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Effects of surgical trauma and
Intraoperative blood loss on
tumour progression

Xiaoqin Jin ®, Han Han and Qilian Liang*

Oncology Center, Affiliated Hospital of Guangdong Medical University, Zhanjiang, China

Surgery is the primary treatment of choice for tumours, and improves prognosis,
prolongs survival and is potentially curative. Previous studies have described the
effects of anaesthesia and changes in the neuroendocrine, circulatory and
sympathetic nervous systems on postoperative cancer progression. There is
growing evidence that intraoperative blood loss is an independent prognostic
factor for tumour recurrence, postoperative inflammation is a predictor of
cancer prognosis, and immunosuppressive status correlates with the degree of
surgical damage. This paper outlines the potential mechanisms by which blood
loss, surgical trauma and postoperative immunosuppressive status contribute to
tumour growth and recurrence by reducing intraoperative haemorrhage and
perioperative immunotherapy, thereby reducing tumour growth and recurrence,
and improving long-term prognosis.
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1 Introduction

Surgical resection is the most promising therapeutic tool for malignant tumours.
Several clinical studies have shown that postoperative metastatic recurrence rate of many
tumours, such as gastric cancer, breast cancer, hepatocellular carcinoma and colorectal
cancer, is high and closely related to surgery (1-3). Surgery sometimes results in excessive
intraoperative blood loss (IBL) and the need for perioperative allogeneic blood transfusion.
There is controversy as to whether IBL or perioperative transfusion has an adverse
prognostic impact on patients with malignant tumours. There are a lot of clinical data
showing the association between poor prognosis and significant IBL, but the mechanism of
the adverse effects of perioperative blood transfusion and its prognostic impact is beyond
the scope of this review. The inflammatory response and immunosuppression caused by
surgical trauma may promote tumour cell growth, migration and recurrence. Therefore, we
review the potential mechanisms of tumour growth and recurrence triggered by surgical
trauma, IBL and postoperative immunosuppression, and discuss the current methods used
to reduce tissue trauma and IBL and perioperative immunotherapy.
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2 Impact of IBL on tumour growth
and recurrence

Transfusion-associated immunosuppression and immune
escape have long been considered to be potentially associated
with tumour recurrence and metastasis, and IBL is reported to be
associated with prognosis in many malignancies (4-7). A recent
study by Nakanishi et al. (8) questioned the relevance of blood
transfusion to tumour recurrence. At the same time, an increasing
body of research indicates that trauma-related inflammation,
immunosuppression, bleeding and tumour metastasis are all
independently correlated. Nakanishi et al. suggested that the
adverse prognostic impact of IBL may be due to three factors:
antitumour immunosuppression caused by IBL; postoperative
complications; and formation of microscopic metastatic foci of
residual intraoperative tumour cells as a result of IBL. Firstly,
many studies have shown that the adverse effects of excess IBL
are mainly caused by antitumour immunosuppression through
impaired immunity to cancer cells and loss of plasma
components, and that the immunotrophic status of patients plays
an important role in tumour immunity (9-12). However, these

TABLE 1 Studies on the prognostic impact of IBL.
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studies did not establish the mechanisms involved. Secondly,
excessive IBL may lead to the development of postoperative
complications, which may adversely affect prognosis (11, 13).
Finally, Kamei et al. (14) reported that excessive IBL was an
independent risk factor for peritoneal recurrence after radical
gastrectomy. They concluded that blood loss was significantly
associated with peritoneal recurrence and that blood loss into the
peritoneal cavity may promote spillage of residual tumour cells
during surgery.

It has been demonstrated that IBL is an independent predictor
of overall survival following radical gastrectomy in patients with
stage I-III gastric cancer (10, 14). Table 1 summarises studies of the
prognostic impact of IBL. The adverse prognostic impact of IBL in
patients with gastric cancer was first reported by Dhar et al. (9) in
2000. Their analysis of 152 patients with transmural (T2N0-T3N2)
gastric cancer concluded that IBL >500 mL was an independent
prognostic factor for postoperative survival. Citing Bruns et al. (19),
they hypothesised that IBL reduces the body’s immunity and its
ability to fight cancer cells. However, Dhar et al. (9) did not provide
information on perioperative blood transfusion, which is an
important prognostic confounder. Kamei et al. (14) first reported
the relationship between IBL and pattern of recurrence in 2009.

