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Tumor-associated leukocytosis has been associated with poor prognosis in cervical cancer. Leukemoid reaction
(i.e., white blood cell count > 40,000/uL) is defined paraneoplastic (PLR) when it occurs in the presence of a
cytokine-secreting tumor (CST) without neoplastic bone marrow infiltration. Cervical cancers displaying PLR
represent a peculiar entity characterized by a rapidly progressive behavior typically associated with chemo-

radioresistance.

cervical cancer leukocytosis cytokine-secerning tumor interleukin-6
myeloid-derived suppressive cells prognosis chemoresistance cytoreductive surgery
inflammation

| 1. Introduction

Cervical cancer remains a significant worldwide health challenge, with a high mortality rate for those cases
diagnosed at an advanced stage that manifest associated leukocytosis. Hence, identifying clinically significant
prognostic markers is critical, especially in these patients who demonstrate a need for the highest complexity in

therapy and management.

| 2. Cancer-Related Inflammation

The year 2021 marked a decade since Hanahan and Weinberg published their landmark paper on the hallmarks of
cancer; it identified “tumor-promoting inflammation” as a key enabling characteristic L. In particular, the authors
identified the inflammatory state of premalignant and malignant lesions—driven by cells of the immune system—as
a strong promoter of tumor progression by different pathways. Rudolf Virchow, in 1863, was the first to link
inflammation and cancer. He observed a high percentage of leukocytes infiltrating neoplastic tissue and
hypothesized that the origin of malignancies could be consequent to chronic inflammation 2. Since then,
pathologists have increasingly reported that various tumors are heavily infiltrated by both innate and adaptive
immune cells, mimicking inflammatory conditions occurring in non-neoplastic lesions El: researchers have recently
demonstrated similar findings in a large and rapidly proliferating low abdominal lesion organized around the

amniotic fluid that was composed predominantly of M1 macrophages, after a cesarean delivery 41,
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In the last years, scientific investigations on the connections between inflammation and cancer pathogenesis have
grown, leading to conclusive proof of the significant tumor-promoting effects exerted by immune cells, mainly of the
innate immune system RIBI7El |nflammation can promote cancer progression by providing bioactive molecules to
the tumor microenvironment (TME), inclusive of growth factors, survival factors, proangiogenic proteins,
extracellular-matrix-modifying enzymes that enable angiogenesis, invasion, and metastasis (Figure 1). Moreover,
during inflammation, innate immune cells can release, in addition to cytokines and chemokines, a large amount of
reactive oxygen species as defense agents and products of hyperactivated energy metabolism (Figure 1); these
act on DNA and are mutagenic and promote oncogenesis (8. To date, inflammation and associated oxidative stress

have also been known to concur with immune escape, with peculiar and reversible phenomena.
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Figure 1. Epithelial cervical cancer microenvironment, tumor-associated inflammation, and paraneoplastic
leukocytosis. The cervical cancer tumor microenvironment (TME) is composed of different cells, including epithelial

cancer cells, fibroblasts, mesenchymal cells, and immune cells, i.e., macrophages, mast cells, dendritic cells, and
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neutrophils, as well as T and B lymphocytes. Cancer-related inflammation can promote cancer progression by
providing bioactive molecules to the TME, inclusive of growth factors, survival factors, proangiogenic proteins
(VEGF), extracellular-matrix-degrading enzymes (MMP-9) that enable angiogenesis, invasion, and metastasis.
These signaling molecules are released by the immune inflammatory cells as well as by cancer cells themselves.
Moreover, during inflammation, immune cells can release several cytokines and chemokines (IL-6, IL-1beta, TNF-
alpha, IL-8, INF-gamma) as well as a large amount of ROS as defense agents and products of hyperactivated
energy metabolism. In turn, cytokines engage innate immune cells, mainly macrophages and neutrophils, that
finally promote tumor growth and immune-suppressive status favoring tumor escape. In this context, cervical
cancer tumors may also tend to promote myelopoiesis and sustain an increase in leukocytosis. This event seems
to be mediated by the production in the TME of specific cytokines as a G-CSF and IL-6, both by cancer cells and
TME inflammatory infiltrate. Beside inducing myelopoiesis, these factors can also promote the assembling in TME
of immature myeloid progenitors known as myeloid-derived suppressor cells (MDSCs), which are able to directly
promote tumor progression, in particular angiogenesis, and also suppress cytotoxic T lymphocyte and natural killer
(NK) cell activity, thus contributing to immune escape. Abbreviations: IL, interleukin; TNF, tumor necrosis factor;
IFN, interferon; ROS, reactive oxygen species; iNOS, inducible nitric oxide synthase; MMP, metalloproteinase; G-

