suppressor Cells
In cancer, tumor-derived soluble factors, such as growth factors,
cytokines, chemokines, and tumor-derived exosomes, not only
support an increased recruitment of monocytes from bone
marrow to tumor-microenvironment bypassing the canonical
monocyte development but, also, favor the acquisition of
immunosuppressive features in myeloid cells. To highlight
these acquired functional properties, myeloid cells comprising
monocytes, neutrophils, and immature cells were named
myeloid-derived suppressor cells (MDSCs) (49, 50). Although
this terminology generated some controversies, it represents a
useful ground for scientific researches on altered hematopoiesis.
It relies on the concept that myelopoiesis in pathology might
give rise to cellular subsets that can share some markers
with the cells present under steady state but are functionally
and molecularly distinct, sharing the property of negatively
regulating effectors of adaptive and innate immunity. The
monocytic-MDSC (M-MDSC) subset is broadly defined in
mice as Ly6C+CD11b+ cells and in human as CD14+HLA-
DR− or CD14+CD124+ cells and is endowed with a stronger
ability to arrest T cell response, when compared to the
granulocytic-MDSC (G-MDSC) counterpart (51, 52), in part
dependent on the activation of two enzymes, arginase 1 (ARG1)
and inducible nitric oxide synthases (NOS2/iNOS), which
are directly regulated by C/EBPβ expression (53) (Figure 1;
Table 1). We demonstrated that, in tumor-bearing mice, both
the expansion and the immunosuppressive function of MDSCs
are abrogated in the absence of C/EBPβ, resulting in restricted
tumor spread (53). These data confirm the central role of
C/EBPβ in tumor-associated inflammation, underscoring it as
promising therapeutic target to develop new approach to limit
cancer progression. Both human and mouse M-MDSCs secrete
immunoregulatory cytokines, like IL-10, TGFβ, and IL-6 and
present and array of molecules, such as ARG1, FADD-like IL-
1β-converting enzyme-inhibitory protein (c-FLIP), indoleamine
2,3-dioxygenase 1 (IDO1), and nitric oxide synthase 2 (NOS2),
which can contribute to the suppressive activity of these
cells. Mechanistically, IL-6, for example, activates PI3Kγ,
which stimulates mTOR, S6Kα, and C/EBPβ-mediated anti-
inflammatory gene expression and inhibits NFkB-mediated pro-
inflammatory gene expression, thereby promoting the immune
suppressive function of these cells mediated by, but not limited
to, IL-10, TGFβ, and ARG1 (54, 55). In particular, Arg1 gene in
MDSCs is strictly controlled by several inducible transcriptional
factors able to recognize sequences characterized by high content
in GC that impacts the nucleosomal stability (56), such as
signal transducer and activator of transcription 3 (STAT3),
IRF8, as well as CHOP, PU.1, KLF4, and activator-protein 1
(AP-1) (57). Moreover, STAT3 promotes both expansion and
survival of M-MDSCs through Bcl-XL, c-Myc, and Cyclin D1

expression (58) as well as the induction of several immune
regulatory mediators like bFGF, HGF, VEGF, IL-1β, MMP9,
CCL2, and CXCL2 (50). Interestingly, phosphorylated STAT3
binds to multiple sites in the Arg1 promoter, suggesting that
STAT3 inhibitors, like Stattic, could reduce ARG1 dependent
immunosuppression by dampening the expression of Arg1
mRNA (59). Within the tumor environment, ARG1 can
cooperate with NOS2 to produce high levels of superoxide
anion (O−

2 ) that can react with either nitric oxide (NO)
or H2O generating reactive–nitrogen species (RNS), such as
peroxinitrites (ONOO−), which damage both the function and
migration of T cells to tumor site (60), and reactive-oxygen
species (ROS), such as H2O2 which decreases T cellular CD3ζ
expression limiting the activation of T cells, respectively (61).
However, ARG1 has a hierarchically dominant negative role
compared to NOS2 in developing an immunosuppressive tumor
microenvironment by limiting the activity of monocyte-derived
NOS2-expressing and TNF-producing dendritic cells (defined as
Tip-DCs) that can sustain and favor the anti-tumor effect of
transferred T lymphocytes (62). An alternative way to reprogram
MDSC differentiation and function is through the expression
of p53. It was recently demonstrated that M-MDSC can be
driven to differentiate into potent antigen-presenting, defined
as Ly6C+CD103+ DCs by inflammation-induced activation
of p53. In fact, mice with a targeted deletion of p53 in
myeloid cells specifically loose the Ly6C+CD103+ population
and became unresponsive to different forms of immunotherapy
and immunogenic chemotherapy (63).

Recently, we demonstrated the ability of c-FLIP, which
controls the extrinsic apoptotic pathway and caspase 8 activation
(64), to re-program monocytes into MDSC-like cells (65). In
fact, FLIP-expressing monocytes displayed impressive regulatory
features both in vitro, constraining the activated T cell
proliferation, and in vivo, controlling the development of
graft vs. host disease in a xenogeneic mouse model. Indeed,
enforced expression of c-FLIP inmonocytes up-regulatesMDSC-
associated immunosuppressive genes, such as CD273, CD124,
IL-6, IL-10, CFS3, PTGS2, and IDO1, as a result of a “steered”
NF-kB activation induced by the nuclear co-localization of c-
FLIP with NF-kB p50 (65). During the course of a disease, like
cancer, MDSCs infiltrate the tumor, differentiating into tumor-
associated macrophages (TAMs) which can sustain primary
tumor growth and contribute to the pre-metastatic niche
formation (Figure 1).

Trained Immunity and Metabolic
Landscape of Monocyte Subsets
Recent studies have shown that during infection with some
pathogens iMo can undergo extensive epigenetic, transcriptional,
and metabolic reprogramming, with the functional consequence
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of an enhanced immune reactivity upon a second encounter,
in other words they acquire an immunological memory. The
existence of this innate immune memory was initially suggested
by studies in mice deficient for functional T and B cells and
exposed to mild C. albicans infection, which show protection
against C. albicans reinfection by increased responsiveness of
monocytes (66). Even though the requirements for monocyte
training has been primarily investigated either in vitro or
under in vivo steady state, trained monocytes seem to originate
from iMo during emergency hematopoiesis by a profound
epigenetic and metabolic rewiring (Table 1). Exposure of iMo
to either C. albicans or β-glucan in vitro, induce profound
genome-wide changes in epigenetic marks, including, but not
restricted, histone H3 lysine 4 monomethylation (H3K4me1),
trimethylation (H3K4me3), and H3 lysine 27 acetylation
(H3K27ac) (67) as a consequence of Dectin-1/AKT/mTOR/HIF-
1α signaling pathway activation and secretion of IL-6, IL-1β,
and TNFα. Other studies instead, identified Bacille Calmette-
Guérin (BCG) and peptidoglycan as potent inducers of
the aforementioned trained-related epigenetic modifications,
though a different mechanism dependent on nucleotide-binding
oligomerization domain-containing protein 2 (NOD2) pathway
and activation of NF-kB (68). Concomitantly to these epigenetic
changes, a metabolic switch also occurs. Trained monocytes are
mainly glycolytic (aerobic glycolysis) with impairment of the
oxidative phosphorylation, production of lactate and disruption
of the Krebs cycle at the level of both citrate, which is withdrawn
for fatty acid biosynthesis, and succinate, which activates HIF-
1α and consequently up regulates the expression of several pro-
inflammatory cytokines, mainly IL-1β and TNF-α (69).

Beside microbial particles, products of the lipid metabolism
were found to be activators of the trained immunity. Oxidized-
low density lipoprotein (oxLDL), a damage-associated molecular
pattern (DAMP), interacts with CD36 on myeloid cells leading
to the activation of NLRP3 inflammasome and consequent
production of IL-1β (70–72).

Although the role of epigenetic programing as a mechanism
required to insure innate immune memory is becoming more
clear, one crucial aspect still remains unanswered: what is the
cellular process that induces and maintains such epigenetic
changes? Initial evidences seem to suggest that metabolites might
play a role since they can act as cofactors for the enzymes
(mainly methylases, methyltransferases, histone deacetylases,
and histone acetylases) involved in epigenetic modulation of
gene transcription (67, 73, 74). Of course, more studies are
required to fill the gap and also to deeply examine the role
that different chromatin modifications have on the stability of
the chromatin. It is expected that stable histone modifications
(e.g., histone methylation) would be more suitable to maintain
a functional modification than those with short half-life (e.g.,
histone acetylation). Thus, the long-lasting persistence of
some histone modifications could reflect both the stability of
such modifications or the persistent activation status of the
signaling pathways and transcription factors upstream (75, 76).
Understanding these regulations is a sine qua non for designing
therapeutic intervention aimed at modulating trained immunity,
to dampen it when in excess (e.g., organ rejection, autoimmunity,

allergy, atherosclerosis) or enhance it when defective (e.g.,
cancer, infection).

A growing body of evidence suggests that the development
of immune cells and their different effector functions are
the results of a dynamic changes occurring at the metabolic
level (77, 78). In mouse models of cancer, myeloid cells
are metabolically influenced by tumor-derived factors to
become MDSCs, helping to protect tumor from the effects
of chemotherapy (79). Specifically, mouse MDSCs undergo a
major metabolic reprogramming by switching off glycolysis and
enhancing fatty acid β oxidation (FAO) pathway. This metabolic
reprogramming is generally characterized by an up-regulation
of lipid uptake receptors CD36 and Mrs1, an increase in FAO
enzymes, mainly carnitine palmitoyltransferase 1 (CPT1) and
3-hydroxyacyl-Coa dehydrogenase (HADHA), and an increase
in oxygen consumption. These events are associated with the
activation of immunosuppressive pathways, namely upregulation
of ARG1 and NOS2 synthesis and production of ONOO−,
contributing to dampen T cell proliferation and IFNγ secretion
(80–82). Blockade of FAO, both in vitro and in vivo in different
tumor models, decreased the incorporation of fatty acid and
ATP production, holding up the development of suppressive
MDSCs (82) and leading to increased efficacy of chemotherapy
and adoptive T cell therapy. Interestingly, fatty acid oxidation
also plays an important role in regulating the inflammatory
properties of iMo. Increased intracellular level of unsaturated
fatty acid (arachidonic acid) was shown to stimulate the secretion
of pro-inflammatory IL-1α by uncoupling the mitochondrial
respiration (83, 84) thus exacerbating the pathogenesis of
atherosclerosis (85). The relevance of changes in the lipid
metabolism occurring during myeloid cells differentiation, was
also recently demonstrated by Mitroulis et al., in an vivo model
of trained immunity (13). Treatment with β-glucan determines
an increase in gene expression of several enzymes involved in
cholesterol biosynthesis and decrease in expression of Abca1,
a transporter regulating cholesterol efflux (86). Consistently,
β-glucan administration in mice not only upregulates CD131,
a subunit of the receptor for IL-3, IL-5, and GM-CSF,
expression in myeloid precursors, but also activates downstream
signaling, as demonstrated by STAT5 phosphorylation. The
capacity of β-glucan to enhance the biosynthesis of cholesteryl
esters and significantly decrease glycerophospholipid-containing
arachidonic fatty acid chains highlight the capacity of cells to alter
their lipidome and, thus, the physicochemical features of their
membranes. This adaptive response has direct consequences in
the composition of cellular membranes (87) and consequently in
cell signaling (88). In this regard, alterations in the quantitative
and qualitative cholesterol composition of the membrane can
impact the localization of CD131, its signaling (86, 89) and
consequently the differentiation of specific myeloid subsets.

Amino acids, besides being the building block of several
molecules, serve as essential precursors of different metabolites.
Different studies have shown that glutamine metabolism into
glutamate, α-ketoglutarate and succinate semialdehyde can fuel
the synthesis of fumarate and succinate for the tricarboxylic
acid cycle (TCA) (90). Inhibition of glutaminolysis, in mice,
down regulates the production of pro-inflammatory cytokines in
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monocytes exposed to C. albicans, dampening the development
of efficient trained monocytes triggered by β-glucan. In line
with these observations, the biochemical catheterization of β-
glucan trainedmonocytes has revealed that upon induction of the
signaling cascade Dectin-1-Akt-mTOR-HIF-1α, a metabolic shift
occurs leading to an increase aerobic glycolysis, glucose usage,
lactate production, and TNF-α secretion (67).

Thus, it appears that modulation of metabolic landscape
represents a fundamental step to unravel the functional
consequences of different monocytes subsets helping to identify
new strategies of intervention for the treatment of several patho-
physiological conditions. It remains instead undefined whether
cancer-derived factors can also generate trained monocytes and
if these cells contribute to dampen the anti-tumor response or
favor metastatic spread.

MONOCYTE FUNCTIONS

Monocytes at the Primary Tumor
Tumor derived factors (TDFs) are key mediators in the crosstalk
between monocytes and tumor cells. They are involved in
monocyte recruitment from the hematopoietic organs in adult
life, i.e., bone marrow and in part the spleen, survival, and
differentiation within the tumor site. Tumor-released monocyte
chemoattractant protein-1 (MCP-1, also known as CCL2) was
identified as the major TDF involved in iMo recruitment,
through the CCL2-CCR2 axis, into several mouse and human
tumors (91). Indeed, inhibition of CCL2-CCR2 signaling in
a mouse model of breast cancer significantly impair iMo
infiltration and reduce tumor growth and metastases (92).
Several studies have described the presence of other chemokines
within the tumor microenvironment (TME), including CCL3,
CCL4, CCL5, CXCL12, and growth factors such as colony
stimulating factor-1 (CSF1), which may also contribute to
monocyte recruitment to tumors (93). Indeed, in both mouse
(94) and human (91) tumors, cells secrete high level of CSF1
that is involved in recruitment, survival, and differentiation
of monocytes. The inhibition of CSF1 signaling in an
experimental model of lung carcinoma significantly reduced
the number of mature TAMs due to impaired recruitment,
proliferation and maturation of iMo cells (95). Moreover, CSF1R
signaling blockade can also reprogram immunosuppressive
TAMs prompting the differentiation of iMo in anti-tumoral
M1-like TAMs (96). However, abrogation of CSF1R signaling,
by either small molecules (97) or monoclonal antibodies (98),
even though appealing, have so far demonstrated a limited anti-
tumor effects. Only a recent work done by Kumar et al. (99)
highlighted that the CSF1-dependent cross-talk between tumor
cells and cancer-associated fibroblasts (CAF) might explain the
inefficacy of such a treatment. Thus, combinatorial therapy
targeting both CSF1R and CXCR2 seems to have more chances
to generate an effective anti-tumor T cell response. Thus,
the therapeutic focus has shifted to combinations of CSF1R
inhibitors with other agents. Indeed, treatment with CSF1
inhibitor in combination with either paclitaxel or radiotherapy,
is showing to improve the survival of mouse model of breast or
prostate cancer, respectively (79, 100) and improve the efficacy

of ACT when combined with anti-PD-1 and anti-CTLA4 in
a pancreatic mouse model (101). It is becoming clear that
cytotoxic therapies, for example, induce mammary epithelial
cells to produce monocyte/macrophage recruitment factors,
including CSF1 and interleukin-34 (IL-34), which together
enhance CSF1R-dependent monocytes/macrophage infiltration,
making its inhibition more effective.

One of the strongest stimuli inducing the secretion of TDFs
is hypoxia. Indeed, during tumor growth the level of available
O2 is significantly reduced, especially in the inner part of the
neoplastic mass. This hypoxic microenvironment triggers HIF-
1α stabilization in tumor cells and the consequent release of pro-
angiogenic factors, such as growth factors (VEGF, PDGF, PIGF,
ANG-2), chemokines (CXCL8, CXCL12), cytokines (TNFα,
IL1β, TGFβ), and metalloproteases (MMPs), which results in
the sprouting of new vessels supporting cancer cells growth
(102, 103). In addition, hypoxia is a powerful monocyte and
macrophage attractant. Through the release of VEGFB and
PIGF, tumor cells can enhance haematopoiesis and monocyte
recruitment (104). In addition, angiopoietin-2 (ANG-2) is able
to recruit circulating Tie2-expressing monocytes (TEMs) that
inhibit apoptosis in both tumor and endothelial cells, by
mechanisms depending on TNFα release (105), and exhibits an
essential pro-angiogenetic role with a not completely clarified
mechanism. Interestingly, it was recently discovered that a small
subgroup of recruited iMo can be educated by VEGF, and
exert their proangiogenic function, supporting the formation
of capillaries and larger vessels, as short-lived monocytes
without becoming macrophages (106). Secreted VEGF promotes
the acquisition of immunosuppressive features in monocytes
generating M-MDSCs by upregulating both ARG1 and iNOS
through hypoxia response elements and NF-kB (107). In
addition, MDSCs can fuel this circuit by releasing MMP-9, which
induces VEGF release from ECM (108). Therefore, targeting
VEGF/VEGFR has received attention as a strategy to interfere
with monocyte-driven angiogenesis. Moreover, blocking this axis
will affect monocytes recruitment to the tumor site (109), and
favor the conversion from predominant suppressive to anti-
tumoral monocytes (110). An additional way to interfere with
MDSC differentiation is by interfering with p53 expression, as
mentioned before (63).

In the last few years, extracellular vesicles (EVs) emerged
among the TDFs as additional determinants in the formation
of TME, both at primary and metastatic sites (111). EVs are
a heterogeneous group of membrane vesicles mainly composed
of exosomes and microvesicles. Interestingly, EVs released by
tumor cells (tEVs) and tumor-derived exosomes (TEX) interact
with immune cells inducing their switch toward a pro-tumoral
phenotype. Particularly, exosomes target monocytes altering
their normal function by several mechanisms. In melanoma and
colon cancer, TEX block peripheral iMo differentiation into DCs,
and favor the acquisition of a peculiar phenotype reminiscent of
M-MDSCs and characterized by decreased expression of HLA-
DR and costimulatory molecules (112). A similar modulation
of monocytes has been described in many other malignancies,
including pancreatic cancer, bladder carcinoma, glioblastoma,
and multiple myeloma (113–115) and it is often associated
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with increased cytokine secretion, i.e., CCL2, CCL4, and IL-
6, as well as programmed death-ligand 1 (PD-L1) expression
(116). Moreover, glioblastoma-derived EVs may skew the
differentiation of peripheral blood monocytes to alternatively
activated M2 macrophages inducing the expression of elevated
levels of VEGF, IL6, Cox2, ARG1, and PD-L1 through STAT3
activation (117). Interestingly, in gastric cancer, TEX effectively
educated monocytes to differentiate into a peculiar type of
M2 TAM expressing PD-1, which induce T cell dysfunction
through IL-10 secretion by interacting directly with PD-L1+

cells and thereby promote tumor progression (118). TEX have
been described to contain miRNA which can be transferred to
target cells and modulate cellular function (119). These data
strongly highlight the role of TEX as additional mediators of
monocyte dysfunction in TME. In the last few years, significant
advances in understanding the mechanisms associated with
exosome biogenesis/release have been obtained identifying some
possible targets to interfere with this cell-cell communication.
Recent studies in mouse models demonstrated that RAB27A or
RAB35 inhibition significantly impair TEX secretion in HeLa
cervical carcinoma and Oli-Neu oligodendroglial precursor cell
lines (120), respectively. Moreover, RAB27A deficient tumor cell
lines displayed reduced growth due to impaired recruitment of
bone-marrow derived, pro-tumoral immune cells (121).

In addition to be modulated by soluble factors released by the
tumor cells, monocytes can shape their effector function also in a
contact-dependent manner. For instance, breast cancer stem cells
express CD90 and Ephrin A4 receptor (EphA4R) that interact
with CD11b and EphA4 present on tumor-associated monocytes
and macrophages, respectively, leading to the secretion of
inflammatory cytokine (IL-6, IL-8, GM-CSF), which in turn
sustain tumor stem cell fate (122).

Among factors that could shape monocyte plasticity, TGFβ,
a key multifunctional cytokine, involved in both cancer and
inflammation, appears to play a key role. Besides being targeted
in a number of human diseases (123), TGFβ has a very
well-recognized ability to regulate T cell responses (124),
supporting Th9 (125, 126) and Th17 (127) differentiation,
and promoting regulatory T cell function (128–130). However,
how TGFβ regulates innate immune responses just began
to be appreciated. Many TME-associated cells, and among
those monocytes and macrophages, express high amount
of latent LTGFβ. The recent work by Kelly et al. (131),
demonstrates that iMo, beside tumor cells, express high
levels of αvβ8 integrin responsible for the activation TGFβ
from LTGFβ form (131, 132). Additionally, monocyte-derived
macrophages, integrin expression and TGFβ signaling are
generally maintained in anti-inflammatory macrophages but
down-modulated in pro-inflammatory macrophages. To sustain
the immunosuppressive microenvironment, tumor cells exploit
this regulatory mechanism upregulating the expression of
integrin αvβ8 and activating TGFβ from LTGFβ-expressing
monocytes and macrophages (133).

Monocytes at the Metastatic Niche
Cancer metastasis is a multi-step process of the neoplastic
progression termed “invasion-metastasis cascade” (134, 135).

Monocytes are, among other myeloid cells (e.g., neutrophils),
corrupted to foster tumor progression and metastasis.
Accumulating evidence indicates that monocytes (primarily
iMo) are essential pre-metastatic promoters being rapidly
recruited from the bone marrow to the pre-metastatic niche,
mainly by CCL2/CCR2 axis (136, 137), where they promote
tumor colonization by secreting angiogenic factors, like VEGFA
(92, 138). Indeed, in the MMTV-PyMT mouse model of
spontaneous breast cancer, CCL2, released by either tumor
cells or stromal cells at the metastatic lung niche, induces
the recruitment of CCR2-expressing iMo, which in turn
favor the extravasation of tumor cells, through the release of
VEGFA (92). Consequently, the inhibition of CCL2-CCR2
signaling axis abrogated the recruitment of monocytes thus
reducing metastasis formation. Similarly, in a mouse model
of metastatic melanoma (B16F10 model), accumulation of
CXCR3+monocytes/macrophages in the lung was a prerequisite
to mediate melanoma engraftment and metastatic disease (139).
However, how this process takes place remains undefined. In
a different set of experiments employing B16F10 melanoma
model, it was shown that M-MDSCs were recruited to the
pre-metastatic niche, mainly by CCL12 expression. By releasing
IL-1β, these cells promoted the expression of E-selectin on
endothelial cells thus promoting the adhesion of tumor cells to
the vascular endothelium (140).

At the metastatic targeted-organs, monocytes can offer
survival stimuli for cancer cells. Metastatic cells in the lung,
from either mouse or human breast cancer, overexpress vascular
cell adhesion molecule-1 (VCAM-1) and shRNA-mediated
depletion of VCAM-1 inhibited metastasis formation. Moreover,
monocytic cells expressing α4-integrin can bind VCAM-1
present on the surface of tumor cells. Thus, upon α4-integrin
engagement on monocytes, VCAM-1 delivers anti-apoptotic
signals into breast cancer cells through the PI3K/Akt pathway
favoring tumor cell survival (141).

EVs can cross the basal lamina of alveolar capillaries in the
lung. In the lungs, alveolar and interstitial macrophages upon
taking up these EVs start to secret CCL2 favoring the recruitment
of iMo, which in turn differentiate into macrophages, mostly
M2-like cells, promoting tumor growth by the secretion of IL-
6 and deposition of fibrin (142). Similarly, in colorectal cancer
(CRC) patients the high expression of serum exosomal-derived
miR-203 was associated with increased probability to develop
distant metastases. It was shown that TEX-derived miR-203
uptaken by monocytes promoted their differentiation into M2-
like macrophages, in vitro. Furthermore, mice injected with CRC
cells transfected with miR-203 developed significantly more liver
metastases than the control group (143).

We have previously underlined the plasticity of monocytes
and how iMo and pMo play different roles in cancer progression
and surveillance. In line with these observations, it has been
demonstrated that TEX from poorly-metastatic melanoma
cells are taken up by bone-marrow monocytes, promoting
their differentiation into pMo, which in turn migrate at the
metastatic niche clearing tumor cells by direct engulfment or
by activating cytotoxic NK cells (144). Interestingly, TEX from
poorly-metastatic tumors caused macrophage alteration toward
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M1-like cells expressing TRAIL, which competed with NK cells
for tumor killing. These findings suggest that prior to the
acquisition of the metastatic capacity, tumors continuously alert
host immune system by producing vesicles that affect innate
immune responses and support the concept of developing new
cancer immunotherapeutic approach based on TEX to deliver
specifically immune triggers.

FUTURE PROSPECTIVE: TARGETING OF
MONOCYTES AS THE NEW FRONTIER
FOR CANCER IMMUNOTHERAPY

Myeloid cells are extremely plastic and can develop specialized
functions in response to micro-environmental pathologic
conditions such as infections, autoimmunity or cancer (145).
Myeloid cell polarization into either tumor-suppressive or
tumor-promoting phenotypes is fundamental for shaping TME.
Once at the tumor site, these myeloid cells generally acquire
a pro-tumor phenotype (146). Thus, one of the major goals
of contemporary tumor immunotherapy is targeting tumor-
associated myeloid cells by depletion, recruitment inhibition or
reprogramming their polarization/activation status.

