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Aim. To determine the nature, intensity, and spatial distribution of CD3* and CD8" T-lymphocytes in colorectal cancer (CRC) with
regional lymph node metastases and to identify immune phenotypes by cluster analysis.

Materials and methods. An immunohistochemical study was performed with antibodies to CD3* and CD8* on surgical specimens
from 27 patients with histologically verified CRC and metastases to regional lymph nodes. The tumor center and invasive mar-
gin were analyzed for the localization and distribution pattern of CD3* and CD8* cells in a standardized field of view (SFV) of
100 x 100 ym?. Quantitative data were expressed as median and interquartile range (IQR). Spatial heterogeneity was assessed
using the quartile coefficient of dispersion (QCD). Differences between tumor compartments were evaluated with the Wilcoxon
signed-rank test. Hierarchical cluster analysis was performed using Ward’s method after data standardization.

Results. The median CD3* lymphocytes density was significantly higher at the invasive margin than in the tumor center (7.30 [5.55;
13.55] vs. 4.80 [3.32; 5.18] p < 0.001). The same pattern held for CD8* lymphocytes (3.40 [2.60; 4.00] vs. 1.70 [1.20; 2.50] cells
per SFV; p < 0.001). The highest spatial variability was observed for CD3* cells at the invasive margin (QCD = 0.419). Cluster
analysis identified three immune phenotypes: immune-cold (44.44 %), immune-excluded (37.04 %), and immune-hot (18.52 %).

Conclusions. Colorectal cancer with regional lymph node metastases exhibits pronounced spatial heterogeneity of T-cell infiltration
and preferential accumulation of CD3* and CD8* lymphocytes at the invasive margin. Immune phenotyping based on spatial CD3*/
CD8* analysis enables biologically meaningful tumor stratification and may inform prognosis and personalize immunotherapy
selection.
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MopdonoriuHi oco6AMBOCTI NpocTOpoBOro po3noAiry T-Aimdouutie
NpU KOAOPEKTaAbHOMY paKy 3 MeTacTasaMu B perioHapHi AimdatuuHi By3au

C. |. TeptuwHui, O. T. Uyua, M. A. 3ybko

Merta po60TH — BU3HAUMTL XapaKTep, IHTEHCUBHICTb i MpocTopoBuii poanoain CD3* i CD8* T-nimdoLuTiB npu KonopekTansHoMy
paky (KPP) i3 metactazamv B perioHapHi niMgpoBy3nu Ta BU3HAYMTU iMYHHI PEHOTWMU HA OCHOBI KITACTEPHOTO aHanisy.

Marepian i metoau. MpoBeaeHo iMmyHoricToxiMmiuHe gocnigxeHHs 3 aHTuTinamn go CD3* i CD8* onepauiHoro matepiany
BiA 27 nauieHTiB 3 KPP i meTacTaszamu B perioHapHi nimgaTuyHi By3nu. [ocnigxeHo AiNSHKM LeHTpa NyXIMHW Ta iHBa3WB-
HOrO Kpato, B sikMX aHani3yBanu nokanisauito i xapaktep poanoginy CD3* i CD8* kniTuH B yMOBHO CTaHZapTU30BAHOMY
noni 3opy nnoweto 100 x 100 mkm2. KinbkicHi faHi HaBegeHo sk MegiaHy Ta MixkapTunbHui poamax (IQR). MpocTopoy
HEOAHOPIOHICTb OLHEHO 3a KBApTUbHUM KoediuieHTom aucnepcii (QCD). [ns NOpiBHAHHA NOKA3HWKIB MiX LIEHTPOM
NYXIIMHWU Ta iHBa3MBHUM KPaeM 3aCTOCOBaHO KpuTepiit BinkokcoHa. lepapxiyHnii knacTepHuin aHanis BUKOHAHO METOAOM
Bappa nicns ctaHgaptusadii 4aHux.