CSF, granulocyte-colony stimulating factor; VEGF, vascular endothelial growth factor. Created with BioRender.com.

Typically, immune responses may represent an effort by the immune system to eliminate tumors. However, this
overactivity of the immune system may allow the tumor to evade the immune response. This peculiar condition is
considered a paradoxical mechanism for immune escape by the tumor using surprisingly specific cells of the
immune system known for their immunosuppressive activity. Thus, inflammation is present in some tumors during
the earliest stages favoring tumorigenesis, and thereafter accompanying cancer during its evolution, until cancer-

associated systemic symptoms are determined 2!,

The immune response against cancer can be divided into two phases. The initial phase is called “resistance”,
where the body tries to get rid of cancer cells through the activation of the specific immune response. The tumor
progression reflects the failure of the mechanisms of resistance as well as of the specific immunity; this is followed
by a second phase of immune response, “the tolerance phase”, characterized by the prevalence of innate immunity
consequent mainly to necrosis and the immunopathology phenomena. In this phase, the aspecific chronic
inflammation sustained mainly by macrophages and neutrophils is prevalent. The persistence of these events

negatively impacts immunosurveillance and determines severe systemic symptoms 19,

To better understand these phenomena, it is fundamental to highlight that in establishing tumor-associated
inflammation, the phenomena of cellular necrosis are important. Necrosis related to cancer progression activates
cells that release pro-inflammatory cytokines both in the TME and at the systemic level, as a physiological
mechanism of repairing tissue damage, in the “tolerance phase” 9. Consequently, cytokines can, in turn, engage
innate immune cells, mainly macrophages and neutrophils, whose roles in their antineoplastic activity remain
unclear B2l Several studies have reported that the presence of aspecific immune cells in the TME, such as
macrophages and neutrophils, can surprisingly promote tumor growth and orchestrate immune-suppressive status

favoring tumor escape. Two types of tissue damage coexist (i) direct damage by the neoplasm and (ii)
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immunopathological damage. The latter, while seemingly beneficial in counteracting cancer growth, sustains the
tumor escape and the cancer systemic symptoms through the associated production of dangerous chemokines
and cytokines. As researchers have recently described, the cytokine storm during the evolution of cancer is the
actual reaction responsible for these phenomena. Thus, most advanced cancers benefit from these phases of

immune response that promote cancer progression instead of controlling its growth [2QI13],

One of the most complex aspects to understand is the timing of the arrival and growth of specific immune cells
within the neoplastic tissue that can affect the tumor immunophenotype itself 1. A tumor is not only an assembly of
neoplastic cells, but also a heterogeneous growth of different specialized cells, such as fibroblasts, mesenchymal
cells, macrophages, mast cells, and neutrophils, as well as T and B lymphocytes, that finally surprisingly concur
with the growth of cancer itself. This sets the problem of explaining the tumor as a host or as an integral part of an
organism that, however, has lost its physiological biological destiny. Consistently, several studies have revealed an
expanding record of signaling factors secreted by inflammatory cells, which exert tumor-promoting activities (Table
1). Conforming to the expression of these several mediators, tumor-infiltrating inflammatory cells have been
reported to activate and aid in sustaining tumor angiogenesis, promote cancer cell proliferation, ease tissue

invasion by being present in the peritumoral space, and favor the metastatic dissemination of cancer cells 14[23][16]
u,

Table 1. Definition of the main immune cells involved in cancer-related inflammation and paraneoplastic

leukocytosis and their respective functions.