As mentioned above, inhibition of the CCL2-CCR2 axis,
used to prevent the egression of monocytes from bone
marrow, improved the efficacy of chemo-, radio- and immune-
therapy in several preclinical models. Nevertheless, the use
of either CCL2 or CCR2 inhibitors, in clinical trials, gave
disappointing results, indicating the need of supplementary
studies considering the presence of potential TME-dependent
compensatory mechanisms acting on tumor-resident myeloid
cells (146, 147). Moreover, although the continuous blockade
of macrophages constrains tumor progression, cessation of the
CCL2 blocking therapy stimulates them to a rapid rebound,
leading to accelerated metastatic disease via a mechanism
dependent on VEGF-A and IL-6 production monocyte-derived
by macrophages (102).

Targeting Trained Immunity
Trained immunity inducing factors were tested for their
anti-tumor activity, both in vitro and in vivo, and some
of them reached the clinical application. A β-glucan PAMP,
Imprime PGG (Imprime), is currently in clinical development
in combination with immune checkpoint inhibitors, tumor-
targeting antibodies, and anti-angiogenic antibodies. The results
from a randomized phase 2 clinical trial of Imprime in
combination with bevacizumab and carboplatin/paclitaxel vs.
bevacizumab and chemotherapy alone in the 1st-line treatment
of stage IV non-small cell lung cancer showed promising
efficacy in terms of both objective tumor response and survival
(ClinicalTrials.gov NCT 00874107, EudraCT 2008-006780-37).
Earlier results have shown that both the M2 macrophages and
DCs derived from Imprime-trained monocytes have higher
expression of PD-L1 and CD86, rendering these cells suitable for
treatment with anti-PD-1 antibody. Ex vivo treatment of T cells
with Nivolumab, an anti-PD-1 antibody, enhanced proliferation
in response to αCD3/αCD28 stimulation and co-culture with

Imprime-trained monocytes-derived M2 macrophages or DCs
further improved T cell expansion and increased production of
several cytokines, including IFNγ, IL-2, TNF-α, and GM-CSF.
Results were further validated in syngeneic mouse model, like
the CT26 colon carcinoma. Bacillus Calmette-Guerin (BCG),
another trained immunity inducer, is currently the only agent
approved by the US Food and Drug Administration for first
line treatment of carcinoma in situ of the bladder. BCG therapy
reduces the risk of recurrence and maintenance therapy with
BCG decreases the risk of progression in patients with high-
grade, non–muscle invasive bladder cancer (148, 149). It has been
speculated that the mechanism of action involves the autophagy.
In fact, pharmacologic or genetic inhibition of autophagy blocks
the epigenetic reprogramming of monocytes at the level of H3K4
trimethylation, arresting the mechanism of trained immunity
induced in vitro by BCG. Single nucleotide polymorphisms
associated with bladder cancer progression and recurrence, in
the autophagy genes ATG2B (rs3759601) and ATG5 (rs2245214),
affected both the in vitro and in vivo training effect of BCG (150).

Muramyl dipeptide (MDP), a synthetic peptide of N-acetyl
muramic acid attached to a short amino acid chain of L-Ala-
D-isoGln, is a bacterial cell wall peptidoglycan active as NOD2
agonist and contributing to the generation of trained monocytes
(151). Interestingly, Paclitaxel conjugated to MDP showed not
only antitumor activity, but also immune enhancement capacity.
In fact, compared with either paclitaxel or MDP alone, the
combination significantly increased the expression and secretion
of TNFα and IL-12 from mouse peritoneal monocytes (152).
Moreover, it was shown that MDP can upregulate PD-L1 in
healthy monocytes, but in patients with Crohn’s disease, carrying
the Leu1007 frameshift mutation of the NOD2 gene, such effect
was completely lost (153) (Table 2).

Targeting Signaling Pathways
An alternative approach to target trained immunity is to
inhibit the pathway Dectin-1-Akt-mTOR-HIF-1α. To this end,
the beneficial effects of Metformin and Everolimus, an mTOR
activator rapamycin analog, administration to patients with
type 2 diabetes and cancer, respectively, were linked with the
modulation of trained monocytes (67, 90, 154). Interestingly,
inhibitors of other kinases, such as Raf-1, PI3K, and ERK are
of particular interest in modulating trained monocytes because
they represent downstream effectors of Dectin-1 and NOD2
activation (Table 2). In particular the knockout of PI3Kγ was
reported to break tumor tolerance by MDSC reduction (54) as
well as, the combination targeting of PI3Kδ in association with
PD-L1- based immunotherapy better limited tumor progression
(155, 156). Moreover, the pharmacological treatment using
multi-kinase inhibitors carbozantinib and BEZ235, which limit
MDSC accumulation, in combination with immune checkpoint
therapy controlled more efficiently tumor growth in a castration-
resistant prostate tumor model than the single agents (157)
underlying the possibility to overcame de novo resistance to
antibody blockade based therapy by limiting MDSCs.

The development of epigenetic modulators is acquiring
increased interest due to the relevance of epigenetic changed
in several diseases. The broad jumonji histone demethylase
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TABLE 2 | Inhibitors and their corresponding targets found to impact pathways regulating different aspects of monocyte biology.

Effect Target Drug name Targeted monocyte

subset

References (PMID)

Recruitment abrogation CCR2 PF04136309

Carlumab

Inflammatory monocytes

M-MDSCs

27055731

22907596

CFS1R ARRY-382

FPA008

GW2580

Patrolling monocytes

M-MDSCs

29872489

20008303

16249345

IL-6R mAb 15A7 Patrolling monocytes

M-MDSCs

28235765

22653638

Attenuating RNS

generation

AT38 M-MDSCs 21930770

Multi-kinase carbozantinib BEZ235 M-MDSCs 28321130

amino-biphosphonates matrix metalloproteases M-MDSCs 12912933

Apoptosis induction FLIP 5-fluorouracil

Gemcitabine

Docetaxel

Paclitaxel

Oxaliplatin

Cisplatin

Irinotecan

Etoposide

M-MDSCs 30518925

Fas IL-2 with anti-CD40

antibody (clone

FGK115B3)

M-MDSCs 24808361

IL1R Anakinra Monocytes 29808007

Inhibition of proliferation GM-CSF mAb clone MP1-22E9 M-MDSCs 22698406

G-CSF mAb clone MAB414 M-MDSCs 19346489

VEGF mAb clone G6.23 M-MDSCs 17664940

Metabolic alteration Mevalonate-cholesterol

pathway

Statins Trained monocytes 29328908

NOD2 Muramyl dipeptide Trained monocytes

mTOR Everolimus

Metformin

Trained monocytes 25258083

27926861

23415113

Bromodomains I-BET151 Trained monocytes 27863248

Histone deacetylase JIB-04 Trained monocytes 23792809

29702467

Glutamine-pathway DON Trained monocytes 30541099

297024

Immunosuppressive function pSTAT3 Stattic M-MDSCs 23454751

COX2 Celecoxib M-MDSCs 21324923

IDO1 1-methyl-L-tryptophan

Epacadostat

M-MDSCs 23440412

ARG1 CB-1158

NCX 4016

NG-hydroxy-L-arginine

[NOHA]

Nω-hydroxy-nor-

Arginine [Nor-NOHA]

M-MDSCs 29254508

29133913

Phosphodiesterase

(PDE5)

Sildenafil, tadalafil M-MDSCs 27495172

25564570

PD-L1/CTLA-4 Atezolizumab

ipilimumab

M-MDSCs 28364000

30267200

Cell differentiation Retinoic acid receptor ATRA M-MDSCs 18006848

ENTPD2 POM-1 M-MDSCs 28894087

inhibitor JIB-04 decreased trained immunity response
by modulating of the methylation status of H3K9 (158).
Interestingly, a clinically relevant small molecule of the BET

family of bromodomains, I-BET151, was shown to prevent
monocyte tolerance when administered concomitantly with LPS,
but it was ineffective when administered after LPS stimulation.
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These results suggest that I-BET151 is not an effective treatment
in monocytes that have already experienced an inflammatory
response (159) (Table 2).

Targeting Metabolic Pathways
Metabolic modulation also represents another interesting
approach to target both trained monocytes andM-MDSCs. Some
metabolites and metabolic enzymes function as either substrates
or cofactors for chromatin modifying enzymes, thereby
influencing the epigenetic landscape of target cells. Accordingly,
fumarate can increase trained immunity by increasing H3K4me3
and H3K27ac and inhibiting the degradation of HIF-1α (90).
Moreover, the decreased expression of lysine demethylase 5
family of HDAC (KDM5), responsible for H3K4 demethylation,
is also inhibited by fumarate, maintaining then the accessibility
of the chromatin. On the other hand, it was shown that tolerant
monocytes lack the activity of KDM5, whose function can
be restored by its cofactor, α-ketoglutarate (90). Mevalonate,
intermediate of the cholesterol pathway has been shown to
induce trained immunity (74), consequently, statins can be used
to prevent this process under conditions in which accumulation
of trained monocytes is detrimental, like patient with hyper-IgD
syndrome or inflammatory conditions. Additionally, given the
enhanced glutamynolysis associated to trained immunity (90),
administration of 6-diazo-5-oxo-L-norleucine (DON), which
inhibits glutamine uptake and metabolism, was shown to have
favorable effects after organ transplant preventing rejection
(160) (Table 2). Even though targeting metabolic pathways, to
modulate trained monocyte function, is feasible, toxicity, and
side effects represent the main drawbacks of metabolic drugs.
Overcoming this limitation, for example, by delivering drugs
trough nanoparticles/nanocarriers, could open the access to a
variety of molecules that have already demonstrated their efficacy
in vitro.

Targeting Immunosuppressive Monocytes
(M-MDSC)
Together with trained monocytes, MDSCs represent the other
group of targetable cells. Proliferating T cells need a large
supply of amino acid like L-arginine and L-tryptophan. MDSCs
have developed a strategy to modulate local concentrations
of these amino acids via the up regulation of enzymes
involved in their degradation like ARG1, NOS2, and IDO.
Developing inhibitors of these enzymes represent a field of
intense research. To this end, nitroaspirin, consisting of a nitric
oxide group covalently linked to aspirin, was shown to restore
L-arginine levels in T cells, by suppressing the production of
ROS and iNOS (161). Moreover, our laboratory showed that
treatment with AT38 [3-(aminocarbonyl) furoxan-4-yl]methyl
salicylate], decreased MDSC-induced nitration within the tumor
environment, increasing CCL2 binding and T cell tumor
infiltration in mice (60). N-hydroxy-L-arginine (NOHA) is
an intermediate in the conversion of arginine to citrulline
and NO by iNOS (162) (Table 2). It is a potent physiologic
inhibitor of ARG1. Mice exposed to NOHA demonstrated
inhibition of MDSC function, and mice with B cell lymphoma
treated with NOHA had decreased numbers of circulating

Treg cells and improved immune responses to the cancer
(163). We also demonstrated that the production of polyamine
by ARG1 activity promotes IDO1 activation through Src
kinase signaling (164). Therefore, a combined targeting of
ARG1 and IDO1 using pharmacological compounds (165)
could be an effective treatment to constrain tumor-associated
immunosuppression improving cancer immunotherapy. MDSCs
generate an immunosuppressive environment also by producing
prostaglandin E2 (PGE2), which levels are regulated through the
enzyme Cox2 (166). PGE2 activates PGE2-R on MDSCs altering
the differentiation of MDSCs. In the bone marrow, activation of
PGE2-R hampers the differentiation of monocytes into antigen
presenting cells, while increased PGE2 switch monocytes into
MDSCs via increased expression of IDO, IL-4Rα, iNOS, and
IL-10 (167, 168). In line with these findings, blocking the
production of PGE2 in mice bearing lung carcinoma, with Cox2
inhibitors, decreased the expression of ARG1 in MDSC and
tumor growth (169). Cox2 inhibitors may also provide other
antitumor effects (Table 2). Celecoxib, a Cox2 inhibitors, was
shown to decreaseMDSC recruitment and increased CD8+ T cell
tumor infiltration in gliomas and colon carcinoma by decreasing
CCL2 production (170).

Methionine, an essential amino acid for normal T cells
function, is generally supplied by antigen presenting cells. DCs
and macrophages import cysteine to create methionine, which
is then secreted; they additionally release thioredoxin converting
cysteine to methionine. However, in the TME, MDSCs transport
cysteine intracellularly thus depleting T cells of methionine
(171, 172). Consequently, blocking thioredoxin could prevent
T cells proliferation arrest. In this situation small molecules or
neutralizing antibodies targeting extracellularly released enzymes
could be beneficial to restore T cells function and used in
combination with ACT of tumor specific T cells or with check
point inhibitors.

Constitutive activation of the JAK-STAT pathway has been
implicated in the proliferation of MDSCs via anti-apoptotic
and pro-proliferative genes (173). Moreover, ARG1 and iNOS,
immunosuppressive enzymes in MDSCs, are controlled via
STAT1 and STAT3 (174). Consequently, inhibition of the JAK-
STAT pathway has been of great interest. Many inhibitors of
STAT1/STAT3 have been discovered and several of them already
enter clinical trials. Among those one, Stattic, an inhibitor of
pSTAT3, reduces the suppressive activity of MDSC in vitro both
in mice and in humans (175, 176) (Table 2).

In the last 10 years, several approaches to target
immunosuppressive monocyte referred as M-MDSC were
developed using a large spectrum of pharmacological compounds
and immunotherapeutic approaches with the aim to limit
MDSC proliferation, function, and recruitment to tumor
site. For instance, non-therapeutic low doses of conventional
chemotherapeutic drugs such as gemcitabine and 5-fluorouracil
[which does not induce immunogenic cancer-cell death of
tumor cells (177)] were able to limit Ly6C+MDSC number and
activity by inducing c-FLIP down-regulation (65). The M-MDSC
elimination is essential to restore the immune response in
tumor-bearing mice by rescuing the frequency of circulating
anti-tumor T cells (51). These data obtained in preclinical cancer
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models were also confirmed in tumor patients. In fact, renal
cell cancer (RCC) patients with low frequency of M-MDSCs
showed a better disease control after anti-tumor peptide-based
vaccination in combination with chemotherapy (178); moreover,
the HPV16 long-peptide-based vaccination during CarboTaxol
treatment was able to reduce circulating MDSCs and generated a
strong immune response, confirming the relevance of M-MDSC
elimination as a valid approach to enforce anti-tumor immune
response (179). Based on these data, several chemotherapeutic
compounds with different mechanisms of action were listed as
M-MDSC-targeting drugs (173). M-MDSC elimination can be
also achieved using immune compounds such cytokines and
antibodies. In this line, the combination of IL-2 with anti-CD40
antibody was effective on cancer growth control in two different
mouse tumor models by inducing M-MDSC elimination trough
Fas-mediated apoptosis (180). Similarly, to improve the efficacy
of CAR T cells immunotherapy in leukemia setting, by limiting
transferred T cells-associated life-threatening cytokine-release
syndrome (CRS) and neurotoxicity, either monocyte-depletion
or infusion of IL-1 receptor antagonist anakinra were reported
as effective strategies (181). Other therapeutic approaches
aim at favoring MDSC differentiation into anti-tumoral cell
subsets such as macrophages and DCs. For example, all-trans-
retinoic acid (ATRA) treatment was reported to promote the
differentiation of MDSC into mature anti-tumoral myeloid cells
via the activation of the ERK1/2 signaling pathway (182) as well
as the treatment with 25-hydroxyvitamin D3 was reported to
reduce the frequency of immature immune suppressive cells in
peripheral blood of HNSCC patients (183). Moreover, M-MDSC
differentiation toward mature anti-tumoral monocytes-derived
DCs can be achieved using pharmacological inhibitor of
ATP-converting ectoenzyme ENTPD2, thus mitigating cancer
growth and enhancing the efficiency of immune checkpoint
inhibitors (184). Finally, some targeting approaches aim at
blocking M-MDSC migration from bone marrow to tumor
site. For example, amino-biphosphonates were able to prevent
the activation of matrix metalloproteases (MMPs) limiting
cancer aggressiveness and distal spread (185). Along the same
line, pharmacological antagonist of chemokine receptors (i.e.,

S-265610, CXCR2-specific antagonist) were able to drastically
reduce M-MDSC in tumor-bearing mice (186).

CONCLUDING REMARKS

Monocytes are relevant immunological cells connecting the
innate and adaptive immune compartments. Here, we have
attempted to integrate recent advances in the molecular,
metabolic, and functional aspects of monocyte biology with the
current state of understanding about the role of these cells in
cancer growth and metastatic spread. Although a large body of
evidence supports the notion that circulating monocytes serve
only as precursor cells that replenish tissue macrophages and DC
populations, the overwhelming complexity underlined by high
throughput technologies, is supporting a direct contribution of
monocyte to cancer development. Targeting monocytes at the
immunological, metabolic, epigenetic, and transcriptional level is
a promising strategy to treat both disease with impaired immune
function, like cancer, or with over-reactive immune response,
like autoimmune diseases. The advances in our knowledge
on monocyte development, response, and reprogramming,
particularly during cancer evolution and metastatic spread, will
pave the way for the development of new therapeutic strategy
with specificity and limited toxicity.
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Neutrophils are implicated in almost every stage of oncogenesis and paradoxically

display anti- and pro-tumor properties. Accumulating evidence indicates that neutrophils

display diversity in their phenotype resulting from functional plasticity and/or changes

to granulopoiesis. In cancer, neutrophils at a range of maturation stages can be

identified in the blood and tissues (i.e., outside of their developmental niche). The

functional capacity of neutrophils at different states of maturation is poorly understood

resulting from challenges in their isolation, identification, and investigation. Thus, the

impact of neutrophil maturity on cancer progression and therapy remains enigmatic.

In this review, we discuss the identification, prevalence, and function of immature and

mature neutrophils in cancer and the potential impact of this on tumor progression and

cancer therapy.

Keywords: neutrophil, cancer, myeloid, cancer inflammation, granulopoiesis

INTRODUCTION

Neutrophils in cancer have received very little attention until recently, despite contributing 50–70%
and 10–25% of circulating leukocytes in humans and laboratory mice, respectively (1). However,
recent progress has renewed interest in these cells. In experimental cancer models, neutrophils have
been implicated in nearly every stage of the oncogenic process and their role has been reviewed in
detail (2–4). Neutrophils are able to mediate a broad range of anti- and pro-tumor activities from
direct cancer cell killing to tumor cell proliferation, angiogenesis, metastasis, and orchestrating
other immune responses. These recent studies have highlighted the complexity of neutrophils
in cancer progression, with novel information on their previously unappreciated plasticity and
heterogeneity. While neutrophil plasticity can be directly affected by the local microenvironment,
neutrophil heterogeneity is also influenced by their maturation (5), age (6), suppressive properties
(7), function [e.g., phagocytosis (8)], and reverse transendothelial migration (rTEM) (9). An
underexplored aspect of this is the appearance of immature neutrophils in cancer. Differences
in the phenotype and functional capacities of immature and mature neutrophil populations are
being identified, and their impact on cancer progression is emerging (10). However, the influence
of neutrophil maturity on their anti- or pro-tumor properties remains understudied. In this
review, we focus on the functional properties and relevance of immature neutrophils in cancer.
We discuss methods used to identify neutrophils of different maturation states and explore their
limitations. Finally, we postulate the impact that neutrophil maturity may have on the efficacy of
cancer therapies.

GRANULOPOIESIS

After birth, neutrophil production occurs primarily in the bone marrow (BM) where they
are derived from hematopoietic stem cells (HSCs). During neutrophil differentiation in mice
and humans the nucleus progresses from a banded to segmented morphology, allowing the
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identification of neutrophils at distinct stages of maturity (11).
Stages of neutrophil differentiation are also characterized by their
unique expression of the transcription factors PU.1 and CCAAT
enhancer binding protein (C/EBP)-α (12), C/EBPβ (13), and
C/EBPε (14). Mature neutrophils are mitotically inactive with cell
cycle arrest occurring during the myelocyte to metamyelocyte
transition (15). The post-mitotic BM transit of neutrophils and
release into the circulation takes between 5 and 8 days in humans
(16) and 1–2 days in mice during homeostasis (17). Neutrophil
granules, termed azurophillic (primary), specific (secondary),
and gelatinase (tertiary), in addition to secretory vesicles, are
formed at specific stages of neutrophil differentiation. Each
granule type is composed of distinct proteins synthesized at
the time of formation (18) and granules are released in reverse
sequential order following neutrophil activation (19). As such,
the proteome composition of immature and mature neutrophils
is greatly different. It is important to also acknowledge that
in disease, including cancer, granulopoiesis can occur outside
of the medullary spaces of the BM, termed extramedullary
hematopoiesis (EMH); however, little is known about the
mechanisms regulating EMH and its influence on neutrophil
development (20).

ISOLATION AND IDENTIFICATION OF
IMMATURE NEUTROPHILS

Despite the extensive data on neutrophils and their functions
in homeostasis and disease, they remain a challenging cell
population to study largely due to their short half-life [∼18.5 h
in the circulation of humans during homeostasis (16)] and
propensity for priming and activation. While neutrophil
life span can be increased following their activation and
extravasation, a small window of opportunity for in vitro
experimentation remains in comparison to other cell types.
Neutrophil properties derived from ex vivo experimentation
can be difficult to accurately interpret and apply to their
behavior in vivo. Developments of in vivo imaging techniques
and identification of neutrophils (e.g., via in vivo injection
of fluorescently conjugated anti-Ly6G antibody, clone 1A8 (9,
21, 22) and fluorescent reporter mice (23) have allowed their
investigation without possible ex vivo manipulation-induced
artifacts; however, these approaches still have their own caveats
for example the undetermined function for Ly6G (23–25).
Importantly, experimental analysis of immature neutrophil
populations is an even greater challenge.

Density Properties
Neutrophil density changes during development as a result
of their increased granularity and changes in cell size (26).
Therefore, density gradient purification is useful for enriching
neutrophil populations at certain stages of maturation and allows
for down-stream analysis. Immature neutrophils are typically
found in low density (LD) fractions, whereas mature neutrophils
are found in the normal/high density (N/HD) fractions (5)
(Tables 1, 2). Nevertheless, the neutrophil populations obtained
by density gradient purification are not pure as N/HDNs can

TABLE 1 | Methods for the identification of immature neutrophils in humans.

Immature population Feature/Cell surface

markers

References

Metamyelocyte

Myelocyte

Sysmex IG (27)

Myeloblast to mature Low density (28)

Immature CD10LowCD15High (29)

Myelocyte to band Low density

SSCHighCD66bPosCD125Neg

Pappenheim staining

(30)

Myeloblast

Promyelocyte

Blood smears

Celltac ES

hematology analyser

(31)

Band CD10DimCD16Dim (32)

Band CD10DimCD16Dim (33)

Metamyelocyte

Myelocyte

Promyelocyte

CD11bLowCD16Pos (34)

Immature BM resident

Nuclear Morphology

(35)

Metamyelocyte

Myelocyte

Promyelocyte

XE 2100, Sysmex

hematology analyser

(36)

Band CD16Dim (37)

Metamyelocyte CD35NegCD49dPos (38)

Metamyelocyte

Myelocyte

Promyelocyte

Coulter Actdiff 5 automated

hematology analyser

(39)

Immature Nuclear morphology

Number

of nucleoli Cytoplasmic

granularity

(40)

become LDNs following activation (55), making interpretation
of the functional properties of neutrophil maturity challenging
by this technique. For instance, LDNs isolated from the
peripheral blood of 4T1 tumor-bearing mice make up ∼40%
of morphologically mature neutrophils (5), LDNs obtained
from the peripheral blood of mice bearing breast cancer liver
metastasis were composed of 80% neutrophils with an immature
nuclear morphology (56), and the nuclear morphology of
LDNs from lung cancer patients represent both mature and
immature neutrophils (5). Overall, this technique can be useful
for enriching neutrophil populations; although, more specific
methods of identification of neutrophil maturity are required for
accurate interpretation of downstream functional analysis.

Morphology and Cell Surface Markers
Nuclear segmentation is considered accurate for immature
neutrophil identification in the peripheral blood of cancer
patients (57) and mouse models of cancer (58) (Tables 1, 2).
However, cells cannot be isolated by this method for downstream
experimentation. A major hindrance in neutrophil biology is
the lack of a specific and robust marker of neutrophil maturity.
Changes in cell surface receptor expression during maturation,
such as the CXCR4:CXCR2 axis (59, 60), can be used to separate
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TABLE 2 | Methods for the identification of immature neutrophils in mice.

