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Simple Summary: Consensus Molecular Subtypes have recently been proposed based on molecular
and immune landscape of colorectal carcinoma (CRC). Only mismatch repair deficient and hyper-
mutated CRC (CRCdMMR) can obtain clinical benefits from immune checkpoint blockades; on the
other hand, mismatch repair proficient CRCs (CRCpMMR) have very limited therapeutic options.
This study establishes that CRCpMMR displays an immunosuppressive microenvironment contain-
ing abundant tumor-associated macrophages (TAMs) and neutrophils, with a reduction in double
negative T lymphocytes and B cells and increased exhausted tumor-infiltrating lymphocytes. Poor
immunogenicity in CRCpMMR is further supported by interferon gamma (IFN-γ) unresponsiveness
of both tumor cells and TAMs.

Abstract: Colorectal carcinoma (CRC) represents a lethal disease with heterogeneous outcomes.
Only patients with mismatch repair (MMR) deficient CRC showing microsatellite instability and
hyper-mutated tumors can obtain clinical benefits from current immune checkpoint blockades;
on the other hand, immune- or target-based therapeutic strategies are very limited for subjects
with mismatch repair proficient CRC (CRCpMMR). Here, we report a comprehensive typing of
immune infiltrating cells in CRCpMMR. We also tested the expression and interferon-γ-modulation
of PD-L1/CD274. Relevant findings were subsequently validated by immunohistochemistry on
fixed materials. CRCpMMR contain a significantly increased fraction of CD163+ macrophages (TAMs)
expressing TREM2 and CD66+ neutrophils (TANs) together with decrease in CD4−CD8−CD3+ double
negative T lymphocytes (DNTs); no differences were revealed by the analysis of conventional and
plasmacytoid dendritic cell populations. A fraction of tumor-infiltrating T-cells displays an exhausted
phenotype, co-expressing PD-1 and TIM-3. Remarkably, expression of PD-L1 on fresh tumor cells and
TAMs was undetectable even after in vitro stimulation with interferon-γ. These findings confirm the
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immune suppressive microenvironment of CRCpMMR characterized by dense infiltration of TAMs,
occurrence of TANs, lack of DNTs, T-cell exhaustion, and interferon-γ unresponsiveness by host and
tumor cells. Appropriate bypass strategies should consider these combinations of immune escape
mechanisms in CRCpMMR.

Keywords: colorectal cancer; mismatch repair; microsatellite instability; immune checkpoint; double
negative T cells; tumor microenvironment; T-cell exhaustion; interferon-γ; PD-L1

1. Introduction

Colorectal carcinoma (CRC) represents a highly heterogeneous disease. Four main
CRC Consensus Molecular Subtypes have been identified [1] based on clinical, molecu-
lar, and immune features. Biomarkers of clinical relevance are, however, limited to the
occurrence of mutated oncogenes (KRAS, BRAF, NRAS, and ERBB2) and to the level of
microsatellite instability (MSI) and mismatch repair (MMR) proficiency. In CRC, the mi-
crosatellite instability is due to mutations or silencing of DNA repair genes (MLH1, MSH2,
MSH6, PMS2). The MMR deficient CRC (CRCdMMR) is a hypermutated, hypermethylated,
immune proficient [2] subgroup characterized by a more favorable outcome [3], with
immune checkpoint inhibitors representing the first line of systemic therapy. However,
CRCdMMR comprise only 5% of metastatic CRC [4]. Triple wild-type (KRAS, BRAF, and
NRAS) CRC respond to anti-EGFR monoclonal antibodies in combination with chemother-
apy [5], whereas the occurrence of BRAF p.Val600Glu mutation opens the window for a
combination with BRAF inhibitors [6,7]. Finally, the recently emerged small group of CRC
with ERBB2 amplification should be considered for appropriate targeting [8,9]. The fraction
of MMR proficient CRC (CRCpMMR), with mutations in undruggable oncogenes, is likely
poorly immunogenic and enriched in immunosuppressive cells [10–12], thus treated with
standard chemotherapy.

Cancer immune contexture predicts prognosis and response to immune checkpoint
inhibitors in different cancer types [13–15]. Moreover, the immune contexture becomes
highly dynamic following immune checkpoint blockade, either in terms of infiltrating
immune populations and expression of immune escape molecules [16,17]. In recent years,
the landscape of the immune cells infiltrating CRC has been defined in terms of type,
density, and location [12,18,19]. Features of CRC infiltrating immune cells predict prognosis
and can be boosted by different therapeutic approaches [20,21]. Immune checkpoints are
surface molecules known to be the natural feedback regulators of the normal immune
response [22]. Immune checkpoint molecules can be expressed by tumor cells and cells of
the microenvironment in most cancer types [23–26]. In CRC, preliminary comparative anal-
ysis indicates that the CRCdMMR subgroup expresses higher levels of immune checkpoint
molecules in comparison with CRCpMMR, the latter being also characterized by defective
MHC expression [27]. Targeting the immune checkpoints has been approved in various
cancer types [28–30], including CRCMSI/dMMR [25]. On the other hand, CRCMSS/pMMR,
which account for about 85% of cases, have been considered refractory to immune check-
point inhibitors [31]. More recent research has shown some level of efficacy of immune
checkpoint blockade combination in CRCMSS/pMMR, especially for the minor subgroup in-
filtrated with CD8+PD1+ T cells [32,33]. These emerging data suggest heterogeneity within
the CRCpMMR subtype in terms of immune microenvironment and immune checkpoints
expression [34].

Based on the analysis of fresh tumor material, the present study defines the immune
contexture of CRCpMMR in terms of type, density, and expression of a set of immune
checkpoints molecules. In comparison to non-cancerous colon mucosa (NM), CRC is
significantly more infiltrated by CD163+ tumor-infiltrating macrophages (TAMs), including
a fraction of immune suppressive TREM2+ macrophages; moreover, a significant reduction
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of CD3+CD4−CD8− double negative T lymphocytes occurs. Finally, a fraction of T cells
co-expressed immune checkpoint coupled molecules in the form of exhausted T cells.