Pesyabtatn. MegiaHHa winbHicTb CD3* niMchoumTiB CTATUCTUYHO 3HAYYLLO BLLA HA IHBA3MBHOMY Kpai MOPIBHSHO 3 LEEHTPOM
nyxnunn (7,30 [5,55; 13,55] i 4,80 [3,32; 5,18] kniTH Ha none 3opy; p < 0,001). AHanoriyHy 3akoHOMIpHICTb BUsiBNeHo ans CD8*
nimcpoumTis (3,40 [2,60; 4,00] i 1,70 [1,20; 2,50] kniTuH Ha none 3opy; p < 0,001). HanbinbLuy npoctopoy BapiabenbHICTb BY-
3HayeHo ans CD3* kniTuH Ha iHBaaneHoMy kpai nyxnuHu (QCD = 0,419). 3a pesynsraTamu KNacTepHOro aHaniay po3pisHsanmM Tpu
iMyHHi cheHoTunK: immune-cold (44,44 %), immune-excluded (37,04 %) Ta immune-hot (18,52 %).

BucHoBku. KonopekTanbHuin pak i3 MeTactasamu y perioHapHi niMaTuyHi By3nu xapakTepuayeTbes NPOCTOPOBOK HEOAHOPIAHI-
CcTo T-KNITUHHOI iHiNbTpaLii Ta nepeBaxHUM HakonnyeHHsm CD3* i CD8* nimcpounTie Ha iHBa3WBHOMY Kparo NyXnuHU. AHani3
MPOCTOPOBOI OpraHisaLii iMyHHOro iHinkTpaTy Aae 3mory ineHTudikyaTi 6ionoriyHo BigMiHHI iMYHHI cheHOTUNKM, MOoXe ByTn
BUKOPWCTaHMIA ANs NPOrHO3yBaHHs nepebiry 3axBoproBaHHs i nepcoHaniaaii iMyHoTepaneBTUYHIX NigXoaiB.

© The Author(s) 2026. This is an open access article under the Creative Commons CC BY 4.0 license
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Colorectal cancer (CRC) remains one of the leading causes
of cancer incidence and mortality worldwide, ranking third
in prevalence and second in mortality among malignant
neoplasms [1,2]. Modern studies show that the course
and prognosis of CRC are determined not only by its
morphological characteristics but also substantially by the
features of the tumor immune microenvironment [3,4]. Over
recent decades, convincing evidence has accumulated that
the intensity and spatial distribution of tumor-infiltrating
lymphocytes are independent prognostic factors in CRC
[5,6]. Of greatest importance is the density of CD3* and
CD8" lymphocytes in the tumor center and at its invasive
margin, as this topographic assessment more accurately
reflects the antitumor immune response than total lympho-
cyte counts alone [7].

CD3* is a pan-T-cell marker reflecting the total T-cell
infiltrate and allowing assessment of the overall adaptive
cellularimmune response intensity. Spatial analysis of CD3*
cells (intratumoral, peritumoral and stromal localization) is
important, because different infiltration patterns are asso-
ciated with different tumor progression. It has been shown
that ahigh density of CD3* lymphocytes in the tumor center
and at the invasive margin was associated with a reduced
risk of recurrence and better overall survival [8].

Conversely, insufficient intratumoral infiltration may
indicate the formation of an immunosuppressive microen-
vironment. CD8" is a cytotoxic T-lymphocyte marker and a
key effector of antitumor immunity in the tumor microenvi-
ronment. In studies, CD8" cells are evaluated both by total
number and by spatial distribution [4]. This spatial-quanti-
tative assessment underpins the “immune context” con-
cept — a generalized characteristic of the immune tumor
microenvironment and explains why the density of CD8*
infiltrate often correlates with the clinical course of the
disease. A recent study has shown, that CD8* lymphocyte
density at the invasive margin provides independent prog-
nostic information: cancer-specific survival was superior in
patients with high CD8* density both in the primary cohort
and during independent validation [9].

According to the pattern of CD8* T-cell infiltration,
distinct tumor immune phenotypes have been described
[10]. The immune-hot phenotype is characterized by a high
density of CD8" cells both in the tumor center and at the
invasive margin, corresponding to active antitumor immunity
and a more favorable prognosis. The immune-cold pheno-
type is characterized by low T-cell infiltration throughout the
tumor, indicating impaired immune recognition and a worse
prognosis. The immune-excluded phenotype is defined by
accumulation of immune cells in the peritumoral stroma
without penetration into tumor nests, creating a microenvi-
ronmental barrier effect.

