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Aim: Metastatic colorectal cancer (mCRC) remains a major clinical challenge.
Cetuximab, an anti-EGFR monoclonal antibody, is a standard first-line treatment for
patients with RAS wild-type mCRC; however, many patients develop primary or acquired
resistance. This study investigated immune-related mechanisms underlying cetuximab

resistance, focusing on circulating biomarkers and natural killer (NK) cell reprogramming.

Methods: A cohort of 34 mCRC patients receiving first-line cetuximab-based therapy
were prospectively enrolled. Patients were classified as responders (R) or non-responders
(NR) according to time to progression. Plasma proteomics, PBMCs immunophenotyping,
and data-independent acquisition (DIA) proteomic analysis of purified NK cells were

performed at baseline and disease progression.

Results: At baseline, NR patients displayed a distinct pro-inflammatory and
immunosuppressive profile characterized by increased expression of ARG1, HO-1, and
TNFSF14, between others, proteins associated with impaired immune cytotoxicity and
poor clinical outcomes. Conversely, R patients exhibited higher levels of IFN-y, IL-12,
and multiple chemokines. A composite immune-SCORE demonstrated strong prognostic
value. Longitudinal analyses revealed extensive immune remodelling during disease
progression, particularly in initial responders, with a shift toward naive, less cytotoxic
NK cell phenotypes and reduced expression of key cytotoxic receptors. NK cell
proteomics identified dysregulation of TGFp, Notch, and apical surface pathways,
supporting impaired antibody-dependent cellular cytotoxicity (ADCC) as a mechanism

of acquired resistance.

Conclusion: Immune dysfunction and NK cell reprogramming contribute to acquired
cetuximab resistance. Circulating immune biomarkers showed predictive and prognostic
potential, enabling early identification of patients at increased risk of treatment failure

and supporting personalised therapeutic strategies in mCRC.

Keywords: Metastatic colorectal cancer, cetuximab, progression, immune exhaustion,

TGFB

INTRODUCTION
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Metastatic colorectal cancer (mCRC) is associated with a poor prognosis, with a 5-year
survival rate of only 14%!!. However, recent advances in cancer biology have expanded
the treatment repertoire, introducing novel targeted therapies, such as monoclonal
antibodies against vascular-endothelial growth factor (VEGF) and epithelial growth
factor receptor (EGFR), as well as different immunotherapy approaches!>3l. Cetuximab,
the first EGFR-targeting monoclonal antibody (IgG1) approved for mCRC, prevents the
binding of its ligands, EGF and TGF-a, thereby inhibiting cell proliferation, angiogenesis
and tumour invasion!*. Cetuximab has demonstrated improved survival benefit, either
alone or combined with chemotherapy, in mCRC patientsPl. As a result, it has become a
primary therapeutic option for EGFR-expressing wild-type RAS (RAS") mCRC
patients!’l. However, up to 65% of patients with RAS™ tumours exhibit resistance to this
therapy!*”l. In addition, while most cases of RAS™@ CRC do not respond to cetuximab,

some patients may show sensitivity under certain conditions, suggesting that additional

genetic changes and altered mechanisms beyond EGFR blockade could be involved®*,

An important feature of cetuximab is that, in addition to its primary action of EGFR
blockade, it may also mediate antibody-dependent cell-mediated cytotoxicity (ADCC).
Specifically, the Fc-region of cetuximab binds to FcRyRIII receptor (CD16) on the
surface of natural killer (NK) cells, leading to the targeted destruction of tumour
cells*3101 In this context, NK cells act as effectors in cetuximab-mediated ADCC, and
potentially play a crucial role in determining the efficacy of this therapy!!®!2l. The
cytotoxicity of NK cells is regulated by a series of activating or inhibitory signals, playing
a crucial role in controlling tumour progression. The two major NK subpopulations are
CD356Bright (approximately 15% of total circulating NK cells in peripheral blood), which
have primarily immunoregulatory functions and are high cytokine producers, and
CD56P'™ (approximately 85% of total circulating NK cells), which are associated with a

cytotoxic phenotypel!>14],

Despite significant advances in the management of mCRC, current therapeutic strategies
remain effective for only a small proportion of patients, many of whom inevitably develop
resistance, leading to a reduced duration of responsel”l. These alterations give rise to
resistant clones with distinct molecular characteristics, which reshape the tumour
microenvironment (TME), promoting the upregulation of multiple inhibitory receptors

