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Background: We previously reported rare regressive genetic trajectories of KRAS
pathogenic mutations as a specific hallmark of the genuine oligometastatic status in
colorectal cancer (CRC).

Methods: Survival and prognostic impact of disease extent in 140 metastatic CRC
patients were evaluated through the Kaplan–Meyer curves and the Log-Rank test. KRAS
mutations were assessed through the Illumina NovaSeq 6000 platform and TruSight™

Oncology 500 kit. HLA typing was carried out by PCR with sequence-specific
oligonucleotides. Lymphocyte densities in tumors were expressed as cells per square
millimeter. NKs isolated and CD8+ from NK-depleted PBMCs were characterized through
flow cytometry. CD107a externalization was evaluated as NKs/CD8 cytotoxicity toward
human colon cancer cells HT29, SW620, HCT116, and LS174T carrying different KRAS
mutations.

Results: The oligometastatic status was a strong and independent variable for survival
(HR: 0.08 vs. polymetastatic disease; 95% CI: 0.02–0.26; p < 0.001). Eighteen
oligometastatic patients were selected. Twelve were alive at the last follow-up, and 9
were characterized. Genetic regression of KRASwas observed in 3 patients: patient (PAT)
2, PAT5, and PAT8. PAT2 and PAT5 presented the highest levels of GrzB+ lymphocytes in
the tumor cores of the metastases (120 ± 11.2 and 132 ± 12.2 cells/mm2, respectively).
Six out of 9 patients (67%), including PAT2 and PAT5, expressed HLA-C7. Twopatients
(PAT2 and PAT5) presented high CD3+/CD8+-dependent cytotoxicity against HLA-C7+
SW620 cells (p.G12V-mutated cells), which was consistent with their observed mutational
regression (p.G12V/p.G13D in primary!p.G13D in metastatic tumor).
org July 2022 | Volume 13 | Article 8985611

https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:a.ottaiano@istitutotumori.na.it
https://doi.org/10.3389/fimmu.2022.898561
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.898561
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.898561&domain=pdf&date_stamp=2022-07-22


Ottaiano et al. KRAS Regression in Oligometastatic CRC

Frontiers in Immunology | www.frontiersi
Conclusions: We provide evidence that CD3+/CD8+ lymphocytes from oligometastatic
CRC patients display differential cytotoxicity against human colon cancer cells carrying
KRAS mutations. This could provide an interesting basis for monitoring oligometastatic
disease and developing future adoptive immunotherapies.
Keywords: oligo-metastatic disease, colorectal cancer, KRAS, cytotoxicity, HLA
INTRODUCTION

Colorectal cancer (CRC) is a dismal disease and is the second
cause of cancer-specific death worldwide. Although the
introduction of biological drugs (bevacizumab, panitumumab,
cetuximab, aflibercept, and regorafenib) in the treatment of
metastatic CRC (mCRC) has improved the prognosis, the 5-
year survival rate is not higher than 5% (1).

We have previously reported that the presence of regressive
genetic trajectories in key driver genes is associated with the
oligometastatic status of a low-burden disease and a clinical
indolent course (2). In this light, we described the loss of KRAS
pathogenic mutations from primary to metastatic tumors in a
well-defined model of lung-specific oligometastatic disease,
allowing a clean genotype/phenotype correlation study (3).
Similar genetic changes were found in a highly selected model
of patients with liver metastases from CRC compared to
metastatic lesions (4). However, we could not exclude the
hypotheses of either “back” (or regressive) mutation or
immune-mediated recognition of neoplastic clones bearing
specific pathogenic mutations (immune-mediated subclonal
selection) responsible for KRAS regression. This biological
effect is highly relevant to understanding the biology of CRC
and can create new scenarios in the therapeutic strategies for
the disease.

Interestingly, we noted that patients with KRAS regressive
mutations also presented a higher infiltration of CD8+-activated
T cells. CRC neoplastic masses are infiltrated by different
leucocyte subsets (macrophages, eosinophils, NKs, CD8+ T
cells, etc.) that dynamically interact with tumor cells within the
tumor microenvironment (TME). The final result of this clash is
largely undefined and, in many cases, can prompt neoplastic
progression depending on the predominant TME-infiltrating
subsets (5–7). Recent robust evidence suggests that both NKs
and CD8+ T cells (tumor-infiltrating lymphocytes (TILs)) are
associated with better prognosis and are able to “sculpture” the
neoplastic population by eliminating some neoplastic clones,
including those carrying KRAS mutations (8–11).

In the present study, taking advantage of the opportunity to
study alive patients representing a well-defined and characterized
model of oligometastatic disease, we have explored their
immunologic characteristics, including HLA haplotypes, tumor
immune microenvironment, and reactivity of peripheral
lymphocytes against the differentially KRAS-mutated colon
cancer cells.
n.org 2
METHODS

Definition of Oligometastatic Disease and
Patients’ Management
Consecutive metastatic colorectal cancer (mCRC) patients
treated at the Department of Abdominal Oncology,
Substructure of Innovative Therapies for Abdominal Cancers,
Istituto Nazionale Tumori (National Cancer Institute), “G.
Pascale” Foundation, were analyzed. Oligometastatic patients
were intended as those having one to three lesions per organ
with a maximum tumor diameter smaller than 70 mm and no
lesions encompassing 25 mm in diameter. Otherwise, patients
were considered polymetastatic. Data were extracted from an
institutional electronic database prospectively updated (January
2018–December 2021). To avoid clear negative prognostic
influences, patients with an Eastern Cooperative Oncology
Group (ECOG) performance status score of >1, age >80 years,
life expectancy of <3 months, and BRAF-mutated tumors
were excluded.

Treatments and follow-up procedures were applied according
to ESMO (European Society of Medical Oncology) guidelines
(12). Authorization from the Scientific Directorate (Prot. 03b-
2020 TIMA) in the context of an ongoing retrospective no-profit
study on long-term survivors in CRC (sponsored by the Lega
Italiana per la Lotta Contro I Tumori-Naples section) for
recovering additional blood from oligometastatic patients was
obtained. All patients signed an informed consent specifically
referring to this project.