Period Sample Selected group Patients  Adverse effect of Adverse effect of IBL
size received IBL on OSa on RFS a
BTF
Dhar et al 1979- 152 Gastric Cancer >500ml Not specified =~ Yes HR1.779, p=0.0352
(9) 2000 1989 T2NO-T3N2
Kamei et al 1992- 146 Curative Gastrectomy >475ml Included Yes (Peritoneal recurrence) HR1.0019(95%CI)(1.0001-
(14) 2009 2003 13% 1.0041), p=0.0352
Liang et al 2003- 845 Stage I-I1I >200ml Included Yes HR1.590(95% CI)(1.140-
(10) 2013 2007 Gastric Cancer 25% 2.217), p=0.006
Akira et al 1999- 203 Stage II-1II >400ml Included 0% HR1.72(95% CI)(1.03- Yes
(11) 2016 2015 Gastric Cancer 2.87), p=0.04
Tto et al (12) 2010- 1013 Stage II-1II >330ml Not specified =~ Yes HR1.45(95% CI)(1.01-
2018 2014 Gastric Cancer 2.09), p=0.0420
Hiroshi et al 1995- 2789 Borrmann Type IV >400ml Not specified =~ HR1.64(95% CI)(1.01- Yes
(15) 2020 2016 Gastric Cancer 2.67), p=0.045
Hiroshi et al 2007- 76 Stage II/III >1000ml Not specified =~ HR2.391(95% CI)(1.166- Yes
(6) 2012 Pancreatic Cancer 4.903), p=0.017
2020
Hiroshi et al 2000- 1597 Stage II/III >200ml Not specified =~ HR2.730(95% CI)(1.647- HR1.713(95% CI)(1.348-
(16) 2019 Colorectal Cancer 4.524), p <0.001 2.178), p <0.001
2021
Suk-won 2010- 142 hepatic resection >700ml Included *HR8.390(95% CI)(1.044- HR2.325(95% CI)(1.202-
et al (4) 2021 for HCC 25.3% 67.408), p=0.045 4.497, p = 0.012
2023
Hayato et al 2011- 198 Locally Advanced >850ml Not specified =~ HR2.091(95% CI)(1.120- HR1.811(95% CI)(1.030-
(7)2023 2019 Esophageal Cancer 3.906), p=0.021 3.184), p=0.039
Rahul et al 1995- 611 Laparoscopic >250ml Included OR2.48(95% CI 1.524- Yes
(17)2017 2016 hepatectomy for HCC 5.4% 4.031) p = 0.0001
Xiaocui et al 2001- 192 Laparoscopic >250ml Included ORO0.5(95% CI)(0.3- ORO0.5(95% CI)(0.3-
(18) 2021 2019 hepatectomy for HCC 20% 0.9), p<0.02 0.8), p<0.02

AMultifactorial analysis of the adverse effect of IBF on OS and RFS. *Univariate Analysis of the adverse effect of IBF on OS.
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IBL>475 mL was positively correlated with peritoneal metastasis in
146 patients who underwent radical gastrectomy for advanced
gastric cancer. They stated that IBL is another independent risk
factor for peritoneal recurrence after radical resection for advanced
gastric cancer, rather than for haematological or local recurrence.
Liang et al. (10) also reported that IBL >200 mL was an independent
prognostic factor in 845 patients who underwent radical
gastrectomy. Even after excluding patients who underwent blood
transfusion, their study showed that IBL, but not blood transfusion,
was an independent prognostic factor after radical gastrectomy for
gastric cancer. Mizuno et al. (11) reported that IBL 2400 mL was a
significant prognostic factor for survival and tumour recurrence in
patients with stage II/III gastric cancer. They excluded patients
receiving blood transfusion, to eliminate confounding factors
caused by transfusion-related adverse reactions. Ito et al. (12)
reported that IBL >330 mL was associated with poor prognosis in
patients with stage II/III gastric cancer, and they also excluded
patients who received blood transfusion. There are still few studies
on the correlation between IBL,which excludes blood transfusion,
and long-term prognosis of patients with gastric cancer (10-12).
IBL is closely associated with blood transfusion; therefore, the
prognostic significance of IBL may be masked by the adverse
effects of transfusion. The above three studies (10-12) excluded
this confounding factor, suggesting that IBL per se has a detrimental
impact on long-term prognosis in patients with gastric cancer.
Hiroshi et al. (15) reported that IBL >400 mL was associated with
poor prognosis of Borrmann type IV gastric cancer, and
intraoperative bleeding control had a positive impact on survival
in patients undergoing radical resection for gastric cancer. A meta-
analysis (20) of 4653 patients reported that greater IBL after
gastrectomy in patients with gastric cancer resulted in decreased
long-term survival and recurrence-free survival.