and immunosuppressive factors, as well as the development of immune cell exhaustion.
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This exhausted status, primarily associated with T and NK cells, is marked by a
progressive decline in effector functions, including proliferation, cytokine production,
and cytotoxicity!!'’l. Beyond the functional exhaustion, T cell maturity states are
conventionally defined by the coordinated expression of CD45RA and CCR7 and
classified lymphocytes into four subsets: naive cells (CD45RA* CCR7"); central memory
cells (CD45RA- CCR7"), which retain lymphoid homing potential; effector memory cells
(CD45RA- CCRT) specialised for peripheral tissue surveillance, and terminally
differentiated effector cells (CD45RA* CCR7). Distinguishing these maturation stages is
critical, as the proteomic, metabolic and immune landscape of exhausted T cells often
diverges significantly from these classical memory transitions during chronic antigen

stimulation!'6-17],

Therefore, the present study focused on elucidating the mechanisms underlying CRC
progression, particularly in patients who respond to cetuximab but fail after an initial
clinical benefit. Importantly, we previously demonstrated that several circulating immune
mediators revealed the existence of a proinflammatory and dysfunctional immune status
in patients who did not respond to therapy, which may explain their primary resistance to
cetuximab. In the present study, we extend these findings by showing that those patients
who initially respond to therapy, despite a strong early response, subsequently exhibit a
shift toward a non-cytotoxic immune profile and upregulation of key immunosuppressive
pathways, thereby promoting disease progression. Our findings provide an explanation
for why some patients initially responsive to cetuximab develop secondary resistance
after drug exposure, opening new avenues for addressing acquired resistance to

cetuximab in mCRC.

METHODS

Patients and clinical-pathological data

A total of 34 patients were prospectively enrolled in the study between 2021 and 2025
according to the following inclusion criteria: (i) adult patients (aged 18 and over), (ii)
diagnosed with metastatic colorectal cancer, (iii) wild-type RAS status, (iv) scheduled to
receive cetuximab in the first-line setting and (v) signed informed consent to participate
in the study. The study protocol was approved by the Ethics Committee of the Reina Sofia
Hospital (COLO-NK, Committee Reference 4884, version 1.0 — 01/12/2020). Clinical
data and peripheral blood samples (24 mL) were collected in ACD-B tubes (BD
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Vacutainer, New Jersey, US) from each patient before cetuximab treatment (pretreatment

AlVi

samples, pretto) and at disease progression (progression/follow-up samples, prog).
Patients were classified as non-responders (NR, n = 15) when they progressed within 9
months from the start of cetuximab treatment, whereas those who had progressed (or not)
after this time were defined as responders (R, n = 19). The clinical-pathological variables

evaluated are summarised in Supplementary Table 1.

Plasma Olink® proteomics

Plasma samples (n = 9 NR and n = 10 R) were obtained from peripheral blood using K2-
EDTA tubes (Thermo Fisher Scientific, Waltham, MA, USA) after centrifugation at
3,000 x g for 10 min at 4 °C. Then, proteomic analysis was performed using the Olink®
Target 96 Immuno-oncology panel (Cobiomic Bioscience, Cordoba, Spain) following the
manufacturer’s protocol. The Olink proteomics assay uses dual antibody-based proximity
extension and DNA amplification to enable high-throughput, highly specific, and
sensitive quantification of multiple proteins from minimal sample volumes. Four internal
controls were included in each sample to assess both assay performance and the quality
of individual samples. Protein quantification was expressed as Normalised Protein
Expression (NPX) values, which were log, transformed. Protein-protein interaction
network was performed using STRING (https://string-db.org/), and GraphPad Prism 9

(v9.0.0; San Diego, California, US) was used to analyse the protein levels data.

Immunophenotyping of peripheral blood mononuclear cells (PBMCs)

PBMCs were isolated by Ficoll gradient (LymphoPrep, StemCell-Technologies,
Vancouver, Canada). Briefly, 25 mL of a 1:1 mix of blood and PE (Phosphate Buffered
Saline, PBS, supplemented with 2 mM EDTA, Sigma-Aldrich; San Luis, Missouri, US)
were carefully pipetted onto 10.3 mL of Ficoll and centrifuged at 800 % g (acceleration =
1 and deceleration = 0 profiles) at RT for 20 min. One sample from NR group and two
samples from R groups were discarded due to poor quality. Immunophenotyping of
PBMC:s was performed by flow cytometry analysis on LSR-Fortessa flow cytometer (BD
Biosciences, New Jersey, US) with FlowJo software version v10.5.3 (FlowJo, Ashland,
OR, USA), using the antibodies listed in Supplementary Tables 2 and 3. Firstly, PBMCs
were incubated with the antibody mix for 20 min at room temperature (RT) in the dark,
then washed with PBS containing 2% Foetal Bovine Serum (FBS) and fixed for 20 min

with CytoFix Fixation Buffer. All antibodies were titrated before use, and spectral overlap
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compensation was performed automatically using the BD FACSDiva software with

AlVi

CompBeads Plus (BD Biosciences, New Jersey, US). 8-peaks Rainbow Compensation
Particles Set (BD Biosciences, New Jersey, US) were used before each experiment for
standardisation. NK cells were defined as CD45" CD3- CD56%, and T cells as CD45*
CD3*" CD56°. CD56Me" CD16'°%- (“Bright”) NK cells and CD56"% CD16"2" (“Dim”) NK
cell subsets were assessed depending on their expression of CD56 and CD16 markers. In
our study, Dim subset was further subdivided into two groups based on CD16 expression

(CD16" and CD16), and Dim CD16" was grouped with Bright NKs.

