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Abstract: Background: The spatial distribution of tumor-infiltrating lymphocytes (TILs) has prognostic value in solid
tumors, but its relationship with HER2 status in gastric adenocarcinoma remains poorly characterized. Methods:
TIL densities in the tumor center (CT) and at the invasive margin (IM) were assessed on H&E-stained slides using
QuPath, and the edge/center ratio (E/C ratio = IM-TILs/CT-TILs) was calculated. The optimal cut-off for E/C ratio
was determined by maximizing the log-rank statistic. Survival analyses were performed using Kaplan-Meier and Cox
regression. Results: The HER2-positive group (n = 35) exhibited significantly lower CT-TILs (11.92% vs. 20.98%, P
< 0.001) and a higher E/C ratio (2.11 vs. 1.25, P < 0.001) than the HER2-negative group (n = 165). Using an opti-
mal cut-off of 1.57, high E/C ratio was associated with significantly worse overall survival (OS) in the whole cohort
(median 14.64 vs. 42.87 months; log-rank P < 0.001). Multivariate Cox regression, adjusting for clinicopathologi-
cal factors, revealed that the E/C ratio as a continuous variable was independently prognostic (HR = 1.398, P <
0.001), and a significant interaction between HER2 status and E/C ratio was observed (HR = 1.844, P = 0.001).
Dichotomization at E/C > 1.57 provides significant prognostic stratification, an effect that is modified by HER2
status; however, due to the small HER2-positive subgroup, these findings require validation in larger independent
cohorts. Conclusions: HER2-positive gastric adenocarcinoma exhibits an “edge-limiting” immune phenotype with el-
evated E/C ratio. Digital assessment of TILs on routine H&E sections is simple and promising for clinical translation.
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Introduction remain important topics in the field of gastric
cancer research.

Gastric cancer is the fifth most common malig-

nancy worldwide and the third leading cause of
cancer-related death. In 2020, there were over
1 million new cases and approximately 770,000
deaths worldwide [1, 2]. Gastric adenocarcino-
ma is the predominant histological type of gas-
tric cancer, accounting for more than 90% of all
gastric cancers. Despite significant advance-
ments in surgical techniques, perioperative
chemotherapy, and targeted therapy in recent
years, the b-year overall survival rate for
advanced gastric cancer remains less than
30% [3, 4]. Therefore, finding reliable prognos-
tic biomarkers and new therapeutic targets

The human epidermal growth factor receptor 2
(HER2) is one of the earliest driver genes suc-
cessfully targeted in gastric cancer. Approxi-
mately 15-20% of gastric adenocarcinomas
exhibit HER2 protein overexpression or gene
amplification [5, 6]. The ToGA study established
the first-line treatment position of trastuzumab
combined with chemotherapy in HER2-positive
advanced gastric cancer [7-9]. However, subse-
quent multiple clinical studies have shown that
anti-HER2 therapy combined with other drugs
(such as pertuzumab, lapatinib, T-DM1) failed
to replicate the significant benefits observed in
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breast cancer in gastric cancer, suggesting
that the response to HER2-targeted therapy
in gastric cancer may be deeply regulated by
the tumor microenvironment (TME) [10-13].
Therefore, a deeper understanding of the
immune microenvironment characteristics of
HER2-positive gastric cancer is of great clinical
significance for screening the optimal popula-
tion for combined targeted/immunotherapy.

Tumor-infiltrating lymphocytes (TILs) directly
reflect the host’s adaptive immune response
against tumors and are a core component of
the tumor microenvironment (TME). Multiple
large-scale studies and meta-analyses have
confirmed that an increased density of TILs is
significantly associated with a favorable prog-
nosis in gastric cancer, especially in the EB
virus-positive (EBV+) and microsatellite instabil-
ity-high (MSI-H) subtypes, where TILs infiltra-
tion is more abundant and the response rate to
immune checkpoint inhibitor therapy is higher
[14, 15]. However, systematic research on the
prognostic value and spatial distribution char-
acteristics of TILs in HER2-positive gastric can-
cer is currently lacking. Previous few studies
have found that FoxP3* regulatory T cells and
M2-type tumor-associated macrophages infil-
trate more in HER2-overexpressing gastric can-
cer tissues, suggesting that the HER2 signaling
pathway may be involved in the construction of
an immunosuppressive microenvironment [16,
17]. However, most of these studies only focus
on the overall density of TILs or specific func-
tional subgroups, ignoring the spatial distribu-
tion differences of TILs - that is, the heteroge-
neous distribution pattern of immune cells
between the tumor center (CT) and the invasive
margin (IM).

Recent studies have shown that the anti-tumor
effect of immune cells not only depends on
their absolute quantity, but also on their spatial
position within the tumor and the depth of infil-
tration. In colorectal cancer, non-small cell lung
cancer, and melanoma, researchers have
found that a dense distribution of TILs at the
invasive margin often indicates that immune
cells are “excluded” from tumor nests, and this
“edge-limiting” immune phenotype is signifi-
cantly associated with poorer prognosis and
low response rates to immunotherapy [18]. By
calculating the ratio of edge/central TILs (E/C
ratio), the ability of immune cells to penetrate
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from the edge to the center can be quantita-
tively measured, thereby more accurately
depicting the degree of immune exclusion in
the tumor [19]. However, in gastric adenocarci-
noma, especially the spatial immune distribu-
tion pattern associated with HER2 expression
status, there is still a lack of digital and quanti-
tative systematic evaluation.

The popularization of whole slide imaging (WSI)
technology and the development of open-
source image analysis software (such as
QuPath) have made it possible to conduct
large-scale, standardized spatial quantitative
assessment of TILs based on conventional
H&E stained sections, without the need for
additional immunohistochemical staining. This
is feasible in the routine pathology department
[20]. This digital retrospective assessment
method has the advantages of low cost, strong
repeatability, and ease of promotion, and is
suitable for exploring and validating new patho-
logical biomarkers in real-world research.

Based on the above background, this study
intends to utilize digital pathology technology to
conduct a retrospective analysis on a group of
patients with resected gastric adenocarcino-
ma. The aim is: (1) To quantitatively compare
the differences in CT-TILs, IM-TILs and E/C
ratios between the HER2 positive and negative
groups; (2) To analyze the correlation between
spatial parameters of TILs and overall survival,
and to evaluate their independent prognostic
value; (3) To explore the distribution character-
istics of E/C ratios in different pT stages and
HER2 subgroups. We hypothesize that HER2-
positive gastric adenocarcinoma tends to pres-
ent an “edge-limited” immune phenotype with
elevated E/C ratios, and this phenotype is an
independent factor for poor prognosis. This
work is expected to provide a retrospective
evidence-based foundation for the precise
immune stratification of HER2-positive gastric
cancer and the optimization of targeted/immu-
notherapy combined treatment strategies.

Materials and methods
Research design and patients

This study was a single-center, retrospective
case series study. It was approved by ethics
committee of the First Affiliated Hospital of
Lishui University, Lishui People’s Hospital and
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Patients with pathologically confirmed gastric
adenocarcinoma who underwent RO radical gastrectomy
(Jan 2015 — Jan 2020) (n = 450)

Excluded
1.