NK and NK-Depleted PBMC Preparation
Peripheral blood mononuclear cel ls (PBMCs) from
oligometastatic CRC patients were freshly isolated using Ficoll
Paque (GE Healthcare, Uppsala , Sweden) gradient
centrifugation. CD3−CD56+ NK cells were isolated from
PBMCs by negative selection using magnetic beads (NK Cell
Isolation Kit, human, San Diego, CA 92121, USA, Miltenyi
Biotec). The noneluted fraction was recovered and used as
NK-depleted PBMCs. NK and NK-depleted PBMCs were
stimulated with recombinant interleukin-2 (rIL-2, 100 U/ml)
for 18 h in RPMI 1640 medium (Cytiva HyClone™).

Flow-Cytometric Analysis and Antibodies
Flow cytometry was performed on venous peripheral blood
collected in heparin-coated vacutainer tubes using a FACSAria
III 8-colour flow-cytometer (BD Biosciences, San Jose, CA,
July 2022 | Volume 13 | Article 898561
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USA), daily calibrated with caliBRITE beads (Fitc, Pe, PerCP,
and APC) and compbeads (Pe-Cy7 and APC-Cy7; BD
Bioscience, San Jose, CA, USA). Fluorochrome-labeled
monoclonal antibodies (BD Bioscience) for the identification of
NK and T cells were Horizon-V450-anti-CD16, fluorescent
isothiocyanate (FITC)-anti-CD8, Pe-Cy7-anti-CD56, and APC-
Cy7-anti-CD3. Viability was analyzed using LIVE/DEAD cell
stain (Invitrogen). Cells were stained with antibodies for 30 min
at 4°C and washed with FACS buffer (PBS/0.2% BSA/0.01%
NaN3). A minimum of 100,000 events for each sample were
collected and analyzed using FACSDiva™ 8.0 Software
(BD Bioscience).

Degranulation Assays
Target CRC cell lines were cocultured with rIL-2-activated NK
and NK-depleted PMBCs at an E:T ratio of 10:1 in a total volume
of 250 ml in 96-well flat-bottom plates in the presence of PE-anti-
CD107a antibody at 37°C and 5% CO2. To detect spontaneous
degranulation, effector cells were incubated in the absence of
target cells; a positive control was effector cells in the presence of
PMA (2.5 µg/ml) and ionomycin (0.5 µg/ml). Following a 3-h
culture, cells were stained to detect degranulation in specific
lymphocyte subpopulations (see Antibodies). CD107a
externalization was analyzed on CD3−/CD56+ NK cells as well
as CD3+/CD8+ from NK-depleted PBMCs. Normalized CD107a
was the percentage of CD107a+ cells subtracted from
spontaneous degranulation/PMA-IONO-induced (positive
control) degranulation. All experiments were conducted in
triplicate, and representative results are shown.

CRC Cancer Cell Lines
The cytotoxic activity of peripheral T andNK cells was tested against
human CRC cell lines: HT29 (KRAS wild-type), HCT116 (KRAS
p.G13D), SW620 (KRAS p.G12V), and LS174T (KRAS p.G12D). All
cells were cultured in the recommended growth medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
1% L-glutamine, and 1% penicillin/streptomycin and maintained in
95% air, 5% CO (2) at 37°C. Cell line identities were confirmed by
short tandem repeat DNA typing at ATCC (VA, USA).

KRAS Mutational Assessment
KRAS mutations were assessed on formalin-fixed paraffin-
embedded (FFPE) primary and metastatic tumor tissues from
oligometastatic patients. The DNA was extracted from three 10-
µm FFPE sections through the MGF03-Genomic DNA FFPE
One-Step Kit, according to the manufacturer’s protocol
(MagCore Diatech). DNA quality was established in triplicate
using the FFPE QC Kit according to the manufacturer’s protocol
(Illumina, San Diego, USA). The libraries were prepared with
TruSigt TMOncology 500 kit. Sequencing was performed on an
Illumina NovaSeq 6000 (San Diego, USA) platform. The assay
detects small nucleotide variants (SNVs), indels, splice variants,
and immunotherapy biomarkers in 523 cancer-relevant genes.
However, our analysis focused on KRAS-related genetic results.
The Illumina TruSighth Oncology 500 bioinformatics pipeline
was applied to analyze quantitatively and qualitatively the
sequencing results, as previously reported (3, 4).
Frontiers in Immunology | www.frontiersin.org 3
Tumor Microenvironment Characterization
Analysis of lymphocyte subsets infiltrating TME was performed
through immunohistochemistry (IHC). Formalin-fixed, paraffin-
embedded 4-mm tissue sections of primary tissues and
metastases were immunostained according to a biotin-
streptavidin-peroxidase method (YLEM kit, Rome, Italy) (13).
Treatment with primary antibodies consisted of anti-human
CD3, anti-human CD8, anti-human FoxP3, and anti-human
granzyme B. Slides were counterstained with hematoxylin,
dehydrated, and mounted in Diatex. Negative controls were
obtained by substituting the specific primary antibodies with a
mouse myeloma protein of the same subclass (at the same
concentration as the monoclonal antibody). Cell subsets
infiltrating tumor cores (TC) and invasive margins (IM) (14)
were counted by two pathologists six times and reported as cells
per square millimeter (density).

HLA Typing
Genomic DNA was extracted from fresh whole blood using a
QIAmp DNA Blood Mini Kit (Qiagen, Manchester, UK). The
HLA typing was carried out by PCR sequence‐specific
oligonucleotide (SSO) using LABType® SSO (One Lambda
Inc., Los Angeles, CA, USA). Unresolved typing was
investigated by sequence-based typing (SBT) analysis. Sequence
alignments were done with alleles from the IMGT/HLA
Sequence Database release 3.14.0 (14).