Data-independent acquisition (DIA) proteomic analysis

DIA proteomic analysis was performed on highly purified NK cells from NR and R
patients, including both pretreatment and progression samples (zn = 10 NR-pretto; n = 5
NR-prog; n =9 R-pretto; n = 6 R-prog). NK cells were isolated from PBMCs by negative
selection using magnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany), and
proteins were extracted using RIPA buffer lysis (Sigma-Aldrich, San Luis, Missouri, US),
following ultracentrifugation at 10,000 x g at 4 °C for 30 min. Finally, the supernatant
was frozen at -80 °C. After thawing, proteins were precipitated with methanol:chloroform
and total protein concentration was measured by using the Qubit Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Proteins were digested using the iST kit
(PreOmics, Germany) according to the manufacturer’s instructions. All samples were
analysed by LC-MS/MS using the DIA-PASEF mode on the EvosepOne-TIMSTOF-Flex
Clinical Proteomics Platform IMSMI (Bruker Daltonik GmbH, Bremen, Germany). One
NR sample and two R samples failed quality control and were excluded from further
analysis. Differentially expressed proteins (£2 fold-change and p-value < 0.05) between
groups were identified using the MetaboAnalyst platform
(https://www.metaboanalyst.ca/), and Gene Sets Enrichment Analysis (GSEA) was
performed for functional enrichment, considering significant pathways when False
Discovery Rate (FDR) < 0.25. Mass spectrometry proteomic data have been deposited in
the ProteomeXchange Consortium via the PRIDE!3] partner repository with the dataset
identifier PXD057989.

Statistical analyses
Clinicopathological data were analysed by Fisher’s exact test for categorical data and ¢-

student test for continuous variables. Overall survival (OS) and time to progression (TTP)
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were assessed using Kaplan-Meier curves and log-rank analyses, with NR group as
reference. Receiver Operating Characteristic (ROC) curves were used to evaluate the
performance of each marker in predicting response to cetuximab. One-way ANOVA test
was used to compare between conditions (pretto vs.. prog) for normally distributed data,
while Mann-Whitney and Kruskal-Wallis tests were used when normality assumptions
were not satisfied. Statistical significance was set at p-value < 0.05 (two-tailed, 95%

confidence interval) using GraphPad Prism 9 (software v9.0.0, San Diego, California,

US).

RESULTS

Association between response to cetuximab and clinicopathological characteristics

Clinicopathological characteristics of the patients are summarised in Supplementary
Table 1. The study cohort comprised 34 patients with mCRC, including 27 men and 7
women, with a mean age of 64 years (range, 36-85 years). Most patients have primary
tumours located in the left colon (67.65%), whereas 29.41% had rectal tumours. A single
patient presented with peritoneal carcinomatosis. The mean tumour size was 4.22 +0.29
cm and the majority of tumours were of moderate WHO grade (67.65%). Most patients
presented with unresectable disease (67.71%) and good baseline ECOG performance
status (91.18%). Slightly more than half underwent primary tumour resection and
presented with a single metastatic site, while approximately one-third of patients
underwent metastasectomy. All patients presented wild-type RAS tumours and were
scheduled to receive first-line cetuximab in combination with chemotherapy (5-
fluorouracil, 5-FU; 5-FU and oxaliplatin, FUOX; 5-FU, oxaliplatin and folinic acid,
FOLFOX; 5-FU and irinotecan, FUIRI) according to ESMO consensus guidelines
[Supplementary Table 4].

Based on treatment response, 15 patients were classified as non-responders (NR) and 19
as responders (R). To assess whether the chemotherapy regimen could contribute to the
differences observed between groups, we evaluated the distribution of the administered
chemotherapy regimen. No significant differences were observed between chemotherapy

regimen and response groups (Fisher’s exact test, p = 0.4285, Supplementary Table 5).

