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Abstract

Minimally invasive surgery is known to lessen postoperative stress and complications com-
pared with open procedures, yet its molecular effects on immunity and cancer-related mech-
anisms remain unclear. This study examined immune and inflammatory responses after ro-
bot-assisted (RS) versus open (OS) colorectal cancer surgery. Sixty-one patients (RS =30; OS =
31) were enrolled. Blood samples were collected before surgery and at 8, 24, and 72 h post-
incision. Cytokines, growth factors, and prostanoids were measured using multiplex immu-
noassays and mass spectrometry to assess systemic immune and inflammatory changes. Sur-
gery type markedly influenced perioperative immune profiles. RS induced stronger activation
of Thl-associated cytokines, including IFNy and IP-10, suggesting enhanced cellular immune
responsiveness. In contrast, Th2 cytokines and other immunosuppressive mediators —such as
IL-4, IL-10, and G-CSF—showed smaller or transient increases after RS, whereas OS triggered
broader and more sustained elevations. Angiogenic factors (VEGF-A, PDGF-BB, FGF2) rose
significantly after OS but remained comparatively lower and returned to baseline faster after
RS, indicating a weaker proangiogenic response. Similarly, postoperative surges in prosta-
glandins linked to inflammation and tumor progression (PGEz, PGF:at) were blunted and re-
solved earlier following RS. Overall, the robotic approach was associated with reduced in-
flammatory and immunosuppressive activity, faster recovery of immune balance, and dimin-
ished biochemical signals favoring angiogenesis and potential tumor regrowth, suggesting a
potential protective effect against pathogens and cancer-promoting mechanisms after colorec-
tal tumor resection.

Keywords: surgical stress; minimally invasive surgery; growth factors; angiogenesis; Th1l
and Th2 immunity; prostaglandin; postoperative immunosuppression; systemic
inflammatory response; cytokine storm; immunocompetence
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1. Introduction

Colorectal cancer (CRC) ranks third in incidence and second in mortality worldwide
[1,2]. Its incidence and mortality doubled from 1990 to 2021, rising to 2.19 and 1.04 million
cases, with further growth anticipated [3]. While remaining the highest, CRC incidence in
high-income countries is gradually declining due to nationwide screening programs [1,2].
In contrast, low- and middle-income countries face rising incidence and persistently high
mortality, driven by Westernized lifestyles and limited access to diagnostics and therapy
[1,3-5]. Europe, with less than 10% of the world’s population, accounts for nearly 30% of
global CRC cases [2], and Poland reports the highest age-standardized mortality among
the five most populous European nations [6,7]. Although CRC remains a major burden
among the elderly [8], incidence is rapidly increasing in younger adults (<50 years)
[5,9,10], regardless of their country’s income [10]. Early-onset CRC incidence is higher in
males and projected to rise further, in contrast to the slight decline expected for females
[5,9]. This sex-related disparity is most pronounced in high-sociodemographic regions
and extends to survival outcomes [9].

Surgical resection remains the cornerstone of curative treatment for CRC—not only
in early-stage and localized disease but also in selected cases of metastatic cancer, partic-
ularly when secondary liver or lung lesions are resectable [11]. Robot-assisted surgery
(RS), the most advanced form of minimally invasive surgery, offers notable advantages
over open surgery (OS) [12] and conventional laparoscopy (LS) [13-20]. These include su-
perior preservation of critical structures such as nerves and blood or lymphatic vessels,
enhanced precision due to tremor filtration, improved articulation and ergonomics, and
high-definition, three-dimensional visualization provided by a stable, self-controlled cam-
era [14,19,21]. Clinically, RS has been associated with reduced rates of both minor
[20,22,23] and major complications [14,16], fewer conversions to open procedures [14,16—
18,24], more thorough lymphadenectomy [14,15,19,20], less postoperative pain [20], and
faster recovery —measured by earlier catheter and drain removal, earlier return to diet,
and quicker restoration of bowel function—all contributing to shorter hospital stays
[13,14,20]. Importantly, RS offers shorter hospitalization and lower complication rates, in-
cluding conversions to OS, than LS also in an emergency surgery setting, where RS selec-
tion rose from none to 20% in 2025 [25].

Short-term benefits, including improved 30-day survival [26], have been supported
by meta-analyses [21,26-28]. Evidence regarding long-term oncologic superiority remains
inconclusive [26], although more recent data are in favor of improved outcomes [29], in-
cluding lower recurrence rates [30]. While RS may reduce tissue trauma [14,16-18,22], it
also presents challenges such as prolonged operative time, increased exposure to general
anesthesia, higher costs, absence of tactile feedback, and the need for specialized training
[12,28]. Whether the clinical benefits justify the financial burden of RS remains an ongoing
debate, with arguments both in favor [14,28] and against [19,31,32].

As emphasized by Dobson [33], the impact of surgical stress on recovery and onco-
logic outcomes remains underappreciated —often considered the “neglected step-child of
global health”. The physiological stress response to major surgery is a survival mechanism
initiated by an inflammatory cascade known as the systemic inflammatory response (SIR).
This response activates innate immunity, primarily involving neutrophils, and is aimed
at preventing infection, preserving immune competence, clearing cellular debris, and fa-
cilitating tissue repair and regeneration [34,35]. SIR is typically followed by the compen-
satory anti-inflammatory response (CAR), mediated by lymphocyte-driven suppression
of adaptive immunity [34,35].

When these responses become dysregulated, pathological conditions may arise. Hy-
perinflammation (SIR syndrome, SIRS) can lead to multi-organ failure, whereas excessive
immunosuppression (CAR syndrome, CARS) increases the risk of secondary infections
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and, in cancer patients, tumor immune escape [34,36]. Maintaining a balanced SIR-CAR
interplay is crucial for individuals with malignancy, whose immune systems are compro-
mised even prior to surgery. Furthermore, the Th2-dominant, immunosuppressive envi-
ronment seen in cancer is exacerbated by surgical trauma [37,38]. Hence, neuroendocrine,
metabolic, immune-inflammatory, and regenerative processes must be precisely regu-
lated. These are orchestrated by a network of primary messengers, including hormones,
cytokines, growth factors, and prostanoids. Disruption of this delicate balance can result
in excessive oxidative stress and tissue damage, impaired healing, and weakened immune
surveillance —factors that may increase the risk of metastasis or cancer recurrence, which
affects up to 30% of CRC patients within five years of treatment [39-42].