Immature population Feature/Cell surface

markers

References

Myelocyte

Meta-myelocyte

Nuclear morphology (41)

Myeloblast Nuclear morphology (42)

Pro-myelocyte to band Nuclear morphology (43)

Band

Meta-myelocyte

Nuclear Morphology

Gr-1LowBrdU Dim
(17)

Mature

Myelocyte

Promyelocyte

Gr-1HiCD11bPos

Gr-1LowCD11b Pos
(44)

Band/mature Nuclear morphology (45)

Immature Reduced MPO

Reduced oxidative burst

(46)

Band CD11bPosGr-

1PosLy6GPosLy6CPosMDL-

1Pos

(47)

Band Ly6GInt (21)

Immature Ly6GLow/NegCD101Neg (48)

Immature

Myelocyte

Pro-myelocyte

Gr-1HighCD11bLow

Gr-1IntCD11b Int
(49)

Mature

Band

Myelocyte

Gr-1Hi

Gr-1 Low
(50)

Neutrophil Precursors Ly6GLowLy6BIntCD115Neg

CD11bPosCD133Pos
(51)

Mature

Band

Gr-1HiCD11bLow−Hi

Gr-1Low−HiCD11b Low−Hi
(52)

Mature

Band

Metamyelocyte

Myelocyte

Ly6GHiCD11bPos

Ly6GLowCD11b Pos
(53)

Mature

Band

Myeloblast

Pro-myelocyte

Myelocytes

Meta-myelocyte

LinNegCD34Low/Intc-

KIT/CD117NegLy6GHigh

LinNegCD34Low/Intc-

KIT/CD117HighLy6GNeg

LinNegCD34Low/Intc-

KIT/CD117IntLy6GNeg

LinNegCD34Low/Intc-

KIT/CD117IntLy6GLow

LinNegCD34Low/Intc-

KIT/CD117LowLy6G Int

(13)

Metamyelocyte

Myelocyte

Promyelocyte

Band

Metamyelocyte

Mature

Gr-1IntCD11bInt

Gr-1HiCD11bLow

Gr-1HiCD11b Hi

(54)

immature and mature neutrophils (48) (Table 2). However, these
surface receptors are prone to alteration following neutrophil
activation [e.g., CD11b:CD18 (61)], tissuemigration [e.g., CD62L
(6, 62, 63)], and aging [e.g., CXCR4 (6)], resulting in a major
challenge in the identification of efficient markers of maturity.
In mice, immature and mature neutrophils can accurately
be identified as Ly6GInt/LowCD11bPos and Ly6GHighCD11bPos

respectively (13, 21, 51) (Table 2). However, the limitations

of using Ly6G as a maturity marker include relatively small
differences in expression of this molecule between immature
and mature neutrophils, compounding the technical issues
associated with fluorescence intensity comparisons in some
readouts. Despite this, recently identified markers of neutrophil
maturity with larger differences in expression, for example
CD101 (48), could be useful candidates for development of
fluorescent reporter models and in vivo identification. Here,
CD101 expression can be used to identify CD101Neg (immature)
and CD101Pos (mature) neutrophils (48); however, this marker
requires further validation to ensure its accuracy in a wide range
of pathologies. Another example is c-KIT/CD117, the expression
of which has been shown to associate with neutrophil maturity
in naïve mice, mice undergoing candida-induced emergency
granulopoiesis (13), and a mouse model of breast cancer (64)
(Table 2). However, although in the K14-Cre;Cdh1F/F;Trp53F/F,
and 4T1 mouse mammary tumor models, neutrophil c-KIT
expression is enriched on immature neutrophils, it fails to
completely correlate with maturation status (58, 65). In humans,
immature and mature neutrophils are commonly identified
as CD16LowCD10Neg and CD16HighCD10Pos, respectively (66)
(Table 1). Expression of CD16 (FcγRIII) is initiated between
the metamyelocyte and band stages of neutrophil maturation
(67, 68). However, its expression can be reduced during
apoptosis (69) and can be up-regulated on the cell surface
following secretory granule cell membrane fusion (67). Distinct
differences in the hematopoietic environment, local and systemic
cytokine levels and the functional requirements for neutrophils
will exist between naïve, emergency granulopoiesis and the
more chronic “inflammation” present in cancer. Therefore,
as neutrophils can exhibit plasticity in response to their
environment, certain markers are likely to only be suitable
in particular models and require efficient validation in each.
Overall, the challenges associated with identifying and isolating
populations of neutrophil maturity have hindered their study and
our current understanding of their functional properties.

FUNCTIONAL PROPERTIES OF MATURE
AND IMMATURE NEUTROPHILS

Immature Neutrophils in Cancer
The existence of immature neutrophils in the circulation and
tissues is a consequence of cancer development in human
patients and mouse models. For example, immature neutrophils
are detectable in the circulation (and in some cases the primary
tumors) of both injectable and transgenic mouse models of colon
(70), skin (70), mammary (5, 58, 71, 72), lung cancer (5, 73), and
mesothelioma (AB12) (5, 73). In humans, immature neutrophils
have been described in patients with lung cancer (5, 74), breast
cancer (5), and ovarian cancer (65).

Drivers of Immature Neutrophil
Appearance Outside of the Hematopoietic
Niche
Premature release from the BM as observed in states of
emergency granulopoiesis, as reviewed by others (75), is
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considered the main reason for the presence of immature
neutrophils in the circulation. Emergency granulopoiesis
commonly results from increased levels of granulocyte colony-
stimulating factor (G-CSF; also known as CSF-3) (76) that
promotes the differentiation of hematopoietic precursors down
the neutrophil lineage and release of neutrophils into the
circulation (60, 71, 72, 77) (Figure 1A). Production of G-CSF
is controlled by interleukin (IL)-23 and IL-17 (58, 78, 79)
and can be increased in many cancer models and patients
(56, 58, 71, 72, 80). Enhanced levels of G-CSF drive excessive
production and release of neutrophils and their precursors
into the circulation, leading to neutrophilia (58, 71, 72, 81).
G-CSF is dispensable for emergency granulopoiesis and other
cytokines, including granulocyte/macrophage (GM)-CSF (also
known as CSF-2) (43, 75), can drive neutrophil production and
release. Furthermore, neutrophil precursors can seed distant
tissues and produce neutrophils in situ, as has been observed in
cancer patients (82) (Figure 1B). TGFβ is another cytokine that
favors the presence of immature neutrophils, since its inhibition
converts neutrophils to a mature phenotype in transplantable
models of mesothelioma (73). The N1/N2 nomenclature—which
mirrors the Th1/Th2 nomenclature of T helper cells—was
coined in this study based on the influence of TGFβ to modulate
neutrophil phenotype and function. Neutrophils were named
pro-tumor N2 cells or anti-tumor N1 cells after Th1/Th2
CD4T cells and M1/M2 macrophages. However, evidence that
neutrophils mediate type 1 or type 2 immunity is lacking, and
additionally, how these phenotypes relate to the neutrophils
found in patients is still under investigation [recently reviewed
in Shaul and Fridlender (83)]. Therefore, this nomenclature may
be confusing in the context of cancer at this time and future
work will determine its appropriateness. In contrast to TGFβ,
expression of Type 1 interferons (IFNα and IFNβ) in tumors
favors mature neutrophils over immature neutrophils (57).
Most likely, there are many other tumor-derived factors that
influence neutrophil maturity and their discovery could lead to
opportunities for therapeutic intervention.

Functional Properties of Immature
Neutrophils
The degree of functional difference between immature and
mature neutrophils remains an open question in the field.
Due to the importance of neutrophil differentiation in their
effector mechanisms, (e.g., production of granule proteins),
there is a strong argument for functional differences. Immature
neutrophils may in many cases fall under the myeloid-
derived suppressor cell (MDSC) umbrella, as these cells have
been reported to inhibit T cells. MDSCs encompass a wide
range of granulocytic and monocytic cell types at different
stages of differentiation. Polymorphonuclear (PMN)-MDSCs are
widely considered to be an immature neutrophil population,
but methods for their identification, including with anti-Gr-1
(clone RB6-8C5) antibody—which recognizes both Ly6C and
Ly6G epitopes—fail to accurately discriminate between mature
and immature cells (84, 85). Recently, the classification and
identification of MDSC subsets based on their phenotype and

morphology has been improved, but these are still identified as
CD11bPosLy6CLowLy6GPos (84). Nevertheless, we believe that the
suppressive functions of immature and mature neutrophils is a
pathological response to tumorigenesis rather than a completely
separate granulocytic population, as discussed by others (86–88).
Therefore, we refer to PMN-MDSCs as neutrophils in this article.
Ex vivo suppression assays are the most common technique for
identifying and analyzing suppressive neutrophils. Findings that
have used this technique are challenging to interpret as they can
be influenced by neutrophil survival, cytotoxicity, neutrophil:T
cell ratio, and protocols used [e.g., CD3/CD28 microbeads or
antibodies (89)]. Immature (90) and mature (91) neutrophils can
be suppressive; however, differences in the suppressive capacities
of these populations (66, 92) are likely influenced by disease,
model, and neutrophil isolation and identification protocols
used (Figure 1D). It should also be noted that not all tumor-
infiltrating immature neutrophils possess T cell-suppressive
abilities (93, 94).

Immunosuppression by neutrophils is not only important
for primary tumor progression, but this mechanism can also
promote metastasis formation. Neutrophils can be recruited
by CXCR2 ligands to dampen anti-tumor immunity in pre-
metastatic organs so that disseminated cancer cells can evade
immune destruction (58, 95, 96). In these cases, it is the immature
neutrophils that are thought to mediate immunosuppression
and subsequent metastasis; although, this has not been formally
shown. In addition, immature neutrophils and other myeloid
progenitors can aid in the formation of the pre-metastatic
niche via mechanisms other than T cell suppression (97–99).
Interestingly, in models where immature neutrophils are absent,
such as the MMTV-PyMT model of breast cancer, it is the
mature neutrophils that drive metastasis (100). Together, these
data indicate that neutrophil maturity may be irrelevant to their
pro-metastatic functions.

ROS production is important in several neutrophil effector
mechanisms including their microbicidal (101), phagocytic (102)
and suppressive capacity and contributes to neutrophil anti-
and pro-tumor functions [reviewed in Ohl and Tenbrock
(103)]. One such pro-tumor function of neutrophil ROS in
cancer is their promotion of tumor initiation at states of
inflammation by damaging proliferating epithelial cells (104).
In relation to neutrophil maturity the production of ROS can
be variable between immature and mature cells. For example,
immature neutrophils (Ly6GPosCD101Neg) display reduced ROS
production compared to mature (Ly6GPosCD101Pos) in a
mouse orthotopic pancreatic cancer model (48). Similarly, in
a range of other transplantable mouse cancer models, LDNs—
which are enriched in morphologically immature neutrophils—
have reduced ROS production (5). However, the amount of
ROS production may be context dependent and reliant on
metabolism. In tumor-free mice (Ly6GIntc-KitPos) and ovarian
cancer patients (CD10Int), immature neutrophils are dependent
on oxidative mitochondrial metabolism rather than glycolysis,
for ROS production (65). Recently, LDNs frommice bearing 4T1
mammary tumor livermetastasis have also been shown to have an
increased oxidative metabolism (56). This dependency may have
implications in the glucose-limited tumor microenvironment
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FIGURE 1 | Immature neutrophils are present in cancer and have an altered functional capacity compared to mature that may influence tumor progression. Immature

neutrophils can be present and significantly increased in the peripheral blood and tissues of cancer patients. This increase may result from: (A) promotion of their early

release from their bone marrow (BM) haematopoietic niche by increased systemic chemokines, such as granulocyte colony-stimulating (G-CSF), e.g., tumor produced

or as therapy. (B) release of neutrophil precursors from the BM and their extramedullary proliferation in the circulation or tissues. Immature neutrophils may have both

anti- and pro-tumor properties. These include (C) altered localization resulting from their differential cell surface marker expression influencing their chemotactic

capacity and/or less segmented nuclear morphology compared to mature neutrophils reducing their deformability and (D) different functional capacity compared to

mature neutrophils including their reduced phagocytic capacity, altered suppressive properties, reduced NETosis, and reduced granularity. (E) Together, these

differences in the properties and functions of immature neutrophils could lead to their negative influence when targeting neutrophils in cancer therapy. G-CSF, colony

stimulating factor-3; GMP, granulocyte monocyte progenitor; ROS, reactive oxygen species; NET, neutrophil extracellular trap; NK, natural killer cell.

and affect neutrophil function (65). Therefore, while immature
neutrophils can have reduced ROS production compared to

mature neutrophils, this appears to be dependent on stimulus,
their localization and the tissue microenvironment.
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Neutrophil extracellular traps (NETs) are extracellular fibers
composed of nuclear, mitochondrial, cytoplasmic and granule
contents that can be released by neutrophils following their
activation (105). NETs can capture circulating cancer cells in
the mouse lung promoting their extravasation and metastasis
formation (106, 107). Neutrophils can also aid in formation of the
omental pre-metastatic niche and capture of circulating ovarian
cancer cells, promoting their metastasis at this site (108). The
ability of immature human neutrophil populations to release
NETs is reduced following interferon priming (35) (Figure 1D).
In addition, when isolated from the peripheral blood of acute
myeloid leukemia (AML) patients, morphologically immature
neutrophils show decrease capacity for NET formation following
phorbol 12-myristate 13-acetate (PMA) stimulation (109). As
NETs have been proposed to arise from the inability of terminally
differentiated neutrophils to re-enter mitosis (110), it could
be inferred that the increased mitotic capacity of immature
populations contributes to these differences. ROS contribute to
NETosis by promoting granule release and rupture of the nuclear
envelope, as highlighted by the inability of neutrophils from
chronic granulomatous disease patients to undergo NETosis
(111, 112). Differences in ROS production with neutrophil
maturity may also influence NETosis (65). Differences in granule
composition of neutrophils at different maturity may also
influence the functional capacity of their NETs. The tertiary
granule component MMP-9 (113) has been implicated in NET-
induced dormant cancer cell reactivation (114) and its possible
reduced abundance in banded neutrophils and earlier neutrophil
precursors present in cancer could reduce their ability to promote
this reactivation.

Multiple studies have indicated a reduced migratory
capacity of immature compared to mature neutrophils
(5, 48) (Figure 1C). This may result from lower expression
of chemokine receptors, such as CXCR1 and CXCR2 (30), and
other genes involved in chemotaxis (48). In mice, proliferating
neutrophil precursors, identified as Ly6GLowCXCR2Negc-
KitPosCXCR4Pos, have reduced migration to laser-induced
damage (48). High CXCR2 expression by neutrophils has been
associated with poor outcome in human pancreatic ductal
adenocarcinoma (PDAC) patients (95). Inhibition of CXCR2
in a mouse model of PDAC reduces neutrophil migration and
delays tumor progression (95). Banded nuclear morphology, and
thus reduced deformability, may promote immature neutrophil
sequestration in capillaries and reduce their migratory capacity
(115); although, banded nuclear morphology in immature
human neutrophils does not affect transendothelial migration
(TEM) when compared to segmented neutrophils ex vivo (62)
(Figure 1C). It is therefore conceivable that their increased
sequestration in off target tissues and ability to undergo TEM
may result in unwanted immature neutrophil accumulation and
the promotion of inflammation and/or metastasis. Additionally,
neutrophil spontaneous migration is increased in the early
compared to late stages of cancer in a mouse orthotopic lung
cancer model (116). These changes in neutrophil function
with tumor progression are present in BM cells, suggesting
altered granulopoiesis over time (116). Therefore, while further
investigation is required, differential trafficking of immature

neutrophils could have the capacity to both antagonize and
promote tumor development dependent on their localization.

The phagocytic capacity of immature, compared to mature,
neutrophils is also reduced (5, 48) and could result from
their altered cell surface receptor expression and decreased
ROS production (Figure 1D). Fc receptors (FcRs) are important
in mediating phagocytosis (117) with decreased expression of
CD16 likely influencing their phagocytic capacity. Furthermore,
immature neutrophils (CD16Int) are unable to kill tumor cells
via FcγRI, but exhibit cytotoxicity via FcαRI (118). Activation
of FcRs, integrins and G-protein coupled receptors (GPCRs)
can trigger neutrophil ROS production and its extracellular
or intracellular release into the phagolysosome, as reviewed
in more detail by others (102, 119). Unsurprisingly, immature
neutrophils have also been shown to have an increased life
span and can mature ex vivo (120). It will be interesting to
determine if neutrophil maturation after their release from the
BM contributes to heterogeneity within the mature neutrophil
population. However, despite differences in the functional
capacity of immature and mature neutrophils, they are still
capable of mediating innate immune functions (120). Overall,
the effect of neutrophil maturity in cancer remains enigmatic
and further investigation, coupled with accurate identification,
is required.

NEUTROPHIL MATURITY IN
ANTI-CANCER THERAPY

Immunotherapy has shown great promise in cancer; however,
only a minority of patients respond to certain therapies
(121) and combinatorial therapies targeting a broad range
of immune populations may be more beneficial. Therapies
targeting neutrophils have received relatively little attention
(Figure 1E). While the direct effect of therapies on neutrophils at
different stages of maturation has not been investigated, we can
consider ways in which the properties of immature neutrophils
are relevant.

Neutrophils recruited to the tumor via CXCR2 can aid tumor
progression (122) and inhibition of CXCR1 and CXCR2 has
shown promise in mouse models (95) and human cancers (123).
As CXCR2 expression increases with neutrophil maturation
(48) inhibitors of CXCR2 may differentially influence immature
and mature neutrophils affecting their efficacy. Therapies
targeting immunosuppressive neutrophils enhance responses
to checkpoint blockade by promoting tumor infiltration by
T cells in mouse models (124–127). A greater understanding
of the maturity composition of these cells could better aid
targeting of this population. Furthermore, tyrosine kinase
inhibitors that target the hepatocyte growth factor (HGF)
receptor, cMET (e.g., Cabozantinib and Capmatinib) can
extend survival by influencing neutrophil behavior in mouse
melanoma and PTEN/p53-deficient prostate cancer models
(128, 129). As tyrosine kinases (e.g., Bruton’s tyrosine kinase;
BTK) are important in regulating neutrophil development
(49) and in neutrophil integrin signaling (130) it is possible
that their inhibitors have altered effects on neutrophils of
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different maturity. Similarly, monoclonal antibody (mAb) based
therapies, for example anti-gp75 (TA99) (131), anti-HER2
(Trastuzumab) (131), and anti-SIRPα (KWAR23) (132, 133),
promote neutrophil-mediated destruction of cancer cells. The
reduced phagocytic capacity (48) of immature neutrophils and
differences in their FcR expression (118) may reduce the efficacy
of these therapies. Furthermore, these properties may hamper
their ability to deliver therapeutics, such as in nanoparticles
(134), to the tumor (Figure 1E). Finally, adoptively transferred
neutrophils can aid in the killing of cancer cells (135) and
can be isolated from G-CSF-treated donors (136) (Figure 1E).
Here, the activation (137) and potential retention of transferred
immature neutrophils in off-target organs [e.g., the lung (138)]
needs to be considered. In addition, G-CSF-driven immature
neutrophil release, neutrophil accumulation, and alterations
to neutrophil function in cancer (66, 100, 139) need to be
further deliberated when treating neutropenic cancer patients
with G-CSF (140, 141).

CONCLUSIONS

To gain an accurate understanding of maturity on neutrophil
functional capacity, consensus protocols for identification of
neutrophil maturity are urgently required. However, as protocols
and markers may not be transferable between models, detailed
confirmation of maturity in each is essential (e.g., associated
nuclear morphology, transcriptomics, proteomics, and surface
protein expression data) allowing for proper comparison.
Functional investigation needs to be further driven by in

vivo investigation to remove concerns associated with ex

vivo manipulation. Of particular importance, investigating the
localization and suppressive capacity of immature neutrophils in
situ will aid in determining their influence on immunotherapy.
Furthermore, more research on immature neutrophils in cancer
patients should be carried out to determine where these
cells appear. Correlations between immature neutrophils and
mutational drivers need investigation to understand how these
cells occur outside the bone marrow and to identify additional
biomarkers of disease. Changes in neutrophil maturation
status before, during and after anti-cancer therapy may
provide insight into how these cells are regulated. Taken
together, the available evidence suggests immature neutrophils
in cancer inevitably influence tumor development and we
emphasize the importance of improving methodologies for
their study.
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Recent preclinical/clinical studies have underscored the significant impact of

tumor microenvironment (TME) on tumor progression in diverse scenarios. Highly

heterogeneous and complex, the tumor microenvironment is composed of malignant

cancer cells and non-malignant cells including endothelial cells, fibroblasts, and diverse

immune cells. Since immune compartments play pivotal roles in regulating tumor

progression via various mechanisms, understanding of their multifaceted functions is

crucial to developing effective cancer therapies. While roles of lymphoid cells in tumors

have been systematically studied for a long time, the complex functions of myeloid cells

have been relatively underexplored. However, constant findings on tumor-associated

myeloid cells are drawing attention, highlighting the primary effects of innate immune

cells such as monocytes and neutrophils in disease progression. This review focuses on

hitherto identified contextual developments and functions of monocytes and neutrophils

with a special interest in solid tumors. Moreover, ongoing clinical applications are

discussed at the end of the review.

Keywords: monocytes, neutrophils, tumor microenvironment, myeloid cell heterogeneity, innate immunity, cancer

immunology

MONOCYTES: FROM DEVELOPMENT TO DEPLOYMENT

Monocyte Development
Monocytes originally stem from the bonemarrow and constitute 10% of leukocytes in human blood
and 4% of leukocytes in mouse blood, respectively (1). The development of blood monocytes is
dependent on colony-stimulating factor 1 receptor, CSF-1R (also known as M-CSFR; macrophage
colony-stimulating factor receptor) (1, 2). CSF-1R is a hematopoietic growth factor receptor
expressed onmonocytes, macrophages, dendritic cells and their progenitors (1, 2). CSF-1R interacts
with its ligands CSF-1 (M-CSF) and IL-34 to regulate the development of monocytes in the bone
marrow (1, 2). In mice deficient in CSF-1R and CSF-1, monocyte development is inhibited, and
therefore the number of monocytes in blood is remarkably reduced (1, 2).

With knowledge of CSF-1R, it is possible to navigate the development process of monocytes.
From the bone marrow, hematopoietic stem cells (HSCs) give rise to heterogeneous multipotent
progenitors (MPPs) generating common myeloid progenitors (CMPs) or common lymphoid
progenitors (CLPs) in a CSF-1 dependent manner (3). While lymphoid cells such as T
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lymphocytes, B lymphocytes, and natural killer cells are derived
from CLPs, CMPs generate megakaryocyte and erythrocyte
progenitors (MEPs) or granulocyte and macrophage progenitors
(GMPs). Generated GMPs further go through a series of
differentiation, firstly into macrophage, and DC progenitors
(MDPs), then into common monocyte progenitors (cMoPs),
and finally into monocytes (3). Differentiated monocytes
can be divided into two main subpopulations defined as
Ly6ChiCX3CR1

low and Ly6ClowCX3CR1
hi cells in mice and as

CD14hiCD16+/− and CD14lowCD16hi cells in humans (4–8).
Ly6ChiCX3CR1

low populations (hereinafter referred to as
Ly6Chi monocytes) are named “classical” or “inflammatory”
monocytes, whereas Ly6ClowCX3CR1

hi populations (hereinafter
referred to as Ly6Clo monocytes) are named “non-classical” or
“patrolling” monocytes for their preferential patrolling behavior
while circulating the blood stream (9, 10). Development of
Ly6Chi monocytes occurs during the cMoP stage, dependent
on GM-CSF, c-FLIP, IRF8, and KLF4 (10). The widely
accepted hypothesis on Ly6Clo monocyte differentiation is
that after generation of Ly6Chi monocytes from the bone
marrow, a proportion of them differentiate into Ly6Clo

monocytes as downregulation of Ly6C and upregulation of
Nr4a1, C/EBPβ, CSF-1R, and CX3CR1 (4, 10, 11). However,
this was questioned for some time in that deletion of
transcription factors KLF4 and IRF8 hinders the development
of Ly6Chi monocytes but not Ly6Clo monocytes (12–14).
This finding led to controversy on whether Ly6Clo monocytes
originate from Ly6Chi monocytes or not. The latter argues
that Ly6Clo monocytes might have a distinct differentiation
lineage in a Ly6Chi monocyte-independent way, namely direct
differentiation from cMoPs.

Single-cell RNA sequencing provided an additional clue,
reasserting that Ly6Chi monocyte population is the source
of Ly6Clo monocytes (15). Application of such advanced
technology revealed that steady-state Ly6Chi and Ly6Clo

monocytes are homogenous populations, and C/EBPβ regulates
the differentiation of Ly6Chi monocytes into Ly6Clo monocytes
(15). This is also in line with remarkable expression/function
of Nr4a1 on Ly6Clo monocyte development (16), as it was
found that regulation of Nr4a1 is mediated by the expression
of C/EBPβ and also KLF2 assisting conversion of Ly6Chi

monocytes to Ly6Clo monocytes (12, 15–17). Besides Nr4a1,
Ten-Eleven-Translation-3 (TET3), a target of hsa-miR-150,
regulates differentiation of classical monocytes into non-classical
monocytes in K562 human chronic myeloid leukemia and U937
human lymphoma (18). Upregulation of TET3 expression in
classical monocytes following downregulation of hsa-miR150
rarely generates non-classical monocytes, but does not affect
the survival of non-classical monocytes (18). Recently, single-
cell RNA-seq has also led to the identification of two additional
monocyte populations and their distinct relationships with other
immune cells in human blood, highlighting the heterogeneity of
myeloid cells (19). High-dimensional mass cytometry has further
revealed heterogeneity within human non-classical monocytes,
and has allowed distinguishing between two different non-
classical monocyte subsets, Slan+ and Slan−, with functional
differences based on Slan expression (20).

