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Preoperative malnutrition is
associated with suppressed
intratumoral T cell function and
distinct tumor-associated
microbiota in colorectal cancer: a
prospective pilot study
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Milan, Milan, Italy, *Medical Oncology, IRCCS Ca’ Granda, Ospedale Maggiore Policlinico, Milan, Italy

Introduction: Cancer-related malnutrition significantly reduces therapeutic
effectiveness, lowers chemotherapy tolerance, and impairs immunotherapy effi-
cacy. Monitoring nutritional status using tools such as the Malnutrition Universal
Screening Tool (MUST) may improve clinical outcomes. Malnutrition also pro-
foundly affects immune system functions and gut microbiota composition.
However, the relationship between pre-surgery nutritional status, anti-tumor
immunity, and tumor-associated microbiota remains poorly understood.
Methods: We prospectively enrolled 43 colorectal cancer (CRC) patients who
underwent resection surgery between July 2017 and August 2021 at IRCCS Ca’
Granda Ospedale Maggiore Policlinico in Milan. Patients were evaluated for
biochemical, anthropometric, and nutritional profiles, as well as intratumoral
immune phenotypes and tumor-associated microbiota. Tumor-associated
microbiota analysis was performed in a subset of 8 patients (5 malnourished and
3 non-malnourished) for whom mucosal samples were available.

Results: Malnutrition was associated with increased tissue-infiltrating neutrophils
and altered T cell phenotypes, including reduced expression of effector-associated
cytokines in conventional T-helper and iNKT cells. Gut microbiota analysis revealed
significant associations between neutrophil lymphocyte ratio (NLR) and the bac-
terial genera Bacteroides, Prevotella, and Parabacteroides, suggesting a potential
role for these microbes in shaping immune responses in malnourished individuals.
Discussion: These findings suggest a link between malnutrition, gut microbiota
composition, and suppressed anti-tumor immunity in CRC patients.
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Introduction

Malnutrition is a prevalent and critical issue for cancer patients,
leading to unintentional weight loss and changes in body composition
due to inadequate nutrient intake or absorption (1). This condition
severely impacts cancer treatment outcomes by reducing therapy effi-
cacy, increasing toxicity, impairing immunotherapy responses, and
deteriorating patients’ quality of life. It also contributes to postopera-
tive complications and, ultimately, threatens survival (2).

The metabolic changes induced by the tumours themselves, or by
cancer treatments, can disrupt the body’s ability to effectively utilize
nutrients. These complex changes include inflammation, excessive
catabolism, futile cycling, and anabolic resistance, all contributing to
cachexia, a multifactorial syndrome marked by severe, involuntary
loss of skeletal muscle mass, an elevated systemic inflammatory
response, and increased protein breakdown (2).

Recent guidelines underlie the importance of early detection and
intervention for individuals at nutritional risk. Timely action is crucial
to prevent malnutrition’s onset and minimize its devastating impact
on clinical outcomes (3). While there is consensus that monitoring
nutritional status early can significantly improve clinical trajectories,
standardized procedures for assessing and managing malnutrition are
not consistently applied across institutions (3). Upon diagnosis, cancer
patients should undergo validated nutritional screening with tools
such as the Nutrition Risk Screening 2002 (NRS-2002), the
Malnutrition Universal Screening Tool (MUST), the Malnutrition
Screening Tool (MST), or the Mini Nutritional Assessment Short
Form Revised (1, 3, 4). Additionally, combining anthropometric mea-
surements with laboratory assessments, such as C-reactive protein
(CRP) (5, 6), albumin (7), and evaluating markers like the neutrophil-
lymphocyte ratio (NLR), the accuracy and reliability of nutritional
monitoring can be enhanced.

Beyond its direct impact on body composition, malnutrition also
negatively affects immune system functions (8), the gut microbiome
(9), and overall health. In colorectal cancer (CRC) the immune system
functions and the gut microbiome influence its development, progres-
sion, and response to therapy (10, 11), but the interconnection of these
variables with pre-surgery nutritional status and anti-tumor immunity
remains poorly understood.

Here we aim at exploring whether the nutritional status of CRC
patients may associate with dysregulated anti-tumor immunity and
alterations in the TME. To address this, 43 CRC patients were assessed
for their biochemical, anthropometric, and nutritional profiles, along-
side intratumoral immune phenotypes and tumor-associated
microbiota.

Materials and methods
Patients

Patients over the age of 25 with colon cancer disease who under-
went resection surgery (n = 118) were prospectively enrolled between
July 2017 and August 2021 at the Fondazione IRCCS Ca’” Granda
Ospedale Maggiore Policlinico of Milan as approved by the Comitato
Etico degli IRCCS Istituto Europeo di Oncologia e Centro
Cardiologico Monzino, with permission number R 528/16 IEO566
and extended to participating centers (Ethical permission was
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obtained from the IRCCS associated to the project AIRC granted to
FF). Written informed consent was obtained from each participant,
all adults, before inclusion. All data were collected at Gastroenterology
and Endoscopy Unit of IRCCS Fondazione Ca” Granda Ospedale
Maggiore Policlinico di Milano (Milan, Italy). The study was per-
formed in accordance with the Declaration of Helsinki protocols.
Among them, n = 43 patients underwent nutrition evaluation and
intratumoral immunophenotyping before and after surgery in addi-
tion to standard biochemical and anthropomorphic measurement. A
flow diagram summarizing patient screening, eligibility, inclusion, and
sample availability for immune phenotyping and microbiota profiling
is provided in Supplementary Figure 8. These patients were included
in the current study and their clinical data are summarized in Table 1.

Anthropometric measurements

Anthropometric measurements, obtained from medical records,
consisted of weight, height and the Body Mass Index (BMI). These
data are summarized in Table 1 and Supplementary Table 1.

The BMI for adults was classified according to criteria established
by the World Health Organization. Cut-off points of <18.5 kg/m? for
malnourished, 18.5 kg/m*-24.9 kg/m?” for normal weight, >25 kg/m’
for overweight, and >30 kg/m? for obesity were considered for statisti-
cal analysis (12).

MUST evaluation

Patients were evaluated for the Malnutrition Screening Tools
(MUST) and categorized in: 0 (low risk of malnutrition), 1 (moderate
risk of malnutrition), > 2 (high risk of malnutrition) (7). Percentage
weight loss was calculated from the patient’s weight at the date of sur-
gery compared to the patient’s usual weight.

Biochemical measurements

Biochemical measurements were performed from venous blood
samples at the time of the surgery and two months after, including
albumin, C-reactive protein (CRP), total proteins, neutrophils and
lymphocyte counts. These last two values were used to calculate the
neutrophil-lymphocyte ratio (NLR) used to predict prognosis (6).
Patient’s biochemical and immunological data are summarized in
Table 2 and Supplementary Table 2.

Prognostic index calculation

The Prognostic Nutritional Index (PNI) was calculated with the
following formula: albumin level (g/L) + 0.005 x total lymphocyte
count/mm? (7). Cut-off point <45 was suggested to predict risk of
surgical complications (13).

Predictive modeling of malnutrition risk

A Logistic Regression classifier was trained to predict the level of
malnutrition based on five different predictors: age, neutrophil levels
(1079/L) at surgery, neutrophil levels (1029/L) two months post-sur-
gery, lymphocyte levels (1029/L) two months post-surgery and NLR
at surgery. These variables were selected using Lasso regression run
with 10-folds cross validation. Specifically, a unitary increase in each
of these variables raises the malnutrition risk by 0.94, 1.38, 0.50, 0.25
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TABLE 1 Baseline demographic and clinical characteristics.

