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Abstract

Background: High tumor budding and elevated systemic inflammation are adverse prog-
nosticindicators in colorectal cancer. Its underlying mechanisms remain poorly understood.
It is unclear whether systemic inflammation, angiogenesis, and cell-to-cell adhesion influ-
ence tumor budding.

Methods: We investigated n =132 stage I-Ill colorectal cancer patients recruited at Hunts-
man Cancer Institute enrolled in the ColoCare Study. Tumor budding was evaluated us-
ing an evidence-based scoring system, and patient sera were analyzed for nine circulating
biomarkers using the Meso Scale Discovery platform. We examined associations between
biomarkers and tumor budding using multivariable linear regression models adjusted for
age, sex, neoadjuvant treatment, stage, and non-steroidal anti-inflammatory drug use.

Results: The study population was predominantly non-Hispanic White (95%), with a mean
age of 61 years; 56% were male. Most tumors were stage lll (47%), located in the colon (64%),
and exhibited low-grade tumor budding (58%). Soluble intercellular adhesion molecule 1
was inversely associated with tumor budding overall (M1: =-0.57, p=0.03), among fe-
males (M1: B=-0.81, p-value = 0.03) and later-onset (> 50 years) colorectal cancer (M1: B =-
0.71, p-value =0.008). C-reactive protein was positively associated with tumor budding in
males (M1: B=0.23, p=0.001), while interleukin-8 (M1: B=0.96, p-value =0.01) and solu-
ble vascular adhesion molecule 1 (M2: (= 1.48, p-value = 0.04) were positively associated
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with tumor budding in early-onset patients. However, these associations did not remain
statistically significant after correction for multiple testing.

Conclusion: Overall, our findings do not provide evidence of a significant association be-
tween biomarkers of systemic inflammation, angiogenesis, and cell-to-cell adhesion with
tumor budding count. We observed patterns for some biomarkers, yet none remained sta-
tistically significant after correction for multiple testing. These findings provide preliminary
insights for future studies.

Trial Registration: ClinicalTrials.gov: NCT02328677.
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ABSTRACT

Background: High tumor budding and elevated systemic inflammation are adverse prognostic indicators in colorectal cancer.
Its underlying mechanisms remain poorly understood. It is unclear whether systemic inflammation, angiogenesis, and cell-to-
cell adhesion influence tumor budding.

Methods: We investigated n =132 stage I-III colorectal cancer patients recruited at Huntsman Cancer Institute enrolled in the
ColoCare Study. Tumor budding was evaluated using an evidence-based scoring system, and patient sera were analyzed for nine
circulating biomarkers using the Meso Scale Discovery platform. We examined associations between biomarkers and tumor
budding using multivariable linear regression models adjusted for age, sex, neoadjuvant treatment, stage, and non-steroidal anti-
inflammatory drug use.

Results: The study population was predominantly non-Hispanic White (95%), with a mean age of 61 years; 56% were male. Most
tumors were stage III (47%), located in the colon (64%), and exhibited low-grade tumor budding (58%). Soluble intercellular ad-
hesion molecule 1 was inversely associated with tumor budding overall (M1: =—0.57, p=0.03), among females (M1: 3= —0.81,
p-value =0.03) and later-onset (> 50years) colorectal cancer (M1: f=—0.71, p-value =0.008). C-reactive protein was positively
associated with tumor budding in males (M1: =0.23, p=0.001), while interleukin-8 (M1: §=0.96, p-value =0.01) and soluble
vascular adhesion molecule 1 (M2: f=1.48, p-value=0.04) were positively associated with tumor budding in early-onset pa-
tients. However, these associations did not remain statistically significant after correction for multiple testing.

Conclusion: Overall, our findings do not provide evidence of a significant association between biomarkers of systemic inflamma-
tion, angiogenesis, and cell-to-cell adhesion with tumor budding count. We observed patterns for some biomarkers, yet none re-
mained statistically significant after correction for multiple testing. These findings provide preliminary insights for future studies.

Trial Registration: ClinicalTrials.gov: NCT02328677.