Particular attention is directed to immune infiltration
in relation to the depth of tumor invasion — in the mucosa,
the muscularis propria, and at the interface with adipose
tissue. Spatial heterogeneity of T-cell infiltration may reflect
the staging of the immune response and the progression of
the tumor process. In 2006, the Immunoscore methodology
(immune infiltration index of the tumor) was introduced as a
quantitative index of intratumoral immune infiltration for pre-
dicting recurrence risk. This methodology was subsequently
validated by an international consortium [11] and was based
on determining the density of lymphocytes infiltrating the tu-

mor, which and demonstrated superior prognostic accuracy
for patient survival compared with classic TNM staging.

However, despite a substantial body of research on the
role of CD3* and CD8* T-lymphocytes in CRC [12,13], a
number of aspects of the local antitumor immune response
remain insufficiently studied. In particular, the morphological
analysis of the spatial organization of the T-cell infiltrate in
CRC with metastatic involvement of regional lymph nodes
has received limited attention.

Aim
The aim of the study is to determine the nature, intensity,
and spatial distribution of CD3* and CD8* T-lymphocytes in

colorectal cancer with regional lymph node metastases, and
to identify immune phenotypes based on cluster analysis.

Materials and methods

The study included surgical specimens from 27 patients
with histologically verified CRC in whom histological ex-
amination confirmed revealed in regional lymph nodes.
Histological evaluation identified well-differentiated (n = 2),
moderately differentiated (n = 7), and poorly differentiated
adenocarcinomas (n = 18). Surgical specimens were fixed
in 10 % neutral buffered formalin for 24 hours with subse-
quent standard processing and paraffin embedding. Serial
sections 3—4 pm thick were prepared from paraffin blocks,
stained with hematoxylin and eosin for routine histological
assessment. An immunohistochemical (IHC) study was
performed using monoclonal antibodies to CD3* and CD8*.
T-lymphocytes were labeled in paraffin sections using
monoclonal antibodies Mo a-Hu CD8* (clone SP16), CD3*
clone (EP41) and the DAKO EnVision visualization system
(all reagents from DAKO, Denmark).

Deparaffinization and rehydration of sections were
performed by the standard method. Antigen retrieval was
carried out by heat-induced epitope retrieval in a buffer solu-
tion according to the manufacturer’s protocol. After blocking
endogenous peroxidase activity, primary antibodies were
applied, followed by incubation with a secondary horse-
radish peroxidase-conjugated visualization system. The
immunoreaction was visualized using 3.3'-diaminobenzidine
(DAB); nuclear counterstaining was performed with hema-
toxylin. Positive and negative controls were included in each
staining series in accordance with IHC quality standards.

Morphometric analysis was performed on tissue
regions free of necrotic changes or hemorrhages in two
compartments: the tumor center (within tumor nodules)
and the invasive margin (defined as the peritumoral zone
encompassing the tumor invasion front and adjacent stromal
tissue). To characterize the immune response, resection
margins without evidence of tumor growth were additionally
examined as a reference (non-neoplastic) control.

Morphological and morphometric evaluations of the
specimens were performed by light microscopy using a
Carl Zeiss Axio Scope A1 microscope (Germany) equipped
with a Jenoptik Progres Gryphax® SUBRA series camera
(Germany). In each case, 10 fields of view were analyzed
using the Videotest — Morphology 5.2.0.158 software. The
localization and distribution pattern of CD3* and CD8"* cells
were analyzed in the histological specimens. The density
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of CD3* and CD8* immunopositive cells was expressed as
the number of cells per standardized field of view (SFV)
with an area of 100 x 100 ym?2.

Statistical analysis was performed using non-parametric
methods. Quantitative evaluation of CD3* and CD8* lym-
phocytic infiltration was conducted separately in the tumor
center and at the invasive margin. In each case, the analysis
was carried out across 10 standardized fields of view, and
the results were presented as median and interquartile
range [Q1; Q3].

To assess parameter variability and the spatial hetero-
geneity of immune infiltration, the interquartile range (IQR)
was determined and calculated as the difference between
the third and first quartiles (IQR = Q3 - Q1). Additionally,
the quartile coefficient of dispersion (QCD) was calculated
using the formula: QCD = (Q3-Q1)/(Q3 + Q1).

