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Abstract: Chemotherapy, along with surgery and radiotherapy, is a key treatment option for
malignant tumors. Neoadjuvant chemotherapy (NACT) reduces the tumor size and enables total
tumor resection. In addition, NACT is believed to be more effective in destroying micrometas-
tases than the same chemotherapy performed after surgery. To date, various NACT regimens
have been tested and implemented, which provide a favorable outcome in primary tumors and
reduce the risk of progression. However, there is increasing evidence of the NACT ability to
increase the risk of cancer progression. This review discusses potential mechanisms by which
NACT promotes distant metastasis of breast cancer through changes in the microenvironment of
tumor cells. We describe prometastatic NACT-mediated changes in angiogenesis, immuno-
inflammatory reactions in the stroma, intravasation, and amount of circulating tumor cells. The
role of NACT-related cellular stress in cancer metastasis is also discussed.

Keywords: breast cancer, neoadjuvant chemotherapy, microenvironment, intravasation,

metastasis, stress

Introduction
Neoadjuvant and adjuvant chemotherapy (ACT) is aimed at the destruction of
disseminated tumor cells and prevention of recurrence and distant metastasis.
Combined regimens that use several chemotherapeutic agents and their combina-
tions with targeted, immune-, and radiotherapy have been developed. This com-
bined treatment leads to improved outcomes in cancer patients. The optimal goal of
neoadjuvant chemotherapy (NACT) is to achieve complete regression of the tumor.
Numerous studies have demonstrated the reasonability of using NACT for different
molecular breast cancer (BC) subtypes. The CTNeoBC analysis, which involved 12
international studies and 11,955 patients, examined the association between patho-
logical complete response (pCR) and disease-free, event-free (EFS), and overall
survival (OS). The strongest association between pCR and long-term outcomes was
found in patients with aggressive molecular BC subtypes (triple negative; hormone-
receptor-positive, high-grade, and HER2-negative; HER2-positive and hormone-
receptor-negative). However, an increase in the pCR rate did not predict an
improvement in EFS and OS. The association between pCR and EFS and OS
was weakest for low-grade hormone-receptor-positive tumors.'

Other meta-analysis compared the effects of NACT and ACT in early stage BC
patients. Anthracycline-based chemotherapy was performed in 81% of the cases.
Breast-conserving therapy was used in 65% of the patients after NACT and 49% of
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the patients before ACT. Two-third of NACT patients had
a full or partial clinical response. Within 15 years after
treatment, local recurrence developed in 21.4% of the
NACT patients and in 15.9% of the ACT patients. The
authors concluded that local recurrences occurred more
often after breast-conserving therapy and NACT, despite
reduced tumor size. The rate of distant metastasis during
this period did not differ between patients with NACT and
ACT (38.2% and 38.0%, respectively).

These results clearly demonstrate that the efficacy of
NACT differs significantly among BC subtypes and that
even complete tumor regression is not always associated
with an increase in EFS and OS. Another conclusion is
that NACT is not more effective than ACT in killing of
This
explains the lack of differences in the rate of distant
metastasis between NACT and ACT.

disseminated tumor cells and micrometastases.

NACT promotes metastasis via the

induction of cellular stress
Chemotherapeutic drugs are not strictly specific. Their use
leads to toxic side effects of varying severity, which pre-
cludes further treatment in some cases. A more unfavorable
effect of chemotherapy is associated with the appearance of
conditions that are critical for cancer progression, not only
due to the selection of chemoresistant clones.’
Considering chemotherapy as a stressor, chemothera-
peutic drugs, eg, paclitaxel, cause changes in both tumor
and microenvironment cells.* In response to chemothera-
peutic drugs, the activating transcription factor 3 (ATF3)
induces expression of numerous transcription factors that
are involved in the control of cellular adaptive changes.
For example, expression of the cell-cell communication
genes and the MMP9 gene is increased in macrophages
and results in M2 skew.™” Increased expression of ATF3
was demonstrated in tumor-stromal cells in BC patients
after NACT.* ATF3 activation was found to play a promi-
nent role in mediating the cytotoxicity of doxorubicin in
BC treatment. It is believed that combination of ATF3-
inducing agents with doxorubicin may be used as a new
therapeutic approach.® However, the ATF3-associated
effect of chemotherapeutic drugs may lead to opposite
results. It was shown that increased expression of ATF3
in non-tumor cells of a mouse BC model induces second-
ary chemoresistance, an increase in the density of tumor
microenvironment of metastasis (TMEM) sites and the
number of tumor-infiltrating macrophages, and appearance