1 | Introduction

Colorectal cancer is the third most common type of cancer, with
1.8 million new cases diagnosed globally each year [1]. Although
the incidence rate of later-onset colorectal cancer (> 50years) has
declined, there has been an alarming increase in early-onset col-
orectal cancer (<50years) [2]. The underlying mechanisms driv-
ing early-onset colorectal cancer remain largely unknown [3].
High-grade tumor budding is an important prognostic factor in
colorectal cancer [4-7]. Tumor budding is defined as the presence
of small clusters of tumor consisting of up to four malignant cells,
located at the advancing edge during histopathologic evaluation
of colonic adenocarcinoma [8]. Tumor budding is an independent
predictor of overall and disease-free survival and colorectal cancer
recurrence [8]. It is closely linked to other prognostic factors such
as higher tumor grade and stage, positive nodal status, lympho-
vascular invasion, infiltrating-type invasive tumor margin, left-
sided tumor localization, mismatch-repair proficiency, and distant
metastases [8]. In a clinical setting, tumor budding plays a crucial
role in the decision-making process regarding whether to proceed
with surgical resection, such as colectomy after the diagnosis of a
primary tumor [9]. In the context of stage II cancers, tumor bud-
ding can significantly impact the decision of whether to admin-
ister chemotherapy or not [9]. Clinical guidelines by the College
of American Pathologists (CAP) recommend reporting tumor bud-
ding count for colorectal cancer arising in polyps and stage I-II as
part of clinical care [10]. Despite the clinical relevance of tumor
budding, the underlying biological mechanism of its association
with poor clinical outcomes remains unclear [11].

Systemic inflammation, a hallmark of cancer, also plays an im-
portant role in cancer progression and has been associated with
poor prognosis in colorectal cancer [12]. It can lead to the activa-
tion of immune cells and the release of cytokines, growth factors,
and other signaling molecules that promote angiogenesis, tissue

invasion, and metastasis [12]. Systemic inflammation can be mea-
sured with biomarkers such as C-reactive protein (CRP) [13],
serum amyloid A (SAA) [14], interleukin-6 (IL-6) [15], and inter-
leukin-8 (IL-8) [16]. In addition, biomarkers of cell-to-cell adhesion
and angiogenesis such as soluble intercellular adhesion molecule
1 (SICAM-1) [17], soluble vascular adhesion molecule 1 (SVCAM-1)
[17], tumor necrosis factor alpha (TNF-o) [18], and vascular endo-
thelial growth factor A (VEGF-A) and vascular endothelial growth
factor D (VEGF-D) [19] are commonly assessed.

Previous studies have described epithelial-to-mesenchymal
transition (EMT) as the histomorphological correlate to tumor
budding [11, 20, 21]. EMT is a mechanism that allows tumor
cells to gain a malignant phenotype, enabling them to colonize
distant organs. EMT is characterized by the loss of tumor cell
polarity and adhesion, increased motility, and evasion of apop-
tosis [11]. Preclinical studies support a role of systemic inflam-
mation in EMT [22-28]. For example, a colorectal cancer mouse
model demonstrated that IL-6 signaling induced EMT [25]. The
study uncovered a feedback loop, which involves the promotion
and maintenance of EMT [25]. Another study suggested that a
reduction of EMT and invasive/migratory abilities of colorec-
tal cancer cells was observed upon neutralizing IL-6 and IL-8
[22]. In a preclinical study using colorectal cancer cells, it was
demonstrated that TNF-o regulates EMT, resulting in enhanced
metastases of colorectal cancer cells [23]. Furthermore, Kudo
et al. indicated that CRP suppresses EMT in colorectal cancer
cells through the inhibition of N-cadherin and ZEB-1 [27].

While these studies demonstrate a link between biomarkers
of inflammation/angiogenesis/cell-to-cell adhesion and EMT,
there is a critical gap in our knowledge regarding the relation-
ship between biomarkers of these biological processes and tumor
budding. The primary objective of this study was to examine the
associations of biomarkers of inflammation, angiogenesis, and
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cell-to-cell adhesion with tumor budding in colorectal cancer
patients. We hypothesized that higher biomarker levels of in-
flammation, angiogenesis, and cell-to-cell adhesion would be
associated with higher tumor budding counts since tumor bud-
ding and most biomarkers have been positively associated with
EMT in previous research (Figure 1) [22-28]. To the best of our
knowledge, this is the first study evaluating the link between
systemic inflammation and tumor budding in colorectal cancer.

2 | Materials and Methods
2.1 | Study Population

The present study is conducted as part of the prospective ColoCare
Study (ClinicalTrials.gov Identifier: NCT02328677), an interna-
tional cohort of newly diagnosed stage I-IV colorectal cancer pa-
tients (ICD-10 C18-C20) [29]. The ColoCare Study is a U01-funded
multicenter study of transdisciplinary research on colorectal can-
cer outcomes and prognosis [29]. ColoCare Study inclusion criteria
are: patients newly diagnosed with colon or rectal cancer (stages
I-1V), age > 18years, English (U.S. sites) or German (German site)
speaking, and mentally/physically able to consent and partici-
pate. Patients who meet the inclusion criteria are recruited for the
ColoCare Study prior to surgical treatment. Baseline examination
includes anthropometric measurements, biospecimen collection
(e.g., blood, stool, urine, saliva, fresh frozen tumor, and normal
tissue), and self-administered questionnaires on symptoms, health
behaviors, and health-related quality of life.