Considering the above, the dynamics of immune mediators in the early postoperative
period are likely to quantify physiological stress better than subjective measures. Their
monitoring allows for comparison of the extent of post-surgical immune suppression,
which can affect tumor surveillance and recurrence, and the speed of immune recovery,
which relates to wound healing and infection risk. The degree of tissue trauma correlates
with the magnitude of stress response; therefore, RS, as a minimally invasive procedure,
may reduce immune perturbation compared with OS. While LS has indeed been shown
to attenuate the postoperative stress response, data on the immunological and molecular
impact of RS remain limited. In pioneering work, Shibata et al. [43] demonstrated im-
proved markers of immunocompetence (HLA-DR expression) following RS but not LS.
Our group has previously shown that RS, compared to OS, attenuates lymphopenia [44],
reduces cortisol peaks [45] and inflammatory mediator levels [46], modulates chemokine
release [47], preserves brominated tyrosine [48], and restores the immunonutrient argi-
nine [49]. These findings suggest a dampened systemic stress response following RS.

Building upon this foundation, the present study aims to comprehensively assess the
postoperative (0-72 h) immune-inflammatory and growth-factor responses in CRC pa-
tients undergoing RS versus OS. Specifically, we analyzed Thl-associated cytokines (IL-
12p70, IL-17A, IFN-y, IP-10) and Th2-associated cytokines (IL-4, IL-5, IL-9, IL-10, IL-13),
as well as growth factors (VEGF-A, FGF-2, PDGF-AA, G-CSF, GM-CSF) and prostanoids
(PGEs, PGE, PGFia, PGF2ct, PGD2, PGJ2, TXB2, LTBs4) involved in inflammation, immune
regulation, tissue repair, and angiogenesis. By identifying molecular differences in early
postoperative stress responses, we aim to better understand the potential of RS to influ-
ence recovery trajectories and long-term oncologic outcomes.

2. Results

Representatives of Th1/Th2 immunity, proangiogenic growth factors and colony-
stimulating factors as well as prostanoids-lipid mediators of inflammation, immunity,
and angiogenesis were measured using Luminex xMAP® technology and mass spectrom-
etry in 61 CRC patients. Their perioperative dynamics were compared between patients
undergoing open or robotic procedures, well matched with respect to age, sex, general
health, and the disease advancement, to discern potential differences with respect to sur-

gery type.

2.1. Immune-Respone Mediators
2.1.1. Inducers and Mediators of Th1 Response

Time of blood collection significantly affected concentrations of IL-12(p70), IFNvy, and
IP-10 (p value for time (T) factor < 0.05) but not IL-17A. Surgical approach significantly
affected concentration changes over time of IL-12(p70), IFNYy, and IP-10, which is indi-
cated by statistically significant interaction factor S x T (surgery x time), but had no impact
on IL-17A time-course (Figure 1). Still, changes in IL-17A concentrations over time were
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directed upward in RS and downward in OS, the most dynamically between 24 and 72 h,
yielding 72/0 h ratios 1.6x higher in RS (Figure 1b).

IL-12(p70) slightly peaked at 8 h and then rose between 24 h and 72 h in OS but
dropped initially in RS and then increased until 72 h. Consequently, 24/8 h and 72/8 h
ratios were significantly higher, by 1.5%, in RS (Figure 1a).

Concentrations of IFNy were steadily increasing during follow-up after RS but
dropped at 24 h following OS, so that both groups differed with respect to their 24/0 h (by
1.7x), 24/8 h (by 1.7x), and 72/24 h (by 1.4x) ratios (Figure 1c).

IP-10 dropped initially in both groups but then was rising in RS while decreasing in
OS, so that their 72/0 h and 72/8 h ratios were significantly higher in RS by 1.6x and 72/24
h by 1.7x (Figure 1d).
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Figure 1. The effect of surgery type on changes in Thl cytokine concentrations during the early
postoperative period: (a) IL-12 (p70); (b) IL-17A; (c) IFNYy; and (d) IP-10. Data were analyzed using
repeated measures of analysis of variance (ANOVA) and the results are presented as probabilities
(p) of effect significance for surgery (S) and time (T), and their interaction (S x T). Data are presented
as geometric means with 95% CI (dots with whiskers) with significant differences in cytokine con-
centration at a given time-point marked by hash (#) and differences in relative change between time-
points (ratios) marked by connectors with magnitude of difference. OS, open surgery; RS, robotic

surgery; preop, preoperative cytokine concentration; and CI, confidence interval.

A drop in IFNY after OS caused cytokine concentrations at 24 h post-incision to be
higher by 1.8x following RS. Because of the opposite surgery-related trends, IL-17A and
IP-10 concentrations at 72 h post-incision were significantly higher in RS—by 2.3x in the
case of IL-17A and by 1.6x in the case of IP-10 (Figure 2).
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Figure 2. Effect of surgery type on concentrations of cytokines: (a) IFNYy at 24 h; (b) IL-17A at 72 h;
and (c) IP-10 at 72 h post-incision. Data were analyzed using t-test for independent samples or
Mann-Whitney U test. Test results are presented as means or medians, respectively, with 95% CI
and probability p. The magnitude of between-group differences is indicated by numbers above con-
nectors. Data distribution is illustrated by violin plots with dots representing individual cases. OS,

open surgery; RS, robotic surgery; and CI, confidence interval.

2.1.2. Inducers and Mediators of Th2 Response

Concentrations of all evaluated Th2 interleukins differed over time and the time-
course was significantly affected by surgical approach (significant T and S x T factors).
Surgery approach affected initial Th2 response with maximal effect at 8 h.