2

Received neoadjuvant chemctherapy or radiotherapy
(n=38)

FFPE tissue blocks or H&E-stained archival sections
unavailable or incomplete (n = 43)

HER?2 status not fully documented (IHC + FISH) (n = 51)
Gastric stump carcinoma, anastomotic recurrence, or
synchronous other primary malignancy (n = 22)
Perioperative death (<30 days) or death from non-tumor
causes (n = 15)

Incomplete clinicopathological data or missing follow-up
(n=58)

H&E slides of insufficient quality for TIL assessment after
whole-slide scanning (n = 23)

Finally enrolled patients (n = 200) |

HER2-negative group (n = 165, 82.5%) |

Figure 1. Flow chart of patient enrollment.

no informed consent was required. We con-
tinuously collected patients who underwent
radical gastrectomy for gastric cancer in the
general surgery department of the Lishui
People’s Hospital from January 2015 to January
2020, whose postoperative pathological diag-
nosis was gastric adenocarcinoma and whose
archived tissue wax blocks were complete. All
procedures performed in this study involving
human participants were in accordance with
the Declaration of Helsinki (as revised in 2013)
(Figure 1).

Inclusion and exclusion criteria

The enrolled patients must have complete
postoperative formalin-fixed paraffin-embed-
ded (FFPE) tissue and corresponding hematox-
ylin-eosin (H&E) stained archived sections.
They must not have received any neoadjuvant
chemotherapy or radiotherapy before the sur-
gery. Each patient must have a clearly archived
HER2 immunohistochemistry (IHC) test result.
For cases with an IHC score of 2+, there must
also be concurrent or archived fluorescence in
situ hybridization (FISH) test results to clarify
the gene amplification status. Additionally, all
the clinical and pathological data and postop-

2939

HER2-positive group (n = 35, 17.5%) |

erative follow-up records of the enrolled
patients must be complete, and at least one
standardized postoperative follow-up evalua-
tion must have been completed.

Patients with any of the following conditions will
be excluded: patients with residual gastric can-
cer, anastomotic recurrence cancer, or those
with primary malignant tumors in other organs;
patients who died during the perioperative peri-
od (within 30 days after surgery) or due to non-
tumor-related causes; patients whose H&E
stained sections after full slide scanning were
evaluated by the pathologist as having severe
fading, tissue folds, extensive necrosis, or slide
damage, resulting in insufficient image quality
for TILs readers; and patients with missing fol-
low-up information or those who were lost to
follow-up.

Clinical pathological data collection

The following indicators were extracted from
the electronic medical record system and the
pathological information system, and were
independently entered by one researcher and
verified by a second: (1) Demographic informa-
tion: age, gender; (2) Lifestyle and past medical
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history: smoking history (smoking, quit smok-
ing, never), alcohol consumption history (fre-
quent, occasional, never), body mass index
(BMI, measured within one week before sur-
gery), history of hypertension, diabetes, coro-
nary heart disease, gastric cancer family histo-
ry; (3) Preoperative laboratory tests: carcino-
embryonic antigen (CEA, ng/mL); (4) Tumor
characteristics: tumor location (cardia/gastric
fundus, gastric body, gastric antrum), Bormann
classification, Lauren classification, histologi-
cal grade (high/middle/low differentiation); (5)
Surgical information: surgical method (proximal
gastrectomy, distal gastrectomy, total gastrec-
tomy); (6) Postoperative pathology: pT stage,
pN stage (based on the 8th edition of the AJCC
gastric cancer TNM staging system), maximum
tumor diameter (cm), vascular invasion (LVI,
present/absent), nerve invasion (PNI, present/
absent), postoperative adjuvant chemotherapy
status (present/absent). All pathological diag-
noses were the standard output of routine
postoperative pathological reports and were
not re-reviewed.

HER?2 testing and interpretation

The HER2 status was directly taken from the
standard pathological report issued by the clin-
ic. The test was conducted using the IHC meth-
od (antibody: 4B5, Roche Ventana) and, when
necessary, FISH (PathVysion HER2 DNA Probe
Kit) was used for confirmation. According to the
ASCO/CAP gastric cancer HER2 testing guide-
lines (2018 edition), an IHC score of 3+ was
defined as HER2 positive, an IHC score of O/1+
as HER2 negative; those with an IHC score of
2+ were further tested by FISH, with gene
amplification (HER2/CEP17 ratio > 2.0 or aver-
age HER2 copy number > 6.0 signals/cell) clas-
sified as HER2 positive, and no amplification
classified as negative. Based on this, patients
were divided into the HER2 negative group and
the HER2 positive group.

Digital pathology and assessment of TILs spa-
tial distribution

All archived H&E stained sections of the
enrolled cases were scanned using a full-slide
scanner (such as 3DHISTECH Pannoramic
MIDI, x40 magnification, resolution 0.25 ym/
pixel) as digital pathological images (svs for-
mat). Two pathologists who were unaware of
the clinical prognosis independently completed
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the spatial quantitative assessment of TILs on
the open-source software QuPath (v0.3.2). In
case of inconsistencies, consensus was
reached through negotiation.

According to the GI-TILs assessment method
recommended by the International Immuno-
Oncology Biomarker Working Group (lIOB), the
density percentage of stromal TILs (sTILs) was
emphasized. The specific steps are as follows:

Region selection and annotation: On each digi-
tal slide, avoid obvious necrosis, bleeding
areas, and large blood vessels, and respective-
ly define two fixed areas - (1) Tumor center (CT):
located within the tumor substance, at least 1
mm away from the invasive edge (i.e., the junc-
tion between cancer and normal tissue); (2)
Invasive edge (IM): defined as the junction
between the cancer nests and the surrounding
normal gastric wall tissue, with a band-like area
extending approximately 500 um on either side
of the cancer-normal interface.

TILs counting: In the selected areas, at x400
magnification, randomly select 3 to 5 high-pow-
er fields, visually assess the percentage of the
area occupied by single-nucleus inflammatory
cells (lymphocytes, plasma cells) in the stromal
region (%). Exclude areas with dense neutro-
phils, eosinophilic granulocytes, and lymphoid
follicle structures. Parameter recording: The
densities (in %) of CT-TILs and IM-TILs were sep-
arately recorded, and the edge/center ratio
(E/C ratio = IM-TILs/CT-TILs) was calculated.
When CT-TILs was O, the E/C ratio was set to a
constant maximum value of 10. The optimal
cut-off value for the E/C ratio was determined
by maximizing the log-rank statistic, and
patients were divided into high E/C (> cut-off)
and low E/C (£ cut-off) groups for survival
analysis.