This study included n =132 patients with stage I-III colorectal
cancer, who had pre-surgery biomarker measurements and he-
matoxylin and eosin (H&E) stained colorectal tumor sections
for tumor budding count available at Huntsman Cancer Institute
(HCI). The study received approval from the Institutional
Review Board at the University of Utah, and all participants
granted their written informed consent.

BIOMARKERS OF INFLAMMATION, ANGIOGENESIS, CELL-TO-CELL ADHESION
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FIGURE 1 | Relationship between biomarkers of inflammation/
angiogenesis/cell-to-cell adhesion, EMT, and tumor budding. EMT,
epithelial-to-mesenchymal transition.

2.2 | Blood Processing and Biomarker Assays

Blood samples were obtained prior to surgery and at least 2weeks
after completion of neo-adjuvant treatment, if administered.
Serum was extracted and stored at —80°C in 110uL aliquots.
Assays were run using the Mesoscale Discovery Platform (MSD,
Rockville, MD, USA) in the Ulrich laboratory at HCI as previously
described [30-35]. All samples were blinded, run in duplicate, and
analyzed using the MSD Sector Imager 2400A. The VEGF-A and
VEGF-D assays were run on a V-Plex Angiogenesis Panel Human
Kit at a dilution of 1:8, while IL-6, IL-8, and TNF-a were run on
a V-Plex Proinflammatory Panel 1 Human Kit at a dilution of 1:2,
and CRP, SAA, sICAM-1, and sVCAM-1 were run on a V-Plex
Vascular Injury Panel 2 Human Kit at a dilution of 1:2500. Each
plate included three quality controls to calculate inter- and intra-
plate coefficients of variation (CV). The inter-plate CV was below
9.6% for all batches, and the intra-batch CV was 3.9%. The selected
biomarker panel was based on previous studies that investigated
central biomarkers for inflammation/angiogenesis/cell-to-cell ad-
hesion molecules and behavioral outcomes in both the general and
cancer population [30-39].

2.3 | Assessment of Tumor Budding in
Tumor Tissue

The University of Utah Department of Pathology provided H&E-
stained colorectal cancer tissue slides collected during surgical
resection of the primary tumor. The presence of tumor budding,
defined as a single tumor cell or a cluster of up to four tumor
cells at the advancing tumor edge, was evaluated by two partic-
ipating board-certified pathologists (JJ and MP) in accordance
with the recommendations provided by the international tumor
budding consensus conference [8, 10].

Tumor budding was assessed on a single representative slide per
patient, with counts performed in the hotspot area after review
of all available tumor slides. The “hotspot” method was used to
quantify tumor budding on H&E-stained slides, with 10 individ-
ual fields scanned at medium power (10X objective) to ensure
standardized field size (0.785 mm?). Tumor budding scores were
reported by area (mm?) rather than objective lens. Tumor bud-
ding scores were considered on a continuous scale and in the
descriptive analyses further categorized into clinical categories
(low, intermediate, high) and tertiles.

2.4 | Statistical Analysis

Due to right-skewed distributions, tumor budding and bio-
marker values were log2-transformed to enable normal
distribution. One-way analysis of variance (ANOVA) and
Chi-square tests of independence were used to compare
the characteristics of the study participants by tumor bud-
ding count in tertiles and clinical categories for continuous
and categorical variables, respectively. We decided to utilize
tertiles to categorize tumor budding, rather than the clin-
ical distinction due to the limited number of clinically high
tumor budding cases in our study (14%). Tertiles allowed us
to distribute the data more evenly, enhancing the statistical
robustness of our analyses. Biomarkers of inflammation,
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angiogenesis, and cell-to-cell adhesion were the independent
variables, while tumor budding was the dependent variable.
Multivariable linear regression was used to investigate the
associations between log2-transformed biomarker values and
log2-transformed tumor budding counts.