Two distinct patterns were observed. IL-4 and IL-10 peaked at 8 h following OS and
then were steadily decreasing till 72 h. Following RS, they were steadily increasing till 24
h and dropped at 72 h. As a result, there were significant differences in 8/0 h, 24/8 h, and
72/8 h ratios between both surgery groups, more pronounced in the case of IL-10 (Figure
3).
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Figure 3. The effect of surgery type on changes in Th2 cytokine concentration during the early post-
operative period: (a) IL-4 and (b) IL-10. Data were analyzed using repeated measures of analysis of
variance (ANOVA) and its results are presented as probabilities (p) of effect significance for surgery
(S) and time (T), and their interaction (S x T). Data are presented as geometric means with 95% CI
(dots with whiskers) with significant differences in cytokine concentration at a given time-point
marked by hash (#) and differences in relative change between time-points (ratios) marked by con-
nectors with magnitude of difference. OS, open surgery; RS, robotic surgery; preop, preoperative

cytokine concentration; and CI, confidence interval.

IL-5, IL-9, and IL-13 displayed another pattern with a toned-down elevation at 8 h
and a minimum concentration at 24 h following OS. Following RS, interleukins dropped
at 8 h and were subsequently increasing till 72 h. Consequently, the 24/8 h and 72/8 h
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ratios for IL-5, IL-9, and IL-13, and the 8/0 h ratio for IL-13, differed significantly between
both surgery groups (Figure 4).
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Figure 4. The effect of surgery type on changes in Th2 cytokine concentration during the early post-
operative period: (a) IL-5; (b) IL-9; and (c) IL-13. Data were analyzed using repeated measures of
analysis of variance (ANOVA) and the results are presented as probabilities (p) of effect significance
for surgery (S) and time (T), and their interaction (S x T). Data are presented as geometric means
with 95% CI (dots with whiskers) with significant differences in cytokine concentration at a given
time-point marked by hash (#) and differences in relative change between time-points (ratios)
marked by connectors with magnitude of difference. OS, open surgery; RS, robotic surgery; preop,

preoperative cytokine concentration; and CI, confidence interval.

72h

The concentrations of IL-4, IL-10, and IL-13 at 8 h post-incision were significantly
lower following RS than OS, by 1.4x, 1.7x, and 1.7x, respectively (Figure 5).
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Figure 5. Surgery type effect on concentrations of cytokines at 8 h post-incision: (a) IL-4 at 8 h; (b)
IL-10 at 8 h; and (c) IL-13 at 8 h. Data were analyzed using -test for independent samples or Mann—
Whitney U test. Test results are presented as means or medians, respectively, with 95% CI and prob-
ability p. The magnitude of between-group differences is indicated by numbers above connectors.
Data distribution is illustrated by violin plots with dots representing individual cases. OS, open

surgery; RS, robotic surgery; and CI, confidence interval.

2.2. Growth Factors
2.2.1. Angiogenic Growth Factors

Concentrations of VEGF-A, PDGF-BB, and FGF2 dropped —to varying degrees—at 8
h following RS but peaked following OS. As a result, the 8/0 h and 24/8 h ratios for VEGF-
A, PDGF-BB, and FGF2, and the 72/8 h ratio for PDGF-BB and FGF2 differed significantly
between both surgery groups, most pronouncedly in the case of VEGF-A (Figure 6).
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Figure 6. The effect of surgery type on changes in concentration of angiogenic growth factors during
the early postoperative period: (a) VEGF-A; (b) PDGF-BB; and (c) FGF-2. Data were analyzed using
repeated measures of analysis of variance (ANOVA) and its results are presented as probabilities
(p) of effect significance for surgery (S) and time (T), and their interaction (S x T). Data are presented
as geometric means with 95% CI (dots with whiskers) with significant differences in cytokine con-
centration at a given time-point marked by hash (#) and differences in relative change between time-
points (ratios) marked by connectors with magnitude of difference. OS, open surgery; RS, robotic

surgery; preop, preoperative cytokine concentration; and CI, confidence interval.

Concentrations of VEGF-A, PDGF-BB, and FGF2 at 8 h post-incision were signifi-
cantly lower following RS than OS by, 2.3%, 1.9, and 1.6x, respectively (Figure 7).
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Figure 7. Surgery type effect on concentrations of angiogenic growth factors at 8 h post-incision: (a)
VEGEF-A; (b) PDGF-BB; and (c) FGF2. Data were analyzed using t-test for independent samples or
Mann-Whitney U test. Test results are presented as means or medians, respectively, with 95% CI
and probability p. The magnitude of between-group differences is indicated by numbers above con-
nectors. Data distribution is illustrated by violin plots with dots representing individual cases. OS,

open surgery; RS, robotic surgery; and CI, confidence interval.

2.2.2. Colony-Stimulating Factors

Concentrations of G-CSF differed significantly with time and between groups (sig-
nificant T and S factors) with surgery type affecting the G-CSF dynamics (significant in-
teraction factor). In both surgery groups, G-CSF peaked at 8 h post-incision and then its
concentrations steadily decreased. Both the initial rise and subsequent drop were greater
following OS. The 8/0 h, 24/8 h, and 72/8 h ratios were higher following OS by 1.8x, 1.6x,
and 1.9%, respectively (Figure 8a). Subtle changes in GM-CSF concentrations during the
early postoperative period were not altered by surgery type (Figure 8b).
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Figure 8. The effect of surgery type on changes in concentration of colony-stimulating factors during
the early postoperative period: (a) G-CSF and (b) GM-CSF. Data were analyzed using repeated
measures of analysis of variance (ANOVA) and its results are presented as probabilities (p) of effect
significance for surgery (S) and time (T), and their interaction (S x T). Data are presented as geomet-
ric means with 95% CI (dots with whiskers) with significant differences in cytokine concentration at
a given time-point marked by hash (#) and differences in relative change between time-points (ra-
tios) marked by connectors with magnitude of difference. OS, open surgery; RS, robotic surgery;

preop, preoperative cytokine concentration; and CI, confidence interval.

Consistently, G-CSF concentrations at 8 h post-incision were significantly higher—
by 1.6x—in OS than in RS patients (Figure 9a).
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Figure 9. Surgery type effect on concentrations at 8 h post-incision of (a) G-CSF and (b) PGFza. Data
were analyzed using t-test for independent samples or Mann—-Whitney U test. Test results are pre-
sented as means or medians, respectively, with 95% CI and probability p. The magnitude of be-
tween-group differences is indicated by numbers above connectors. Data distribution is illustrated
by violin plots with dots representing individual cases. OS, open surgery; RS, robotic surgery; and

CI, confidence interval.

