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Lynch syndrome is rarely associated with rectal cancer (RC) and thus, metachronous RC has been 
scarcely investigated. This study aimed to analyze the mucosal immune microenvironment in sporadic 
and metachronous RC. We analyzed the mucosal immune microenvironment in the 25 metachronous 
RCs present in the IMMUNOREACT 1 and 2 multicentre observational studies (624 patients). A panel 
of immune markers was retrospectively investigated at immunohistochemistry: CD3, CD4, CD8, 
CD8b, Tbet, FoxP3, PD-L1, MSH6, and PMS2 and CD80. Single-cell suspensions were subjected to 
flow-cytometry to determine the proportion of epithelial cells (pan-cytokeratin) acting as antigen-
presenting cells (expressing CD80, CD86, HLA-ABC) and the proportion of activated CD8 + T cells 
(CD8 + positive for CD28, CD38), inhibitory T cells (CD3 + CTLA-4+) of activated CD4 + T helper cells 
(CD4 + CD25+) and activated T regulatory cells (CD4 + CD25 + FoxP3+). No mismatch repair gene 
deficiencies were observed in the patients. The previous history of colorectal adenoma was significantly 
more frequent in metachronous RC. In healthy epithelial cells, HLA-ABC expression was significantly 
higher in patients with metachronous RC. In therapy-naïve metachronous RC patients, a significantly 
lower level of circulating lymphocytes and CD3 + T-cell infiltration in the healthy mucosa surrounding 
the RC was observed compared to patients with non-metachronous cancer. Our study supports the 
hypothesis that metachronous RC can occur in a cancerization field in patients with weak systemic 
and local immune systems. The peculiar site of RC makes the mismatch-repair genes deficiency in 
metachronous cancer onset less relevant.
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Colorectal cancer (CRC) is the third most frequent cancer and the second leading cause of cancer-related deaths 
globally1,2. Metachronous CRC is defined as a second primary CRC that is not a recurrence or a metastatic 
deposit of the primary one3,4. The risk of developing is around 2–12% within five years after surgery for initial 
CRC, and the cumulative incidence is 1.1% at 3 years, 2.0% at 6 years, and 3.1% at 10 years5,6. The development 
of metachronous CRC has been recognized since 19327, while there was a common belief about a first colorectal 
tumor conferring immunity against a second tumor3. Metachronous CRC is predominantly detected during the 
first three years after the first CRC diagnosis and gradually declines thereafter to a risk comparable to the general 
population. Patients with previous CRC have a higher risk of developing CRC later than the general population, 
and this risk varies between 0.6% and 9%. Moreover, several studies showed that the presence of synchronous 
adenomas, besides synchronous CRC, increased the risk of development of metachronous CRC8.

Several hypotheses tried to explain the development of metachronous CRC, including an alternative pathway 
of neoplastic development different from the adenoma-carcinoma pathway or inadequate colonoscopies 
that missed synchronous lesions4,8,9. Risk factors associated with the occurrence of metachronous CRC are 
proximally located primary CRC, the presence of mucinous histology, younger age at the time of primary tumor, 
and the presence of synchronous adenomas or CRC at first diagnosis10. Moreover, previous studies observed 
signs of local immune impairment in metachronous CRC and metachronous oesophageal squamous cell 
carcinoma, as also reported in the metastatic process4,11,12. Finally, metachronous CRCs are usually associated 
with microsatellite instability (MSI) and mismatch repair gene deficiency (genes MLH1, MSH2, MSH6, PMS2), 
related to Lynch syndrome, the most common hereditary cancer of the colon and rectum11. However, not all 
metachronous CRC have microsatellite instability3 and the incidence of mismatch repair gene deficiency is rare 
in RC13. A recent systematic review stated that, in RC, the incidence of MSI was low, at 7% of cases. Due to the 
relatively low incidence of MSI in rectal cancer, limited evidence regarding its prognostic and predictive value 
exists but the authors showed that there is no effect of MSI on overall survival or disease-free survival14.

Current guidelines propose endoscopic surveillance with colonoscopy for follow-up after surgery for CRC, 
with the first colonoscopy one year after surgery and the following every 3–5 years in the absence of adenomas15. 
Hence, defining the risk factors for the development of metachronous CRCs may be useful for the identification 
of patients at risk and the personalization of the endoscopic surveillance scheme3. Given the molecular and 
epidemiological peculiarity of RC (rarer MSI occurrence, higher frequency in male and in younger patients, 
less advanced T stage at presentation, and better survival16), this study aimed to analyze the mucosal immune 
microenvironment in these sporadic and metachronous cancers.