of metastatic “seeds” (circulating tumor cells, CTCs) and
lung metastases.* ATF3 is supposed to be a hub of the
cellular adaptive-response network. Many ATF3 target
genes encode cytokines and chemokines (eg, CCL2,
CCLS, and CXCL2), including those involved in preparing
the “soil” and recruiting “seeds” to sites of distant
metastases.’

A significant role of stress effects in the development
of metastases is also confirmed by the fact that non-che-
motherapeutic stressors, such as traumatic injury or sur-
gery, also promote metastasis.®

Facts on the prometastatic effect of
NACT

The development of distant metastases is associated with
the simultaneous occurrence of several conditions. First,
the primary tumor should contain “seed” cells and cells
capable of producing chemokines that mobilize bone mar-
row-derived progenitors. Second, the formation of a “soil”
(premetastatic niche) is critical for distant metastasis.”

In recent years, the possibility of enhanced distant
metastasis due to chemotherapy has been discussed.
However, in answering the question “Does chemotherapy
induce metastasis?”, Bruce A. Chabner emphasizes that
the supporting results have been obtained primarily in
experimental models.'” Indeed, there are few clinical stu-
dies demonstrating the ability of NACT to increase distant
metastasis. Randomized prospective studies have demon-
strated that inclusion of paclitaxel in the NACT regimen
increases the rate of pCR, but does not improve 0S.'" In
the study by Karagiannis et al, 20 ER"/HER2™ BC patients
received paclitaxel weekly for 12 weeks, followed by four
cycles of doxorubicin and cyclophosphamide. In NACT-
treated patients, the primary tumor was evaluated for
changes in the TMEM density. TMEM sites were more
in the residual tumor than in the tumor biopsy before
NACT.'? The ability of paclitaxel to enhance metastasis
has also been demonstrated in mouse BC models.'*'* In in
vitro study, treatment of MCF-7 mammary carcinoma cells
with adriamycin and/or 5-fluoro-2’-deoxyuridine (FUdR)
increased cellular production of interleukin-8 (IL-8) in a
dose-dependent manner. IL-8 is known to promote angio-
genesis and epithelial-mesenchymal transition (EMT).'*
Cells survived after treatment were injected into an ortho-
topic mouse model. These cells showed faster initial
growth and spontaneously metastasize to lungs within 10
weeks compared with the untreated cells.'*
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NACT enhances microenvironment-

mediated drug resistance

In some cases, NACT causes the development of second-
ary chemoresistance that is essential for tumor cells to
modulate the tumor microenvironment, exhibit “seed”
phenotype, and promote formation of premetastatic niches.
Different sensitivity of tumor cells to chemotherapy is one
of the manifestations of intratumoral heterogeneity.'> For
this reason, residual tumor cells can persist locally (in the
tumor bed) or as circulating and disseminated tumor cells
in other organs.'®

Chemoresistance of tumor cells is associated with dif-
ferent mechanisms: inhibition of apoptosis, drug efflux
from the cell, enhanced DNA repair, EMT, cell dormancy,
etc.'® In animal models, secondary chemoresistance was
shown to be caused not only by genetic alterations in
tumor cells but also associated with microenvironmental
factors.!” For example, gemcitabine resistance develops
due to the interaction between tumor cell-derived
CXCR4 and the stromal SDF-1/CXCL12. This interaction
enables not only adhesion of tumor cells in metastatic
niches but also activation of the Akt/PKB and ERK sig-
naling pathways.'® Drug resistance may be associated with
anti-apoptotic and proliferative microenvironmental sig-
nals. Paclitaxel can induce the expression of anti-apoptotic
factors (XIAP, IAP-1, TAP-2, Bcl-2, and Bcl-xL) and
molecules associated with proliferation (cyclooxygenase
2, c-Myc, and cyclin D1) and metastasis (VEGF, MMP9,
and ICAM-1) in tumor cells."® Another mechanism is the
integrin a4fl-mediated interaction of tumor cells. This
receptor probably plays a key role in de novo resistance.'®
Integrin B1-mediated adhesion of BC cells to the extracel-
lular matrix reduces paclitaxel-mediated DNA damage and
apoptosis and/or induces cell cycle arrest.?’