Next, the association between response to cetuximab and clinicopathological

characteristics is shown in Table 1. Only resectability (p = 0.0297) and the number of
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cetuximab cycles received (p = 0.0028) showed a significant association with the
response to treatment. A trend towards younger age (p = 0.0663), better ECOG (p =
0.0760), and higher rate of metastasectomy (p = 0.0790) was observed among R patients.
Survival analysis confirmed poorer prognosis of NR patients, with significantly shorter
OS (498 vs. 1522 days, p < 0.0001) and TTP (203 vs. 550 days, p < 0.0001) compared
with R patients [Supplementary Figure 1]. Among NR patients, good ECOG status and
rectal tumour location were significantly associated with improved OS, whereas smaller
tumour size correlated with longer TTP [Table 2]. Conversely, in R patients, left-sided

tumour location, a single metastatic site and metastasectomy were associated with

improved TTP outcomes [Table 2].

Table 1. Association between clinicopathological characteristics and response to

cetuximab.
Non responders
Clinicopathological Responders (R)
(NR) P value
characteristics (n=19)
(n=15)
Gender
Male 11 (73.33 %) 16 (84.21 %) 0.6722
Female 4 (26.67 %) 3 (15.79 %)
Age (vears) 67.67£2.445% 61.95+£2.1322 0.0663
Tumour size (cm) 4.23+0.33? 4.22+0.46° 0.9768
Location
Left colon 11 (73.33 % 13 (68.42 %
& ( ° ( %) 0.6982
Rectum 3 (20 %) 6 (31.58 %)
Other* 1 (6.67 %) 0 (0 %)
Grade
Low 11 (73.34 %) 19 (100 %)
0.1573
Moderate-High 2 (13.33 %) 0 (0 %)
N/Ab 2 (13.33%) 0 (0 %)
Resectability
Resectable 2 (13.33 %) 9 (52.63 %) 0.0297°
Unresectable 13 (86.67 %) 11 (47.37 %)
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2. 44"/

Cetuximab cycles

received

ECOG

0-1
<2

Primary tumour

resection

Yes
No

Number of metastases

One

More than one

Metastasectomy

Yes
No

10.00+1.238*

12 (80 %)
3 (20 %)

8 (53.33 %)
7 (46.67 %)

6 (40 %)
9 (60 %)

3 (20 %)
12 (80 %)

21.00£2.852°

19 (100 %)
0 (0 %)

12 (63.16 %)
7 (36.84 %)

12 (66.16 %)
7 (36.84 %)

10 (52.63 %)
9 (47.37 %)

0.0028

0.0760

0.7282

0.2998

0.0790

*Mean = SEM; "Non-available; °Significant P values are indicated in bold. NR: Non responders; R:

Responders; ECOG: Eastern Cooperative Oncology Group; N/A: Not applicable.

Table 2. Association between clinicopathological characteristics and overall survival

or time to progression in non-responders and responders.

Non responders (NR) Responders (R)
0Ss? TTP® OS TTP
HR HR HR HR
Variables P- P- P- -
(95% (95% (95% (95%
value value value value
CI D CI CD
Gender
0.6549 0.5678 1.238
Male® 0.502 0.311 Undefin 0.096
(0.151- (0.147- (0.309- 0.7765
5 0 ed 1
2.841) 2.188) 4.977)
Female
Age
0.7044 0.3768 1.498 1.857
(median) 0.544 0.071 0.637
(0.197- (0.080- (0.297- (0.642- 0.2384
< 64 1 3 0
2.523) 1.780) 7.548) 5.372)
years
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> 64
years®
Tumour
size

<42
cm
>4.2
cmf
Location
Left

colon

Rectum®
Grade
Low®

Moderate
-high
ECOG

0-1
>2k
Surgery
primary
tumour
Yes®
No
Number
of
metastase
s
One

location®

0.7811
(0.258-
2.368)

4.650
(0.483-
44.78)

0.8780
(0.185-
4.171)

4.544
(0.476-
43.34)

0.7034
(0.229-
2.161)

2.119
(0.580-
7.747)

0.630

0.006
7(‘

0.870

0.008

0.500

0.128

0.3688
(0.103-
1.315)

2.872
(0.448-
18.40)

0.4867
(0.140-
1.691)

2.027
(0.401-
10.25)

0.5439
(0.171-
1.726)

1.246
(0.401-
3.873)

0.043

0.076

0.272

0.247

0.204

0.658

0.8984
(0.181-
4.462)

0.2967
(0.058-
1.517)

Undefin
ed

0.2991
(0.447-
2.001)

0.4223
(0.073-
2.433)

0.7748

0.884

) (0.272-  0.6259
2.209)
0.3201

0.869

) (0.112-  0.0477
0.916)
0.7578

0.073

) (0.231-  0.6669
2.485)

N/Ad

0.4301

0.088

] (0.127-  0.1037
1.457)
0.3434

0.253
(0.103-  0.0258
1.141)
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More

than one
Metastas
1.068 0.900 0.3039 0.3358
ectomy 0.917 0.848 0.246
(0.287- (0.261- (0.059- (0.108- 0.0310
Yes® 7 1 3
3.972) 3.119 1.559) 1.043)
No

R: reference group; ¢ OS: overall survival,  TTP: time to progression, ° significant P-values are indicated
in bold; ¥ N/A: non-applicable, all R patients exhibited 0 or 1 ECOG status. NR: Non responders; HR:

Hazard ratio; CI: Confidence interval.