Some developed monocytes can enter non-lymphoid organs
such as skin and lung without differentiation and orchestrate
the physiological condition, while some portion of developed
monocytes undergoes differentiation into macrophages or
dendritic cells (21–24). Of note, differentiated macrophages
are conventionally classified into pro-inflammatory M1
type and anti-inflammatory (pro-tumoral) M2 type, and
these macrophages differentially regulate tumor progressions
and metastases (25). However, this binary classification of
macrophages is insufficient to represent their multifaceted and
plastic functions (25). On the other hand, monocyte-derived
dendritic cells have been mainly regarded as immune activators
in the tumor microenvironment, recruiting and stimulating
immune effector cells (26). Nevertheless, dendritic cells are
also highly heterogeneous, and cancer cells can recruit the
immunosuppressive subset of dendritic cells and/or suppress
their anti-tumoral functions (26). All this flexibility appears
in a context-dependent manner. Likewise, differing individual
functions of monocytes might result from different contexts of
development. While it is well-accepted that the bone marrow
is the primary source of production and supply of monocytes
in physiological condition (1), there is substantial controversy
whether the bone marrow serves the same role in cancer-derived
pathological conditions. Splenic progenitor cells are reinforced
to generate monocytes during KP lung carcinoma progression,
which suggests that the spleen could be a critical organ to
produce and amplify monocytes (27). The pivotal role of spleen
as a source of monocytes has also been highlighted in a different
inflammatory condition (28). Angiotensin II plays a central
role in amplifying Ly6Chi monocytes and their precursors
in the spleen red pulp of KP lung carcinoma-bearing mice
as well as releasing monocytes from their splenic reservoir
(28, 29). However, a conflicting view has been suggested in a
different lung tumor model. During the development of Lewis
lung carcinoma (LLC), the bone marrow primarily promotes
monocyte production while the spleen plays a minor role in
monocyte production (30). Monocytes produced from the bone
marrow are more favored to migrate into and to be accumulated
in the tumor region than those from the spleen (30). Although
an increased accumulation of monocytes in the spleen is also
detected in the LLC model, it is because the bone marrow
primarily accelerates monocyte production and transfers the
newly formed monocytes to the spleen; the spleen is not the
primary source (30). As such, different context might have
yielded the controversy on tumor monocyte development.
Therefore, further studies need to be conducted in as many types
of tumors as possible (31).

Monocytes: Pro-tumoral vs. Anti-tumoral
Functions in Solid Tumors
Other than the well-known feature as precursors of macrophage
and dendritic cell populations, monocytes play a significant
role per se in orchestrating the immune system not only in
homeostatic condition (21), but also in tumor progression (7,
8, 32–35). Generally, high rate of monocyte infiltration into the
tumormilieu indicates poor clinical prognosis of cancers (36, 37).
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Since each subset of monocytes has different functions in tumor
progression depending on the context, it is momentous to decide
which subset of monocytes should be targeted in each tumor.
Distinct functions of Ly6Chi monocytes and Ly6Clo monocytes
in solid tumors have been explored (Table 1; Figure 1). These
monocytes play pro-tumoral or anti-tumoral roles, regulating
diverse mechanisms ranging from angiogenesis to immune
modulation in a context-dependent manner (Table 1; Figure 1).

Recruitment of Classical Monocytes and Their

Functions in Solid Tumors
Ly6Chi classical monocytes have been mostly reported to
play pro-tumoral functions once recruited to the tumor
microenvironment (Table 1; Figure 1). Ly6Chi monocytes
express high levels of CCR2 on their surface (32). CCR2mediates
the migration of Ly6Chi monocytes from the bone marrow
to CCL2-secreting tumor milieu in PyMT spontaneous breast
carcinoma, KCKO pancreatic carcinoma, and MC38 colorectal
carcinoma (29, 45, 46). These recruited classical monocytes
release VEGFA (a major stimulator of angiogenesis) to facilitate
tumor cell extravasation and lung metastasis (32, 47). In human
pancreatic tumor as well as murine pancreatic lesion model, the
tumor microenvironment releases CCL2 and thereby actively
recruits CCR2-expressing CD14+CD16− classical monocytes
from bone marrow to blood stream, which is a prognostic factor
of worse outcome (45). In contrast, CCR2 inhibition attenuates
the mobilization and thus leads to forming an anti-tumoral
immune environment in KCKO pancreatic carcinoma and
MC38 colorectal carcinoma (45, 46). In human RCC patients
and xenograft models, the IL-1β/IL-1R interaction activates
the MyD88-NF-kB signaling pathway, and thereby enables
classical monocytes with pro-tumoral phenotypes to upregulate
pro-tumoral genes such as VEGF, MMP-10, IL-8, TNF-α, and
PTGS2 (38). Ly6Chi monocytes/CD14+CD16− monocytes also
facilitate cancer cell invasion and metastases via expressing
F13a1 to promote fibrin cross-linking not only in murine
KLN205 lung squamous cell carcinoma but also in human lung
cancer, implicating poor survivals (39). As such, in hepatocellular
carcinoma (HCC), Gr-1+ myeloid cells which contain Ly6Chi

monocyte population play pro-tumoral function supporting
tumor fibrosis by secreting platelet-derived growth factor-beta
(PDGF-β), a pro-fibrotic growth factor (40).

Moreover, classicalmonocytes play amajor role in establishing
a cancer therapy-resistant microenvironment (34, 48, 49).
Doxorubicin treatment on MMTV-PyMT breast carcinoma,
for induction of necrotic cell death, triggers the enhanced
infiltration of CCR2-expressing monocytes. At later stages of
cancer, this backfires; these monocytes have been revealed
responsible for resistance against doxorubicin, promoting tumor
relapse after treatment (48). In 4T1 and MMTV-PyMT breast
carcinoma, paclitaxel treatment induces the secretion of tumor-
derived extracellular vesicles (EVs), and these EVs upregulate
pulmonary CCL2 expression to elicit classical monocyte
expansion establishing a lung pre-metastatic niche (34). Applying
radiotherapy on KPC pancreatic carcinoma also leads to
a significant increase in CCL2 production by tumor cells.
Subsequent recruitment of classical monocytes thereby endows

the tumor with resistance against the cancer treatment (49).
Use of anti-CCL2 antibodies selectively restrains radiotherapy-
dependent recruitment of classical monocytes, impeding tumor
progression when combined with radiotherapy (49).

Based on these findings, treatment with anti-CCL2 antibody
might sound attractive for tumor regression. However, the
following study has proposed a caution for anti-CCL2 mono-
treatment. During anti-CCL2 treatment in 4T1, J110, and Met-
1 mammary carcinoma, a large population of the classical
monocytes is retained within the bloodstream, and their homing
to the primary tumor or to the metastatic site is attenuated
(50). However, after anti-CCL2 treatment cessation, monocytes
initiate their migration to the lungs, and the level of IL-6
rises within the lungs. The increased level of IL-6 augments
pro-angiogenic VEGF-A expression in classical monocytes, and
thereby accelerates tumor metastasis (50). IL-6RA is largely
expressed in Ly6Chi monocytes, and anti-IL-6R antibodies
effectively target Ly6Chi monocytes (51, 52). Notably, IL-6-
IL-6R interaction not only promotes VEGF-A secretion from
classical monocytes but also activates the STAT3 signaling
pathway in cancer cells, which enhances tumor cell proliferation
in pancreatic ductal adenocarcinoma (PDAC) (50–53). IL-6
is also strongly induced in adipocytes and tumor-infiltrated
myeloid cells after anti-VEGF treatment on overweight breast
cancer patients. The upregulated IL-6 mediates resistance to
anti-VEGF therapy, leading to the proliferation of cancer cells
and dysfunctional angiogenesis (54). IL-6 inhibition increases
the tumor microenvironment’s sensitivity to chemotherapy and
anti-angiogenic therapy and promotes tumor cell death (52, 54).

Contrary to the pro-tumoral properties of
Ly6Chi/CD14+CD16− monocytes explicated above, it has also
been reported that these classical monocytes play anti-tumoral
functions in certain treatments (Table 1; Figure 1). Tumor
fibrosis promotes tumor progression by increasing collagen
deposition, reducing T cell infiltration, and inducing pro-
tumoral macrophage polarization (33, 55–58). A distinct class
of Mac1+F4/80−Msr1+ceacam1+Ly6Clo monocytes has been
recently discovered to promote fibrosis in C/EBPβ dependent
manner (59). Meanwhile, Ly6Chi monocyte infiltration into
KPC pancreatic adenocarcinoma via IFN-γ and CCL2 following
anti-CD40 treatment has been reported to facilitate degradation
of tumor fibrosis, increasing the efficacy of the chemotherapy on
PDAC while Ly6Chi monocyte-containing Gr-1+ myeloid cells
in HCC play pro-fibrotic roles (33, 40, 55).

Recruitment of Non-classical Monocytes and Their

Functions in Solid Tumors
On the other hand, Ly6Clo/CD14−CD16+ non-classical
monocytes have independent mechanisms for infiltration
to tumors, and their functions are context-dependent. In
models of colorectal cancer, Jung et al. have firstly revealed
immunosuppressive functions of non-classical monocytes in any
context, including cancers (7, 8). Anti-angiogenic therapy leads
to non-classical monocyte influx to CX3CL1-secreting tumor
milieu. Then these recruited non-classical monocytes secrete
CXCL5, and mediate a massive infiltration of CXCR2-expressing
neutrophils through the highly specific chemokine axis (7). This

Frontiers in Immunology | www.frontiersin.org 3 August 2019 | Volume 10 | Article 1817110

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Jeong et al. Monocytes and Neutrophils Orchestrate the Tumor Microenvironment

TABLE 1 | Context-derived heterogeneous functions of monocyte subsets.

Type of

monocytes

Function Factor Model Cancer type/treatment References

Classical

monocytes

Protumoral Metastasis; Tumor cell

extravasation

VEGFA Mouse MMTV-PyMT breast cancer (32)

VEGF, MMP-10, IL-8,

TNF-α, PTGS2

Human Renal cell carcinoma (38)

Metastasis; Cancer cell

invasion

F13a1 Mouse KLN205 lung squamous cell

carcinoma

(39)

Human Lung cancer

Tumor fibrosis PDGF-β Mouse Hepatocellular carcinoma (40)

Antitumoral Degradation of tumor

fibrosis

MMPs Mouse KPC pancreatic adenocarcinoma

w/anti-CD40 treatment

(33)

Non-classical

monocytes

Protumoral Immunosuppression CXCL5, IL-10 Mouse CT26, SL4 colorectal cancer

w/anti-VEGFR2 therapy

(7, 8)

Angiogenesis MMP-9 Human cancer cell

xenograft

DLD1, HCT116 human

colorectal carcinoma

(41)

Antitumoral NK cell recruitment CCL3, CCL4, CCL5 Mouse, Human

cancer cell xenograft,

Human

B16F10 melanoma, A375

human melanoma, MMTV-PyMT

breast cancer, Human lung

cancer specimen (early stage)

(35, 42, 43)

NK cell activation IL-15 Mouse B16F10, B16F0 melanoma (44)

Summarizes diverse protumoral and antitumoral functions of monocyte subsets (classical and non-classical monocytes) and their related factors in each model.

finding echoes a previous finding also showing that non-classical
monocytes recruit neutrophils, albeit mediated by CXCL1—not
CXCL5—in a different disease condition outside oncology
(60). These tumor-infiltrating non-classical monocytes and
neutrophils release immunosuppressive cytokines including
IL-10 which inhibits infiltration and activity of cytotoxic T
lymphocytes in tumors (7, 8) (Table 1; Figure 1). Jung et al. also
successfully developed several therapeutic strategies targeting
these non-classical monocyte-mediated cascades by blocking
their infiltration and activity (7, 8). Through a series of in
silico and in vitro screening, novel siRNA sequences against
CX3CL1 with potent knock-down efficacy were identified.
The siRNA was formulated with nanoparticles particularly
designed for endothelial cell-specific delivery, which resulted
in inhibiting Ly6Clo monocyte infiltration and subsequently
reduced tumor growth (7). Notably, CXCR4 was discovered
to be a critical chemokine receptor expressed on non-classical
monocytes and neutrophils (8). CXCL12/CXCR4 axis in these
cells mediates restrained cytotoxic T cell infiltration and builds
up immunosuppressive tumor microenvironment in CT26,
SL4 colorectal carcinoma, and E0771, MCa-M3C mammary
carcinoma (8, 61). Supporting this finding, AMD3100 which is
a potent CXCR4 inhibitor, also known as plerixafor, efficiently
hinders the recruitment of non-classical monocytes, improving
the treatment efficacy of anti-VEGFR2 therapy. This suggests the
potential of rapid clinical translation, since AMD3100 is already
an FDA-approved CXCR4 blocker being used in the clinic for
other uses (8, 61).

Despite the several pro-tumoral features of
Ly6Clo/CD14−CD16+ non-classical monocytes, these
monocytes also display anti-tumoral properties in different
tumor/treatment conditions (Table 1; Figure 1). In B16F10

melanoma and MMTV-PyMT spontaneous mammary
carcinoma, non-classical monocytes play a pivotal role in
engulfing tumor material in the lung and attenuating tumor
metastasis and activating NK cells (17, 35). In B16F10 and
B16F0 melanoma, non-classical monocytes also activate NK
cells by releasing IL-15, which is a determinant cytokine
for NK cells’ homeostasis, activation and effector function,
preventing lung metastases in primary tumor-bearing mice (44).
In B16F10 melanoma and A375 human melanoma xenograft
models, exosomes secreted from non-metastatic cancer cells
promoted the expansion of non-classical monocytes in the bone
marrow (42). The expanded population of the non-classical
monocytes leads to recruiting NK cells which function in
cancer cell clearance at the pre-metastatic niche (42). This NK
cell-recruiting function of non-classical monocytes have been
reconfirmed in early stage lung cancer patients (43). Based
on these findings, reduced CD16+ non-classical monocytes
might be correlated with NK cell paucity in this lung tumor
lesions (43). According to ex vivo study of patients with stage IV
cutaneous melanoma, CD14−CD16+ non-classical monocytes
kill regulatory T lymphocytes (Tregs) by assisting ipilimumab,
anti-cytotoxic T lymphocyte associated antigen 4 (CTLA4)
monoclonal antibody, -mediated ADCC (antibody-dependent
cell-mediated cytotoxicity) (62).

Importantly, it had been widely believed that non-classical
monocytes are not able to extravasate out of blood vessels.
Instead, they were known to stay inside vasculature and patrol
the endothelium, which gave these monocytes the nickname
“patrolling monocytes” (9). However, recent studies strongly
suggest that they do have the capability of transmigration
and actively infiltrate into tissues, proven by state-of-the-art
in vivo imaging techniques (7, 8). Supporting this, in DLD1
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FIGURE 1 | Monocytes mediate a variety of pro-tumoral and anti-tumoral mechanisms in a context-dependent way. In primary tumors, Ly6Chi monocytes exert

pro-tumoral effects to promote cancer cell proliferation and cancer cell intravasation. Of note, anti-angiogenic therapy induces Ly6Clo monocyte-mediated

immunosuppressive tumor microenvironment and triggers resistance against the therapy. Under the treatment, non-classical Ly6Clo monocytes have been revealed to

extravasate to primary tumor regions. The tumor-infiltrated Ly6Clo monocytes significantly contribute to inhibition of cytotoxic T cell function. In metastatic niches,

Ly6Chi monocytes and Ly6Clo monocytes facilitate cancer cell extravasation by secreting pro-angiogenic molecules and by mediating the release of ECM-bounded

VEGF molecules. In contrast, these monocytes display anti-tumoral functions in different settings. In the lung metastatic sites, Ly6Clo monocytes recruit tumor-killing

NK cells, and scavenge tumor materials in the lung vasculature. Meanwhile, Ly6Chi monocytes degrade fibrosis around cancer cells, which have the cancer cells

acquire chemosensitivity upon treatments.

and HCT116 human colorectal carcinoma, recruited human
patrolling monocytes in tumors secrete matrix metalloproteinase
9 (MMP9), a proteolytic enzyme fostering angiogenesis,
triggering a release of matrix-bound VEGFA. This accelerates
the extravasation and accumulation of these pro-angiogenic
patrolling monocytes, promoting tumor progression (41).
This also validates the first finding of non-classical monocyte
extravasation directly visualized by intravital microscopic
imaging (7, 8).

Tie2-Expressing Monocytes
Other than the traditional classification of monocytes by
Ly6C expression level, another classification method by Tie2
(angiopoietin receptor) expression exists. Tie2-expressing
monocytes (TEMs) are a monocyte population present in
both human and mouse peripheral blood and tumor, and are
localized in perivascular spaces but not incorporated with
vascular endothelial cells (63, 64). Angiopoietin-1 (Ang-1),

a Tie2 ligand, is likely to promote the recruitment of TEMs
to tumor vasculature before the turn-on of the angiogenic
switch in early stages of N202 breast carcinoma, Rip1-Tag2
pancreatic insulinoma and U87 human glioma (63, 65, 66). In
a following study, it was also elucidated that Angiopoietin-2
(Ang-2), another Tie2 ligand upregulated in tumor hypoxia,
can also recruit TEMs. The TEMs are then reprogrammed to
show proangiogenic phenotypes (67, 68). Meanwhile, Collagen
triple-helix repeat-containing 1 (CTHRC1) secreted by several
malignant tumors has been reported to recruit TEMs to the
tumor microenvironment through upregulation of Ang-2 in
endothelial cells and promote metastasis in human MiaPaCa-2,
CFPAC-1, and Panc-1 pancreatic cancers (69). Recruited TEMs
promote angiogenesis via secretion of a proangiogenic molecule,
basic fibroblast growth factor (bFGF) (63–66). Also, Ang-2 and
hypoxia cause TEM influx into the tumor microenvironment,
and the TEMs mediate downregulation of TNF-α supporting
cancer cell survival and causing metastasis of the primary tumor
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(63, 67, 70). Blockade of Ang-2 impedes tumor angiogenesis
in MMTV-PyMT breast carcinoma and Rip1-Tag2 pancreatic
insulinoma through downregulation of Tie2 in TEMs (71).

NEUTROPHILS: FROM DEVELOPMENT TO
DEPLOYMENT

Neutrophil Development
Neutrophils are another myeloid compartment which plays
critical roles both in homeostatic condition and tumor
context. There is a train of precursors to be passed through
to generate mature neutrophils in the bone marrow (72).
Hematopoietic stem cells (HSCs) give rise to multipotent
progenitors (MPPs), lymphoid primed multipotent progenitors
(LMPPs), and granulocyte/macrophage progenitors (GMPs)
in this very order (72). There are several more stages
to go to be differentiated to neutrophils, namely a series
of myeloblasts, promyelocytes, myelocytes, metamyelocytes,
band cells, and finally neutrophils (72). These steps for
neutrophil generation occur under major regulation by the
granulocyte-colony stimulating factor (G-CSF), granulocyte–
macrophage-colony stimulating factor (GM-CSF) and alsominor
regulation by other molecules such as IL-6 and KIT ligand
(KITL) (73). Differentiating neutrophils express the G-CSF
receptor (G-CSFR) throughout the myeloid lineage (73). During
development in the bone marrow, neutrophils acquire three
types of granules sequentially; azurophil (primary) granules
which retain myeloperoxidase regulated by transcription factors
C/EBPα and Gfi-1, specific (secondary) granules which contain
lactoferrin mostly regulated by C/EBPε, and gelatinase (tertiary)
granules which contain MMP9 regulated by C/EBPβ, C/EBPδ,
C/EBPγ, and PU.1 (74, 75). Of note, mass cytometry has
recently found new proliferative precursors of neutrophils
after GMP stage which further differentiate to immature
neutrophils and mature neutrophils with regulation of C/EBPε

(76). Although the bone marrow is primarily responsible for
the neutrophil formation, the spleen can be an alternative
source of neutrophils during emergency granulopoiesis derived
from cancer progression (73). In KP lung adenocarcinoma,
splenic hematopoietic stem cells, and progenitor cells produce
neutrophils during tumor progression (27). Presence of cancer
cells upregulates the expression of several factors accelerating
neutrophil development. The expression of CXCL1, CXCL2,
CXCL5, and CXCL8, which are CXCR2 ligands, and the
expression of KITL and GM-CSF are strongly enhanced by
KRAS signaling in cancer cells and tumor-derived hypoxia (73).
Moreover, IL-1β-producing macrophages and IL-17-producing
γδ T cells secrete G-CSF to promote neutrophil development
in the tumor (73). Cancer cells accelerate secretion of these
cytokines and chemokines to instigate overactive granulopoiesis
and neutrophilia (73). The accelerated secretion of these
factors promotes the release of immature neutrophils to the
blood stream, resulting in an increased number of circulating
neutrophils (73). In 4T07, 4T1 mammary carcinoma, LLC,
and Kras-driven pancreatic carcinoma, G-CSF production is
also facilitated via RAS/MEK/ERK pathway in cancer cells,

promoting recruitment of neutrophils (77). Meanwhile, type
I IFNs from tumor trigger differentiation of neutrophils to
achieve an anti-tumoral phenotype, reducing not only CXCR4
expression in neutrophils which mediates tumor-homing, but
also VEGF and MMP9 expression (78, 79). Moreover, type I
IFNs suppress G-CSF signaling pathways in neutrophils, thereby
reducing expression of Bv8, S100A8, S100A9, and MMP9 so
that they can attenuate the formation of the pre-metastatic
niche (78, 79). Inhibition of type I IFNs impairs cytotoxicity
of neutrophils and promotes metastasis of B16F10 melanoma,
MCA205 fibrosarcoma, 4T1 mammary carcinoma and LLC
mediated by neutrophils (78, 79).

Neutrophils: Pro-tumoral vs. Anti-tumoral
Functions in Solid Tumors
Functions of neutrophils in the tumor microenvironment vary
by context including types of tumor, stages of tumor progression,
and different therapies (Table 2; Figure 2).

Recruitment of Neutrophils to Tumor Milieu
As mentioned above, tumors promote the early release of
neutrophils yet with immature phenotypes from the bone
marrow. There are several ligand-receptor axes studied for
neutrophil recruitment into the tumor. Upon research on diverse
tumor models, it has been revealed that CXCR2 is a pressing
chemokine receptor which recruits neutrophils to the tumor
(7, 8, 119, 120). In KPC pancreatic carcinoma and inflammation-
driven and spontaneous intestinal adenocarcinoma, the
migration of myeloid cells, especially neutrophils, to the tumor
microenvironment is impaired when CXCR2 signaling is
suppressed (119, 120). This enhances tumor cell apoptosis
and restrains tumorigenesis, resulting in a failure to set up a
metastatic niche (119, 120). Moreover, activated neutrophils
also express CCR7 on their membrane, which pushes those
cells to tumor sites in response to CCL19, CCL21, and GM-CSF
secretion (121). IL-17 also triggers neutrophil recruitment to
tumor sites in 4T1 breast carcinoma (122), KRAS mutated lung
carcinoma (123), and ovarian carcinoma (124). The recruited
neutrophils present high expression of tumor-promoting genes
such as TNF-α, CXCL1, MMP9, and VEGF (122). In zebrafish
larvae model of glioblastoma initiation, neutrophils are actively
recruited to KRAS-transformed cells very early in oncogenesis
via the CXCL8-CXCR1 signaling axis, and this recruitment
contributes to the proliferation of tumor-initiating cells (125).
Gastrin-releasing peptide (GRP)-GRP receptor (GRPR) axis can
also induce neutrophil migration in the tumor (126, 127). In
A375 and M24met human melanoma, CXCL5 overexpression by
tumor cells enhances neutrophil recruitment and infiltration into
primary tumors and tumor lymphatic vessels (128). It triggers the
proximal interaction between neutrophils and cancer cells near
the lymphatic endothelial cells in order to help trans-endothelial
migration of the cancer cells (128). In SL4 and CT26 colorectal
cancer, tumor-infiltrated Ly6Clo monocytes induced by anti-
VEGF therapy can also recruit CXCR2-expressing neutrophils
to the tumor site via the CXCL5-CXCR2 and CXCL12-CXCR4
axes (7, 8). Albeit in a different disease setting, it has been
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TABLE 2 | Context-dependent multifaceted functions of neutrophils.