Drug resistance of tumor cells may be associated
with chemotherapy-induced activation of mesenchymal
stem cells (MSCs) in the tumor microenvironment. For
example, activation of MSCs during treatment with
platinum derivatives was demonstrated in breast, lung,
and colon cancer cell lines as well as in xenografts of
human breast and esophageal cancer. MSCs secrete
polyunsaturated fatty acids that induce resistance of
tumor cells to a wide range of chemotherapeutic
drugs. Inhibition of the key enzymes (cyclooxygen-
ase-1 and thromboxane synthase) involved in the pro-
duction of these acids prevents the development of
MSC-induced chemoresistance.?!

NACT remodels tumor

microenvironment

Distant metastasis is accompanied by complex scenarios
of cell-cell and cell-stromal interactions. The tumor
microenvironment of malignant tumors, including BC, is
represented by a repertoire of different cells: fibroblasts,
lymphocytes, neutrophils, macrophages, and other mono-
cyte derivatives, including dendritic cells. The functional
state of each of these cells is critical for the origin of
metastatic “seeds” and niche-forming cells. Tumor cells
participate in remodeling of microenvironment through the
production of chemokines and recruiting bone marrow
cells that are progenitors of endothelial and hematopoietic
cells, fibroblasts, and macrophages. Overall, these cells
contribute to angiogenesis and formation of the fibrous
stroma.

The microenvironment of solid tumors is character-
ized by heterogeneity in oxygenation, acidity, proximity
of tumor cells to vessels, and the presence of stromal and
immune cells. This heterogeneity may underlie differ-
ences among tumor cells in proliferation and sensitivity
to chemotherapeutics.*?

Different studies showed that chemotherapy changes the
phenotype of stromal and inflammatory cells in the tumor
microenvironment. Treatment of co-culture of immorta-
lized human foreskin fibroblasts and MCF7 mammary can-
with
cyclophosphamide, doxorubicin, 5-fluorouracil, gemcita-

cer cells azathioprine, carboplatin, cisplatin,
bine, methotrexate, 6-mercaptopurine, mitoxantrone, 6-
thioguanine, and taxol led to the activation of fibroblasts
and their transformation to the myofibroblast phenotype.
However, the effect of these drugs on fibroblasts was dif-
ferent: taxol and doxorubicin induced oxidative stress in
fibroblasts, taxol, doxorubicin, and mitoxantrone increased
whereas azathioprine reduced IL-6 expression in fibro-
blasts. Chemotherapy-altered fibroblasts triggered NF-kB
and other stress signaling pathways and promoted secretion
of IL-6, energy-rich metabolites, and, probably, other
ligands that may enhance survival of tumor cells and their
potential for metastasis.”® In other study, taxotere resulted
in overexpression of type IV collagen that protected breast
tumor cells from side effects of chemotherapy. Addition of
exogenous collagen IV to culture medium attenuated the
effect of taxotere on tumor cells.>* Wang et al assessed the
expression of stromal proteins, THBS1, TNC, FN, SPARC,
and a-SMA, in BC patients treated by alternation of doxor-
ubicin and docetaxel in NACT. After one or two cycles of
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chemotherapy, expression of these proteins increased in
patients with lymph node metastases. An increase in expres-
sion of THBS1 and TNC was associated with chemoresis-
tance of tumor cells.”