IBL during surgery has also been shown to be an independent
predictor of long-term survival and tumour recurrence after radical
surgery for other gastrointestinal tumours, including hepatocellular,
colorectal, oesophageal and pancreatic carcinomas. These authors
concluded that successful radical resection and limited blood loss
contribute to improved survival. In hepatocellular carcinoma, Suk-
Won et al. (4) found by multivariate analysis that excessive IBL was
an independent prognostic factor for tumour recurrence after
hepatectomy. A meta-analysis of 1540 colorectal cancer patients
showed that lower IBL resulted in better overall survival (OS) and
disease-free survival, as well as a lower rate of postoperative
complications (5). A multicentre retrospective study found 89.3%
OS and 63.4% disease-free survival at 5 years postoperatively in
patients with high IBL after radical surgery for colorectal cancer
(16). Multifactorial analysis has shown that IBL is an independent
risk factor for OS in patients with pancreatic invasive ductal
adenocarcinoma treated with pancreatectomy (6). Minimising IBL
intraoperatively is important. It has been found that positive para-
abdominal aortic lymph nodes and the status of the RO and R1
margins after pancreatic adenocarcinoma resection are important
independent prognostic factors (21, 22). In patients with locally
advanced oesophageal cancer, Hayato et al. reported that severe IBL
may be a useful predictor of postoperative recurrence and OS (7).
Although IBL seems to be an important and sensitive indicator,
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none of the aforementioned studies on its impact on survival,
prognosis and recurrence of gastrointestinal tumours has
elucidated its possible underlying mechanisms. In addition, there
are discrepancies in the literature regarding whether IBL is an
independent prognostic factor, particularly with regard to tumour
growth and recurrence. IBL is an independent deleterious factor
that negatively affects patient prognosis, promotes tumour growth
and recurrence, and should be considered in the context of other
factors that influence tumour recurrence (e.g., surgical scope and
timeline, laparoscopic versus open surgery, tissue trauma, patient
comorbidities, cardiac function, psychological stress, anaesthetic
management and surgical approach) (22, 23).

Numerous studies have shown that laparoscopic surgery
reduces blood loss and transfusion compared with open surgery
(24-27). However, the evidence for improved immune and
endocrine function after lumpectomy is not yet sufficient. The
fact that laparoscopic surgery does not yet offer significant
advantages may be related to the complexity of its operative
procedures, especially for abdominal tumour surgery. Although
randomised clinical trials have demonstrated significantly lower
levels of tumour markers after laparoscopy compared with open
surgery, there were no significant differences in terms of 3-year
survival and recurrence rates (24). Laparoscopic colorectal cancer
surgery usually involves more abdominal organs, prolongs the
operating time, and may trigger endocrine and immune stress
responses in the same way as open surgery (28). Furthermore, it
has been shown that IBL is likely to be underestimated in
laparoscopic hepatectomy (29). Rahul et al. (17) also reported
that IBL 2250 mL during laparoscopic hepatectomy may
adversely affect postoperative outcomes. In a retrospective study
of 192 patients with hepatocellular carcinoma who underwent
laparoscopic surgery, Xiaocui et al. (18) found that increased
intraoperative bleeding was an independent predictor of tumour
recurrence. Thus, all these studies clearly indicate that excessive IBL
is an important factor in the process of tumour metastasis.

3 Effect of surgical trauma on tumour
growth and recurrence

Surgical trauma with haemorrhage is often accompanied by an
early excessive inflammatory response and significant suppression
of immune function (Figure 1). Following surgical resection of the
tumour, the sympathetic nervous system activates and promotes the
release of catecholamines, with concomitant haemovolumic
insufficiency and vasoconstriction mediated by sympathetic
reflexes and a surge of catecholamines, leading to reduced blood
flow and inadequate oxygen delivery to peripheral tissues and
organs. Subsequently, this hypoxic state may lead to decreased
cellular ATP levels, cellular calcium homeostatic balance, as well
as accumulation of lactic acid and oxygen free radicals and
anaerobic cellular metabolism. This may stimulate the release of
inflammatory mediators such as cytokines and prostaglandin E2
(PGE2). Suppression of various immune functions is evident
immediately after haemorrhage and persists for a long time
despite administration of volume resuscitation. Increased release
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Effect of surgical trauma on tumor growth and recurrence. | means decline, 1 means ascension.