Function Factor Model Cancer type/treatment References

Neutrophils Protumoral Tumor initiation Neutrophil elastase Mouse Kras mutant (80)

ROS, RNS Mouse Colon cancer (81)

Cancer cell proliferation NETs (Neutrophil elastase

traps), HMGB-1

Mouse MC38 colorectal cancer

w/ischemia and reperfusion injury

(82)

Neutrophil elastase Mouse A549 lung adenocarcinoma (83)

IL-6, IL-1β Mouse 4T1 breast cancer (84)

Transferrin Mouse 4T1 breast cancer (85)

Cancer cell colonization;

Differentiation from

monocytes to fibrocytes

MMP-9 Mouse CMT93 colon carcinoma (86, 87)

Fibrosis MAP kinase pathway Mouse HCA-1 hepatocellular carcinoma

w/Sorafenib treatment

(88)

IL-1β Mouse AK4.4, Pan02, KPC, iKRAS

pancreatic adenocarcinoma

(58)

Macrophage recruitment MAP kinase pathway Mouse TRAMP-C1 prostate cancer,

E0771 breast cancer w/VEGF

blockade

(89)

T cell suppression IL-10 Mouse, Human

cancer cell xenograft

CT26, SL4 colorectal cancer

w/anti-VEGFR2 therapy/LS174T

human colorectal cancer

(7, 8, 90)

PD-L1 Mouse H22-generated hepatoma (91)

IL-10, LGALS9, ARG1, MFGE8 Mouse KP lung carcinoma (92)

Nos2 Mouse KEP breast carcinoma, AB12

mesothelioma, LKRM lung

carcinoma, LLC

(93, 94)

ARG1 Human Non-small cell lung cancer (95)

Regulatory T cell attraction CCL17 Mouse LLC, AB12 mesothelioma (96)

Angiogenesis Bv8 Mouse Rip-Tag pancreatic insulinoma (97, 98)

MMP-9 Mouse, Human

cancer cell xenograft

Rip1-Tag2 pancreatic

insulinoma, L929 fibrosarcoma,

B16-F10 melanoma, LLC, HPV-

(99–102)

15-induced squamouse

carcinoma, HT-1080

fibrosarcoma/PC-3 human

prostate carcinoma

VEGF Human Oral cavity cancer (103)

FGF2 Mouse, Human

cancer cell xenograft

Pan02, KPC pancreatic

carcinoma/HT29, HCT-116,

Lovo human colon cancer

(104)

Metastasis; Tumor cell

extravasation

IL-1β, Leukotriene, IL-8 Mouse, Human

cancer cell xenograft

4T1, D2A1 breast

cancer/Human MDA-MB-

(105–107)

231 breast cancer, human

A375-MA2, WM35, C8161.C19,

UACC903 melanoma

Metastasis;

Epithelial-mesenchymal

transition (EMT)

IL-17α In vitro human cancer

cell

(In vitro) Human MKN45, MKN74

gastric cancer

(108)

Metastasis; Bridge between

ICAM-1-expressing cancer

cells and endothelial cells

MAC-1 Mouse, Human

cancer cell xenograft

H50 Lewis Lung

carcinoma/Human A549 lung

carcinoma

(109)

Cancer cell retention NETs (Neutrophil elastase

traps)

Mouse H59 Lewis lung carcinoma

w/cecal ligation and

puncture/MC38 colorectal

cancer w/ischemia and

reperfusion injury

(82, 110)

Activation of dormant

cancer cell

Mouse D2.0R breast cancer (111)

(Continued)
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TABLE 2 | Continued

Function Factor Model Cancer type/treatment References

Antitumoral Tumor cell death TNF-α, NO, H2O2 Mouse LLC, AB12 mesothelioma (112)

Granzyme B CT26 colon cancer (113)

H2O2 AT3, 4T1, MMTV-PyMT breast

cancer

(114, 115)

IL-17+ γ δ T cell

suppression

ROS Mouse B16F10 melanoma, Hepa1-6

hepatoma

(116)

Impairment of tumor cell

proliferation

Tsp-1 Human cancer cell

xenograft

Human PC3 prostate cancer,

human MDA- MB-231 breast

cancer

(117)

Stimulation of T cell

response

CD54, CD86, OX40L, and

4-1BBL

Human Lung cancer (early stage) (118)

Summarizes multiple protumoral and antitumoral functions of neutrophils and their responsible factors in each different context.

also reported that monocytes recruit neutrophils in a TLR7-
dependent manner through CXCL1 (60), different from the
case of cancer context where non-classical monocytes-derived
CXCL5 was newly discovered as the key chemokine attracting
neutrophils (7, 8).

Pro-tumoral Functions of Neutrophils in Solid Tumors
Recruited neutrophils from the blood stream have potent
influences on various components of tumor progression
and metastasis, including tumor initiation, cancer cell
survival/proliferation, immune modulation, angiogenesis,
and intra/extravasation of cancer cells (Table 2; Figure 2).

Neutrophils and tumor initiation
In Kras mutant mice, airway inflammation induces secretion
of IL-8 by lung keratinocytes, recruiting CXCR2-expressing
neutrophils to the inflammation site (80). Neutrophil elastase
(NE), a powerful serine protease exclusively found in primary
granules of neutrophils, facilitates inflammation-mediated tumor
initiation in the lung (80). H. hepaicus-induced colitis triggers
tissue infiltration of MPO+ neutrophils and macrophages into
the infected sites (81). These neutrophils and macrophages
generate reactive oxygen species (ROS) and reactive nitrogen
species (RNS) which subsequently cause molecular damage,
promoting tumorigenesis (81). Transcriptional analysis
reveals that genes involved in repairing DNA damage were
downregulated, but genes associated with reactive chemical
species generation were upregulated in infected colons (with no
impact on cell proliferation) (81).

Neutrophils and cancer cell survival/proliferation
Beyond tumorigenic functions of neutrophils, their roles in
cancer cell survival and proliferation have been also elucidated
well. Overexpression of insulin receptor substrate 1 (IRS-
1) is known to reduce tumor growth (83). In A549 lung
adenocarcinoma, neutrophil elastase (NE) degrades IRS-1 in
cancer cells, thereby causing tumor cell proliferation. PI3K
signaling pathway alteration mediates this process by fostering
the interaction with PDGF-receptor (83). In 4T1 breast
carcinoma, transferrin, an iron-transporting protein secreted by
neutrophils, binds to its receptor expressed on cancer cells (85).

Then the transferrin supplies iron to the cancer cells for their
proliferation (85). As tumor growth andmetastasis are promoted,
transferrin secretion by neutrophils increases (85). Sorafenib, a
rapidly accelerated fibrosarcoma (RAF) inhibitor, is commonly
used as treatment for HCC. However, the use of sorafenib
causes side effects and resistance such as tumor desmoplasia.
Gr-1+ myeloid cells including neutrophils have been revealed
to be responsible for the resistance (40, 88, 129, 130). Sorafenib
treatment induces tumor hypoxia, which upregulates CXCL12
expression in HCA-1 cancer cells and stromal cells. Then,
CXCR4-expressing Gr-1+ myeloid cells are promoted to infiltrate
to CXCL12-secreting tumor sites, and the infiltrated cells support
differentiation and activation of hepatic stellate cells via the MAP
kinase pathway and fibrosis in HCC (40). Of note, CXCL12-
CXCR4 axis triggers increased infiltration of Tregs and M2
type macrophages and upregulation of intratumoral PD-L1 in
HCA-1 HCC (88). Moreover, in Ak4.4, Pan02, KPC, and iKRAS
pancreatic adenocarcinoma, adipocytes of obese population
secrete increased levels of IL-1β to recruit neutrophils to the
tumor along with enhancing Treg infiltration, and hindrance of
CD8+ T cell infiltration (58). The recruited neutrophils then
activate pancreatic stellate cells via IL-1β secretion to accelerate
fibrosis, which promotes tumor growth and reduces sensitivity to
chemotherapy (58).

Neutrophils and immune modulation
Neutrophils play essential roles in tumor growth and metastasis
not only to regulate cancer cell proliferation and survival,
but also to modulate innate and adaptive immunity. The
recruited neutrophils via CXCL12-CXCR4 axis secrete IL-10 that
suppresses cytotoxic T cell function on tumor cells, which then
causes anti-VEGF therapy resistance in SL4 and CT26 colorectal
carcinoma (7, 8). Similar findings have been recently reported
in LS174T human colorectal carcinoma (90), which confirms
the previous observations in preclinical murine models (7, 8).
The CXCL12-CXCR4 axis in myeloid cells including neutrophils
is also responsible for NK cell apoptosis and inactivation by
enhancing the Fas signaling pathway and restraining IL-18
production in neutrophils, respectively, in metastatic B16F0
melanoma, PyMT breast carcinoma, and YAC-1 lymphoma
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FIGURE 2 | Neutrophils differentially regulate tumor microenvironment with diverse mechanisms. Neutrophils perform pro-tumoral roles in most tumor settings,

promoting tumorigenesis, and cancer cell proliferation via diverse mechanisms. Moreover, neutrophils regulate the functions of other immune cells including cytotoxic

T cells and Tregs in order to build up tumor-favorable tumor microenvironment. On the one hand, neutrophils stimulate tumor angiogenesis via inducing the release of

VEGF and FGF-2 from ECM or secreting pro-angiogenic molecules, themselves. Furthermore, metastatic competence of cancer cells can be achieved by physical

interaction with neutrophils and neutrophil-derived secretory molecules, facilitated to extravasate to secondary tumor sites. Neutrophils also create a positive feedback

loop with cancer cells toward the formation of the tumor-supportive microenvironment, developing dysfunctional vasculature around the tumor, leading to hypoxia

which recruits more neutrophils and pro-tumoral immune cells into tumor milieu. On the other hand, a couple of studies indicate anti-tumoral functions of neutrophils in

different contexts. In these contexts, neutrophils perform a cytotoxic function on cancer cells, and have cancer cells lose proliferative and metastatic properties.

(131). Neutrophil-mediated modulation of NK cells has been
confirmed in 4T1 and D2A1 metastatic mammary carcinoma
context (D2A1 inoculation after 4T1 injection) as well (105). The
expanded population of neutrophils near metastatic sites inhibits
functional activation of NK cells, and thus the NK cells lose their
ability to clear intraluminal tumor cells (105). This consequently
comes across with a favorable environment for cancer cell
survival and metastasis (105). CXCR4 depletion in those myeloid
cells recovers the tumor-killing capacity of NK cells (131). In
H22-generated hepatoma-bearing mice, PD-L1 is upregulated in

tumor-infiltrating neutrophils (TINs), induced by GM-CSF and
TNF-α secretion from the tumor microenvironment (91). The
overexpressed PD-L1 of neutrophils suppresses proliferation and
activation of PD-1+ T cells, dampening anti-tumor immunity
(91). In STK11/LKB1-deficient KP lung carcinoma, recruited
neutrophils produce suppressive factors such as IL-10, LGALS9,
Arginase1 (ARG1), and Milk fat globulin EGF factor (MFGE8)
which are also involved in cytotoxic T cell suppression as well
as the tumor-promoting cytokine IL-6 (92). In KEP breast
carcinoma, Nos2, the gene encoding iNOS, is largely upregulated
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in neutrophils (93). Then the neutrophils suppress CD8+ T cell
activity via NO from iNOS, promoting lung metastasis (93).
Effect of neutrophil NO production on CD8+ T cell apoptosis
has been also confirmed in AB12 mesothelioma, LKRM lung
carcinoma, and LLC (94). TNFα-mediated iNOS upregulation
and NO secretion in neutrophils induce the apoptosis of non-
activated CD8+ T cells via direct contact between cells in
these tumor contexts (94). ARG I secretion by neutrophils has
been also uncovered to affect T cell suppression by degrading
extracellular arginine in non-small cell lung carcinoma patients
(95). IL-8 and TNF-α secretions are enhanced in non-small
cell lung carcinoma patients, and these cytokines induce ARG
I release from exocytosis of granules in neutrophils (95). In
4T1 mammary carcinoma, SCF-c-kit signaling increases c-kit+
neutrophil frequency in the circulatory system. Even in nutrient-
limited tumor microenvironments, these neutrophils exploit
fatty acid metabolism to maintain mitochondrial function and
support ROS production, resulting in T cell suppression (132).
This also echoes the formal observations of immunosuppressive
neutrophils in colon cancers (7, 8). Meanwhile, a research
adopting mass cytometry and single-cell RNA sequencing has
recently revealed that a unipotent precursor of neutrophils
promotes B16F10 melanoma progression via inhibition of pro-
inflammatory T cell activation, eliciting an immunosuppressive
microenvironment around the tumor (133).

Neutrophils affect tumor progression by regulating other
immune cells beyond NK cells and cytotoxic T cells. In LLC
and AB12 mesothelioma, neutrophils attract Tregs via CCL17
secretion and thus scupper the formation of an anti-tumor
immune microenvironment (96). Furthermore, blockade
of VEGF in TRAMP-C1 prostate carcinoma and E0771
breast carcinoma triggers Gr-1+ myeloid cell recruitment
which mediates macrophage recruitment to the tumor
microenvironment via activation of p38 mitogen-activated
protein kinase (MAPK) to promote lung metastasis (89).

Myeloid-derived suppressor cells (MDSCs) are
immunophenotypically defined as CD11b+ Gr-1+ cells (in
mice) and possess pro-tumorigenic functions including immune
suppression (134). These MDSCs can be further classified into
granulocytic (or polymorphonuclear) MDSCs [gMDSCs or
PMN-MDSCs] (CD11b+ Ly6C− Ly6G+ in mouse, CD11b+

CD14− CD15+ in human) and monocytic MDSCs [mMDSCs]
(CD11b+ Ly6C+ Ly6G− in mouse, CD11b+ CD14+ HLA-DRlow

CD15− in human) (134). Although we do not doubt that
MDSCs play important roles in regulating tumor progression,
the definition of MDSCs is still under debate since it is
difficult to clearly discriminate the heterogeneous myeloid cell
mixtures only with markers being currently used (7, 8). Indeed,
phenotypical and functional features of MDSCs are considerably
overlapped with those of monocytes and neutrophils, which we
discuss in depth throughout this review. Therefore, we would
rather not go into details of MDSCs here.

Neutrophils and angiogenesis
Even though cancer cells and cancer-associated fibroblasts are
considerably responsible for the source of angiogenic factors,
tumor-infiltrated myeloid cells including neutrophils also exert

potent properties in tumor angiogenesis over diverse tumor
settings (135). Upregulation of Bv8 following STAT3 activation
is responsible for neutrophil-mediated tumor angiogenesis in
the early stages of Rip-Tag pancreatic insulinoma (97, 98).
In Rip1-Tag2 pancreatic insulinoma, L929 fibrosarcoma, B16-
F10 melanoma, LLC, HPV-15-induced squamous carcinoma,
HT-1080 fibrosarcoma, and PC-3 human prostate carcinoma,
neutrophils infiltrated to the tumors majorly secrete MMP9
remodeling the ECM to release VEGF and FGF-2, and
activating them to trigger chronic angiogenesis and thereby
promotes tumor progression (99–102, 135). Meanwhile, in
oral cavity cancer patients, neutrophils actively secrete VEGF,
and promote tumor angiogenesis and metastasis (103). By
studying HT29, HCT-116, LoVo human colon carcinoma and
Pan02, KPC murine pancreatic carcinoma, it has also been
studied that neutrophils are the main source of FGF2 (104).
Here, these neutrophils play a proangiogenic role to develop
unsystematic tumor vasculature and prompt liver metastasis,
facilitating endothelial cell proliferation and migration (104).
Hence, inhibition of FGF2 delays tumor growth via normalizing
the vasculature (104). In KP lung carcinoma, neutrophils
alter angiogenesis around tumor tissue, causing a hypoxic
environment (136). HIF1α stabilization induced by hypoxia
increases expression of the Snail gene in cancer cells (136). The
Snail-expressing cancer cells secrete increased levels of CXCL5
and CXCL2 to recruit more pro-tumoral neutrophils to the
tumor, creating a positive amplifying loop to facilitate tumor
growth (136, 137). Notably, it has been revealed that Snail
has a pro-tumorigenic influence via recruiting pro-tumoral M2
macrophages as well in 4T1 breast cancer and LLC1 lung cancer
(137). Snail also induces Treg differentiation and impairs the
activity of dendritic cells in B16F10 melanoma (138).

Neutrophils and metastasis
While affecting primary tumor cell proliferation, modulation
of the immune microenvironment, and angiogenesis,
neutrophils also play significant roles in supervising tumor
metastasis. It has been reported that neutrophil infiltration
is essential to endow non-malignant BMT-11 fibrosarcoma
cancer cells with malignant and metastatic phenotypes
(139). The metastatic incidence is significantly reduced
with the anti-Gr1 antibody-mediated neutrophil depletion
in blood circulation or integrin β2 knockout mice lacking
in neutrophil extravasation (139). Of note, integrin β2
mediates neutrophil adhesion on activated endothelium
with high affinity, which leads to transmigration of neutrophils
across the endothelium (140, 141). A number of subsequent
researches have endeavored to illuminate diverse factors and
mechanisms which can explain functions of neutrophils on
tumor metastasis. In 4T1 and D2A1 metastatic mammary
carcinoma (D2A1 injection after 4T1 injection), recruited
neutrophils activate endothelial cells via secretion of IL-
1β. This, in turn, facilitates trans-endothelial migration of
intraluminal tumor cells, forming small protrusions of the
cell bodies across the endothelial layer (105, 106). In 4T1
breast carcinoma and human MDA-MB-231 breast carcinoma,
leukotrienes derived from neutrophils transform cancer
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cell populations to acquire highly metastatic competence in
lung pre-metastatic sites (106). The metastatic competence
of cancer cells can be also acquired by IL-17α secretion
of neutrophils in gastric cancer (108). Of note, epithelial-
mesenchymal transition (EMT) endows cancer cells with
invasive properties and high-grade malignancy (108, 142).
Coculture of gastric cancer patient-derived neutrophils and
human MKN45, MKN74 gastric cancer cells has proven that
IL-17α activates JAK2/STAT3 axis in the cancer cells following
by their acquisition of mesenchymal characteristics, and the
IL-17α is mostly derived from tumor-associated neutrophils
(TANs) (108).

Employment of a multiplexed microfluidic model of the
human microvasculature has revealed that neutrophils also
secrete IL-8 by themselves (143). The self-secreted IL-8
induces not only neutrophil sequestration in A375-MA2 human
melanoma cells but the interference of endothelial barrier
function, supporting cancer cell extravasation (143). In human
WM35, A375, C8161.C19, and UACC903 melanoma, IL-8
secreted from entrapped melanoma cells attracts neutrophils and
increases integrin β2, specifically MAC-1, on the neutrophils.
This leads to the enhancement of neutrophil-melanoma cell
interaction, facilitating lung metastasis (107). There is another
research subsequently conducted which confirms the interaction
between MAC-1 and ICAM1 (neutrophils and cancer cells,
respectively) (109). In H59 Lewis lung carcinoma and A549
human lung carcinoma, MAC-1 on neutrophils acts as a bridge
between ICAM-1-expressing cancer cells and endothelial cells
in favor of liver metastasis (109). Even though both pieces
of research by Huh et al. (107) and Spicer et al. (109) have
elucidated the MAC-1-ICAM-1 interaction and highlighted the
significant function of neutrophils on tumor metastasis, the
finding of Spicer et al. (109), is incompatible with Huh et al.
(107), in that neutrophils come first to metastatic sites, and then
circulating tumor cells directly adhere to the arrested neutrophils
in the early step of metastasis. Interaction between neutrophils
and circulating tumor cells in the bloodstream has also been
elucidated to be mediated via VCAM-1 in 4T1 breast carcinoma
(84). Also, the neutrophils physically clustered with circulating
4T1 breast cancer cells support the cancer cell cycle progression,
secreting IL-6 and IL-1β, and promote metastasis of cancer cells
(84). In MCF-7 human ER+ breast cancer, estradiol alters the
neutrophil phenotype to overexpress integrin LFA-1, promoting
ER+ cancer cell dissemination by activating cell-cell interaction
(144). Meanwhile, it has been recently studied that neutrophils
regulate diurnal transcription profiles in the lung, and promote
the migration of B16F1 melanoma cells to the lungs (145). In
CCL9-expressing CMT93 colon carcinoma, CCR1+ neutrophils
secrete MMP9 to foster cancer foci, and in late phases of tumor
the neutrophils recruit fibrocytes or induce differentiation from
monocytes to fibrocytes which secrete MMP2, accommodating
tumor cell colonization (86, 87). In short, the collaborative work
of CCR1, MMP9, and MMP2 at metastatic sites promotes cancer
metastasis (86, 87).

Neutrophil elastase traps (NETs) consist of extracellular
decondensed DNA with granules and histones derived from
neutrophils (146). Through a myriad of studies, it was

explored that upon activation of neutrophils, neutrophil-derived
NETs degrade virulence factors and trap bacteria within the
vasculature, eventually killing them. Thus, NETs work as
antimicrobial substances (146–148). It has also been elucidated
that NETs play potent roles in tumor cell migration by
trapping circulating cancer cells in vasculature and releasing
secretory molecules by themselves (110). A study on the
progression of H59 Lewis lung carcinoma after cecal ligation
and puncture (CLP), represented as an alternative model
of postsurgical infection, has proven that systemic sepsis
induces neutrophil-derived NET formation in the hepatic
sinusoid (110). Then the NETs enable stable retention of
tumor cells and accelerate tumor growth within the liver
(110). The link between trapped cancer cells by NETs and
their proliferation in metastatic sites has been explicated in
a metastatic MC38 tumor model followed by ischemia and
reperfusion (I/R) injury, which is in an inevitable state after
liver resection (82). Tumor hypoxia promotes NET formation
within the metastatic site, and the NETs release the High
mobility group box 1 (HMGB-1) protein (82). Secreted HMGB-
1 activates TLR9, which encourages tumor progression via
activation of related intracellular growth signaling pathways,
involving phosphorylation of p38, Stat3, JNK and p65 of NF-
kB (82). Moreover, it has been recently elucidated that NETs
are involved in activation of dormant cancer cells in D2.0R
mammary carcinoma (111). NET formation driven by LPS
inflammation mediates laminin cleavage and thrombospondin-
1 (Tsp-1) modulation by neutrophil elastase and NET-associated
proteases (111, 149). This stimulates integrin α3β1 on dormant
cancer cells and activates the FAK/ERK/MLCK/YAP signaling
pathway to awaken cancer cells (111). Even in the absence of
infection, 4T1 mammary cancer cells induce neutrophils to form
NETs once they arrive at lung metastatic sites, promoting the
expansion of disseminated cells (150). In ID8 ovarian cancer, the
cancer cell-derived factors such as IL-8, GRO-a, GRO-b, and G-
CSF enhance neutrophil influx to premetastatic omental niche
and promote NET formation. In sequence, the NETs support
tumor metastasis throughout trapping circulating ovarian cancer
cells (151).

Meanwhile, the importance of considering cancer as a
systemic disease has been highlighted again through its
interaction with bones (152). In KP lung adenocarcinoma, the
lung tumor activates Ocn+ osteoblasts via secretion of the
soluble receptor for advanced glycation end products (sRAGE),
which induces tumor infiltration of siglecFhigh neutrophils and
promotes tumor growth (152). These neutrophils represent
a tumor-promoting transcriptional profile with upregulated
expression of genes associated with angiogenesis (VEGFA,
HIF1α, and SEMA4d), myeloid cell differentiation and
recruitment (CSF1, CCL3, and MIF), extracellular matrix
remodeling (ADAMDEC1, ADAM17, and many cathepsins), T
cell suppression (PD-L1, FCGR2b, and HAVCR2), and tumor
cell proliferation (TNF, TGFβ1, and IL-1α) (152). In contrast,
the siglecFhigh neutrophils downregulate genes involved in
cytotoxicity (CD244, ITGAL, and Fas) (152). Furthermore,
these neutrophils increase ROS production and foster monocyte
differentiation into macrophages (152).
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Anti-tumoral Functions of Neutrophils in Solid Tumors
The majority of the hitherto conducted researches indicate
that neutrophils can only serve to promote tumor progression
(Table 2; Figure 2). However, depending on the context,
neutrophils suppress tumor metastasis by inhibiting malignant
progression. In CT26 colon carcinoma, neutrophils inhibit the
growth of G-CSF-producing cancer cells via contact-mediated
cytostatic activity, but not G-CSF-nonproducing cancer cells
(153). It has been recently revealed that the H2O2 secreted by
neutrophils leads to tumor cell death, and TRPM2-mediated
calcium influx acts as a go-between for this tumor killing
process by neutrophils in AT3 and 4T1 breast cancer (114).
In 4T1 mammary carcinoma and MMTV-PyMT spontaneous
mammary carcinoma, entrained in the pre-metastatic lung prior
to the arrival of metastatic cancer cells from primary sites,
neutrophils play a cytotoxic function via physical contacts with
cancer cells, secreting H2O2 and inhibiting the seeding of the
cancer cells (115). Neutrophil-derived ROS secretion in B16F10
melanoma and Hepa1-6 hepatoma suppress IL-17+ γδ T cells
which have pro-tumoral features, but not CD8+ T cells, in
tumor niches (116). Neutrophils also have cytotoxic activity
against CT26 colon cancer cells via production of granzyme
B (113). Meanwhile, in B16F10 melanoma, T241 fibrosarcoma,
LLC, and MMTV-PyMT-derived lung adenocarcinoma, tumor-
induced TNF-α stimulates the NF-kB signaling pathway to
express proto-oncogene MET in neutrophils (154). This enables
the hepatocyte growth factor (HGF), also driven by the tumor,
to bind to MET (154). HGF/MET signaling promotes neutrophil
extravasation, induces iNOS and NO production, and thereby
supports tumoricidal neutrophil function (154). In human
PC3 prostate cancer and MDA-MB-231 breast cancer, bone
marrow-derived CD11b+ Gr1+ cells which contain neutrophil
populations mainly induce thrombospondin-1 (Tsp-1) in lung
premetastatic sites, impairing tumor cell proliferation at the
sites (117). It has been also reported that tumor-infiltrated
neutrophils undergo functional changes and acquire an anti-
tumoral phenotype, supporting T cell responses against tumor in
early stages of human lung cancer (118). Photodynamic therapy
(PDT) augments anti-tumor immunity and tumor regression by
regulating the anti-tumoral functions of neutrophils (155).