2. Materials and Methods
2.1. Patients

In total, 41 patients with clinically diagnosed CRC were recruited by Surgery Unit
(ASST Spedali Civili of Brescia, Brescia, Italy) between January 2016 and November 2018.
After surgical resection, fresh tissue from both CRC and NM was collected and processed for
diagnostic purposes. All cases considered in this study underwent immunohistochemical
study for mismatch repair proteins expression (MLH1, PMS2, MSH2, and MSH6) on fixed
material. Clinical and pathological features were collected and summarized in Table 1. This
prospective study was conducted in compliance with the Helsinki Declaration and with
policies approved by the Ethics Board of ASST Spedali Civili di Brescia (WV immunocancer,
NP 906).

2.2. Immunohistochemistry

Four-micron thick formalin-fixed paraffin-embedded (FFPE) sections of CRC tissue
specimens were stained. Heat-mediated antigen retrieval was performed in microwave
oven and endogenous peroxidase activity was quenched using 3% hydrogen peroxide
diluted with methanol. After washing with TBS solution, slides were incubated for 1 h at
room temperature with the primary antibodies (summarized in Supplementary Table S1)
that required antigen retrieval (microwave in EDTA buffer, pH8.0). The reaction was
revealed by a 30 min incubation with a labeled horseradish peroxidase polymer (Envision+
Dual Link System, Dako and Novolink Polymer Detection System, Leica, Wetzlar, Germany)
followed by 3.3′-diaminobenzidine as chromogen. Sections were counterstained with
Mayer’s hematoxylin.

Double sequential immunostainings were performed on four-micron thick FFPE sec-
tions from human tissue biopsies of non-cancerous colon mucosa (n = 3) with annexed
Peyer’s patches and CRC (n = 9). Endogenous peroxidase activity was quenched using 0.3%
hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA) diluted with methanol (Sigma-
Aldrich). TCRδ (1:50, clone H-14, Santa Cruz Biotechnology, Dallas, TX, USA) was applied
as first, revealed using Novolink Polymer and developed with 3-amino-9-ethylcarbazole
chromogen (AEC, Thermo Fisher Scientific, Waltham, MA, USA). The slides were counter-
stained with hematoxylin and cover-slipped using gelatin, and then were digitally scanned
using Aperio Scanscope CS (Leica Microsystems, Wetzlar, Germany). The TCRδ stain was
erased using ethanol as a destainer for 30 min, then antibody linking was eluted. Briefly, the
slides were put in a 2-mercaptoethanol/SDS solution as previously described [35]. After
1 h washing and antigen retrieval, antibody anti-CD3 (1:70, clone LN10, Leica Biosystems,
Milan, Italy) was applied to the sections. CD3 was revealed as described above for TCRδ,
counterstained and digitalized. The CD3 stain was erased as described above for TCRδ
and slides were subjected to another cycle of stripping. For the subsequent double staining
(CD4 and CD8), after completing the first immune reaction using anti-CD4 (1:50, clone 4B12,
Leica Biosystems) and DAB as chromogen, the second reaction, performed using anti-CD8
(1:50, clone C8/144B, Agilent Technologies, Santa Clara, CA, USA), was visualized using
Mach 4 MR-AP (Biocare Medical, LLC, Pacheco, CA, USA), followed by the chromogen
Ferangi Blue (Biocare Medical, LCC). The slides were counterstained and digitalized. The
three digital slides of the same section were synchronized using the ImageScope tool, and
images of representative areas for NM, Peyer patches and CRC were taken as snapshots
(Supplementary Figure S1). The three snapshots were merged after hues adjustment using
Adobe Photoshop. Three high power fields for each case were counted, corresponding to
0.05 mm2/field and two high-power fields for Peyer’s patches.
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Table 1. Demographics and clinicopathological features of CRC patients cohort.

Pt 1 Gender Age Anatomic District 2 Istotype 3 G 4 N 5 Neoplastic Emboli 6 Infl. CT 7 Infl. IM 8 Crohn-like 9 MMR 10 TNM AJCC

#1 M 42 R SR N1 L1 + + no P pT3N2b IIIc
#2 M 74 L NOS HIGH N1 V1 + L1 + + no P pT4aN2a IIIc
#3 M 43 R NOS LOW N0 L1 + + no P pT3N0 IIa
#4 M 70 L NOS LOW N1 L1 ++ ++ yes P pT4aN1b IIIb
#5 M 76 L NOS LOW N1 V1 + L1 + + no P pT4aN2bM1a IVa
#6 F 77 L NOS LOW N0 L1 ++ ++ yes P pT3N0 IIa
#7 M 76 R NOS LOW N1 L1 + + no P pT3N1b IIIb
#8 M 79 L NOS LOW N0 V1 + + no P pT3N0 IIa
#9 M 60 L NOS LOW N1 L1 + + no P pT3N1b IIIb

#10 F 59 L NOS LOW N1 V0-L0 + + yes P pT4aN2b IIIc
#11 M 69 R MUC LOW N0 V1 + + yes P pT3N1c IIIb
#12 F 80 R NOS LOW N0 V1 + L1 + + no P pT3N0 IIa
#13 F 84 R MUC HIGH N0 V0-L0 + + yes D pT3N0 IIa
#14 M 66 R NOS LOW N0 V0-L0 + + yes P pT3N0 IIa
#15 M 73 L MUC LOW N1 L1 + + no P pT3N1a IIIb
#16 M 77 R MUC LOW N0 L1 + + no P pT3N0 IIa
#17 F 81 L MUC LOW N0 L1 +++ +++ no P pT4bN0 IIc
#18 F 59 L NOS LOW N0 V0-L0 + + yes P pT3N0 IIa
#19 F 75 R NOS LOW N0 L1 + + no P pT3N0 IIa
#20 F 46 L NOS LOW N0 L1 + + no P pT2N0 I
#21 M 78 L SR LOW N0 L1 - - no P pT2N0 I
#22 F 79 R MUC LOW N0 L1 + + no D pT3N0 (pT2N0) IIa (I)
#23 M 77 R NOS LOW N1 V1 + L1 + + no P pT3N1b IIIb
#24 M 72 L NOS LOW N0 V0-L0 + + no P pT2N0 I
#25 F 52 L NOS LOW N1 V1 + L1 + + no P pT4aN2b IIIc
#26 M 80 R NOS LOW N0 L1 + + yes P pT4bN0 IIb
#27 M 95 L NOS LOW N0 L1 + + no P pT3N0 IIa
#28 F 47 R NOS LOW N0 L1 + + no D pT3N0 IIa
#29 M 88 R SR LOW N0 V1 + L1 + + no D pT4aN0 IIb
#30 F 71 R NOS HIGH N0 L1 + + no D pT4aN1c IIIb
#31 F 92 R NOS LOW N1 L1 + - no P pT4aN1a IIIb
#32 M 46 R NOS HIGH N0 L1 - + yes P pT4aN0 IIb
#33 M 76 R NOS LOW N0 L1 - - no D pT3N0 IIa
#34 F 70 L NOS LOW N1 V1 + L1 - - no P pT3N2a IIIb
#35 M 78 L NOS LOW N0 V0-L0 - + yes P pT1N0 I
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Table 1. Cont.

