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Macrophages are important effectors of innate immunity and the key component of the tumor microenvironment strongly influencing
cancer disease outcome and efficiency of cancer therapy. Moreover, recent data have shown that monocytes as macrophage precursors
can impact on tumor ability to progression. It’s well known that although tumor-associated macrophages consist of diverse populations,
in general, they have tumor-supporting activity. To change tumor-supporting state of tumor-associated macrophages toward tumor-
inhibiting mode is one of prospective aims of modern cancer immunotherapy. Cytostatics seems to be possible tools to achieve this aim,
because recently it has been shown that chemo- and radiotherapy possess immunomodulatory effects. Most of the findings are related
to lymphocytes — T-lymphocytes and NK-cells, but not to monocyte/macrophage lineage. In the review, we have analyzed how cytostatic
drugs influence the properties of monocyte/macrophage lineage cells to prospect using of chemotherapy to enhance their antitumor activity.
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Despite the fact that many new approaches to can-
cer treatment are now available, cytostatic chemo-
therapy still remains the mainstream inthe management
of cancer patients. The therapeutic effect of a cytostatic
drugis provided by antiproliferative action leading to cy-
toreduction of tumor cells [1]. Since cytostatic agents
affect cells that are actively growing and dividing, they
are characterized by low selectivity and serious adverse
effects on organs and tissues of the body.

The immune system, which has a high proliferative
potential, is also adversely affected by cytostatics. Leu-
kopenia and immunosuppression are frequent causes
of anticancer treatment discontinuation. On the other
hand, the are many reports highlighting immunomodu-
latory effects of cytotoxic drugs [2-4]. Under certain
conditions, radiation and drug therapy switch off the
phenomenon of tumor escape fromimmune surveillance
and restore tumor-induced immune response, thereby
leading to an increase in the therapeutic effectiveness.
Antitumorimmune response can be primed by immuno-
genic cell death caused by some cytostatic agents [2].
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Immunomodulatory effects of chemotherapy are
well described for lymphocytes [5], which are special
cytotoxic effectors of the immune response, but they are
little studied for monocyte/macrophage lineage cells.
However it’s well known that monocytes/macrophages
play a key role in the pathological processes associ-
ated with chronic inflammation, such as cardiovascular
and autoimmune diseases, transplant responses, and,
particularly, cancer [6]. Due to functional plastic-
ity, macrophages can vary their properties, showing
both cytotoxic pro-inflammatory (M1), and growth-
stimulatory anti-inflammatory (M2) type of polariza-
tion [7]. Nowadays, macrophage reprogramming from
M2 to M1 polarization is one of the general challenges
in cancer immunotherapy [8-11].

Basing on revealed immunomodulatory effects
of cytostatics, a possibility to change macrophage
functional state toward antitumor one with the use
of some chemotherapeutic agents or regimens would
be expected. But, unlike lymphocytes, cells of mono-
cyte/macrophage lineage have low proliferation activity,
and, accordingly, they are not susceptible to cytotoxic
effects of chemotherapeutic agents [12]. Likely, some
effects of cytostatics, differed from cytotoxic depletion,
should modulate a functional state of monocyte/mac-
rophage lineage cells. In the review, we have analyzed
how cytostatic drugs influence properties of monocyte/
macrophage lineage cells to prospect using of chemo-
therapy to enhance their antitumor activity.

MONOCYTES AND TUMOR-ASSOCIATED

MACROPHAGES ARE INTERCONNECTED

DURING CANCER PROGRESSION

It is well known that most of tissue macrophages
derive from embryonic progenitors of the yolk sac and
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fetal liver [13, 14]; however, in pathological conditions,
including cancer, monocytes remain the main source
of macrophages and dendritic cells (DC) in tissues.
Although it was originally believed that a common he-
matopoietic stem cell was a precursor to monocytes,
granulocytes and DC [15], recent data obtained by the
massively parallel single-cell RNA-seq of hematopoie-
tic cells indicated the existence of precommitted stem
cell populations in the bone marrow for the formation
of each separate subpopulation of monocytes [16].