Category Cells Main Functions Cytokines/Effectors
Myeloid Neutrophils Phagocytic cells that rapidly migrate to Proinflammatory cytokines (IL-
site of cancer/inflammation and recruit 6, IL-1b), ROS

other immune cells

Direct cytotoxicity

Regulation of cytotoxic T lymphocytes
response

Tumor- associated  Antigen-presentation and T cell activation ~ M1: IL-6,TNF-a, IL-1b, IL-6,

macrophages in the first phase of antitumor immunity; IL-12, IL-23, INOS, COX-2;
Tumor-promoting activity with inhibition of ~ M2: IL-10, VEGF, Arginase,
T cell activity and MMP9, IL-8

proangiogenetic activity

Dendritic cells Antigen-presenting cells, that display PDL-1 (immature dendritic
antigen to activated T lymphocytes cells)
Myeloid derived Suppression of T cells and NK cells ROS
suppressor cells activity; Tumor promoting activity; iINOS
Proangiogenetic activity MMP9
Arginase

Lymphoid T lymphocytes
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Category Cells Main Functions Cytokines/Effectors
Cytotoxic T Direct lysis of cancer cells; production of
cells (CD8+) cytotoxic cytokines
T helper Help cytotoxic T lymphocytes (CTLs) in INF-y
(CD4+) tumor rejection; B cell activation;

production of cytokines

Treg cells Inhibition of CD8+ CTLs
(CD4+)
B cells Production of tumor-specific antibodies Tumor-specific antibodies “phase of
Activation of mast-cells snsidered
NK cells Direct cytotoxicity of cancer cells INF-y, VEGF » modified
by epigenetit Production of cytotoxic cytokines 191 |n detail,

during the resistance phase of the immune response using highly specialized cells (T lymphocytes, NK, and
dendritic cells), the body tries to counteract neoplastic progression and metastasis. However, this phase fails too
RN RS RS tHEATHS: FEYLeRoPRER s s dURE SN nDY N CUMRL RS 3RS FREQSINRS lLSR'S, HEis
RSy R RiRE An S PEULBRaRT e falur PSR rEIEpAREUAh ISR RS QLM BIPRLRIR M ielife
ir%ecr %rr?irs"rnl\éﬁhg?%rg\l/vklj{l% counteract the antineoplastic actions of the immune system, a phenomenon known as
“immune escape” [18. The latter phenomenon is extremely complex and surprisingly uses properties that are not
specific to the neoplastic cell. These properties with “ad hoc” activities promote neoplastic growth and remodel the
specific immunity by inhibiting it and subjecting it to mechanisms of refined suppression as the atypical activation of
the immune checkpoint pathways. Where the resistance phase fails, alternative immune mechanisms are
established, which aim to counteract neoplastic growth in a completely non-specific way. This, as written above,
defines the phase of tolerance, mainly supported by the cells of innate immunity macrophages and neutrophils.
This phase, by recognizing the defeat of the most refined defense systems, attempts to counteract the growth of
neoplastic cells with aspecific mechanisms, which are, in fact, the same symptoms that accompany the cancer
disease, such as anemia, anorexia, and weight loss with sarcopenia consequent to the remodulation of energy
metabolism (hypercatabolism) 29, Then, the phase of tolerance, albeit strategically designed to reduce tumor
burden, unfortunately contributes to further neoplastic growth and the genesis of related symptoms 2. Among all
events, anemia stands out; anemia results from inflammation originating from a specific alteration of the iron
metabolism, normally used to counteract—for example—the bacterial growth; however, in cancer, it contributes to
the deficiency of the specific immunity by strongly interfering with the normal pathways of immune cell energy
metabolism. Researchers could speak in all respects of immunosuppression induced by the immune system,
where specific inflammatory cytokines such as IL-6 and cells such as macrophages and neutrophils play the main
roles. The clear association between the phenomena of chronic inflammation and the presence in the TME of non-
specific immune cells that are also able to induce chemoresistance—which compromises the prognosis of tumors
—is now highlighted 2921221 However, the recruitment mechanisms of these cells by the neoplastic cells, which

can characterize the histotype of some tumors, remain unknown.