Methods
Study design
This study was a sub-analysis of data from two multicentric observational cohort studies, IMMUNOREACT 
1 (clinicaltrials.gov NCT04915326) and 2 (clinicaltrials.gov NCT04917263), that included all patients with 
early and locally advanced RC, respectively. The IMMUNOREACT project was based on the analysis of the 
immune infiltration within the healthy mucosa surrounding RC, to evaluate the quality of the constitutive 
immunosurveillance mechanisms and the field of cancerization. The rationale of the project is that the local 
immune activation may involve the “healthy” rectal mucosa surrounding the cancer and the sampling of this 
mucosa may provide useful information about rectal cancer behavior. In fact, a combination of different factors, 
including molecular signaling networks within a different cell population, the presence of soluble chemical 
factors, and the quantity/quality of immune cells infiltrate will decide rectal cancer behavior and its response to 
neoadjuvant chemoradiation. Moreover, tumor cells actively interact with the microenvironment secreting and 
degrading extracellular matrix components, and the release of soluble molecules can significantly influence the 
inflammatory and immune responses of the “healthy” rectal mucosa surrounding the cancer16–20. In the present 
study, IMMUNOREACT 9, immune markers within the healthy rectal mucosa were compared between patients 
with metachronous RC and those with a sporadic one. Metachronous RC was defined as a second primary RC 
occurring more than six months after the first CRC which was not local recurrence or metastatic deposit of the 
primary tumor.

The IMMUNOREACT protocol was approved by the Ethical Committee of the coordinating center (Padova 
University Hospital Ethical Committee code 4448/AO/20) and each of the collaborating centers. Patients gave 
their written informed consent to be enrolled in the study. The study was conducted according to Helsinki’s 
declaration principles, and it received funding from the Associazione Italiana per la Ricerca sul Cancro (AIRC) 
under IG 2019 - ID. 23,381 project to the principal investigator (M.S.).

Patients
Inclusion criteria for the metachronous RC group were the presence of RC regardless of neoadjuvant therapy, 
previous surgery for a first CRC that could have any localization in the colorectal area, and a time interval 
between the two tumors of six months or more, to define the second cancer as a metachronous. The eligible 
patients were identified by reviewing the anamnestic and clinical data that were previously collected for the 
IMMUNOREACT project. Data were collected anonymously using the REDCap (Research Electronic Data 
Capture) web platform21. Data collection included demographic data, past medical history, family history, 
and details of RC relating to the site of the neoplasm (rectum < 15 cm or rectosigmoid junction), cancer stage, 
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associated diseases, including inflammatory bowel diseases, hereditary syndromes or history of previous 
neoplasms or previous colorectal adenomas. All data were reviewed and updated.

Tissue sampling
Samples of healthy mucosa were taken 3 to 15  cm proximal to RC at the time of surgery (either anterior 
rectal resection, Miles abdominoperineal amputation, or transanal excision) according to the concept of field 
cancerization. Field cancerization is a biological process in which large areas of cells at a tissue surface or within 
an organ are affected by carcinogenic alterations22. Field cancerization characterizes various epithelial cancers, 
including CRC, implying that the molecular events in tumorigenesis still occur in normal adjacent tissues23. 
An internal assessment showed the homogeneity of expression of immunological markers at this distance 
(Supplementary Table 1).