10.3389/fnut.2026.1802354

Variable Total (n = 43) Non-malnourished Moderate or severe
patients (n = 24) malnourished patients
(n =19)
Age 67 (59.50; 72.50) 68.50 (63; 77.25) 66 (56.50;71.50) 0.1386
Age at diagnosis 65 (55.50;70.50) 66 (59.50;72.25) 65 (52.50;68.50) 0.1705
>50 38 (88.4%) 23 (95.8%) 15 (78.9%) 0.1529
<50 5 (11.6%) 1(4.2%) 4(21.1%)
Sex
Female 22 (51.2%) 11 (45.8%) 11 (57.9%) 0.6322
Male 21 (48.8%) 13 (54.2%) 8 (42.1%)
BMI 23.8 (20.93;25.8) 24.82 (22.79;27.13) 20.76 (19.94;23.84) 0.0009
Min 20.76 Min 18.43
Max 45.92 Max 33.20
Weight (Kg) 61 (57;76) 69 (59;79) 59 (55;67) 0.02263
Min 55 Min 45
Max 130 Max 85
Tumor localization
Right 14 (32.6%) 8(33.3%) 6 (31.6%) 0.7673
Left 11 (25.6%) 7(29.2%) 4(21.1%)
Rectum 18 (41.8%) 9 (37.5%) 9 (47.3%)

This table for continuous variables, the median, first and third quartiles are reported; for categorical variables, the percentage with respect to the total per group. To test the difference between
non-malnourished patients (MUST = 0) and Moderate or severe malnourished patients (MUST = 1/2/3), the nominal p-value by Mann-Whitney was computed for continuous variables, the
nominal p-value by Pearson’s Chi-squared test with Yates’ continuity correction or by Fisher’s exact test was computed for categorical variables.

and 0.99 times, respectively. The Logistic Regression model trained
using these five variables had a sensitivity = 0.74, specificity = 1, mis-
classification rate = 0.09, accuracy = 0.91, precision = 1, p = 0.01, F1
score = 0.85, AIC = 56.6, BIC = 67.27, pseudo-R* (McFadden) = 0.24,
pseudo-R* (Cragg-Uhler) = 0.38, p = 0.01, }*(5) = 14.33.

LPMCs isolation

Lamina propria mononuclear cells (LPMCs) were isolated as pre-
viously described (14). Briefly, tumour samples were taken transver-
sally to collect both marginal and core tumour zone. Normal adjacent
tissues were sampled at least 10 cm from the tumour margin. The dis-
sected intestinal mucosa was freed of mucus and epithelial cells in
sequential steps with Dithiothreitol (DTT) (0.1 mmoL/L) and EDTA
(1 mmoL/L) (Sigma-Aldrich) and then digested with collagenase D
(400 U/mL) (Worthington Biochemical Corporation) for 5 hat 37 °C
in agitation. Lamina propria mononuclear cells (LPMCs) were then
separated with a Percoll gradient.

Cytofluorimetric analysis

Immune cells were washed and stained with the combination of
monoclonal antibodies purchased from different vendors, as listed in
Supplementary Table 3. LPMCs were stained and iNKT cells were
identified using human CD1d: PBS57 Tetramer (NIH Tetramer core
facility) diluted in PBS with 1% heat-inactivated FBS for 30 min at
4 °C. For intracellular cytokine labelling, cells were incubated for 3 h
at 37 °C in RPMI-1640 + 10% FBS with PMA (50 ng/mL, Merck),
Tonomycin (1 pg/mL, Merck) and Brefeldin A (10 pg/mL, Merck).
Cells were fixed and permeabilized using Cytofix/Cytoperm (BD)
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before the addition of the antibodies detecting the cytokines produced
upon stimulation. Samples were analysed with a FACSLyrics flow
cytometer (BD Biosciences). Data were analysed using the FlowJo
software (Version 10.8, BD) gated to exclude singlets based on light
scatter.

16S rRNA gene sequencing and data
analysis

The microbiota associated with tumor lesions (TUMs) and adja-
cent non-tumor colon tissue (NCT) was collected during surgery by
scraping the intestinal mucus from tissue samples, collected in TES
buffer (50 mM Tris-HCI pH 7.5, 10 mM NaCl, 10 mM EDTA) and
stored at —80 °C. The bacterial DNA was extracted with GENOME
DNA isolation kit (MP Biomedicals) following the manufacturer’s
instructions. 16S rRNA gene amplification, purification, library prepa-
ration, and paired-end sequencing using the Illumina MiSeq platform
were performed as previously described (15). We used the
ZymoBIOMICS Microbial Community Standard IT (mock commu-
nity) and negative controls to quantify and mitigate biases introduced
during 16S rRNA gene sequencing procedures. Reads were pre-pro-
cessed using the MICCA pipeline (v.1.7.2) (16, 17). Forward and
reverse reads were merged setting a minimum overlap length of 32
nucleotides and a maximum number of allowed mismatches equal to
8. Primers were trimmed using micca trim and reads with length
higher than 400 base pairs or error rate higher than 1% were removed
via micca filter. Filtered sequences were denoised using the UNOISE
algorithm implemented in micca, removing all chimera sequences, to
determine true biological sequences at the single nucleotide resolution
by generating ASVs. Bacterial ASVs were taxonomically classified
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TABLE 2 Biochemical and immunological features.

Variable Total (n = 43)

patients (n = 24)

Non-malnourished

10.3389/fnut.2026.1802354

Moderate or severe
malnourished patients
(n =19)

Albumin g/dL (operation) 4.34 (3.95; 4.53) 4.2 (4.1; 4.56) 4.37 (3.75; 4.5) 0.766
Total protein g/dL 6.9 (6.6;7.15) 6.9 (6.6; 7.01) 6.75 (6.33; 7.18) 0.4966
(operation)
Total protein g/dL (after 7.35 (6.8; 7.58) 7.55 (6.98; 7.68) 7.05 (6.75; 7.33) 0.285
2 months)
Neutrophils 10e9/L 6.87 (4.89; 8.73) 6.61 (4.85; 8.5) 7.38 (5.27; 8.73) 0.6749
(operation)
Neutrophils 10e9/L (after 3.15 (2.33; 4.26) 3.22 (2.36; 5.43) 2.61 (2.17; 4.09) 0.2482
2 months)
Lymphocyte 10e9/L 1.12 (0.95; 1.56) 1.26 (0.98; 1.61) 1(0.93; 1.41) 0.2799
(operation)
Lymphocyte 10e9/L (after 1.97 (1.54; 2.3) 2.02 (1.6 2.69) 1.69 (1.34; 2.2) 0.2359
2 months)
CRP mg/dL (operation) 8.81 (5.94; 14.76) 9.05 (6.32; 14.81) 6.67 (4.03; 11.49) 0.5972
CRP mg/dL (after 2 months) 0.41 (0.13; 1.19) 0.58 (0.11; 1.19) 0.31 (0.17; 1.49) 0.9591
Neutrophils/Lymphocyte 6.41 (4.03; 8.73) 6.09 (3.75; 8) 6.94 (4.66; 10.29) 0.2834
(operation)
Neutrophils/Lymphocyte 1.58 (1.23; 2.72) 1.74 (1.16; 2.79) 1.45 (1.27; 2.02) 0.6415
(after 2 months)
Vascular invasion
Yes 16 (30.77%) 8 (33.33%) 8 (42.11%) 0.7846
No 27 (69.23%) 16 (66.67%) 11 (57.89%)
Lymphovascular invasion
Yes 1(2.33%) 0 1(5.26%) 0.4419
No 42 (97.67) 24 (100%) 18 (95.74%)
Perineural invasion
Yes 13 (30.23%) 6 (25%) 7 (36.84%) 0.6133
No 30 (69.77%) 18 (75%) 12 (63.16%)
Lymphocytic infiltration
Yes 29 (67.44%) 18 (75%) 11 (57.89%) 0.3892
No 14 (32.56%) 6 (25%) 8 (42.11%)

This table for continuous variables, the median, first and third quartiles are reported; for categorical variables, the percentage with respect to the total per group. To test the difference between
Non-malnourished patients (MUST = 0) and Moderate or severe malnourished patients (MUST = 1/2/3), the nominal p-value by Mann-Whitney was computed for continuous variables, the
nominal p-value by Pearson’s Chi-squared test with Yates’ continuity correction or by Fisher’s exact test was computed for categorical variables.

