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Intratumoral spatial heterogeneity of tumor-infiltrating
lymphocytes is a significant factor for precisely stratifying
prognostic immune subgroups of microsatellite instability-high

colorectal carcinomas
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Although the density of tumor-infiltrating lymphocytes (TILs) is known to be linked to prognosis in various cancers, the prognostic
impact and immunologic significance of the spatial heterogeneity of TILs have been rarely investigated. In this study, CD3+ and
CD8+ TILs were quantified in independent cohorts (discovery, n = 73; and external validation, n = 93) of colorectal carcinomas
(CRCs) with microsatellite instability-high (MSI-H) utilizing whole-slide image analysis of CD3/CD8 immunohistochemistry. The
Shannon and Simpson indices, which measure intratumoral patch-to-patch evenness of TIL densities, were used to quantitatively
assess the spatial heterogeneity of TILs in each case. To uncover immune-related gene expression signatures of spatial
heterogeneity-based TIL subgroups of MSI-H CRCs, representative cases were subjected to GeoMx digital spatial profiler (DSP)
analysis. As expected, a low density of TILs was significantly associated with poor disease-free survival (DFS) in MSI-H CRCs. The TIL-
low tumors were further classified into two subgroups based on the spatial heterogeneity of TILs: TIL-low/heterogeneity-high and
TIL-low/heterogeneity-low subgroups. In both discovery and validation cohorts, the TIL-low/heterogeneity-high, TIL-low/
heterogeneity-low, and TIL-high subgroups were significantly associated with poor, intermediate, and good DFS, respectively. In the
DSP analysis, the TIL-low/heterogeneity-high subgroup showed higher spatial diversity in the expression of immune-related genes
than that of the TIL-low/heterogeneity-low subgroup and exhibited upregulation of genes related to immune checkpoints,
chemokine/cytokine receptors, and myeloid cells. TIL-low/heterogeneity-high tumors were also enriched with gene sets related to
good response to immune checkpoint inhibitor therapy. In conclusion, TIL-low MSI-H CRCs are prognostically heterogeneous and
can be divided into prognostically and immunologically distinct subgroups by considering the spatial heterogeneity of TILs. Our
data suggest that intratumoral spatial heterogeneity of TILs can be used as a key element for clinically relevant immunologic

subtyping of tumors.
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INTRODUCTION

The interplay between the tumor microenvironment and tumor
cells critically determines tumor behavior, patient survival, and
treatment response in various cancers. Notably, the tumor
immune microenvironment (TIME), comprising tumor-infiltrating
lymphocytes (TILs), tumor-associated macrophages, tertiary lym-
phoid structures (TLS), immune checkpoint expression, etc., plays
a pivotal role in orchestrating tumor suppression and progression,
including in colorectal carcinomas (CRCs), through immunosur-
veillance and immunoediting' . Among the TIME factors, the
prognostic significance of TILs has been frequently investigated
and confirmed in CRCs through many clinicopathologic studies
based on measuring TIL density on hematoxylin and eosin (H&E)-
stained or immunohistochemistry (IHC) tissue slides'*™®. Although

most previous studies have focused on the clinicopathologic
values of TIL density in CRCs, the implications of spatial
distribution patterns or heterogeneity of TILs within the whole
tumor area have been poorly investigated.

Microsatellite instability-high (MSI-H), which occurs in approxi-
mately 15% of CRCs, is a molecular fingerprint of genetic defects in
the DNA mismatch repair (MMR) process’. The deficiency in DNA
MMR leads to an accumulation of DNA frameshift mutations that
ultimately translate into increased immunogenic neoantigens®. The
resulting immunogenic pressure in MSI-H CRC activates tumoricidal
immunity with increased infiltration of TILs, but at the same time,
the hostile TIME in MSI-H CRC is counterbalanced by immune
evasion through upregulation of immune checkpoints, including
PD-1, PD-L1, CTLA4, and LAG3%%. The coexistence of a high density
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of TILs and the high expression of immune checkpoints provides an
excellent opportunity for utilizing immune checkpoint inhibitors
(ICls) in the treatment of MSI-H CRCs’.