Immunohistochemistry
Immunohistochemical (IHC) analyses were performed using standard procedures. A tissue microarray 
instrument was used and tissue microarrays were constructed and cut into 5-µm sections for IHC. TMA area 
was chosen avoiding germinative follicula and other irregularities. Immunocomplexes were detected using an 
avidin-biotin-peroxidase conjugate and 3–3’ diaminobenzidine tetrahydrochloride chromogen as a substrate 
(Dako, Glostrup, Denmark) in formalin-fixed paraffin-embedded sections. The resulting sections were evaluated 
by a single pathologist in a blinded fashion. The first 50 patients were evaluated by two pathologists (M.F. and 
V.P.) with a high agreement coefficient (Cohen K > 0.80). IHC staining was performed using monoclonal 
antibodies. A panel of immune markers was retrospectively investigated at immunohistochemistry: CD3, CD4, 
CD8, CD8β, Tbet, FoxP3, PD-L1, MSH6, and PMS2 and CD80. Although a two-antibody approach for the 
detection of mismatch repair gene deficiency (PMS2, MSH6) can miss some cases it has been demonstrated to 
be feasible and in great agreement with a four antibodies approach24,25. The absolute number of positive cells 
was obtained by considering the mean number of positive cells observed under a 5-high power field (40x). The 
panel of immunohistochemical markers of immune surveillance was tested on healthy rectal mucosa according 
to the concept of field cancerization. Immune markers within the healthy rectal mucosa were compared 
between patients with metachronous RC and those with a sporadic one. Antibodies characteristics are shown in 
Supplementary Table 2.

Flow cytometry
Prospectively collected rectal mucosa samples were minced into 3 to 4  mm pieces and incubated in HBSS 
supplemented with 1 mM DTT and 0.5 mM EDTA with shaking at 37 °C for 20 min. After washing, tissue pieces 
were treated with 1 U/ml Dispase (Stemcell Technologies, Vancouver, Canada) in HBSS at 37 °C for 30 min 
with gentle stirring and then filtered through a sterile stainless-steel mesh (pore size 80 μm, Sigma Aldrich) in 
order to obtain a single-cell suspension. Freshly isolated cells (105) were stained in PBS/2% FBS with appropriate 
combinations of FITC-, PE-, PE-Cy7-, and APC-conjugated antibodies (Supplementary Table 3). Single-cell 
suspensions were subjected to flow cytometry to determine the proportion of epithelial cells (pan-Cytokeratin, 
Ck+) acting as antigen-presenting cells (expressing CD80, CD86, HLA ABC) and the proportion of activated 
CD8 + T cells (CD8 + positive for CD28, CD38), inhibitory T cells (CD3 + CTLA-4+) of activated CD4 + Th cell 
(CD4 + CD25+) and T regulatory cells (CD4 + CD25 + FoxP3+). Flow cytometric analysis was performed using 
a FACSCalibur based on CellQuest software (BD-Becton Dickinson, Franklin Lakes, USA).

Gene expression profiling analysis
Total RNA was extracted from snap-frozen rectal mucosa using the RNeasy Plus mini kit (Qiagen); RNA 
quantification was performed with a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific), and the 
RNA integrity and quality were evaluated with the Agilent 2100 Bioanalyzer System. Gene expression profiling 
was performed using the PanCancer IO 360™ panel (NanoString Technologies), which measures the expression 
of 770 genes involved in the complex interplay between the tumor, microenvironment, and immune response 
in cancer. Samples were processed according to the manufacturer’s instructions provided by NanoString 
Technologies. The nCounter Advanced Analysis module V.2.0.134 software (NanoString Technologies) was used 
for differential expression analysis, and to obtain scores for cell types profiling and pathways analysis, based on 
the expression of predefined genes.

Statistical analysis
Data were summarized as mean and interquartile range (IQR) (continuous variables), or absolute and relative 
frequency (categorical variables). Data were compared among groups using the Mann-Whitney test, Chi-square 
test, and Fisher’s exact test, as appropriate. The receiver operating characteristic (ROC) curve and the area under 
the curve (AUC) were used to explore the relationship between metachronous RC, the cancerization field, 
and the immune response. All tests were 2-sided and a p-value < 0.05 was considered statistically significant. 
Comparisons were corrected for multiple tests according to Benjamini and Hochberg False Discovery Rate 
method. Statistical analysis was conducted using the R 4.3 version for non-parametric analysis (R Foundation 
for Statistical Computing, Vienna, Austria)26.

Results
Patients characteristics
The analysis included 624 patients (25 with metachronous RC and 599 without metachronous RC). Patient 
characteristics are summarized in Table 1. No statistically significant difference between the two groups was 
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found in terms of age, sex, cancer site and stage, and neoadjuvant therapy. Patients’ characteristics are shown in 
Table 1.