The QCD values were utilized as a measure of the spa-
tial heterogeneity ofimmune cell distribution, independent of
the influence of extreme values. QCD <0.10 was interpreted
as low spatial heterogeneity, 0.10-0.30 as moderate, and
>0.30 as high heterogeneity.

Comparison of CD3* and CD8* lymphocyte densities
between the tumor center and the invasive margin was
performed using the Wilcoxon signed-rank test. Results
were considered statistically significant at p < 0.05.

To characterize the relationship between total T-cell
infiltration and the cytotoxic T-cell response, the CD3*/
CD8* ratio was calculated separately for the tumor center
and the invasive margin based on the median values of the
respective parameters.

To identify natural tumor groups based on immune
microenvironment characteristics, hierarchical cluster ana-
lysis was performed. The analysis included CD3* and CD8*
densities in the tumor center and at the invasive margin,
standardized to Z-scores (mean = 0, SD = 1) in Microsoft
Excel. The resulting standardized feature matrix was used
for further hierarchical cluster analysis using Ward's linkage
method via Euclidean distance in the Statistica 12 program.

Results were visualized as a dendrogram; clusters were
assigned to immune-hot, immune-cold, and immune-ex-
cluded phenotypes based on their median CD3* and CD8*
density profiles.

Results

Immunohistochemical examination of the colorectal mu-
cosa at tumor-free resection margins revealed moderate
physiological expression of CD3*, corresponding to the
normal distribution of T-lymphocytes within the intestinal
wall. CD3*-positive cells appeared as small mononuclear
elements with distinct membranous-cytoplasmic staining,
localized predominantly periglandularly around the crypts
and occasionally intraepithelially between crypt enterocytes.
The highest density of CD3" cells was observed in the upper
regions of the lamina propria; fewer cells were found in the
basal regions of the crypts. Isolated cells were localized
within the muscularis mucosae. Cell distribution was rela-
tively uniform, without the formation of dense aggregates
or pronounced diffuse infiltration. The cell density per SFV
was 5.5 (5.0; 8.0). In areas with chronic inflammation, fre-
quently observed in CRC patients, the CD3* cell density was
increased, and distribution became uneven. CD3"* cells were
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not detected within the muscularis propria of the intestine
in any examined case.

The distribution of CD8"* cells within the lamina propria
exhibited a similar pattern, although their count was sig-
nificantly lower at 2.5 (1.5; 3.0) per SFV, with substantial
inter-case variability.

In CRC, both intratumoral and peritumoral components
of T-cell infiltration were identified. T-lymphocytes were
localized between tumor cells, occasionally penetrating
glandular structures; however, their density within the stro-
ma was typically much higher than their intratumoral density.
Weakly expressed or moderate, diffuse, and relatively
uniform infiltration of CD3* cells was observed in the tumor
center. Single cells predominated; small groups of immu-
nopositive cells were less frequent, forming minor clusters
around tumor glands and more prominent aggregations in
the perivascular space (Fig. 1). The cell density in the tumor
center was 4.80 (3.32; 5.18) cells per SFV.

The stroma in the tumor center was weakly or moder-
ately developed, represented by loose connective tissue
with signs of desmoplastic reaction. The majority of immu-
nopositive cells were localized in the stroma peritumorally.
Moderate density of CD3* cells was determined in connec-
tive tissue layers, where cells were located mainly diffusely,
sometimes in minor clusters and separated individual tumor
glands. With significant desmoplastic changes, focal areas
of high CD3* T-lymphocyte density were observed around
tumor complexes (Fig. 2), while within tumor complexes
only isolated cells were present. The density of CD3"* cells
at the invasive margin was 7.30 (5.55; 13.55) cells per SFV.
Spatial heterogeneity analysis demonstrated moderate
variability of CD3* cells in the tumor center (QCD = 0.219).

The density of CD8* T-lymphocytes in the tumor center
was determined at 1.70 (1.20; 2.50), corresponding to a
low level of infiltration (Fig. 3); however, cluster analysis
revealed the presence of different types of immune microen-
vironment within the tumor, and accordingly, the median
density of CD8* T-lymphocytes also varied across different
clusters. Areas with an almost complete absence of CD8*
cells, zones with CD8* cells confined to the stroma without
penetration into tumor complexes, and foci of increased
infiltration density were all identified. A pronounced spa-
tial heterogeneity of CD8* T-cell infiltration was thereby
confirmed (QCD = 0.351); the cytotoxic component was
reduced and spatially disorganized.