Data Reporting and Analysis
The analysis of functional experiments and phenotypical
characterizations are predominantly descriptive. Experiments
were performed in triplicate; they gave homogeneous results.
Overall survival (OS) of the patients was measured from the start
of the first-line chemotherapy until death from any cause.
Survival was shown through the Kaplan–Meier curves.
Differences in survival according to the extent of disease
(oligo- vs. polymetastatic disease) before starting the first-line
treatment were evaluated through the Log-Rank test. A Cox
proportional hazards regression model was used to analyze the
effect of potential factors (covariates) influencing OS.
Dichotomized covariates were age, gender, side of the primary
tumor, response to first-line therapy, RAS gene status, and
oligometastatic disease. Hazard ratios (HR) were intended to
measure the risk of death, at any time, for a patient having a
specific risk factor present compared with a patient with that risk
factor absent, given both patients are the same on all other
covariates. The 95% confidence intervals (CI) of HR were also
reported. All statistical analyses were performed using the
MedCalc® 9.3.7.0 and Excel software. p < 0.05 were considered
statistically significant. According to the internal policies of our
Institute, the institutional review board approval was not
required for the retrospective analysis of this clinical cohort.
The lymphocyte densities in tumor tissues were reported with
the arithmetic mean of ±2 standard deviations (SDs). Standard
“box-and-whisker” graphs were used to plot cell densities of
means from different patients in a comparative perspective
(primary vs. metastatic tumors).
July 2022 | Volume 13 | Article 898561
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RESULTS

Clinical Context and Selection of Good-
Prognosis Oligometastatic CRC Patients
The prognosis of oligometastatic CRC patients was evaluated in a
consecutive clinical series of 140 metastatic CRC patients treated
at the Istituto Nazionale Tumori (National Cancer Institute), “G.
Pascale” Foundation from January 2018 to December 2021.
Clinicopathological characteristics of the whole series are
reported in Table 1. In multivariate analysis (Table 2),
oligometastatic status was the only prognostic independent
variable (HR: 0.08; 95% CI: 0.02–0.26; p < 0.001). The median
survival in oligometastatic patients (18 patients) was not reached,
while that of polymetastatic patients (122 patients) was
22.0 months (p < 0.0001 at Log-Rank test) (Figure 1). Six
oligometastatic patients died of CRC progression. Nine out of
12 patients with genuine oligometastatic disease who were still
alive at the last follow-up were phenotypically and genetically
Frontiers in Immunology | www.frontiersin.org 4
characterized (three patients refused to undergo further
characterization for personal motivations). Their detailed
characteristics are reported in Table 3. Interestingly, a genetic
regression of KRAS was observed in three patients. Two patients
(PAT2 and PAT5) had a double mutation in KRAS (p.G12V,
p.G13D) in the primary tumor and a single mutation (p.G13D)
in the metastatic one. PAT8 presented KRAS p.G12D mutated in
the primary tumor and wild-type KRAS in the liver metastasis.

Tumor Immune Microenvironment
Characterization
Tumor immune microenvironment (TIME) has a strong
influence on tumor progression, and TILs are able to shape the
clonal heterogeneity of malignant cells in space and time.
Therefore, to explore any relevant relationship between the
oligometastatic status of the selected patients and the
immunological microenvironment, CD3+, CD8+, FoxP3+, and
GrzB+ cells were examined in the primary and metastatic tissues
by IHC. Cell densities in means ± 2SD are reported in Table 4.
As expected, a great variability of cell densities inter- and
intrapatient (primary vs. metastatic tumor) was recorded.
Different densities of GrzB+ cells (fully differentiated and
activated lymphocytes with lytic properties infiltrating the
tumor core) into the tumor cores of both primary and
metastatic tissues are shown in Figure 2. PAT6 had the highest
number of GrzB+ cells in the primary tumor (120 ± 13.3 cells/
mm (2)), while PAT2 (120 ± 11.2 cells/mm (2)) and PAT5
(132 ± 12.2 cells/mm2) had the most in the metastatic tumors.
Representative IHCs of GrzB+ cells in tumor cores of PAT5 and
PAT6 are shown in Figure 3.

Peripheral T and NK Cells from
Oligometastatic CRC Patients Differently
Target CRC Cell Lines Bearing Specific
KRAS Mutations
Since regression of KRAS mutations has been reported in
oligometastatic CRC patients, we explored NKs and CD8s
from peripheral blood of oligometastatic patients for cytotoxic
activity against CRC cells through CD107a-externalization
(lysosomal protein LAMP-1-based degranulation assay)
(Figure 4). The cytotoxic response against target cells is
reported in Figure 5. It was composite and quantitatively
heterogeneous among different patients. Notably, PAT2 and
PAT5 had lymphocytes with the highest T cell-mediated
cytotoxic activity against SW620 cells (p.G12V mutated KRAS
CRC cells), which was consistent with the observed mutational
regress ion (p.G12V/p.G13D inprimary!p.G13D in
metastatic tumor).

HLA Characterization of Selected Patients
The hypothesis that T lymphocytes from oligometastatic patients
had the ability to recognize and efficiently kill specific mutated
tumor cells was generated from the observation of PAT2 and
PAT5 target killing patterns. Since HLA proteins are crucial in
binding heterogeneous tumor antigens and driving T-cell
immune-mediated recognition and elimination, patients’ HLA
TABLE 1 | Clinicopathological characteristics of metastatic CRC patients’
cohort.

Characteristic No. (%)

Age
<65 91 (65.0)
>65 49 (35.0)
Gender
M 71 (50.7)
F 69 (49.3)
Grading
G1 8 (5.7)
G2/G3 132 (94.2)
Side of primary tumor
Left 73 (52.1)
Right 67 (47.9)
pTa

pT1/pT2 11 (8.7)
pT3 87 (69.1)
pT4 28 (22.2)
LNa involvement
0 11 (8.7)
1–3 22 (17.5)
>3 93 (73.8)
No. of metastatic sites
1 32 (22.9)
2 73 (52.1)
More than 2 35 (25.0)
Metastatic tumor volume
¾3 cmb 10 (7.1)
>3–7 cmb 8 (5.7)
>7 cm 122 (87.1)
Response to first-line chemotherapy
DC 116 (82.8)
No DC 24 (17.2)
KRAS status
Mutated 58 (41.4)
Wild-type 82 (58.6)
pT, pathological staging of primary tumor according to AJCC; pN, pathological staging of
loco-regional lymph-node involvement according to AJCC; DC, disease control; F, female;
LN, lymph nodes; M, male. aThe row sum does not correspond to the total number of
patients because some of them did not receive surgical removal of the primary tumor.
bOligometastatic disease.
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TABLE 2 | Multivariate analysis of clinical and molecular characteristics in the selected clinical cohort.