Metachronous RC and the cancerization field (IMMUNOREACT 9: whole cohort)
MLH1, MSH2, MSH6, and PMS2 were analyzed by immunohistochemistry (Fig. 1A). Although no mismatch-
repair gene deficiency was observed in the two groups in the cancerization field or in the cancer tissue, the 
previous history of colorectal adenoma was more frequent in metachronous RC patients (p < 0.001; Fig. 1B). As 
shown in Fig. 1C and 4 metachronous RC patients (16%) had a previous right colon cancer, 4 had a previous RC 
(16%) and 14 (68%) had a previous left or sigmoid colon cancer (for 3 patients the localization of the previous 
colorectal cancer was unknown). Flow cytometry analysis revealed that in epithelial cells the expression of 
HLAabc in the cancerization field was significantly higher in patients with metachronous RC (Fig.  1D), 
suggesting a higher presence of antigens presented in the healthy tissue surrounding RC (p = 0.031). No other 
differences were observed in terms of costimulatory molecules (CD80 and CD86) expression on epithelial cells 
or lymphocyte subpopulation within the normal rectal mucosa between the two groups (Table 2).

Potential differences in gene expression in the cancerization field of metachronous RC patients and non-
metachronous RC patients were investigated. Due to the limited tissues available, only 3 metachronous RC and 30 
non-metachronous RC were considered for the analysis. In the cancerization field of metachronous RC patients, 
20 genes (CD40, CD45RO, CLEC7A, CXCL10, CXCL11, CXCL9, CYBB, GBP1, GBP4, HCK, IFIH1, IFIT3, IL15, 
ITGA4, ITGB2, LAIR1, MB21D1, S100A9, STAT1, TYMP) resulted significantly up-regulated compared to non 
metachronous RC patients (Fig. 2A). Based on the expression of cell-type and signature-associated predefined 
genes present in the panel, a trend for a higher expression of genes associated with immune cells was observed 
in metachronous compared to non-metachronous RC patients; in particular, metachronous RC patients 
showed a higher expression of genes associated with B-cells, T-cells and neutrophils (Fig. 2B). Furthermore, the 
cancerization field of metachronous RC patients showed a higher expression of gene signatures associated with 
the lymphoid and myeloid compartment, as well as with cytokines and chemokines signaling and immune cell 
adhesion and migration pathways as compared to non-metachronous RC patients (Fig. 2C).

Metachronous RC and immunological response (IMMUNOREACT 9: therapy naïve patients)
In therapy-naïve patients, low circulating lymphocyte levels were more frequent in metachronous RC patients 
(p = 0.031) (Fig. 3A). In addition, low levels of CD3 + T-cell infiltration in the healthy mucosa surrounding the 
RC were more frequent in metachronous RC patients (p = 0.017) (Fig. 3B). Finally, no difference was observed in 
terms of lymphocyte subpopulation infiltration within the rectal mucosa between the two groups (Fig. 4) either 
in terms of CD80 + ve and PDL1 + ve cells infiltration (Fig. 5A) or MSH6 and PMS2 (Fig. 5B).

Discussion
Colonoscopy plays a fundamental role in the prevention of metachronous CRC, and may also impact overall 
survival15,27. Our study aimed to analyze the healthy mucosa immune microenvironment in sporadic and 
metachronous RC to identify risk factors for metachronous RC occurrence. While risk factors for metachronous 
RCs have not been fully evaluated so far28, we believe that such information may help to identify high-risk 
patients and implement personalized surveillance.

In our series, no mismatch-repair gene deficiency was observed in the healthy rectal mucosa surrounding the 
RC. Usually, metachronous CRC is associated with microsatellite instability and mismatch repair gene deficiency, 
which is found in 90% of CRC in the context of Lynch syndrome but also in 15% of sporadic cancers29. We may 
speculate that the distal cancer site may explain the absence of mismatch repair gene deficiency in both sporadic 
and metachronous cancers. Lynch syndrome-related CRC prevalence decreases along the large bowel length by 
up to 2.5% in the rectum30.