Pt 1 Gender Age Anatomic District 2 Istotype 3 G 4 N 5 Neoplastic Emboli 6 Infl. CT 7 Infl. IM 8 Crohn-like 9 MMR 10 TNM AJCC

#36 M 58 L NOS LOW N1 V1 + L1 + + no P pT3N1b IIIb
#37 M 75 R NOS LOW N1 L1 + + yes P pT3N2a IIIb
#38 M 80 L NOS LOW N1 L1 - - yes P pT3N1b IIIb
#39 F 71 R MUC LOW N0 L1 - - no D pT3n0 IIa
#40 M 79 L NOS LOW N1 V1 + L1 + + no P pT4aN1b IIIb
#41 M 79 R NOS LOW N0 V0-L0 + +++ no P pT3n0 IIa

1 Patients; 2 Anatomic district R = ileum, ascending or transverse colon; L = rectum, sigma or descending colon; 3 Istotype MUC = mucinous, SG = signet ring, NOS = not
otherwise specified; 4 Grading LOW = G1-G2; HIGH = G3 and undifferentiated; empty space = data unknown; 5 Lymph node metastasis N0 = absent, N1 = present; 6 Neoplastic
Emboli L1 = lymphatic vessels, V1 = venous vessels, L0-V0 = no evidence; 7 Inflam CT = Inflammation in the center of tumor; 8 Inflam IM = Inflammation at the invasive margin;
9 Crohn-like = inflammation Crohn-like, yes = feature present, no = feature not present; 10 MMR = mismatch repair, P = proficient, D = deficient.
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2.3. Tissue Processing and Flow Cytometry Analysis

Within 1 h from the surgical resection, tissue was subdivided into small fragments
of 2–3 mm. The fragments were digested at 37 ◦C for 90 min in 5 mL of HBBS (Euro-
clone, Milan, Italy) supplemented with collagenase II at 200 U/mL (Worthington) and
DNASE I at 1 mg/mL (Roche, Basel, Switzerland). The digestion was then stopped with
10 mL of cold RPMI containing 10% of FCS (EurloClone). The digested tissue was then
filtered on a 70 µm cell-strainer and the cells were washed at 1200 rpm for 5 min at 5 ◦C.
After blood cells lysis in RBC Lysis Buffer (Biolegend, San Diego, CA, USA), cells were
washed and resuspended in cold PBS with 0.5% FCS. Cells were counted and aliquoted
at 1 × 106 cells/tube and labeled with vital dye Live/Dead Red (Invitrogen). After wash-
ing, cells were incubated with the following monoclonal antibodies, anti-epithelial cell
adhesion molecule (EpCam)/FITC, CD19/PE, CD8/PE-Cy7 CD45/APC-H7, CD3/BV510
(Becton Dickinson, Franklin Lakes, NJ, USA), CD163/FITC, SlanDC/FITC, CD123/PE,
CD16/PE, CD141/PE, CD56/PE-Vio770, CD1c/PE-Vio770, CD66b/APC, CD14/APC,
HLA-DR/VioBlue, CD16/VioGreen, HLA-ABC/FITC (Miltenyi Biotec, Bergisch Gladbach,
Germany), CD303/PE-Cy7, CD11b/PE-Cy7, and CD11c/BV510 (Biolegend). For immune
checkpoints analysis, the following antibodies were used: anti-PD-L1/PE, PD1/PE-Cy7,
TIM-3/PE (Becton Dickinson), TIGIT/APC (Biolegend), and LAG-3/PE (Miltenyi Biotec).
For cell viability evaluation 7-AAD (Becton Dickinson) or Live/Dead Red (Thermo Fisher
Scientific) were used. Finally, the samples were fixed in Lyse/Fix buffer (Becton Dickinson),
washed, and resuspended in PBS. Samples were acquired on FACSCanto II cytometer. All
flow cytometric data were analyzed with FlowJo software 10.0. (TreeStar Inc., Ashland,
OR, USA). Cases with insufficient cytometric data due to tissue limitations were excluded.
The gating strategies used in this study are shown in detail in Supplementary Figures from
Figures S2–S11.

2.4. Isolation and Culture of Peripheral Blood Mononuclear Cells and Pleural Fluid Macrophages

In total, 12 mL of whole blood were collected from healthy donors (HD). Blood was
drawn directly into S-Monovette 2.7 mL K3E (1.6 mg EDTA/mL; Sarstedt, Nümbrecht, Ger-
many, cat. no. 05.1167.001) gently rocked at room temperature until processing. Peripheral
Blood Mononuclear cells (PBMCs) were obtained by Ficoll gradient. As staining control,
enzymatic digestion was performed on PBMCs and compared to undigested PBMCs. Cells
were washed and resuspended in cold PBS with 0.5% FCS. PBMCs were aliquoted at
1 × 106 cells/tube and labeled as described above in Section 2.3. The gating strategies used
in this study are reported in detail in Supplementary Figures from Figures S12–S16.

PBMCs were cultured in RPMI 1640 medium (Biochrom GmbH, Berlin, Germany)
with 10% FBS (Biochrom GmbH) and were stimulated with IFN-γ 100 ng/mL (PeproTech,
Inc., Rocky Hill, CT, USA) for 48 h.