NACT induces tumor angiogenesis
Tumor angiogenesis is of key importance not only for
tumor development but also for distant metastasis. Tumor
cells penetrate into blood vessels (intravasation) to colo-
nize other tissues and organs. Microenvironmental signals
play a significant role in the regulation of angiogenesis.
Chemotherapy was found to induce tumor angiogenesis. In
particular, angiogenic effect was shown for paclitaxel.'
Cisplatin or paclitaxel enhance expression of VEGFR-1 on
endothelial cells in a mouse model of metastasis.
Intravenous injection of various tumor cell lines, including
BC, causes lung metastases in animal models. According
to the authors, this metastasis is related to increased adhe-
sion of tumor cells to the lung vessels that is blocked by
anti-VEGFR-1 antibodies.”® Plasma collected from pacli-
taxel-treated mice was able to induce angiogenesis and
cause prometastatic effects (eg, cancer cell migration and
invasion) in lung and breast carcinoma cells injected into
animals. Interestingly, gemcitabine did not have such
effect.?’

Also, chemotherapy can stimulate lymphangiogenesis.
For example, paclitaxel was observed to induce VEGF-C
expression in tumor-associated macrophages (TAMs) in a
mouse model of BC. This activates lymphatic endothelial
cells and promotes lymphangiogenesis and metastasis.
Blockage of VEGF-C inhibits the activity of chemother-
apy-activated macrophages and leads to suppression of
lymphangiogenesis.**

NACT maintains chronic
inflammation in the tumor

microenvironment
Chronic inflammation signs are consistently found in the
tumor microenvironment. Cells participating in inflamma-
tion are a source of various cytokines, including growth
factors, and can affect tumor cells via induction of prolif-
eration, EMT, invasion, and intravasation. In combination,
these effects are directly related to metastasis.
Chemotherapeutic drugs, cisplatin, paclitaxel, 5-fluor-
ouracil, and doxorubicin, can cause a proinflammatory
effect that promotes metastasis. Paclitaxel is able to activate
the TLR-4-MyD88-ERK and NF-kB signaling pathways in

BC cells that stimulate the production of inflammatory
mediators IL-1B, IL-8, IL-6, and VEGF-A. IL-6 is an
important cytokine that regulates angiogenesis, cell prolif-
eration, and invasion.? Preclinical studies demonstrated the
ability of paclitaxel to mediate the development of metas-
tases through TLR4 activation in BC cells.'? For example,
paclitaxel significantly inhibited the growth of TLR4-nega-
tive tumors but promoted metastasis of TLR4-positive
tumors to the lymph nodes and lungs. It was found that
paclitaxel therapy of patients with TLR4-positive tumors
activates systemic inflammatory reactions and contributes
to mobilization of myeloid progenitor cells that simulta-
neously stimulate angiogenesis and lymphangiogenesis
both in the tumor and in the premetastatic niches.'?

In studies on mice bearing 4T1 mammary adenocarci-
noma, gemcitabine and 5-fluorouracil activated formation of
the NOD-like receptor protein 3 (NLRP3) inflammasome in
myeloid-derived suppressor cells (MDSCs). Activation of
the inflammasome induced IL-1f production. In turn, IL-1§
induced IL-17 secretion by CD4+ T cells. Ultimately, this
reduced the efficacy of chemotherapy.®® In mouse models
with knockout of NLRP3/TNF-a type 1 receptor and IL-1
type 1 receptor, vincristine and doxorubicin synergistically
activated NLRP3 inflammasomes and increased expression
of IL-1, IL-6, and CXCL1. MAPK inhibitors suppressed the
expression of IL-1B, IL-6, and CXCLI1 in the presence of
doxorubicin and vincristine alone or together. Thus, specific
kinase inhibitors may be useful for reducing inflammation
during chemotherapy.*°