The CD3*/CD8" ratio in the tumor center was 2.30
(1.95; 3.18), indicating a relative deficit of cytotoxic T-lym-
phocytes within the total T-cell population. The obtained
results suggest a dissociated T-cell response, character-
ized by preserved total T-cell infiltration with a reduced
cytotoxic component and moderate spatial heterogeneity
(QCD =0.250).

The density of CD3* T-lymphocytes at the invasive CRC
margin demonstrated a moderately high level (7.30 [5.55;
13.55] cells per SFV) with pronounced spatial heterogeneity
(QCD = 0.419). The IQR in this group was 8.00, substan-
tially exceeding the IQR values in other groups (range
1.30-1.86). The density of CD3* cells was markedly in-
creased in some areas, indicating a local immune response
within the tumor invasion zone (Fig. 4). Overall, the invasive
margin showed significantly higher CD3" infiltration than the
tumor center, suggesting more active immune interaction
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e 0

in this compartment; however, cell penetration into tumor
complexes was extremely limited.

The density of CD8* T-lymphocytes at the invasive CRC
margin was 3.40 (2.60; 4.00) cells per SFV, corresponding
to low-to-moderate cytotoxic infiltration.

Across all cases, a relatively lower density of CD8" effec-
tor T-lymphocytes compared with CD3* cells was observed,
and no dense, continuous accumulation of effector cells was
identified at the tumor—stromal interface (Fig. 5). The CD3*/
CD8" ratio was 2.27 [1.74; 3.08], indicating a predominance of
the total T-cell infiltrate over the cytotoxic effector component,

St

.
e
o

Fig. 1. CD3" expression in the tumor center. IHC. Mag. x200.

. Fig. 2. High density of CD3* lymphocytic infiltration in desmoplastic stroma around tumor
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suggesting limited efficacy of the antitumor immune response
atthe invasive tumor margin. The spatial heterogeneity index
indicated moderate spatial non-uniformity for the CD8* cell
distribution at the invasive margin (QCD = 0.212).

Based on the density of CD3* and CD8* lymphocytes
in the tumor center and the invasive margin, hierarchical
cluster analysis using Ward’s method identified specific
features of the immune microenvironment in CRC with re-
gional lymph node metastases. This analysis yielded three
clusters differing in the intensity and spatial organization of
T-cell infiltration.
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Fig. 6. Hierarchical clustering of patients based on the CD3*/CD8" profile (Ward’s method, Euclidean distance). Clusters labeled by immune phenotype. The X axis represents
individual cases (patients) included in the cluster analysis; the Y axis represents the distance between clusters. The horizontal dashed line corresponds to the dendrogram cut level,
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at which three immune phenotypes are distinguished: immune-cold, immune-hot, and immune-excluded.

The first cluster included 10 patients (37.04 %) and was
characterized by a relatively low density of CD8" cytotoxic
T-lymphocytes in the tumor center, with significantly higher
values at the invasive margin. The median CD8" cell density
in the center was only 1.7 (1.15; 2.08), whereas at the inva-
sive margin, it reached 2.7 (2.38; 3.55). A similar gradient
was observed for CD3* cells: 5.7 (4.97; 6.40) in the center
versus 12.56 (9.05; 14.05) at the invasive margin. The CD3"/
CD8" ratio in the tumor center and at the invasive margin
was 3.22 and 4.11, respectively.

The second cluster comprised only 5 cases (18.52 %)
with the highest values of intratumoral T-cell infiltration
among the three clusters. The median density of CD3* cells
in the tumor center was 5.10 (4.80; 5.10) and of CD8"* cells
was 2.70 (2.50; 2.70). T-cell infiltration at the invasive margin
was the highest across all clusters: 13.80 (7.30; 14.20) and
6.60 (6.40; 7.30) for CD3* and CD8"* lymphocytes, respec-
tively. The CD3*/CD8" ratio in the tumor center and at the
invasive margin was 1.78 and 2.16, respectively.