Pleural fluids were collected and immediately used. Pleural fluid mononuclear cells
were obtained by Ficoll gradient and processed, as previously described for PBMCs. Mono-
cytes from peripheral blood and macrophages from pleural fluid were gated as detailed in
Supplementary Figure S15.

2.5. PD-L1 Expression and Modulation via Interferon Gamma (IFN-γ)

After surgical resection, cells suspension from tumor samples (n = 4) and their rel-
ative NM were generated as described above. Cells were subsequently stimulated with
100 ng/mL of IFN-γ (PeproTech) for 48 h, in 4 mL of RPMI medium containing 10% of
heat-inactivated FCS, supplemented with 60 mg/L penicillin, 12.5 mg/L streptomycin,
2 mmol/L L-glutamine (Euroclone), and with 2.5% of BASE-128 (Alchimia, Padova, Italy).
After stimulation, cells were washed and then PD-L1 expression on tumor cells and
macrophages was analyzed by flow cytometry by labelling with specific antibody as
described above.
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2.6. RNAscope

To localize TGF-β positive cells, tissues were analyzed with RNAscope assay (Ad-
vanced Cell Diagnostics, Bio-Techne, Minenapolis, MN, USA) using RNAscope 2.5 HD
Assay-RED kit. The Hs-TGFB1 probe (cat. no. 400881, ACDbio, Bio-Techne, Mine-
napolis, MN, USA) recognizes the nt 170–1649 of the TGF-β mRNA (reference sequence
NM_000660.4). The sections from fixed human tissue blocks were treated following
the manufacturer’s instructions. Briefly, freshly cut 3 mm sections were deparaffinized
in xylene (cat. no. 06-1304F, Bio-Optica, Milan, Italy) and treated with the peroxidase
block solution (cat. no. 322335, ACDbio, Bio-Techne) for 10 min at room temperature,
followed by the retrieval solution for 15 min at 98 ◦C and by protease plus (ACDbio, cat.
no. 322331) at 40 ◦C for 30 min. Hs-PPIB-C2 (ACDbio, cat. no. 313901) and dapB-C2
(ACDbio, cat. no. 310043-C2) were used as control probes. The hybridization was
performed for 2 h at 40 ◦C. The signal was revealed using RNAscope 2.5 HD Detection
Reagent and FAST RED.

2.7. Statistical Analysis

Qualitative variables were described as absolute and relative frequencies; standard de-
scriptive statistics were used for continuous variables, expressing means, medians, ranges,
and standard deviations. Shapiro–Wilk test was applied, testing normality distribution of
continuous variables. Correlation analysis was performed using Spearman’s rank correla-
tion. Comparisons were tested by One-way ANOVA, Mann–Whitney, Kruskal–Wallis, or
Wilcoxon Signed Rank test, as appropriate. For all tests, a two-tailed p value < 0.05 was
considered significant. Statistical analysis was performed using GraphPad Prism software,
Version 5.0 (San Diego, CA, USA).

3. Results
3.1. Clinical and Pathological Features of the CRC Cohort

The main clinical and demographic characteristics of the 41 patients, including their
subdivision based on disease clinical and pathological stages, are summarized in Table 1.
At diagnosis, patients had a mean age of 75 years, ranging from 42 to 95 years, 26 (63.4%)
were male and 15 (36.6%) were female. Since the large majority (34/41; 83%) displays
proficient expression of Mismatch Repair, they were included in the classified CRCpMMR

subtype. Locoregional lymph-nodes were positive for metastasis in 16 (39%) cases. In
total, 20 (49%) cases presented lesions involving the rectum, sigma, or the descending
colon; the remaining 21 (51%) were tumors located into the ascending or transverse colon.
Accordingly to the AJCC staging system, at time of diagnosis the vast majority of patients
in this cohort was affected by an advanced disease (Table 1).

3.2. CRCpMMR Tumor Tissue Displays a Reduced Infiltration of CD19+ B Lymphocytes and CD3+

Double Negative T Lymphocytes (DNTs)

Gut-associated lymphoid tissue is represented by intraepithelial lymphocytes, sub-
mucosal lymphoid cells, mesenteric lymph-nodes, and Peyer’s patches [36,37]. By using
multiparametric flow cytometry, we performed phenotypical characterization of tumor-
infiltrating immune cells in the tumor tissue (designated as TT; n = 29) compared to NM.
Among the 29 TT, 25 belong to CRCpMMR cases, whereas four belong to CRCdMMR cases.
Tumor cells were identified as EpCam+ cells by flow cytometry approach. It should be
noted that, as previously reported [38,39], we could detect a significant reduction on EpCam
expression level in TT of CRC compared to NM (p < 0.0001; Figure 1A).
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EpCAM (MFI) on tumor cells is markedly reduced in TT compared to NM (A). Frequencies of CD19+ 
Figure 1. Frequency and phenotype of lymphocytes in CRCpMMR tumor tissue. Expression level of
EpCAM (MFI) on tumor cells is markedly reduced in TT compared to NM (A). Frequencies of CD19+ B
lymphocytes (B), CD3+ T lymphocytes (C), CD4+ T helper (D), CD8+ T cytotoxic (E), and CD4−CD8−
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double negative T lymphocytes (F) in NM and TT. The data (mean± SD) are represented as histogram
(A) or scatter dot plots (B–F). The percentage of CD4/CD8 double negative T lymphocytes (DNTs)
were evaluated by immunohistochemistry on CD3+ T lymphocytes in non-cancerous colon mucosa
(NM), Peyer’s patches (PP), colon carcinoma tumor tissues (TT), and tertiary lymphoid structures
(TLS) (G). The cell densities of CD3+ T lymphocytes (H), TCRαβ+ DNTs (I), and TCRγδ+ DNTs
(J) were evaluated by immunohistochemistry on NM, PP, TT, and TLS. The p-values are represented
as follows; ** p < 0.01, *** p < 0.001. Immunostainings of T cells subsets on FFPE of human non-
cancerous colon mucosa (K), including Peyer’s patches (L), and CRCpMMR (M). Images are taken
from digital slides stained for TCRγδ, CD3 and CD4/CD8 and overlapped after color adjustment
(Supplementary Figure S1 details single steps). TCRγδ and CD3 are in red (AEC chromogen), CD4 in
brown (DAB) and CD8 in blue (Ferangi Blue). Black arrows indicate CD3+TCRγδ−CD4−CD8− cells
(corresponding to TCRαβ+ DN) and yellow arrows indicate CD3+TCRγδ+CD4−CD8− cells (TCRγδ+

DN). Numerous DN cells are found in NM, particularly in Peyer’s patches, whereas CRCpMMR tumor
tissue is largely devoid in this population. Magnification 400×. Scale bar: 69 µm.