NACT modulates immune
responses in the tumor

microenvironment

Immune reactions in the tumor microenvironment are
diverse. In spontaneous or induced necrosis, tumor cells
release damage-associated molecular patterns that interact
with the toll-like receptors of neighboring living tumor
cells, normal tissue elements, macrophages, and neutro-
phils and stimulate the synthesis of proinflammatory cyto-
kines, including chemokines.’! As a result, innate-like
immune-inflammatory infiltrates appear in the tumor
stroma that become the basis for adaptive immune
responses to both tumor and non-tumor antigens.*
Tumors of the same histological and molecular type differ
by a combination of innate and adaptive immune-inflam-
matory responses. These responses are also heterogeneous
within the same tumor.
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It is known that Th1-like immune response occurs with
the involvement of the classically activated type 1 macro-
phages (M1) and shows antitumor activity. In contrast,
Th2-like immune response occurs via alternative activated
type 2 macrophages (M2) and promotes tumor progres-
sion. The dominance of Thl- or Th2-type cytokine effects
in certain tumor loci largely determines the risk of distant
metastasis and cancer prognosis.>*** The presence of
tumor-infiltrating lymphocytes (TILs) in tumors is asso-
ciated with a better prognosis and a good long-term out-
come in patients with various cancers, including BC.*> An
increase in the number of TILs and CD8" lymphocytes is
related to a pCR.*®?7 Similar data were obtained for
TAMs. A greater number of TAMs and TILs in tumor
biopsy specimens before NACT are associated with a
better outcome after therapy in BC patients.’® However,
several studies have reported opposite data regarding the
protumor effect of the microenvironment in BC. In parti-
carcinoma-associatedfibroblasts (CAFs), MSCs,
TAMs, Breg, Treg, and Th2 lymphocytes may contribute

cular,

to the development of metastases.”®*' Litviakov et al
reported the lack of clinical response to neoadjuvant
anthracycline therapy in BC patients that was associated
with the presence of M2 macrophages (YKL-39 CCL18"
or YKL-39"CCL18") in the tumor.*

Several studies showed that NACT can facilitate tumor
infiltration by immune cells. NACT with paclitaxel and 5-
fluorouracil-doxorubicin-cyclophosphamide was found to
induce production of CSF-1 and IL-34 by tumor cells.
This resulted in the recruitment of CSFI1R-positive
CD11b Ly6C"“Ly6G F4/80° macrophages to breast
tumors. The inhibition of CSF-1 in human BC led to
reduced tumor infiltration by IL-10-positive macrophages
and an increase in the response to paclitaxel and carbopla-
tin. Interestingly, this effect depended on the number of
CD8" T cells.*** In another study, NACT with CAX
(cyclophosphamide, adriamycin, and xeloda), CMX (cyclo-
phosphamide, methotrexate, and xeloda) or taxotere
increased infiltration of breast tumors by YKL-39" macro-
phages. This process was associated with an increased risk
of distant metastasis.*’

The available data suggest that chemotherapy can
affect differentiation of immune cells. Treatment with
trastuzumab in HER2-positive BC was shown to be related
to an elevated miR-21 level in dendritic cells that inhibits
IL-12 production in these cells and, as a consequence,
differentiation of Thl lymphocytes.**™*® In contrast, dif-
ferentiation Th2

of prometastatic lymphocytes is

accelerated through a miR-21-related mechanism.*’ In
addition, miR-21 is able to stimulate the production of
IL-6, thereby supporting EMT in tumor cells, as well as
affect the tumor immune microenvironment and facilitate
cancer progression.”” In this regard, the tumor immune
microenvironment is a factor that should be considered
when prescribing NACT.?

NACT affects cancer stemness

Cancer stem cells are responsible for the maintenance of
the bulk-tumor cell proliferation pool, chemoresistance,
and tumor dormancy that contributes to delayed metasta-
sis. The plasticity of tumor cells enables to acquire stem
properties in certain conditions which can be provided by
the immune and stromal microenvironment.

Monocyte chemoattractant proteins (MCPs) are found
in the serum of BC patients and associated with che-
motherapy-induced monocytosis. In a mouse model,
MCPs were shown to induce cancer stem cell formation.”’
Chemotherapeutics trigger and maintain stem properties in
tumor cells by targeting fibroblasts. It was observed that
mitoxantrone and taxol activate SMAD and TCF/LEF
signaling pathways, whereas carboplatin and doxorubicin
enhance STAT3 signaling in tumor cells.”> All of these
signaling pathways are involved in the control of the stem
phenotype in normal and tumor cells.’>>* Another study
showed that conventional chemotherapy with the maxi-
mum tolerated dose (regardless of the drugs used) induces
persistent STAT1 and NF-kB activity in BC-associated
fibroblasts. This leads to expression and secretion of
ELR" chemokines that bind CXCR2 receptors on cancer
cells and trigger the stem properties and invasive
behavior.>

