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ABSTRACT/ SUMMARY:
Tumor dormancy is considered one of the major unsolved questions in cancer biology. Understanding the
mechanisms responsible for maintaining and interrupting dormancy would be a major step towards preventing
overt metastatic disease. Increasing evidence points to tissue trauma and subsequent wound healing as
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contributing events in escape from dormancy. In this review, we outline relevant aspects of the wound healing
process, and relate this to mechanisms of tumor dormancy and metastatic progression. In addition to important
findings in epidemiological and experimental studies, more direct evidence of such a link has recently been
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presented. These results can have major implications for treatment and prevention of cancer.

1. 1 Wound healing and cancer
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The process of wound healing is a carefully orchestrated series of partly overlapping events, involving multiple
local and systemic changes, all with the intent to restore tissue homeostasis, regain function and protect from
infection. Whether the wound is caused by a traumatic event or deliberately inflicted by surgery, successful

TE
D

healing is crucial, as demonstrated by the major health issues caused by deficient wound healing capacity seen in
diabetic patients amongst others. The similarities between the composition of the granulation tissue in healing
wounds and the stroma of tumors led to the seminal publication by Harold Dvorak, stating that tumors are
“wounds that do not heal” [1]. Clinical observations of increased susceptibility for cancer development at sites of
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chronic inflammation, such as ventricular cancer in H. Pylori-infected gastric mucosa, hepatocellular cancer in
patients with chronic viral hepatitis and colorectal cancer in inflammatory bowel disease, demonstrate the
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interplay between cancer development and local inflammation[2]. The increased risk of breast and colorectal
cancer in obesity, a condition of chronic elevation of inflammatory mediators, supports the existence of a
systemic effect[3]. One of the first experimental evidences that infliction of wounds leads to tumor formation
was the Fisher brothers’ series of experimental factors influencing the formation of hepatic metastases, where
both liver resection (local trauma effect) and laparotomy (systemic effect) caused an increase in liver metastasis
formation[4, 5]. Later, in a model of tumor development after injection with Rous sarcoma virus, Bissel and
coworkers demonstrated that tumors developed at a site distant from inoculation only if a wound was inflicted at
that site. If the animal was treated with an anti-inflammatory drug, tumor development was prevented[6]. The
stimulating effect on cancer cells by cells involved in wound healing has later been demonstrated in even more
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sophisticated models, such as melanoma cells in wounded translucent zebrafish, where live imaging revealed
rapid divergence of wound healing activated neutrophils to nearby pre-neoplastic cells causing increased
proliferation and full malignant transformation[7]. Recently, outgrowth of dormant tumors at a distant
anatomical site in response to surgery and wound healing was robustly demonstrated in a murine model system

the effect was counteracted by perioperative administration of an NSAID.[8]

2.1 Tumor dormancy overview
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of immune-restricted tumor growth. Inflammatory monocytes were implicated as the functional mediators, and
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The concept of tumor dormancy, where cancer cells from a primary tumor disseminate early and enter a state of
dormancy with a potential to cause late relapses is recognized in many cancers[9]. Autopsy studies have revealed
dormant tumors in a large number of people dying from other causes, reviewed in [10, 11]. When comparing the
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prevalence of microscopic tumors of the thyroid and breast in autopsy studies to overt thyroid and breast cancer
it is clear that for most people, the cancer remains dormant throughout life [12, 13]. Most research in the field of
tumor dormancy has been focused on breast cancer, notorious for late relapses even decades after apparently
successful treatment of small primary tumors[14]. Studies of the relapse pattern of breast cancer in several large
patient series have revealed a biphasic distribution of relapses, consistent with the existence of a dormant
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phase[15, 16]. The mechanisms causing and maintaining dormancy in the clinical setting are not definitely
established. Models suggest multiple factors such as inability to recruit blood vessels[17], immune
suppression[18], entrance into cell cycle arrest[19], microenvironmental growth restriction[20] and
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autophagy[21]. Likewise, the means by which cancer cells can escape from dormancy are not fully elucidated,
but as wound healing has been demonstrated to accelerate cancer growth [22], and epidemiological studies have
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revealed a peak in relapses after surgical procedures[23, 24] the theory that some factors in wound healing can
mediate escape from tumor dormancy is highly relevant. This is especially unsetteling when considering the fact
that surgery, where cancer-stimulating wound healing may take place in the presence of occult, dormant
micrometastases, remains primary treatment in many cancer forms. In addition to wound healing, cancer surgery
also includes anesthesia and analgesia, as well as potentially perioperative hypothermia and hypovolemia, factors
that may add to cancer growth stimulation. Details on the scientific evidence for such effects were recently
comprehensively reviewed [25]. When studying the phases of wound healing, with inflammation, immune
suppression, stimulation of proliferation and migration of cells [26], a stimulating effect on dormant cancer cells
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makes biological sense. Each phase of wound healing is outlined below with corresponding evidence from
studies linking the involved mechanisms to escape from tumor dormancy.

3.1 The phases of wound healing and their effects on tumor dormancy and metastasis
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3.1.1 The immediate response
The immediate response, initiated by tissue and vessel trauma, rapidly leads to blood clotting to stop local