Variable All patients (n = 624) Metachronous patients (n = 25) Non-metachronous patients (n = 599) p-value

Age, years 67 (57–76) 72 (63–79) 67 (56–76) 0.077

Males 393/624 (63%) 18/25 (72%) 375/599 (63%) 0.458

Cancer site

 Rectum < 15 cm 519/582 (89%) 21/24 (88%) 489/549 (89%)
0.736

 Rectal-sigmoid junction 63/582 (11%) 3/24 (12%)* 60/549 (11%)

Neoadjuvant therapy 303/614 (49%) 9/25 (36%) 294/589 (50%) 0.246

RC stage§

 I 282/624 (45%) 10/25 (40%) 272/599 (45%)

0.505
 II 151/624 (24%) 5/25 (20%) 146/599 (24%)

 III 156/624 (25%) 7/25 (28%) 149/599 (25%)

 IV 35/624 (6%) 3/25 (12%) 32/599 (6%)

Table 1.  Patient characteristics: overall and stratified by study groups. Data are shown as frequency and were 
compared with Fisher’exact test. Data is summarized as n (%) or median (IQR). *For a patient the precise 
localization of the current rectal cancer was unknown.
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Nevertheless, most of the metachronous RC patients had previous left or sigmoid colon cancer and a frequent 
previous history of colorectal adenoma. Several studies have shown that CRC patients with synchronous 
adenomas or neoplasms have an increased risk of developing metachronous adenomas or tumors after the first 
surgery31. Moreover, recent studies observed a greater occurrence of developing metachronous adenomas in 
patients who underwent previous surgery for left colon cancer18, supporting the hypothesis that metachronous 
RC may frequently occur in the same site as primary ones because of the presence of a cancerization field32,33.

In our series, epithelial cells acting as antigen-presenting cells (HLAabc + ve) in the healthy mucosa, 
surrounding RC were significantly higher in patients with metachronous RC. A group of genetically altered cells 
that are not in a histologically identifiable state of malignancy but are at a higher risk of transforming into one, is 
defined as a field of cancerization35. A higher expression of HLAabc suggests a higher presence of antigens to be 
presented in the healthy tissue surrounding RC. HLAabcs correspond to MHC class I (A, B, and C), all of which 
are the HLA Class 1 group, and present peptides from inside the damaged cell36,37. Thus, we can conclude that 
metachronous RC occurs in a cancerization field.

Fig. 1.  Metachronous RC and patients’ characteristics(IMMUNOREACT 9: whole cohort). (A) Representative 
immunohistochemical analysis of PMS2, MLH1, MSH2, and MSH6, (20x bar = 0.050 mm) in the cancer tissue. 
(B) Frequency of a previous history of colorectal adenoma (CRA) in metachronous and non-metachronous 
RC patients. (C) Illustration of primary cancer site in the metachronous cancers group. (D) Flow cytometric 
analysis of HLAabc + epithelial (cytokeratin+, CK+) cells within the cancerization field. Representative 
images of flow cytometric analysis of CK + HLAabc + cells are shown. ROC curve showing the accuracy of 
CK + HLAabc + mean fluorescence intensity (MFI) in predicting metachronous RC.
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In our series, therapy-naïve metachronous RC patients had more frequently lower levels of circulating 
lymphocytes and CD3 + T-cell infiltration in the healthy mucosa surrounding RC than patients with non-
metachronous RC. Previous studies have shown not only that immune infiltration is a good predictor of 
patient survival, but also that the adaptive immune response may likely influence the behavior of tumors38. 
Weak activation of cytotoxic T cells was associated with the progression of low-grade dysplasia in the context 

Fig. 2.  Metachronous RC and differential gene expression in the cancerization field ((IMMUNOREACT 9: 
whole cohort). (A) Volcano plot of differential gene expression in the cancerization field of metachronous RC 
patients (n = 3) vs. non-metachronous RC patients (n = 30). The 20 statistically significant genes are labeled 
in the plot. (B) Differential expression of gene-based cell types abundance scores in the cancerization field of 
metachronous RC patients vs. non-metachronous RC patients. (C) Differential expression of gene signatures 
pathways scores in the cancerization field of metachronous RC patients vs. non-metachronous RC patients.

 