2.3. Lipid Mediators of Inflammation, Immunity, and Angiogenesis

The type of surgical procedure affected changes in PGE2 and PGFza concentrations
over time, significantly so in the case of PGFza. PGE:2 dropped at 8 h and was subsequently
increasing till 72 h following OS. Following RS, PGE: concentrations were stable during
the first 24 h but dropped afterwards. As a result, the ratios of 72/0 h and 72/8 h were
higher, by 5.8x and 13.5x, respectively, in OS than in RS patients (Figure 10a). PGFz0ct con-
centrations initially decreased slightly following OS and increased following RS, so that
at 8 h post-incision, they were significantly higher in RS patients (Figure 9b). Afterwards,
PGF2x concentrations remained stable in the OS group but dropped at 24 h in the RS
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group, so that the 24/8 h and 72/8 h ratios were lower by 3.3x and 2.9%, respectively, fol-
lowing RS (Figure 10b).
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Figure 10. The effect of surgery type on changes in concentration of lipid mediators during the early
postoperative period: (a) PGE2 and (b) PGFza. Data were analyzed using repeated measures of anal-
ysis of variance (ANOVA) and the results are presented as probabilities (p) of effect significance for
surgery (S) and time (T), and their interaction (S x T). Data are presented as geometric means with
95% CI (dots with whiskers) with significant differences in cytokine concentration at a given time-
point marked by hash (#) and differences in relative change between time-points (ratios) marked by
connectors with magnitude of difference. OS, open surgery; RS, robotic surgery; preop, preoperative

cytokine concentration; and CI, confidence interval.

Time, surgery type, or their interactions had no significant impact on remaining lipid
mediators, except for PGJ2 and TXB, the concentrations of which changed significantly

over time (Figure 11).
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Figure 11. The effect of surgery type on changes in concentration of lipid mediators during the early
postoperative period: (a) LTBs; (b) PGDz; (c¢) PGEs; (d) PGFi; (e) PGJ2; and (f) TXB2. Data were
analyzed using repeated measures of analysis of variance (ANOVA) and the results are presented

as probabilities (p) of effect significance for surgery (S) and time (T), and their interaction (S x T).
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Data are presented as geometric means with 95% CI (dots with whiskers). OS, open surgery; RS,

robotic surgery; preop, preoperative cytokine concentration; and CI, confidence interval.

3. Discussion

The perioperative period plays a critical role in shaping patient recovery and cancer
outcomes after curative tumor resection. Surgical stress triggers immunosuppression
within hours of surgery. It lasts for several days and diminishes cell-mediated antimicro-
bial and anti-tumor immunity [50]. As surgery—induced immunosuppression correlates
with the extent of tissue trauma [50], the minimally invasive robot-assisted approach may
help in its alleviation. Despite this, there is little research data proving the concept on a
molecular basis. To the best of our knowledge, this is the first study to evaluate the stress
response to surgical trauma by analyzing perioperative dynamics of key primary messen-
gers—including cytokines, growth factors, and prostanoids—and to compare the effects
of surgical approach (robotic vs. open surgery).

We found the most pronounced surgery-related changes in the concentrations of
these mediators to occur within the first 24 h post-incision. Of crucial relevance is the ob-
servation that they involved components of both SIR/Th1 and CARS/Th2. The simultane-
ous activation of these opposing pathways constitutes a mixed antagonist response syn-
drome (MARS) [51]. MARS has been associated with higher mortality than SIRS and
CARS [52]. It may evolve into persistent low-grade inflammation accompanied by pro-
found immunosuppression, leading to catabolic states and gradual loss of lean body mass
[53]. This condition, known as “persistent inflammation, immunosuppression, and catab-
olism syndrome” (PICS) is characterized by immune paralysis and represents the most
severe manifestation of chronic critical illness (CCI). PICS is believed to contribute to re-
habilitation failure, repeated hospitalizations, delayed multi-organ failure, and, ulti-
mately, indolent death [51-55]. Although PICS itself is not oncogenic, it fosters a tumor-
promoting environment and impairs host defenses against cancer and pathogens. It in-
creases the susceptibility of cancer patients to infections, malnutrition, and toxicity, reduc-
ing their tolerance to anticancer therapies [51,54-56]. With an aging population and im-
provements in acute care, the incidence of CCI and PICS are rising, even as associated
mortality declines [35,57]. This trend underscores the urgent need for preventive strate-
gies, including identifying new pharmacological targets [35,53,54]. Understanding the in-
terplay among primary messengers—which orchestrate the immune response to surgical
trauma—is therefore of critical importance.