The following variables were evaluated and examined for con-
founding: age at diagnosis (< 50/>50years), sex (female/male),
neoadjuvant treatment (no/yes), race (White/non-White), tumor
location (colon/rectum), tumor grade [1-3], tumor stage (I, II,
III), body mass index (BMI, >18.5 and <25kg/m?;, >25 and
<30kg/m?; >30kg/m?), smoking status (non-smoker, former
smoker, current smoker), non-steroidal anti-inflammatory drug
(NSAID) use at least once per week over the past year (no, yes/
aspirin or aspirin plus non-aspirin NSAIDs, yes/non-aspirin),
and scoring pathologist (JJ/MP). Model 1 (M1) was adjusted
for age and sex. Model 2 (M2) was developed using a stepwise se-
lection procedure, adjusting for age, sex, neoadjuvant treatment,
stage, and NSAIDs. Variables were included or retained based
on a significance level of 0.15.

The subgroup analysis was based on a priori hypotheses.
We conducted stratified analyses to determine whether as-
sociations between biomarkers of inflammation, angio-
genesis, and cell-to-cell adhesion and tumor budding were
modified by age (early-onset colorectal cancer [<50years]
and later-onset colorectal cancer [>50years]) or sex (male
vs. female). Considering the relatively small number of early-
onset colorectal cancer patients (n=22), we also conducted
stratified analysis using an alternative cut-off of <60years
vs. >60years. Although blood samples were taken at least
2weeks after neo-adjuvant treatment, we performed sensitiv-
ity analyses in which we excluded all patients (n = 32) who had
ever received neo-adjuvant treatment. Statistical significance
was defined as nominal p<0.05, and all statistical tests were
2-sided. Since this analysis focused on pre-hypothesized as-
sociations, we present results adjusted for age and sex; mul-
tivariable adjustment and the Bonferroni adjustment. We
accounted for multiple testing using the Bonferroni correction
for testing 9 biomarkers with the alpha level set at p=0.01
(0.05/9). Analyses were performed using SAS version 9.3 (SAS
Institute Inc.).

3 | Results

Demographic and clinicopathological patient characteristics of
the study population (n=132) are presented in Table 1. Patients
had an average age of 61years, 17% of the patients were diag-
nosed with early-onset colorectal cancer, 56% were males, and
95% identified as White. Most tumors (64%) were colonic and
47% were diagnosed as stage III cancer. Most patients (77%) did
not receive neoadjuvant treatment and had moderately differ-
entiated tumors (64%). 52% were considered inactive and 75%
overweight (>25 and <30kg/m?) or obese (>30kg/m?). 45%
were never smokers, and 42% reported regular NSAID use (at
least once per week) during the past year. Tumor budding count
was reported with a mean of 5 tumor buds by area (SD=4.21;
range =0-23) and the majority of patients (58%) were catego-
rized with low-grade tumor budding (low-grade: 0-4 buds) fol-
lowed by intermediate-grade budding (5-9 buds) (28%).

Patients’ demographic and clinicopathological characteristics by
tertiles of tumor budding are shown in Table S1. The distribu-
tions of patients’ demographic and clinicopathological charac-
teristics did not differ by tumor budding tertiles. Only VEGF-A
levels differed across tumor budding tertiles.

Table 2 shows the associations between the biomarkers of in-
flammation, angiogenesis, and cell-to-cell adhesion with tumor
budding counts. In multivariable models, SICAM-1 was inversely
associated with tumor budding (M1: §=-0.57, p-value =0.03;
M2: f=-0.59, p-value =0.03), although the association became
non-statistically significant after correction for multiple test-
ing. In the stratified analyses by age, SICAM-1 was inversely
associated with tumor budding among patients with later-onset
colorectal cancer (Table 3) (M1l: f=-0.71, p-value=0.008,
p-interaction=0.046; M2: f=-0.70, p-value=0.01, p-
interaction=0.11), while IL-8 (M2: $=0.96, p-value=0.01, p-
interaction=0.34) and sSVCAM-1 (M1: §=1.48, p-value=0.04,
p-interaction =0.02) showed positive associations with tumor
budding count among early-onset patients (Figure 2). However,
these associations became non-statistically significant after
correction for multiple testing. A similar association was found
for SICAM-1 among patients aged >60years old (Table S3). In
stratified analysis by sex (Table 4), we observed a positive asso-
ciation between CRP and tumor budding count among male pa-
tients (M1: 3=0.23, p-value=0.001, p-interaction=0.002; M2:
B=0.22, p-value =0.004, p-interaction =0.005), while a negative
association was observed for SICAM-1 among female patients
(M1: 8=-0.81, p-value =0.03, p-interaction = 0.35). After adjust-
ment for multiple comparisons (Bonferroni adjustment), these
associations would not be considered statistically significant.
Sensitivity analyses excluding patients who received neoadju-
vant treatment did not change study findings (Tables S4-S6).