Covariate Dichotomization Median survivals No. of events/patients p at univariate HR 95% CI p at multivariate

Age <65 vs. ≥65 years 25 vs. 22 63/91 vs. 35/49 0.39 1.09 0.71–1.68 0.67
Gender M vs. F 24 vs. 24 52/71 vs. 46/69 0.51 1.18 0.78–1.78 0.41
Side L vs. R 26 vs. 22 50/73 vs. 48/67 0.18 1.13 0.73–1.74 0.57
Initial metastatic TB omCRC vs. pmCRC NR vs. 22 94/122 vs. 4/18 <0.0001 0.08 0.02–0.26 <0.001
Response to first-line CT DC vs. no DC 26 vs. 18 40/69 vs. 58/71 0.03 0.61 0.43–0.97 0.60
KRAS Not mutated vs. mutated 26 vs. 22 56/82 vs. 42/58 0.35 1.07 0.70–1.62 0.74
Frontiers in Immunology | www
.frontiersin.org
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CI, confidence interval; DC, disease control; F, female; HR, hazard ratio; L, left; M, male; NR, not reached; om, oligometastatic; pm, polymetastatic; R, right; TB, tumor burden.
FIGURE 1 | Kaplan–Meyer survival curves according to disease extent at diagnosis (oligometastatic vs. polymetastatic status).
TABLE 3 | Clinicopathological characteristics and genetic concordance of KRAS status in the oligometastatic patients.

Patient
ID

Colon PT
KRAS
status

MT
KRAS
status

Age
(years)

Gender BMI
(kg/
m2)

Histology and pathologic
stage at diagnosis,

grading

Primary
tumor
side

Synchronous or
metachronous

metastatic disease

Type of surgery for
metastases

Last follow-up
(December

2021)

PAT1 wt Lung,
wt

72 F 19.5 Adenocarcinoma,
pT3pN1apV0
pR0, G2

Left M Lung left lower lobe
wedge resection

Oligometastatic
progression to
the lung

PAT2 p.G12V,
p.G13D

Lung,
p.G13D

78 M 19.8 Adenocarcinoma,
pT3pN0pV1
pR0, G2

Right M Lung left lower lobe
wedge resection

Oligometastatic
progression to
the lung

PAT3 wt Liver, wt 82 F 21.0 Adenocarcinoma,
pT2pN1bpV0
pR0, G3

Right M Segment 5 and
segment 6 pR0
metastasectomies

NED

PAT4 wt Lung,
wt

78 F 18.2 Adenocarcinoma,
pT3pN1bpV1
pR0, G2

Right M Lung right lower lobe
wedge resection

Polymetastatic
progression to
the lung

PAT5 p.G12V,
p.G13D

Liver,
p.G13D

61 M 19.0 Adenocarcinoma,
pT2pN2bpV1
pR0, G2

Left S Segment 6 pR0
metastasectomy

NED

PAT6 wt Liver, wt 27 F 18.9 Adenocarcinoma,
pT3pN1bpV1
pR0, G2

Right S Segment 5 pR0
metastasectomy

NED

PAT7 wt Liver, wt 52 M 21.2 Adenocarcinoma,
pT2pN1apV1
pR0, G3

Left M Segment 8 pR0
metastasectomy

NED

PAT8 p.G12D Lung,
wt

60 M 19.9 Adenocarcinoma,
pT3pN0bpV0
pR0, G2

Left M Lung right upper lobe
wedge resection

NED

PAT9 wt Liver, wt 47 F 20.5 Adenocarcinoma,
pT3pN1apV1
pR0, G3

Left S Segment 8 pR0
metastasectomy

Oligometastatic
progression to
the liver
BMI, body mass index; G, grading; L, left; MT, metastatic tumor; PAT, patient; PT, primary tumor; pR0, no residual disease at microscopic examination after surgery; wt, wild-type.
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TABLE 4 | Distribution of T-cell subset densities (cells/mm2) in primary and oligometastatic tumors.

rimary tumors Metastatic tumors

+ Foxp3 GrzB CD3+ CD8+ Foxp3 GrzB

IM TC IM TC IM TC IM TC IM TC IM TC IM

170 ± 12.5 10 ± 1.4 30 ± 4.2 60 ± 3.7 20 ± 3.1 340 ± 10.2 1,350 ± 25.6 580 ± 20.3 2,140 ± 30.9 0 ± 0.0 20 ± 1.6 35 ± 3.5 50 ± 1.1
95 ± 11.5 0 ± 0.0 0 ± 0.8 5 ± 0.6 0 ± 1.2 140 ± 7.2 625 ± 20.1 25 ± 2.2 85 ± 5.5 0 ± 0.0 5 ± 0.6 120 ± 11.2 100 ± 9.8

150 ± 11.1 67 ± 5.4 40 ± 4.2 32 ± 2.7 45 ± 3.3 200 ± 9.9 1,500 ± 24.9 50 ± 2.3 120 ± 8.7 20 ± 2.1 40 ± 3.6 74 ± 6.8 30 ± 2.2
75 ± 8.4 0 ± 0.0 0 ± 0.0 60 ± 5.1 115 ± 9.6 220 ± 9.9 1,015 ± 23.8 140 ± 10.2 120 ± 8.7 5 ± 0.7 10 ± 1.3 0 ± 0.0 0 ± 0.0

726 ± 21.5 52 ± 4.3 25 ± 4.5 21 ± 1.3 29 ± 2.9 201 ± 11.2 201 ± 2.3 132 ± 11.3 120 ± 11.6 10 ± 0.9 30 ± 2.9 132 ± 12.2 60 ± 9.6
500 ± 18.4 30 ± 3.3 20 ± 2.9 120 ± 13.3 110 ± 13.9 130 ± 8.2 1,610 ± 19.8 30 ± 2.8 60 ± 6.3 11 ± 0.7 15 ± 1.4 24 ± 2.6 35 ± 2.7
400 ± 12.3 30 ± 4.2 30 ± 3.3 25 ± 1.6 42 ± 2.9 310 ± 12.1 3,000 ± 20.7 100 ± 10.3 530 ± 21.6 28 ± 1.7 30 ± 2.6 26 ± 2.4 42 ± 3.3
166 ± 13.2 0 ± 0.0 7 ± 1.9 20 ± 0.8 0 ± 0.0 680 ± 15.3 2,020 ± 32.4 80 ± 5.8 650 ± 18.7 0 ± 0.0 6 ± 1.3 72 ± 6.4 30 ± 3.2
200 ± 8.4 40 ± 3.3 40 ± 3.9 25 ± 2.1 30 ± 2.6 530 ± 19.2 2,015 ± 23.8 78 ± 6.8 100 ± 8.8 10 ± 0.7 10 ± 1.4 58 ± 3.6 45 ± 4.8

margins; MT, metastatic tumor; PT, primary tumor; TC, tumor core.
ets of the two lesions were comparable).
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P