using micca classify and the Ribosomal Database Project (RDP)
Classifier v2.12, a naive Bayesian classifier (18). Multiple sequence
alignment of 16S sequences was performed using the Nearest
Alignment Space Termination (NAST) algorithm (19) implemented
by micca msa with the template alignment clustered at 97% similarity
of the Greengenes core set (20). Phylogenetic trees were inferred using
micca tree. The number of reads per sample varied between 16,722
and 158,549; sampling heterogeneity was reduced rarefying samples,
using micca tablerare, at a rarefaction threshold of 16,722 reads per
sample, equivalent to the depth of the less abundant sample.
Eventually, micca tabletotax was used to summarize communities by
their taxonomic composition. All the subsequent analyses were per-
formed in R environment using phyloseq R package (v1.48.0) (21).
The mean relative abundances across samples of these genera were
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computed separately for Non-malnourished and Moderate or severe
malnourished patients, both for healthy and tumor tissues, and plotted
using ggplot2 R package (v3.5.1) (22). Alpha (within-sample richness
evaluated computing the Observed richness and the Shannon index)
and beta-diversity (between-sample dissimilarity evaluated computing
the Bray-Curtis distance) estimates were computed using phyloseq R
package. Alpha diversity values were tested using wilcox_test function
of rstatix R package (v0.7.2) (23) considering separately paired and
unpaired samples. Permutational multivariate analysis of variance
(PERMANOVA) test was performed using adonis function in the
vegan R package (v2.6.6.1) (24, 25) with 999 permutations to test beta
diversity values. The differential abundance of the different ASV's -
comparing Non-malnourished and Moderate or severe malnourished
patients, considering separately healthy and tumor samples — were
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tested using DESeq2 R package (v1.44.0) (25) on the non-rarefied
data. p-values were false discovery rate corrected using the Benjamini-
Hochberg procedure implemented in DESeq2. The results were rep-
resented in a volcano plot generated by ggplot2 R package, only the
ASVs with a nominal p-value < 0.05 were colored, and the name was
reported only for the subset with a nominal p-value < 0.05 and an
absolute log2FC > 1. The Spearman’s correlation test between the
abundances of the ASVs differently enriched between the two groups
of patients — separately in healthy and tumor samples—and the abun-
dances of the different biochemical molecules and LMPCs was com-
puted using corr.test function from psych R package (v2.5.3). The
resulting correlation values were represented in a heatmap using
pheatmap R package (v1.0.12) (26).

Statistical analysis

Patients were divided in two groups based on the level of mal-
nutrition: non-malnourished (MUST = 0) (n = 24) and moderate or
severe malnourished patients (MUST > 1) (n = 19). The distribu-
tions of clinical data in the different groups were represented as bar
plots and violin plots; Chi-squared and Mann Whitney tests were
used to evaluate significant differences. The mean abundance of each
biochemical molecule in the patients of each group was computed
and represented in R environment (v4.4.1). In addition, the
Spearman’s correlation between the abundances of each biochemical
molecule and the MUST variable was computed using corr.test func-
tion from psych R package (v2.5.3) and represented separately for
the two time points: the time of the surgery and two months after.
The mean relative abundance and standard error of each immune
cell type were computed and significant differences in abundances
were evaluated with Mann Whitney test (nominal p-values < 0.05
were reported).

To build a logistic regression model to predict the probability of a
patient being malnourished, only some of the variables—those con-
sidered to have more clinical impact—were evaluated: sex, age, albu-
min levels (g/dL) at surgery, total protein levels (g/dL) at surgery,
neutrophil levels (1029/L) at surgery, neutrophil levels (10A9/L) two
months post-surgery, lymphocyte levels (10A9/L) at surgery, lympho-
cyte levels (10/9/L) two months post-surgery, location of the disease,
stage of the disease, use of adjuvant chemotherapy, PCR levels (mg/
dL) at surgery, PNI, NLR at surgery and NLR two months post-sur-
gery. The number of missing values was computed for each variable,
and it varied between 0 and 6, among the 43 observations. Being a
limited number, we decided to replace missing values with the average
value of the variable in patients with the same level of malnutrition.
Two different approaches of feature selection were used, best subset
selection using complete enumeration [via bestglm method from best-
glm R package (v0.37.3)] (27) and Lasso regression with cross valida-
tion [using cv.glmnet method from glmnet R package (v4.1.9)] (28).
These methods were applied on the whole dataset, without dividing in
train and test set, due to the limited sample size. Best subset selection
method was run using AIC as information criterion to find the best
fit. The best model suggested by this method included eleven variables:
age, albumin levels (g/dL) at surgery, neutrophil levels (1029/L) at
surgery, neutrophil levels (1029/L) two months post-surgery, lympho-
cyte levels (1079/L) at surgery, lymphocyte levels (10A9/L) two
months post-surgery, stage of the disease, use of adjuvant chemother-
apy, PCR levels (mg/dL) at surgery, PNI and NLR at surgery. However,
the logistic regression model trained using glm method from stats R
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package (v4.4.1) (29) using these variables showed a clear overfitting
problem, having sensibility, specificity and AUC all equal to 1. Lasso
regression run with 10-folds cross validation identified a minimum
lambda value of 0.065 that minimized the mean squared error. When
lambda is equal to the logarithm of this minimum lambda value, only
five variables have a coefficient different from zero: age, neutrophil
levels (1079/L) at surgery, neutrophil levels (10A9/L) two months
post-surgery, lymphocyte levels (10A9/L) two months post-surgery
and NLR at surgery. A logistic regression model was trained using glm
method from stats R package (v4.4.1) (29) using these five variables.
The logistic regression assumptions were tested for this model: first,
Box-Tidwell test was computed to test linearity using boxTidwell
function from car R package (v3.1.3) (30). All the five selected vari-
ables had a p-value from Box-Tidwell test higher than 0.3, indicating
that the relationship between the predictor and the logit could be con-
sidered linear. Then, the presence of influential values was evaluated
computing the CooKs distance by augment function of broom R pack-
age (v1.0.8) (31); despite some points had a high CooK’s distance, none
of them was considered outlier since their absolute standardized
residuals were always below 3. Eventually, multicollinearity was tested
using vif function from car R package (v3.1.3) (30): since all variables
had a value of VIF below 3, collinearity was excluded.

The same analyses were performed by dividing patients into three
malnutrition groups: non-malnourished (MUST = 0) (n = 24), mod-
erately malnourished (MUST = 1) (n = 10), and severely malnour-
ished patients (MUST > 2) (n =9). Chi-squared and Kruskal-Wallis
tests were used to evaluate significant differences.

Results

Demographic and clinical variables do not
predict malnutrition in CRC patients

Several studies have highlighted a notable survival advantage
for female CRC patients under 65 years of age, which may be partly
attributed to the protective effects of sex hormones (32-36).
Conversely, factors like advanced age and malnutrition are associ-
ated with increased perioperative mortality, a higher rate of com-
plications, and overall poorer prognosis (37). Patients were
assessed using the Malnutrition Screening Tools (MUST) and cat-
egorized as non-malnourished (score = 0), or moderate/severe
malnourished (score > 1) (Tables 1, 2). Then, we determined
whether a correlation may exist between nutrition status and age,
sex, and disease stage. We observed no relationships between
demographic factors and malnutrition. In fact, we observed that
both male and female patients were well represented across the two
nutritional groups (Figure 1A), with the majority of participants
being affected by stage III cancer, regardless of their nutritional
status (Figure 1B). Moreover, no significant differences were
observed between age, age at diagnosis, and nutritional status
(Figures 1C,D). The same cohort was also stratified into three
groups based on their MUST score: non-malnourished (score = 0),
moderately malnourished (score = 1), and severely malnourished
(score > 2). No significant differences were found in terms of sex,
age, or age at diagnosis, with the majority of patients across all
groupsbeingin stage Il of the disease (Supplementary Figures 1A-D;
Supplementary Table 1).
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FIGURE 1
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Malnutrition is a complex condition, as for example also over-

weight or obese cancer patients can be malnourished (4).
Anthropometric measurements revealed a correlation between nutri-
tional status, BMI, and weight distribution. Both BMI and weight
tended to decrease in patients at moderate or severe risk of malnutri-

tion (Supplementary Figures 2A-D).
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Together, these findings suggest that, while certain demo-

graphic and clinical characteristics can individually influence CRC
patient disease outcomes, they do not appear to be directly corre-
lated with nutritional status. On the other hand, anthropometric
measurements emerge as critical indicators in assessing malnutri-

tion risk in CRC patients.
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Inflammatory biomarkers show trends of
association with nutritional status in CRC
patients

Numerous studies have highlighted the role of serum inflamma-
tory markers in predicting cancer prognosis (38). To explore if these
markers are linked to patients’ nutritional status, we examined their
relationship with malnutrition risk, as determined by the MUST score.
No significant correlation was found between the MUST score and
traditional nutritional markers like albumin (38), either at surgery or
two months post-surgery (Figures 2A,B). Similarly, lymphocyte
counts showed no correlation with MUST score, as well as other bio-
chemical markers evaluated (Figures 2A,B).

The cancer-associated systemic inflammatory response is often
marked by an increase in circulating neutrophil counts, which pro-
motes tumor progression through the secretion of cytokines and che-
mokines (38). In contrast, lymphocytes play a key role in mounting a
cytotoxic immune response against cancer, and a decrease in lympho-
cyte counts has been shown to negatively impact CRC prognosis (38).
We found a weak (r = 0.15), but not significant positive tendency
between the MUST score and the NLR at surgery (Figure 2A). This
suggests that patients with higher malnutrition risk may also have a
more severe inflammatory condition at the time of surgery.