To test the effects of the enzymatic digestion in our system, we performed the same
treatment on human tonsils and PBMCs obtained from healthy donors. As reported by
flow cytometry comparative analysis, enzymatic procedures did not affect the results
(Supplementary Figures S7–S16). By using the Wilcoxon signed rank test, we found a
significant reduction of CD19+ B lymphocytes (Figure 1B) in TT as compared with NM
(12.08± 10.52 and 20.41± 11.84, respectively, p = 0.0011). The main immune cell population
was represented by CD3+ T cells in both TT and NM. We did not observe any significant
difference in CD3+ T lymphocyte density between NM and TT (mean 71.81% and 78.91%,
respectively; Figure 1C), mostly represented by CD4+ T subset (NM: 48.2 ± 17.11 vs. TT:
54.23± 15.83, Figure 1D), followed by CD8+ T cells (NM: 39.24± 15.72 vs. TT: 37.42 ± 14.14;
Figure 1E). However, a significant reduction of CD4−/CD8− T cells was observed in TT in
comparison to NM (NM: 10.47 ± 7.62 vs. TT: 5.96 ± 4.71, p = 0.0008; Figure 1F). Double-
negative T cells express the alpha-beta or gamma-delta T-cell receptor (TCR) but lack CD4
and CD8 co-receptors. TCR-αβ+ or TCR-γδ+ double negative T lymphocytes have different
immune functions [40].

To expand this finding, we analyzed three NM samples rich in double negative T
lymphocytes using sequential immunostaining and identified a significant fraction of CD3+

DNTs (mean 466.6 cells/mm2, 31.4% of CD3+ T cells; Figure 1G,H,K and Supplementary
Figure S1A) as mainly composed by TCRαβ+ (mean 411.1 cells/mm2, 27.7% of CD3+ T
cells; Figure 1I,K), based on their negativity for TCRγδ. In NM, double negative T cells were
localized in the lamina propria and in Peyer’s patches (PP, Supplementary Figure S17), but
were also clearly recognizable in the B-cell follicles, where their percentage was significantly
high (mean 2031/mm2, 64.8% of CD3+ T cells; Figure 1G,L and Supplementary Figure
S1B). This observation is in keeping with previous findings reporting colonic DNTs [41].
We subsequently analyzed a set of human CRC (n = 9) and found a dramatic decrease in
the CD4−/CD8− T cells fraction (mean 61.5 cells/mm2, 3.8% of CD3+ T cells, p = 0.0011;
Figure 1G,M and Supplementary Figure S1C) also in the context of CRC-associated tertiary
lymphoid structures (TLS, Supplementary Figure S17) (n = 6; mean 60 cells/mm2, 2.7% of
CD3+ T cells; p < 0.0001; Figure 1G).

3.3. CRCpMMR Tissue Contains TREM2+ Tumor-Associated Macrophages (TAMs) and
Neutrophils (TANs)

We tested the innate immune compartment including dendritic cells (DC), macrophages,
and polymorphonuclear leukocytes. Among myeloid cells, a significantly high frequency
of macrophages, identified based on their expression of monocytes markers CD11b (inte-
grin alpha M chain) and CD14 (endotoxin coreceptor), was observed in neoplastic tissue
(3.879% ± 3.57) compared with NM (1.13% ± 1.11) (p < 0.0001; Figure 2A). In particular, the
fraction of TAMs expressing the scavenger receptor CD163, expressed on most subpopulations
of mature tissue macrophages, was highly represented in TT (56.0 ± 20.50) in comparison



Cancers 2023, 15, 3097 10 of 22

with NM (35.5 ± 16.85) (p = 0.0015; Figure 2B). Subsequently, we explored the expression of
TREM2, a marker of immunosuppressive macrophages [42], in TAMs-rich CRC (n = 5). Double
staining for CD163 and TREM2 revealed a population of TREM2+ macrophages distributed
in the tumor stroma and within tumor nests (Figure 2C). In addition, no difference between
TT and NM was observed for CD1c/BDCA-1+ DC and CD141/BDCA-3+ DC (0.53% ± 0.41
and 0.25% ± 0.24, respectively; Figure 2D,E) or for inflammatory dendritic cells that are
characterized by the specific expression of the carbohydrate 6-sulfo LacNAc (SlanDC; TT:
0.20 ± 0.34 vs. NM 0.10 ± 0.12; Figure 2F), with the latter population likely restricted to TLS
(Figure 2G). In contrast, we found that tumor-associated neutrophils, expressing the carci-
noembryonic antigen-related glycoprotein CD66b, were present at significantly higher levels
in TT as compared with NM (TT: 23.2 ± 19.6 vs. NM: 10.36 ± 10.78, p = 0.0017; Figure 2H).
The BDCA-2/CD303+ plasmacytoid DC compartment was negligible in most of CRC samples
(Figure 2I) with no difference between TT and NM (TT: 0.16 ± 0.27 vs. NM: 0.08 ± 0.22).
Natural killer (NK) cell subset was present at low level in TT (4.03 ± 2.9) and 90.7% of these
cells were CD56+CD16− cells indicating immature NK cells and cytokine producers [43,44],
but without any significant difference as compared to NM (3.80 ± 2.24; Figure 2J,K).