4 | Discussion

In this study, we report for the first time on the associations
between biomarkers of inflammation, angiogenesis, and cell-
to-cell adhesion and tumor budding count in colorectal can-
cer patients. Overall, none of these biomarkers demonstrated
statistically significant associations with tumor budding count
after correction for multiple testing. In subgroup analyses, we
observed patterns where sSICAM-1 was inversely associated
with tumor budding among patients with later-onset colorectal
cancer and female patients. CRP was positively associated with
tumor budding among male patients, while IL-8 and sVCAM-1
were positively associated with tumor budding among patients
with early-onset colorectal cancer. These did not remain statisti-
cally significant after correcting for multiple testing.

Elevated tumor budding counts and systemic inflammation
are both established adverse prognostic factors in colorectal
cancer [4-7, 12]. The inverse association observed between sI-
CAM-1 levels and tumor budding count was contrary to our
study hypothesis. This unexpected finding may reflect complex
tumor-immune interactions, particularly the dynamic role of
the inflammatory tumor microenvironment in regulating cell
adhesion and tumor progression. However, the association
did not retain statistical significance after correction for mul-
tiple testing. In preclinical models, epithelial-to-mesenchymal
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TABLE 1 | Baseline demographic and clinicopathologic baseline
characteristics of individuals with invasive colorectal cancer (n=132).

TABLE1 | (Continued)

Smoking status, n (%)

Non-smoker
Former smoker

Current smoker

60 (45)
39 (30)

7(5)

NSAID-use at least once/week during the past year, n (%)

No

Yes (Aspirin or aspirin plus

non-aspirin)

Yes (non-aspirin)

31(23)

23(17)

33(25)

Biomarkers of inflammation/angiogenesis/cell-to-cell adhesion

CRP [mg/L]
Mean +SD
Median (IQR)

SAA [mg/L]
Mean +SD
Median (IQR)

IL-6 [pg/mL]
Mean +SD
Median (IQR)

IL-8 [pg/mL]
Mean £SD
Median (IQR)

SICAM-1 [mg/L]
Mean +SD
Median (IQR)

SVCAM-1 [mg/L]
Mean +SD
Median (IQR)

VEGF-A [pg/mL]
Mean +SD
Median (IQR)

VEGF-D [pg/mL]
Mean £SD
Median (IQR)

TNF-a [pg/mL]
Mean +SD

Median (IQR)

13.9+41.0

4.0 (1.8-10.9)

33.1+96.3

4.9 (2.6-11.9)

2.10£2.69

1.36 (1.00-2.01)

28.0+20.0

22.4 (18.4-29.4)

0.44+0.14

0.40 (0.35-0.51)

0.62+0.18

0.60 (0.50-0.71)

7271491

640 (365-982)

1120+219

1133 (980-1268)

3.23+1.16

3.00 (2.65-3.58)

Age (years)

Mean+SD 61+13

Median (IQR) 61 (52-71)
Age, n (%)

Early-onset (< 50y) 22(17)

Later-onset (> 50y) 110 (83)
Sex, n (%)

Female 58 (44)

Male 74 (56)
Race, n (%)

White 125 (95)

Non-White 7(5)
Ethnicity, n (%)

Non-Hispanic 121 (92)

Hispanic 10 (8)
Stage at diagnosis, n (%)

I 25(19)

I 45 (34)

11 62 (47)
Tumor location, n (%)

Colon 85 (64)

Rectum 47 (36)
Neoadjuvant treatment, n (%)

No 101 (77)

Yes 31(23)
Tumor grade, n (%)

Grade 1: Well differentiated 23(17)

Grade 2: Moderately differentiated 85 (64)

Grade 3: Poorly differentiated 18 (14)
Tumor budding by area (mm?)

Mean+SD 4.75+4.21

Median (IQR) 3.0 (2.0-7.0)
Tumor budding clinical categories, n (%)

Low (0-4 buds) 77 (58)

Intermediate (5-9 buds) 37 (28)

High (>10 buds) 18 (14)
Body mass index (kg/m?), n (%)

Normal weight (>18.5 and <25kg/m?) 31 (23)

Overweight (>25 and <30kg/m?) 48 (36)

Obese (>30kg/m?) 52 (39)

(Continues)

Note: Missing values across the population: Ethnicity: n=1; BMI: n=1; tumor
grade: n=6; smoking status: n=26; NSAID-use: n=45; CRP: n=1; SAA: n=1;
IL-6: n=46;1L-8: n=45; SICAM-1: n=1; SVCAM-1: n=1; VEGF-A: n=2;
VEGF-D: n=2; TNF-a: n=45.