Circulating immune mediators indicate a proinflammatory and dysfunctional
immune status in NR patients

To investigate whether plasma-soluble markers reflect functional differences in the
immune system prior to cetuximab therapy, we analysed 19 plasma samples (NR n = 9;
R n = 10) using the Olink 96® Target Immuno-Oncology panel. Of the 92 proteins
analysed, 82 were reliably detected with high quality. In the comparative analysis, NR
patients showed seven significantly upregulated proteins: arginase I, ARG1; caspase 8§,
CASPS; heme oxygenase-I, HO-1/HMOX1; CD40L; endothelial growth factor, EGF;
tumour necrosis factor (TNF) superfamily receptor member 12A, TNFSFR12A; and TNF
superfamily member 14, TNFSF14 [Figure 1A].

Notably, protein-protein interaction network and biological process enrichment analysis
showed that these proteins were associated with negative regulation of cytokine
production [Figure 1B-C]. Conversely, eight proteins were found significantly
upregulated in R patients: endothelial nitric oxide synthase, NOS3; chemokine C-C motif
ligand 17, CCL17; interferon gamma, [FNg; C-X-C motif chemokine 5, CXCLS5; CD70;
interleukin (IL) 12 receptor subunit beta 1, ILI2RB1; killer cell lectin-like receptor D1,
KLRDI1 (CD94); IL12 [Figure 2] These proteins are mainly involved in positive
regulation of cell killing and cytokine-mediated signalling pathways [Figure 2B-C].

Finally, to evaluate the capacity of these markers to predict response to cetuximab, we
performed ROC analysis [Figures 1D and 2D]. Importantly, 14 out of the 15 proteins
analysed exhibited strong predictive power. Next, we stratified patients according to the

median expression levels of the three most significant circulating biomarkers (ARG,
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HO-1 and TNFSF14), and developed a prognostic circulating immune-SCORE to stratify
patients according to their risk of disease progression. As shown in Figure 3, those
patients with at least two positive parameters showed significantly worse OS and TTP,
highlighting the potential utility of these circulating proteins as prognostic and predictive

biomarkers of disease progression in mCRC patients treated with cetuximab.
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Figure 1. Circulating immune mediators associated with non-response to cetuximab. (A)
Circulating immune mediators significantly upregulated in non-responding (NR) patients,
compared to responders (R); Data are shown as mean + SEM, and statistical significance
is indicated as *p < 0.05; **p < 0.01; (B) Protein-protein interaction network of up-
regulated proteins in NR patients and (C) biological process enrichment analysis; (D)

ROC curve analysis evaluating the predictive performance of each protein marker.
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Figure 2. Circulating immune mediators associated with response to cetuximab. (A)
Circulating immune mediators significantly upregulated in responding (R) patients,
compared to non-responders (NR). Data are shown as mean £ SEM, and statistical
significance is indicated as *p-value < 0.05; **p < 0.01; (B) Protein-protein interaction
network of up-regulated proteins in R patients and (C) biological process enrichment

analysis; (D) ROC curve analysis evaluating the predictive performance of each protein

marker.
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Figure 3. Prognostic value of a circulating immune-SCORE in mCRC patients receiving
cetuximab. A composite immune-SCORE was developed based on the frequency of
positivity for three circulating markers: ARG1, HO-1 and TNFSF14. (A) Kaplan-Meier
curves for overall survival (OS) and (B) time to progression (TTP) in patients stratified
by immune-SCORE: those with > 2 positive markers (poor prognosis) versus those with
0-1 positive marker (better prognosis). Hazard ratios (HR) were calculated using > 3

positive markers as the reference group using log-rank (Mantel-Cox) method.