Furthermore, neutrophils regulate pro-tumoral or anti-
tumoral mechanisms depending on tumor stage. In LLC and
AB12 mesothelioma, TANs from the early tumors are more
cytotoxic toward tumor cells and produce higher levels of TNF-α,
NO, and H2O2, while these expressions are downregulated in
late stages of tumors in which TANs acquire an enhanced pro-
tumoral phenotype (112). Although depletion of neutrophils in
the early stages of tumor has no effect on tumor growth, depletion
of neutrophils in late stages of tumor dramatically decreases
tumor growth (112).

Polarization of Tumor-Associated
Neutrophils
According to a myriad of aforementioned studies on functions
of neutrophils in diverse tumor circumstances, it has been
well-established that TANs acquire pro-tumoral phenotype or

anti-tumoral phenotype depending on related factors (147,
156). In AB12 mesothelioma and LKR lung carcinoma, TGF-β
secreted by the tumor induces neutrophil polarization toward
a pro-tumorigenic phenotype (156). Blockade of TGF-β attracts
anti-tumorigenic neutrophils which release a large number
of proinflammatory cytokines to infiltrate into the tumor
microenvironment (156). Moreover, as the tumor develops,
neutrophils display different functions regarding tumor growth
through pro-tumoral or anti-tumoral mechanisms. IFN-β (type
I IFN) differentiates neutrophils to achieve an anti-tumoral
phenotype, reducing VEGF, and MMP9 expression (78, 79, 157).
Inhibition of IFN-β endows TANs with pro-tumoral properties,
and promotes growth and metastasis of B16F10 melanoma,
MCA205 fibrosarcoma, 4T1 mammary carcinoma, CT26 colon
carcinoma and Lewis lung carcinoma (78, 79, 157). In vitro
study of BGC-823, MGC80-3, SGC-7901, and HGC-27 human
gastric cancer cells has elucidated that interaction between
HMGB1 secreted by the cancer cell-derived exosomes and toll-
like receptor 4 (TLR4) on neutrophils fosters the formation of the
autophagosome, inhibition of ROS production, and upregulation
of MMP9 and VEGF in neutrophils, inducing polarization of
neutrophils, promoting cancer cell migration (158).

CLINICAL ASPECTS

Prognostic Biomarkers
There have been a number of trials to predict cancer prognosis,
including the TNM staging system established by The American
Joint Committee on Cancer/Union Internationale Contre Ie
Cancer (AJCC/UICC) (159). Through the TNM staging system,
tumor prognostic information can be provided depending
on tumor burden, the presence of cancer cells in lymph
nodes (N) and event of distant metastases (M). Nonetheless,
TNM provides limited capacity for accurate prediction (159).
Cancer is a multidimensional disease, beyond difficulties in
cure and prediction, which incurs many systemic alternations
to be considered for effective treatment (159). One of the
alternations emanates from the immune microenvironment.
Reflecting the considerable impact of the immune system on
tumor progression, the application of the immune parameter
(Immunescore) has been introduced in disease classification
to overcome the limitations of the traditional TNM staging
system (159). As described above, presence of monocytes and
neutrophils can be a double-edged sword, pro-tumoral or anti-
tumoral, depending on the characteristics of tumors and applied
therapies. In lung cancer, increased amount of monocytes within
the tumor is associated with a poor survival rate, represented
by progression-free survival (PFS) and overall survival (OS) of
patients (36). In patients with colorectal cancer, profound influx
of CCR2+ classical monocytes from the bone marrow to the
circulatory system is correlated with worse clinical outcomes,
showing accelerated liver metastasis (46). Reversely, in patients
with melanoma, high frequency of classical monocytes allows
us to predict favorable treatment response to anti-PD1 therapy
and increased survival rates (160). Presence of TEMs and M2-
polarized macrophages infiltrated in PDAC is associated with
a high possibility of tumor recurrence and poor survival rates
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(161). In hepatitis B virus related hepatocellular carcinoma,
high percentage of TEMs in peripheral blood monocytes
represent poor overall survival and a shorter time to disease
recurrence after resection (162). Changes in abundance between
TEMs before and at 1 month after initial therapy also could
serve as a biomarker in order to predict overall survival of
hepatocellular carcinoma patients treated with sorafenib, a multi-
kinase inhibitor of tumor angiogenesis (163). In breast cancer,
endometrial cancer, prostate cancer, bladder cancer, ovary cancer,
and urothelial cancer patients, high density of tumor-associated
monocytes/macrophages (TAMs) has been reported to correlate
with poor overall survival rates, while high density of TAMs in
colorectal cancer patients shows longer overall survival (164).
High density of TAMs is also associated with advanced tumor
stages (III+IV) rather than with early stages (I+II) in breast
cancer, oral cancer, and bladder cancer patients (164). However,
there was no observed relation between TAMs and disease free
survival rate in this clinical study (164).

Despite the controversial functions of neutrophils, neutrophil
lymphocyte ratio (NLR) could be a potential biomarker for
clinical use in some cases. After surgical removal of colorectal
cancer (CRC), esophageal squamous cell carcinoma (ESCC),
and PDAC, patients with lower values of NLR have a greater
survival rate and reduced disease progression compared to
patients with high NLR (165–167). When using everolimus for
treatment of metastatic renal cell carcinoma (RCC), patients
with low NLR also represent increased levels of both overall
survival and PFS (168).Meanwhile, NLR inversely correlates with
prostate-specific antigen (PSA) responsiveness to abiraterone
acetate (abiraterone), a medication for metastatic castration-
resistant prostate cancer patients (169, 170). In hepatocellular
patients, tumor-infiltrated neutrophils represent upregulated
PD-L1 expression (91). The ratio of PD-L1+ neutrophils to PD-
1+ T cells helps better predict the disease-free survival of HCC
patients (91). The NLR system is still under investigation across
various cancer types, and it would be safe to be cautious to make
an interpretation of disease prognosis with this system.

On one hand, counting TINs indicates controversial clinical
outcomes. In RCC, presence of TINs has a negative impact on
survival rates (171) and in melanoma patients, high amount
of TINs mediated by activated pSTAT3 is linked to poor
disease prognosis (172). Robust tumor infiltration of neutrophils
also presents a negative disease progression of head and neck
squamous cell carcinoma (HNSCC) (173). In the same manner,
colorectal cancer patients with increased level of TINs are more
likely to acquire a malignant phenotype of cancer and show
adverse prognosis (174). Moreover, upon bevacizumab treatment
(anti-VEGF therapy) for metastatic colorectal cancer patients,
neutrophil infiltration engenders drastically low survival rates
and represents a hostile clinical response against bevacizumab
treatment (90). However, according to a couple of other clinical
researches regarding influence of TINs on colorectal cancer
prognosis, neutrophil infiltration to tumor tissue positively
associates with favorable disease prognosis (175, 176) and
with better responses to 5-FU-based chemotherapy (177).
Interestingly, level of TINsmay affect tumor prognosis differently
depending on the sex of gastric cancer patients. Extensive amount

of TINs reduces mortality risk of female patients while it does
not affect male patients (178). Meanwhile, in non-small cell lung
cancer (NSCLC) TINs do not represent any immediate impact on
recurrence-free survival and overall survival (179).

Tests of functional single-nucleotide polymorphisms in genes
regulating TAMs also enable us to predict clinical treatment
outcomes (180). Through related trials, TBK1 rs7486100, CCL2
rs4586, CCL18 rs14304, and IRF3 rs2304205 have also been
revealed to correlate with overall survival and progression free
survival of metastatic colorectal cancer patients treated with
bevacizumab (180).

Therapeutic Applications
The CCL2-CCR2 chemokine axis plays a major role in
recruitment of TAMs, which renders the immunosuppressive
tumor microenvironment immunosuppressive and thereby
promotes tumor progression (46). Conversely, inhibition of
this axis restores anti-tumor immunity (46). Combination
therapy of CCR2 inhibitor PF-04136309 with FOLFIRINOX
chemotherapy for PDAC restores the anti-tumor immune
microenvironment, preventing CCR2+ monocytes from
emerging from the bone marrow (181). Carlumab is a human
immunoglobulin G1κ monoclonal antibody which specifically
binds to human CCL2 with high affinity, leading to CCL2-
CCR2 axis disruption (182–184). Clinical trials conducted
for Carlumab in ovarian cancer, prostate cancer and other
solid tumors with and without other chemotherapies such
as docetaxel, gemcitabine, paclitaxel+carboplatin, or PLD
has proven that Carlumab is well-tolerated but unfortunately
fails to trigger significant tumor responses, since it could not
sustain the long-term blockade of CCL2 (182–184). Since the
CSF-1/CSF-1R axis is responsible for differentiation and survival
of pro-tumoral TAMs, incessant efforts have been made to
target CSF-1R to eliminate or repolarize TAMs (185). There are
several CSF-1R inhibitors currently in clinical trials in many
tumor types (186). Emactuzumab (RG7155) is a recombinant,
humanized monoclonal antibody of IgG1 subclass, targeting
CSF-1R expressed on macrophages (186). Clinical treatment
of emactuzumab to patients with tenosynovial giant cell tumor
shows durable tumor responses and functional improvement of
patients with significant reduction of infiltrated macrophages in
the tumor (186).

Another CSF-1R inhibitor is pexidartinib (PLX3397), a
small-molecule inhibitor (187). As delineated above, preclinical
studies in diverse solid tumors including mammary carcinoma,
melanoma, lung carcinoma, pancreatic carcinoma, and glioma
have proven that this molecule effectively blocks CSF-1R
signaling, suppresses infiltration of macrophages into tumors,
and accordingly restrains tumor progression (187–191).
The dramatic tumor response to PLX3397 has provided a
rationale to begin work on its clinical applications, currently
ongoing in many solid tumors with and without combination
with pembrolizumab, a monoclonal antibody targeting PD-
1. According to a clinical case report, the progression of
tenosynovial giant cell tumor was inhibited during non-surgical
management with pexidartinib treatment (192).
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In the context of tumor where neutrophils exert detrimental
influence, the activation and homing of neutrophils need to be
interrupted for better prognosis. Repertaxin is a small molecule
inhibitor of CXCR1 and CXCR2 for blocking neutrophil
trafficking (193). In patients with HER-2 negative metastatic
breast cancer, treatment of repertaxin in combination with
paclitaxel shows a durable tumor response with fine safety and
tolerance. In this setting, an increased rate of neutropenia has
not been observed, which needs to be evaluated further (194).
Meanwhile, myeloid cell-derived IDO could be another attractive
target for tumor regression since it shows suppressive activity on
T cells (195). Preclinical research usingMMTV-Neu breast tumor
model has revealed that indoximod, a small molecule inhibitor of
IDO, in combined use of paclitaxel, successfully induces tumor
regression (195). As a clinical trial, targeting IDO with a peptide
vaccine elicits long-lasting disease stabilization in lung cancer
patients along with reduction of Treg frequency and increased
cytotoxicity of CD8+ T cells to kill cancer cells (196). Clinical
application of indoximod is also ongoing in metastatic solid
tumor patients (197). However, it may be asked whether IDO is
an effective target, since phase III ECHO301 trial of epacadostat,
another inhibitor of IDO, with pembrolizumab for melanoma as
a combination therapy failed, missing the first primary endpoint
of improving PFS vs. pembrolizumab alone (198).

CONCLUDING REMARKS

As thoroughly discussed in this review, tumor-associated
monocytes and neutrophils are highly heterogeneous in a
context dependent manner. Setting aside the need for the
fine-tuning, we still have limited knowledge of their versatile
functions in diverse tumor scenarios: cancer types, stages of
disease, and applied therapies. In order to decipher these
multifaceted roles ofmonocytes and neutrophils, there are several
demands to be considered. First, we strongly suggest establishing
orthotopic tumor models for preclinical studies. Ectopic tumor

implantation has been conducted in many pieces of researches
without consideration of organ settings. However, since the
organ specific microenvironment, including different immune
landscape, differently regulate tumor growth and progression,
neglecting it undermines the validation of ectopic tumor models.
Second, we also urge that researches be further progressed
with development of applicable technologies such as single-
cell RNA sequencing, intravital imaging, and mass cytometry.
Application of advanced technological methods not only help
in systemically understanding the heterogeneous and dynamic
tumor microenvironment, but will also let us forecast disease
prognosis and make therapeutic decisions with minimal side
effects. Lastly, more clinical studies are required to validate
prognostic markers and therapeutic agents.

With the fulfillment of these methodological and practical
suggestions, we will be able to heighten our understanding
of heterogeneous functions of monocytes and neutrophils in
various tumor contexts, and further establish effective tumor
therapies based on the comprehensive understanding.
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The wound repair program is tightly regulated and coordinated among different cell

constituents including epithelial cells, fibroblasts, immune cells and endothelial cells

following consecutive steps to ensure timely, and proper wound closure. Specifically,

innate and adaptive immune cells are pivotal participants that also closely interact

with the vasculature. Tumors are portrayed as wounds that do not heal because they

undergo continuous stromal remodeling and vascular growth with immunosuppressive

features to ensure tumor propagation; a stage that is reminiscent of the proliferative

resolution phase in wound repair. There is increasing evidence from mouse model

systems and clinical trials that targeting both the immune and vascular compartments

is an attractive therapeutic approach to reawaken the inflammatory status in the “tumor

wound” with the final goal to abrogate tumor cells and invigorate tissue homeostasis. In

this review, we compare the implication of immune cells and the vasculature in chronic

wounds and tumor wounds to underscore the conceptual idea of transitioning tumors

into an inflammatory wound-like state with antiangiogenic immunotherapies to improve

beneficial effects in cancer patients.

Keywords: myeloid cells, macrophages, neutrophils, endothelial cells, tumor vessels, wound repair,

antiangiogenic immunotherapy

INTRODUCTION

Neoplastic conversion of cells into a malignant tumor with metastatic properties acquires not only
multiple intrinsic traits but also necessitates the participation of the tumor microenvironment
with its diverse cellular and matrix constituents (1). Notably, innate immune cells, and specifically
macrophages, are functionally involved in nearly every stage of the multistep cascade of
tumorigenesis (2). There is also increasing evidence that neutrophils functionally contribute
to distinct stages, which includes angiogenesis, escape of tumor dormancy, and metastatic
seeding (3, 4). Of the many cancer hallmarks, the onset of tumor neovascularization, and escape
of immunosurveillance are two environmental traits that are codependent. They encompass
endothelial and mural cells constituting the vasculature as well as innate and adaptive immune cells
that partake in heterotypic interactions with one another (5). This crosstalk is not tumor-specific
but attributed to their traditional roles in tissue repair where immune cells also affect vascular
properties while endothelial cells direct immune cell trafficking and survival.
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IMMUNE CELLS IN WOUND HEALING

Acute wound healing, being extensively studied in the skin
and gut, follows a well-coordinated multistep process that
constitutes inflammation, proliferation and remodeling phases
to restore tissue homeostasis, regain function, and protect from
infection (6–9) (Figure 1, upper panel). Following immediate
hemostasis to impede bleeding, and as a first defense mechanism,
neutrophils, and then CCR2+ monocytes and macrophages
are recruited to the wound and activated by proinflammatory
cytokines (e.g., TNFα, IL1) and chemokines (e.g., CXCL-
1,5,8; CCL-2) -secreting epithelial cells and fibroblasts and
cellular contents (e.g., DNA, RNA, uric acid, metabolites,
HMGB1) from dying cells that serve as danger signals
(DAMPs) (10, 11). During this inflammation period, neutrophils
secrete reactive oxygen species (ROS), nitric oxide (NO),
and antimicrobial proteins (AMPs) and deploy web-like
extracellular traps (NETs) in order to phagocytose and kill
contaminating microorganisms (12, 13). Neutrophils also
produce TNFα, IL1β, IL-6, CXCL2/8 as well as MCP-1
(monocyte attracting protein-1) that recruit macrophages, T
cells as well as additional neutrophils to the wound thus
amplifying a Th1 proinflammatory response. Inflammatory
macrophages predominantly serve as scavengers removing
dead cells and cellular debris. They also produce similar
cytokines, including IL-12/23 as well as IFNγ that recruit
T-cells and natural killer cells (NK), and stimulate their
proinflammatory responses (14, 15). In addition, endothelial
cells in dermal venules upregulate the lymphocyte adhesion
molecules V-CAM-1, I-CAM-1, E- and P-selectins, which
regulate lymphocyte rolling and tethering, and thus augment
lymphocyte infiltration into the wound (7, 16). Consequently,
T cells in the wound produce interleukin (IL)-17, IL-22, and
tumor necrosis factor a (TNFα), which further intensifies the

defense response of the immune system (Figure 1, upper panel).

In addition, plasmacytoid dendritic cells (pDC) infiltrate the

wound and recognize nucleic acids from injured cells leading
to the production of type I interferons (17). Further, dermal

conventional dendritic cell type 1 (cDC1s) can cross-present
antigens (6, 18, 19) to facilitate T cell function, and control
the generation of commensal-specific CD8+ IL-17+ T cells in
the skin (20). As soon as neutrophils complete their mission,
they undergo apoptosis and are removed by macrophages (21).
This phagocytotic activity instigates the transition to an anti-
inflammatory Th2-like phenotype in macrophages and ends the
inflammatory period (21). The conversion from a “Th1” to
“Th2” state is indeed an essential and critical step to impede
inflammation and necessary to initiate the proliferative and
resolution phase for efficient wound repair (Figure 1, upper
panel) (22). If the wound repair cannot proceed beyond the
inflammation phase, it will generate a chronic woundwith barrier
defects (8, 9, 23). During the proliferative resolution phase,
granulation tissue fills the wound with connective tissue, and
keratinocytes, fibroblasts, and endothelial cells expand to enable
a proper wound closure. Therefore, anti-inflammatory Th2-
like “repair” macrophages activate fibroblasts that in turn incite
keratinocyte proliferation and migration and together promote

neovascularization by directly secreting Vascular Endothelial
Growth Factor (VEGF), Transforming Growth Factor β1 (TGF-
β1), and IL8 as well as other factors including metalloproteinases
(24). During wound healing, the generation of a new vascular
network is predominantly caused by sprouting by which new
vessel growth is initiated from activated preexisting capillary
endothelial cells. In addition, but to a much lesser extent,
bone marrow-derived hematopoietic precursors, and even
dendritic cells and monocytes, can also be recruited to the
growing vasculature where they differentiate into endothelial
cells (25–29).

Expanding vascular sprouts exist of proliferating endothelial
stalk cells and migrating tip cells at the leading edge which
follow a gradient of proangiogenic factors produced by various
cells including keratinocytes and stromal cells. Tip cells of
different sprouts connect by anastomosis under the chaperon
of macrophages, followed by maturation of the new vessel to
enable blood flow (30). The entire process is tightly regulated by
several proangiogenic factors (e.g., VEGF, PIGF, FGF, IL8) as well
as antiangiogenic factors (e.g., Sprouty2, pigment epithelium-
derived factor (PEDF), CXCL10) displaying a fine balance of both
vascular growth and remodeling until vessels become covered
with pericytes, form a basement membrane and mature (24, 31,
32). Although the implication of macrophages has been well-
established in the distinct steps of wound healing, the role of
neutrophils in the later stages, specifically in angiogenesis has not
been appreciated until recently. Like macrophages, neutrophils
can polarize from an immunostimulating N1 phenotype to an
immunosuppressive N2 status in which they, like macrophages,
produce VEGF and MMPs and other angiogenic factors (3, 33).
For example, neutrophil-produced VEGF appears to be crucial
in the healing process of an injured cornea in mice because
antibody-mediated neutrophil depletion substantially impaired
neovascularization (34). Also, dendritic cell expansion in the
skin can enhance wound healing by DC-produced factors that
promote re-epithelialization, angiogenesis, granulation tissue
formation, growth factor production (35). Finally, during the
last phase of wound repair, the immune cell composition
reverses back to normal levels, and the extracellular matrix
in the wound undergoes further remodeling to properly
close the wound, a process that can persist for weeks to
months (8, 9).

TUMORS ARE NON-HEALING WOUNDS
BUT DIFFER FROM CHRONIC WOUNDS

While the acute wound healing cascade is tightly regulated
and coordinated, chronic wounds (like in diabetes or ulcers)
develop when the repair process is trapped, most commonly
in the inflammatory response phase being unable to trigger the
repair program in macrophages to move to the next phase.
Consequently, an excessive immune response develops that
leads to further tissue damage rather than tissue restoration
(23). In the late 80s, Harold Dvorak compared tumors to
wounds that never heal (36). The difference to chronic wounds,
however, is that “tumor wounds” avoid the inflammatory phase
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FIGURE 1 | Tumors hijack the wound repair program: Chronic wound vs. tumor wound. Usually wound healing is manifested in several sequential steps after injury

referred to as inflammation, proliferation-resolution, and remodeling phase. Immune cells are key regulators in the wound repair program. In the inflammation phase,

neutrophils kill microbes and macrophages phagocytose apoptosing neutrophils, while skin-resident or infiltrating T cells produce IL-17, IL-22, and TNF α to amplify

the host defense response. During the proliferation phase, macrophages switch to an anti-inflammatory phenotype (Msupp ). Msupp macrophages, Nsupp neutrophils

(or tumor-associated neutrophil, TANs), Tregs and other immunosuppressive cells may help to attenuate the inflammation response and facilitate resolution and tissue

remodeling. Chronic wounds get trapped in the inflammation phase, exacerbate inflammation and thus, hinder tissue repair. Tumors, on the other hand, hijack the

proliferative/remodeling program and provide signals that create a continuous angiogenic and immunosuppressive environment enabling tumors to grow and escape

immune surveillance. Therefore, tumors remain in the proliferative phase upon the onset of angiogenesis. Antiangiogenic immunotherapies induce an inflammation

program in tumors that reawakens and boosts an anti-tumor response. The ultimate goal is to create a homeostatic situation in which tumor cells are eliminated and a

normal tissue architecture is achieved. CAF, Cancer-associated fibroblast; CTL, cytotoxic T lymphocyte; DC, dendritic cell; DCreg, regulatory DC; ECM, extracellular

matrix; MDSC, myeloid-derived suppressor cells; Mono, monocyte; Mstim, immunostimulatory macrophage (M1-like); Msupp, immunosuppressive macrophage

(M2-like); Nstim, immunostimulatory neutrophil (N1-like); Nsupp, immunosuppressive neutrophil (TAN); pDC, plasmacytoid DC; Th, T helper cell; Treg, regulatory T cell.

to escape immunosurveillance, and hijack the proliferative
resolution program of the wound repair to induce a vascular-rich
stroma with immunosuppressive and angiogenesis-promoting
cell constituents conducive to tumor propagation (Figure 1)
(36). Similar to the processes in the resolution phase of
wounds, tumors instigate several remodeling processes that
include increased vascular permeability, the onset of angiogenesis
and deposition of an extravascular fibrin-enriched provisional
stroma which is replaced by a vascular connective granulation
tissue causing desmoplasia in certain tumor types (37).
Concomitantly, tumors polarize innate immune cells from an
immunostimulating to an immunosuppressive and angiogenic
state and thus, not only escape immunosurveillance but also
take advantage of myeloid-produced angiogenic factors that help

to expand its tumor vasculature accommodating the needs of
a growing tumor (Figure 1, lower panel) (38). Notably, the
process of angiogenesis in wounds and tumors is regulated
by similar factors, but in contrast to the tight regulation of
angiogenesis in acute wounds, the production of angiogenesis-
promoting and inhibiting molecules in tumors is imbalanced
(39, 40). Tumors continue to stimulate neovascularization, which
results in an expanding tumor vasculature with an abnormal
phenotype displaying hyperdilated tumor vessels with poor
pericyte coverage and leaky and sluggish blood flow (41).
Subsequently, a hypoxic and acidic environment in tumors with
increased interstitial pressure evolves that further elevates the
production of proangiogenic factors and thus exacerbates a
proangiogenic response (40, 42).
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INNATE IMMUNE CELLS PROMOTE
ANGIOGENESIS

Like in wounds, myeloid cells present a prominent population
in tumors where they can make up to 30% of the entire
population dependent on tumor type and stage (5, 43–45). As
soon as myeloid cells reach the tumor, some of the immature
innate immune cells will differentiate into tumor-associated
macrophages (TAMs) and neutrophils while others remain
in an immature stage resembling monocytic myeloid-derived
suppressor cells (M-MDSCs) and immature DCs or granulocytic
MDSCs (G-MDSCs) (46). In addition, the presence of regulatory
(reg) DCs has also been described which suppress T cell
activation and proliferation and enable Treg differentiation and
expansion (47–49).