CD3+ CD8

TC IM TC

PAT1 170 ± 12.0 460 ± 20.5 80 ± 5.5
PAT2 720 ± 16.5 230 ± 10.0 30 ± 2.4
PAT3a 600 ± 15.5 2,000 ± 21.2 50 ± 5.5
PAT4 160 ± 9.5 365 ± 13.1 15 ± 1.2
PAT5 770 ± 13.3 507 ± 21.2 62 ± 6.6
PAT6 820 ± 19.7 1,500 ± 17.2 600 ± 26.2
PAT7 2,000 ± 23.4 1,040 ± 16.1 100 ± 7.4
PAT8 245 ± 7.0 865 ± 11.5 144 ± 11.6
PAT9 400 ± 9.5 500 ± 23.2 80 ± 6.2

Foxp3, forkhead box P3; GrzB, granzyme B; IM, invasive
aThis patient had two liver lesions both wtKRAS (cell sub
s
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haplotype was determined (Table 5). Interestingly, 6 out of 9
patients expressed the HLA-C7 allele (see Discussion). Matching
between HLA haplotypes of patients and tumor target cells is
reported in Table 6. Notably, both SW620 and HCT116 cell lines
expressed HLA-C7 alleles.
DISCUSSION

There is increasing attention to the difference between oligo- and
polymetastatic cancers in CRC. The genuine oligometastatic
setting has a long-term course with indolent and safely
controllable disease. Some patients subjected to R0 surgical
resection of the primary tumor and the presence of
Frontiers in Immunology | www.frontiersin.org 7
oligometastases do not progress rapidly, differently from
polymetastatic patients. Unfortunately, the biological and
molecular determinants of these so divergent clinical behaviors
(oligo- vs. polymetastatic cancer) remain unexplored and
unknown. We previously reported that genetic loss of key-
driver gene mutations (“genetic regression”) might represent a
new hallmark of the oligometastatic disease (2). Moreover, a
recent study was performed on tumor and matched metastatic
tissues collected from 16 patients with CRC and subjected to
whole-exome sequencing and RNA sequencing. The authors
found recurrent mutations with subclonal changing patterns in
different genes, including KRAS, SYNE1, CACNA1H, PCLO,
FBXL2 , and DNAH11 , giving evidence of a potential
mechanism of tumor cell immune escape by analyzing HLA-
FIGURE 2 | Box-and-whisker graphs of GrzB+ cell densities into tumor cores of different oligometastatic patients (PAT1-9) in matched metastatic (MT) and primary
tumors (PT).
FIGURE 3 | Representative immunohistochemistry of GrzB+ cells in tumor cores of PAT5 and PAT6 (bar = 100 µm).
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related clonal neoantigens and immune cell components in CRC
liver metastases (15).

Based on that, we provide further evidence that peripheral
CD3+/CD8+ lymphocytes of oligometastatic CRC patients
recognize and eliminate differentially KRAS-mutated CRC cells.
In fact, a genetic regression of KRAS was observed in three
patients: PAT2, PAT5, and PAT8. PAT2 and PAT5 presented a
double mutation in KRAS (p.G12V, p.G13D) in the primary
Frontiers in Immunology | www.frontiersin.org 8
tumor and only a single mutation (p.G13D) in the metastasis.
PAT8 presented p.G12D-mutated KRAS in primary tumor and
wild-type KRAS in the liver metastasis; nevertheless, he
presented neither a specific pattern nor a relevant cytotoxic
activity against tumor target cells, with degranulation rates
ranging from 5% to 10% for both NK and T cells. The last
data can be attributable to heterogeneous, unknown underlying
factors orchestrating the immune responses and tumor
FIGURE 4 | Differential cytotoxic activity in colon cancer oligometastatic patients (representative CD107a degranulation assay). Upper panel, NK-purified cells were
gated based on (CD56+CD3−) (A) spontaneous, (B) PMA/IONO-induced, and (C) human colon cancer cell line-induced NK degranulation. Lower panel, T cells were
gated based on (CD8+CD3+) (A) spontaneous, (B) PMA/IONO-induced, and (C) human colon cancer cell line-induced CD8+ T-cell degranulation.
FIGURE 5 | Cytotoxicity of peripheral lymphocytes from oligometastatic patients (PAT1-9) against different CRC target cells was evaluated through CD107a
externalization (see Methods) on CD3+/CD8+ from NK-depleted PBMCs (black column) and CD3−/CD56+ NK cells (white column) (representative results of three
experiments). Targets were HT29 (KRAS wild-type), HCT116 (KRAS p.G13D), SW620 (KRAS p.G12V), and LS174T (KRAS p.G12D). Normalized CD107a was the
percentage of CD107a+ cells subtracted from spontaneous degranulation/PMA-IONO-induced degranulation (positive control).
July 2022 | Volume 13 | Article 898561
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progression relationships. KRAS double mutations are described
in the literature and, although rare events, they can represent an
interesting clinical model to study tumor genetic evolution
(16–19).

In degranulation assays, both PAT2 and PAT5 had CD3+/
CD8+-dependent cytotoxicity against SW620 (p.G12V KRAS);
PAT5 also displayed high recognition of the HCT116 cell line
(p.G13D KRAS). Interestingly, genetic characterization of
Frontiers in Immunology | www.frontiersin.org 9
resected metastases from patients PAT2 and PAT5
demonstrated loss of KRAS p.G12V-mutated neoplastic
progeny. At the last follow-up (December 2021), PAT2 had
two new lung nodules at radiologic restaging while PAT5 was
disease free. This could be related to the ability of PAT5 to
destroy the residual KRAS p.G13D neoplastic clones. Thus, the
patients’ cytotoxic properties seemed consistent with the
mutational and clinical course of the neoplastic progeny.
TABLE 5 | HLA haplotypes of oligometastatic patients.