10.3389/fnut.2026.1802354

To further investigate this issue, we compared the mean values
of these inflammatory markers between non-malnourished and
moderate/severe malnourished patients, finding no significant dif-
ferences (Figure 2C). However, when patients were categorized
into three groups based on their MUST score (score =0, 1, > 2),
we observed an increase, even if not significant, in CRP levels in
moderately malnourished patients as compared to the other groups
(Supplementary Figure 3; Supplementary Table 2) suggestive of the
presence of a more severe inflammatory condition.

To evaluate the predictive power of inflammatory markers on
nutritional status, we developed a Logistic Regression classifier.
Using Lasso regression, we identified age, NLR, and perioperative
neutrophil and lymphocyte levels as the most significant predictors.
The model demonstrated high diagnostic accuracy (91%) and
strong specificity (1.00), effectively distinguishing malnourished
from non-malnourished patients (AUC = 0.836, Supplementary
Figures 4A,B).

Overall, these findings suggest a link between the nutritional
status of CRC patients undergoing resection surgery and their inflam-
matory condition, which can be assessed through serum molecular
and cellular markers. This insight could provide a better understand-
ing of how malnutrition impacts cancer prognosis and treatment
outcomes.
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FIGURE 2

Mean % abundance and Standard Error

(A) Spearman’s correlation between malnutrition risk, expressed as the MUST score, and different biochemical markers of inflammation measured at the
time of surgical intervention. Bars are colored based on the Spearman’s correlation value. There is not any statistically significant correlation.

(B) Spearman’s correlation between malnutrition risk, expressed as the MUST score, and different biochemical markers of inflammation measured two
months after surgical intervention. Bars are colored based on the Spearman’s correlation value. There is not any statistically significant correlation.

(C) Comprehensive representation of the mean values of different biochemical markers of inflammation, measured at the time of surgical intervention
and two months after, in patients grouped by level of malnutrition (not malnourished, violet, moderate or severe malnourished green).
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Malnourished CRC patients exhibit
increased immune infiltration and
pro-tumor phenotypes in CD4+ and iNKT
cells

The immune landscape within the tumor microenvironment
(TME) plays a critical role in shaping cancer progression and
prognosis. Immune cells in the TME, both myeloid and lym-
phoid, exhibit complex dual functions, either suppressing tumor
growth through pro-inflammatory cytokine production and
direct tumor cell killing or promoting tumor progression through
angiogenesis and invasion by supporting cell proliferation (39).
To better understand how the TME is affected by patients’ nutri-
tion status, we immunophenotyped by multidimensional single-
cell flow cytometry both tumor lesions (TUMs) and adjacent
non-tumor colon tissue (NCT) of malnourished and non-mal-
nourished patients.

We observed that TUM lesions in patients at higher risk of mal-
nutrition did not show marked differences in overall immune cell
infiltration when compared to non-malnourished patients (Figure 3A).
However, in the NCT context, malnourished patients exhibited a sig-
nificant increase in CD15* CD66b* neutrophils (Figure 3B). These
results were further validated by categorizing patients into three
groups based on the MUST score. While immune infiltrate levels in

10.3389/fnut.2026.1802354

TUMs  showed minimal variation between  groups
(Supplementary Figure 5A), moderately malnourished patients
(MUST score = 1) displayed a significantly higher presence of neutro-
phils in NCT tissues (Supplementary Figure 5B). These findings sug-
gest that neutrophils are more likely to infiltrate the tissues of
malnourished patients, particularly in distal regions, potentially affect-
ing both the tumor core and margins.

In cancer, CD4 + T cells are pivotal, with the Th1 subtype contrib-
uting to anti-tumor immunity through the secretion of IFNy and
TNF-a, and Th2 cells secreting pro-tumoral, anti-inflammatory medi-
ators (39). Their role in immune checkpoint blockade efficacy is also
gaining attention (39). Focusing on CD4* T cell functionality, we
found that nutritional status did not significantly impact CD4* T cell
activity in CRC patients within our cohort. Nonetheless, malnour-
ished patients tended to exhibit a non-significant reduction in secre-
tion of TNFa, IFNy, and IL-10 (Figure 4A), accompanied by a
non-significant increment in IL-17 secretion within TUMs
(Figure 4A). In NCTs, only IFNYy levels showed a reduction, even if not
significant, in malnourished individuals (Figure 4C). Additionally,
CD4" T cells in TUMs from malnourished patients showed a non-
significant increase in the expression of exhaustion markers (i.e.,
CTLA-4, PD-1, and TIGIT), together with a reduction in the activa-
tion marker CD69, compared to TUMs from non-malnourished

patients (Figure 4B). Conversely, in NCTs, CD4*CD69" T cells tended
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(A) Bar plot representing mean frequency and standard error of different immune cellular population analyzed by FACS infiltrating the tumor samples
(TUM) of non-malnourished (violet) and moderate or severe malnourished patients (green). (B) Bar plot representing mean frequency and standard
error of different immune cellular population analyzed by FACS infiltrating the adjacent non-tumor colon tissue (NCT) of non-malnourished (violet) and
moderate or severe malnourished patients (green). Nominal p-values from Mann Whitney test are reported only if significant (< 0.05).
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to be lower in non-malnourished patients compared to malnourished
individuals, although this difference did not reach statistical signifi-
cance (Figure 4D). Similar results were observed in patients divided
in three groups by the MUST score, where severe malnourished
patients showed significant increase of CD4*PD1* and CD4*CD69* T
cells in NCTs (Supplementary Figures 6A-D). Collectively, these find-
ings suggest that malnutrition may be linked to differences in CD4 + T
cell functional profiles. Invariant NKT (iNKT) cells, known for bridg-
ing innate and adaptive immunity, have diverse roles in cancer, from
direct tumor killing to modulating immune responses (39). However,
their function in CRC remains unclear (14, 40). Cytokine profiling in
this cohort mirrored the patterns observed in the CD4* T cell com-
partment (Figure 5).

Specifically, malnourished patients showed reduced production
of TNFa, IFNy, IL-13, and IL-10 in both TUM and NCT tissues
(Figures 5A,C) especially when patients are divided in three groups

10.3389/fnut.2026.1802354

(Supplementary Figures 7A-D). Notably, while IL-17 levels
decreased in NCTs from malnourished patients, they were elevated
in TUMs from malnourished individuals. Additionally, increased
levels of IL-4 and GM-CSF were detected in both intestinal regions
of malnourished patients, suggesting a shift toward a pro-tumori-
genic cytokine milieu (Figure 5C). It is worth noting that only IFNy
and IL-4 alterations in NCT tissues reached statistical significance
in malnourished patients. Furthermore, moderate to severe malnu-
trition tended to show higher expression levels of immune check-
point molecules (CTLA-4, PD-1, TIGIT, and TIM-3) on iNKT cells
(Figures 5B,D), even if not statistically significant. Collectively,
these data indicate that iNKT cells from malnourished patients dis-
play features consistent with a more pro-tumorigenic immune
milieu, including increased IL-17 production, reduced IFNYy levels,
enhanced IL-4 secretion, and increased expression of exhaustion
markers.
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40

Mean % abundance and Standard Error

(A) Bar plot representing mean frequency and standard error of CD4* cells producing different cytokines in tumor samples (TUM) of non-malnourished
(violet) and moderate or severe malnourished patients (green). (B) Bar plot representing mean frequency and standard error of CD4" cells expressing
different activation/exhaustion molecules in tumor samples (TUM) of non-malnourished (violet) and moderate or severe malnourished patients (green).
(C) Bar plot representing mean frequency and standard error of CD4* cells producing different cytokines in adjacent non-tumor colon tissue (NCT) of
non-malnourished (violet) and moderate or severe malnourished patients (green). (D) Bar plot representing mean frequency and standard error of CD4*
cells expressing different activation/exhaustion molecules in adjacent non-tumor colon tissue (NCT) of non-malnourished (violet) and moderate or
severe malnourished patients (green). Differences were evaluated with Mann Whitney test; no significant differences were detected.

Frontiers in Nutrition

frontiersin.org


https://doi.org/10.3389/fnut.2026.1802354
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Perillo et al.