Abbreviations: IQR, interquartile range; SD, standard deviation.
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transition (EMT), a histopathological feature associated with
tumor budding, has been shown to induce SICAM-1 secretion
by cancer cells, promoting angiogenesis, recruiting myeloid
cells, and supporting tumor cell proliferation [24]. In clini-
cal studies, a positive correlation between baseline SICAM-1
concentrations and tumor burden was observed in patients
with head and neck squamous cell carcinoma at the start of

TABLE2 | Multiple linear regression models, testing for associations

between biomarkers of inflammation/angiogenesis/cell-to-cell

adhesion and tumor budding in colorectal cancer (n =132).

Model 12 Model 2°
Age- and Multivariable
sex-adjusted adjusted
B P B p
CRP [mg/L] 0.07 0.15 0.06 0.25
SAA [mg/L] 0.05 0.31 0.04 0.42
IL-6 [pg/mL] 0.18 0.15 0.10 0.40
IL-8 [pg/mL] 0.06 0.76 0.06 0.75
SICAM-1 [mg/L] -0.57 0.03 -0.59  0.03
SVCAM-1 [mg/L] -0.16 0.55 -0.12 0.65
VEGF-A [pg/mL] 0.02 0.83 -0.03 0.76
VEGF-D [pg/mL] -0.04 091 0.02 0.94
TNF-a [pg/mL] 0.05 0.85 0.04 0.87

Note: Due to skewed distributions, biomarker and tumor budding values were
log2-transformed. Missing values across the population: CRP: n=1; SAA:
n=1;IL-6: n=46;1L-8: n=45; SICAM-1: n=1; sVCAM-1: n=1; VEGF-A: n=2;
VEGF-D: n=2; TNF-a: n=45; NSAID-use: n=45. Bolded p-values indicate
statistical significance at p < 0.05.

2Adjusted for age, sex.

bAdjusted for age, sex, stage, neoadjuvant treatment, NSAIDs.

radio-chemotherapy [40]. So far, no existing clinical study has
examined the role of SICAM-1 in tumor budding in colorec-
tal cancer patients, and further research is needed to clarify
this relationship. Understanding the relationship between
systemic inflammation biomarkers and tumor budding may
provide important insights for the development of targeted
therapies.

In our stratified analyses, evaluating age and sex-specific dif-
ferences in the associations between the biomarkers and tumor
budding, sSICAM-1 was inversely associated with tumor budding
among patients with later-onset colorectal cancer while IL-8
and sVCAM-1 were positively associated with tumor budding
among patients with early-onset colorectal cancer. Additionally,
sICAM-1 was negatively associated with tumor budding among
female patients while CRP was positively associated with tumor
budding among male patients. However, these associations did
not remain statistically significant after correction for multiple
testing and, therefore, should be interpreted with caution. C-
reactive protein (CRP) is a well-established marker of systemic
inflammation, widely recognized for its sensitivity in detecting
the acute-phase response [13]. We have previously shown that
elevated CRP levels were linked to poorer colorectal cancer
prognosis [34]. These patterns may reflect age- and sex-related
differences in immune function, tumor biology, or hormonal
influences on the inflammatory response. Estrogen has been
shown to modulate immune pathways in colorectal cancer, in-
fluencing tumor growth, inflammation, and the broader tumor
microenvironment. Evidence suggests that estrogen may exert
protective effects by promoting a tumor microenvironment that
is less conducive to cancer progression, primarily through in-
hibition of inflammation and reduction of immunosuppressive
signaling [41]. This may partly explain the observed inverse re-
lationship between SICAM-1 and tumor budding among female
patients in our study. Conversely, the positive relationship be-
tween CRP and tumor budding in male patients is consistent

TABLE 3 | Multiple linear regression models, testing for associations between biomarkers of inflammation/angiogenesis/cell-to-cell adhesion

and tumor budding in colorectal cancer, stratified by age (n =132).