Each observer re-evaluated 10% (20 cases)
of the randomly selected sections 4 weeks
later. The consistency was evaluated using the
intraclass correlation coefficient (ICC) and the
interclass correlation coefficient. A coefficient
of ICC > 0.8 was considered as good consis-
tency. The intraclass correlation coefficient
(ICC) for TILs assessment was 0.87 (95% ClI:
0.79-0.93), indicating excellent inter-observer
agreement. A schematic representation of
these regions is provided in Supplementary
Figure 1.
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Follow-up and outcome indicators

Postoperative follow-up was conducted through
outpatient visits, inpatient re-examinations,
and telephone inquiries. The frequency of fol-
low-up was once every 3-6 months in the first 2
years, once every 6-12 months in the third to
fiftth years, and once a year thereafter. The fol-
low-up content included physical examination,
tumor markers, endoscopy, and imaging exami-
nations. The definition of outcome indicators is
as follows: (1) Overall survival (0S): from the
date of surgery to death due to any cause or the
date of the last follow-up; (2) Disease-free sur-
vival (DFS): from the date of surgery to the date
of the first pathological or imaging-confirmed
recurrence/metastasis or death due to any
cause, whichever occurs first. The last follow-
up date was December 31, 2024, with a medi-
an follow-up time of 25 months.

Statistical analysis

Statistical analysis was performed using SPSS
20.0 and Python (v3.8). Continuous variables
were tested for normality, and non-normally
distributed continuous variables were summa-
rized as median (interquartile range) or mean +
standard deviation. Group comparisons were
performed using the Mann-Whitney U test; cat-
egorical variables were expressed as frequency
(percentage), and group comparisons were
conducted using the x? test or Fisher’'s exact
test. Correlation analysis between HER2 status
and spatial parameters of TILs was performed
using Spearman rank correlation. Survival anal-
ysis was plotted using the Kaplan-Meier meth-
od, and group comparisons were performed
using the log-rank test; median survival time
and its 95% confidence interval were provided.
Univariate and multivariate analyses were con-
ducted using the Cox proportional hazards
regression model, with variables from the uni-
variate analysis that had a P value < 0.10 and
those with important clinical value included in
the multivariate model. Results were expressed
as risk ratio (HR) and 95% confidence interval
(CI). All tests were two-sided, and a P value <
0.05 was considered statistically significant.
Percentages were rounded to one decimal
place, and other statistics were rounded to
three decimal places.
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Results
Patient baseline characteristics

A total of 200 patients with gastric adenocarci-
noma who underwent radical resection were
included in this study. Among them, 165 cases
(82.5%) were in the HER2-negative group and
35 cases (17.5%) were in the HER2-positive
group. There were no statistically significant
differences in age, gender, BMI, smoking histo-
ry, drinking history, tumor location, Bormann
classification, Lauren classification, histologi-
cal grade, surgical method, pT stage, pN stage,
vascular invasion, nerve invasion, and the pro-
portion of postoperative adjuvant chemothera-
py between the two groups (P > 0.05), indicat-
ing that baseline characteristics were well bal-
anced between the two groups. It is notable
that the proportion of diabetic patients in the
HER2-positive group was significantly higher
than that in the negative group (22.9% vs. 7.9%,
P = 0.015), while there were no significant dif-
ferences in other comorbidities (hypertension,
coronary heart disease) and family history of
gastric cancer. The detailed comparison of
baseline clinical and pathological characteris-
tics is shown in Table 1.

Correlation between the spatial distribution
pattern of TILs and HER2 expression status

We quantitatively evaluated the percentage of
interstitial TILs density in the tumor center (CT)
and the invasive margin (IM) using digital path-
ological images, and calculated the edge/cen-
ter ratio (E/C ratio). The mean + standard devi-
ation of CT-TILs, IM-TILs, and E/C ratio in the
entire group were 19.39% + 11.50%, 23.32% +
13.38%, and 1.40 + 1.08, respectively.

Stratified analysis by HER2 status showed that
the CT-TILs density in the HER2-positive group
was significantly lower than that in the negative
group (11.92% + 8.47% vs. 20.98% + 11.45%,
Mann-Whitney U = 4271.000, P < 0.001), while
there was no significant difference in IM-TILs
density between the two groups (22.31% =+
15.14% vs. 23.54% + 13.02%, U = 3170.000, P
= 0.365). This led to a significantly higher E/C
ratio in the HER2-positive group than in the
negative group (2.11 + 1.04 vs. 1.25 £ 1.03, U
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Table 1. Baseline clinicopathological characteristics of the patients compared by HER2 status

Variable HER2 Negative (n = 165) HER2 Positive (n = 35) U/x? P-value
Age 59.35 £ 9.52 57.66 £ 8.01 3215.500 0.292
BMI 23.66 + 3.06 23.57 £3.14 2954.500 0.831
CEA 4.67 +4.02 4.06 £2.78 3046.000 0.611
Max_diameter 5.47 +2.38 494 +2.05 3275.000 0.213
Sex 0.901 0.342
Male 111 (67.3%) 20 (57.1%) - -
Female 54 (32.7%) 15 (42.9%) - -
Smoking 0.002 0.968
Smoker 52 (31.5%) 12 (34.3%) - -
Ex-smoker 0 (0.0%) 0 (0.0%) - -
Never 91 (55.2%) 19 (54.3%) - -
Alcohol drinking 1.036 0.596
Often 10 (6.1%) 1(2.9%) - -
Occasionally 55 (33.3%) 10 (28.6%) - -
Never 100 (60.6%) 24 (68.6%) - -
HTN 0.290 0.590
Yes 48 (29.1%) 8 (22.9%) - -
No 117 (70.9%) 27 (77.1%) - -
DM Fisher 0.015
Yes 13 (7.9%) 8 (22.9%) - -
No 152 (92.1%) 27 (77.1%) - -
CAD Fisher 0.704
Yes 10 (6.1%) 3 (8.6%) - -
No 155 (93.9%) 32 (91.4%) - -
Family_history Fisher 0.379
Yes 20 (12.1%) 2 (5.7%)

No 145 (87.9%) 33 (94.3%) - -
Tumor_site 0.284 0.868
Cardia/Fundus 34 (20.6%) 7 (20.0%) - -
Body 49 (29.7%) 9 (25.7%) - -
Antrum 82 (49.7%) 19 (54.3%) - -
Bormann 3.007 0.391
Borrmann | 8 (4.8%) 1 (2.9%) - -
Borrmann Il 50 (30.3%) 8 (22.9%) - -
Borrmann lll 83 (50.3%) 17 (48.6%) - -
Borrmann IV 24 (14.5%) 9 (25.7%) - -
Lauren 3.585 0.167
Intestinal 84 (50.9%) 22 (62.9%) - -
Diffuse 51 (30.9%) 11 (31.4%) - -
Mixed 30 (18.2%) 2 (5.7%) - -
Grade 0.766 0.682
Well differentiated 11 (6.7%) 1 (2.9%) - -
Moderately differentiated 61 (37.0%) 13 (37.1%) - -
Poorly differentiated 93 (56.4%) 21 (60.0%) - -
Surgery_type 0.295 0.863