Previous studies have shown that RS attenuates the activation of the hypothalamic-
pituitary—adrenal (HPA) axis [45], which governs immune responses [58] and lessens both
SIR and CAR [46,47]. It has been evidenced by diminished cortisol elevation [45] and re-
duced postoperative peaks in pro-inflammatory IL-6, acute-phase reactants (C-reactive
protein and procalcitonin) [46], chemokines IL-8 and MCP-1 [47], and the anti-inflamma-
tory IL-1 receptor antagonist (IL-1ra) [46]. Additionally, RS appeared to mitigate postop-
erative lymphocytopenia, potentially via IL-7 activity [44], and favored a Thl-dominant
response while preserving immunocompetence, as indicated by upregulation of HLA-DR
expression on postoperative day three [43]. The present study reinforces these findings:
lower postoperative IL-6 elevation—a known Th1 suppressor [59] —was paralleled in RS
by increased IFNvy, a hallmark Thl cytokine. Moreover, other Thl-associated cytokines,
such as IL-12(p70) and IP-10, rose steadily between 8 and 72 h post-incision. These obser-
vations support the notion of preserved cellular immunity after RS [42,60,61]. IFNYy, pri-
marily produced by NK and NKT cells (with minor contributions from Thl and CD8+ T
cells) [59], is suppressed by elevated cortisol, acute-phase proteins, and immunosuppres-
sive cytokines like IL-10 and TGF{ during surgical stress [42,59,62]. The steady increase
in IFNy observed after RS likely reflects a blunted cortisol [45] and acute-phase [46]
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responses. Together with reduced IL-10 elevation seen in the current study, they imply a
better preservation of NK-cell function and anti-tumor immunity. Furthermore, IP-10 lev-
els declined after OS but consistently rose after RS. As an IFNy-inducible cytokine, IP-10
enhances NK and T-cell recruitment and cytotoxicity while promoting Th1 polarization
[63-65]. IL-12(p70), produced by dendritic cells and macrophages, enhances both innate
and adaptive immunity by stimulating T- and NK-cell cytotoxicity and IFNy production
[59,62]. Together, IFNy and IL-12(p70) promote nitric oxide synthase expression in mac-
rophages, a hallmark of M1 anti-tumor polarization [62], and suppress TGFf signaling by
downregulating its receptor TGFRII [66]. Muted elevation or even transient decreases in
pro-inflammatory IFNy and IL-12(p70) during early RS response reflects an attenuated
SIR, associated with reduced oxidative stress [48,67], improved tissue preservation, and
lower risk of multi-organ failure [36,54]. Taken together, these findings indicate that RS
may attenuate surgery-induced immunosuppression by preserving Thl-polarized cellular
responses and NK-cell function. The maintenance of IFNvy, IL-12(p70), and IP-10 activity
suggests sustained cytotoxic and anti-tumor immunity, underscoring the potential of RS
to better preserve perioperative immune competence compared with conventional surgi-
cal approaches.

The modest rise in IL-17A levels after RS—contrasted with its steady decline follow-
ing OS—may enhance resistance to postoperative infections, consistent with lower infec-
tion rates observed after RS [12,24]. IL-17A, primarily secreted by Th17, CD8+, and vd T
cells, supports protective antibacterial and antifungal immunity by promoting antimicro-
bial peptide production and epithelial barrier integrity [68,69]. Specifically, it acts on fi-
broblasts and endothelial and epithelial cells, prompting them to release modulatory cy-
tokines in order to promote immune cells proliferation and maturation. In acute situa-
tions, such as surgical injury, IL-17A provides protection by upregulating the expression
of defensins, COX-2, TNFa, G-CSF, and GRO1 [70]. It also enhances wound healing and
bolsters Th1l immunity. IL-17A induces expression of matrix metalloproteinases and stim-
ulates angiogenesis and extracellular matrix remodeling. Importantly, it enables mucosal
healing by triggering proliferation of gut epithelial cells and restoring tight junctions
[70,71]. While IL-17A plays dual roles in cancer biology [71-73], emerging evidence sug-
gests that its anti-tumor or pro-tumor effects depend on its cellular source. Intraepithelial
IL-17A may enhance anti-tumor responses via recruitment of cytotoxic immune cells [72].
Although IL-17 alone has weak angiogenic activity, its proangiogenic effects become more
pronounced in the presence of factors like FGF2 [68]. In our study, concentrations of FGF2,
VEGEF-A, and PDGF-BB remained unchanged postoperatively, while proangiogenic pros-
taglandins (PGE2 and PGF:a) declined. These observations align with earlier findings on
RS moderating a perioperative elevation of IL-8 and MCP-1 [47], chemokines which are
potent inductors of angiogenesis [74-76]. FGF2, VEGF-A, and PDGF-BB are key players
in both sprouting and intussusceptive neoangiogenesis, and VEGFA/VEGEFRs signaling
and MCP-1 are also involved in vasculogenesis by engaging endothelial progenitor cells
[77,78]. While angiogenesis is necessary for post-trauma recovery, including anastomosis
and wound healing [79,80], excessive secretion of its mediators may facilitate growth of
residual cancer cells and promote metastasis [81]. Collectively, our observations demon-
strate the modest IL-17A increase after RS, which may enhance antimicrobial defense and
wound healing, while stable proangiogenic factor levels suggest restrained angiogenic ac-
tivity, potentially supporting recovery without promoting tumor growth.

RS was also associated with dampened Th2 responses, demonstrated by lower early
postoperative levels of key immunosuppressive interleukins IL-10 and IL-4 as well as de-
creased IL-5, IL-9, and IL-13. IL-4, IL-5, and IL-13 are overexpressed in colorectal cancer
(CRC) [38,82,83]. IL-4 is a prototypical mediator of Th2 immunity, which exerts its anti-
inflammatory function in the bowel by stimulating glucocorticoid synthesis by intestinal
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cells [84] and hampering T-cell activation. It also promotes macrophage polarization into
the anti-inflammatory and immunosuppressive M2 phenotype with further stimulation
of their activity [85,86]. IL-4 facilitates cancer-cell migration [83], epithelial-mesenchymal
transition [82], and immune evasion [84], and its blocking has been shown to improve the
effectiveness of cancer immunotherapy [87]. Given the role of IL-4, its attenuation follow-
ing RS indicates a more favorable perioperative immune profile, potentially limiting can-
cer-cell survival and spread.

Depending on the context, IL-10 may exert both tumor-promoting and -suppressing
effects. However, its knockout has appeared to be beneficial as it sensitized cancer cells to
DC-based immunotherapy and restored anti-tumor Th1 immunity while reducing immu-
nosuppressive Tregs and myeloid-derived suppressor cells (MDSCs) [85]. IL-10 hinders
anti-tumor responses of NK cells [62] but it also suppresses the release of Th1l mediators
from eosinophils [88]. Li et al. [89] reported tumor excision to downregulate serum IL-10.
It was lower on the seventh day and declined further till the discharge day, which agrees
well with the downward trend observed at the end of our short follow-up. High IL-10
concentrations were predictive of cancer recurrence [89]. Therefore, its twice-lower post-
operative increase after RS may suggest reduced immunosuppression and can therefore
be considered beneficial in terms of antimicrobial and anti-tumor defenses.