hemorrhage. The blood clot, predominantly consisting of cross-linked fibrin and platelets, previously considered
merely a temporary physical sealing of the wound, is now known to have several biological functions [27].
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When endothelial integrity is disrupted, underlying collagen and von Willebrand factor are exposed and activate
platelets in the blood stream. Activated platelets release alpha-granules, packed with over 300 growth factors and
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cytokines including platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), transforming growth factor beta (TGF-β) and matrix metalloproteinases
(MMPs) [28, 29]. This cocktail of factors is intended to attract inflammatory cells, stimulate cell proliferation,
vessel formation and degradation of matrix. If a microscopic tumor is suspended in dormancy by insufficient
blood supply, this release of VEGF may constitute an “angiogenic switch” allowing escape from dormancy by
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stimulated angiogenesis[17, 30] and VEGF levels have been correlated with disease progression[31]. In vitro and
in vivo studies have demonstrated both improved wound healing and enhanced breast cancer cell colony
formation by addition of platelet lysate [32, 33, 34]. The main effect of platelet activation on cancer seems to be
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to promote invasion and metastasis. TGF-β is one of the most potent drivers of epithelial to mesenchymal
transition (EMT), a process where cells of epithelial origin gain a more mesenchymal phenotype by losing
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polarity and cell-to-cell adhesions, downregulating E-cadherin and upregulating vimentin, thus becoming more
mobile[35]. This is needed for keratinocytes to re-epithelialize the wound surface, but when adopted by cancer
cells, especially in combination with leakier capillaries due to VEGF and matrix degradation by MMPs,
promotes invasion and metastasis. Fig. 1a.

3.1.2 Inflammation
Chemoattractants released from platelets, together with complement activation leads to the next phase:
inflammation. First to arrive are the neutrophils[36], followed by macrophages[37] and lymphocytes.
Neutrophils secrete prostaglandin E2 (PGE2), and reactive oxygen species (ROS), further fueling inflammation
with the purpose of eradicating invading bacteria [38]. Macrophages also secrete PGE2 when stimulated by pro-
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inflammatory cytokines such as IL-6, and bacterial lipopolysaccharides (LPS) [39]. PGE2 is prominent among
the inflammatory mediators that also exert tumor-sustaining effects [40], and elevated levels have been
associated with poor prognosis in various malignancies, including breast, lung and colon [41, 42, 43, 44].
Among the physiological functions of PGE2 in wound healing are stimulation of proliferation, migration and
angiogenesis, cancer cells may utilize these effects to increase metastatic efficiency [40]. PGE2 is also a key
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mediator of cancer immune evasion by suppressing type I interferons and T-cell mediated tumor elimination and
altering dendritic cell maturation and ability to secrete cytokines [45]. The cancer promoting role of PGE2 is
further supported by the beneficial effect on recurrence free survival associated with cyclooxygenase (COX) -
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inhibitors such as aspirin [46, 47]. A central role for neutrophils in escape from dormancy was supported by an
in vivo study of LPS-induced inflammation in mice with disseminated dormant carcinoma cells. By upregulation
of EMT-factor Zeb1, dormancy was interrupted and macroscopic metastases developed. Neutrophil depletion
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abrogated this effect [48]. ROS and reactive nitrogen species can have tumorigenic effects by directly damaging
DNA as well as by modifying proteins involved in critical steps of cell-cycle checkpoint control, DNA-repair
and apoptosis [49]. In addition, ROS stimulates activation of COX-2 and thereby increases PGE2-production
[38]. A large number of cells, including fibroblasts, keratinocytes, endothelial cells and macrophages, produce
IL-6 in response to infection and tissue damage [50]. The classical effects of IL-6 includes induction of fever,
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hepatocyte stimulation to produce acute phase proteins such as C-reactive protein (CRP) and release of
adrenocorticotropic hormone [51, 52], mainly mediated via signal transducer and activator of transcription 3
(STAT3). In cancer cells, IL-6 has been demonstrated to induce EMT [53, 54], promote proliferation and
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survival, and serum levels are a negative prognosticator of both relapse and response to therapy in breast and
kidney cancer patients [55, 56, 57]. CRP and IL-6 levels have been demonstrated to be negative prognostic
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markers in most cancers [58, 59, 60, 61, 62].
Recent evidence suggests an important role of macrophages in early breast cancer dissemination; intra-epithelial
macrophages were observed in early murine mammary lesions, corresponding to ductal carcinoma in situ in
humans, depletion of macrophages at these early stages significantly reduced later metastatic development [63].
The macrophages in wound healing are predominantly of the M2, or alternately activated type [64], which is
considered to be mainly pro-tumorigenic, as compared to the classically activated M1 macrophages, potent
killers of microorganisms and cancer cells [65]. The M2 macrophages have a central role in promoting
angiogenesis, tissue remodeling and repair by producing growth factors including VEGF, EGF, TGF-β and
fibroblast growth factor (FGF) and enzymes and inhibitors to digest extracellular matrix, such as MMPs,
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urokinase-type plasminogen activator (uPA) and its receptor uPAR [65]. In a model of carcinoma cell growth,
high uPAR was demonstrated to induce escape from dormancy by upregulating the mitogenic extracellular
regulated kinase (ERK) 1/2, and blocking the apoptotic and growth-arresting activity of p38 via regulation of
fibronectin fibril assembly [66]. Production of PGE2 and accumulation of neutrophils and macrophages is partly
counteracted by activation of the hypothalamic-pituitary-adrenal (HPA) axis, which takes place within minutes
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of wounding and results in release of cortisol and adrenaline [67]. However, this also results in release of Tregulatory cells (Tregs), and can thus aid in cancer immune evasion [68]. The physiological rationale for this
immunomodulatory effect in wounding probably is to avoid excessive tissue damage and autoimmunity [69, 70].
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VEGF, in addition to its angiogenic effects, also contributes to immunosuppression by inhibiting dendritic cell
maturation of hematopoietic progenitor cells [71] allowing for accumulation of myeloid-derived suppressor cells
[72]. Silencing VEGF in vivo has been shown to unleash an antitumor immune response leading to tumor
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eradication [73] and VEGF blockade to decrease the number of Tregs [74]. Fig. 1b.