Proximal gastrectomy
Distal gastrectomy
Total gastrectomy
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23 (13.9%)
83 (50.3%)
59 (35.8%)

4 (11.4%)
17 (48.6%)
14 (40.0%)
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pT 2.932 0.402
pT1 14 (8.5%) 3 (8.6%) - -
pT2 34 (20.6%) 11 (31.4%) - -
pT3 75 (45.5%) 11 (31.4%) - -
pT4 42 (25.5%) 10 (28.6%) - -

pN 0.645 0.886
pNO 48 (29.1%) 12 (34.3%) - -
pN1 33 (20.0%) 6 (17.1%) - -
pN2 45 (27.3%) 8 (22.9%) - -
pN3 39 (23.6%) 9 (25.7%) - -

LvI 0.176 0.675
Yes 80 (48.5%) 15 (42.9%) - -
No 85 (51.5%) 20 (57.1%) - -

PNI 0.243 0.622
Yes 62 (37.6%) 11 (31.4%) - -
No 103 (62.4%) 24 (68.6%) - -

Adjuvant_chemo 0.837 0.360
Yes 128 (77.6%) 24 (68.6%) -

No 37 (22.4%) 11 (31.4%) - -

Note: Continuous variables are expressed as mean + standard deviation; group differences assessed by Mann-Whitney U test.
Categorical variables are expressed as n (%). Group comparisons used Chi-square test or Fisher’s exact test when expected
cell frequency < 5. For categorical variables, ‘Statistic’ column shows Chi-square value; ‘Fisher’ indicates Fisher’s exact test
was applied. P values are two-sided and considered statistically significant at P < 0.05. Abbreviation: HER2, human epidermal
growth factor receptor 2; BMI, body mass index; CEA, carcinoembryonic antigen; HTN, hypertension; DM, diabetes mellitus; CAD,
coronary artery disease; LVI, lymphovascular invasion; PNI, perineural invasion; pT, pathological tumor stage; pN, pathological
nodal stage.

Table 2. Correlation analysis of tumor-infiltrating lymphocyte spatial parameters and HER2 status

Variable Total (n = 200) HE&i’“fgg;"’e HETfng';'Ve Statistic  P_U Spear::a”— P_rho
CT_TiLs 19.39+ 11.50 20.98+11.45 11.92+847 4271.000 0.000 -0.315  <0.001
IM_TILs 2332+ 13.38 23.54+13.02 22.31+15.14 3170.000 0.365 -0.064  0.365
E_C_ratio 140+1.08 1.25+1.03 211+1.04 728000 0.000 0492  <0.001
CD8_pct 1111+ 746 1248+7.37 4.67+3.49 4793500 0.000 -0.434  <0.001
FOXP3_pct 3854356 326+3.16 6.61+4.07 1171500 0.000 0391  <0.001

CD8_FOXP3_ratio 6.92+11.60 8.05+ 1242 1.55+2.76 4956.500 0.000 -0.472 <0.001
Note: Bonferroni correction for three comparisons set the significance threshold at P < 0.017. Abbreviation: CT-TILs, center of
tumor stromal TILs; IM-TILs, invasive margin stromal TILs; E/C ratio, edge/center ratio; HER2, human epidermal growth factor
receptor 2.

= 728.000, P < 0.001) (Table 2; Figure 2A-C).
Spearman correlation analysis further con-
firmed that HER2 status (binary variable) was
negatively correlated with CT-TILs (p =-0.315, P
< 0.001) and positively correlated with E/C
ratio (p = 0.492, P < 0.001), but there was no

IM-TILs: the E/C ratio decreased as CT-TILs
increased, and there was no significant linear
trend with IM-TILs, and HER2-positive cases
were mainly distributed in the areas with lower
CT-TILs and higher E/C ratio (Figure 3A, 3B).
This spatial distribution feature suggested that

significant correlation with IM-TILs (p = -0.064,
P = 0.365) (Table 2).

Scatter plots visually demonstrate the relation-
ship between the E/C ratio and CT-TILs and
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HER2-positive gastric cancer tended to present
an “edge-limiting” immune phenotype, that is,
immune cells aggregated at the invasive mar-
gin and were difficult to penetrate the tumor
center.

Am J Cancer Res 2026;16(7):2937-2954



TILs spatial distribution, HER2, and prognosis in gastric adenocarcinoma

A CT_TILs B IM_TILs C E_C_ratio
€ 10 - Ose
P <0.001 60 - P <0.001
50 -
50 - 8-
40 -
g g 40 - o 6- e O
@ 30- ” ® o-
=1 1 =
= £ %0- Q
T = wog.
SR =
20 -
- 2 - -
10 10 - -
0- 0- 0- (<30
Negiative Poslitive Neglative Poslitive Neglative Poslitive
HER2 HER2 HER2

Figure 2. Comparison of tumor-infiltrating lymphocyte spatial parameters between HER2-negative and HER2-positive groups. A. CT-TILs (center of tumor stromal
TILs, %). The HER2-positive group had significantly lower CT-TILs than the HER2-negative group (P < 0.001, Mann-Whitney U test). B. IM-TILs (invasive margin stromal
TILs, %). No significant difference was observed (P = 0.365). C. E/C ratio (IM-TILs/CT-TILs). The HER2-positive group had a significantly higher E/C ratio (P < 0.001).
Boxplots show median, interquartile range, and whiskers extending to 1.5x the interquartile range; overlaid dots represent individual cases. P values are displayed
in each panel. Abbreviation: CT-TILs, center of tumor stromal TILs; IM-TILs, invasive margin stromal TILs; E/C ratio, edge/center ratio (IM-TILs/CT-TILs); HER2, hu-

man epidermal growth factor receptor 2.
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Figure 3. Scatter plots of the E/C ratio versus CT-TILs and IM-TILs. A. E/C ratio versus CT-TILs. Higher E/C ratios were
predominantly observed in tumors with low CT-TILs, particularly in the HER2-positive group. B. E/C ratio versus IM-
TILs. No clear linear trend was evident between E/C ratio and IM-TILs. HER2-positive cases clustered in the region
of low CT-TILs and high E/C ratio, consistent with an immune-excluded phenotype. Abbreviation: CT-TILs, center of
tumor stromal TILs; IM-TILs, invasive margin stromal TILs; E/C ratio, edge/center ratio; HER2, human epidermal

growth factor receptor 2.

Lymphocyte subset analysis by immunohisto-
chemistry and stratified ROC validation

To further characterize the immune microenvi-
ronment, we assessed CD8* cytotoxic T-cell
and FOXP3* regulatory T-cell (Treg) densities by
immunohistochemistry. As shown in Table 2
and Supplementary Figure 2, HER2-positive
tumors exhibited significantly lower CD8* T-
cell density (mean + SD: 4.67% + 3.49% vs.
12.48% + 7.37%; Mann-Whitney U = 4793.5, P
< 0.001) and significantly higher FOXP3* Treg
density (6.61% + 4.07% vs. 3.26% * 3.16%;
U= 1171.5, P < 0.001) compared with HER2-
negative tumors. Consequently, the CD8/
FOXP3 ratio was markedly reduced in the
HER2-positive group (1.55 + 2.76 vs. 8.05 +
12.42; U = 4956.5, P < 0.001).