Circulating monocytes have proven to contribute
to the vast majority of tumor-associated macro-
phages (TAMSs) infiltrated in mouse breast and lung
tumors [17, 18]; and TAMs can be continuously and
quickly replaced during cancer progression [17-19].
TAMs can proliferate in some tumors, although TAMs
amplification is mainly due to the recruitment of circu-
lating precursors [17-19]. The migration of monocytes
from the bone marrow or spleen into the bloodstream
and then into the tumor tissue occurs via CCR2-
CCL2 axis. At the same time, CCL2 (monocyte che-
moattractant protein 1 (MCP-1)) themselves attract
resources for the formation of TAMs [20].

In addition, Franklin et al. [21] have shown that
TAMs proliferate upon their differentiation from inflam-
matory monocytes, expressing the vascular cell adhe-
sion protein (VCAM) adhesion molecule. Unlike TAMSs,
subcapsular sinus macrophages that are not derived
from circulating monocytes are able to suppress
the progression of melanoma in mice by limiting the
systemic spread of tumor cells in the tumor-draining
lymph nodes [22]. This fact confirms the hypothesis
that the tumor modulates newly arrived TAMs to pro-
mote tumor progression.

It has been established that various phenotypes
of monocytes and macrophages during the develop-
ment and progression of cancer are regulated by epi-
genetic modifications. Programs for the differentiation
and activation of monocytes to be maturated into
macrophages are realized via a significant epigenetic
remodeling, such as histone modifications (acetylation
and methylation), DNA methylation, miRNAs and long
non-coding RNAs. Enzymes that control the epigenetic
profile, such as DNA methyltransferase (DNMT) [23,
24], ten-eleven translocation proteins (TET) [25],
histone methyltransferase (HMT) [26-32], histone
demethylase (HDM) [33-36], histone deacety-
lase (HDAC) [37-41], bromodomain and extra-terminal
motif proteins (BET) [42] have been shown to partici-
pate in the epigenetic regulation of M1 and M2 mac-
rophage polarization (Table). More recently, Letai
et al. (Dana Farber Cancer Institute, Boston, Mas-
sachusetts, USA) have demonstrated that TMP195,
aclass lla histone deacetylase inhibitor (HDACs), pro-
motes the involvement of inflammatory macrophages
in murine breast carcinomas, leading to the initiation
of a therapeutically relevant immune response [43].
Moreover, treatment with TMP195 results in more
marked transcriptional changes in monocytes com-
pared to lymphocytes [44]. Guerriero et al. [43] have

shown that the control of the function of enzymes that
regulate the epigenetic profile of macrophages can
result in M1 antitumor phenotype formation. These
results promise new strategies for unlocking the anti-
tumor potential of TAMs based on selective epigenetic
modifications [45, 46].

Table. Epigenetic enzymes involved in macrophage polarization to M1 or M2

Epigenetic

enzymes M1 M2 Reference
family

DNMT DNMT1, DNMT3b DNMT3b [23], [24]

TET TET2 [25]

HMT PRMT1, ASH1, EZH1, EZH2, PRMT1 [26-32]
EHMT2(G9A), MLL1, MLL4,
SET7, SETDB1, SETDB2,
SMYD2, SMYD5, SUV39H2, SU-
V4OH1, SUV40H2

HDM AOF1,2, JMJD2, JMJD3, UTX

HDAC HDAC1-7, HDAC11, SIRT1, HDAC3,
SIRT2, SIRT6 HDAC4, SIRT2

BET BET [42]

Note: PRMT1 — protein methyltransferases 1; ASH1 — absent, small,
or homeotic disc 1; EZH1,2 — enhancer of zeste homolog 1,2; EHMT2 (G9A) —
histone-lysine N-methyltransferase-2 (G9A); MLL1,4 — mixed-lineage leu-
kemia protein 1,4; SET7 — SET domain-containing protein 7; SETDB1,2 —
SET domain-containing protein 2; SMYD2,5 — SET and MYND domain-con-
taining protein 5; SUV39H2 — suppressor of variegation 3-9 homolog 2;
SUV40H1,2 — suppressor of variegation 4-0 homolog 2; AOF1,2 — amine
oxidase, flavin-containing 1,2; JMJD2,3 — jumonji domain-contain-
ing 2,3; UTX — ubiquitously transcribed tetratricopeptide repeat protein X;
SIRT1,2,6 — sirtuin 1,2,6.