3.1.3 Proliferation, migration and contraction

Proliferating, sprouting blood vessels are a key component to wound healing by supplying nutrients, cells and
growth factors. While endothelial cells of stable blood vessels produce thrombospondin-1 (TSP-1), which
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induces breast cancer cell quiescence, sprouting vessels not only loses TSP-1, but are also rich in tumorpromoting factors such as periostin and TGF-β, thus sparking metastatic outgrowth as has been demonstrated
both in vitro and in vivo [75]. Metastasis incompetent cancer cells have been demonstrated to create a metastasis
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refractory microenvironment by endocrine and paracrine secretion of prosaposin, a peptide that increases
expression of TSP-1. Highly metastatic cells have significantly lower levels of this peptide [76]. Bone-marrow
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specific genetic deletion of TSP-1 increased metastasis formation in distant organs in vivo, an effect that was
abrogated by bone marrow transplant from TSP-1+ donors. In the same study, pharmacological induction of
TSP-1 dramatically suppressed metastasis [77]. Activated neutrophils have been shown to participate in
degrading TSP-1 in the lungs, further facilitating escape from dormancy [78]. The bone marrow is considered a
dormancy supportive niche; this may be mediated by TGF-β and dependent on the EMT associated receptor
tyrosine kinase Axl [79]. Increased Axl activity has been associated with a differentiated and proliferating
cellular phenotype which can switch to an invasive, non-proliferative, therapy resistant and dormant phenotype
when the Axl activity is reduced[80, 81]. In prostate cancer cells, Axl has been demonstrated to be upregulated
when binding to osteoblasts, and decreased in proliferating metastases [82]. Keratinocytes and fibroblasts from
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the wound margins are stimulated to migrate into the wound and proliferate, mainly by TGF-β which is secreted
from activated platelets in the early phase and later by several cell types [83]. In keratinocytes, migration is
preceded by a partial epithelial-to-mesenchymal-transition, EMT, where the keratinocytes downregulate cell-tocell contact and hemidesmosomes, rearrange the cytoskeleton, secrete proteases and extend lamellipodia to be
able to degrade connective tissue and move into the granulation tissue of the wound [49]. These mechanisms,
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when applied to cancer cells, facilitate invasion and dissemination and thus metastatic seeding. In cancer, the
EMT is more frequently complete, characterized by complete loss of cell-to-cell adhesions and expression of
mesenchymal marker proteins like vimentin, resembling early embryogenesis, as opposed to the partial EMT in
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wound healing keratinocytes[84]. For cancer cells to regain their proliferative potential, mesenchymal to

epithelial transition, MET, is also necessary as the decision between EMT/MET state determines if the cell
should “go or grow” [85]. In physiological wound healing, the keratinocytes, by an as yet undetermined signal,
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reverts to the epithelial phenotype at completion of wound healing leading to the final phase, resolution and
remodeling [86]. Parallel to these events, fibroblasts are recruited to the wound site and deposit extracellular
matrix proteins. A few days after injury, fibroblasts differentiate to myofibroblasts with expression of α-smooth
muscle actin, responsible for wound contraction [87]. Fibroblasts and myofibroblasts can be recruited by cancer
cells to secrete growth factors, aid in invasion and in generating a cancer-supporting stroma which immune cells
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and cytotoxic agents have difficulties penetrating [88, 89, 90]. Fig. 1c.

3.1.4 Resolution and remodeling

EP

In normal wound healing, the inflammation and proliferation, by not fully understood mechanisms, resolves
when tissue regeneration is completed. The early collagen III-dominated matrix is gradually replaced by collagen
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I in dense bundles forming stiff scar tissue[91]. It has been demonstrated, in vivo and in vitro, that a collagen Irich, fibrotic environment can be a determinant of cytoskeletal reorganization in dormant tumor cells, inducing
proliferation and metastasis formation through β1-integrin downstream signaling, an effect that was repealed by
blocking β1-integrin [92].

The resolution phase also includes regrowth of appendages, MMPs degrades and remodels the extracellular
matrix to form organized collagen and proteoglycans, neutrophils and macrophages undergo apoptosis or return
to the vasculature [27]. Failure of this resolution, with sustained inflammation, due to chronic infection,
paracrine signaling from cancer cells, or other mechanisms, is a well-recognized hallmark of cancer [93]. Fig.
1d.
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4.1 Conclusions and future perspectives
As outlined above, many of the signaling molecules and cells involved in wound healing have also been
demonstrated to play a role in escape from tumor dormancy and development of metastases. Connecting the dots
is a first step to being able to target this interplay in order to prevent overt, incurable, metastatic disease. An
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epidemiological study by our group identified a subgroup of breast cancer patients with early recurrences
presenting with multiple, similar sized metastases, indicative of a synchronized onset of growth [94]. Postsurgery wound healing may constitute such a synchronizing signal. To study the effect of surgery on metastatic
relapse, we proceeded to study the relapse pattern after delayed breast reconstruction. This revealed a peak in
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relapses 18 months after reconstruction[23], similar to what has been observed after primary breast cancer

surgery[15]. The height of the peak correlated with the extent of surgery, thus demonstrating a dose-response
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relationship suggesting a causal connection[23]. The systemic impact of surgery on metastatic growth is also
demonstrated in a study of patients presenting with stage IV disease, where locoregional surgical treatment of the
breast tumor resulted in improved local control but also a significant reduction in distant progression-free
survival [95].When considering targeting dormant cancer cells in the clinical setting one faces several obstacles.
Treatment to maintain cancer cell dormancy throughout the patient’s life might appear attractive. However,
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patients’ adherence to therapy, which inevitably comes with side effects, to prevent an uncertain risk of
recurrence is limited, as has been demonstrated for adjuvant hormonal therapy in early-stage breast cancer
patients [96]. In this study, full adherence to prescribed treatment was 49%. Inducing escape from dormancy in

EP

order to make the cells sensitive to treatment is a risky method if we are not certain to be able to kill all cancer
cells. At present, the most plausible approach would be to selectively prevent escape from dormancy at times
when the risk is elevated, such as at surgery or during subsequent wound healing. Indeed, a short term burst of
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angiogenic factors has been demonstrated in vivo to be able to push a dormant tumor into progressive growth,
after this, lower levels sufficed to maintain this phenotype [97]. Still, these findings remain to be confirmed. The
peri-operative time as a window of opportunity to prevent escape from dormancy, is further supported by
epidemiologic observations of improved disease-free survival and overall survival when non-steroidal antiinflammatory drugs are used intraoperatively in conservative breast cancer surgery [98]. A randomized clinical
trial investigating this is ongoing [99]. Identifying and targeting dormant tumor cells, to prevent metastatic
relapse, is one of the great, unsolved questions in cancer research today, the answer to which could lead to
entirely new treatment approaches and numerous lives saved.