Patients Locus Alleles

PAT1 HLA-A* 01:01 03:01
HLA-B* 35:08 53:01
HLA-C* 04:01 –

HLA-DRB1* 10:01 11:01
HLA-DQB1* 03:01 05:01
HLA-DPB1* 10:01P 14:01P

PAT2 HLA-A* 03:01 30:04
HLA-B* 08:01 38:01
HLA-C* 07:01 12:03
HLA-DRB1* 01:02 03:01
HLA-DQB1* 02:01 05:01
HLA-DPB1* 03:01P 13:01P

PAT3 HLA-A* 02:17 03:01
HLA-B* 15:17 35:01
HLA-C* 04:01 07:01
HLA-DRB1* 13:02 –

HLA-DQB1* 05:02 06:03
HLA-DPB1* 02:01P –

PAT4 HLA-A* 02:01 33:01
HLA-B* 07:02 14:02
HLA-C* 07:02 08:02
HLA-DRB1* 01:02 15:01
HLA-DQB1* 05:01 06:02
HLA-DPB1* 03:01P 14:01P

PAT5 HLA-A* 02:01 –

HLA-B* 18:01 51:01
HLA-C* 07:01 15:02
HLA-DRB1* 04:03 11:01
HLA-DQB1* 03:01 –

HLA-DPB1* 02:01P 04:01P
PAT6 HLA-A* 23:01P 24:02

HLA-B* 35:02 49:01
HLA-C* 04:01 07:01
HLA-DRB1* 11:04 –

HLA-DQB1* 03:01 –

HLA-DPB1* 02:01P 04:02P
PAT7 HLA-A* 02:01 03:01

HLA-B* 07:05P 35:01
HLA-C* 04:01 15:05
HLA-DRB1* 13:01 16:01
HLA-DQB1* 05:02 06:03
HLA-DPB1* 04:01P –

PAT8 HLA-A* 24:02 –

HLA-B* 35:02 37:01
HLA-C* 04:01 06:02
HLA-DRB1* 10:01 11:04
HLA-DQB1* 03:01 05:01
HLA-DPB1* 03:01P 04:01P

PAT9 HLA-A* 24:02 –

HLA-B* 18:01 51:01
HLA-C* 07:01 15:02
HLA-DRB1* 04:03 11:01
HLA-DQB1* 03:01 –

HLA-DPB1* 02:01P 04:01P
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TABLE 6 | Matching of HLA classes I and II between analyzed patients and CRC cell lines (red: HLA class I matching; blue: HLA class II matching).

HT29 HCT116 SW620 LS174T

A B C DRB1 DQB1 DPB1 A B C DRB1 DQB1 DPB1 A B C DRB1 DQB1 DPB1 A

PAT1 A
B
C

DRB1
DQB1
DPB1

PAT2 A
B
C

DRB1
DQB1
DPB1

PAT3 A
B
C

DRB1
DQB1
DPB1

PAT4 A
B
C

DRB1
DQB1
DPB1

PAT5 A
B
C

DRB1
DQB1
DPB1

PAT6 A
B
C

DRB1
DQB1
DPB1

PAT7 A
B
C

DRB1
DQB1
DPB1

PAT8 A
B
C

DRB1
DQB1
DPB1

PAT9 A
B
C

(Continued)
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The mutated KRAS G12D and G12V have been reported as
recurrent neoantigens in CRC, and this supports the hypothesis
about the role of immune-mediated clonal selection in the above
patients (20), which deserves further studies to be
definitely addressed.

The study of TIME suggests that lymphocytes are involved in
shaping, at both loco-regional and systemic levels, the clonal
heterogeneity of CRC cells of oligometastatic patients with
genetic regression. In fact, PAT2 and PAT5 had a high density
of GrzB+ cells (fully differentiated and activated lymphocytes (21,
22)) in the metastatic tissues.

A HLA haplotype characterization was conducted
considering the crucial role of these proteins in mediating
CD3+/CD8+ recognition of tumor cells. Noteworthy, 6 out of 9
patients (66.7%) presented an HLA-C7 allele (matching both
SW620 and HCT116 cell lines). The HLA system is a group of
highly polymorphic membrane-bound proteins involved in
presenting processed tumor antigens and stimulating T-cell
responses through binding to T-cell receptor (TCR). The
possible combinations of different HLA loci on an HLA
haplotype are enormous (23). According to the National
Marrow Donor Program (NMDP, http://bioinformatics.nmdp.
org/) and IPD-IMGT/HLA databases (http://www.ebi.ac.uk/
imgt/hla), HLA-C7 is detected in about 17% of Caucasians.
This provides evidence that HLA-C7 in oligometastatic CRC
patients is more frequent than expected by chance. However,
considering the small number of analyzed patients (about 5% of
metastatic CRC patients have a genuine and true oligometastatic
disease), such a hypothetic and unexpected result deserves to be
confirmed in larger clinical series. Further studies are needed to
address any interesting relationships between oligometastatic
status, specific KRAS mutations, and HLA haplotypes.

Our study has some limitations, which deserve to be revealed
and discussed. First, the nonspecific/nonantigen-related nature
of the immune assays does not allow us to identify eventual
immunogenic KRAS-derived epitopes. Second, the small sample
size related to the high selection of the tested cohort (less than 5%
of metastatic CRC patients have a genuine and good prognosis of
oligometastatic disease). Third, we did not perform a time-course
of patients’ lymphocyte characterizations although the reported
experiments gave homogeneous results and are representative of
three of them. The blood was recovered at different times
considering the distance from resection of oligometastases.
Fourth, patients 1, 4, 5, 6, 7, and 9 underwent standard
adjuvant chemotherapy based on fluoropyrimidines and
oxaliplatin after primary tumor resection. In this case,
particularly in patients developing metachronous metastatic
Frontiers in Immunology | www.frontiersin.org 11
disease, we cannot exclude the chemotherapy effect in shaping
the clonal heterogeneity of subsequent metastases. Finally, the
biological diversity of CRC cell lines (different haplotypes,
costimulatory molecules, cytokines, etc.) could be associated
with different background recognitions. However, all these
factors reasonably account for physiologic heterogeneity of
patients’ data, paradoxically reinforcing the strength of specific
results in some of them and, thus, the generation of hypotheses.

The secretion of lytic granules from NK and CD8+

lymphocytes involves the fusion of the granule membrane with
the cytoplasmic membrane of the immune effector cell, resulting
in the surface exposure of lysosomal-associated proteins that are
typically present on the lipid bilayer surrounding lytic granules,
such as CD107a. Therefore, membrane expression of CD107a
constitutes a marker of immune cell activation and cytotoxic
degranulation. Nevertheless, this assay may not be ideal in the
setting of patient-derived NK and CD8+ tests toward human
colon cancer cells. Although HLA-typing and matching for cell
lines is reported, PAT5 highly matched the HLA haplotype of
HCT116 and SW620 human colon cancer cells, alloreactivity
could justify some effects (Supplementary File S1 reports the
HLA haplotypes of tested cell lines). However, comparing
CD107a activity in patient-derived cells to cell lines with HLA
and KRAS mutations suggests that CD107a activity is also
affected by KRAS mutation status.