3.4. Increased Combined Expression of PD-1 and TIM-3 in CRCpMMR Tumor-Infiltrating T
Cells (TILs)

It has been reported that immune checkpoints play important co-inhibitory/stimulatory
functions on immune cells infiltrating cancer tissue [45]. Flow cytometry analysis revealed a
significant increase in the percentage of T lymphocytes expressing the checkpoint receptors
PD-1 (programmed cell death protein 1) and TIM-3 (T cell immunoglobulin and mucin
domain-containing protein 3) and an augmented expression of PD-1 on CD8+ T-cells subset in
TT as compared with NM (Figure 3A–D). Specifically, the frequency of PD-1+ T lymphocytes
was significantly higher in TT as compared with NM (TT: 37.55 ± 14.52 vs. NM: 16.72 ± 8.01,
p = 0.0010; Figure 3A). This trend was observed in both CD4+ T cells (TT: 35.06± 12.73 vs. NM:
21.45 ± 6.23, p = 0.0053; Figure 3B) and CD8+ T cells (TT: 39.97 ± 19.86 vs. NM: 13.70 ± 10.96,
p = 0.0005; Figure 3C). In addition, PD-1 expression level on T cells was increased on TT
compared with NM (for CD8+ subset TT: 1131 ± 539.9 vs. NM: 500.6 ± 203.1, p < 0.0001;
Figure 3D).

Similarly, the percentage of TIM-3+ T cells was significantly higher in TT as compared
with NM (TT: 8.32 ± 8.05 vs. NM: 0.98 ± 0.84, p = 0.0015; Figure 3E–H), in both CD4+

T cells (TT: 6.0 ± 6.85 vs. NM: 1.19 ± 1.82, p = 0.0024; Figure 3F) and CD8+ T cells (TT:
12.03 ± 10.68 vs. NM: 1.06 ± 1.16, p = 0.0010; Figure 3G). Similarly, TIM-3 expression
level on T lymphocytes was increased (Figure 3H) in CD3+ T cells (TT: 198.9 ± 153.3
vs. NM: 94.8 ± 38.5, p = 0.012), CD4+ T cells (TT: 155.1 ± 91.7 vs. NM: 99.35 ± 35.7,
p = 0.0122) and CD8+ T-cells subsets (TT: 257.3 ± 211.3 vs. NM: 117.4 ± 59.28, p = 0.0024).
A very low percentage and significant difference between TT and NM was observed for T
lymphocytes expressed the immune checkpoint T cell immunoreceptor with Ig and ITIM
domains (TIGIT) (Figure 3I–L). Additionally, the percentage of T lymphocytes expressing
lymphocyte activation gene 3 protein (LAG-3) was very low on CD3+ (TT: 0.33 ± 0.30
vs. NM: 0.09 ± 0.14, p = 0.018; Figure 3M), CD4+ (TT: 0.27 ± 0.34 vs. NM: 0.10 ± 0.13;
ns; Figure 3N), and CD8+ T-cells subsets (TT: 0.45 ± 0.52 vs. NM: 0.07 ± 0.14, p = 0.009;
Figure 3O) of both TT and NM samples and no increased LAG-3 expression level was
found in TT (Figure 3P). Boolean analysis of combined immune checkpoint molecules
expression on T lymphocytes showed that PD-1+/TIM-3+ double positive cells were the
major subset represented in TT (Figure 4A–C). Indeed, we observed a significant increase
in PD-1+TIM-3+ T cells in TT as compared with NM (p = 0.014 in CD3+, p = 0.014 in CD8+,
and p = 0.028 in CD4+). Among PD-1+TIM-3+ T lymphocytes, Spearman analysis revealed
a strong correlation of the expression of these two immune checkpoints molecules on CD3+

T lymphocytes (p < 0.0001, R = 0.77; Figure 4D). A similar correlation was observed on
CD4+ (p = 0.0007, R = 0.64; Figure 4F) and on CD8+ T lymphocytes (p < 0.0001, R = 0.74;
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Figure 4F). No additional correlations were found between the other immune checkpoints
evaluated (p > 0.05).
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Figure 2. Increased density of tumor-associated macrophages and tumor-associated neutrophils in
CRCpMMR tumor tissue. The frequencies of CD14+CD11b+ mono/macrophages (MF; (A)), CD163+

macrophages (B), BDCA-1/cDC1+ dendritic cells (D), BDCA-3/CD141+ dendritic cells (C), Slan
DC (F), CD66b+ granulocytes (H), BDCA-2/CD303+ plasmacytoid dendritic cells (I), CD56+ natural
killer cells (NKs; (J)) and CD16+ NK cells (K) were evaluated by flow cytometry in CRC tumors
(TT; grey) and non-cancerous colon mucosa (NM; white). The data (mean ± SD) are represented as
scatter dot plots (A,B,D–F,H–K). p values are represented as follows; ** p < 0.01, *** p < 0.001. TREM2
expression was evaluated on CD163+ macrophages by double immunohistochemistry analysis (C).
TLS localization of SlanDC was assessed by immunohistochemistry analysis (G). Representative
sections of CRCpMMR tumor biopsies are stained as labeled (C,G). Magnification 100×; scale bar:
200 µm.
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an increased PD-1 expression level (MFI) by T lymphocytes infiltrating the tumor tissue (TT) compared
to lymphocytes into non-cancerous colon mucosa (NM) (D). The frequency of TIM-3+ T lymphocytes
is also increased in TT as compared to NM (E–G), as well as the TIM-3 expression level (MFI)
by tumor tissue-infiltrating T lymphocytes (H). Distribution of TIGIT+ T lymphocytes (I–K) and
TIGIT expression level (MFI) by tumor tissue-infiltrating T lymphocytes (L) shows no differences
between TT and NM. Frequency of LAG-3+ T lymphocytes is significantly increased on CD3+ (M) and
CD8+ T cells (O) in TT versus NM, whereas LAG-3 expression level (MFI) on T lymphocytes shows
no significant difference between TT and NM (P). The percentages (A–C,E–G,I–K,M–O) and MFI
(D,H,L,P) data (mean± SD) are represented as scatter dot plots and histograms, respectively. p values
are represented as follows; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Infiltration of PD-1+/TIM-3+ T cells in CRCpMMR samples. The frequency of PD-1+, TIM-3+,
LAG-3+ and TIGIT+ cells were analyzed on CD3+ T lymphocytes (A), CD4+ T lymphocytes (B), and
CD8+ T lymphocytes (C). Among co-expressing cells, a consistent percentage is represented by PD-
1+TIM-3+ T cells in tumor samples (TT) as compared to non-cancerous colon mucosa (NM). Spearman
correlation analysis between PD-1+ and TIM-3+ T cell frequencies indicates a strong correlation in
the expression of both immune checkpoint molecules on both CD4+ and CD8+ T cell subsets (D–F).
p values are represented as follows; * p < 0.05.