8

ACCEPTED MANUSCRIPT

Conflict of interest: On behalf of all authors, the corresponding author states that there is no conflict of
interest. This research did not receive any specific grant from funding agencies in the public, commercial, or not-

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

for-profit sectors.

9

ACCEPTED MANUSCRIPT

7.

8.

9.
10.
11.
12.
13.

14.

15.

16.

17.

18.
19.

20.
21.

RI
PT

6.

SC

5.

M
AN
U

4.

TE
D

3.

EP

2.

Dvorak H. Tumors: wounds that do not heal. Similarities between tumor stroma generation
and wound healing. N Engl J Med. 1986;315(26):1650-9. doi:
10.1056/NEJM198612253152606.
Crusz SM, Balkwill FR. Inflammation and cancer: advances and new agents. Nat Rev Clin
Oncol. 2015;12(10):584-96. doi: 10.1038/nrclinonc.2015.105.
Kolb R, Sutterwala FS, Zhang W. Obesity and cancer: inflammation bridges the two. Curr Opin
Pharmacol. 2016;29:77-89. doi: 10.1016/j.coph.2016.07.005.
Fisher B, Fisher E. Experimental studies of factors influencing hepatic metastases: III. Effect of
surgical trauma with special reference to liver injury. Annals of Surgery. 1959;150:731-743.
Fisher B. Laboratory and clinical research in breast cancer: a personal adventure: the David A
Karnofsky memorial lecture. Cancer Res. 1980:40:3863-3874.
Martins-Green M, Boudreau N, Bissell MJ. Inflammation is responsible for the development
of wound-induced tumors in chickens infected with Rous sarcoma virus. Cancer Res. 1994
Aug 15;54(16):4334-41.
Antonio N, Bønnelykke-Behrndtz ML, Ward L, Collin J, Christensen IJ, Steiniche T, Schmidt H,
Feng Y, Martin P. The wound inflammatory response exacerbates growth of pre-neoplastic
cells and progression to cancer. The EMBO Journal 2015. doi: 10.15252/embj.201490147.
Krall JA, Reinhardt F, Mercury OA, et al. The systemic response to surgery triggers the
outgrowth of distant immune-controlled tumors in mouse models of dormancy. Science
translational medicine. 2018 Apr 11;10(436). doi: 10.1126/scitranslmed.aan3464.
Aguirre-Ghiso JA. Models, mechansisms and clinical evidence for cancer dormancy. Nat Rev
Cancer. 2007;7(11):834-846. doi: 10.1038/nrc2256
Folkman J, Kalluri R. Cancer without disease. Nature. 2004 Feb 26;427(6977):787. doi:
10.1038/427787a.
Naumov GN, Folkman J, Straume O, et al. Tumor-vascular interactions and tumor dormancy.
Apmis. 2008 Jul-Aug;116(7-8):569-85. doi: 10.1111/j.1600-0463.2008.01213.x.
Harach HR, Franssila KO, Wasenius VM. Occult papillary carcinoma of the thyroid. A "normal"
finding in Finland. A systematic autopsy study. Cancer. 1985 Aug 1;56(3):531-8.
Thomas ET, Del Mar C, Glasziou P, et al. Prevalence of incidental breast cancer and precursor
lesions in autopsy studies: a systematic review and meta-analysis. BMC Cancer. 2017 Dec
2;17(1):808. doi: 10.1186/s12885-017-3808-1.
Pan H GR, Braybrooke J, Davies C, Taylor C, McGale P, Peto R, Pritchard KI, Bergh J, Dowsett
M, Hayes DF; EBCTCG. 20-Year Risks of Breast-Cancer Recurrence after Stopping Endocrine
Therapy at 5 Years. N Engl J Med. 2017;377(19):1836-1846. doi: 10.1056/NEJMoa1701830.
Demicheli R, Abbattista A, Miceli R, Valagussa P, Bonadonna G. Time distribution of the
recurrence risk for breast cancer patients undergoing mastectomy: further support about the
concept of tumor dormancy. Breast Cancer Res Treat. 1996;41(2):177-85.
Geurts YM, Witteween A, Bretveld R, Poortmans PM, Sonke GS, Strobbe LJA, Siesling S.
Patterns and predictors of first and subsequent recurrence in women with early breast
cancer. Breast Cancer Res Treat. 2017;165(3):709-720. doi: 10.1007/s10549-017-4340-3.
Naumov GN, Folkman J, Straume O. Tumor dormancy due to failure of angiogenesis: role of
the microenvironment. Clin Exp Metastasis. 2009;26(1):51-60. doi: 10.1007/s10585-0089176-0.
Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth MJ, Schreiber RD. Adaptive
immunity maintains occult cancer in an equilibrium state. Nature. 2007:450(7171):903–907.
Malladi S, Macalinao D, Jin X, He L, Basnet H, Zou Y, de Stanchina E, Massagué J. Metastatic
latency and immune evasion through autocrine inhibition of WNT. Cell. 2016;165(1):45-60.
doi: 10.1016/j.cell.2016.02.025.
Linde N, Fluegen G, Aguirre-Ghiso JA. The relationship between dormant cancer cells and
their microenvironment. Adv Cancer Res. 2016;132:45-71. doi: 10.1016/bs.acr.2016.07.002.
Sosa MS, Bragado P, Debnath J, Aguirre-Ghiso JA. Regulation of tumor cell dormancy by
tissue microenvironments and autophagy. Adv Exp Med Biol. 2013:734:73–89.