non-metachronous Metachronous p-value Corrected p-value

CK + CD80 + cell rate 17 (8, 31) 9 (8, 20) 0.514 0.999

CK + CD80 + MFI 129 (101, 174) 182 (150, 229) 0.194 0.221

CK + CD86 + cell rate 16 (7, 28) 25 (20, 30) 0.244 0.325

CK + CD86 + MFI 117 (95, 160) 140 (129, 148) 0.470 0.940

CK + HLAabc + cell rate 35 (14, 67) 40 (24, 52) 0.815 0.999

CK + HLAabc + MFI 412 (239, 602) 905 (763, 976) 0.031 0.033

CD8 + CD28 + cell rate 3.0 (1.0, 6.0) 3.4 (3.3, 6.0) 0.381 0.609

CD8 + CD28 + MFI 42 (30, 64) 33 (29, 38) 0.315 0.458

CD8 + CD38 + cell rate 4 (2, 10) 6 (5, 6) 0.558 0.999

CD8 + CD38 + MFI 49 (37, 66) 49 (44, 56) 0.982 0.982

CD4 + CD25 + cell rate 1.4 (0.0, 3.7) 3.8 (2.3, 4.9) 0.381 0.423

CD4 + CD25 + MFI 19 (0, 34) 24 (14, 36) 0.696 0.999

CD25 + FoxP3 + cell rate 0.00 (0.00, 1.70) 0.00 (0.00, 1.50) 0.797 0.999

CD25 + FoxP3 + MFI 0 (0, 356) 0 (0, 90) 0.554 0.999

CD3 + CTLA4 + cell rate 3 (1, 10) 10 (3, 20) 0.241 0.296

CD3 + CTLA4 + MFI 30 (17, 56) 21 (19, 43) 0.660 0.999

Table 2.  Flow cytometry comparison between non-metachronous and metachronous RC. Median (IQR); n 
(%). Wilcoxon rank sum test. Benjamini and Hochberg False Discovery Rate was used for multiple testing 
correction.
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of inflammatory colorectal carcinogenesis39, and patients with metachronous CRC and oesophageal squamous 
cell carcinoma had a higher frequency of absent infiltration of lymphomononuclear cells within the tumor3,4. 
All these data suggest a constitutive failure of the immune surveillance of the colorectal mucosa favoring the 
environment for the development of metachronous RCs.

Therefore, the two main results of this study, epithelial cells with high HLA-ABC expression associated with 
a low T cell infiltration, suggest a situation of high presentation of damaged peptide unbalanced by a weak 
immune presence. This disequilibrium can potentially open the way to metachronous rectal cancer through an 
insufficient generation of CD45RO + T cells, memory T cells, that are crucial to respond again to antigens that 
had already been reckoned40.

The main limitations of this study are the small number of patients with metachronous RC, which suggests 
caution in the interpretation of the findings, and the study design that does not allow drawing any causal 
associations between the relevant variables in the analysis nor making any inference on effect on survival. 
Moreover, in the present study, no mismatch repair gene sequencing of the 25 cases could be done and this 
information could have completed the whole picture. In fact, in TMAs some cases with heterogenous MMR 
expression41 and/or rare staining patterns could have been missed42. Furthermore, we did have not any 
information about the histologic subtype of the first cancer and we used simple manual cell counting at IHC. 

Fig. 3.  Metachronous RC and immunological response (IMMUNOREACT 9: therapy naïve patients). (A) 
Association between metachronous RC and circulating lymphocytes. ROC curve showing the accuracy of 
circulating lymphocytes in predicting metachronous RC.RC (B) Association between metachronous RC and 
CD3 + T-cell infiltration in the RCcancerization field. Representative immunohistochemical analysis of CD3 is 
shown (20x bar = 0.050 mm). ROC curve showing the accuracy of CD3 + cells in predicting metachronous RC.
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Finally, the results of the HLA expression on epithelial cells would have been more clinically meaningful if 
obtained also by immunohistochemistry.

In conclusion, our study supports the hypothesis that metachronous RC can occur in a cancerization field 
in patients with weak systemic and local immune systems. The peculiar site of RC makes the mismatch-repair 
genes deficiency in metachronous cancer onset less relevant. These results support the hypothesis that CRC with 
rectal mucosa with high HLAabc expression associated with low CD3 + T cell infiltration may benefit from a 
more intensive postoperative endoscopic surveillance program. Further studies should focus on the design of a 
dedicated surveillance protocol in patients with low CD3 + infiltration and, possibly, high HLA-abc expression.

Fig. 4.  Metachronous RC and immunological response (IMMUNOREACT 9: therapy naïve patients). 
Representative immunohistochemical analysis of CD4+, FoxP3+, Tbet+, CD8beta+, and CD8+, T cells within 
the cancerization field (20x bar = 0.050 mm).
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Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are avail-
able from the corresponding author upon reasonable request. Data are located in controlled access data storage 
at University of Padova (https://www.unipd-ubep.it).
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