Spearman correlation analysis revealed that
the E/C ratio was negatively correlated with
CD8" density (p = -0.371, P < 0.001) and
positively correlated with FOXP3* density
(p = 0.467, P < 0.001). The CD8/FOXP3 ratio
showed a strong negative correlation with the
E/C ratio in the whole cohort (p =-0.484, P <
0.001) and remained significant in the HER2-
positive subgroup (p = -0.470, P = 0.004)

(Supplementary Figure 3).
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To validate the stability of the HER2-E/C inter-
action, we performed time-dependent ROC
analysis stratified by HER2 status. As shown in
Supplementary Figure 4, the E/C ratio predict-
ed 12-month and 36-month overall survival
with area under the curve (AUC) values of 0.864
and 0.859, respectively, in the HER2-positive
subgroup, whereas the AUCs in the HER2-
negative subgroup were only 0.490 and 0.571.
These results confirm that the prognostic value
of the E/C ratio is largely confined to HER2-
positive patients.

The relationship between TILs spatial param-
eters and prognosis

The optimal cut-off value for the E/C ratio,
determined by maximizing the log-rank statis-
tic, was 1.57. Using this cut-off, patients were
divided into high E/C (E/C > 1.57) and low E/C
(E/C < 1.57) groups. In the entire cohort, the
high E/C group had significantly worse overall
survival (0S) than the low E/C group (median
0S: 14.64 months vs. 42.87 months; log-rank
statistic = 17.712, P < 0.001) (Figure 4).

Subgroup analysis by HER2 status revealed

that in the HER2-negative subgroup, there was
no significant difference in OS between high
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Figure 4. Kaplan-Meier curves for overall survival according to the E/C ratio
in the entire cohort (optimal cut-off = 1.57). The high E/C group (E/C > 1.57,
n = 40) had significantly worse overall survival than the low E/C group (E/C <
1.57, n = 160) with median OS of 14.64 months vs. 42.87 months (log-rank
statistic = 17.712, P < 0.001). Univariate Cox regression gave a hazard ratio
of 2.281 (95% Cl: 1.537-3.384) for high vs. low E/C. Abbreviation: E/C ratio,

Correlation between spatial
parameters of TILs and clini-
cal pathological characteris-
tics

The Spearman correlation
matrix heatmap showed that
CT-TILs were highly positively
correlated with IM-TILs (p =
0.886), while the E/C ratio
was moderately negatively
correlated with CT-TILs (p =
-0.331) and weakly correlat-
ed with IM-TILs (p = 0.069)
(Figure 7). Moreover, the E/C
ratio was weakly negatively
correlated with the maximum
tumor diameter (p = -0.166),
that is, the E/C ratio tended
to decrease with increasing
tumor size. Indicators such as
age, BMI, preoperative CEA,

edge/center ratio; OS, overall survival.

and low E/C groups (median 0S: 14.98 vs.
43.40 months; log-rank statistic = 3.163, P =
0.075). In the HER2-positive subgroup, the high
E/C group had significantly shorter OS com-
pared to the low E/C group (median 0S: 12.34
vs. 32.78 months; log-rank statistic = 4.994, P
= 0.025) (Figure 5; Table 3).

Multivariate Cox regression analysis

Multivariate Cox regression analysis was per-
formed adjusting for age, sex, smoking, pT
stage, pN stage, LVI, PNI, adjuvant chemothera-
py, HER2 status, DM, and CEA. The results
showed that pT stage (HR = 1.721, 95% CI
1.115-2.657, P =0.014), pN stage (HR = 3.106,
95% CI 2.065-4.670, P < 0.001), LVI (HR =
1.827, 95% CI 1.250-2.670, P = 0.002)
remained independent prognostic factors for
0S, while PNI was not significant (HR = 1.156,
95% Cl 0.795-1.682, P = 0.447). The E/C ratio
as a continuous variable was independently
associated with OS (HR = 1.398, 95% Cl 1.171-
1.669, P < 0.001). Moreover, a significant inter-
action between HER2 status and E/C ratio was
observed (HR = 1.844, 95% Cl 1.273-2.670, P
=0.001), suggesting that the prognostic impact
of E/C ratio is modified by HER2 expression
(Table 4; Figure 6).
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etc. had no significant correla-
tion with the parameters of
TILs (Ip] < 0.1), suggesting
that spatial immune characteristics are not
affected by common confounding factors.
Further analysis of the distribution of the E/C
ratio in different pT stages and HER2 statuses
(Figure 8) revealed that as the pT stage
increased, the E/C ratio generally showed a
downward trend. In the pT1-T3 stages, the E/C
ratio of the HER2-positive group was higher
than that of the negative group, especially in
the pT2 stage, where the difference was most
significant. In the pT4 stage, the two groups
tended to be similar. This phenomenon sug-
gests that the immune exclusion characteris-
tics related to HER2 may be more prominent in
the earlier stages of the tumor (pT2-T3), and
when the tumor progresses to the locally
advanced stage, the differences in spatial
immune patterns may be weakened by other
immune escape mechanisms.

Discussion

This study retrospectively analyzed the spatial
distribution patterns of tumor-infiltrating lym-
phocytes (TILs) in 200 patients who underwent
radical resection for gastric adenocarcinoma
using digital pathological images. It is the
first to systematically report the correlations
between tumor center (CT) TILs, infiltrating
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Figure 5. Kaplan-Meier curves for overall survival stratified by the E/C ratio in HER2-negative and HER2-positive
subgroups. A. HER2-negative subgroup. The low-E/C (E/C < 1.57, n = 150) and high-E/C (E/C > 1.57, n = 15) groups
did not differ significantly in overall survival (median OS: 43.40 vs. 14.98 months; log-rank statistic = 3.163, P =
0.075). B. HER2-positive subgroup. The high-E/C group (n = 25) had significantly shorter overall survival than the
low-E/C group (n = 10) (median 0S: 12.34 vs. 32.78 months; log-rank statistic = 4.994, P = 0.025). Hazard ratios
(univariate Cox) were 1.755 (95% Cl: 0.937-3.287) for HER2-negative and 2.479 (95% Cl: 1.095-5.615) for HER2-
positive patients. Hazard ratios and 95% confidence intervals are derived from univariate Cox regression. Abbrevia-
tion: E/C ratio, edge/center ratio; OS, overall survival; HER2, human epidermal growth factor receptor 2.