In conclusion, activated and reactive lymphocytes can be
isolated from the peripheral blood of oligometastatic CRC
patients with KRAS regression. The hypothesis of the active
elimination of mutated neoplastic clones, although requiring
further and much stronger data, implies specific and
innovative monitoring and therapeutic strategies.
DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the Zenodo
repos i tory , acces s ion number ht tps : / / zenodo .org /
record/6350253#.Yr1kO3ZByUl.
ETHICS STATEMENT

Ethical review and approval were not required for retrospective
studies. Authorization from the Scientific Directorate in the
context of an ongoing retrospective no-profit study on long-
term survivors in CRC for recovering additional blood from
oligometastatic patients was obtained.
TABLE 6 | Continued

HT29 HCT116 SW620 LS174T

A B C DRB1 DQB1 DPB1 A B C DRB1 DQB1 DPB1 A B C DRB1 DQB1 DPB1 A

DRB1
DQB1
DPB1
July 2022 | Volume 13 | A
rticle
 898561

http://bioinformatics.nmdp.org/
http://bioinformatics.nmdp.org/
http://www.ebi.ac.uk/imgt/hla
http://www.ebi.ac.uk/imgt/hla
https://zenodo.org/record/6350253#.Yr1kO3ZByUl
https://zenodo.org/record/6350253#.Yr1kO3ZByUl
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ottaiano et al. KRAS Regression in Oligometastatic CRC
AUTHOR CONTRIBUTIONS

Conceptualization: AO, MiC, and GN. Methodology: AO,
RPd’A., and MiC. Software: GSc, GSa, and MS. Validation: FT
and GSc. Formal analysis: AO, GN, and FP. Investigations, flow-
cytometry: MN, SS, and AT. Surgery: FI and AB. Investigations,
genetic assessments: RPd’A, MaC, AL, PG, MI, SZ, NP, and GSa.
Investigations, radiologic assessments: VG. Resources: AO and
GN. Data curation: AO, MiC, GN, SS, and FP. Writing–original
draft preparation: AO, GN, and MS. Writing—review and
editing: FP, AL, and MiC. Supervision: GN. All authors have
read and agreed to the published version of the manuscript.
FUNDING

We acknowledge the “Lega Italiana per la Lotta contro I Tumori
(LILT)‐Sezione di Napoli” for collaboration and financial
Frontiers in Immunology | www.frontiersin.org 12
support. We also greatly thank Mrs. Antonietta Nacca (a
private citizen) for her free and unconditional financial support.
ACKNOWLEDGMENTS

We thank Alessandra Trocino, librarian at the Istituto Nazionale
Tumori di Napoli, IRCCS “G. Pascale,” Italy, for bibliographic
assistance. We thank Daniela Capobianco for technical editing
and writing assistance.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/
full#supplementary-material
REFERENCES

1. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC,
et al. Colorectal Cancer Statistics. CA Cancer J Clin (2020) 70:145–64.
doi: 10.3322/caac.21601

2. Ottaiano A, Santorsola M, Caraglia M, Circelli L, Gigantino V, Botti G, et al.
Genetic Regressive Trajectories in Colorectal Cancer: A New Hallmark of
Oligo-Metastatic Disease? Transl Oncol (2021) 14:101131. doi: 10.1016/
j.tranon.2021.101131

3. Ottaiano A, Circelli L, Lombardi A, Scala S, Martucci N, Galon J, et al. Genetic
Trajectory and Immune Microenvironment of Lung-Specific Oligometastatic
Colorectal Cancer. Cell Death Dis (2020) 11:275. doi: 10.1038/s41419-020-
2480-6

4. Ottaiano A, Caraglia M, Di Mauro A, Botti G, Lombardi A, Galon J, et al.
Evolution of Mutational Landscape and Tumor Immune-Microenvironment
in Liver Oligo-Metastatic Colorectal Cancer. Cancers(Basel) (2020) 12:3073.
doi: 10.3390/cancers12103073

5. Wu D. Innate and Adaptive Immune Cell Metabolism in Tumor
Microenvironment. Adv Exp Med Biol (2017) 1011:211–23. doi: 10.1007/
978-94-024-1170-6_7

6. Gasser S, Lim LHK, Cheung FSG. The Role of the Tumour Microenvironment
in Immunotherapy. Endocr Relat Cancer. (2017) 24:T283–95. doi: 10.1530/
ERC-17-0146

7. Zhong X, Chen B, Yang Z. The Role of Tumor-Associated Macrophages in
Colorectal Carcinoma Progression. Cell Physiol Biochem (2018) 45:356–65.
doi: 10.1159/000486816

8. Schreiber RD, Old LJ, Smyth MJ. Cancer Immunoediting: Integrating
Immunity’s Roles in Cancer Suppression and Promotion. Science (2011)
331:1565–70. doi: 10.1126/science.1203486

9. Nosho K, Baba Y, Tanaka N, Shima K, Hayashi M, Meyerhardt JA, et al.
Tumour-Infiltrating T-Cell Subsets, Molecular Changes in Colorectal Cancer,
and Prognosis: Cohort Study and Literature Review. J Pathol (2010) 222:350–
66. doi: 10.1002/path.2774

10. Pagès F, Mlecnik B, Marliot F, Bindea G, Ou FS, Bifulco C, et al. International
Validation of the Consensus Immunoscore for the Classification of Colon
Cancer: A Prognostic and Accuracy Study. Lancet (2018) 391:2128–39. doi:
10.1016/S0140-6736(18)30789-X

11. Tran E, Robbins PF, Lu YC. Et Al. T-Cell Transfer Therapy Targeting Mutant.
KRAS Cancer. N Engl J Med (2016) 375:2255–62. doi: 10.1056/
NEJMoa1609279

12. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D,
et al. ESMO Consensus Guidelines for the Management of Patients With
Metastatic Colorectal Cancer. Ann Oncol (2016) 27:1386–1422. doi: 10.1093/
annonc/mdw235
13. Mazzaschi G, Madeddu D, Falco A, Bocchialini G, Goldoni M, Sogni F, et al.
Low PD-1 Expression in Cytotoxic CD8(+) Tumor-Infiltrating Lymphocytes
Confers an Immune-Privileged Tissue Microenvironment in NSCLC With a
Prognostic and Predictive Value. Clin Cancer Res (2018) 24:407–419. doi:
10.1158/1078-0432.CCR-17-2156

14. Voorter CE, Palusci F, Tilanus MG. Sequence-Based Typing of HLA: An
Improved Group-Specific Full-Length Gene Sequencing Approach. Methods
Mol Biol (2014) 1109:101–14. doi: 10.1007/978-1-4614-9437-9_7

15. Li C, Xu J, Wang X, Zhang C, Yu Z, Liu J, et al. Whole Exome and
Transcriptome Sequencing Reveal Clonal Evolution and Exhibit Immune-
Related Features in Metastatic Colorectal Tumors. Cell Death Discov (2021)
7:222. doi: 10.1038/s41420-021-00607-9

16. Visani M, de Biase D, Baccarini P, Fabbri C, Polifemo AM, Zanini N, et al.
Multiple KRASMutations in Pancreatic Adenocarcinoma: Molecular Features
of Neoplastic Clones Indicate the Selection of Divergent Populations of
Tumor Cells. Int J Surg Pathol (2013) 21:546–52. doi: 10.1177/
1066896912475073

17. De Falco E, Pacini L, Bastianelli D, Spinelli GP, Spoto C, Veltri E, et al.
Concomitant Mutations G12D and G13D on the Exon 2 of the KRAS Gene:
Two Cases of Women With Colon Adenocarcinoma. Diagnostics (Basel)
(2021) 11:659. doi: 10.3390/diagnostics11040659

18. Benesova L, Minarik M, Jancarikova D, Belsanova B, Pesek M. Multiplicity of
EGFR and KRAS Mutations in Non-Small Cell Lung Cancer (NSCLC) Patients
Treated With Tyrosine Kinase Inhibitors. Anticancer Res (2010) 30:1667–71.

19. Roosan MR, Mambetsariev I, Pharaon R, Fricke J, Baroz AR, Chao J, et al.
Evaluation of Somatic Mutations in Solid Metastatic Pan-Cancer Patients.
Cancers (Basel) (2021) 13:2776. doi: 10.3390/cancers13112776

20. Chen C, Liu S, Qu R, Li B. Recurrent Neoantigens in Colorectal Cancer as
Potential Immunotherapy Targets. BioMed Res Int (2020) 2020:2861240.
doi: 10.1155/2020/2861240

21. Heeren AM, Rotman J, Stam AGM, Pocorni N, Gassama AA, Samuels S, et al.
Efficacy of PD-1 Blockade in Cervical Cancer Is Related to a
CD8+FoxP3+CD25+ T-Cell Subset With Operational Effector Functions
Despite High Immune Checkpoint Levels. J?Immunother Cancer (2019)
7:43. doi: 10.1186/s40425-019-0526-z

22. Hay ZLZ, Slansky JE. Granzymes: The Molecular Executors of Immune-
Mediated Cytotoxicity. Int J Mol Sci (2022) 23:1833. doi: 10.3390/
ijms23031833

23. Edgerly CH, Weimer ET. The Past, Present, and Future of HLA Typing in
Transplantation. Methods Mol Biol (2018) 1802:1–10. doi: 10.1007/978-1-
4939-8546-3_1

Conflict of Interest: GSa, MI, MaC, and NP are employed by AMES, Centro
Polidiagnostico Strumentale srl, Naples, Italy.
July 2022 | Volume 13 | Article 898561

https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.898561/full#supplementary-material
https://doi.org/10.3322/caac.21601
https://doi.org/10.1016/j.tranon.2021.101131
https://doi.org/10.1016/j.tranon.2021.101131
https://doi.org/10.1038/s41419-020-2480-6
https://doi.org/10.1038/s41419-020-2480-6
https://doi.org/10.3390/cancers12103073
https://doi.org/10.1007/978-94-024-1170-6_7
https://doi.org/10.1007/978-94-024-1170-6_7
https://doi.org/10.1530/ERC-17-0146
https://doi.org/10.1530/ERC-17-0146
https://doi.org/10.1159/000486816
https://doi.org/10.1126/science.1203486
https://doi.org/10.1002/path.2774
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1056/NEJMoa1609279
https://doi.org/10.1056/NEJMoa1609279
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1158/1078-0432.CCR-17-2156
https://doi.org/10.1007/978-1-4614-9437-9_7
https://doi.org/10.1038/s41420-021-00607-9
https://doi.org/10.1177/1066896912475073
https://doi.org/10.1177/1066896912475073
https://doi.org/10.3390/diagnostics11040659
https://doi.org/10.3390/cancers13112776
https://doi.org/10.1155/2020/2861240
https://doi.org/10.1186/s40425-019-0526-z
https://doi.org/10.3390/ijms23031833
https://doi.org/10.3390/ijms23031833
https://doi.org/10.1007/978-1-4939-8546-3_1
https://doi.org/10.1007/978-1-4939-8546-3_1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ottaiano et al. KRAS Regression in Oligometastatic CRC
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Frontiers in Immunology | www.frontiersin.org 13
Copyright © 2022 Ottaiano, de Vera d’Aragona, Trotta, Santorsola, Napolitano,
Scognamiglio, Tatangelo, Grieco, Zappavigna, Granata, Perri, Luce, Savarese,
Ianniello, Casillo, Petrillo, Belli, Izzo, Nasti, Caraglia and Scala. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
July 2022 | Volume 13 | Article 898561

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Characterization of KRAS Mutational Regression in Oligometastatic Patients
	Introduction
	Methods
	Definition of Oligometastatic Disease and Patients’ Management
	NK and NK-Depleted PBMC Preparation
	Flow-Cytometric Analysis and Antibodies
	Degranulation Assays
	CRC Cancer Cell Lines
	KRAS Mutational Assessment
	Tumor Microenvironment Characterization
	HLA Typing
	Data Reporting and Analysis

	Results
	Clinical Context and Selection of Good-Prognosis Oligometastatic CRC Patients
	Tumor Immune Microenvironment Characterization
	Peripheral T and NK Cells from Oligometastatic CRC Patients Differently Target CRC Cell Lines Bearing Specific KRAS Mutations
	HLA Characterization of Selected Patients

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