Disease progression during cetuximab treatment is associated with a loss of
functional memory and reduced cytotoxicity in circulating T and NK cells

Having demonstrated that circulating mediators can serve as biomarkers of disease
progression, we next investigated phenotypic differences in circulating T and NK cells in
mCRC patients receiving cetuximab by comparing pre-treatment and progression
samples. In NR patients, T-cell phenotypes remained largely unchanged between the two
time points [Figure 4]. In contrast, NK cells from NR (NK-NR) exhibited an increased
expression of NKG2A and TIGIT along with decreased NKp30 expression [Figure 5],
further supporting the involvement of these NK cell markers in the response to cetuximab,

as previously reported by our group!'?l.
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Figure 4. Phenotypic changes in circulating T-cell populations between pretreatment and
progression in non-responding (NR) patients. Frequencies of (A) total T cells; (B)
CD4"/CD8" T cells; (C) CD4" maturation status and (D) CD8" maturation status based
on CD45RA and CCR7 expression; (E) Tregs, defined as CD3" CD4* CD25Mieh CD127%°%;
and (F) TCRys cells as CD3" CD4 CD8 TCRys".
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Figure 5. Phenotypic changes in circulating NK cell populations between pretreatment
and progression samples in non-responders (NR). Frequencies of (A) total NK cells; (B)
maturation status of NK cells based on CD45RA and CCR7 expression; (C) subsets of
NK cells based on the expression of CD56 and CD16; (D) senescence, inhibitory and

activation markers in non-cytotoxic NK cells and (E) cytotoxic NK cells.

Conversely, several phenotypic changes in T cells were observed at follow-up in R
patients. Progression samples exhibited a shift towards a less cytotoxic T-cell phenotype
with reduced memory function, characterized by increased proportions of naive CD4" and

CDS8" T cells and decreased frequencies of effector and TCRyd T cells [Figure 6].

Notably, the proportion of regulatory T cells, which exert immunosuppressive roles, was
reduced at progression, possibly reflecting their recruitment to the tumour

microenvironment [Figure 6E]. Additional alterations were also detected in NK cells
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[Figure 7]. At progression, NK cells from responder patients (NK-R) displayed a reduced

LS

Vi

proportion of cytotoxic subsets, together with an increased frequency of naive cells and
decreased expression of key cytotoxicity markers, including NKp30 and NKp46.
Furthermore, all NK cell subsets showed increased TIGIT expression, reduced NKG2A
levels, and a trend towards higher CD57 expression, consistent with a shift towards a
more exhausted and senescent phenotype. Taken together, these findings reveal
substantial remodelling of both T-cell and NK-cell compartments during disease
progression in cetuximab-treated patients, supporting the existence of an evolving
immunosuppressive state associated with acquired resistance and warranting further

investigation into the mechanisms underlying this process.
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Figure 6. Phenotypic changes in circulating T cell populations between pretreatment and

progression in responders (R). Frequencies of (A) total T cells; (B) CD4"/CD8* T cells;
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Figure 7. Phenotypic changes in circulating NK cell populations between pretreatment
and progression samples in responders (R). Frequencies of (A) total NK cells; (B)
maturation status of NK cells based on CD45RA and CCR7 expression; (C) subsets of
NK cells based on the expression of CD56 and CD16; (D) senescence, inhibitory and

activation markers in non-cytotoxic NK cells and (E) cytotoxic NK cells.

Proteomic profiling of NK cells identifies signalling pathways associated with

immune dysfunction during disease progression on cetuximab
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Considering the observed immune cell exhaustion at progression, we aimed to elucidate
potential mechanisms underlying treatment failure, focusing primarily on NK cells, as
they are the main effectors of cetuximab-mediated ADCC. To this end, we compared
proteomic profiles between pretreatment and progression samples within both NR and R
groups. As shown in Figures 8 and 9, PCA did not clearly separate the two time points
[Figure 8A and 9A]. In contrast, partial least squares discriminant analysis (PLS-DA)
[Figures 8B and 9B] and unsupervised clustering of the top 100 proteins [Figures 8C and
9C] distinguished pretreatment and progression samples in both NR and R groups,

revealing a proteomic signature potentially associated with treatment adaptation or

resistant mechanisms of biological relevance.

In the NR group, we identified 70 proteins significantly downregulated and 13
upregulated at progression [Figure 8D], with enrichment of the TGFf signalling pathway
(NES = 0.65, FDR = 0.051; Figure 8E). Conversely, in R patients, 27 proteins were
significantly downregulated and 11 upregulated at progression [Figure 9D]. Notably,
these changes were associated with enrichment of the apical surface (NES = 0.68, FDR
= 0.154; Figure 9E, left), TGF-B (NES = 0.57, FDR = 0.240, Figure 9E, middle) and
Notch signalling pathways (NES = 0.54, FDR = 0.221; Figure 9E, right), which may
reflect impaired cytotoxic function and consequently reduced ADCCI!®-211. Altogether,
these findings suggest an acquired form of resistance to cetuximab in mCRC patients and
provide a potential explanation for why some eligible patients fail to respond to first-line