Conceptually, most MSI-H CRCs can be regarded as highly
immunogenic tumors. However, recent studies reported that TIME
features in MSI-H CRCs are not monolithic but vary with different
biofunctions and outcomes'®'". In line with these findings, our
recent study also found that MSI-H CRCs could be divided into
immune subgroups based on variable TIL/TLS profiles. These
immune subgroups of MSI-H CRCs showed distinct clinicopatho-
logic, genomic, and transcriptomic characteristics, suggesting that
different treatment strategies for these subgroups may be
necessary'. The optimal classification of immune subgroups of
MSI-H CRCs could be valuable in precisely predicting patient
survival and response to ICls. In fact, although MSI-H CRC has been
considered an ideal model for ICI treatment'?, the overall response
rate to ICl in MSI-H CRCs has been reported to be approximately
30-60%">"'°. Thus, multi-dimensional TIL factors (i.e., not only TIL
density but also TIL spatial heterogeneity) should be considered to
determine the optimal classification of TIL subgroups for better
prognostication in MSI-H CRCs.

Collectively, we hypothesized that immune subgrouping using
TIL density only might be limited when it comes to precisely
stratifying prognostic subgroups in MSI-H CRCs. Consequently, we
decided to investigate the prognostic value of TIL spatial hetero-
geneity in MSI-H CRCs. To test this hypothesis, we mapped TILs in
the whole-slide tumor area of MSI-H CRCs using a digital pathology-
based quantification technique. By adopting ecological diversity
indices, i.e., Shannon and Simpson indices, patch-to-patch evenness
of TIL densities was assessed, and its prognostic implications
were investigated. To further compare spatial context-dependent
TIME gene expression profiles between TIL spatial heterogeneity
subgroups, multiplex digital spatial profiler (DSP) analysis using an
immuno-oncology gene panel was also conducted in selected cases
in each subgroup.

MATERIALS AND METHODS

Tissue collection

As a discovery cohort for this study, 73 MSI-H CRCs were retrospectively
collected from the pathology archive of Seoul National University Hospital,
Seoul, Korea as previously described'*'7'® All cases were radically
resected for treatment and pathologically diagnosed as CRCs at Seoul
National University Hospital between 2015 and 2017. The MSI status of
each case was confirmed by fluorescence capillary electrophoresis-based
DNA fragment analysis using five microsatellite markers (BAT-25, BAT-26,
D55346, D175250, and D25123) according to the Bethesda Guidelines'®. Al
clinical and histopathologic data were reviewed or retrieved, as previously
described, by two experienced gastrointestinal pathologists (JAL and
JHK)'?'7 As an external validation cohort, 93 MSI-H CRC tissues were
retrospectively collected from the pathology archive of Severance Hospital,
Seoul, Korea, which were radically resected for treatment and pathologi-
cally diagnosed as CRCs at Severance Hospital between 2009 and 2012.
None of the patients whose MSI-H CRCs were obtained in both cohorts
received preoperative neoadjuvant chemotherapy and/or radiation
therapy. The demographic and clinicopathologic features of the MSI-H
CRGs, including discovery and validation cohorts, are summarized in
Supplementary Table S1. Briefly, according to the American Joint
Committee on Cancer staging system (8th edition), 10 (13.7%), 43
(58.9%), 16 (21.9%), and 4 (5.5%) tumors in the discovery cohort and 26
(28.0%), 41 (44.1%), 23 (24.7%), and 3 (3.2%) tumors in the validation
cohort were at TNM stages |, Il, lll, and IV, respectively (Supplementary
Table S1). According to the World Health Organization CRC grading system
(5th edition), 49 (67.1%) and 24 (32.9%) tumors in the discovery cohort and
74 (79.6%) and 19 (20.4%) tumors in the validation cohort were low- and
high-grade tumors, respectively (Supplementary Table S1). The two
cohorts had similar distributions of stages and grades (Fisher's exact test
p =0.1 each). The hereditary subtype (Lynch or Lynch-like syndrome) of
the MSI-H CRCs was determined when a tumor harbored a germline
pathogenic mutation in one of the MMR genes and/or MMR IHC deficiency
in tumor cells without MLHT promoter hypermethylation. The sporadic
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subtype of the MSI-H CRCs was determined when a tumor exhibited both
MLH1 IHC deficiency and MLHT promoter hypermethylation. Using the
electronic medical records and survival registry data, the disease-free
survival (DFS) was calculated from the surgery date to that of death or
tumor recurrence in each patient. The median follow-up durations in the
discovery and validation cohorts were 49 and 59 months, respectively.
During these periods, 13 and 14 patients experienced tumor recurrence,
respectively, and six and nine patients died, respectively. The study
protocol was approved by the Institutional Review Boards of Seoul
National University Hospital (IRB No. 1804-036-935; and 1805-018-944) and
Severance Hospital (IRB No. 4-2021-1130).