of inflammatory mediators is associated with significant
suppression of the immune response and increased susceptibility
to infection after haemorrhage, affecting various cell types such as
macrophages and lymphocytes, ultimately leading to systemic
immunosuppression (19). In addition to this, an additional
perioperative risk factor that is often overlooked is psychosocial
stressors, which can also trigger a variety of physiologic responses
affecting metastasis. Patients experience anxiety, stress, and
depression from the onset of a cancer diagnosis, which translates
into activation of the SNS and the hypothalamic-pituitary-adrenal
(HPA) axis (30), as well as the consequent release of stress
hormones. Relevant literature has reviewed the impact of stress
processes and stress management interventions on immune
variables (e.g., cellular immune function, inflammation) that may
or may not change in direct response to cancer or its treatment (31).

3.1 Surgical trauma induces an early
hyperinflammatory response

Surgical trauma and IBL lead to sympathetic nervous system
activation and promote catecholamine release, hypovolemia,
vasoconstriction and tissue hypoxia, with an increased demand
for anaerobic metabolism, leading to reduced ATP levels. The
reduction in cellular ATP is associated with significant inhibition
of splenocyte proliferation and lymphocyte factor production [i.e.,
interleukin (IL)-2 and tumour necrosis factor (TNF)-a] (32). Tissue
hypoxia and enhanced anaerobic metabolism also lead to the
accumulation of lactic acid and oxygen free radicals in the body.
This lactate, as well as that produced by tumour cells, has been
shown to have a key role in cell signalling and can lead to cellular
dysfunction, altered macrophage reactivity and inhibition of
antigen presentation, by inducing expression of vascular
endothelial growth factor and M2-like polarisation of tumour-
associated macrophages (33). Hypoxia also promotes genomic
instability, leading to a variety of genetic changes that facilitate
the formation of a more aggressive phenotype in residual tumour
cells (34). Finally, reduced ATP levels also disrupt cellular calcium
homeostasis. It has been shown that dysregulation of cytosolic
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calcium homeostasis may lead to cellular immunosuppression
after haemorrhage by impairing macrophage antigen-presenting
function and splenocyte function (35). The significant reduction of
cellular ATP after surgical-trauma-induced early excessive
inflammatory response, haemorrhage and local hypoxia may be
responsible for early postoperative immunosuppression.

Surgical trauma directly induces the release of catecholamines,
which are an important neuroendocrine response to tissue injury
and its associated inflammatory response, injury perception and
pain (36). There is growing evidence that catecholamines also exert
immunosuppressive effects, promoting proliferation, migration and
angiogenesis, as well as accelerating tumour growth and metastasis
(37). Catecholamines can induce metastatic effects in tumour cells
and the tumour microenvironment by stimulating 3-adrenoceptors
(BARs), which can lead to cancer recurrence, for instance, in
mammary tumours, activation of B-adrenoceptors was linked to
accelerated tumor growth (38), PGE2 is also a key mediator in the
induction of tumour metastasis (39, 40). Most immune cells express
adrenergic receptors, mainly B2 receptors, on their surface.
Adrenoceptors density varies among cell types and natural killer
(NK) cells have the highest density (36, 41). The acute stress
response may inhibit NK cell activity by releasing catecholamines
through the adrenal glands and activating 1- and 32-ARs, which in
turn diminishes the resistance of NK cells to tumour metastasis and
may lead to immunosuppression (36). Loza et al. (41) concluded
that catecholamine activation of BARs in Th1 and Th2 cells, rather
than Th1/Th2 transition, leads to immunosuppression. Results
from animal model studies confirm that stress-induced
neuroendocrine activation has a negligible effect on primary
tumour growth but induces a 30-fold increase in metastasis to
distant tissues, including lymph nodes and lungs. These stress
responses are mediated by BARs, which increases the infiltration
of CD11b" F4/80" macrophages into the primary tumour
parenchyma, thereby inducing M2 macrophage differentiation
and prometastatic gene expression (42).

Catecholamines can increase the risk of cancer by creating an
environment receptive to metastatic growth of diffuse tumour cells
via BARs (43). Upregulation of proangiogenic factors such as vascular
endothelial growth factor (VEGF) and neurotrophic factors via BARs
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leads to upregulation of matrix metalloproteinases, which in turn
promotes tumour growth and facilitates tumour invasion into the
extracellular matrix (ECM) (44). It has also been shown that
catecholamines have stronger effects on the immune system than
glucocorticoids, and that sympathetic nervous system activation
inhibits the killing of tumour cells by NK cells (45). In addition to
their haemodynamic effects, catecholamines have many other
properties and regulate key processes in tumour growth and
metastatic spread. A randomised controlled trial demonstrated that
perioperative cyclooxygenase-2 (COX-2) and BAR blockers
improved biomarkers of metastasis, immunity and inflammation in
colorectal cancer (46). Further research is needed into potential
strategies, such as BAR blockade, to attenuate the deleterious effects
of perioperative catecholamines, inhibit tumour growth, halt
metastatic spread and ultimately improve treatment outcomes.