Table 3. Comparison of median overall survival stratified by E/C ratio in HER2-negative and HER2-
positive subgroups

HER2 Status Median OS Low E/C Median OS High E/C Statistic P-value
Negative 43.40 14.98 3.163 0.075
Positive 32.78 12.34 4.994 0.025

Note: Abbreviation: E/C ratio, edge/center ratio; OS, overall survival; HER2, human epidermal growth factor receptor 2.

margin (IM) TILs, and the edge/center ratio ological sections for immune phenotype
(E/C ratio) with HER2 expression status and stratification.

their prognostic value. The main findings can

be summarized as follows: First, HER2-positive The involvement of the HER2 signaling path-
gastric adenocarcinoma presents a typical way in the formation of the immune exclusion
“margin-limiting” immune phenotype, with sig- microenvironment has been confirmed by
nificantly reduced CT-TILs density and signifi- numerous experimental studies. In preclinical
cantly increased E/C ratio; Second, the E/C models of breast cancer and gastric cancer,
ratio as a continuous variable was indepen- HER2 overexpression activates the PI3K/AKT/
dently associated with OS after full adjustment mTOR pathway, upregulating secreted factors
(HR = 1.398, P < 0.001), and dichotomization such as vascular endothelial growth factor
at an optimal cut-off of 1.57 also provided sig- (VEGF) and interleukin-6, and simultaneously
nificant prognostic stratification (log-rank P < inhibits STING pathway-dependent type | inter-
0.001). Third, a significant interaction between feron production, thereby hindering the activa-
HER2 status and E/C ratio was observed (HR = tion of dendritic cells and the effective recruit-
1.844, P = 0.001), indicating that the prognos- ment of CD8* T cells to the tumor [21, 22].
tic impact of E/C ratio differs by HER2 expres- Moreover, HER2-positive tumors often present
sion. These findings add a new spatial dimen- a disrupted chemokine spectrum, such as the
sion to the understanding of the heterogeneity downregulation of Thil-type chemokines like
of the tumor microenvironment in gastric ade- CXCL9 and CXCL10, which weakens the ability
nocarcinoma and provide a feasible path for of effector T cells to self-infiltrate from the
clinical translation based on conventional path- periphery along the chemokine gradient
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Table 4. Univariate and multivariate Cox regression analysis for overall survival in gastric adenocarci-

noma

Variable HR (Uni) 95% CI (Uni) P (Uni) HR (Multi) 95% CI (Multi) P (Multi)
Age 1.001 0.982-1.021 0.908 0.999 0.979-1.019 0.900
Sex_bin 1.395 0.964-2.021 0.078 1.445 0.949-2.199 0.086
Smoking_bin 1.509 1.063-2.143 0.021 1.201 0.805-1.793 0.369
Drinking_bin 0.477 0.195-1.165 0.104 - - -
BMI 1.021 0.967-1.079 0.453 - - -
HTN_bin 0.832 0.564-1.228 0.354 - - -
DM_bin 1.339 0.794-2.258 0.274 1.015 0.571-1.807 0.958
CAD_bin 1.357 0.712-2.586 0.354 - - -
Family_bin 1.373 0.844-2.233 0.202 - - -
CEA 0.995 0.953-1.039 0.811 1.016 0.971-1.062 0.500
pT_num 1.654 1.136-2.407 0.009 1.721 1.115-2.657 0.014
pN_num 2.382 1.629-3.482 <0.001 3.106 2.065-4.670 <0.001
Max_diameter 1.068 0.992-1.149 0.080 - - -
LVI_bin 1.674 1.191-2.353 0.003 1.827 1.250-2.670 0.002
PNI_bin 1.139 0.804-1.615 0.463 1.156 0.795-1.682 0.447
Adjuvant_bin 0.843 0.575-1.237 0.383 0.672 0.437-1.032 0.069
HER2_bin 1.953 1.303-2.929 0.001 0.415 0.176-0.975 0.044
CT_TILs 0.978 0.963-0.994 0.006 - - -
IM_TILs 0.994 0.981-1.007 0.346 - - -
E_C_ratio 1.483 1.312-1.676 <0.001 1.398 1.171-1.669 <0.001
HER2_E_C_inter - - - 1.844 1.273-2.670 0.001

Note: Abbreviation: OS, overall survival; HR, hazard ratio; Cl, confidence interval; HER2, human epidermal growth factor receptor
2; LVI, lymphovascular invasion; PNI, perineural invasion; DM, diabetes mellitus; CEA, carcinoembryonic antigen; pT, pathological

tumor stage; pN, pathological nodal stage.

towards the tumor’s deep layers, ultimately
resulting in a “rejection-like” microenvironment
with a lack of immune cells in the central region
[23, 24]. In this study, the density of CT-TILs in
the HER2-positive group showed a selective
decrease, while the density of IM-TILs did not
show significant differences. This is highly con-
sistent with the above mechanism hypothesis.
In contrast, in the HER2-negative group, CT-TILs
were relatively high, and the E/C ratio was
close to 1, suggesting that most of these
tumors may have immune “infiltration” charac-
teristics, and some cases may be associated
with a higher tumor mutation burden (TMB) or
microsatellite instability (MSI-H) subtypes - this
awaits further confirmation through subse-
quent multi-omics studies.

The E/C ratio as a continuous variable was
independently associated with OS (HR = 1.398,
P < 0.001), and the use of an optimal cut-off
value (1.57) also successfully stratified patients
into distinct prognostic groups in the overall
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cohort (log-rank P = 0.001). This suggests that
the E/C ratio may have a threshold effect on
survival rather than a linear dose-response
relationship. Furthermore, the significant inter-
action between HER2 status and E/C ratio (P =
0.001) indicates that the prognostic value of
E/C ratio is more pronounced in HER2-positive
patients. In colorectal cancer, Galon et al. [25]
established an immune scoring system that
quantified the density of CD3* and CD8* T cells
in the tumor center and the infiltrating margin,
achieving high-precision stratification of the
risk of recurrence, and its predictive efficacy
was superior to the traditional TNM staging. In
non-small cell lung cancer, multiple studies
have confirmed that the “immune exclusion
type” tumors, with CD8* T cells aggregating at
the infiltration margin and absent in the central
area, have a significantly lower response rate
to PD-1/PD-L1 inhibitor monotherapy than the
“immune inflammation type” tumors with high
infiltration throughout the entire tumor [26].
However, it is worth noting that most of these
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Figure 6. Forest plot of the multivariate Cox proportional hazards regression
model. The model was adjusted for age, sex, smoking, pT stage, pN stage,
LVI, PNI, adjuvant chemotherapy, HER2 status, DM, and CEA. The E/C ratio
as a continuous variable was independently associated with OS (HR = 1.398,
95% Cl: 1.171-1.669, P < 0.001), and the interaction term between HER2
status and E/C ratio was significant (HR = 1.844, 95% Cl: 1.273-2.670, P
= 0.001). Abbreviation: HR, hazard ratio; Cl, confidence interval; OS, overall
survival; HER2, human epidermal growth factor receptor 2; LVI, lymphovas-
cular invasion; PNI, perineural invasion; DM, diabetes mellitus; CEA, carci-
noembryonic antigen; pT, pathological tumor stage; pN, pathological nodal

stage.
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Figure 7. Heatmap of the Spearman correlation matrix between continuous
clinical variables and TILs spatial parameters. Abbreviation: BMI, body mass
index; CEA, carcinoembryonic antigen; CT-TILs, center of tumor stromal TILs;