Whole-slide image analysis-based quantification of TILs

TILs in our CRC cohorts were quantified based on computational image
analysis of IHC slides as previously described'*'”. QuPath, a validated open-
source software for digital pathology analysis®>?', was used to quantify CD3+
or CD8+ TILs on whole-section IHC slides of MSI-H CRCs. In brief, the whole
tumor area on a representative tumor section IHC slide of each case was
divided into 1-mm?sized square patches by three experienced pathologists
(JAL, S-YY, and MJ). The positive cell counts in a patch measured by the
‘positive cell detection’ functionality of QuPath represented the density of
CD3+ or CD8+ TILs in the patch (cells/mm?). The average density of CD3+ or
CD8+ TILs in each case was calculated as follows:

Sum of TIL densities of all patches in a case

A density of TiLs i =
verage density of TlLs in a case Number of patches in a case

Quantitative assessment of the spatial heterogeneity of TILs
The intratumoral spatial heterogeneity of TIL densities was measured
using the Shannon and Simpson evenness indices®*?. Both evenness
indices can be calculated from their corresponding diversity indices,
which are widely used approaches for quantifying ecosystem biodiver-
sity?*. They have been applied to measure the diversity or heterogeneity
of cells and genes in medical research®>~2°, The Shannon and Simpson
diversity indices were designed to consider richness and evenness, the
two major aspects of diversity; however, the Shannon index emphasizes
the richness component of diversity more than the Simpson index,
whereas the Simpson index emphasizes the evenness component of
diversity more than the Shannon index®. Considering the need to
quantify the evenness of densities of a single species (in this study,
CD3+ or CD8+ TIL) to assess TIL spatial heterogeneity inversely, we
adopted the evenness indices, not the diversity indices, in the current
study. We decided to use both Shannon and Simpson evenness indices
because confirming which between the two indices is superior to the
other in measuring spatial heterogeneity is difficult and because they
could be used complementarily. We calculated the spatial heterogeneity
of TILs by taking into account both the proportional abundance of TILs
(p) and total cancer area (5) as follows>*>":

. —>"pix Inp;
Shannon evenness index = M
InS
1
. ) > p2
Simpson evenness index = ——

In both equations, p; is the number of TILs in each patch divided by the total
number of TILs, while S is the number of patches covering the tumor area.
Because the difference in the number of patches in individual specimens is
adjusted, the evenness indices were useful in comparing the TIL distribution
between cases. If the spatial distribution of TILs is completely even and all
patches contain the same number of TILs, Shannon and Simpson evenness
indices would be 1. In contrast, if TILs are highly uneven and one dominant
patch contains all TILs, the indices would approach 0.

GeoMx DSP analysis

The NanoString GeoMx DSP assay (NanoString Technologies, Seattle, WA,
USA) was performed in 12 MSI-H CRCs selected from representative cases
of the 3 TIL subgroups (TIL-low/heterogeneity-high, TIL-low/heterogeneity-
low, and TIL-high subgroups) in the discovery cohort MSI-H CRCs. The
detailed procedures are described elsewhere2. Briefly, four tissue cores
from four regions, two from the invasive margin (IM) and two from
the center of tumor (CT), were randomly extracted from formalin-fixed
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paraffin-embedded (FFPE) tissue blocks in each case using a 1-mm-sized
punch, and they were made into a tissue microarray (TMA). Pan-
cytokeratin, vimentin, and CD3 were stained using an immunofluorescence
assay for differential visualization of three primary cell types (carcinoma
cells, stromal cells, and TILs, respectively) on the TMA slide. One geometric
region of interest (ROI) was targeted in every TMA core without
segregating cell types (total ROIs, n = 48). To measure mRNA expression,
the target-specific oligonucleotide probes were counted using a Nano-
String nCounter instrument (NanoString Technologies). We used a fully
validated Immune Pathways Panel (NanoString Technologies), covering 73
immuno-oncology-related genes, five housekeeping genes, and six isotype
negative controls. The genes and their immune signature annotations are
listed in Supplementary Table S2. Digital counts from oligonucleotide
barcodes were first normalized to External RNA Control Consortium (ERCC)
spike-in controls and then to negative controls*. The negative control
barcodes were hybridized without tissue targets, normalization to which
was adjusted for nonspecific nucleotide binding, and were used to
establish signal-to-noise ratios for gene expression analysis.