10.3389/fnut.2026.1802354

A

Neutrophils/Lymphocyte
Neutrophils 10e9/dL
CRP mg/dL

Albumin g/dL

Total protein g/dL
Lymphocyte 10e9/dL

-1.0 -0.5

CRP mg/dL
Neutrophils/Lymphocyte
Lymphocyte 10e9/dL
Neutrophils 10e9/dL
Total protein g/dL

-1.0 -0.5
C -

Albumin g/dL-| O | O

> Total protein g/dL - O O
S Neutrophils 10e9/L -| @ [ @
@ Lymphocyte 10e9/L-| o | o
< crP mg/dL - | @ | @
Neutrophils/Lymphocyte - O O

;%_.) Total protein g/dL - O O
S Neutrophils 10e9/L-| O | O
E Lymphocyte 10e9/L-| O | ©
E CRPmg/dL-| o [ O
< | Neutrophils/Lymphocyte -[ O | O

FIGURE 5

Correlations between MUST and different variables (at surgery)

0.0
Spearman correlation

Correlations between MUST and different variables (after 2 months)

IDI:IDE

0.0
Spearman correlation

(A) Bar plot representing mean frequency and standard error of iNKT cells producing different cytokines in tumor (TUM) samples of non-malnourished
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Nutritional status is associated with
microbiota patterns related to immune
suppression in the TME

The gut microbiome has been indicated as a key driver of the
development and progression of CRC (41). To explore its link with
nutritional status and clinical outcomes, we analyzed the tumor-asso-
ciated microbiota. Of the 43 patients included in the study, the muco-
sal microbiota (i.e., isolated from the surface of the tumor and the
corresponding NCT region) was available for a subset of 8 patients,
including 5 malnourished and 3 non-malnourished individuals.

Frontiers in Nutrition

Overall, 1,515 different ASVs were identified in malnourished
patients, while 1,173 in non-malnourished patients; among them, 750
ASVs were in common between the two groups. While the alpha
diversity was not significantly different neither depending on the level
of malnutrition nor on the type of tissue (Figure 6A), the beta diver-
sity, estimated as Bray-Curtis distance between samples, was signifi-
cantly different (p-value = 0.023 from PERMANOVA test) between
malnourished and non-malnourished patients (Figure 6B). Moreover,
we observed a specific nutrition-based enrichment of different micro-
organisms. Malnourished patients showed a higher abundance of
Akkermansia (mainly in NCTs) and Blautia, while non-malnourished
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patients had greater levels of Fusobacterium and Peptostreptococcus,
especially in TUMs (Figure 6C). Further comparisons of tumor- and
NCT-derived microbiota revealed that Bacteroides, Prevotella, and
Parabacteroides were enriched in malnourished patients, whereas
Oscillibacter, Alloprevotella, and Finegoldia were more prevalent in
non-malnourished individuals (Figures 6D,E). Given the known role
of the gut microbiota in shaping immune function and cancer pro-
gression (39), we conducted correlation analyses to explore links
between microbial composition, immune parameters, and nutritional
status (Figures 6EG). Notably, bacteria enriched in malnourished
patients, Bacteroides and Prevotella in tumors (Figure 6F), and
Parabacteroides in NCTs (Figure 6G), showed a strong positive cor-
relation with the NLR at the time of surgery, pointing to a potential
microbiota-driven mechanism promoting systemic inflammation. In
contrast, the bacteria enriched in non-malnourished patients, such as
Oscillibacter, Alloprevotella, and Finegoldia, displayed a negative,
although not statistically significant, correlation with NLR.

These findings align with additional immune correlations:
Prevotella negatively associated with CD4* TNFa* cells in TUMs
(Figure 6F), while Bacteroides in NCTs positively correlated with CD4*
PD-1* and IL-17* cells in malnourished patients, but negatively with
IL-17* cells in non-malnourished individuals (Figure 6G).

We also uncovered associations between microbiota composition
and iNKT cell activity. In malnourished patients, IL-4* iNKT cells
positively correlated with Blautia, Bacteroides, Parabacteroides, and
Roseburia. Conversely, in non-malnourished patients, they negatively
correlated with Fusobacterium, Parasutterella, and Anaerococcus
(Figure 6G).

Taken together, these findings highlight how nutritional status
may play a role in specific shifts in the tumor-associated microbiota,
which in turn may shape the immune landscape, particularly by
enhancing systemic inflammation as reflected by elevated NLR, and
potentially impact the clinical trajectory of CRC patients undergoing
surgery.

Discussion

Malnutrition significantly compromises cancer therapy by
reducing treatment efficacy, increasing toxicity, impairing
immunotherapy outcomes, and diminishing overall quality of
life. It also raises postoperative risks and threatens long-term
survival (42). Our findings indicate that cancer-related malnu-
trition is linked to differences in immune function, the TME,
and gut microbiota composition in patients with CRC. Although
malnutrition is often observed in older (65+) male patients and
in association with advanced cancer stages (74.7%), its demo-
graphic distribution remains a subject of ongoing debate (43,
44). Interestingly, our study found no significant differences in
nutritional status based on sex, age, or disease stage (Figure 1).
However, measurable reductions in BMI and body weight were
evident among patients identified as moderately or severely mal-
nourished (Supplementary Figure 2), reinforcing the value of
routine anthropometric assessment tools, such as the MUST, in
CRC patient evaluation. Beyond physical metrics, our data
reveal that malnutrition is tightly linked to systemic inflamma-
tion. Consistent with prior reports (40), malnourished CRC
patients exhibited a marked increase in tissue-infiltrating
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neutrophils, particularly in the non-tumoral colonic tissue
(NCT) (Figure 3B; Supplementary Figure 5B). Neutrophils, once
considered mere responders to infection, are now recognized as
active participants in tumor progression. They contribute to
angiogenesis, matrix remodelling, metastasis, and, crucially,
immune suppression. A key mechanism involves the inhibition
of T cell activation, which weakens the adaptive immune
response and facilitates immune evasion (45).

In line with this, our study suggests a pattern of immune dys-
function within the T cell compartment of malnourished patients.
These individuals exhibited diminished, even if not significant, anti-
tumor cytokine production (e.g., IFN-y, TNF-a) and a skewing
toward a pro-tumoral cytokine profile (e.g., IL-4, IL-17). The upreg-
ulation in malnourished patients of immune checkpoint molecules
such as PD-1, CTLA-4, TIGIT, and TIM-3 on CD4" T cells and
iNKT cells further pointed to possible impaired effector function of
T cell compartment (Figures 4, 5). Most of these changes were par-
ticularly pronounced in the NCT, where neutrophil accumulation
in malnourished patients was highest (Figure 3), suggesting a spa-
tial link between neutrophilic inflammation and localized T cell
suppression. Given their relative proximity the peritumoral tissue
can have an impact on the tumor microenvironment, bearing
unique features that could promote tumor progression. Indeed, a
high infiltration of neutrophils in the area adjacent to the tumor has
been shown to be a negative prognostic factor in hepatocellular
carcinoma patients, given the role of these cells in shaping the peri-
tumoral and tumoral microenvironment (46).

Importantly, these immune alterations may not be solely attrib-
utable to neutrophils. Nutritional status itself is a key modulator of
immune competence. In murine models, fasting has been shown to
reduce CD4" T cell counts and cytokine production, including
IFN-y and IL-17, indicating impaired Th1 and Th17 responses (43).
The metabolic fitness of T cells is tightly linked to their ability to
differentiate into functional effector subsets; glucose and glutamine
are essential for this process. Disruptions in cellular metabolism,
such as impaired glycolysis, hinder T cell differentiation and func-
tion (44, 45).

The gut microbiota, an essential interface between diet and
immunity, also plays a critical role in this equation. Malnutrition
has long been associated with gut microbial dysbiosis (46), and fecal
microbiota transplants from malnourished donors have been shown
to promote tumor growth in preclinical models (47). The microbi-
ota plays a pivotal role in modulating the immune system, and
increasing evidence indicates that bacteria residing in peritumoral
regions may also contribute to tumor progression. Notably,
Porphyromonas gingivalis, although found to be enriched in distal
sites of CRC patients, has been demonstrated to exert pro-tumori-
genic effects (47). It is well established that the gut microbiota of
CRC patients differs from that of healthy individuals, with distinct
compositional and functional alterations described across the ade-
noma-carcinoma sequence (48-50). Therefore, the present study
was not designed to compare CRC patients with healthy controls,
but rather to investigate whether, within the CRC population, nutri-
tional status may represent an additional stratifying factor associ-
ated with distinct immunological and microbiota profiles.