Model 12 Model 2

Early-onset (age <50y): n=22 (17%) Later-

Sex-adjusted

Multivariable adjusted

onset (age >50y): n=110 (83%) B P p-inter action B p p-inter action
CRP [mg/L]
Early-onset 0.20 0.11 0.24 0.21 0.15 0.27
Later-onset 0.05 0.38 0.04 0.46
SAA [mg/L]
Early-onset 0.04 0.75 1.00 0.06 0.67 0.80
Later-onset 0.05 0.35 0.04 0.45
IL-6 [pg/mL]
Early-onset 0.30 0.23 0.64 0.15 0.59 0.86
Later-onset 0.15 0.32 0.13 0.40

IL-8 [pg/mL]

(Continues)
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TABLE 2 | (Continued)

Model 12 Model 2°
Early-onset (age < 50y): n=22 (17%) Later- Sex-adjusted Multivariable adjusted
onset (age >50y): n=110 (83%) B P p-inter action B p p-inter action
Early-onset 0.67 0.10 0.08 0.96 0.01 0.34
Later-onset —0.11 0.59 —0.02 0.94
SICAM-1 [mg/L]
Early-onset 1.19 0.21 0.046 0.52 0.63 0.11
Later-onset -0.71 0.008 -0.70 0.01
sVCAM-1 [mg/L]
Early-onset 1.48 0.04 0.02 0.70 0.42 0.051
Later-onset -0.41 0.15 -0.34 0.25
VEGF-A [pg/mL]
Early-onset 0.12 0.67 0.68 —0.01 0.99 0.67
Later-onset 0.00 0.98 -0.04 0.75
VEGF-D [pg/mL]
Early-onset 1.22 0.21 0.14 0.18 0.89 0.14
Later-onset -0.24 0.50 -0.20 0.60
TNF-a [pg/mL]
Early-onset 0.92 0.12 0.16 0.03 0.96 0.86
Later-onset -0.17 0.58 —-0.05 0.88

Note: Due to skewed distributions, biomarker and tumor budding values were log2-transformed. Missing values across the population: CRP: n=1; SAA: n=1;IL-6:
n=46;1IL-8: n=45;sICAM-1: n=1;sVCAM-1: n=1; VEGF-A: n=2; VEGF-D: n=2; TNF-a: n=45; NSAID-use: n=45.

2Adjusted for sex.

bAdjusted for sex, stage, neoadjuvant treatment, NSAIDs.

1.2

0.8
0.6
0.4
0.2

R10 Jl—| B .l_l

= e
-0.2 H

-0.4

-0.6

CRP SAA IL-6 IL-8 sICAM-1 sVCAM-1 VEGF-A VEGF-D TNF-a

BEarly-onset (age<50y)  OLater-onset (age=50y)

FIGURE2 | Associations between biomarkers of inflammation/angiogenesis/cell-to-cell adhesion and tumor budding in colorectal cancer, strat-
ified by age. (Early-onset: N=22; Later-onset: N=110). Due to skewed distributions, biomarker and tumor budding values were log2-transformed.
Missing values across the population: CRP: N=1; SAA: N=1; IL-6: N=46; IL-8: N=45; SICAM-1: N=1; sVCAM-1: N=1; VEGF-A: N=2; VEGF-D:
N=2; TNF-a: N=45; NSAID-use: N=45. 'Standardized regression coefficient 8 (Model 2: Adjusted for sex, stage, neoadjuvant treatment, NSAIDs).

with the known pro-inflammatory role of CRP. Notably, women estrogen, may confer protection through modulation of in-
tend to have a lower incidence of colorectal cancer than men, flammatory and immune responses [42]. Likewise, early-onset
supporting the hypothesis that sex hormones, particularly colorectal cancer has been associated with distinct molecular
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TABLE 4 | Multiple linear regression models, testing for associations between biomarkers of inflammation/angiogenesis/cell-to-cell adhesion

and tumor budding in colorectal cancer, stratified by sex (n=132).