The third cluster included 12 cases (44.44 %) with mod-
erate values of CD3* and CD8" cells in both compartments.
The median CD3* cell density in the center was 3.31 (2.25;
4.09) and CD8* was 1.43 (0.90; 1.50); at the invasive margin
the corresponding values were 5.55 (3.98; 6.63) and 3.25
(2.78; 3.60). The CD3*/CD8" ratio in the tumor center and
at the invasive margin was 2.35 and 1.93, respectively.
Although the median CD8"* density at the invasive margin
was somewhat higher compared to the immune-excluded
phenotype, the overall level of T-cell infiltration remained
relatively low.

The dendrogram of the hierarchical cluster analy-
sis using Ward’s method (Fig. 6) demonstrates three
well-separated groups of patients based on the density
of CD3* and CD8* lymphocytes in the tumor center and
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at the invasive margin. The distances on the dendrogram
reflect the degree of similarity in the immune profile
among the patients.

The immune-excluded phenotype was characterized by
accumulation of CD3* and CD8* lymphocytes predominantly
at the tumor-stroma interface with limited intratumoral pen-
etration. Asignificant (p < 0.05) predominance of CD3* and
CD8" T-lymphocyte density at the invasive margin versus
the tumor center was identified. Such a phenotype was
characterized by the formation of barriers that impede the
migration of effector T-cells into the tumor tissue.

The immune-hot phenotype was the smallest cluster,
characterized by a high density of T-lymphocytes both in
the tumor center and at the invasive margin. Such a phe-
notype was associated with an active antitumor immune
response and high cytotoxic activity of T-cells; however, no
statistically significant differences were found in the density
of CD3* and CD8* T-lymphocyte between the tumor center
and the invasive margin (p=0.0625). The small proportion
of this phenotype within the studied cohort indicates that
tumors with pronounced intratumoral T-cell infiltration are
relatively rare.

The immune-cold phenotype was a cluster character-
ized by a low-to-moderate density of CD3* and CD8" cellsin
both tumor compartments; with a significant invasive-margin
predominance (p = 0.00049). These changes reflected
insufficient immune activation and limited involvement of
adaptive immunity in controlling tumor growth.

Discussion

Contemporary studies demonstrate that the prognostic sig-
nificance of T-lymphocyte infiltration in CRC is determined
not only by its quantitative characteristics but primarily by
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its spatial organization, which dictates the clinical course of
the disease [6]. Modern scientific publications emphasize
that the spatial evaluation of immune infiltration and the
heterogeneity of immune cell distribution between the tumor
center and its invasive margin hold independent prognostic
value [14].

Furthermore, the density of CD3* and CD8* T-lympho-
cytes is considered a key characteristic of the antitumor
immune response in CRC; assessing their distribution in
the tumor center and at the invasive margin provides higher
prognostic value than simple confirmation of their presence,
owing to pronounced intratumoral heterogeneity and the
varying functional roles of immune cells in different tumor
zones, as pointed out by several authors [15,16]. Recent
studies have established that the total count of CD3* cells
correlated with the “ stage and the presence of perineural
invasion, and a link has also been found between a higher
N stage and low counts of CD3* cells [17].

The immunohistochemical results obtained in our study
demonstrate that the immune microenvironment of CRC
with regional lymph node metastases is characterized by
moderate and heterogeneous T-cell infiltration in both the
tumor center and at the invasive margin. Along with areas
of relatively low T-cell density, zones with more intense
infiltration are present, a typical morphological feature of the
invasive margin in CRC. In the tumor center, a slightly lower
or less organized infiltration was identified, likely related to
the formation of an immunosuppressive microenvironment,
hypoxia, and impaired access of effector cells to tumor
complexes [18].

Analysis of T-lymphocyte subpopulations revealed that
the density of CD8" cytotoxic T-lymphocytes was significant-
ly lower compared with CD3* cells, forming a characteristic
imbalance: while total T-cell infiltration (CD3*) is sufficient, a
relative deficit of effector CD8* cells is present. This pattern
may indicate predominance of non-cytotoxic subpopulations
(CD4* T-helper cells, regulatory T-cells) or reflect functional
exhaustion of CD8* lymphocytes. Morphologically, this
manifests as the absence of dense, continuous accumu-
lation of effector cells at the tumor — stroma interface. The
identified changes allow us to characterize the immune
phenotype of the studied tumors as functionally restricted,
where infiltration coexists with the functional impairment of
T-cells. The literature describes the phenomenon of T-cell
exhaustion / dysfunction, which develops under chronic
antigenic stimulation and immunosuppressive influence
of the tumor microenvironment and is accompanied by
increased expression of inhibitory receptors and reduced
cytotoxic activity [19].