AC
C

1.

10

ACCEPTED MANUSCRIPT

28.
29.

30.
31.

32.
33.

34.

35.
36.
37.

38.

39.

RI
PT

27.

SC

26.

M
AN
U

25.

TE
D

24.

EP

23.

Ceelen W, Pattyn P, Mareel M. Surgery, wound healing, and metastasis: recent insights and
clinical implications. Crit Rev Oncol Hematol. 2014;89(1):16-26. doi:
10.1016/j.critrevonc.2013.07.008.
Dillekås H, Demicheli R, Ardoino I, Jensen SA, Biganzoli E, Straume O. The recurrence pattern
following delayed breast reconstruction after mastectomy for breast cancer suggests a
systemic effect of surgery on occult dormant micrometastases. Breast Cancer Res Treat.
2016;158(1):169-78. doi: 10.1007/s10549-016-3857-1.
Demicheli R, Fornili M, Ambrogi F, Hiigins K, Boyd JA, Biganzoli E, Kelsey CR. Recurrence
Dynamics for Non-Small-Cell Lung Cancer, effect of surgery on the development of
metastases. J Thorac Oncol. 2012;7:723-730. doi: 10.1097/JTO.0b013e31824a9022.
Dubowitz JA, Sloan EK, Riedel BJ. Implicating anaesthesia and the perioperative period in
cancer recurrence and metastasis. Clin Exp Metastasis. 2017 Sep 11. doi: 10.1007/s10585017-9862-x.
Martin P, Nunan R. Cellular and molecular mechanisms of repair in acute and chronic wound
healing. The British journal of dermatology. 2015 Aug;173(2):370-8. doi: 10.1111/bjd.13954.
Shaw TJ, Martin P. Wound repair at a glance. J Cell Sci. 2009;122(Pt 18):3209-3213. doi:
10.1242/jcs.031187.
Golebiewska EM, Poole AW. Platelet secretion: From haemostasis to wound healing and
beyond. Blood reviews. 2015 May;29(3):153-62. doi: 10.1016/j.blre.2014.10.003.
Curigliano G, Petit J, Bertolini F, Colleoni M, Peruzzotti G, de Braud F, Gandini S, Girlado A,
Martella S, Orlando l, Munzone E, Pietri E, Luini A, Goldhirsch A. Systemic effects of surgery:
quantitative analysis of circulating basic fibroblast growth factor (bFGF), vascular endothelial
growth factor (VEGF) and transforming growth factor beta (TGF-β) in patients with breast
cancer who underwent limited or extended surgery. Breast Cancer Res and Treat.
2005;93(1):35-40. doi: 10.1007/s10549-005-3381-1
Naumov G, Akslen LA, Folkman J. Role of angiogenesis in human tumor dormancy – animal
models of the angiogenic switch. Cell Cycle. 2006;5(16):1779-1787.
Foekens JA, Peters HA, Grebenchtchikov N, et al. High tumor levels of vascular endothelial
growth factor predict poor response to systemic therapy in advanced breast cancer. Cancer
Res. 2001 Jul 15;61(14):5407-14.
Cowan DH, Graham J, Paskevich MC, et al. Influence of platelet lysate on colony formation of
human breast cancer cells. Breast Cancer Res Treat. 1983;3(2):171-8.
Sergeeva NS, Shanskii YD, Sviridova IK, et al. Analysis of Reparative Activity of Platelet Lysate:
Effect on Cell Monolayer Recovery In Vitro and Skin Wound Healing In Vivo. Bulletin of
experimental biology and medicine. 2016 Nov;162(1):138-145. doi: 10.1007/s10517-0163563-3.
Barsotti MC, Losi P, Briganti E, et al. Effect of platelet lysate on human cells involved in
different phases of wound healing. PLoS One. 2013;8(12):e84753. doi:
10.1371/journal.pone.0084753.
Moustakas A, Heldin CH. Mechanisms of TGFbeta-Induced Epithelial-Mesenchymal
Transition. Journal of clinical medicine. 2016 Jun 29;5(7). doi: 10.3390/jcm5070063.
Eming SA, Wynn T, Martin P. Inflammation and metabolism in tissue repair and regeneration.
Science. 2017;356(6342):1026-1030. doi: 10.1126/science.aam7928.
Laskin DL SV, Gardner CR, Laskin JD. Macrophages and tissue injury: agents of defense or
destruction? Annu Rev Pharmacol Toxicol. 2011;51:267-88. doi:
10.1146/annurev.pharmtox.010909.105812.
Hu YP, Peng YB, Zhang YF, et al. Reactive Oxygen Species Mediated Prostaglandin E2
Contributes to Acute Response of Epithelial Injury. Oxidative medicine and cellular longevity.
2017;2017:4123854. doi: 10.1155/2017/4123854.
Quian BZ, Pollard JW. Macrophage diversity enhances tumor progression and metastasis.
Cell. 2010;141(1):39-51. doi: 10.1016/j.cell.2010.03.014.

AC
C

22.

11

ACCEPTED MANUSCRIPT

46.

47.

48.

49.
50.

51.
52.

53.

54.

55.
56.

57.

58.

RI
PT

45.

SC

44.

M
AN
U

43.

TE
D

42.

EP

41.