The tumor microenvironment is known to play
animportantrole in tumor growth and response to can-
cer therapy, dramatically contributing to endowing
cancer disease outcome. Due to biological plasticity,
different subpopulations of macrophages can exhibit
a range of opposite functions even within the same
tumor that are provided by the heterogeneity of in-
teraction between tumor and microenvironment [47].
Pro- or antitumor activity of each TAM subpopulation
is determined by the microenvironment conditions
in different tumor sites [48-50]. Conventionally, all
TAMs are considered to be divided into two subpopula-
tions: M1 — anti-tumor, with pro-inflammatory activity
or tumor promoting M2-like, with anti-inflammatory
activity [51, 52]. In addition, Sainz et al. [47] have
found separate functional subpopulations of TAMs —
supporting angiogenesis, stimulating metastasis, ac-
tivating the epithelial-mesenchymal transition (EMT),
or suppressing theimmune response. However, it was
reported TAMs function can be significantly altered
during the chemotherapy resulting in activation of the
antitumor immune response [2].

CYTOSTATIC TREATMENT MODULATES

THE FUNCTION OF MONOCYTES

AND MACROPHAGES

Chemotherapy agents can modulate tumor pro-
moting- or inhibiting-tumor activity of monocytes/
macrophages at each sequential stages of a linear
development process, including proliferation of mono-
cytes from progenitor cells in the bone marrow;
recruitment and migration to the tissue, particularly,
the tumor; functional maturation/polarization; diffe-
rentiation and biological functioning [53].

JMJD3 [33-36]

[37-41]




250

Experimental Oncology 41, 248-253, 2019 (September)

Cytostatic agents impact on the proliferation
of monocytes. Chemotherapy is known to deplete
hematopoietic monocytic germ leading to monocy-
topenia [54, 55]. The decrease in the total number
of monocytes is not directly associated with the de-
velopment ofimmunodeficiency disorders, which are
typically caused by the reduction in the total number
of lymphocytes and neutrophils. However, a correla-
tion between the number of circulating monocytes
and the number of neutrophils is observed [56].
Apparently, this is mediated by a similarity in origin
but difference in biology and function between these
cells populations. Thus, the response of mono-
cyte/macrophage cells to cytostatic treatment are
most likely realized due to a change in the function
of these cells.

Chemotherapy activates monocyte recruit-
ment and migration. Cytostatic agents have a pro-
nounced effect on the recruitment of monocytes from
the bone marrow and migration to the tumor. Cyclo-
phosphamide was shown to stimulate the recruitment
of DC, macrophages and natural killer (NK) cells into
the tumor [57, 58]. Nakasone et al. [58] revealed
monocyte recruitment increasing in MMTV-PyMT
(mouse model of breast cancer metastasis) treated
with doxorubicin. The increased TAM infiltration after
chemotherapy was also demonstrated in patients with
breast cancer [58, 59] and glioblastoma [60].

The destruction of tumor cells by cytostatic agents
induces production of specific tumor derived factors
aimed at restoring their viability on the condition
of wound healing where monocytes play important
role in tissue repair [61]. In the case of tumor mono-
cytes are required to be attracted to tumor site under
the influence of tumor derivatives such as macro-
phage colony stimulating factor (M-CSF), MCP-1,
RANTES, interleukin-3 (IL-3), supporting tumor
survival. Chemotherapy, irradiation, and vascular de-
stroying agents (such as combretastatin-A4-P) cause
increased production of colony stimulating factor
CSF1and chemokines CCL2 (MCP-1)and CXCL12 (li-
gands for CCR2 and CXCR4 expressed on mono-
cytes), which can initiate monocyte recruitment and
TAM accumulation in the tumor [62]. Thus, restoration
of p53 function in tumor cells affected by cytostatic
agents led to an increase in the production of the
main chemoattractant for monocyte-macrophage
cells M-CSF and IL-15, chemokines CCL2 and CXCL1,
expression of adhesion molecules intercellular adhe-
sion molecules (ICAM1) and VCAM1 [63]. In mouse
mammary tumors, chemotherapy increased the
expression of CSF1 by tumor cells, which then at-
tracted a large number of CSF1R-expressing mono-
cytes [64]. Recruitment of monocytes into the tumor
sites during cytostatic treatment is realized though
CCR2/CCL2-dependent mechanism and plays
a negatives role regarding clinical outcomes [57].
At the same time, the knockout of the CCR2 gene was
accompanied by a better response to doxorubicin
or cisplatin based chemotherapy with [57].