Cluster analysis confirmed the pronounced heteroge-
neity of the CRC immune microenvironment. The identi-
fication of three phenotypes, immune-hot, immune-cold,
and immune-excluded, aligns with contemporary data on
tumor phenotypes characterized by distinct spatial T-cell
distribution patterns and varying efficacy of the antitumor
immune response [20].

The immune-excluded phenotype may be associated
with activation of TGF-B-dependent mechanisms of stromal
remodeling, increased extracellular matrix density, or other
immunosuppressive microenvironmental factors. However,
as noted by several authors, the immune-excluded phe-
notype remains the most poorly defined among the three,

lacks a universally accepted definition, and is frequently
associated with poor clinical outcomes [21].

The immune-cold phenotype is characterized by a low
density of effector T-lymphocytes, which may be associ-
ated with low tumor immunogenicity immunosuppressive
microenvironment formation, and insufficient recruitment
or functional exhaustion of CD8* T-lymphocytes. This
limits effective antitumor immunity and may promote the
metastatic progression of CRC [22].

Overall, the predominance of immune-excluded and
immune-cold phenotypes (combined 81.48 % of cases) indi-
cates that effective T-cell penetration into the tumor center is
limited in the majority of studied tumors with regional lymph
node metastasis. Conversely, the 18.52 % of cases pre-
senting as immune-hot tumors suggest an active antitumor
immune response; according to literature data, such tumors
are associated with a more favorable prognosis and better
response to immunotherapy [23]. Meanwhile, it should be
taken into account that the development of metastases in
regional lymph nodes is a multifactorial process, therefore
the spatial organization of the immune microenvironment
should be considered as one of the independent potential
prognostic factors in combination with other clinical and
morphological characteristics of the tumor.

The ratio of immune phenotypes observed in our study
is broadly consistent with contemporary concepts regarding
the biological heterogeneity of CRC. Given that tumors with
a deficient mismatch repair system (MSI-H/dMMR — tumors
with high microsatellite instability) are typically characterized
by a pronounced infiltration of CD3* and CD8* T-lympho-
cytes and are considered immune-hot, whereas tumors with
a proficient DNA repair system (MSS/pMMR — microsatellite
stable tumors with proficient repair) more frequently exhibit
an immune-cold or -excluded profile, the identified cluster
structure may, hypothetically, reflect the distribution of these
molecular subtypes within the studied cohort.

Conclusions

1. In the studied cases of colorectal cancer with me-
tastases to regional lymph nodes, spatial heterogeneity of
T-cell infiltration was demonstrated. The density of CD3*
and CD8" lymphocytes in all cases at the invasive margin
was significantly higher than in the tumor center, indicating a
predominance of antitumor immune activity in the tumor-tis-
sue interface zone.

2. The predominance of CD3* cells over CD8* within
both studied compartments and the CD3*/CD8" ratio indi-
cate the dominance of a non-cytotoxic T-cell population in
the microenvironment of colorectal cancer with regional
lymph node metastases.

3. Cluster analysis based on CD3* and CD8" infiltration
parameters identified three immune phenotypes corre-
sponding to the contemporary immune-hot, immune-cold,
and immune-excluded classification. 81.48 % of the studied
colorectal cancers with metastases to regional lymph nodes
corresponded to the immune-cold and immune-excluded
phenotypes, while the immune-hot phenotype, which may
be associated with a more pronounced antitumor immune
response, was detected in only 18.52 % of cases.

4. The spatial distribution of CD3* and CD8" T-lym-
phocytes is a crucial characteristic of the colorectal cancer
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immune microenvironment. Combined evaluation of these
parameters in the tumor center and at the invasive margin
enables identification of distinct immune phenotypes and
provides a more accurate biological stratification of tumors.

Prospects for future research. Priority directions include
acorrelation analysis of immune cell density and topography
with clinicopathological parameters (TNM stage, differen-
tiation grade, lymphovascular invasion, MSI/MMR status)
and long-term treatment outcomes, which will help assess
the prognostic value of spatial T-cell infiltration.
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