The direct action of catecholamines and prostaglandins on
tumour tissue has only recently been recognised. Catecholamine
and prostaglandin receptors are expressed in a large number of
human cancers (47), and activation of these receptors promotes
tumour metastasis through a variety of molecular mechanisms: pro-
tumour cell proliferation, adhesion, migration, ECM invasion,
apoptosis and shedding of apoptosis resistance, as well as
secretion of proangiogenic cytokines such as VEGF. These
mechanisms are essential for metastatic spread and growth of
tumour cells, and therefore, blocking them may inhibit metastasis
(48-50). The indirect effects of catecholamines and prostaglandins
are mediated through a variety of mechanisms: suppression of
perioperative antitumour metastatic immunity, changes in the
protumourigenic properties of the microenvironment of residual
tumour cells, and the stimulatory effects of lymphatic-mediated
tumour cell spread (51-54).

3.2 Surgical-trauma-
induced immunosuppression

3.2.1 Cytokines

Surgical trauma and blood loss lead to the release of
inflammatory cytokines [e.g., IL-10 and transforming growth factor
(TGF)-B] and PGE2. Firstly, surgically induced stress response
activates upregulation of COX-2, which directly reinforces tumour
cell proliferation and metastatic invasion (46). The COX-2/PGE2
pathway is a classical proinflammatory pathway that is involved in
various functions such as tumourigenesis, progression and metastasis
(55). In addition, sympathetic nervous system activation can
indirectly lead to the release of several protumour factors, including
matrix metalloproteinase-9 (MMP-9), VEGF, TGF-f, IL-6 and IL-8,
triggering a series of inflammatory responses to stimulate tumour
recurrence and metastasis (48, 56). Secondly, surgical stress leads to
increased PGE2 synthesis, which further inhibits macrophage and
lymphocyte function (57), and it has been demonstrated that PGE2 is
involved in the process of tumourigenesis, including tumour
neovascularisation (58, 59). Finally, the rapid inflammatory
reaction following surgical damage makes it easier for tumour cells
to be captured at distant locations, which encourages metastasis.
Proinflammatory cytokines such as IL-1 and TNF-o stimulate the
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adhesion of circulating cancer cells. In the inflammatory
environment following surgery, dormant cancer cells can exhibit
growth patterns and elude immunosurveillance (60). However, it has
been demonstrated that perioperative anti-inflammatory medication
reduces tumour growth and restores the immune response in this
setting (61).

3.2.2 Release of damage-associated molecular
pattern during surgery induces neutrophil
extracellular trap formation

Damage-associated molecular patterns (DAMPs) are key
molecular ligands that trigger the inflammatory immune response
after surgical injury, and neutrophils are rapidly recruited to the site
of injury by DAMPs within a few minutes of surgery and induce the
formation of neutrophil extracellular traps (NETs) (62).
Neutrophils and the NETs that they form play an important role
in cancer initiation, progression and metastasis (63). NETs not only
awaken dormant tumour cells in mice during inflammation (64),
but also carry circulating tumour cells (CTCs) to evade killing by
immune cells, inducing the colonisation of distal organs by CTCs
(65). NETs can also locally release factors such as MMP-9 and
VEGF (63, 66). MMP-9 enhances the bioavailability of VEGF in the
tumour microenvironment by hydrolysing the molecular binding
domain of VEGF, thereby activating dormant tumour cells and
triggering tumour metastasis (3, 64, 67). MMP-9 also accelerates the
degradation of local ECM, leading to the release and activation of
other tumour-promoting factors stored in the local ECM of NET's
(63, 68). MMP-9 locally amplifies the protumourigenic effects of
TGF-B, and activated TGF-3 directly promotes tumour invasion
and angiogenesis, and exerts extensive immunosuppression on the
tumour microenvironment, further inducing tumour metastasis
(69-71). In addition to neutrophils, inflammatory changes at the
post-tumour resection site include the recruitment of macrophages
and proinflammatory factors. Proinflammatory factors such as IL-1
and TNF-o enhance the adhesion of CTCs, which facilitates the
capture of tumour cells at the outer margin site (60). Inflammation
may also form premetastatic ecological niches by stripping the
microcirculatory endothelium.