NACT enhances tumor cell

invasiveness

NACT may force cells of the microenvironment to initiate
and accelerate the invasive properties of tumor cells. This
can occur through the induction of EMT and production of
metalloproteinases and cytokines, including chemokines.
For example, MDA-MB-231 BC cells were found to have
high adhesive, invasive, and proliferative ability when co-
cultured with CAFs derived from patients after taxotere
chemotherapy. Among 35 genes differentially expressed in
CAFs before and after chemotherapy, CXCL2, MMP1, and
IL-8 were overexpressed, while RARRESI, FGFI, and
CXCR7 were underexpressed.’® Different studies showed
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that accelerate  tumor

invasiveness.”’ Paclitaxel increased expression of the

paclitaxel is capable to
actin-regulatory protein MENA™V in breast tumor xeno-
grafts that is attributed to migrating and invasive tumor
cells.'? In healthy mice, paclitaxel led to the production
of IL-1P in macrophages and its accumulation in blood
plasma. Treatment of MDA-MB-231 BC cell line with
plasma of paclitaxel-treated mice or the IL-1f made
The
decreased when tumor cells were treated by plasma of

tumor cells more invasive. invasiveness was
mice received paclitaxel together with the IL-1p inhibitor
(Anakinra). Interestingly, the long-term blockade of IL-
1B or its receptor slightly reduced primary tumor growth,
but significantly enhanced spontaneous metastases. It
turned out that IL-1 blockage resulted in the differentia-
tion of M1 TAMs into protumor M2 TAMs in the tumor
microenvironment, and an increase in vascular perme-
ability, followed by metastasis.”® Paclitaxel also demon-
strated ability to induce invasion by targeting TIE-2
macrophages. In particular, TIE-2-positive macrophages
obtained from mouse breast tumors after paclitaxel sti-
mulated invasion of tumor cells more effectively than
TIE-2 macrophages of untreated mice.*

NACT promotes intravasation and
appearance of CTCs

Tumor cell intravasation is a key step toward metastasis.
Intravasation occurs due to the movement of tumor cells to
the vessel in response to chemokine signals generated by
perivascular macrophages.* These macrophages together
with tumor and endothelial cells are considered as main
components of the TMEM.>® Robinson et al showed that
the TMEM density is greater in patients with distant metas-
tases compared to local BC. In TMEM, macrophages express
the angiopoietin receptor TIE-2 and produce VEGF-A and
increase vascular permeability that mediates intravasation of
tumor cells. In addition, recruited bone marrow-derived cir-
culating cells and TIE-2-expressing monocytes (TEMs) of
perivascular regions are involved in paracrine stimulation of
angiogenesis.®*** However, TMEM-dependent vascular
permeability is not sufficient for intravasation because this
process requires the presence of migrating tumor cells.> ¢
The migrating tumor cells express a large number of prome-
tastatic MENA isoforms,(’8 eg, MENA™Y and a smaller
amount of the anti-metastatic MENAIlla isoform.®®¢’
Interestingly, Mena knockout mice lack both CTCs and dis-
seminated tumor cells.”®

Karagiannis et al studied the effect of NACT, in parti-
cular paclitaxel or combination of doxorubicin/cyclopho-
sphamide, on the TMEM density in various BC models."?
They demonstrated that paclitaxel therapy retarded tumor
growth, but simultaneously increased the number of TMEM
sites, tumor infiltration by perivascular TIE-2"/VEGF"
macrophages, TMEM-dependent vascular permeability
and mediated tumor dissemination via increased expression
of the MENA protein.'? Paclitaxel-induced infiltration of
macrophages was demonstrated to increase also contact
between tumor cells and macrophages. This contact stimu-

lates expression of MENA™Y

through activation of the
NOTCH signaling pathway and increases TMEM-depen-
dent intravasation.”' In another study, Chang et al also
reported an increase in the TMEM activity in a mouse BC
model after paclitaxel administration.*