Importantly, however, the cytokine milieu to which myeloid
cells are exposed, and the specific tumor microenvironment
in which they reside will dictate which phenotype these
plastic cells will display. IFNγ, TNFα, and IL-12 promote an
immunostimulatory polarization in innate immune cells while
TGF-β, IL-4, IL-10, and CSF-1 are prominent factors that skew
macrophages and neutrophils toward an immunosuppressive
and angiogenic phenotype, and promote Treg proliferation (3,
50, 51).

Thus, although macrophages and neutrophils have the ability
to inhibit angiogenesis and attack whatever they consider
foreign, in tumors, they commonly promote an escape of
immunosurveillance, and new vessel formation. There is strong
evidence of the functional significance of TAMs in tumor
angiogenesis in multiple systems. One of the first seminal
studies demonstrating the relevance of TAM-directed tumor
angiogenesis was achieved in the mammary virus-polyoma
middle T- antigen (PyMT) breast tumor model, and then
confirmed in other tumor model systems (52–54). Thereby,
macrophages were depleted in tumors by genetically or
pharmacologically impairing CSF1-CSF1R signaling, which is
essential for macrophage differentiation and survival, or by
broad elimination of myeloid cells with clodronate liposomes.
As a result, macrophage-deficiency in these various murine
tumor models reduced angiogenic activity (52, 54–56). Again,
however, the pro-angiogenic capacity of TAMs is dependent on
the cytokine milieu, which in part is triggered by a hypoxic
and acidic microenvironment (40, 57). These conditions induce
the secretion of chemotactic factors such as VEGF, colony-
stimulating factor 1-3 (CSF1-3), the CX chemokines CXCL12
(aka SDF1a) and CX3CL1, the CC-chemokines CCL2, CCL5,
CCL22, interleukin IL6, semaphoring 3A and others that recruit
immune cells to the tumor where they become programmed
to facilitate angiogenesis by secreting proangiogenic factors
(40, 43, 46, 54, 58–63) (Figure 2). In this pro-tumor state,
myeloid cells represent a crucial source of angiogenic factors
producing VEGF, fibroblast growth factor 2 (FGF2), CXCL8
(CXC-chemokine ligand 8), WNT7B, and BV8. In addition,
they produce PDGF-B, PIGF, Neuropilin-1, IL-6, and several
proteinases, including matrix metalloproteinases (MMPs) and
cathepsins, which also have pro-angiogenic properties (64, 65)
(Figure 2). Certainly, hypoxia via HIF-1α also augments the

secretion of proangiogenic cytokines in tumor cells, specifically
VEGF, which is the most prominent angiogenic factor being
highly expressed in a variety of different tumor types (66). This
makes tumor cells the major source of VEGF and raises the
question as to why myeloid cells also induce VEGF in response to
hypoxia (67–70). As it is well-established that VEGF contributes
to tumorigenesis (71), Stockmann et al. made a surprising
observation that myeloid cell-specific VEGF deletion in mice
enhanced the development of spontaneous mammary PYMT
tumors and tumors of several subcutaneous isograft models (53).
Interestingly, VEGF depletion in macrophages promoted tumor
vessel normalization and thus enhanced the exposure of tumors
to chemotherapeutic cytotoxicity (53). This is an important
study that supports the notion that not only total VEGF levels
but also the location of VEGF within the tumor regulate
vascular characteristics. It appears that likely perivascular
macrophages secrete VEGF to fine-tune angiogenic properties
of blood vessels by closely interacting with endothelial cells.
Congruent with these observation of location-dependent effects
of VEGF, myeloid cell-produced VEGF has also been shown to
promote the intravasation of tumor cells into the blood stream
by enhancing vascular permeability (72). Besides producing
VEGF, myeloid cells regulate VEGF bioavailability by releasing
matrix metalloproteinase MMP-9 to liberate sequestered VEGF
from the extracellular matrix. This enables VEGF binding to
and activation of VEGFR2 on endothelial cells at sites of
neovascularization (59, 73) (Figure 2). Another example of
location-dependent regulation and function of TAM activity
has been described for semaphorin 3A (Sema 3A). Sema 3A is
induced by hypoxia and was found to recruit macrophages by
binding to neuropilin-1 (Nrp-1) and PlexinA1/A4 co-receptors
and signaling through VEGFR1. As soon as macrophages
localized in low-oxygen conditions, expression of Nrp-1,
but not PlexinA1/A4, was repressed in macrophages, which
trapped macrophages in these hypoxic areas where they
facilitated angiogenic and immunosuppressive properties (63).
Congruently, genetic deletion of Nrp-1 in macrophages was
sufficient to impair TAM recruitment and accumulation in
hypoxic regions, resulting in impaired neovascularization,
improved antitumor immunity and consequently, delayed tumor
growth (63). TIE2-expressing macrophages (TEMs) have highly
angiogenic characteristics which, like TAMs, correlate with
vascular density in various murine and human tumors (74,
75). TEMs are preferentially found in close association with
blood vessels being recruited by angiopoietin 2 (ANGPT2)-
secreting endothelial cells. ANGPT2 promotes angiogenesis in an
autocrine manner by binding to the TIE2 receptor on endothelial
cells and mediates interactions between endothelial cells and
TEMs to support vessel sprouting and macrophage -directed
anastomosis (30, 46, 76). Albeit TEMs compose a minor subset of
TAMs, they have been found to be highly relevant in promoting
tumor angiogenesis because TEM depletion experiments using
antibody-mediated neutralization of the Tie2 ligand Ang2 or Tie2
promoter-driven thymidine kinase both reduced angiogenesis
and tumor propagation in mammary, pancreatic neuroendocrine
and brain tumor mouse models (76, 77). Besides macrophages,
neutrophils have now also been recognized to be important
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FIGURE 2 | Regulatory network of the tumor immune microenvironment. The tumor microenvironment facilitates cross-talks between immunosuppressive

macrophages, MDSCs, Nsupp, Tregs and CD4+ Th2 cells that promotes angiogenesis, immunosuppression, and tumor progression. During the course of

antiangiogenic and/or immunotherapy, myeloid cells including macrophages can switch to an inflammatory phenotype, and cooperate with CD8+ CTLs and CD4+

Th1 cells to generate an anti-tumor response and promote vessel pruning and normalization. Ang2, angiopoietin 2; CAF, Cancer-associated fibroblast; CTL, cytotoxic

T lymphocyte; DC, dendritic cell; DCreg, regulatory DC; FGF, Fibroblast growth factor; IFN, interferon; IL, interleukin; M-CSF, Macrophage colony-stimulating factor;

MDSC, myeloid-derived suppressor cells; MMP, Matrix metalloproteinases; Mstim, immunostimulatory macrophage (M1-like); Msupp, immunosuppressive

macrophage (M2-like); Nstim, immunostimulatory neutrophil (N1-like); Nsupp, immunosuppressive neutrophil (TAN); PDGF, Platelet-derived growth factor; PlGF,

Placental growth factor; TAN, Tumor-associated neutrophil; TGF-β, Transforming growth factor beta; Th, T helper cell; Treg, regulatory T cell; VEGFA, Vascular

endothelial growth factor A. Cells in orange or red color represent immunostimulation/type 1 immunity/anti-angiogenic status, while cells in green/blue represent

immunosuppression/type 2 immunity/pro-angiogenic status.

mediators of tumorigenesis but the TAN-dependent mechanisms
of tumor progression are not fully understood (3, 4, 78). G-
CSF mediates neutrophil proliferation and differentiation by
binding to CSF3R and activating downstream Janus kinase
(JAK)–signal transducer and activator of transcription 3 (STAT3)
pathways. CXCL chemokines including CXCL8 as well as IL-
1β, IL17, and IL-6 predominantly mediate the recruitment
of neutrophils to tumors (3, 79–81) (Figure 2). In contrast
to injuries, where neutrophils are the first cells to enter the
wound to fight contaminants and then undergo efferocytosis,
neutrophils in tumors (TAN) do not appear to apoptose but
like macrophages become polarized to an immunosuppressive
and angiogenic phenotype. These observations of phenotypic
neutrophil modulation have led to the notion that the functional
plasticity seen in other immune cells, such as TAMs, may also be

reflected in TANs (3). In support, cytokine-driven polarization
of neutrophils in murine models of cancer have provided
evidence that the cytokine TGF-β and type I interferons are key
effectors of neutrophil polarization. TGF-β skews neutrophils
toward an N2 phenotype. It blocks neutrophil production of
ROS, reactive nitrogen intermediates, and IL-1β and impedes
neutrophil degranulation in response to LPS. Conversely, TGF-
β inhibition or the presence of type I interferons polarize
neutrophils to an N1 phenotype while inhibiting type I interferon
signaling unleashes N2 properties in neutrophils (82). N2
conversion, similar to M2 macrophage polarization, may in
part be caused by hypoxia, which has been shown to delay
neutrophil apoptosis (83). Mechanistically, hypoxia induced
neutrophil survival through HIF-1α-dependent NF-κB activity
under low-oxygen tension in a PHD3-dependent manner (57,
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84). Like TAMs, TANs produce similar proangiogenic factors
and proteases like VEGF, FGF, BV8, and MMP9, which is in
part regulated by STAT3 signaling (81, 85–87). The angiogenic
expression profile appears to be very conserved because in
zebrafish, transcriptomic profiling of liver tumor-associated
neutrophils revealed up-regulation of similar gene transcripts
promoting angiogenesis (88). VEGF is the prominent angiogenic
factor that neutrophils, like TAMs, not only express and secrete
but they also carry it in granules which are released upon
TNF stimulation (89). TANs, like TAMs, provide another
quick route of VEGF accessibility to activate endothelial cells
by releasing MMP-9 to release sequestered VEGF from the
extracellular matrix (ECM) (90, 91). Indeed, this neutrophil-
dependent mechanism was critical to instigate the angiogenic
switch in the dysplastic stage of pancreatic islets in the Rip1Tag2
endogenous pancreatic neuroendocrine tumor model because
not only MMP-9 inhibition but also neutrophil depletion was
sufficient to diminish the angiogenic switch (73, 90). Further,
GM-CSF stimulated tumor-associated neutrophils to produce
the angiogenic factor Bv8 in several murine tumor models,
which in turn attracted more neutrophils, thus, providing a
forward loop for neutrophil recruitment and activation (92).
Consequently, pharmacological or genetic blockade of CSF3,
CSF3R, or BV8 decreased the number of TANs and inhibited
tumor angiogenesis and growth (81). It is notable that in addition
to the identification of intratumoral neutrophils, three distinct
neutrophil populations have recently been described in the
blood circulation, both in mice and in patients with advanced
cancer (93). High- density neutrophils are reminiscent of cancer-
killing N1 neutrophils while mature LDNs are not cytotoxic
and display impaired functionality and immunosuppressive
properties. The third population consists of morphologically
immature LDNs which show characteristics of granulocytic
myeloid-derived immunosuppressive cells (MDSCs). They are
also observed in tumors, and thus suggest the other circulating
neutrophil populations may be present in tumors as well (93).
MDSCs are immature myeloid cells of granulocytic (G-MDSC)
or monocytic (M-MDSC) origin, first discovered in tumors,
that not only strongly suppress CD4 and CD8T cells but
also convey angiogenic features (43, 94, 95). MDSCs, as well
as reg-DCs, secrete proangiogenic factors similar to M2-like
TAMs and N2-like TANs, such as VEGF, FGF2, BV8, and
MMP9 (79). Tumor -produced CSF3, IL-1β, and IL-6 activate
STAT3 in MDSCs which leads to their expansion but hinders
MDSC maturation into macrophages or neutrophils. Notably,
the proangiogenic expression profile of MDSCs conceivably
overlaps with those of TAMs and TANs (85, 87, 94). Indeed,
it has become apparent from several studies that the different
innate immune cell populations produce several but similar
angiogenic molecules to facilitate neovascularization. Given
the functional redundancy in their angiogenic properties, it is
conceivable that myeloid cells can compensate for the lack of
other myeloid cell constituents to regulate tumor angiogenesis.
Indeed, neutrophils can compensate for macrophages to support
tumor angiogenesis in tumor-bearing CCR2-knockout mice
(91). Further, neutrophils and macrophages are implicated in
adaptive resistance to anti-angiogenic therapy in the Rip1Tag2

pancreatic neuroendocrine tumors. Therapeutic targeting of
either population caused enhanced infiltration of the other
myeloid cell population compensating for the loss of neutrophils
and macrophages, respectively, which created an oscillating
pattern of distinct immune-cell populations to facilitate adequate
neovascularization (87).

Finally, innate lymphoid cells (ILCs) represent a recently
identified heterogeneous family of mononuclear hematopoietic
cells. Based on their lymphoid morphology, surface antigens,
transcription factor expression, and cytokine productions (TH1,
TH2, and TH17-like), ILCs have been classified into three
major groups, termed ILC1, ILC2, and ILC3 (96). ILC3s elicit
tumorigenic and angiogenic properties in part by secreting IL-17
(79, 97, 98). Notably, a subset of ILC1s share features withNatural
killer (NK) cells, which are bone marrow-derived large granular
effector lymphocytes. Cancer infiltrating NK cells have been
shown to release angiogenic factors and immunosuppressive
cytokines like VEGF, PlGF, and IL-8, similar to proangiogenic NK
cells found in the developing endometrium (99). CD56+CD16−

NK cells from peripheral blood of patients with non-small cell
lung cancer (NSCLC), especially squamous cell carcinoma (SCC)
subtype, produce higher levels of VEGF, IL-8, and PlGF than
those from healthy donors (100)

ADAPTIVE IMMUNE CELLS REGULATE
ANGIOGENESIS

While adaptive immune cells are predominantly associated with
immune surveillance, there is increasing evidence that they
also regulate angiogenesis, although their exact functions in
this process are just beginning to be revealed. In tumors, T-
cells, due to their heterogeneous nature, appear to negatively
or positively regulate tumor angiogenesis. Conditioned medium
from Th2 and Th17 T-cells contained factors that enhanced
angiogenesis in vitro in an endothelial sprouting assay and in
a murine model of ischemia when released from an injectable
alginate biomaterial. In contrast, Th1 conditioned medium
induced regression of vascular tubes in vitro and was inefficient
to instigate angiogenesis in vivo (101). In several mouse tumor
model systems, CD8+ T-cells and CD4+ T-helper 1 cells have
been shown to secrete IFNγ, which blocks vascular growth
and triggers TAMs and TANs to produce the angiostatic
chemokines CXCL 9,10, and 11 (3, 102, 103). In contrast,
Treg cells suppress INFγ -expressing CD4+ Th1 cells and
secrete VEGF via hypoxia-induced CCL28, that both promote
an angiogenic tumor environment (104). The importance of
VEGF production by T-cells was recently underscored by
the finding that genetic deletion of VEGF in CD8+ T-cells
enhanced tumorigenesis while it also exhibited hallmarks of
tumor vessel normalization, with typical features of increased
pericyte coverage of tumor blood vessels and decreased vessel
tortuosity (105). Interestingly, the overall level of hypoxia was
decreased consistently with better perfusion, a phenotype that
was also observed when VEGF was deleted in TAMs (53).
The lower numbers of infiltrating T-cells in tumors of VEGF
mutant mice suggests that VEGF secreted by CD8+ T cells
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may affect T cell homing through the endothelial barrier and
thus, its lack may be in part responsible for the augmented
tumor growth (105). In support of these observations, human
breast cancer tissues revealed an inverse correlation between
VEGF levels and CD8+ T cell infiltration, and congruently linked
T cell infiltration with the stage of vascularization (105). In
further support, depletion of intratumoral CD4+ and CD8+ T-
cell in mouse tumor models generated a more dysfunctional
tumor vasculature with an increase in hypoxic areas. These
effects could be reverted by CD8 influx and activity through
checkpoint immunotherapy (anti-PD1 and/or anti-CTLA4),
or by adoptive TH1 transfer, both invigorating tumor vessel
normalization and reducing hypoxia (106). While these data
provide evidence of T-cells in regulating vascular properties, the
implication of B-cells remains somewhat elusive. Analysis of the
overall B-cell population in tumors revealed that B-cells can
secrete proangiogenic factors such as VEGF, FGF2, and MMP-
9 and that they are able to promote immunosuppressive and
proangiogenic properties in macrophages in an IgG-dependent
manner (107, 108).

HEALING TUMOR WOUNDS

The studies described above support the proposition that tumors
generate a cytokine and chemokine milieu that stimulates an
immunosuppressive and angiogenic environment displaying
characteristics of the proliferative resolution phase in the wound
repair process. Among the multifarious participants in this
“wound scenario” are immune cells and blood vessels, which
are functionally interconnected by mediators and molecules
that commonly regulate both immunity and angiogenesis.
Strategies to impede neovascularization were first developed
with the intention to restrain tumor growth and “starve a
tumor to death” (109). Antiangiogenic therapy targeting the
VEGF-VEGFR and/or Ang-Tie2 pathway, however, has so far
only provided beneficial effects in a subset of patients eliciting
progression-free but not overall survival (77, 110, 111) because
tumors find alternative strategies to adapt to the restrictions of
vascular growth and reinstate growth (112). A major resistance
mechanism is prompted by treatment-induced hypoxia and
relies on recruiting distinct innate immune cells from the bone
marrow to the tumor where they stimulate vascular growth in
a VEGF-independent manner (5, 57, 59, 77). Importantly, the
seminal observation of “vessel normalization” in responding
tumors that pruned tumor vessels exhibited a more functional
morphology with proper pericyte alignment improving blood
flow and oxygenation also revealed a more immunostimulating
environment with enhanced CD8T cell influx (113, 114).
Congruent with these studies, angiokinase inhibitors and
anti-VEGFR antibodies facilitating vessel normalization in
responding Rip1Tag2 PNET tumors converted intratumoral
myeloid cells to an angiostatic and immunostimulating
phenotype which was associated with an enhanced influx of
cytotoxic CD8 cells (87). Due to continuous vessel pruning,
however, hypoxic areas formed, leading to enhanced influx as
well as proangiogenic and immunosuppressive polarization of

innate immune cells concomitant with a drop of intratumoral
CD8 cells. Mechanistically, CXCL12 and IL6 induction
activated PI3Kγ signaling in intratumoral macrophages,
neutrophils and MDSCs rendering them proangiogenic and
immunosuppressive. PI3K-activated myeloid cells negated the
antiangiogenic blockade and promoted tumor relapse (87).
Further support stems from the observation that myeloid
PI3Kγ signaling inhibits NFκB while it promotes C/EBPβ

activation, thereby inducing a transcriptional program that
favors immunosuppression (115). Importantly, therapeutic
inhibition of myeloid PI3Kγ/δ was able to sustain the efficacy
of antiangiogenic therapy. It polarized all myeloid cells to an
angiostatic and immunostimulatory phenotype and enhanced
CD8T cell infiltration and activity in tumors (87). Tumors
relapsing from antiangiogenic therapy did not only convert
myeloid cells into a Th2 state, but they also enhanced the levels
of the negative immune checkpoint regulator PD-L1 in tumor
and stromal cells (116, 117). This displayed another mechanism
of escaping immune surveillance because PD-L1 binds PD-1 on
the surface of activated T-cells and thus blocks T-cell activity.
Similarly to antiangiogenic therapy combined with a myeloid
PI3K inhibitor, combined antiangiogenic (either anti-VEGF or
anti-VEGF/Ang2 antibodies) and anti-PD-L1 immunotherapy
had superior beneficial effects than respective monotherapies
because the immunostimulating therapy blocked evasion
from antiangiogenic therapy, while antiangiogenic-induced
vascular normalization enhanced cytotoxic T cell infiltration
and activation (116, 117). Notably, successful antiangiogenic
immunotherapy could not only normalize tumor vessels but also
generate high-endothelial venule (HEV)-like structures in some
tumors that further enhanced lymphocyte infiltration to eradicate
tumor cells (117). Another example demonstrating the benefits
of antiangiogenic immunotherapy was demonstrated with the
combination of the angiokinase inhibitor axitinib and anti-
CTLA4 treatment. The drug combination provided extensive
survival benefits in a mouse model of melanoma because it
increased effector T-cell influx and dendritic cell maturation,
and it reduced intratumoral MDSCs while the monotherapies
failed (118). These observations resemble only a few examples
for the support of targeting both the vascular and immune
cell compartment to elicit enduring effects. Besides immune
checkpoint inhibitors, there are certainly a variety of different
drugs that have been developed for targeting signaling pathways
in myeloid cells, including the inhibition of CSF1R, CXCR4,
PI3Kγ/δ, CD47/SIRPα, and CCL2/CCR2 as well as the activation
of CD40 and TLR7/9 (2, 119, 120) that could be combined with
antiangiogenic therapies. From amechanistic point of view, these
results reveal a communality, i.e., the attempt to transit tumors
from their proangiogenic and immunosuppressive phase into an
immunostimulatory and angiostatic state similar to those phases
observed during wound repair (Figures 1, 2). However, while
the wound repair program transitions from an inflammatory
stage to a proliferative resolution phase in order to properly close
the wound, antiangiogenic immunotherapy in tumors attempts
to do the opposite by awakening an inflammatory status in
the “tumor wound” to abrogate tumor cells and invigorate
tissue homeostasis.
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CONCLUSIONS

Ongoing clinical trials that combine antiangiogenic agents
and immunotherapies like ICB or those targeting and
modulating innate immune cells as well as strategies to
directly enhance infiltration and activation of CD8 T-cells
validate the concept of enhancing an immunostimulating
environment in cancer. For example, several clinical trials are
currently evaluating combined VEGF/VEGFR and PD-1/PD-L1
inhibitors for various cancer types including renal cell carcinoma,
recurrent glioblastoma, ovarian cancer and colorectal cancer
(NCT03024437, NCT02659384, NCT02873962, NCT02017717).
The clinical trial IMmotion150 (NCT01984242) in patients
with naïve renal cell cancer (mRCC) assessed the combination
of anti-PD-L1 (atezolizumab) with or without bevacizumab,
against the standard-of-care angiokinase inhibitor, sunitinib
(121). Combining anti-PD-L1 with bevacizumab was more
efficacious than sunitinib in patients with PDL1-positive tumors.
Interestingly, the mutational rate and neoantigen burden of
tumors did not correlate with progression-free survival (PFS),
but angiogenesis and myeloid inflammatory gene expression
signatures associated strongly with PFS within and across

the treatments arguing that these signatures could be utilized
as prospective biomarkers (121, 122). Similar to the results
obtained in preclinical tumor models described above, myeloid-
driven inflammation in tumors appeared to be a resistance
mechanism to anti-PD-L1 monotherapy in mRCC which could
be overturned by bevacizumab (87, 116, 117). These first clinical
results are certainly promising and together with upcoming
clinical trials, will be able to thoroughly assess the effectiveness
of antiangiogenic immunotherapies in improving and enduring
survival of cancer patients.
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Bexarotene is a third-generation retinoid X receptor-selective retinoid that has been

approved for use in the treatment of both early and advanced cutaneous T-cell lymphoma

(CTCL). Although bexarotene has been used for decades in the treatment of CTCL,

little is known about the mechanisms underlying its anti-tumor effects in CTCL patients.

This study therefore focused on the immunomodulatory effects of bexarotene in vivo

using an EL4 mouse T-cell lymphoma model, followed by investigation in CTCL patients

treated with bexarotene. Intraperitoneal injection of bexarotene significantly decreased

expressions of CCL22, CXCL5, CXCL10, and p19 in the tumor microenvironment. Based

on those results, we then evaluated serum levels of CCL22, CXCL5, and CXCL10 in

25 patients with CTCL, revealing that CCL22 was significantly increased in advanced

CTCL compared with early CTCL. Next, we evaluated serum levels of CCL22, CXCL5,

and CXCL10 in CTCL patients treated with bexarotene. Serum levels of CCL22 were

significantly decreased in 80% of CTCL patients who responded to bexarotene therapy.

In addition, immunofluorescence staining revealed CD163+ M2 macrophages as the

main source of CCL22. Moreover, bexarotene decreased the production of CCL22 byM2

macrophages generated from monocytes in vitro. Our findings suggest that the clinical

benefits of bexarotene are partially attributable to suppressive effects on the production

of CCL22 by M2-polarized tumor-associated macrophages.