3.5. Defective Modulation of PD-L1 by IFN-γ on CRCpMMR Tumor Cells and Tumor-Associated
Macrophages (TAMs)

We could not detect any expression of the immune checkpoint molecule PD-1 lig-
and (PD-L1) on tumor cells (Figure 5A,B). Moreover, PD-L1 expression on TAMs was
barely detectable also by immunohistochemistry (Figure 5C–E). Lack of detection of PD-L1
expression might derive from a limited availability of local interferon or other known
stimuli [46,47]. Alternatively, lack of PD-L1 expression might be due to reduced sensitivity
to IFN-γ by tumor and immune cells. To test this hypothesis, Epcam+ carcinoma cells and
TAMs obtained after tissue digestion of selected CRCpMMR cases (n = 4) were cultured



Cancers 2023, 15, 3097 14 of 22

and stimulated with IFN-γ for 48 h. All these four cases resulted negative for PD-L1, as
documented by flow cytometry at the base line and we did not observe any expression
of PD-L1 on tumor cells, even after IFN-γ stimulation, which suggests that CRCpMMR are
largely unresponsive to IFN-γ (Figure 5F,J).
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Figure 5. Lack of PD-L1 expression on CRCpMMR-derived tumor cells and tumor-associated
macrophages. A representative case showing lack of PD-L1 expression on CRCpMMR-derived
Epcam+ tumor cells (A,B) and CD14+CD11b+ TAMs (C,D) by flow cytometry. Histograms illustrate
fluorescence intensity of PD-L1 expression at base line (unstimulated, NS) and isotype control (ISO)
(B,D) on gated cells (A,C), as indicated by arrows. Lack of PD-L1 expression was confirmed by
immunohistochemistry in most tumor cells and TAMs (E). Magnification 200×; scale bar: 100 µm.
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Representative PD-L1 expression on CRCpMMR-derived Epcam+ tumor cells (F), CRCpMMR-derived
CD14+CD11b+ macrophages (G), peripheral blood monocytes from healthy donors (HD; (H)) and
macrophages from pleural fluid (I). Histograms show the fluorescence intensity of isotype controls
(ISO) and PD-L1 on both unstimulated (NS) and IFN-γ stimulated single cell suspensions (F–I).
Analysis of PD-L1 expression (MFI) on EpCam+ tumor cells shows lack of PD-L1 modulation after
48 h of IFN-γ stimulation (n = 4; (J)). Analysis of PD-L1 expression (MFI) on CRCpMMR-derived
CD14+CD11b+ macrophages (indicated as TT; n = 4) and peripheral blood monocytes from HD (n = 3)
shows that PD-L1 is strongly induced in IFN-γ stimulated HDs monocytes, whereas CRCpMMR-
derived macrophages poorly respond to IFN-γ stimulation (K). Histogram plots represent mean
value ± SD of fold increment normalized to isotype control. p values are represented as follows;
* p < 0.05 (J,K). TGF-β mRNA expression was evaluated on CRC tumor biopsies using RNAscope.
Three representative sections showing TGF-β positive stromal and tumor cells are reported (L).
Magnification 200×; scale bar: 100 µm.

Similarly, very low expression of PD-L1 was observed in CRCpMMR-infiltrating CD11b+

CD14+ TAMs both unstimulated and stimulated with IFN-γ (Figure 5G,K). In contrast, we
found a strong induction of PD-L1 expression on circulating monocytes from healthy donors
(Figure 5H,K) and pleural fluid macrophages (Figure 5I), taken as positive controls. Since
sensitivity to PD-L1 modulating stimuli might depend on immunosuppressive cytokines
including TGF-β, we measured these molecules by using RNAscope. Accordingly, TGF-β
transcript were detected in all four tested cases and mainly localized in the tumor stroma
(Figure 5L).

4. Discussion

By comparative analysis with NM, this work dissected the immune cell composition
of TT of CRC in which the pMMR subtype was largely prevalent. We could observe a
significant increase in tumor-associated macrophages and neutrophils in TT, together with
a reduction of CD3+ DNTs, the latter mainly composed by TCRαβ+ T cells, as previously
reported for other cancer types [48–50]. The relevance of this finding relies on the potential
anti-tumor function of CD4−CD8− T lymphocytes. These cells represent a small, but
heterogeneous, subset of mature T lymphocytes, containing both TCRαβ+ and TCRγδ+

T cells [51]. TCRαβ+ DNTs are widely distributed among tissues and blood and can
develop from thymic progenitors [52,53], as well as from peripheral CD8+ [54,55] and
CD4+ precursors [56]. The role of double negative T cells has been explored in cancer
revealing either antitumor or tumor-supportive activity depending on the tumor type [51].
Human DNTs were first developed as adoptive cell therapy endowed with antitumor
and cytotoxic activity against acute myeloid leukemia, pancreatic cancer, and non-small
cells lung cancer [57,58,58–60]. Based on our findings, a better characterization of double
negative T lymphocytes in CRC might define their role as an adoptive cell therapy in
CRCpMMR.

The immunoscore [61] is one of the strongest prognosticators in CRC, regardless of
the MSI status [19,62,62,63]. Large studies performed analyzing CRCMSS/pMMR patients
showed a prognostic relevance of Th1 cells and cytotoxic immune infiltration in human
CRC [64,65]. B lymphocytes represent a major component of CRC-infiltrating immune
cells, predominant at the invasive margins [18,65]. In this study, we observed a significant
reduction in B lymphocytes in CRCpMMR TT as compared to the relative NM, most of which
likely derive from TLS or their precursors. The occurrence of TLS plays an active role in the
organization of the local adaptive immune response against malignant cells; furthermore,
TLS are associated with favorable outcome in various cancer types, including localized
and metastatic CRC [66–69]. Finally, in immune checkpoint blockade-treated patients, the
enrichment of B cells and TLS is associated with significant therapeutic advantages [70].