In our study, microbiota composition differed significantly
based on patients’ nutritional status. In malnourished individuals,
we observed an increased abundance of Bacteroides, Prevotella in
tumor regions, and Parabacteroides in adjacent non-tumor tissue
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malnourished patients, considering adjacent non-tumor colon tissue (NCT) samples. (F) Heatmap of Spearman’s correlations between the relative
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FIGURE 6 (Continued)

abundance of the ASVs enriched in non-malnourished or moderate/severe malnourished patients with the values of biochemical inflammatory markers
and the frequency of infiltrating immune cells, considering tumor (TUM) samples. Asterisk for correlations with a nominal p-value < 0.05 from t-test.
(G) Heatmap of Spearman’s correlations between the relative abundance of the ASVs enriched in non-malnourished or moderate/severe malnourished
patients with the values of biochemical inflammatory markers and the frequency of infiltrating immune cells, considering adjacent non-tumor colon
tissue (NCT) samples. Asterisk for correlations with a nominal p-value < 0.05 from t-test.

(Figures 6C-E), all of which were positively correlated with NLR at
surgery (Figure 6F). These bacterial genera have been previously
linked to neutrophil recruitment in inflammatory contexts (51-53).
Their expansion in malnourished patients may therefore contribute
to a self-sustaining cycle of neutrophil-driven inflammation and
immune suppression. Mechanistically, species belonging to
Prevotella and Bacteroides have been reported to stimulate dendritic
cells via TLR2 signaling and to promote the release of IL-1f, IL-6,
and IL-23, thereby enhancing Th17 polarization and IL-17 produc-
tion. These cytokine pathways are known to support neutrophil
recruitment and activation within inflammatory tissues. In this
context, the enrichment of these taxa in malnourished patients may
represent a microbiota-associated amplification loop potentially
contributing to the neutrophil-associated immune signatures
observed in our cohort (54, 55).

Conversely, taxa such as Oscillibacter and Alloprevotella, which
showed a non-significant negative correlation with NLR, may rep-
resent protective microbiota signatures worth further
investigation.

Microbial activity not only impacted neutrophils but also
played a significant role in shaping T cell responses. The presence
of certain bacterial species, including Firmicutes, Proteobacteria,
and Bacteroides, has been associated with the induction of chemo-
kines that recruit T cells to the tumor site (50). In contrast,
Fusobacteria, despite being linked to poor prognosis, can still stim-
ulate immune cell-attracting chemokines in vitro (50). In our study,
associations between specific microbes and cytokine-producing
CD4* and iNKT cells suggest that the microbiota not only modu-
lates inflammation, but also helps shaping the nature of anti-tumor
immunity.

Despite these insights, the specific roles of individual bacterial
species in regulating host immunity and nutritional status remain
to be clarified. What is evident, however, is the existence of a potent
immunometabolic axis linking malnutrition, neutrophil-driven
inflammation, and microbial dysbiosis that collectively weakens
immune defenses and fuels the progression of CRC.

These findings strongly support the integration of nutritional
assessments into standard oncological care. Early detection of mal-
nutrition through validated screening tools can enable timely and
targeted interventions, potentially restoring immune competence,
improving treatment responses, and ultimately extending patient
survival.

In conclusion, our study suggests the existence of a complex and
clinically meaningful interplay between malnutrition, immune sup-
pression, and gut microbiota imbalance in CRC. However, due to
the relatively small size of the cohort of patients and the intrinsic
variability of immune cell infiltrates and cytokine expression, these
results should be regarded as exploratory. Therefore, the findings
should be interpreted as hypothesis-generating rather than defini-
tive. We observed trends in immune responses and microbiota
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composition between malnourished and non-malnourished
patients. Although many of these differences did not reach statisti-
cal significance, they may reflect biological patterns that warrant
further evaluation in larger, independent cohorts. Future studies
with greater statistical power and standardized analytical
approaches will be essential to validate and expand upon these pre-
liminary observations. Indeed, recognizing malnutrition as a modi-
fiable risk factor, and addressing it within a personalized care
framework, may open new avenues to boost anti-tumor immunity
and enhance therapeutic efficacy in CRC. Nonetheless, further
mechanistic studies are essential to unravel how diet, metabolism,
and microbial communities converge to shape immune function in
the context of cancer.
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SUPPLEMENTARY FIGURE 1

(A) Bar plot representing the relative distribution of male (blue) and female
(pink) in non-malnourished patients (n = 24), moderate malnourished
patients (n = 10) and severe malnourished patients (n = 9). (B) Bar plot
representing the numbers of non-malnourished (yellow), moderate
malnourished (orange) and severe malnourished patients (red) in the four
stages of the disease (In =3, 1ln =10, llln =17, IV n = 3). (C) Violin plot
representing the age distribution in non-malnourished patients (n = 24),
moderate malnourished patients (n = 10) and severe malnourished patients
(n = 9). (D) Violin plot representing the age at diagnosis distribution in non-
malnourished patients (n = 24, yellow), moderate malnourished patients (n =
10, orange) and severe malnourished patients (n = 9, red).

SUPPLEMENTARY FIGURE 2

(A) Violin plot representing the BMI distribution in non-malnourished patients
(n = 24, violet) and in moderate or severe malnourished patients (n = 19,
green). (B) Violin plot representing the weight distribution in non-
malnourished patients (n = 24, violet) and in moderate or severe
malnourished patients (n = 19, green). (C) Violin plot representing the BMI
distribution in non-malnourished patients (n = 24, yellow), moderate
malnourished patients (n = 10, orange) and severe malnourished patients (n
=9, red). (D) Violin plot representing the weight distribution in non-
malnourished patients (n = 24, yellow), moderate malnourished patients (n =
10, orange) and severe malnourished patients (n = 9, red).

SUPPLEMENTARY FIGURE 3

Comprehensive representation of the mean values of different biochemical
markers of inflammation, measured at the time of surgical intervention and
two months after, in patients grouped by level of malnutrition.

SUPPLEMENTARY FIGURE 4

(A) Information and statistics regarding the Logistic Regression model
trained to predict the level of malnutrition. Different demographical and
biochemical parameters were selected using Lasso regression run with
10-folds cross validation. (B) The model has sensitivity = 0.74, specificity
=1, misclassification rate = 0.09, accuracy = 0.91, precision = 1, p = 0.01,
F1 score = 0.85, AIC = 56.6, BIC = 67.27, pseudo-R? (McFadden) = 0.24,
pseudo-R? (Cragg-Uhler) = 0.38, p = 0.01, ¥*(5) = 14.33. The AUC is 0.92.

SUPPLEMENTARY FIGURE 5

(A) Bar plot representing mean frequency and standard error of different
immune cellular population analyzed by FACS infiltrating the tumor
samples (TUM) of non-malnourished (yellow), moderate (orange) and
severe malnourished (red) patients. (B) Bar plot representing mean
frequency and standard error of different immune cellular population
analyzed by FACS infiltrating the adjacent non-tumor colon tissue (NCT) of
non-malnourished (yellow), moderate (orange) and severe malnourished
(red) patients. Nominal p-values from Mann Whitney test are reported only
if significant (< 0.05).

SUPPLEMENTARY FIGURE 6

(A) Bar plot representing mean frequency and standard error of CD4*
cells producing different cytokines in tumor samples (TUM) of non-
malnourished (yellow), moderate (orange) and severe malnourished (red)
patients. (B) Bar plot representing mean frequency and standard error of
CD4" cells expressing different activation/exhaustion molecules in tumor
samples (TUM) of non-malnourished (yellow), moderate (orange) and
severe malnourished (red) patients. (C) Bar plot representing mean
frequency and standard error of CD4" cells producing different cytokines
in adjacent non-tumor colon tissue (NCT) of non-malnourished (yellow),
moderate (orange) and severe malnourished (red) patients. (D) Bar plot
representing mean frequency and standard error of CD4" cells
expressing different activation/exhaustion molecules in adjacent non-
tumor colon tissue (NCT) of non-malnourished (yellow), moderate
(orange) and severe malnourished (red) patients. Nominal p-values from
Mann Whitney test are reported only if significant (< 0.05).
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SUPPLEMENTARY FIGURE 7

(A) Bar plot representing mean frequency and standard error of iINKT
cells producing different cytokines in tumor samples (TUM) of non-
malnourished (yellow), moderate (orange) and severe malnourished
(red) patients. (B) Bar plot representing mean frequency and standard
error of iINKT cells expressing different activation/exhaustion molecules
in tumor samples (TUM) of non-malnourished (yellow), moderate
(orange) and severe malnourished (red) patients. (C) Bar plot
representing mean frequency and standard error of iINKT cells producing
different cytokines in adjacent non-tumor colon tissue (NCT) of non-
malnourished (yellow), moderate (orange) and severe malnourished
(red) patients. (D) Bar plot representing mean frequency and standard
error of iINKT cells expressing different activation/exhaustion molecules