Gene expression signatures of immune cell population and
function

Normalized gene expression levels representing 22 major immune cell
populations were obtained from a previous report (Leukocyte signature
matrix 22 [LM22] or CIBERSORT) (Supplementary Table $3)*3. Gene
sets curated with immunologic functions were downloaded from the
Immunology Database and Analysis Portal (IMMPORT) website (https://
www.immport.org/shared/genelists) (Supplementary Table 54)**. Additional
immunologically relevant functions were manually assigned according to
the functional annotations provided in the Immune Pathways Panel
(NanoString Technologies) and previous literature (Supplementary Table S5).
The expression of matched genes in our data was used to compute
immune cell types using the weight of relative expression in LM22. For
IMMPORT and manual functional annotations, the expression levels of the
included genes were averaged without weighting, except for BCL2, which
was assumed to counteract apoptosis, opposite to FAS and TNF>>.

Bioinformatics analysis

Differentially expressed genes (DEGs) were identified between the TIL
subgroups (TIL-high vs. TIL-low subgroups; or TIL-low/heterogeneity-high vs.
TIL-low/heterogeneity-low subgroups) using a nonparametric Mann-Whitney
U test at a significance level of Benjamini-Hochberg false discovery rate
(FDR)<0.05 in R ver. 363 (The R Foundation, Vienna, Austria). Gene
enrichment analysis was conducted for Gene Ontology-Biologic Processes
(GOBPs)**%’, MSigDB Biocarta pathway*®, and KEGG pathway*® using the
ToppGene suite®®. A formal Gene Set Enrichment Analysis (GSEA) was
performed against custom gene sets retrieved from literature®®, These
included 28 CRC gene sets that were relevant to immune response,
prognosis, and genetic features*’ and 123 melanoma gene sets that were
significantly (fold change > 2.0 and FDR < 0.05) upregulated in the good
response group compared with those in the poor response group to anti-PD-
1 therapy (nivolumab or pembrolizumab) (Supplementary Table S6)*2.

Statistics

Fisher's exact test and Kruskal-Wallis test were used to compare
categorical and continuous variables, respectively. Pearson’s coefficient
was used to analyze the correlation between Shannon and Simpson
indices. Kaplan-Meier plots and log-rank tests were used to compare DFS
according to the density and spatial heterogeneity of TILs. Univariate and
multivariate survival analyses were performed using the Cox proportional
hazards regression model. The optimal values of high and low evenness
indices were determined based on the maximal statistical significance (the
lowest log-rank p value that was defined by maximally selected rank
statistics) using the ClinicoPath package ver. 0.0.2 in Jamovi software ver.
1.6.23 (The jamovi project, Sydney, Australia). All statistical analyses were
conducted using R ver. 3.6.3 (The R Foundation).

RESULTS

Prognostic significance of the spatial heterogeneity of TILs in
MSI-H CRCs

The CD3+ and CD8+ TILs were separately counted in every patch
from the whole tumor area on a whole-slide image of each case
using the digital pathology technique in 73 MSI-H CRCs (discovery
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cohort). In addition to the average density of CD3+ and CD8+
TILs, the spatial distribution heterogeneity of TIL densities was
measured based on the Shannon and Simpson evenness indices
(Fig. 1a). A tumor showing more spatial heterogeneity of TIL
densities had lower evenness indices than that showing less, even
though the average TIL densities of both tumors were the same
(Fig. 1b). The average TIL density and Shannon and Simpson
evenness indices computed in representative cases are presented
in Fig. 1a. The Shannon and Simpson indices were closely inter-
correlated (Pearson coefficient r = 0.943 for CD3+ TILs and 0.922
for CD8+ TILs, all p < 0.0001), indicating that both indices similarly
reflect the spatial evenness of TIL densities (Fig. 1c).