It is reasonable to suggest that chemotherapy-induced
intravasation should increase the number of CTCs. The
CTC population is heterogeneous in the ability to initiate
metastasis and comprise tumor cells with signs of either
EMT or stemness, combination of these signs, and without
them. Only 0.01% of CTCs can initiate metastases, suc-
cessfully interacting with cellular and molecular compo-
nents of the premetastatic niche.”” The other CTCs either
die in the blood or become disseminated tumor cells in the
bone marrow and other organs. There is evidence that
chemotherapeutic drugs can increase the number of
CTCs and therefore promote distant metastasis. For exam-
ple, in a mouse BC model, paclitaxel was shown to reduce
the tumor size, but increase the number of CTCs and
pulmonary metastatic burden.* A significant increase in
the number of CTCs was observed in patients with
HER2-negative BC who received docetaxel/doxorubicin/
cyclophosphamide + zoledronic acid in the neoadjuvant
regimen and then underwent surgery. However, the num-
ber of EpCAM-positive CTCs did not correlate with the
pCR in these patients.””> Our study showed that NACT
influences on the number and population structures of
CTCs in BC patients. An increase in CTCs with stem
and EMT signs and without membrane EpCAM expres-
sion was observed after three NACT courses.”*

NACT mobilizes bone marrow-
derived progenitors and promotes

premetastatic niche formation
Bone marrow progenitor cells are mobilized in response to
chemokine signals produced by tumor cells and form
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premetastatic niches in distant tissues and organs.’ Besides
the mechanisms mentioned above, the prometastatic effect
of NACT may be in the release of bone marrow-derived
progenitor cells which significantly reduce chemotherapy
efficacy. Endothelial progenitor cells (EPCs) were sug-
gested to leave the bone marrow after chemotherapy and
enter a tumor where they contribute to angiogenesis.”
Indeed, paclitaxel induces proangiogenic mobilization of
EPCs in BC patients, whereas gemcitabine lacks this
ability.”® The number of EPCs in peripheral blood was
found to increase in breast, colon, ovarian, esophageal,
prostate, head and neck, and cervix cancers after different
chemotherapy regimens including platinum drugs, taxanes,
anthracyclines, and 5-fluorouracil. An increase in EPCs
occurred after 7 and 21 days regardless of the tumor
location and the chemotherapy regimen. High number of
EPCs after chemotherapy was associated with tumor
growth and metastasis and decreased the efficacy of che-
motherapy through prevention of necrosis.”’

The effect of chemotherapy on EPC-mediated angio-
genesis was also studied in healthy mice treated with var-
ious chemotherapeutics. Paclitaxel, 5-fluorouracil, and
docetaxel were found to cause a sharp increase in EPCs
within 24 hrs after single bolus injection, while other drugs,
such as gemcitabine, cisplatin, and doxorubicin, did not
have a similar effect. EPC mobilization was partially
mediated by systemic induction of SDF-1a, which can be
prevented by blocking anti-VEGFR2 antibodies.”®’®
Taxane-based chemotherapy was also found to promote
tumor growth by stimulating angiogenesis. In particular,
taxanes mobilize mesenchymal and endothelial progenitors
from the bone marrow.'? Paclitaxel enhances the migratory
abilities of bone marrow progenitor cells and increases the
activity of SDF-1, which leads to recruitment of EPCs,
TEMs, and TAMs to the tumor and mobilization of Notch-
expressing cells from the bone marrow.’” Cisplatin also
mobilizes Notch-expressing cells from the bone marrow
and leads to increased activity of VEGFR1 in lung endothe-
lial cells.”’

Chemotherapy was also found to induce the recruit-
ment of MDSCs. In the study by Diaz-Montero et al,
different populations of MDSCs (Lin (/Lo), HLA DR",
and CD33'CDI11b") were determined before systemic
treatment of BC patients who received doxorubicin-cyclo-
phosphamide every 14 days. Circulating MDSCs were
significantly enlarged in patients regardless of the cancer
stage compared to healthy individuals. There was also a
significant correlation between circulating MDSCs and the

clinical cancer stage. In addition, patients with extensive
metastatic tumors had the highest percentage and absolute
number of MDSCs.”