References

1. Bossi P, Delrio P, Mascheroni A, Zanetti M. The Spectrum of malnutrition/Cachexia/
sarcopenia in oncology according to different Cancer types and settings: a narrative
review. Nutrients. (2021) 13:1980 doi: 10.3390/NU13061980

2. Muscaritoli M, Corsaro E, Molfino A. Awareness of Cancer-related malnutrition and
its management: analysis of the results from a survey conducted among medical oncolo-
gists. Front Oncol. (2021) 11:682999 doi: 10.3389/FONC.2021.682999

3. Arends J, et al. ESPEN guidelines on nutrition in cancer patients. Clin Nutr. (2017)
36:11-48. doi: 10.1016/].CLNU.2016.07.015

4. Wimmer E, Glaus A. Early identification of cancer-related malnutrition in patients with
colorectal cancer before and after surgery: a literature review. Support Care Cancer. (2022)
30:8775-83. doi: 10.1007/S00520-022-07230-Z/TABLES/2

5. Hart PC, Rajab IM, Alebraheem M, Potempa LA. C-reactive protein and cancer—diag-
nostic and therapeutic insights. Front Immunol. (2020) 11:595835. doi: 10.3389/
FIMMU.2020.595835/PDF

6. Yamamoto T, Kawada K, Obama K. Inflammation-related biomarkers for the predic-
tion of prognosis in colorectal Cancer patients. Int ] Mol Sci. (2021) 22:158002 doi:
10.3390/1JMS22158002

7. Gupta A, et al. Preoperative malnutrition in patients with colorectal cancer. Can J Surg.
(2021) 64:E621-9. doi: 10.1503/CJS.016820

8. Collins N, Belkaid Y. Control of immunity via nutritional interventions. Immunity.
(2022) 55:210-23. doi: 10.1016/J.IMMUNI.2022.01.004

9. Gordon JI, Dewey KG, Mills DA, Medzhitov RM. The human gut microbiota
and undernutrition. Sci Transl Med. (2012) 4:137ps12. doi: 10.1126/
SCITRANSLMED.3004347

10. Li C, Li J. Dysregulation of systemic immunity in colorectal cancer and its clinical
applications as biomarkers and therapeutics. Crit Rev Oncol Hematol. (2024) 204:104543.
doi: 10.1016/].CRITREVONC.2024.104543

11. Wong CC, Yu J. Gut microbiota in colorectal cancer development and therapy. Nat
Rev Clin Oncol. (2023) 20:429-52. doi: 10.1038/S41571-023-00766-X

12. Weir C. B, Jan A., BMI Classification Percentile And Cut off Points. StatPearls
Publishing, Treasure Island (FL), (2023). Available online at: http://europepmc.org/
books/NBK541070 (Accessed May 12, 2026).

13. Mohri Y, Inoue Y, Tanaka K, Hiro ], Uchida K, Kusunoki M. Prognostic nutritional
index predicts postoperative outcome in colorectal cancer. World ] Surg. (2013)
37:2688-92. doi: 10.1007/500268-013-2156-9

14. Lattanzi G, et al. iNKT cell-neutrophil crosstalk promotes colorectal cancer patho-
genesis. Mucosal Immunol. (2023) 16:326-40. doi: 10.1016/].MUCIMM.2023.03.006

15. Burrello C, et al. IL10 secretion endows intestinal human iNKT cells with regulatory
functions towards pathogenic T lymphocytes. J Crohns Colitis. (2022) 16:1461-74. doi:
10.1093/ECCO-JCC/JJAC049

16. Albanese D, Fontana P, De Filippo C, Cavalieri D, Donati C. MICCA: a complete and
accurate software for taxonomic profiling of metagenomic data. Sci Rep. (2015) 5:9743.
doi: 10.1038/srep09743

17. Fondazione Edmund Mach “Metagenomics Micca Database.” Available online at:
http://ftp.fmach.it/metagenomics/micca/scirep/ (Accessed May 12, 2026).

18. Nunes B, Resende ST. Cholinesterase characterization of two autochthonous species
of ria de Aveiro (Diopatra neapolitana and Solen marginatus) and comparison of sensitivi-
ties towards a series of common contaminants. Environ Sci Pollut Res. (2017) 24:12155-67.
doi: 10.1007/s11356-017-8761-7

19. Nunes B, Serdoura E, Vital L, Seara M, Pinto R. Posterior interosseous nerve syn-
drome after pneumatic hammer use: an uncommon condition. Am J Ind Med. (2017)
60:670-2. doi: 10.1002/ajim.22730

20. Nunes B, et al. Off-site impacts of wildfires on aquatic systems — biomarker responses
of the mosquitofish Gambusia holbrooki. Sci Total Environ. (2017) 581-582:305-13. doi:
10.1016/j.scitotenv.2016.12.129

Frontiers in Nutrition

15

10.3389/fnut.2026.1802354

in adjacent non-tumor colon tissue (NCT) of non-malnourished
(yellow), moderate (orange) and severe malnourished (red) patients.
Nominal p-values from Mann Whitney test are reported only if
significant (< 0.05).

SUPPLEMENTARY FIGURE 8

Flow diagram of patient screening, inclusion, and analytical subsets. Among
118 patients undergoing colon cancer resection, 43 were included in
nutritional assessment (MUST), biochemical evaluation, and immune
phenotyping (FACS analysis of tumor [TUM] and adjacent non-tumor colon
tissue [NCT]). Microbiota profiling (16S rRNA sequencing) was performed in a
subset of 8 patients for whom mucosal samples were available (5
malnourished and 3 non-malnourished).

21. Phyloseq. Explore microbiome profiles using R” Available online at: https://joey711.
github.io/phyloseq/ (Accessed May 12, 2026).

22. “ggplot2” Available online at: https://ggplot2.tidyverse.org (Accessed May 12, 2026).

23. “rstatix” Available online at: https://rpkgs.datanovia.com/rstatix/ (Accessed May
12, 2026).

24. “Vegan. An R Package for Community Ecologists”” Available online at: https://github.
com/vegandevs/vegan (Accessed May 12, 2026).

25. Love M., Anders S., Huber W.,, “Analyzing RNA-seq data with DESeq2” Available
online at: https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/
DESeq2.html (Accessed May 12, 2026).

26. Pheatmap. “Pheatmap: a function to draw clustered heatmaps” Available online at:
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12/topics/pheatmap
(Accessed May 12, 2026).

27. Morgan JA, Tatar JE Calculation of the residual sum of squares for all possible regres-
sions. Technometrics. (1972) 14:317-25. doi: 10.1080/00401706.1972.10488918

28. CRAN. “CRAN: Package glmnet.” Vienna, Austria: R Foundation for Statistical Computin.
29. CRAN. “CRAN: Package STAT” Vienna, Austria: R Foundation for Statistical Computin.

30. Fox J, Weisberg S. An R Companion to Applied Regression. Third ed. Thousand Oaks,
CA: Sage Publications (2019).

31. CRAN. “CRAN: Package broom.” Vienna, Austria: R Foundation for Statistical Computin.

32. Majek O, et al. Sex differences in colorectal Cancer survival: population-based analy-
sis of 164,996 colorectal Cancer patients in Germany. PLoS One. (2013) 8:¢68077. doi:
10.1371/JOURNAL.PONE.0068077

33. Kim SE, Paik HY, Yoon H, Lee JE, Kim N, Sung MK. Sex- and gender-specific dispari-
ties in colorectal cancer risk. World ] Gastroenterol. (2015) 21:5167-75. doi: 10.3748/wjg.
v21.i17.5167

34. Jung KW, et al. Cancer statistics in Korea: incidence, mortality, survival, and preva-
lence in 2009. Cancer Res Treat. (2012) 44:11-24. doi: 10.4143/CRT.2012.44.1.11

35. Franceschi S, Gallus S, Talamini R, Tavani A, Negri E, La Vecchia C. Menopause and
colorectal cancer. Br J Cancer. (2000) 82:1860-2. doi: 10.1054/bjoc.1999.1084

36. Lattanzi G, et al. Estrogen-related differences in antitumor immunity and gut micro-
biome contribute to sexual dimorphism of colorectal cancer. Onco Targets Ther. (2024)
13:€2425125 doi: 10.1080/2162402X.2024.2425125

37. Martinez-Escribano C, et al. Malnutrition and increased risk of adverse outcomes in
elderly patients undergoing elective colorectal Cancer surgery: a case-control study nested
in a cohort. Nutrients. (2022) 14:207 doi: 10.3390/nu14010207