More recently, besides fully differentiated immune cells localized in the tumor stroma, various partially differentiated

myeloid progenitors have been recognized. These cells constitute intermediaries between circulating bone-marrow-
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derived cells and the differentiated immune cells usually observed in normal and inflamed tissues. Remarkably,
such progenitors, such as their more differentiated descendants, exert proven tumor-promoting activity. Of notable
interest, a category of tumor-infiltrating myeloid cells (identified by the co-expression of the macrophage marker
CD11b and the neutrophil marker Grl) suppresses cytotoxic T lymphocyte and natural killer (NK) cell activity,
having been separately defined as MDSCs [23]. This feature advances the probability that recruiting certain myeloid
cells may be in double measure advantageous for growing cancer, directly promoting tumor progression, in

particular angiogenesis, while simultaneously offering a way to escape immune destruction.

Then, during the evolution of some neoplasms, a switch can develop in which cells of innate immunity prevail, i.e.,
neutrophils and macrophages, which in an autocrine and paracrine way recruit other cells at the level of the
microenvironment and modulate their synthesis at the bone marrow level to determine pictures of
hyperleukocytosis similar to leukemia; they are notoriously associated with poor prognosis, chemoresistance, and

sickness with severe impairment of the general clinical state.

| 3. Pathogenesis of Paraneoplastic Leukocytosis

The notion of cancer-associated inflammation being a poor prognostic marker is evident. One of the most

representative examples is cervical cancer associated with leukocytosis 2411251,

In many types of epithelial cancers, increasing evidence has effectively highlighted the implication of chronic
neutrophilic and macrophagic inflammation in the pathogenesis of the tolerance phase, with consequent
immunosuppression and cancer progression and metastasis. In this context, established tumors tend to promote
myelopoiesis and sustain an increase in leukocytosis. Indeed, as explained above, tumor growth can overcome
resistance mechanisms using the same immune system cells, indicating a change in the effectiveness of the
specific immune response related to cancer hyper aggressiveness €. The most common evidence of these
effects is the production in the TME of specific cytokines as a granulocyte colony-stimulating factor (G-CSF) and
various interleukins, in particular IL-6 281, G-CSF is a glycoprotein that triggers the proliferation and maturation of
marrow progenitor cells into totally differentiated and functionally activated neutrophils 4. Commonly, G-CSF is
produced by macrophages, monocytes, fibroblasts, and vascular endothelial cells. The ability of the tumor to
secrete G-CSF may develop concurrently with tumor development (i.e., with the primary tumor cell generation), or
it may be acquired subsequently through later dedifferentiation of the primary tumor. This capacity may also be
achieved in metastatic sites even though the primary does not produce G-CSF [28 Additionally, in tumors with
multiple metastases, CSF-secreting capacity may be present in some metastatic sites and not in others 28],

Persistent leukocytosis (white blood cell (WBC) > 40,000/uL) in the absence of hematologic malignancy is defined
as “leukemoid reaction” (LR). Occasionally, it can also be indicated as “extreme leukocytosis” 22 in cases when
the WBC count is >100,000/uL, it is also defined hyperleukocytosis 2. The latter represents a medical emergency
as it can cause increase in blood viscosity and tumor lysis syndrome B, Paraneoplastic LR (PLR) is defined as
the LR that occurs owing to the presence of a non-hemato-lymphoid cytokine-secreting tumor (CST) and in the

absence of neoplastic bone marrow infiltration B2l The first PLR due to CST was observed in 1977 in a lung cancer
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patient B3, Since then, it has been described in patients with malignant tumors of different origins 28, particularly