3.2.3 Macrophages and NK cells

Tumour-associated macrophages (TAMs) are classified as M1
macrophages (classical activation pathway) and M2 macrophages
(alternative activation pathway). M1 macrophages are mainly found
in the inflammatory environment and can fight tumours by
presenting antigens, while M2 macrophages are mainly found in
the tumour microenvironment and can promote tumour
proliferation, invasion and metastasis. Postoperatively produced
PGE2 also promotes macrophage differentiation towards a
tumour-promoting M2 phenotype (59). Recently, it has been
shown that the transcription factor CCAAT/enhancer binding
protein {3 inhibits the antitumour immune response by regulating
[-adrenergic conversion of macrophages to the M2 phenotype (72).
Predina et al. demonstrated in an experimental model of lung
cancer that surgical resection significantly increased many
tumour-promoting cytokines (VEGF, IL-1fB, IL-6, IL-10,
monocyte chemoattractant protein-1 and TGF-f) and decreased
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interferon (IFN)-y (73). In addition, recurrent tumours have
alternatively activated macrophages and T regulatory (Treg) cells,
which prevent the recruitment of CD8" T cells to the tumour,
contributing to immunosuppression after surgery (73). Cancer cells
also have the ability to take advantage of wound-healing
macrophages with a phenotype similar to that of TAMs; a
response that tumours can exploit to promote transendothelial
migration and metastatic disease dissemination. In the breast
cancer model(triple-negative and luminal subtype B breast
cancer), the tumour utilises macrophages to adopt a phenotype
similar to that produced by macrophages found in granulation
tissue during the inflammatory response to wounding, which in the
case of cancer, can promote transendothelial migration of tumour
cells. More importantly, the expression of wound-like cytokine
responses within tumours has been clinically associated with poor
prognosis in a variety of cancers (74). This study demonstrated the
ability of tumour cells to exploit the innate wound healing response
of macrophages to promote metastatic spread (74). As mentioned
above, macrophages are another important driver of tumour
progression after surgical removal of tumours. Macrophage
depletion may be a promising adjunct to surgical resection (75, 76).
Tham et al. demonstrated that macrophages contribute to
postoperative tumour recurrence and metastatic growth and that
surgery increased tumour cell proliferation, which correlated with an
increased density of macrophages within the tumour (75).
Macrophages stimulated the formation of tumour spheres from
tumour cells in postoperative mice but not control mice.
Postoperative removal of macrophages by a diet containing the CSF-
1R-specific kinase inhibitor Ki20227 significantly reduced tumour
recurrence and eliminated enhanced metastatic growth (75).

Surgical intervention disrupts the body’s homeostatic balance,
and plasma levels of the cytokine IFN-y released by NK cells begin
to decline 1 h after surgery (77). Impairment of T-cell proliferation
and NK cell activity persists for ~2 weeks, peaking on postoperative
days 5-7 (78). IFN-7 release from NK cells is suppressed for several
months after surgery for a variety of malignancies (79, 80).
Numerous studies have confirmed that surgically induced NK cell
dysfunction leads to impaired clearance of metastases (79, 81-86),
which may contribute to increased postoperative cancer recurrence
and metastasis in preclinical animal models (54, 81, 82, 87-89) and
in human patients (79, 82-86, 90). NK cell cytotoxicity is
significantly and transiently reduced on day 7 after surgery and is
increased in patients who undergo surgical resection of the
colorectum and pancreas gradually recovered within 1 month
after surgery (84, 91). Velasquez et al. found that postoperative
NK cell cytotoxic activity was significantly reduced on postoperative
day 5 in patients with primary bone cancer who underwent surgical
treatment (92). In addition, surgical stress inhibits IFN-y
production by NK cells. Thus, perioperative treatments intended
to improve NK cell function can be applied to lessen the spread and
recurrence of cancer. Surgical trauma induces platelet activation. A
protective fibrin and platelet coating around tumour cells prevents
detection and attack by NK cells (89, 93) and mediates adhesion of
tumour cells to endothelial cells and release of proangiogenic and
mitogenic factors (93). Administration of low molecular weight
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heparin during surgery has been shown to block the binding of
adhesion molecules (P-selectin) on platelets to tumour cells and to
restore cytotoxicity of NK cells to prevent tumour metastasis (89).