treatment.
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Figure 8. NK cell proteomic changes during progression in cetuximab non-responders
highlight enrichment of TGFp signalling. (A) Principal component analysis (PCA) and
(B) partial least squares discriminant analysis (PLS-DA) of NK cell proteomes from non-
responders at pretreatment and progression stages; (C) Unsupervised hierarchical
clustering heatmap of the top 100 most variable proteins; (D) Volcano plot showing
differentially expressed proteins between progression and pretreatment samples; (E)
Gene set enrichment analysis (GSEA) highlights the TGFp signalling pathway as

significantly upregulated in NK cells at progression.
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Figure 9. NK cell proteomic changes during progression in cetuximab responders
highlight several signalling pathway alterations. Proteomic analysis of NK cells from
mCRC patients responding to cetuximab, comparing pretreatment and progression
samples. (A) Principal component analysis (PCA) and (B) partial least squares
discriminant analysis (PLS-DA) of NK cell proteomes from responders at pretreatment
and progression stages; (C) Unsupervised hierarchical clustering heatmap of the top 100
most variable proteins; (D) Volcano plot showing differentially expressed proteins
between progression and pretreatment samples; (E) Gene set enrichment analysis (GSEA)

highlighting upregulated signalling pathways in NK cells at progression.

DISCUSSION

Current treatments with anti-EGFR monoclonal antibodies, such as cetuximab, have
demonstrated improved clinical outcomes in patients with RASY mCRC. Despite their
clinical benefit, both innate and acquired resistance to anti-EGFR therapy remain major
challenges in treatment(??], Targeted therapies often provide an initial response in mCRC
patients, but continuous exposure can promote the selection of resistant clones, which
may give rise to more aggressive tumour phenotypes!?*2#. This acquired resistance
usually involves alterations in drug transport, secondary mutations in the EGF receptor

or RAS-related genes, and activation of compensatory signalling pathways, among
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others!?*?71, Patients may also develop multidrug resistance, which represents a major
obstacle to second-line treatment strategies>l. Recently, the concept of
“immunogenicity” has gained increasing attention, as the functional status of the immune
system is known to play a key role in tumour progression and development of

tumours!'228-3%and may explain why some otherwise eligible patients eventually stop

responding to therapy.

In our cohort, men were more frequently represented than women, which aligns with the
consistently higher incidence of left-sided tumours in males, whereas right-sided CRC is
more common in females®*'l. Moreover, since cetuximab is indicated for patients with
RAS wild-type, left-sided tumours, this selection criterion likely contributes to the

predominance of male patients in our study.

Regarding clinical-pathological data, no relevant differences were observed for most
variables when comparing R and NR patients, except for those related to survival, with
NR patients showing shorter OS and TTP compared to R patients, as previously
reported(!?, Notably, patients with resectable tumours who received more cetuximab
cycles were more likely to respond to treatment, suggesting that less advanced disease
and longer treatment exposure may be associated with better clinical outcomes. Within
the NR group, patients with smaller, rectal tumours and poorer ECOG performance status
exhibited the worst prognosis. This may reflect the fact that rectal tumours are often
treated with radiotherapy and/or chemotherapy before metastasis, potentially selecting for
resistant clones that acquire more aggressive characteristics*?l. In contrast, R patients
with left-sided tumours, a single metastatic site and those who underwent metastasectomy
showed longer TTP, which may reflect an initial favourable response to treatment

followed by the eventual development of acquired resistancel3],

Our analysis of baseline circulating immune mediators effectively distinguished mCRC
patients according to their response to cetuximab, revealing a proinflammatory and
immunosuppressive profile in non-responding patients. Notably, a subset of plasma
proteins, including ARG1, HO-1, and TNFSF14, demonstrated strong predictive and
prognostic value, enabling the development of a risk score associated with disease
progression during cetuximab treatment. We found seven upregulated proteins at baseline