Migration blockade of monocytes using the com-
bination of anti-CCL2 (carlumab, CNTO 888) with
conventional chemotherapy (docetaxel, oxaliplatin and
irinotecan plus folinic acid and 5-fluorouracil (5-FU))
results in anincrease of the antitumor response in pros-
tate and pancreatic cancers [65, 66]. In the model
of breast cancer, interruption of anti-CCL2 therapy was
associated with anincrease in the output of monocytes
from the bone marrow, increased mobilization of tu-
mor cells from the primary node, an increase in their
infiltration in the areas of metastases, and enhanced
angiogenesis in the tumor tissue under the influence
of interleukin-6 (IL-6) and vascular endothelial growth
factor (VEGF) [67, 68].

Different cytostatic drugs are proposed to be as-
sociated with various specific TAM subpopulations
differentiated from monocytes in situ. Thus, in the
MDA-MB435 human breast carcinoma cell line, the
use of paclitaxel in the composition of paclitaxel +
albumin was accompanied by a more pronounced
tumor infiltration of CD45 + CD169 + macrophages
than in samples without the use of cytostatic drug.
Flow cytometry confirmed a significant increase in the
F4/80* macrophage population in MDA-MB-435 tu-
mors sensitive to paclitaxel, but not in resistant MDA-
MB-435R tumors [69]. On the other hand, cyclophos-
phamide stimulated an increase in M2-like CD206*
macrophages in mice [59].

Chemotherapy affects the functional pola-
rization of monocytes and macrophages. The func-
tional polarization of monocytes/macrophages can
be determined or altered by exposure to cytostatics.
Chemotherapy was shown to be accompanied by the
appearance of TAM producing interleukin-34 (IL-34)
thatled to immunosuppression [70]. In vitro, treatment
of human monocytes with cisplatin led to an increase
in their ability to activate CD4* T-responsive cells. This
stimulation was based on the increased production
of interferon beta (IFN-B) [71].

Cisplatin caused the increased antigen-presenting
function of peritoneal macrophages through the re-
lease of IL-1, IL-6, IL-8 and tumor necrosis factor alpha
(TNF-a) [72]. In various mouse cancer models, oxali-
platin increased the number of TAMs and neutrophils
generating reactive oxygen species that mediated DNA
damage and apoptosis [71]. In addition, experiments
on cell lines and in mouse models showed that pacli-
taxel can reprogram pro-tumor (M2) macrophages
into antitumor (M1) pathways in a TLR4-dependent
way [73]. As well docetaxel caused the depletion of an-
titumor M2-like and activation of antitumor M1-like
TAMs, which were able to enhance the cytotoxic T-cell
response in mammary tumors 4T1-Neu in mice [74].
Doxorubicin in combination with immunotherapy led
to an increase in M1-associated molecules (CD40,
CD80, CD86, MHC II, IFN-y, TNF-qa, IL-12) and de-
crease in M2-associated molecules (IL-4Ra, B7-H1,
IL-4, IL-10) [75].

Cytostatic therapy modulates epigenetic
profile of macrophages. To date, only few stud-
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ies on the use of inhibitors of enzymes regulating
the epigenetic profile of TAMs are available. In mice
treated with TMP195, inhibitor of HDAC, was shown
to induce TAM antitumor polarization. The combina-
tion of TMP195 and carboplatin/paclitaxel enhanced
the antitumor effect compared to therapy with a cy-
tostatic agent alone [43]. The combination of other
HDAC inhibitor vorinostat [suberoylanilide hydroxamic
acid (SAHA)] and synthetic triterpenoid 2-cyano-3,12-
dioxooleana-1,9 (11)-dien-28-oicacid (CDDO-Meand
CDDO-Ea) allowed TAMs to decrease tumor in mouse
mammary models [76]. These studies suggest that
HDAC inhibitors impact to TAMs mediated effective
delay of tumor growth, thereby demonstrating a pro-
mising, novel drug combination for chemoprevention.