Among innate immune cells, tumor-associated macrophages and neutrophils resulted
significantly increased in TT. Macrophages have been mainly reported as tumor-promoting
cells in many types of tumors [71–74], through their ability to produce immunosuppressive
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cytokines, such as interleukin (IL)-10 and IL-1Ra [75]. TAMs are also known to promote
tumor angiogenesis, tissue remodeling, and inhibition of the immune response producing
IL-10, TGF-β and Indoleamine 2,3-dioxygenase (IDO) instead of IL-12. These later trajec-
tories lead to the development of regulatory T cells and effector T cells anergy [75]. The
density of CD163+ macrophages is associated with poor prognosis and reduced overall
survival in CRC, in addition to many other solid tumors [71–74]. However, recently identi-
fied markers have shown extreme heterogeneity among TAM population [42,76–78]. The
presence of TREM2+CD163+ macrophages suggests an immunosuppressive and tumor
promoting phenotype of CRCpMMR TAMs, as previously reported [79].

Recently, the expression of immune checkpoints, such as PD-L1 or V-domain im-
munoglobulin suppressor of T-cell activation (VISTA), has been described on TAMs, par-
ticularly after treatment with Ipilimumab, revealing a dynamic escape mechanism after
immune checkpoint inhibitors [16]. The expression of these immune checkpoints was evi-
dent on two distinct macrophage subsets, and the subset with VISTA expression was often
positive also for CD163 and ARG1, highlighting a subset of inhibitory macrophages [16,19]
that makes this macrophages subpopulation a potential target for the development of future
anticancer therapies [16,33,80]. Our study fails to detect expression of PD-L1 on CRCpMMR

tumor cells and tumor-associated macrophages, thus confirming previous observations [81]
of uncommon expression of PD-L1 on tumor cells (only 2% of their cases) or macrophages.
Specifically, PD-L1 expression is restricted to the invasive front of CRCdMMR or limited to
CRCpMMR cases with high lymphocytes infiltrate. These data point out a correlation be-
tween PD-L1 expression and high levels of TILs in human CRC. Other studies [82] indicate
that PD-L1 expression correlates with the density of CD8+ TILs in CRCdMMR, suggesting
ongoing adaptive immune resistance. Our in vitro study suggests that CRCpMMR cancer
cells can be insensitive to IFN-γ and might also mediate their inhibitory effect on TAM. In
fact, in our experimental conditions, IFN-γ stimulation was conducted in the simultaneous
presence of tumor cells and immune cells. TGF-β has the ability to downregulate the
expression of PD-L1 on monocytes [83], also by counteracting the IFN-γ effects on gene
expression, through the MEK/ERK kinase pathway [84]. Therefore, the secretion of TGF-β
by CRC cells could partially explain the poor PD-L1 induction by IFN-γ observed on whole
cell suspensions of CRCs. A large fraction of CRCs have an altered TGF-β pathway and
are characterized by a high production of TGF-β [85], which is associated with a higher
frequency of relapse and a worse outcome. Accordingly, we could detect TGF-β transcript,
mainly localized in the tumor stroma of CRCpMMR. However, based on the limited CRC
cases tested in this study, further confirmatory investigations are required.

Although highly heterogeneous, the tumor-associated neutrophils density was signif-
icantly increased in TT compared to NM. Many studies have clarified that the plasticity
between the anti-tumorigenic or tumor-promoting phenotype of neutrophils can escape
therapeutic intervention [86,87]. Although neutrophils were originally considered as ef-
fector cells, it has been largely documented that tumor-associated neutrophils promote
angiogenesis and tumor cell dissemination to distant sites [88]. Specifically, TANs have
been demonstrated to boost liver metastasis of CRC [89]. Moreover, the neutrophil-to-
lymphocyte ratio is a well-defined predictive biomarker for CRC patients [90,91]. The
clinical significance of CD66b+ neutrophils in the invasive margins of CRC patients de-
pends also on the co-occurrence of CD8+ TILs [92]. However, the phenotype and function of
neutrophils in CRC subtypes have been scarcely investigated. The existing immune check-
point inhibitors are effective in CRCMSI/dMMR patients but had little effect in CRCMSS/pMMR.
However, CRCMSS/pMMR represent most CRC cases. Therefore, new strategies to improve
the efficacy of immune checkpoint blockade in these patients are needed. As an important
component of the microenvironment in CRC [93], tumor-associated neutrophils might
overturn the current immunotherapeutic approach suggesting that blockade of neutrophils
expansion and functions could be employed as antitumor therapeutic strategies [94].

We observed a significant increase in both the frequency of PD-1+ and TIM3+ TILs and
their PD-1 and TIM-3 expression level in CRC TT versus NM. On the contrary, TIGIT and
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LAG-3 expression were detected at low levels in CRCpMMR, and on a small fraction of TILs.
In CRC, PD-1 was shown to be upregulated on exhausted CD8+ T cells [95]. Based on our
set of data, CRCpMMR is infiltrated by TIM-3+PD-1+ T cells, a phenotype associated with a
significant decreased T-cell activity [96].

Finally, as a side finding of our flow cytometry strategy, we observed a significant
reduction in EpCam expression on tumor cells. Recently, a multivariate analysis of Ep-
Cam expression in CRC by immunohistochemistry has demonstrated that its downregu-
lation represents an independent prognostic factor associated with poor disease-specific
survival [38] and is associated with an increase in the migratory capacity of the tumor
cells [97,98]. EpCam is a key molecule for homophilic cell to cell adhesion [38,39,99,100]
and is involved in tumor cell proliferation and adhesion via cadherin [101,102]. In addition,
EGF-mediated stimulation cleaves the cytoplasmic domain of EpCam (EpICD) and leads to
the internalization and nuclear localization of EpCID, resulting in the transcription of genes
involved in migration, adhesion, and epithelial-mesenchymal transition in endometrial
cancer [103]. EpCID also induces the activation of β-catenin pathway [104,105].

5. Conclusions

Overall, this study highlights immune features of CRCpMMR on fresh tumor tissue.
The main limitation of the current study is represented by lack of comparative analysis with
a significant CRCdMMR group, which based on their expected frequency, require a larger
prospective recruitment. However, present data and literature comparisons support a more
limited immunogenicity CRCpMMR and identify novel windows of therapeutic opportunity
by overcoming escape mechanisms other than that PD1/PD-L1.
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