IL-5 supports adaptive humoral immunity by promoting B-cells proliferation and
differentiation, facilitating their survival, and enabling functionality [90]. It is also a key
growth, survival, and differentiation-inducing factor for eosinophils of the innate arm of
immunity [88,90]. IL-5, together with IL-13, sensitizes eosinophils to their chemoattract-
ant, eotaxin, guiding their homing to the bowel. There, eosinophils are involved in inflam-
matory responses to parasites, mucosal healing, and cancer-cell surveillance. Depending
on the context and cytokine milieu, eosinophils may contribute to either Th1 or Th2 im-
munity and switch their secretome profile between these two to either support or hinder
tumor growth [88]. Therefore, the rebound of IL-5 levels after an initial dip may support
humoral immunity and eosinophil-mediated tumor surveillance —an established favora-
ble prognostic factor in CRC [91]. IL-9 and IL-13 followed similar trends, consistent with
a moderated Th2 response.

We also found that RS resulted in a less pronounced increase in G-CSF, a growth
factor involved in neutrophil proliferation and mobilization [92]. Excessive G-CSF can
drive tissue damage through overactive neutrophils and foster immunosuppression by
inducing IL-10, inhibiting IL-12, and promoting Treg and Th2 responses [92]. PICS is char-
acterized by aberrant myelopoiesis and deviant MDSCs mediate some of G-CSF’s effects,
including impairing T-cell expansion and survival by arginine depletion [53,57]. Our find-
ings of reduced G-CSF align with previous observations of preserved arginine levels after
RS [48]. Moreover, G-CSF is implicated in tumor progression via the promotion of prolif-
eration and neovascularization [92], and impaired NK-cell cytotoxicity has been linked to
increased metastases in animal models [61]. Thus, the subdued G-CSF response seen after
RS may help limit postoperative immunosuppression, a key contributor to surgery com-
plications such as infections, sepsis, and delayed wound healing, as well as to the ham-
pered clearing of residual cancer cells.

Finally, prostaglandins—key lipid mediators released in response to surgical
trauma—can impair postoperative immune surveillance by reducing NK-cell activity,
thereby providing growth advantage to residual cancer cells [93]. In our study, RS was
associated with a significant decline in PGEz, the principal COX-2 product, whereas OS
led to a sustained increase with differences reaching up to 13.5-fold. PGE: plays a pivotal
role in CRC progression by promoting tumor proliferation, survival, and dissemination
[94,95]. It also facilitates the re-population of cancer stem cells, enabling resistance to ther-
apy and tumor recurrence after surgery [96]. Experimental inhibition of the COX-2/PGE:
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axis has been shown to improve survival after primary tumor resection by reducing me-
tastasis formation [97], underscoring its clinical significance in postoperative cancer con-
trol. PGE: has also been shown to upregulate checkpoint receptor PD1 expression in CD8+
lymphocytes and macrophages, hindering proliferation and cytotoxicity of T cells and re-
ducing phagocytic potential of macrophages [98]. Moreover, it might interfere with NK
and DC recruitment, hamper their proliferation and maturation, and reduce cytokine se-
cretion and cytotoxicity of NK cells [96]. Furthermore, PGE: has been reported to skew
DC and macrophage polarization into cancer-tolerogenic phenotypes [99].

Similarly, PGFza, another COX-2-derived mediator overexpressed in CRC [100],
showed a more pronounced decline following RS than OS. Mechanistically, PGFza en-
hances motility and invasiveness of colorectal cancer cells [101] and enables their re-
sistance to oxaliplatin therapy by mitigating ROS production, thus protecting tumor DNA
from oxidative damage [100]. Given their pro-tumorigenic properties, the attenuation of
both COX-2/PGE2 and COX-2/PGFa responses after RS may translate into clinically
meaningful improvements in postoperative immune function and long-term cancer out-
comes.

In summary, RS induces attenuated SIR and CAR responses, reducing the risk of im-
mune dysregulation syndromes and facilitating earlier restoration of homeostasis. The at-
tenuated catabolic response, indicated by reduced cortisol dynamics [45], further supports
improved postoperative recovery and reduces risk of CCI and PICS. The favorable im-
mune profile observed after RS—including better balanced Th1/Th2 immunity and re-
duced immunosuppression —may explain better clinical outcomes in our cohort, such as
less leukopenia and neutrophilia [44], fewer infections, shorter hospital stays, and faster
bowel function recovery [12]. In oncologic patients, preserved anti-tumor immunity post-
RS may help to reduce the risk of adverse oncological outcomes [102].

However, RS typically involves longer operative times, which may increase surgical
stress and anesthetic exposure [103], potentially obscuring its immunological advantages.
All patients in our study received a uniform anesthetic regimen: induction with propofol
followed by maintenance with sevoflurane. While propofol exerts anti-inflammatory and
anti-tumor effects, sevoflurane is known to promote immunosuppression and tumor an-
giogenesis (via HIF-1a), and to impair NK- and T-cell function through oxidative stress
pathways [103]. Therefore, minimizing surgical time and avoiding volatile anesthetics
may further enhance the immunological benefits of RS in colorectal cancer surgery.

4. Limitations

This is the first study to analyze fluctuations in the concentrations of growth factors,
selected interleukins, and lipid inflammatory mediators in the early perioperative period.
It is also one of the few studies attempting to compare the body’s response to surgical
stress depending on the technique used —robot-assisted or open surgery —which may
translate into more favorable clinical outcomes following robot-assisted procedures.
However, due to the pioneering nature of robot-assisted CRC surgery in our country at
the time of the project, the interpretation of the study results should take into account the
following limitations.

The first limitation is the lack of randomization, as the final decision to undergo ro-
botic surgery was made by the patient. Despite this, both patient groups were well
matched in terms of demographic and clinical characteristics. The second limitation, re-
sulting from the high cost of robotic surgery, is the relatively small study population.
Therefore, our observations should be confirmed in larger studies. Another limitation, re-
lated to the pioneering nature of robotic procedures, is the greater experience of the sur-
gical team with open surgeries compared to robotic ones. Nevertheless, this difference in
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experience would have favored open surgery and may have potentially led to an under-
estimation of the benefits of the robotic approach.