Model 12 Model 2

Age-adjusted

Multivariable adjusted

Female: n =58 (44%); Male: n =74 (56%) B 4 p-inter action B 4 p-inter action

CRP [mg/L]
Female —-0.06 0.35 0.002 —-0.08 0.23 0.005
Male 0.23 0.001 0.22 0.004

SAA [mg/L]
Female —0.03 0.67 0.18 —0.05 0.55 0.23
Male 0.10 0.11 0.08 0.22

IL-6 [pg/mL]
Female 0.08 0.65 0.47 —0.08 0.65 0.30
Male 0.26 0.13 0.23 0.20

IL-8 [pg/mL]
Female -0.29 0.28 0.12 -0.19 0.42 0.32
Male 0.28 0.26 0.21 0.43

sICAM-1 [mg/L]
Female —0.81 0.03 0.35 —0.76 0.06 0.56
Male -0.35 0.34 -0.47 0.21

SVCAM-1 [mg/L]
Female —0.68 0.08 0.06 —0.55 0.18 0.18
Male 0.29 0.43 0.12 0.75

VEGF-A [pg/mL]
Female 0.04 0.80 0.89 -0.02 0.87 0.83
Male 0.01 0.95 —0.06 0.68

VEGF-D [pg/mL]
Female -0.10 0.84 0.86 0.04 0.94 0.84
Male 0.02 0.97 0.06 0.90

TNF-a [pg/mL]
Female —0.58 0.13 0.03 -0.21 0.55 0.17
Male 0.55 0.14 0.38 0.34

Note: Due to skewed distributions, biomarker and tumor budding values were log2-transformed. Missing values across the population: CRP: n=1; SAA: n=1; IL-6:
n=46;1L-8: n=45; SICAM-1: n=1; sSVCAM-1: n=1; VEGF-A: n=2; VEGF-D: n=2; TNF-a: n=45; NSAID-use: n=45.

2Adjusted for age.
bAdjusted for age, stage, neoadjuvant treatment, NSAIDs.

features and heightened immune activation [43]. This study
provides the first observation of these patterns and may serve
as preliminary data to inform future research examining how
inflammatory, angiogenic, and cell-adhesion biomarkers relate
to tumor budding.

Our study has several strengths. To our knowledge, this is the
first study to examine associations between a comprehensive
panel of biomarkers related to inflammation, angiogenesis, and

cell-to-cell adhesion and tumor budding count in patients with
colorectal cancer, while also exploring potential differences by
age and sex. The study employed rigorous and standardized
procedures for collecting serum samples, questionnaire data,
and clinical information. However, a few limitations should be
noted. First, while our study represents the first report of these
associations, the observed relationships between biomarkers
and tumor budding, including the age- and sex-specific inter-
actions, were not statistically significant after correction for
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multiple testing. These findings may serve as pilot observations
to guide future studies aimed at further investigating these
potential relationships and elucidating the underlying biolog-
ical mechanisms. Second, the generalizability of our findings
is limited, as the study population was predominantly White.
Future studies with larger and more diverse cohorts are needed
to examine these associations across different racial and ethnic
groups and to explore potential population-specific differences.
Another limitation of our study is its cross-sectional design.
Since both biomarker levels and tumor budding were measured
at baseline, causality cannot be inferred, and a temporal se-
quence cannot be established. Biomarker levels may have been
influenced by the tumor and/or treatment itself, potentially
leading to reverse causation. Longitudinal studies are needed
to better understand the directionality and underlying mech-
anisms of these associations. Lastly, tumor budding involves
subjective interpretation of complex morphological patterns,
which can vary even among experts. Hence, we performed ex-
tensive quality control and adjusted for scoring pathologists in
our statistical analyses.

5 | Conclusion

In conclusion, this study did not observe significant associations
between biomarkers of inflammation, angiogenesis, and cell-
to-cell adhesion and tumor budding count in colorectal cancer
patients after multiple testing correction. Some of the suggested
findings may serve as pilot observations to guide future stud-
ies in larger, diverse cohorts investigating the biological mech-
anisms underlying tumor budding and their potential relevance
to colorectal cancer prognosis.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Baseline demographic and
clinicopathologic characteristics by tumor budding tertiles of individu-
als with primary invasive colorectal cancer (n =132). Table S2: Baseline
demographic and clinicopathologic characteristics by tumor budding in
clinical categories of individuals with primary invasive colorectal can-
cer (n=132). Table S3: Multiple linear regression models, testing for
associations between biomarkers of inflammation/angiogenesis/cell-
to-cell adhesion and tumor budding in colorectal cancer, stratified by
age (n=132). Table S4: Sensitivity analysis—multiple linear regression
models, testing for associations between biomarkers of inflammation/
angiogenesis/cell-to-cell adhesion and tumor budding in colorectal can-
cer excluding patients with neoadjuvant treatment (n=101). Table S5:
Sensitivity analysis—multiple linear regression models, testing for
associations between biomarkers of inflammation/angiogenesis/cell-
to-cell adhesion and tumor budding in colorectal cancer excluding pa-
tients with neoadjuvant treatment, stratified by age (n =101). Table S6:
Sensitivity analysis—multiple linear regression models, testing for as-
sociations between biomarkers of inflammation/angiogenesis/cell-to-
cell adhesion and tumor budding in colorectal cancer excluding patients
with neoadjuvant treatment, stratified by sex (n =101).
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