Thus, cytostatic agents are able to modulate the
recruitment of monocytes into the tumor, their differen-
tiation to specific TAM populations and their participa-
tion in adaptive antitumor immune response inducing
by chemotherapy. Such modulation can dramatically
affect the development of tumor, thereby contributing
to the clinical manifestation of disease (good or poor
outcome). Therefore, itis actual to determine the regi-
mens of cytostatic therapy inducing antitumor activity
of immune system to increase cooperative therapeutic
effect. It is important to elaborate such cytostatic
therapy regimen that combines tumor cytoreduction
effects and regulation of the functional state of TAMs
to increase antitumor response.

TAM FUNCTIONAL POLARIZATION:

PROGNOSTIC VALUE AND CONTRIBUTION

TO THERAPY RESPONSE

There are numerous reports pointing to prognos-
tic value of TAM counts in tumor regarding outcomes
in cancer patients. These data are rather controversial
because of different functional status of TAM in each
patient depending on macrophage polarization and ac-
tivity. The massive infiltration of CD68* and CD163* TAM
in esophageal cancer patients treated with a combina-
tion of cisplatin, 5-FU and doxorubicin was significantly
associated with tumor size, lymphogenous and hemato-
genous metastasis, and poor prognosis [77]. However,
in gastric and colorectal cancer patients treated with
5-FU, a large amount of TAM correlated with increased
survival [78, 79]. In patients with pancreatic adenocarci-
noma, who received gemcitabine, a high level of CD68*
TAM was associated with a better prognosis [80].

There are several mechanisms by which TAM can
increase tumor chemoresistance. Macrophages ex-
pressing cathepsin are the cause of drug resistance,
because they protect against paclitaxel, etoposide and
doxorubicin-induced tumor cell death [58-60]. Stud-
ies of Nakasone et al. [58] showed that the induction
of resistance to doxorubicin was mediated by macro-
phages producing metalloprotease 9 (MMP9) during
therapy. Macrophage-produced MMP9 reduced the
blood vessel permeability, thereby limiting the delivery
of drugs to the tumor. CD206* TIE2"9MCXCR4"9" TAMSs
were accumulated around blood vessels in tumors

after treatment with cyclophosphamide, paclitaxel and
doxorubicin, promoting tumor revascularization and
relapse, partly due to VEGF production [69]. These
results showed that after exposure to chemotherapy,
macrophages were able to maintain drug resistance
of tumor cells.

Onthe other hand, stimulation of angiogenesis may
be accompanied by opposite effects. Thus, CD206*
macrophages contributed to the increase in the
number of vessels that was accompanied by the best
therapeutic response to doxorubicin [81]. The authors
reported that the increased number of vessels was
associated with the increased delivery of antican-
cer drugs to tumor cells and the increased number
of targets for cytostatic effects. These results can
be regarded as a manifestation of synergistic effects
of TAMs and cytostatic treatment. In addition, the use
of doxorubicin stimulated the accumulation of CD11b*
F4/80* Gr-1(Ly6C/Ly6G)* cells involved in antigen pre-
sentation and induction of antitumor T-cell immunity,
thus correlating with a decreased tumor growth [82].

CONCLUSION

Monocytes are considered as a plastic and func-
tional resource to create the population of tumor asso-
ciated macrophages. Cytostatic therapy was reported
to increase the recruitment of monocytes into tumor
and the amount of TAMs and significantly affect the
function of monocytes/macrophages. The functional
polarization of monocytes/macrophages was shown
to be modulated by cytostatic agents towards induc-
ing tumor-supporting or tumor-inhibiting activities.
The high functional plasticity of macrophages allow
regulate their activity by different factors, especially,
modification of TAM epigenetic profile. Combination
of cytostatic therapy with specific macrophage regu-
latory agents targeted to pathogenic molecules and
events, contributing markedly to tumor progression,
is expected to improve treatment results. Combination
of cytostatic therapy regimens with immunotherapy
is considered to be promising from the point of in-
creased antitumor efficacy.
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