5. Materials and Methods
5.1. Patients
5.1.1. Study Type and Design

Blood samples during a short follow-up (up to 72 h) of 61 patients with CRC under-
going OS (n =31) or RS (n = 30) were collected during realization of a prospective nonran-
domized study “Comparison of inflammatory, immune and angiogenic response as well
as homeostasis in colorectal cancer patients undergoing robot-assisted and classic open
surgery”. This study constituted a part of the “Wrovasc—Integrated Cardiovascular Cen-
tre” project realized by Regional Hospital in Wroclaw, Poland, in the years 2012-2015.

Patients consecutively admitted to the Department of Surgical Oncology for curative
resection of colorectal tumors were included in the study if they were >18 years old, had
confirmed diagnosis of colorectal cancer and had not been treated yet, and if they con-
sented to the study. They were excluded if an informed consent was withdrawn/not given,
an emergency surgery or en bloc multi-visceral resection was required, were classified as
ASA > 3, had gross metastatic disease or tumors which were not amenable to resection
due to local advancement, had synchronous malignancies or severe mental or systemic
diseases including diabetes, cardiovascular and/or respiratory distress, or immunological
conditions requiring systemic corticosteroids. For the current study, only patients for
whom blood samples were available from all time-points were included.

5.1.2. Patients’ Characteristics

Patients underwent standard preoperative workups consisting of colonoscopy and
computed tomography of the abdomen. Patients with rectal cancers underwent computed
tomography and magnetic resonance imaging of the pelvis. Their general health condition
was evaluated using Physical Status Classification System of the American Society of An-
esthesiologists (ASA). The UICC staging system tumor-node-metastasis (TNM7th) was
applied to determine cancer advancement.

Data on patients” demographics and health conditions, laboratory parameters (in-
cluding total blood count), and cancer advancement were collected prospectively. Based
on neutrophil and lymphocyte counts, the neutrophil-to-lymphocyte (NLR) index was
calculated prior to surgery and on postoperative day one to assess immune system mobi-
lization.

Patients with CRC undergoing OS or RS were well matched regarding their de-
mographics, general health condition, cancer advancement, and surgery extension and
severity, except for longer operation time in RS. Their baseline characteristics, described
in detail in our prior research [46,47,49], are summarized in Table 1.

Table 1. Characteristics of patients, disease, and surgery.

Characteristics Open Surgery (OS) Robotic Surgery (RS) P

N 31 30 -
Sex (F/M), n 14/17 7/23 0.1271
Age [yrs.] 68 (65-76) 67 (62-72) 0.3022
BMI [kg/m?] 26 (25-28) 25 (24-28) 0.7162
ASA (1/2/3), n 6/20/5 5/20/5 0.830°
NLR 3.17 (2.59-3.49) 3.58 (2.81-4.24) 0.1942
PTNM (0/1/2/3/4) 2/2/15/9/3 2/3/11/12/2 0.839°3
T (tis/1/2/3/4) 2/1/1/20/7 2/0/5/16/7 0.393°2
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N (0/1/2)
M (Y/N)

G (x/1/2/3/4)
Tumor (LC/RE/RC)
LoS [min]
HLN, n
Transfusion (Y/N), n

19/4/8 16/8/6 0.395°
28/3 28/2 0.9701
1/4/21/4/1 2/6/17/5/0 0.601°
11/14/6 7/11/12 0.1992
125 (115-150) 205 (191-240) <0.0012
14 (12-17) 13.5 (12-17) 0.7002
26/5 28/2 0.4251

N, number of observations; p, probability; F, females; M, males; yrs., years; BMI, body mass index;
ASA, American Society of Anesthesiologists Physical Status Classification System; NLR, neutrophil-
to-lymphocyte ratio; pTNM, pathological cancer stage (tumor-node-metastasis); T, local advance-
ment; N, lymph node involvement; M, distant metastasis; tis, tumor in situ; Y/N, yes/no; G, histo-
logical grade; LC, left colon; RE, rectum; RC, right colon; LoS, length of surgery; min, minutes; HLN,
harvested lymph nodes; and CI, confidence interval.! Fisher exact test; 2 data analyzed with Mann—

Whitney U test and presented as medians (95% CI); and 3 chi-squared test.

5.1.3. Treatment

The final decision regarding the type of procedure rested with the patient, advised
by the attending surgeon, who took into account the patient’s individual circumstances.
RS was performed by two surgeons with credentials in robotic surgery using the Da Vinci
Si system (Intuitive Surgical®, Sunnyvale, CA, USA). Standard care protocols and preven-
tive measures were introduced and included mechanical bowel preparation and admin-
istration of antibiotics and anticoagulants (LMWH). Standardized general anesthesia with
propofol, rocuronium, and fentanyl (i.v.) was applied for induction and maintained with
sevoflurane. No epidural or local anesthesia was used. Before or directly after waking up,
patients were given metamisol. Parenteral opioids were administered for postoperative
pain control. Routinely used surgical drains were removed on the 1st/2nd postoperative
day.

5.2. Ethical Considerations

The study protocol was approved by the Medical Ethics Committees of Regional Spe-
cialist Hospital (#KB/nr 1/rok 2012 from 26 June 2012) and Wroclaw Medical University
(#KB 660/2024 from 22 November 2024). The study was conducted in accordance with the
principles of the Good Clinical Practice and the Helsinki Declaration of 1975, as revised in
1983, and informed consent has been obtained from all patients.

5.3. Preparative and Analytical Methods
5.3.1. Blood

Blood was sampled prior to any medical procedure and at three time-points during
the early postoperative period, that is, at 8, 24, and 72 h post-incision. It was drawn by
venipuncture into serum separator tubes. Blood was let to clot for 30 min at room temper-
ature and subsequently centrifuged for 15 min at 720x g and room temperature. Collected
sera were stored in aliquots at -80° till examination.