IM-TILs, invasive margin stromal TILs; E/C ratio, edge/center ratio.
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studies relied on multiple
immunohistochemical or im-
munofluorescence techniqu-
es, which were complex to
operate and costly, limiting
their application in routine
pathology departments. This
study was based on conven-
tional H&E stained sections
and used the open-source
software QuPath to perfo-
rm semi-quantitative assess-
ment of the spatial distribu-
tion of TILs. The method was
simple and cost extremely
low, conforming to the practi-
cal operability of real-world
retrospective studies. At the
same time, pT stage, pN
stage, vascular invasion, and
nerve invasion were all sig-
nificant survival predictors in
univariate and multivariate
Cox regression, consistent wi-
th the traditional understand-
ing of gastric cancer progno-
sis research [27], which indi-
rectly verified the reliability of
this analysis process. The
recent KEYNOTE-811 trial
demonstrated that adding
pembrolizumab to trastuzum-
ab and chemotherapy signifi-
cantly improves outcomes in
HER2-positive advanced gas-
tric cancer [28]. Although our
study was not designed to
assess immunotherapy res-
ponse, the elevated E/C ratio
in HER2-positive tumors may
identify a subset with im-
mune exclusion that could
benefit from such combina-
tion strategies.

The interaction term between
HER2 status and E/C ratio
was statistically significant
(HR = 1.844, 95% Cl 1.273-
2.670, P = 0.001), indicating
that the effect of E/C ratio
on OS differs by HER2 status.
In HER2-positive patients, a
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Figure 8. Distribution of the E/C ratio according to pT stage and HER2 sta-
tus. Boxplots show medians, interquartile ranges, and individual data points.
Mean + SD values are: pT1: HER2-negative 1.02 + 0.28 (n = 14), HER2-
positive 1.77 £ 0.32 (n = 3); pT2: HER2-negative 1.16 + 0.26 (n = 34), HER2-
positive 2.16 + 0.40 (n = 11); pT3: HER2-negative 1.29 + 1.08 (n = 75),
HER2-positive 2.30 + 1.39 (n = 11); pT4: HER2-negative 1.33 + 1.42 (n =
42), HER2-positive 1.96 + 1.29 (n = 10). A downward trend of E/C ratio with
increasing pT stage was observed, with HER2-positive tumors having higher
E/C ratios in early stages (pT1-pT3). Abbreviation: E/C ratio, edge/center ra-
tio; HER2, human epidermal growth factor receptor 2; pT, pathological tumor

stage.

high E/C ratio was associated with a shorter
median 0S (12.34 vs. 32.78 months), consis-
tent with the “immune-excluded” phenotype
conferring a worse prognosis. This finding sup-
ports the hypothesis that HER2-positive gastric
cancers with a high E/C ratio may represent a
distinct immune microenvironment subtype
that could benefit from combination strategies
targeting both HER2 and immune exclusion.
This trend is consistent with the exploratory
research results of anti-HER2 combined immu-
notherapy in recent years. For example, the
KEYNOTE-811 study showed that pembroliz-
umab combined with trastuzumab and chemo-
therapy could significantly improve the objec-
tive response rate in HER2-positive advanced
gastric cancer, especially in the subgroups
with higher PD-L1 combined positive score
(CPS) or relatively abundant TILs [27]. The
“edge-limiting” immune phenotype identified in
this study may precisely define an intermediate
immune state where immune cells have been
mobilized to the tumor edge but have not effec-
tively infiltrated. Such patients are most likely
to achieve breakthrough efficacy from treat-
ment strategies that eliminate immune exclu-
sion, such as anti-VEGF drugs, CCR5 inhibitors
combined with immune checkpoint inhibitors.
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Therefore, it is recommended
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The IHC data provide a func-
tional correlate for the spatial
E/C ratio pattern. The signifi-
cantly lower CD8* T-cell den-
sity and higher FOXP3* Treg
density in HER2-positive tu-
mors align with the immune-
excluded phenotype, where
cytotoxic cells are kept at the
tumor edge while regulatory
cells accumulate. The strong
inverse correlation between
the CD8/FOXP3 ratio and the
E/C ratio (p = -0.484, P <
0.001) supports the use of
the E/C ratio as a surrogate
marker for an immunosup-
pressive microenvironment, although formal
validation with multiplex IHC or spatial tran-
scriptomics is warranted.

pT4

Another notable finding of this study is that the
E/C ratio shows an overall downward trend as
the pT stage increases. In the pT1-T3 stages,
the E/C ratio of the HER2-positive group is sig-
nificantly higher than that of the negative group,
while in the pT4 stage, the two groups gradually
converge. This phenomenon suggests that the
HER2-related immune exclusion characteris-
tics may have formed and dominated the
immune spatial pattern at an earlier stage of
the tumor, but when the tumor progresses to
locally advanced stage, extensive interstitial
remodeling, the formation of physical barriers,
and the release of widespread immunosup-
pressive factors (such as transforming growth
factor-B, interleukin-10) may become stronger
negative immune regulatory factors, thereby
partially weakening the spatial immune effect
of the HER2 signal itself [29-31]. This finding
has practical guiding significance for the appli-
cation of spatial immune parameters in clinical
decision-making: if the E/C ratio is used as an
auxiliary tool for prognosis stratification or
treatment decision-making, the influence of
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tumor stage should be fully considered, or at
least independent stratification analysis should
be conducted within the TNM classification.

Based on the optimal cut-off value of 1.57 iden-
tified in this study, we propose a practical work-
flow for implementing the E/C ratio in routine
pathology practice. On standard H&E-stained
sections, pathologists can use the QuPath
platform (or any digital slide viewer with annota-
tion tools) to delineate the tumor center (CT),
defined as the area at least 1 mm away from
the invasive margin, and the invasive margin
(IM), defined as a 500 ym band centered on
the cancer-normal interface. Stromal TIL densi-
ties (in percentage) in each region are visually
estimated (or semi-quantified), and the E/C
ratio is calculated as IM-TILs divided by CT-
TILs. An E/C ratio greater than 1.57 indicates
an “immune-excluded” phenotype. In a diag-
nostic report, the wording could be: “TIL spatial
assessment: E/C ratio high (> 1.57), consistent
with an immune-excluded pattern associated
with worse overall survival”. For HER2-positive
gastric adenocarcinoma, a high E/C ratio may
identify patients who are more likely to be-
nefit from anti-HER2 therapy combined with
immune-checkpoint inhibitors or agents that
reverse immune exclusion (e.g., anti-VEGF or
CCR5 inhibitors), although this hypothesis
requires prospective validation. We therefore
encourage future clinical trials to incorporate
the E/C ratio as a stratification biomarker.