3.3 Amplification of myeloid-derived
suppressor cells, Treg cells and elevated
postoperative PD-L1 expression

Surgical trauma and initiation of subsequent wound repair
procedures can directly unrestrict the body’s immune system from
tumours and trigger tumour growth (94). Surgery contributes to
immune escape mainly by triggering postoperative downregulation of
the adaptive immune response, such as a decrease in the number of
cytotoxic T cells and NK cells in the postoperative period (84, 95) and
an increase in the number of immunosuppressive cells (73). Among
these, Treg cells are highly immunosuppressive CD4" T cells that
migrate to the site of inflammation and suppress effector lymphocytes
after surgery, which is closely associated with tumour recurrence
(96, 97). Treg cells secrete a variety of inhibitory cytokines to
participate in tumour immunity, such as IL-10, IL-35 and TGEF-f3,
and block metabolism through high expression of IL-2 (98). Myeloid-
derived suppressor cells (MDSCs) accumulate in tumours and
peripheral lymphoid organs and can suppress the immune effects of
T cells, NK cells and dendritic cells, leading to tumour growth and
metastasis (99-101). Tumour resection can induce the accumulation
of MDSCs in specific distal organs such as the lungs, thereby forming
a premetastatic niche conducive to tumour cell colonisation (102).
MDSCs can suppress tumour immunity by mediating T-cell
suppression through the induction of Treg cells and TGF-8
secretion (103). In addition, surgery can lead to differentiation of
TAMs towards the M2 type (59, 72), and an increase in M2
macrophages can lead to tumour proliferation, invasion and
metastasis (104). At the same time, a series of progrowth factors
triggered by surgery induce rapid expansion of Treg cells and MDSCs,
while promoting wound healing (73). Thus, the perioperative period
may represent an immune gap during which the extracellular
environment is more favourable for residual tumour growth. It has
been shown that surgical trauma increases PD-1 expression in T cells
(105). Related experiments further indicated that PD-1/PD-L1 induce
postoperative T-cell dysfunction in lung cancer patients, thereby
increasing the risk of postoperative metastasis. The underlying
mechanism may be associated with elevated expression of caspase-3
in T cells (106). In an in vivo study, administration of anti-PD-1
antibody significantly improved T-cell proliferation and partially
reversed surgical-trauma-induced T-cell apoptosis (107).

4 Perspectives on possible methods to
reduce adverse effects of IBL

Based on the recognition that IBL and surgical trauma are
associated with tumour growth and recurrence, clinicians can adopt
short-term and safe perioperative interventions to prevent tumour
metastasis after surgery (Figure 2).
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4.1 Optimising surgical procedures
(perioperative interventions)

Optimising surgical procedures and reducing surgical trauma
are the first steps in reducing IBL. Interventions for IBL require
effective collaboration between the surgeon and the anaesthetic
team. The perioperative immune response is influenced by the use
of anaesthetics and analgesics, fluid resuscitation, blood transfusion,
management of hypotensive episodes and hypothermia, pain, and
the extent and duration of the procedure, and the severity of these
factors correlates with immunosuppression (108). Numerous
studies have demonstrated that laparoscopic surgery is more
beneficial to postoperative recovery compared with open surgery,
including reduced postoperative pain and analgesic use, as well
as reduced blood loss and transfusion and shorter hospital stays
(24-27, 109). Compared with patients after laparoscopic surgery,
patients after caesarean section showed increased blood VEGEF,
matrix metalloproteinases (e.g., MMP-9), interleukins (e.g., IL-6),
and TNF-o; cytokines that promote tumour growth and metastasis
(110). A meta-analysis of surgical treatment for primary liver cancer
showed that laparoscopic surgery caused less tissue damage and
significantly less IBL compared with open surgery (27). In addition,
recent studies have suggested that the pneumoperitoneum
generated during laparoscopic surgery may have a procoagulant
effect, thereby reducing intraoperative bleeding, however, the higher
pressure is makes patients prone to complications such as
hypercoagulability and deep vein thrombosis (111). Considering
the potential immunosuppressive effects of blood transfusion,
intraoperative blood salvage is an effective method to reduce the
need for allogeneic blood transfusion (112). However, a

Optimizing Surgery
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Surgical timed
Decreased blood
transfusion

LMW H,anticoagulant

immunosuppressiony
IBLY
surgical trauma

10.3389/fonc.2024.1412367

comprehensive meta-analysis demonstrated that prognosis after
the use of intraoperative blood salvage was not inferior to that of
traditional intraoperative allogeneic transfusion, refuting the notion
that there is a correlation between intraoperative blood salvage and
an increased rate of metastasis or recurrence (113).