5.3.2. Profiling Cytokines

Luminex xXMAP® technology was used to profile circulating growth factors: VEGF-
A, PDGE-BB, FGF2, G-CSF, and GM-CSF; interleukins: IL-2, IL-4, IL-5, IL-9, IL-10, IL-13,
IL-15, and IL-17A; and cytokines: IFNy and IFNy-induced protein 10 (IP-10). It is based
on flow cytometry and uses antibody-conjugated magnetic microspheres, allowing for
simultaneous quantification of multiple targets by fluorescence reading conducted in real
time. The BioPlex 200 platform with HRF (BioRad, Hercules, CA, USA) was used for meas-
urements, which were conducted in two technical replicates. A complete set of samples
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from a given patient, collected at different time-points, was assessed within the same run.
The abovementioned analytes were selected from commercially available human cytokine
panels (BioRad). The bioassays were conducted according to the manufacturer’s instruc-
tions. Standard curves were drawn using 4- or 5-PL logistic regression and the data were
analyzed using BioPlex Manager 6.0 software (BioRad). In a number of cases the concen-
trations of IL-2, IL-15, and IL-17A were below the detection limit of the assay and IL-2 and
IL-15 interleukins had to be excluded from further analysis, while evaluation of IL-17A
was conducted on 35 patients (17 after RS and 18 after OS).

5.3.3. Profiling Lipid Inflammatory Mediators

Mass spectrometry was used to profile prostaglandins (and/or their stable metabo-
lites) 13,14-dihydro-PGEi, PGE:, 6-ketoPGFiax (PGI2 metabolite), PGF2a, PGDz, 15-deoxy-
A12,14- PGJz (PGD:2 metabolite), thromboxane TXB:2 (TXA:2 metabolite), and leukotriene
LTB4 (LT A4 metabolite). For clarity, 13,14-dihydro-PGE: is further referred to as PGE: and
15-deoxy-12,14- PGJ2 as PGJa.

Materials

Standards of TXBz, LTBs, PGD>, PGE:, 6-ketoPGF1a, PGFza1, 15-deoxy- A12,14- PGJz,
and 13,14-dihydro-PGE: and their isotope-labeled standards were procured from Cayman
Chemical Company (Ann Arbor, MI, USA). Methanol, acetonitrile (ACN), ethyl acetate,
water, and formic acid (FA) were acquired from Witko (Warsaw, Poland).

Targeted Metabolomic Analysis

Samples were subjected to a quantitative analysis. Compounds were separated using
a triple quadrupole mass spectrometer Xevo Absolute from Waters Corp. (Milford, MA,
USA). Separation of eicosanoids was achieved based on the previously described method
[104]. Briefly, 100 uL of samples or calibration standards, placed in 2 mL Eppendorf tubes,
were mixed with 20 pL of 0.2% FA and 10 uL of internal standards in methanol for 1 min
at 1100 RPM and 25 °C. Afterwards, 200 uL of ACN and 250 pL of ethyl acetate were
added and mixed for 10 min at 1100 RPM and 25 °C. These mixtures were subsequently
centrifuged at 4 °C for 7 min at 15,000 RCF. Supernatant aliquots of 370 pL were evapo-
rated to dryness and re-dissolved in 25 uL of 20% ACN in water before analysis.

Chromatographic separation of metabolites was conducted on BEH Shield C18 col-
umn (100 mm x 2.1 mm i.d., 1.7 pm; Waters). Data acquisition for all compounds was
carried out on MassLynx Software 10.50 (Waters) in multiple-reaction-monitoring mode
(MRM).

5.4. Statistical Analysis

Raw data from technical replicates were averaged and submitted to statistical analy-
sis following logarithmic transformation, used to normalize data distribution and im-
prove homogeneity of variances, and were tested with the D’ Agostino—Pearson test for
normality and Levene’s test, respectively. Potential effect of surgical approach on a time-
course of studied cytokines and lipids was evaluated by means of repeated measures of
analysis of variance (ANOVA) with time as a “within factor” and OS/RS as a “between
factor” (group affiliation). Low p value (< 0.05) accompanying F statistics for a between
effect (denoted as “S”) indicates significant differences between open and robotic groups
whilst low p value for within effect (denoted as “T”) indicates significant differences be-
tween measurements. Low p value for an interaction factor (herein time and surgery in-
teraction, denoted as S x T) indicates significant impact of surgery group affiliation on
differences between measurements.
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To assess the dynamics of observed changes in cytokine and lipid concentrations and
to quantify their effect, ratios between concentrations at given time-points (e.g., concen-
tration at 8 h in relation to preoperative measurement (8/0 h), at 24 h in relation to 8 h (24/8
h), at 72 h in relation to 8 h (72/8 h), etc.) were calculated and compared between open and
robotic surgery groups. Depending on the normality of distribution and homogeneity of
variances, these calculated ratios or cytokine concentrations at given time-points were
compared using t-test for independent samples (normal distribution, homogeneous vari-
ances) with Welch correction (normal distribution, non-homogeneous variances) and pre-
sented as means, or with Mann-Whitney U test (non-normal distribution) and presented
as medians with 95% confidence interval (CI) around them.

Other tests, such as one-way ANOVA, Kruskal-Wallis H test, and the frequency dis-
tribution tests Fisher exact test (2 x 2 tables) and x?2 test (2 x 3 tables or higher), were applied
to compare demographics, histological data, and laboratory parameters as well as sur-
gery-related data between OS and RS groups.

All applied tests were two-sided, and probability was set at <0.05. All statistical anal-
yses were conducted using MedCalc® Statistical Software version 23.0.2 (MedCalc Soft-
ware Ltd., Ostend, Belgium; https://www.medcalc.org; 2024) licensed to Malgorzata
Krzystek-Korpacka.

6. Conclusions

Robot-assisted surgery (RS) for colorectal cancer was associated with a more favora-
ble postoperative immune profile compared to open surgery. Patients undergoing RS
showed reduced SIR and muted coexisting CAR, preserved anti-tumor Thl with muted
immunosuppressive Th2 immunity, and lower levels of proangiogenic factors. These im-
mune-modulating effects may help limit postoperative complications, support faster re-
covery, and reduce the risk of CCI and PICS. By maintaining postoperative immune com-
petence, RS may help to mitigate recurrence-promoting mechanisms and ultimately im-
prove long-term oncologic outcomes in patients undergoing curative colorectal cancer re-
section, despite longer operative times. Further validation in larger cohorts with a follow-
up allowing for assessment of long-term outcomes is warranted.
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