To address the lack of external validation, we
have designed a multi-center retrospective
study involving the First Affiliated Hospital of
Wenzhou Medical University and Ningbo First
Hospital. An independent cohort of approxi-
mately 120 patients with gastric adenocarci-
noma (including at least 40 HER2-positive
cases) who underwent radical resection be-
tween 2018 and 2022 will be collected. The
same digital pathology protocol (QuPath, 500-
um IM band, 1.57 cut-off) will be applied to
assess the E/C ratio. The primary objective is
to validate the prognostic value of the E/C ratio
in HER2-positive patients. Ethical approval is
being sought from the participating centers,
and data collection is expected to be complet-
ed within 6 months. The results will be reported
in a separate manuscript.

This study has the following limitations. Firstly,
it is a single-center retrospective design with a
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total sample size of 200 cases, and especially
for the HER2-positive subgroup, there are only
35 cases. Post-hoc power analysis based on
the observed hazard ratio (high vs. low E/C =
2.48) and the number of events (31 deaths)
yielded a statistical power of 59.9% (ax = 0.05),
which is below the conventional 80% thre-
shold. Consequently, even though the differ-
ence in median OS between high and low E/C
groups was statistically significant (P = 0.025),
the small sample size and limited power mean
that these results should be considered hy-
pothesis-generating rather than definitive. To
further assess the robustness of the 1.57 cut-
off, we performed a 10-fold cross-validation.
The high E/C group showed significantly worse
overall survival in only 4 out of 10 folds
(Supplementary Table 1), indicating that the
prognostic effect is not fully stable. This insta-
bility, together with the low statistical power,
reinforces the need for external validation. The
prognostic role of the E/C ratio in HER2-posi-
tive patients requires validation in larger inde-
pendent cohorts, and we have already initiated
an external validation cohort. Future studies
need to conduct external validation by combin-
ing multi-center, large-sample retrospective
cohorts. Secondly, the assessment of TILs cur-
rently uses an artificial visual semi-quantita-
tive method. Although two observers indepen-
dently interpreted and intra-group/inter-group
consistency tests were set up, subjective fac-
tors still cannot be completely eliminated. The
subsequent research plans to develop an auto-
matic segmentation and TILs counting model
based on deep learning to further improve the
standardization and reproducibility of the
assessment. Thirdly, this study only relies on
H&E staining to evaluate the total TILs percent-
age and fails to further distinguish functional
subgroups such as CD8* cytotoxic T cells,
CD4* helper T cells, and FoxP3* regulatory T
cells, nor does it detect more advanced im-
mune response forms such as tertiary lymphoid
structures. There is a lack of in-depth analysis
of the functional essence of immune rejection.
The supplementation of these contents will
rely on subsequent multiple immunohisto-
chemical, multi-spectral imaging, or spatial
transcriptomics combined analyses. Fourthly,
the information on adjuvant chemotherapy is
only “yes/no”, lacking specific schemes, cycl-
es, and doses, and the control of treatment-
related confounding factors is insufficient,
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which may cause bias in some prognostic
analyses.

Despite these limitations, this study was the
first to achieve digital quantification of the spa-
tial heterogeneity of TILs based on convention-
al H&E sections in gastric adenocarcinoma,
and systematically established the associa-
tions with HER2 status and survival outcomes,
providing preliminary but comprehensive data
support for understanding the spatial dimen-
sion of the immune microenvironment in gas-
tric cancer.

Conclusion

This retrospective study demonstrates that
HER2-positive gastric adenocarcinoma exhibits
an “edge-limited” immune phenotype, charac-
terized by an elevated E/C ratio, reduced CD8*
T-cell infiltration, and increased FOXP3* Treg
accumulation. The E/C ratio dichotomized at
1.57 provides significant prognostic stratifica-
tion for overall survival, an effect that is largely
confined to HER2-positive patients (stratified
ROC AUCs 0.86-0.86 vs. 0.49-0.57). However,
the small sample size in the HER2-positive sub-
group (n = 35) yields a statistical power of only
59.9%; therefore, these findings require valida-
tion in larger independent cohorts before clini-
cal translation.
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Supplementary Figure 1. Schematic diagram illustrating the definition of the tumor center (CT) and invasive margin

(IM). The IM was defined as a 500-um band centered on the cancer-normal interface (dashed line). The CT was
defined as the area located at least 1 mm away from the IM. The yellow circle indicates a representative sampling
region for CT-TILs assessment. The double-headed arrow marks the 500-um width of the IM band. Abbreviation: CT,

tumor center; IM, invasive margin; TILs, tumor-infiltrating lymphocytes.
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Supplementary Figure 2. HER2 status is associated with distinct CD8* and FOXP3* T-cell infiltration patterns in gastric adenocarcinoma. Boxplots showing (A) CD8*
T-cell density, (B) FOXP3* regulatory T-cell density, and (C) the CD8/FOXP3 ratio in HER2-negative (n = 165) and HER2-positive (n = 35) gastric adenocarcinomas. P
values (two-sided Mann-Whitney U tests) are indicated. HER2-positive tumors had significantly lower CD8* T-cell infiltration (4.67% + 3.49% vs. 12.48% + 7.37%, P
< 0.001), higher FOXP3* Treg density (6.61% * 4.07% vs. 3.26% + 3.16%, P < 0.001), and a markedly reduced CD8/FOXP3 ratio (1.55 + 2.76 vs. 8.05 + 12.42, P

< 0.001) compared with HER2-negative tumors.
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Supplementary Figure 3. The CD8/FOXP3 ratio is inversely correlated with the E/C ratio, especially in HER2-positive
tumors. Scatter plot with linear regression lines (dashed) for HER2-negative (blue) and HER2-positive (orange) tu-
mors. Spearman correlation coefficients (p) are shown: overall cohort p = -0.484 (P < 0.001); HER2-negative p =
-0.311 (P < 0.001); HER2-positive p = -0.470 (P = 0.004). A higher E/C ratio (immune-excluded pattern) is associ-
ated with a lower CD8/FOXP3 ratio, indicating an immunosuppressive shift in the tumor microenvironment.
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Supplementary Figure 4. Time-dependent ROC analysis demonstrates that the prognostic value of the E/C ratio is
largely confined to HER2-positive patients. Time-dependent ROC curves for the E/C ratio predicting (A) 12-month
and (B) 36-month overall survival, stratified by HER2 status. Blue: HER2-negative; orange: HER2-positive. AUC val-
ues are shown in the legend. The diagonal dashed line represents the reference (AUC = 0.5).



TILs spatial distribution, HER2, and prognosis in gastric adenocarcinoma

Supplementary Table 1. Ten-fold cross-validation of the 1.57 E/C ratio cut-off for overall survival in
the whole cohort (n = 200)

Fold Log-rank P value Significant (P < 0.05)
1 0.000 Yes
2 0.057 No
3 0.014 Yes
4 0.352 No
5 0.287 No
6 0.001 Yes
7 0.084 No
8 0.458 No
9 0.211 No
10 0.007 Yes

Note: Ten-fold cross-validation using the fixed E/C cut-off of 1.57. The high E/C group showed significantly worse overall survival
in 4 out of 10 folds, indicating that the prognostic effect is not fully robust, likely due to the limited sample size.