4.2 Immunotherapy

Because bleeding and intraoperative trauma cause severe
immunosuppression, and perioperative interventions are often
underutilised, safe and effective interventions that take advantage
of this ‘window’ may be effective in preventing postoperative tumour
recurrence and metastasis. Studies have shown that perioperative
administration of immunomodulatory mediators, such as IL-2, IL-7,
IFN and granulocyte-macrophage colony-stimulating factor, can
reduce surgery-associated immunosuppression (114). A recent
clinical trial showed that IL-7 restored lymphocytes and attenuated
immunosuppression in patients with infectious shock (115). Another
study has shown that IL-7 signalling in combination with immune
checkpoint inhibitors enhances immunotherapy effectiveness
and may reverse immunosuppression and reduce tumour growth
(116). Immunostimulants can activate surgically induced
immunosuppression. Preoperative use of immunostimulants Toll-
like receptor (TLR)4 agonist GLA-SE and TLR9 agonist CpG-C was
effective in blocking metastasis in a mouse model of liver metastasis
from colon cancer (117). Clinical studies have shown that TLR4
activates T cells and dendritic cells and reduces cancer metastasis,
without adverse effects (23). TLRY agonists have been shown to
activate NK cells and B cells (118), and to reduce tumour metastasis

Toll-like receptor agonists
1e. TLR9, TLR4
B--blockers, COX
mhibitors,PD-1/PD-L1

Perioperative
admmistration of
immunomodulatory
mediators
.. GM-CSF, IL-2,
IFNs

tumor growthd
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FIGURE 2
Summary of perioperative intervention methods. | means decline.
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and growth in animal models (119). However, further clinical studies
are required to assess their efficacy in the perioperative period and
their safety. Similarly, administration of beta-blockers and selective
COX-2 increased antitumour immunity and reduced the risk of
tumour growth and metastasis in animal models (44). In recent years,
immunotherapy has been rapidly developed and used for clinical
treatment, and the development of immune checkpoint inhibitors
has shown remarkable results in cancer immunotherapy. Immune
checkpoint inhibitors such as anti-PD-1/PD-L1 antibodies and
cytotoxic T-lymphocyte antigen-4 have been approved and used
for perioperative treatment of a variety of malignant tumours. These
act to promote immune-mediated clearance of tumour cells by
targeting the blockade of common signalling pathways, thereby
reactivating the antitumour immune response (120).

5 Conclusion

Surgical resection of the primary tumour remains the mainstay
of treatment. Tissue trauma caused by surgery, intraoperative
bleeding, postoperative paracrine and neuroendocrine responses,
and postoperative immunosuppression may all have a role to play in
tumour growth and recurrence. IBL has been shown to exacerbate
the state of perioperative immunosuppression. Furthermore,
excessive blood loss may function as a stand-alone predictor of
tumour growth and recurrence. The aim of this review is to outline
the potential mechanisms of how surgical trauma and successive
perioperative inflammatory responses may affect tumour cell
proliferation and growth. Recognition of the importance of the
perioperative period may help surgeons develop strategies to reduce
the incidence of IBL and postoperative immunosuppression,

decrease tumour metastasis and improve tumour prognosis. In
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Glossary
IBL Intraoperative blood loss
BTF Blood transfusion
oS Overall survival
DFS disease-free survival
RES Relapse-free survival
HR Hazard ratio
CI Confidence interval
HCC hepatocellular carcinoma
SNS sympathetic nervous system
PGE-2 prostaglandin E2
IL-2 interleukin-2
IL-6 interleukin-6
IL-8 interleukin-8
TNF-o tumor necrosis factor alpha
NK cells nature kill cells
VEGF vascular endothelial growth factor
BAR B-adrenoceptors
COX-2 cyclooxygenase 2
ECM extracellular matrix
MMP-9 matrix metalloproteinase-9
TGF-B transforming growth factor beta
DAMPs damage-associated molecular patterns
NETs neutrophil extracellular traps
CTCs Circulating tumor cells
TAMs tumor-associated macrophages
C/EBPB CCAAT/enhancer binding protein B
IFN-y interferon
Tregs regulatory T cells
MDSCs myeloid-derived suppressor cells
PD-1 programmed death-1
PD-L1 programmed death ligand-1
LMWH low molecular weight heparin
IBS Intraoperative blood salvage
TLRs Toll-like receptors
ICIs immune checkpoint inhibitors
GM-CSF granulocyte-macrophage colony-
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