Wang D, Dubois RN. Eicosanoids and cancer. Nat Rev Cancer. 2010 Mar;10(3):181-93. doi:
10.1038/nrc2809.
Wang D, Dubois RN. Cyclooxygenase-2: a potential target in breast cancer. Seminars in
oncology. 2004 Feb;31(1 Suppl 3):64-73.
Rigas B, Goldman IS, Levine L. Altered eicosanoid levels in human colon cancer. The Journal
of laboratory and clinical medicine. 1993 Nov;122(5):518-23.
McLemore TL, Hubbard WC, Litterst CL, et al. Profiles of prostaglandin biosynthesis in normal
lung and tumor tissue from lung cancer patients. Cancer Res. 1988 Jun 1;48(11):3140-7.
Sosnoski DM, Norgard RJ, Grove CD, Foster SJ, Mastro AM. Dormancy and growth of
metastatic breast cancer cells in a bone-like microenvironment. Clin Exp Metastasis.
2015;32(4):335-44. doi: 10.1007/s10585-015-9710-9.
Zelenay S, van der Veen AG, Böttcher JP, Snelgrove KJ, Rogers N, Acton SE, Chakravarty P,
Girotti MR4, Marais R, Quezada SA, Sahai E, Reis e Sousa C. Cyclooxygenase-Dependent
Tumor Growth through Evasion of Immunity. Cell. 2015;162(6):1257-70. doi:
10.1016/j.cell.2015.08.015.
Retsky M, Demicheli R, Hrushesky WJM, Forget P, De Kock M, Gukas I, Rogers RA, Baum M,
Sukhatme V, Vaidya JS. Reduction of breast cancer relapse with perioperative non-steroidal
anti-inflammatory drugs: new findings and a revie. Curr Med Chem. 2013;20:4163-4176.
Bains SJ, Mahic M, Myklebust TA, et al. Aspirin As Secondary Prevention in Patients With
Colorectal Cancer: An Unselected Population-Based Study. J Clin Oncol. 2016 Jul
20;34(21):2501-8. doi: 10.1200/jco.2015.65.3519.
De Cock JM, Shibue T, Dongree A, Keckesova Z, Reinhardt F, Weinberg RA. Inflammation
Triggers Zeb1-Dependent Escape from Tumor Latency. Cancer Res. 2016;76(23):6778-6784.
doi: 10.1158/0008-5472.CAN-16-0608.
Schäfer M, Werner S. Cancer as an overhealing wound: an old hypothesis revisited. Nat Rev
Mol Cell Biol. 2008;9(8):628-38. doi: 10.1038/nrm2455.
Han AA, Currie H, Loos MS, Scardoni G, Miller JV, Prince N, Mouch JA, Boyd JW. The impact of
cytokine responses in the intra- and extracellular signaling network of a traumatic injury.
Cytokine. 2017. doi: https://doi.org/10.1016/j.cyto.2017.10.027.
Van Snick J. Interleukin-6: an overwiev. Annu Rev Immunol. 1990;8:253-78. doi:
10.1146/annurev.iy.08.040190.001345
Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and disease. Cold Spring
Harbor perspectives in biology. 2014 Sep 4;6(10):a016295. doi:
10.1101/cshperspect.a016295.
Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V, Ramirez N, Oberyszyn TM, Hall BM.
Interleukin-6 induces an epithelial-mesenchymal transition phenotype in human breast
cancer cells. Oncogene. 2009;28(33):2940-7. doi: 10.1038/onc.2009.180.
Che D, Zhang S, Jing Z, Shang L, Jin S, Liu F, Shen J, Li Y, Hu J, Meng Q, Yu Y. Macrophages
induce EMT to promote invasion of lung cancer cells through the IL-6-mediated COX2/PGE2/β-catenin signalling pathway. Mol Immunol. 2017;90:197-210. doi:
10.1016/j.molimm.2017.06.018.
Knüpfer H, Preiss R. Significance of interleukin-6 (IL-6) in breast cancer (review). Breast
Cancer Res Treat. 2007;102(2):129-35. doi: 10.1007/s10549-006-9328-3.
Abana CO, Bingham B, Cho JH, Graves AJ, Koyama T, Pilarski RT, Chakravarthy AB, Xia F. IL-6
variant is associated with metastasis in breast cancer patients. PLoS One.
2017;12(7):e0181725. doi: 10.1371/journal.pone.0181725.
Mizuno R, Kimura G, Fukasawa S, et al. Angiogenic, inflammatory and immunologic markers
in predicting response to sunitinib in metastatic renal cell carcinoma. Cancer science. 2017
Sep;108(9):1858-1863. doi: 10.1111/cas.13320.
Ravishankaran P, Karunanithi R. Clinical significance of preoperative serum interleukin-6 and
C-reactive protein level in breast cancer patients. World J Surg Oncol. 2011 Feb 6;9:18. doi:
10.1186/1477-7819-9-18.

AC
C

40.

12

ACCEPTED MANUSCRIPT

65.

66.

67.

68.
69.
70.

71.

72.

73.

74.

75.

76.

RI
PT

64.

SC

63.

M
AN
U

62.

TE
D

61.

EP

60.