of the cervix [34133],

PLR in most cases occurs in the context of a CST, where, in addition to the most commonly reported G-CSF, other
cytokines, such as interleukin (IL)-1a,b, IL-3, and IL-6, as well as tumor necrosis factor (TNF)-a, have been also
described 28, In this regard, animal studies have shown that IL-6 can support neutrophil/macrophage colonies in
vivo and that, by acting on other immune cells, it can stimulate the synthesis of different CSFs via the bone marrow
(381 |n cervical cancer, cases that produce G-CSF are very rare, while the production of IL-6 from different cell lines
of uterine cervical cancers and cases of IL-6-producing cervical cancer have been reported 7. Additionally, IL-6 is
one of the main cytokines expressed by HPV16-associated cervical tumors (8. Noteworthy, Stone et al., in a
cervical cancer-bearing mouse model, showed that tumor cells, tumor-inflammatory infiltrate, and spleen myeloid
APCs (CD19-MHC-II+) exhibit constitutive JAK2/STAT3 and STAT5 activation, which may be, at least partially, the
cause of myeloid cell proliferation. Moreover, they discovered that tumor cells produced growth factors, IL-6, and
myeloid cell-attracting chemokines; additionally, they found that in the TME, the majority of infiltrating cells were
macrophages with a mixed inflammatory phenotype that expressed receptors to chemokines; myeloid-cell-
attracting chemokines; and also receptors for IL-6, IL-10, IL-1, and TNF-a B2, Moreover, other studies have
reported that the supernatant from HPV-positive tumor cell lines, which contains the secreted IL-6 and

prostaglandin E2, induces a suppressor phenotype in immune cells 22,

These mechanisms allow for autocrine stimulation of some CSTs' growth. Moreover, as well as inducing bone
marrow myelopoiesis, CSTs can also promote a “qualitative” effect by hindering myeloid cell differentiation in the
peritumoral space 281, Consequently, this results in the assembling of immature myeloid cells that are called
myeloid-derived suppressor cells (MDSCs) [41142],

Overall, the scientific literature indicate that (a) tumor-related leukocytosis may be determined by raised
hematopoietic growth factor (e.g., G-CSF or IL-6) production by tumor itself or TMES; (b) G-CSF release promotes
myelopoiesis and the expansion of MDSCs, which constitute a subset of cells that augment with worsening
leukocytosis; (c) MDSCs may be identified on routine CBCs as neutrophils; (d) MDSCs can hamper T-cell
proliferation; (e) MDSCs can promote tumor progression and metastasis and, therefore, may account for the

association between G-CSF, tumor-related leukocytosis, high NLR, and poor prognosis 431,

In cervical cancer, MDSCs have been involved in tumor progression by favoring tumor angiogenesis, the
metastatic process, and immunosuppression 4. Moreover, experiments in preclinical animal models have
demonstrated that MDSCs are also related with higher resistance to radiotherapy 2. Although chronic neutrophilic
inflammation is involved in the initiation of several cancers, these cells are also implicated in the later phases of
cancer development, i.e., progression and metastasis. In fact, the abovementioned mechanisms confirmed that
cancers tend to foster myelopoiesis and to engage neutrophils to the TME, where these cells undergo
reprogramming and transitioning MDSCs. In the TME, the MDSCs, through the synthesis of a variety of mediators,
not only impair the anti-tumor action of tumor-infiltrating lymphocytes but also keep them out from the TME [£21(46],
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| 4. Conclusions

Cervical cancers displaying PLR represent a distinct peculiar entity and have a rapidly progressive nature, which is
also related to their ability to produce G-CSF. This favors MDSC expansion and creates a tumor-promoting TME,
thus inducing tumor growth, associated with a systemic increase in leukocytes and inflammatory status (22, To
date, most of case reports of cervical carcinoma with leukocytosis as a paraneoplastic syndrome have suggested
an extremely fast progression of these cancers with a very poor patient prognosis. Moreover, treatment strategies
for cancer with PLR are few and scarcely reported. Notably, in the literature, only a few patients who responded to
the treatment recorded a longer survival [23. Surgical resection, radiotherapy, and chemotherapy have
demonstrated efficacy in reducing WBC counts only for responsive tumors. However, typically, the malignant
cervical tumors with LR respond poorly to chemotherapy. More studies should be conducted to explore the
phenomena that induce chemoresistance, rather than phenomena related to inflammation, in order to understand
whether the same mediators of leukocytosis are the inducers of the peculiar chemo- and radioresistance of these
tumors. Further research should also be focused on the molecular and genomic alterations involved in these

peculiar cancers, in order to develop a a mechanism-based targeted approach for such complex condition.
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