38. Lai CC, You JE, Yeh CY, Chen JS, Tang R, Wang JY, et al. Low preoperative serum
albumin in colon cancer: a risk factor for poor outcome. Int J Color Dis. (2011) 26:473-81.
doi: 10.1007/S00384-010-1113-4

39. de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer initiation to
metastatic outgrowth. Cancer Cell. (2023) 41:374-403. doi: 10.1016/].CCELL.2023.02.016

40. Diaz-Basabe A, et al. Human intestinal and circulating invariant natural killer T cells
are cytotoxic against colorectal cancer cells via the perforin-granzyme pathway. Mol
Oncol. (2021) 15:3385-403. doi: 10.1002/1878-0261.13104

41. Lauka L, Reitano E, Carra MC, Gaiani F, Gavriilidis P, Brunetti F, et al. Role of the
intestinal microbiome in colorectal cancer surgery outcomes. World J Surg Oncol. (2019)
17:1-12. doi: 10.1186/512957-019-1754-X/TABLES/2

42. Siqueira JM, Soares JDP, Borges TC, Gomes TLN, Pimentel GD. High neutrophil to
lymphocytes ratio is associated with nutritional risk in hospitalised, unselected cancer
patients: a cross-sectional study. Sci Rep. (2021) 11:17120. doi: 10.1038/541598-021-96586-z

43. Gebremedhin TK, Cherie A, Tolera BD, Atinafu BT, Demelew TM. Prevalence and
risk factors of malnutrition among adult cancer patients receiving chemotherapy treat-
ment in cancer center, Ethiopia: cross-sectional study. Heliyon. (2021) 7:¢07362. doi:
10.1016/j.heliyon.2021.e07362

frontiersin.org


https://doi.org/10.3389/fnut.2026.1802354
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/NU13061980
https://doi.org/10.3389/FONC.2021.682999
https://doi.org/10.1016/J.CLNU.2016.07.015
https://doi.org/10.1007/S00520-022-07230-Z/TABLES/2
https://doi.org/10.3389/FIMMU.2020.595835/PDF
https://doi.org/10.3389/FIMMU.2020.595835/PDF
https://doi.org/10.3390/IJMS22158002
https://doi.org/10.1503/CJS.016820
https://doi.org/10.1016/J.IMMUNI.2022.01.004
https://doi.org/10.1126/SCITRANSLMED.3004347
https://doi.org/10.1126/SCITRANSLMED.3004347
https://doi.org/10.1016/J.CRITREVONC.2024.104543
https://doi.org/10.1038/S41571-023-00766-X
http://europepmc.org/books/NBK541070
http://europepmc.org/books/NBK541070
https://doi.org/10.1007/s00268-013-2156-9
https://doi.org/10.1016/J.MUCIMM.2023.03.006
https://doi.org/10.1093/ECCO-JCC/JJAC049
https://doi.org/10.1038/srep09743
http://ftp.fmach.it/metagenomics/micca/scirep/
https://doi.org/10.1007/s11356-017-8761-7
https://doi.org/10.1002/ajim.22730
https://doi.org/10.1016/j.scitotenv.2016.12.129
https://joey711.github.io/phyloseq/
https://joey711.github.io/phyloseq/
https://ggplot2.tidyverse.org
https://rpkgs.datanovia.com/rstatix/
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12/topics/pheatmap
https://doi.org/10.1080/00401706.1972.10488918
https://doi.org/10.1371/JOURNAL.PONE.0068077
https://doi.org/10.3748/wjg.v21.i17.5167
https://doi.org/10.3748/wjg.v21.i17.5167
https://doi.org/10.4143/CRT.2012.44.1.11
https://doi.org/10.1054/bjoc.1999.1084
https://doi.org/10.1080/2162402X.2024.2425125
https://doi.org/10.3390/nu14010207
https://doi.org/10.1007/S00384-010-1113-4
https://doi.org/10.1016/J.CCELL.2023.02.016
https://doi.org/10.1002/1878-0261.13104
https://doi.org/10.1186/S12957-019-1754-X/TABLES/2
https://doi.org/10.1038/s41598-021-96586-z
https://doi.org/10.1016/j.heliyon.2021.e07362

Perillo et al.

44. Al-Shahethi AH, Mahdi FA, Al-Shameri EA, Abol Gaith FM. Factors associated with
malnutrition in hospitalized cancer patients in a National Oncology Center in conflict-
affected settings in Sanaa, Yemen: an institution-based cross-sectional study. Cureus.
(2023) 15:e45411. doi: 10.7759/cureus.45411

45. Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A. Neutrophil
diversity and plasticity in tumour progression and therapy. Nat Rev Cancer. (2020)
20:485-503. doi: 10.1038/s41568-020-0281-y

46. Kuang D-M, et al. Peritumoral neutrophils link inflammatory response to disease
progression by fostering angiogenesis in hepatocellular carcinoma. J Hepatol. (2011)
54:948-55. doi: 10.1016/.jhep.2010.08.041

47. Diaz-Basabe A, et al. Porphyromonas gingivalis fuels colorectal cancer through
CHI3L1-mediated iNKT cell-driven immune evasion. Gut Microbes. (2024) 16:¢2388801.
doi: 10.1080/19490976.2024.2388801

48. Feng Q, et al. Gut microbiome development along the colorectal adenoma-carcinoma
sequence. Nat Commun. (2015) 6:6528. doi: 10.1038/ncomms7528

49. Zeller G, et al. Potential of fecal microbiota for early-stage detection of colorectal
cancer. Mol Syst Biol. (2014) 10:766 doi: 10.15252/msb.20145645

Frontiers in Nutrition

16

10.3389/fnut.2026.1802354

50. Wang T, et al. Structural segregation of gut microbiota between colorectal cancer
patients and healthy volunteers. ISME J. (2012) 6:320-9. doi: 10.1038/ismej.2011.109

51. Iljazovic A, et al. Perturbation of the gut microbiome by Prevotella spp. enhances host
susceptibility to mucosal inflammation. Mucosal Immunol. (2021) 14:113-24. doi:
10.1038/541385-020-0296-4

52. Ji S, Kim Y, Min BM, Han SH, Choi Y. Innate immune responses of gingival epithelial
cells to nonperiodontopathic and periodontopathic bacteria. J Periodontal Res. (2007)
42:503-10. doi: 10.1111/j.1600-0765.2007.00974.x

53. Yoon H-Y, et al. Association between neutrophil-to-lymphocyte ratio and gut micro-
biota in a large population: a retrospective cross-sectional study. Sci Rep. (2018) 8:16031.
doi: 10.1038/5s41598-018-34398-4

54. Iljazovic A, Amend L, Galvez EJC, de Oliveira R, Strowig T. Modulation of inflam-
matory responses by gastrointestinal Prevotella spp. - from associations to functional
studies. Int ] Med Microbiol. (2021) 311:151472. doi: 10.1016/j.jmm.2021.151472

55. Larsen JM. The immune response to Prevotella bacteria in chronic inflammatory
disease. Immunology. (2017) 151:363-74. doi: 10.1111/imm.12760

frontiersin.org


https://doi.org/10.3389/fnut.2026.1802354
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.7759/cureus.45411
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1016/j.jhep.2010.08.041
https://doi.org/10.1080/19490976.2024.2388801
https://doi.org/10.1038/ncomms7528
https://doi.org/10.15252/msb.20145645
https://doi.org/10.1038/ismej.2011.109
https://doi.org/10.1038/s41385-020-0296-4
https://doi.org/10.1111/j.1600-0765.2007.00974.x
https://doi.org/10.1038/s41598-018-34398-4
https://doi.org/10.1016/j.ijmm.2021.151472
https://doi.org/10.1111/imm.12760

	Preoperative malnutrition is associated with suppressed intratumoral T cell function and distinct tumor-associated microbiota in colorectal cancer: a prospective pilot study
	Introduction
	Materials and methods
	Patients
	Anthropometric measurements
	MUST evaluation
	Biochemical measurements
	Prognostic index calculation
	Predictive modeling of malnutrition risk
	LPMCs isolation
	Cytofluorimetric analysis
	16S rRNA gene sequencing and data analysis
	Statistical analysis

	Results
	Demographic and clinical variables do not predict malnutrition in CRC patients
	Inflammatory biomarkers show trends of association with nutritional status in CRC patients
	Malnourished CRC patients exhibit increased immune infiltration and pro-tumor phenotypes in CD4+ and iNKT cells
	Nutritional status is associated with microbiota patterns related to immune suppression in the TME

	Discussion

	Acknowledgments
	References