Keywords: advanced CTCL, bexarotene, tumor-associated macrophages, CCL22, immunomodulation

INTRODUCTION

Most cutaneous T-cell lymphomas (CTCLs) start as an indolent disease that progresses slowly, but
finally advances to skin tumors followed by lymph node and visceral involvements (1). Since CTCL
is a rare disease, and since established criteria for staging and response evaluation for CTCL are
limited, few prospective clinical trials for advanced CTCL have been reported, and guidelines for
the treatment of CTCL have yet to be established (2, 3). Instead, several preclinical studies have
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been used to determine the optimal therapy for CTCL (4–6).
Among them, Shono et al. reported that mycosis fungoides (MF),
the most common subtype of CTCL, shows high expression of
CCR4 on the cell surface, correlating with poor prognosis of
MF (4).

Moreover, Kim et al. reported that mogamulizumab
therapy significantly prolonged progression-free survival (PFS)
compared with vorinostat therapy for recurrent, advanced
CTCL patients [hazard ratio, 0.53; 95% confidence interval (CI),
0.41–0.69; p < 0.0001) (3), and suggested immunotherapy as a
promising option for the treatment of advanced CTCL. However,
the optimal first-line therapy for advanced CTCL has remained
unclear. Such reports suggested the importance of evaluating the
production of CCR4 ligands CCL17 and CCL22 in the tumor
microenvironment of CTCL. In addition, according to these
preclinical studies, malignant T cells in CTCL have been shown
to exhibit features of the regulatory T-cell (Treg) phenotype,
Th2 phenotype, and Th17 phenotype (5), suggesting that not
only Tregs and Th2-related factors, but also Th17-related factors
are important in understanding the immunological background
of CTCL.

Bexarotene is a third-generation retinoid X receptor (RXR)-
selective retinoid that has been approved for use in the
treatment of both early and advanced CTCL (7–9). Although
bexarotene has been used for decades in the treatment of
CTCL, and several preclinical studies have suggested anti-CTCL
mechanisms are involved in the efficacy of this drug (10–
12), little is known about the exact mechanisms underlying
its anti-tumor effects in CTCL patients in vivo (7–9, 11, 12).
Since bexarotene is useful for both early and advanced CTCL,
bexarotene is applied in the real world to ultraviolet-tolerant
early CTCL patients as a first-line therapy. Most such patients
will subsequently need another type of therapy (2). Evaluating
the immunological background of CTCL is therefore important,
and this study focused on the immunomodulatory effects of
bexarotene in vivo using an EL4 mouse T-cell lymphoma
model, followed by investigation in CTCL patients treated
with bexarotene.

MATERIALS AND METHODS

Ethics Statement for Animal and Human

Experiments
The protocol for the animal study was approved by the
ethics committee at Tohoku University Graduate School
of Medicine for Animal Experimentation, Sendai, Japan
(permit number: 2017MdLMO-216). The research complied
with the Tohoku University Graduate School of Medicine’s
Animal Experimentation Ethics guidelines and policies.
All surgeries were performed under sodium pentobarbital
anesthesia, and all efforts were made to minimize suffering.
The protocol for the human study was approved by
the ethics committee at Tohoku University Graduate
School of Medicine, Sendai, Japan (permit number: 2018-
1-772). All patients provided written informed consent
to participate.

Animals and T-Cell Lymphoma Cell Line
C57BL/6 mice (5–8 weeks old) were purchased from Japan
Shizuoka Laboratory Animal Center (Shizuoka, Japan) and
housed in the animal facility at Tohoku University Graduate
School of Medicine. The EL4 murine T-cell lymphoma cell line
was obtained fromAmerican Type Culture Collection (Manassas,
VA) and cultured in Dulbecco’s minimal essential medium
supplemented with 10% heat-inactivated fetal calf serum. All
mice were bred under specific pathogen-free conditions at
Tohoku University Graduate School of Medicine.

Tumor Inoculation and Treatment
EL4 T-cell lymphoma cells (100 µl of 2 ×106 cells/ml) were
subcutaneously injected into female C57BL/6 mice (13). For
quantitative (q)RT-PCR and enzyme-linked immunosorbent
assay (ELISA), 0.15mg bexarotene was intraperitoneally injected
on day 12, and the tumor was harvested on day 14. For qRT-PCR,
the whole tumor was frozen with liquid nitrogen, then crushed
with a Cryo-Press (MICROTEC, Chiba, Japan), as described
previously (14). Total RNA was extracted using ISOGEN
(NIPPON GENE, Tokyo, Japan) according to the manufacturer’s
instructions. For the therapeutic experiments, we measured the
size of established tumors with calipers (Mitsutoyo, Utsunomiya,
Japan) and estimated tumor volume using the following formula:
π/6× length×width (14). Starting on day 6, we intraperitoneally
injected 0.15mg of bexarotene or 0.30mg of anti-CCL22
antibodies (R&D Systems, Minneapolis, MN) on day 6 and
day 12. Tumor-bearing animals were sacrificed when the tumor
resulted in severe ulceration or reached a size of 1,000 mm3.

RNA Extraction and Quantitative

Real-Time PCR Experiments
Total RNA was extracted using an RNeasy Micro kit (Qiagen,
Courtaboeuf, France) in accordance with the manufacturer’s
instructions. RNA was eluted with 14 µl of RNase-free water.
DNase I treatment (RNase-Free DNase Set; Qiagen) was
performed to remove contaminating genomic DNA. Reverse
transcription was performed with the SuperScript VILO cDNA
Synthesis kit (Invitrogen, Carlsbad, CA). Amplification reactions
were performed using an Mx 3000P Real-Time Quantitative
PCR System (Stratagene, San Diego, CA). Relative mRNA
expression levels were calculated for each gene and each time
point after normalization against GAPDH using the1Ct method
or 11Ct method.

Patients
Data from 25 CTCL patients were collected from five clinical
sites in Japan. Pathologists and dermatologists in each institute
had diagnosed these patients with CTCL both clinically and
pathologically. No patients who were administered bexarotene
had received any systemic therapies previously. We have
summarized the clinical information in Table 1.

Reagents
The following antibodies were used for immunofluorescence
(IF): mouse anti-human CD163 phycoerythrin-conjugated
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TABLE 1 | Characteristics of patients with CTCL.

Age Sex Subtype Stage Therapy Response for bexarotene CCR4

Case 1 46 F MF T3N0M0B0 stage IIB Bexarotene PR +

Case 2 46 M MF T3N0M0B0 stage IIB Bexarotene PR +

Case 3 37 M MF T1aN0M0B0 stage IA NB-UVB N.A. N.A.

Case 4 45 M PCPTCL T3bN1M0 stage IIIA Bexarotene SD –

Case 5 44 M MF T4N0M0B0 Stage IIIA Bexarotene PD +

Case 6 60 M MF T2bN0M0B0 stage IB Bexarotene PD +

Case 7 81 M ALCL T3bN0M0 ALCL stage IIIB Bexarotene PD N.A.

Case 8 78 M MF T2bN0M0 stage IB Bexarotene CR N.A.

Case 9 84 F MF T1bN0M0 stage IA Bexarotene PR N.A.

Case 10 51 F MF T3N3M0B0 stage IVA2 Bexarotene PD +

Case 11 75 F MF T1aN0M0 stage IA Topical steroid N.A. N.A.

Case 12 67 M MF T2bN0M0 stage IB NB-UVB N.A. N.A.

Case 13 44 M MF T1bN3M0 Stage IVA2 Bexarotene PR +

Case 14 48 F LyP T2aN0M0 stage IIA Bexarotene CR –

Case 15 63 F MF T2bNxM0B0 stage IIA NB-UVB N.A. +

Case 16 26 F PCALCL T1bN0M0 stage IA Topical steroid N.A. –

Case 17 86 F ATLL stage IV (Ann Arbor) Bexarotene PR +

Case 18 69 M MF T3N0M0 stage IIB Bexarotene PR +

Case 19 67 F PCPTCL T3aN3M0B0 stage IIIB Bexarotene CR –

Case 20 76 M NKTL T3bNxM0B0 stage IIIA Bexarotene PD –

Case 21 70 M MF T3N0M0B0 stage IIB Bexarotene PD +

Case 22 42 F MF T4N0M0 Stage IIIA Bexarotene PD +

Case 23 70 M MF T2bN0M0B0 Stage IB Bexarotene PR +

Case 24 59 M MF T1aN0M0B0 stage IA Topical steroid N.A. N.A.

Case 25 62 F MF T3N0M0 stage IIB Bexarotene plus NB-UVB PR +

MF, mycosis fungoides; PCPTCL, primary cutaneous peripheral T-cell lymphoma; ALCL, anaplastic large-cell lymphoma; PCALCL, primary cutaneous anaplastic large-cell lymphoma;

ATLL, adult T-cell leukemia/lymphoma; NKTL, natural killer T-cell lymphoma; NB-UVB, narrowband ultraviolet B.

monoclonal antibody (R&D Systems), rabbit polyclonal anti-
CCL22 antibody (Biorbyt, Cambridge, UK), rabbit polyclonal
anti-CXCL5 antibody (Lifespan Bioscience, Seattle, WA), mouse
anti-CXCL10 antibody (Lifespan Bioscience), Alexa Fluor
488-conjugated anti-mouse rat immunoglobulin (Ig)G (Abcam,
Tokyo, Japan), and Alexa Fluor 488-conjugated anti-rabbit
goat IgG (Abcam). We used the following antibodies for
immunohistochemical staining: rabbit polyclonal antibodies
for human CCL22 (R&D Systems) and human CXCL5
(LifeSpan Bioscience).

Tissue Samples and Immunohistochemical

Staining
Each sample was processed for single staining of CCL22 and
CXCL5, and developed with liquid permanent red (DAKO,
Santa Clara, CA). Briefly, formalin-fixed, paraffin-embedded
tissue samples were sectioned at 4µm and deparaffinized. After
protease treatment for antigen retrieval, sections were blocked
with goat serum for 10min, then exposed to primary antibodies
at 4◦C overnight. Sections were developed with 3-Amino-9-
ethylcarbazole (AEC).

Tissue Samples and IF Staining
For cryosections, each sample was frozen in optimal cutting
temperature embedding medium, and 6-µm sections

were fixed with cold acetone for 10min and blocked
with IF buffer (PBS, 5% bovine serum albumin). Each
section was therefore incubated with relevant antibodies.
Slides were mounted in DAPI Fluoromount-G (Southern
Biotech, Birmingham, AL) and examined using an LSM
700 microscope equipped with a SPOT digital camera
(Zeiss, Oberkochen, Germany).

Cytokine ELISA
Secretion of CCL22 in each tumor was determined using
ELISA kits (R&D Systems), according to the manufacturer’s
instructions. Serum levels of CCL22, CXCL5, and CXCL10
in each CTCL patient were measured according to the
manufacturer’s instructions. For patients treated with
bexarotene, serum was obtained at 0 days and/or 4 weeks
after bexarotene administration (300 mg/m2), then stored
for ELISA analysis of serum levels of each chemokine.
For peripheral blood monocytes (PBMo)-derived M2
macrophages, after the 7-day culture, supernatants were
collected and secretion of CCL22, CXCL5, and sCSD163 was
determined by ELISA kits (R&D Systems), according to the
manufacturer’s instructions.

Data from each donor were obtained as the mean of
duplicate assays.
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FIGURE 1 | Intraperitoneally administered bexarotene modifies chemokine and cytokine expression in mouse EL4 T-cell lymphoma. Expression of chemokines and

cytokines in EL4 T-cell lymphoma was analyzed by quantitative RT-PCR using the 1Ct method (n = 5). Averages of five independent experiments are shown (A). We

subcutaneously injected 100 µl of 2 × 106 cells/ml of EL4 T-cell lymphoma cells, and intraperitoneally injected 0.15mg bexarotene or 0.30mg anti-CCL22 antibodies

(R&D Systems, Minneapolis, MN) at day 6 and day 12 (n = 5 for each treated group) Error bar represents ± standard deviation. (B) One representative experiment of

two is shown *p < 0.05, **p < 0.01. Error bar represents ± standard deviation.
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Culture of M2 Macrophages From Human

Peripheral Blood Monocytes
CD14+ monocytes were isolated from peripheral blood
mononuclear cells from healthy donors using MACS beads
(CD14 microbeads; Miltenyi Biotec, Sunnyvale, CA) according
to the manufacturer’s protocol. CD14+ monocytes (2 × 105/ml)
were cultured in complete medium containing 100 ng/ml of
recombinant human M-CSF for 5 days, as previously reported
(15, 16). On day 5, monocyte-derived macrophages were
treated with recombinant human IL-4 (20 ng/ml) with or
without bexarotene (10 ng/ml−1µg/ml) for 48 h, and culture
supernatant was harvested.

Flow Cytometry
The surface expression of CD163 and arginase 1 on macrophages
was analyzed by flow cytometry. Cell staining was conducted with
PE-conjugated anti-CD163 (R & D system), FITC-conjugated
anti-arginase 1 (R & D system), PE-conjugated isotype control
Ab (BD Bioscience, Tokyo, Japan), or FITC-conjugated isotype
control Ab (BD Bioscience). The cells were analyzed with a C6
flow cytometer (Acuri Cytometers Inc., Ann Arbor, MI).

Statistical Analysis
For a single comparison of two groups, the Mann–Whitney
U-test was used. The level of significance was set at p < 0.05.

RESULTS

Immunomodulatory Effects of

Intraperitoneal Injection of Bexarotene on

the Tumor Microenvironment of EL4 T-Cell

Lymphoma
Since the immunological microenvironment of CTCL resembles
that of atopic dermatitis (16–18), and as tumor-associated
macrophages (TAMs) have been reported to play a significant
role in stimulating the developing tumor microenvironment
by periostin and IL-4 in lesional skin of mycosis fungoides
(MF) (16), we hypothesized that bexarotene might affect the
immunological functions of TAMs in tumor sites of CTCL. To
investigate the immunomodulatory effects of bexarotene on the

tumor microenvironment in vivo, we used the mouse EL4 T-cell
lymphoma model. First, we evaluated TAM-related chemokines,
Th1/Th2-related cytokines and proinflammatory cytokines.
Intraperitoneal administration of bexarotene significantly
decreased expressions of CCL22, CXCL5, CXCL10, IL-4, and
p19 mRNA in the tumor microenvironment (Figure 1A). No
significant differences were seen in the expressions of CCL17,
IL-17A, p35, or p40 mRNA.

Bexarotene Suppresses the Growth of EL4

T-Cell Lymphoma in vivo
Since bexarotene significantly decreased expression of CCL22
mRNA in the tumor microenvironment, we hypothesized that
bexarotene, as well as anti-CCL22 antibody (Ab) could suppress
the growth of EL-4 T cell lymphoma in vivo. We examined the
therapeutic effects of bexarotene in vivo using the EL-4murine T-
cell lymphoma model. We treated EL-4 murine T-cell lymphoma
(3–4mm in diameter) on the backs of mice by intraperitoneal
injection of bexarotene (0.15 mg/mouse) or anti-CCL22 Ab (0.30
mg/mouse) on days 6 and 12. For the control antibody, we used
rat IgG (0.30 mg/mouse). Both bexarotene and anti-CCL22 Ab
significantly suppressed the growth of EL-4 T-cell lymphoma
(Figure 1B).

Serum Levels of CCL22, CXCL5, and

CXCL10 in Patients With CTCL
Since intraperitoneal injection of bexarotene decreased
expression of CCL22, CXCL5, and CXCL10 mRNA in EL4
mouse T-cell lymphoma, we hypothesized that serum levels of
CCL22, CXCL5, or CXCL10 might be associated with response
in CTCL patients treated with bexarotene. We therefore first
evaluated serum levels of CCL22, CXCL5, and CXCL10 in 9
patients with early CTCL and 16 patients with advanced CTCL
(Table 1). Serum levels of CCL22 were significantly increased
in advanced CTCL compared with early CTCL (Figure 2). In
contrast, no significant difference in serum levels of CXCL5
and CXCL10 were seen between early and advanced CTCL
(Figure 2). Next, we evaluated serum levels of CCL22, CXCL5,
and CXCL10 before and after administration of oral bexarotene.
All patients were administered bexarotene at 300 mg/m2/day.
Serum levels of CCL22 were decreased in CTCL patients who

FIGURE 2 | Serum levels of CCL22, CXCL5, and CXCL10 in early and advanced CTCL patients. Serum levels of CCL22, CXCL5, and CXCL10 were examined by

ELISA in 9 early CTCL patients and 16 advanced CTCL patients. **p < 0.01, Student’s t-test; n.s., not significant. Error bar represents ± standard deviation.
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FIGURE 3 | Serum levels of CCL22, CXCL5 and CXCL10 in patients treated with bexarotene. Serum levels of CCL22 (A), CXCL5 (B), and CXCL10 (C) in responders

(n = 5) and non-responders (n = 5) at day 0 and day 28 were measured by ELISA. Error bar represents ± standard deviation. Change ratio is calculated described

below: (post-treatment serum chemokine)/(pre-treatment serum chemokine level) × 100 (%). Change ratios of serum CCL22 (A), CXCL5 (B), and CXCL10 (C) in

CTCL are calculated in each sample and the average are shown. Error bar represents ± standard deviation. **p < 0.01, Mann–Whitney U-test; n.s., not significant.
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responded to bexarotene therapy, but were increased in CTCL
patients who showed progressive disease 4 weeks after starting
bexarotene therapy (Figure 3A). The change ratio of serum
CCL22 in CTCL patients who responded to bexarotene therapy
was significantly lower than that in CTCL patients who showed
progressive disease by 4 weeks after starting bexarotene therapy
(Figure 3A). In contrast to serum CCL22, no differences were
identified in the change ratios of serum CXCL5 (Figure 3B) or
CXCL10 (Figure 3C) among responders and non-responders to
bexarotene therapy.

CD163+ TAMs Produce CCL22, but Not

CXCL5 and CXCL10 in Patients With MF
Since oral intake of bexarotene decreased serum CCL22 in CTCL
patients, we next investigated source cells of CCL22, CXCL5,
and CXCL10 in the lesional skin of MF, as the largest subtype

of CTCL. The number of CCL22-producing cells significantly
increased in advanced stages compared to that in the early stage
(Figure 4A). In contrast, the number of CXCL5-producing cells
significantly decreased in parallel with MF stage (Figure 4A).
CXCL10-producing cells were not detected in the lesional skin
of MF (data not shown). IF staining revealed that CD163+ M2
macrophages mainly produced CCL22 (Figure 4B), but a few
CD163+ M2 macrophages produced CXCL5 in the lesional skin
of MF (Figure 4B).

Bexarotene Decreased Production of

CCL22 From Monocyte-Derived M2

Macrophages in vitro
Since CD163+ TAMs produced CCL22 in the lesional skin of MF,
we hypothesized that bexarotene might decrease the production
of CCL22 from CD163+ M2 macrophages. To test this, we

FIGURE 4 | CCL22 producing cells in the lesional skin of MF. Representative paraffin-embedded tissue samples from the lesional skin at each stage of MF. Sections

were deparaffinized and stained using anti-CCL22 or anti-CXCL5 antibodies. Three representative high-power fields of each section were selected from dermis

associated with a dense dermal lymphoid infiltrate. Sections were developed with 3-Amino-9-ethylcarbazole. The percentage of CCL22+ and CXCL5+ cells was

calculated as follows: CCL22+ cells or CXCL5+ cells/hematoxylin-positive cells ×100. Quantification of percentages of CCL22+ cells and CXCL5+ cells from 9 early

CTCL patients and 16 advanced CTCL patients is shown. Scale bar, 100µm. Error bar represents ± standard deviation (A). IF staining of CTCL for CCL22 (green),

CD163 (red), and DAPI (blue, nuclei), and CXCL5 (green), CD163 (red), and DAPI (blue, nuclei). A merged image is also shown, with green and red combining into

yellow. The isotype control IgG1 stains as red or green. Scale bar, 20µm (B). Representative specimens from three cases are shown. The number of immunoreactive

cells was counted at a magnification of ×400. The average of three independent fields in each sample was calculated (*p < 0.05). Error bar represents ± standard

deviation.
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evaluated the production of chemokines from CD163+ M2
macrophages using M2 macrophages generated from peripheral
blood mononuclear cells (PBMCs) in healthy donors (15).
Production of CCL22 was significantly decreased by bexarotene
in a dose-dependent manner (Figure 5A). The purity of cultured
CD163+M2 macrophages is >90% as assessed by FACS analysis
(Figure 5B).

DISCUSSION

Since most CTCL treatment requires subsequent additional
therapy (2), evaluation of the immunological background of
CTCL is important. For example, Richardson et al. reported
that bexarotene reduced the expression of chemokine receptors
to suppress the chemotaxis of CTCL cells to CCL17 in vitro
(12). They concluded that bexarotene might inhibit migration
of CTCL cells to the skin by suppressing CCR4 expression

FIGURE 5 | Production of CCL22 from M2 macrophages treated with

bexarotene. Culture supernatant from M2 macrophages was harvested as

described in section Materials and Methods and measured by ELISA (n = 3).

Data from each donor were obtained from triplicate assays, and mean ± SD

was calculated. Representative data from at least three independent

experiments are shown. **p < 0.01, Mann–Whitney U-test; n.s., not

significant. Error bar represents ± standard deviation (A). M-CSF-induced M2

macrophages from PBMCs: the expression of CD163 and arginase 1 was

examined by flow cytometry (B).

(12). In other reports, bexarotene selectively induced CTCL
lineages to increase integrin β7 expression and function
prior to growth arrest and apoptosis in vitro (11). Although
those reports partially explain the efficacy of bexarotene for
CTCL patients, direct evidence for the immunomodulatory
effects of bexarotene is lacking. Since most CTCL treatment
requires subsequent additional therapy (2), evaluation of the
immunological background of CTCL is important.

TAMs create an immunosuppressive tumor
microenvironment by producing various chemokines that
attract other immunosuppressive cells such as Tregs, myeloid-
derived suppressor cells (MDSCs), or even attract CTCL
cells to establish the tumor microenvironment (12, 16, 19).
In CTCL, at least, periostin and IL-4 could determine the
functional maturation of TAMs, leading to development of the
characteristic microenvironment of CTCL in each stage (16).
Notably, administration of IFN-α or IFN-γ, both of which have
been approved for use in the treatment of CTCL, has been
shown to modulate the chemokine profiles of TAMs in the
lesional skin of CTCL (20), suggesting that re-polarization of
TAMs into anti-tumor macrophages might be one of the possible
mechanisms of anti-CTCL drugs. In the present study, IF staining
suggested the possible source of CCL22 is CD163+ TAMs, and
bexarotene decreased CCL22 production from CD163+ M2
macrophages in vitro, suggesting that bexarotene induces anti-
CTCL effects by suppressing CCL22 production from TAMs
in CTCL patients.

CCL22 diverts Tregs and controls B16F10 melanoma growth
(21, 22). Indeed, intratumoral administration of anti-CCL22
antibody inhibited B16F10 melanoma growth by decreasing
Treg recruitment at the tumor site (21), suggesting that a
reduction in tumor-derived CCL22 could suppress melanoma
growth. In CTCL, Chang et al. reported that anti-CCR4 antibody
significantly suppressed MAC-1 mouse CTCL growth in vivo
by inhibiting CCR4/CCL22 pathways and antibody-dependent
cellular cytotoxicity activities (22). Since CCL22 attracts CCR4+

lymphocytes, such as CTCL cells, Tregs, and Th2 cells (23),
the decrease in CCL22 might suppress the development of
tumor mass in vivo. Indeed, in this study, bexarotene decreased
serum CCL22 in 80% of CTCL patients who responded clinically
to bexarotene, but did not decrease serum CCL22 in any
of the CTCL patients who were not clinically responsive to
bexarotene. These data suggested that CCL22 could provide
a biomarker to evaluate the efficacy of bexarotene in patients
with CTCL.

Since intraperitoneal injection of bexarotene decreased
CXCL5 and CXCL10 mRNA expression in EL4 mouse T-cell
lymphoma in vivo, we evaluated serum levels of these chemokines
in patients with early and advanced CTCL. Unlike CCL22, no
differences in serum levels of CXCL5 andCXCL10were identified
between early and advanced CTCL. Moreover, no differences in
serum levels of CXCL5 and CXCL10 were identified between
responder and non-responder patients. Although both CXCL5
and CXCL10 are important for immunosuppression in the tumor
microenvironment by recruiting polymorphonuclear MDSCs,
neutrophils, Tregs, and effector T cells in solid tumor such
as melanoma, renal cell carcinoma, esophageal carcinoma, and
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pancreatic cancer (23–27), bexarotene did not affect serum levels
of CXCL5 and CXCL10 in the present study. Since no significant
difference was identified in serum levels of CXCL5 and CXCL10
between early and advanced CTCL, these chemokines might not
directly affect CTCL progression.

This study investigated the immunomodulatory effects of
bexarotene in vivo using an EL4 mouse T-cell lymphoma model,
followed by CTCL patients treated with bexarotene. Our findings
suggested the clinical benefit of bexarotene is partially explained
by the suppressive effects on the production of CCL22 from M2-
polarized TAMs, which should contribute to the recruitment of
CTCL cells, Tregs, and Th2 cells in the lesional skin of CTCL
(Supplementary Figure 1).
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