in NR patients, potentially reflecting a proinflammatory state associated with poor clinical
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outcomes. Hence, ARGI1, which is constitutively expressed by neutrophils during
inflammation, depletes extracellular L-arginine, impairing the proliferation and effector
functions of T and NK cellsP*#. Additionally, elevated HO-1, soluble EGF, TNFRSF12A,
TNFSF14, CD40L, and CASP8 may promote cetuximab resistance and tumour
progression by impairing immune cytotoxicity®>, enhancing EGFR signalling!®%),
regulating apoptosis, promoting angiogenesis!*’%), and facilitating immune escape and
tumour cell migration***3], Taken together, these alterations indicate an inflammatory
and dysfunctional immune landscape that impairs NK cell-mediated ADCC, which may
underlie the lack of response to cetuximab. By contrast, in responder patients, elevated
NOS3, CXCL5, CCL17, IL-12/IL12RB1, IFN-y, CD70, and KLRDI1 at baseline may
underlie cetuximab efficacy by shaping a supportive immune landscape. NOS3-derived
nitric oxide maintains immune balance**] while CXCL5 and CCL17 promote
recruitment of cytotoxic lymphocytes into the tumour microenvironment4®4% TL-
12/IL12RB1 and IFN-y drive Thl polarisation and activate NK and CD8" T cell
responsest>®>1l, Besides, soluble CD70 enhances CD8" cytotoxicity and establishes
antitumour memory®2331 while KLRD1 modulates NK cell activity>®l. Collectively, the
high baseline levels of these proteins in the plasma of R patients reflect a coordinated
potent antitumour immunity capacity that may contribute to the favourable response to

cetuximab treatment.

We have previously reported a cetuximab resistance-associated immune signature in NR
patients, characterised by high expression of TIGIT and other inhibitory receptors in
circulating NK cells!!?l. A previous study found a wide range of transcriptional, molecular
and cellular markers of the immune exhaustion associated with high TNM-stage CRC
tumours!!3], identifying several proteins involved in tumour progression. However, unlike
our study, treatment response was not assessed, and the analysis did not address why
patients initially expected to respond ultimately fail to benefit from therapy. In our study,
the immunophenotypic changes between pre-treatment and progression samples of NR
patients were minimal. However, profound changes were found in responding patients.
For example, T cells showed a shift toward a more naive phenotype, along with a decrease
in memory and effector functions. Moreover, several inhibitory receptors were
upregulated in NK cells in progression samples, most notably TIGIT and CD57 across all
NK cell populations, and reduced activation markers, driving reduced cytotoxicity and a

more senescent phenotype. Notably, when we explored the mechanisms underlying
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treatment failure, we found that TGFf, Notch and apical surface signalling pathways were
enriched in progression samples of patients that initially responded to cetuximab. In this
regard, TGFP downregulates CD16 on NKs, impairing ADCCP), and this was confirmed
by our finding of reduced CD16 expression in the CD56P'™ subset, which is consistent
with a shift towards a less cytotoxic phenotypel*®). Besides, the Notch signalling pathway
is known to be a key regulator of NK function, and dysregulated Notch signalling in CRC

promotes immune evasion and tumour progression by altering the balance and function

of immune cells*?,

An important consideration is that all patients received cetuximab in combination with
chemotherapy. Therefore, chemotherapy-related immune modulation, as well as potential
interactions between cetuximab and the different chemotherapy backbones, cannot be
completely excluded. However, in our cohort, the distribution of the administered
chemotherapy agents did not differ significantly between responders and non-responders
(Fisher’s exact test, p = 0.4285), so we could suggest that the observed differences

between conditions were due to the exposure to cetuximab.

Our findings also supported the dysregulation of the apical surface signalling pathway,
which is essential for NK cell polarity and immunological synapse formation between
NK cells and target cellsl®*®!l. Importantly, the convergence of these alterations on NK
cells relevant to cetuximab activity provides a biologically mechanism to acquired
resistance. Cetuximab-mediated ADCC depends on the interaction between antibody-
bound tumour cells and CD16-expressing NK cells!®?], so the observed reduction in CD16
expression, together with the increased inhibitory/senescent phenotype and alterations in
pathways involved in NK cell cytotoxicity and immune synapse formation, is consistent
with impaired cetuximab-mediated cytotoxicity. Impaired polarisation of the
microtubule-organising centre and lytic granules has been reported to be responsible for
the formation of unstable immune synapses!®3l. Our results suggest that rearrangement of
receptors, such as CD16, on the NK cell surface may underlie this dysfunction, thereby

compromising cytotoxic efficacy and promoting immune escapel®l.

Altogether, our
findings reveal an acquired form of resistance to cetuximab not previously described in
mCRC patients and offer an explanation for why some eligible patients fail to respond to

first-line treatment.
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CONCLUSIONS
Our study supports that baseline circulating immune mediators can distinguish mCRC
patients according to their response to cetuximab, with non-responders exhibiting a
proinflammatory and immunosuppressive profile. Disease progression is associated with
extensive immune remodelling, including impaired cytotoxicity, loss of memory function,
and increased exhaustion of T and NK cells, providing potential novel mechanisms of
acquired resistance in patients who initially benefit from cetuximab-based therapy. These
findings have important clinical implications, as they may enable early identification of
patients at higher risk of treatment failure, guide personalised therapeutic strategies, and
support the development of robust predictive and prognostic tools to optimise cetuximab-

based treatment in mCRC.
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