Kwon KA, Kim SH, Oh SY, et al. Clinical significance of preoperative serum vascular
endothelial growth factor, interleukin-6, and C-reactive protein level in colorectal cancer.
BMC Cancer. 2010 May 14;10:203. doi: 10.1186/1471-2407-10-203..
Beuselinck B, Vano YA, Oudard S, et al. Prognostic impact of baseline serum C-reactive
protein in patients with metastatic renal cell carcinoma (RCC) treated with sunitinib. BJU
international. 2014 Jul;114(1):81-9. doi: 10.1111/bju.12494.
Ljungberg B, Grankvist K, Rasmuson T. Serum interleukin-6 in relation to acute-phase
reactants and survival in patients with renal cell carcinoma. Eur J Cancer. 1997
Oct;33(11):1794-8.
Shrotriya S, Walsh D, Bennani-Baiti N, et al. C-Reactive Protein Is an Important Biomarker for
Prognosis Tumor Recurrence and Treatment Response in Adult Solid Tumors: A Systematic
Review. PLoS One. 2015;10(12):e0143080. doi: 10.1371/journal.pone.0143080..
Linde N, Casanova-Acebes M, Sosa MS, et al. Macrophages orchestrate breast cancer early
dissemination and metastasis. Nat Commun. 2018 Jan 2;9(1):21. doi: 10.1038/s41467-01702481-5.
Gordon S. Alternative activation of macrophages. Nature reviews Immunology. 2003
Jan;3(1):23-35. doi: 10.1038/nri978.
Mantovani A, Sozzani S, Locati M, et al. Macrophage polarization: tumor-associated
macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends in
immunology. 2002 Nov;23(11):549-55.
Aguirre-Ghiso JA, Liu D, Mignatti A, et al. Urokinase receptor and fibronectin regulate the
ERK(MAPK) to p38(MAPK) activity ratios that determine carcinoma cell proliferation or
dormancy in vivo. Mol Biol Cell. 2001 Apr;12(4):863-79.
Coutinho AE, Chapman KE. The anti-inflammatory and immunosuppressive effects of
glucocorticoids, recent developments and mechanistic insights. Molecular and cellular
endocrinology. 2011 Mar 15;335(1):2-13. doi: 10.1016/j.mce.2010.04.005.
Palucka AK, Coussens LM. The Basis of Oncoimmunology. Cell. 2016 Mar 10;164(6):12331247. doi: 10.1016/j.cell.2016.01.049.
Stoecklein VM, Osuka A, Lederer JA. Trauma equals danger--damage control by the immune
system. Journal of leukocyte biology. 2012 Sep;92(3):539-51. doi: 10.1189/jlb.0212072.
Shelley O, Murphy T, Paterson H, et al. Interaction between the innate and adaptive immune
systems is required to survive sepsis and control inflammation after injury. Shock (Augusta,
Ga). 2003 Aug;20(2):123-9. doi: 10.1097/01.shk.0000079426.52617.00.
Johnson BF, Clay TM, Hobeika AC, et al. Vascular endothelial growth factor and
immunosuppression in cancer: current knowledge and potential for new therapy. Expert
opinion on biological therapy. 2007 Apr;7(4):449-60. doi: 10.1517/14712598.7.4.449.
Gabrilovich DI, Chen HL, Girgis KR, et al. Production of vascular endothelial growth factor by
human tumors inhibits the functional maturation of dendritic cells. Nat Med. 1996
Oct;2(10):1096-103.
Courau T, Nehar-Belaid D, Florez L, et al. TGF-beta and VEGF cooperatively control the
immunotolerant tumor environment and the efficacy of cancer immunotherapies. JCI insight.
2016 Jun 16;1(9):e85974. doi: 10.1172/jci.insight.85974.
Li B, Lalani AS, Harding TC, et al. Vascular endothelial growth factor blockade reduces
intratumoral regulatory T cells and enhances the efficacy of a GM-CSF-secreting cancer
immunotherapy. Clin Cancer Res. 2006 Nov 15;12(22):6808-16. doi: 10.1158/1078-0432.ccr06-1558.
Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ, Brazier H, Almeida D, Koller A, Hajjar KA,
Stainier DYR, Chen EI, Lyden D, Bissell MJ. The perivascular niche regulates breast tumour
dormancy. Nature Cell Biol. 2013;15(7). doi: 10.1038/ncb2767.
Kang SY, Halvorsen OJ, Gravdal K, et al. Prosaposin inhibits tumor metastasis via paracrine
and endocrine stimulation of stromal p53 and Tsp-1. Proc Natl Acad Sci U S A. 2009 Jul
21;106(29):12115-20. doi: 10.1073/pnas.0903120106.

AC
C

59.

13

ACCEPTED MANUSCRIPT

82.

83.
84.
85.

86.
87.

88.

89.
90.

91.
92.

93.
94.

RI
PT

SC

81.

M
AN
U

80.

TE
D

79.

EP

78.