In a mouse BC model, chemotherapy was shown to
contribute to the metastatic spread, providing a fertile
ground for metastases.® Paclitaxel and doxorubicin pro-
moted tumor cell secretion of extracellular vesicles
(including exosomes) with an increased prometastatic
capacity. These vesicles contain annexin A6 (ANXAOG)
that stimulates NF-kB-dependent activation of endothelial
cells, induction of CCL2 synthesis, and expansion of
Ly6C"CCR2" monocytes in the pulmonary premetastatic
niche, thereby promoting lung metastasis. In addition,
ANXAG6 was found in circulating extracellular vesicles in
BC patients undergoing NACT.*

Conclusion

Tumor-stromal interactions are potential targets for che-
motherapeutic drugs that either cause hypoxia and death,
or alter the functional state of tumor cells and stromal
cells, or act as stressors. However, the proportion of
these effects in the overall effect of a chemotherapeutic
drug is different. As a result, chemotherapeutics cause new
microenvironment states in the tumor, the typology of
which has been little studied. In some cases, complete or
partial regression of the tumor is achieved, or it remains
resistant to therapy. However, regardless of the immediate
effect of chemotherapy, distant metastases can appear.
Furthermore, NACT is able to stimulate distant metastasis
(Figure 1).

The prometastatic effect of NACT results from the
ability of some chemotherapeutic drugs to stimulate angio-
genesis and activity of cancer-associated fibroblasts
enhances inflammatory infiltration, and change immune
responses in the tumor microenvironment toward the pro-
metastatic Th2 type. In turn, changes in the microenviron-
ment may induce secondary chemoresistance and the
appearance of stem-like and invasive properties in tumor
cells. Moreover, it leads to an increase in the amount of
TMEM, which promotes intravasation, and of CTCs, and
recruitment of bone marrow progenitor cells that are
necessary for the formation of premetastatic niches.
Overall, these changes may provoke distant metastasis.

The results about the increased risk of metastasis dur-
ing NACT have been mainly obtained in experimental
models, and only a few studies have involved BC patients.
Further researches are required to investigate the mechan-
isms of prometastatic effects of various chemotherapeutic
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Figure | Mechanisms of prometastatic changes induced by NACT in the BC microenvironment. NACT is able to change the tumor microenvironment through direct and
indirect effects. Tumor cell necrosis triggers innate immune-inflammatory reactions that are a background for the development of adaptive immune response.
Chemotherapeutics directly impact on the cellular composition of the tumor microenvironment and type of immune-inflammatory reactions whereas their indirect effect
is related to the induction of cellular stress. The acceleration of tumor invasiveness and intravasation, as well as an increase in the number of CTCs, are one of the direct and
indirect effects of NACT. NACT-stimulated recruitment of bone marrow-derived progenitor cells results in the formation of premetastatic niches and micrometastases. An
increase in the number of endothelial progenitor cells and direct stimulation of angiogenesis eventually lead to the development of macrometastases.

Abbreviations: NACT, neoadjuvant chemotherapy; BC, breast cancer; CTCs, circulating tumor cells.

agents used in NACT regimens in BC and to elucidate the
most sensitive stromal elements that are changed in ther-
apy. This will enable to classify chemotherapeutic drugs
depending on their ability to alter the microenvironment
in BC.

The future belongs to complex neoadjuvant treatment
that will include the prescription of drugs based on the
molecular BC subtype and individual drug sensitivity as
well as accompanying therapy that can modulate or neutra-
lize the prometastatic effects of chemotherapeutics. This
therapy should be aimed at the reducing stress, inhibition
of the TMEM formation to reduce cancer cell intravasation,
correction of the microenvironment to suppress the prome-
tastatic Th2-like response, suppression of recruitment of

bone marrow progenitor cells and of their ability to colonize
the tumor and premetastatic niches. Accompanying therapy
should be personalized based on the initial state of cellular
processes that are planning to be targeted. The most impor-
tant requirement for successful neoadjuvant treatment is the
choice of an optimal sequence or synchrony of main che-
motherapy and multipurpose accompanying therapy. It does
not matter how complicated and costly this complex ther-
apy is, it should be used to eliminate the risk of distant
metastasis.
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