Catena R, Bhattacharya N, El Rayes T, et al. Bone marrow-derived Gr1+ cells can generate a
metastasis-resistant microenvironment via induced secretion of thrombospondin-1. Cancer
Discov. 2013 May;3(5):578-89. doi: 10.1158/2159-8290.cd-12-0476.
Wculek SK, Malanchi I. Neutrophils support lung colonization of metastasis-initiating breast
cancer cells. Nature. 2015;528(7582):413-7. doi: 10.1038/nature16140.
Yumoto K, Eber MR, Wang J, Cackowski FC, Decker AM, Lee E, Nobre AR, Aguirre-Ghiso JA,
Jung Y, Taichman RS. Axl is required for TGF-β2-induced dormancy of prostate cancer cells in
the bone marrow. Sci Rep. 2016;7(6). doi: 10.1038/srep36520.
Holland SJ, Pan A, Franci C, Hu Y, Chang B, Li W, Duan M, Torneros A, Yu J, Heckrodt TJ, Zhang
J, Ding P, Apatira A, Chua J, Brandt R, Pine P, Goff D, Singh R, Payan DG, Hitoshi Y. R428, a
selective small molecule inhibitor of Axl kinase, blocks tumor spread and prolongs survival in
models of metastatic breast cancer. Cancer Res. 2010;70(4):1544-54. doi: 10.1158/00085472.CAN-09-2997.
Holland SJ, Powell MJ, Franci C, et al. Multiple roles for the receptor tyrosine kinase axl in
tumor formation. Cancer Res. 2005 Oct 15;65(20):9294-303. doi: 10.1158/0008-5472.can-050993.
Taichman RS, Patel LR, Bedenis R, et al. GAS6 receptor status is associated with dormancy
and bone metastatic tumor formation. PLoS One. 2013;8(4):e61873. doi:
10.1371/journal.pone.0061873.
Moustakas A, Pardali K, Gaal A, et al. Mechanisms of TGF-beta signaling in regulation of cell
growth and differentiation. Immunology letters. 2002 Jun 3;82(1-2):85-91.
Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer. 2002
Jun;2(6):442-54. doi: 10.1038/nrc822.
Forte E, Chimenti I, Rosa P, et al. EMT/MET at the Crossroad of Stemness, Regeneration and
Oncogenesis: The Ying-Yang Equilibrium Recapitulated in Cell Spheroids. Cancers (Basel).
2017 Jul 29;9(8). doi: 10.3390/cancers9080098.
Shaw TJ, Martin P. Wound repair: a showcase for cell plasticity and migration. Curr Opin Cell
Biol. 2016;42:29-37. doi: 10.1016/j.ceb.2016.04.001.
Bochaton-Piallat ML, Gabbiani G, Hinz B. The myofibroblast in wound healing and fibrosis:
answered and unanswered questions. F1000Research. 2016;5. doi:
10.12688/f1000research.8190.1.
Karagiannis GS, Poutahidis T, Erdman SE, et al. Cancer-associated fibroblasts drive the
progression of metastasis through both paracrine and mechanical pressure on cancer tissue.
Molecular cancer research : MCR. 2012 Nov;10(11):1403-18. doi: 10.1158/1541-7786.mcr12-0307.
Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006 May;6(5):392-401. doi:
10.1038/nrc1877.
Pankova D, Chen Y, Terajima M, et al. Cancer-Associated Fibroblasts Induce a Collagen Crosslink Switch in Tumor Stroma. Molecular cancer research : MCR. 2016 Mar;14(3):287-95. doi:
10.1158/1541-7786.mcr-15-0307.
Martin P. Wound healing - aiming for perfect skin regeneration. Science. 1997;276(5309):7581. doi: 10.1126/science.276.5309.75.
Barkan D, El Touny LH, Michalowski AM, Smith JA, Chu I, Davis AS, Webster JD, Hoover S,
Simpson RM, Gauldie J, Green JE. Metastatic growth from dormant cells induced by a col-1enriched fibrotic environment. Cancer Res. 2010;70(14):5706-16. doi: 10.1158/00085472.CAN-09-2356.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):64674. doi: 10.1016/j.cell.2011.02.013.
Dillekas H, Transeth M, Pilskog M, Assmus J, Straume O. Differences in metastatic patterns in
relation to time between primary surgery and first relapse from breast cancer suggest
synchronized growth of dormant micrometastases. Breast Cancer Res Treat.
2014:146(3):627-36.

AC
C

77.

14

ACCEPTED MANUSCRIPT

96.

97.

98.

AC
C

EP

TE
D

M
AN
U

SC

99.

Badwe R, Hawaldar R, Nair N, Kaushik R, Parmar V, Siddique S, Budrukkar A, Mittra I, Gupta S.
Locoregional treatment versus no treatment of the primary tumour in metastatic breast
cancer: an open-label randomised controlled trial. Lancet Oncol. 2015;16(13):1380-1388.
Hershman DL, Kushi LH, Shao T, et al. Early discontinuation and nonadherence to adjuvant
hormonal therapy in a cohort of 8,769 early-stage breast cancer patients. J Clin Oncol. 2010
Sep 20;28(27):4120-8. doi: 10.1200/jco.2009.25.9655.
Indraccolo S, Stievano L, Minuzzo S, Tosello V, Esposito G, Piovan E, Zamarchi R, ChiecoBianchi L, Amadori A. Interruption of tumor dormancy by a transient angiogenic burst within
the tumor microenvironment. Proc Natl Acad Sci U S A. 2006;103(11):4216-21.
Forget P, Bentin C, Machiels JP, et al. Intraoperative use of ketorolac or diclofenac is
associated with improved disease-free survival and overall survival in conservative breast
cancer surgery. Br J Anaesth. 2014 Jul;113 Suppl 1:i82-7. doi: 10.1093/bja/aet464.
[19.01.2018]. Available from: https://clinicaltrials.gov/ct2/show/study/NCT01806259

RI
PT

95.

Legends
Fig. 1 a) The immediate response. Activated platelets release growth factors (vascular-endothelial growth factor
(VEGF), transforming growth factor β (TGF-β), basic fibroblast growth factor (bFGF)), cytokines and and
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matrix metalloproteinases (MMPs). These factors recruit inflammatory cells and stimulate vessel sprouting, reepithelialization and degradation of matrix, but may also stimulate pre-existing dormant tumor cells at a distant
site for proliferation and migration. EMT=epithelial to mesenchymal transition. b) Inflammation. Neutrophils
and macrophages secrete growth factors, cytokines, reactive oxygen species (ROS) and prostaglandin E2
(PGE2), fueling an inflammatory response in the wound and surrounding tissues. Systemic levels increase, and
these factors are also known to be able to stimulate proliferation and migration of tumor cells. Macrophage-
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derived uPA has been demonstrated to induce escape from dormancy by upregulating mitogenic extracellular
regulated kinase (ERK) 1/2 and downregulating the growth arresting, pro-apoptotic p38. Systemic release of
cortisol and adrenaline stimulates T-regulatory cells and can thus aid in cancer immune evasion. The receptor
tyrosine kinase Axl is downregulated in proliferating metastases. c) Proliferation, migration and contraction.
Sprouting vessels produce tumor-promoting factors such as TGF-β. In order to re-epithelialize the wound

SC

surface, keratinocytes undergo a partial EMT. Fibroblasts generate scar-tissue and can aid cancer cells in

invasion and migration. d) Resolution and remodeling. In normal tissue, inflammation and proliferation resolves
by unknown mechanisms when tissue is regenerated, inflammatory cells return to the vasculature. A stiff,
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fibrotic environment can determine cytoskeletal reorganization through β1-integrin downstream signaling,
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inducing proliferation and metastasis formation in cancer cells located in this environment.
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