TIL density is a well-known prognostic factor in CRCs"*™°. To find
the TIL density that optimally stratifies prognosis in MSI-H CRCs, the
average densities of CD3+ and CD8+ TILs were first divided into
quartiles. According to Kaplan-Meier survival analyses, the 1st
(0-25%) and 2nd (25-50%) quartile subgroups showed the
significant overlap of their DFS curves (Supplementary Fig. S1). A
similar pattern was also observed between the 3rd (50-75%) and
4th (75-100%) quartile subgroups (Supplementary Fig. S1). These
findings suggest that the 1st and 2nd quartile subgroups could be
integrated into a low TIL density group (TIL-low; 0-50%), and the 3rd
and 4th quartile subgroups could be integrated into a high TIL
density group (TIL-high; 50-100%). Therefore, the median CD3+ or
CD8+ TIL densities were used to classify TIL-high and TIL-low
groups in MSI-H CRCs. As expected, the CD3+ TIL-low group
(p =10.00077) and CD8+ TIL-low group (p =0.0045) were signifi-
cantly associated with poor DFS in MSI-H CRCs (Fig. 1d, e).

Next, we examined if the spatial heterogeneity of TILs, when
combined to establish TIL-low/heterogeneity-high and TIL-low/
heterogeneity-low subgroups, had an additional impact on the
survival differences of TIL-low tumors. Survival analyses using the
statistically determined (at the lowest log-rank p value), optimal
cutoff values of TIL spatial heterogeneity indices showed that the
TIL-low/heterogeneity-high, TIL-low/heterogeneity-low, and TIL-
high subgroups were significantly associated with poor, intermedi-
ate-to-good, and good prognoses, respectively, in all combinations,
including CD3+ TILs with a Shannon index (p = 0.0017), CD3+ TILs
with a Simpson index (p = 0.00039), CD8+ TILs with a Shannon
index (p = 0.0012), and CD8+ TILs with a Simpson index (p < 0.0001)
(Fig. 1f-i).

The CD3+ or CD8+ TIL-high group was not further divided
according to TIL spatial heterogeneity status because the very low
risk of death or tumor recurrence observed in the TIL-high group
made it unnecessary to subdivide the TIL-high tumors. (Fig. 1d, e).
Moreover, we subclassified the TIL-high groups based on TIL
spatial heterogeneity and found that almost all TIL-high
cases showed low spatial heterogeneity of TILs (Supplementary
Fig. S2a). The only exception was that the CD3+ TIL-high
group was subclassified by the Simpson evenness index into
TIL-high/heterogeneity-low (n =30) and TIL-high/heterogeneity-
high (n=7) subgroups in the discovery cohort (Supplementary
Fig. S2a). However, survival analysis performed using this
classification revealed no significant difference in DFS between
the CD3+ TIL-high/heterogeneity-high and CD3+ TIL-high/het-
erogeneity-low subgroups (log-rank p=0.69) (Supplementary
Fig. S2b). These findings collectively support that the TIL spatial
heterogeneity-based subclassification of the TIL-high group is
insignificant and unnecessary in MSI-H CRCs.

To independently confirm these findings, we additionally
collected 93 MSI-H CRCs (external validation cohort) and conducted
survival analyses using TIL density and spatial heterogeneity
parameters in the same way. The prognostic significance of TIL
density and spatial heterogeneity in MSI-H CRCs was also confirmed
in the validation cohort (Fig. 2). The CD3+ or CD8+ TIL-low group
was significantly associated with worse DFS in MSI-H CRCs (Fig. 2a,
b). The TIL-low/heterogeneity-high, TIL-low/heterogeneity-low,
and TIL-high subgroups were significantly associated with poor,
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intermediate, and good DFS, respectively, in all four combinations the discovery and validation cohorts (all p <0.01) (Table 1). Multi-

(Fig. 2c-f).
In addition, univariate Cox regression analysis ident

variate Cox models adjusted for TNM stage further confirmed that
ified that the all the TIL-low/heterogeneity-high subgroups were independent

TIL-low/heterogeneity-high subgroups were specific for poor DFS in poor prognostic factors in MSI-H CRCs in both cohorts (CD3+ TILs
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Fig. 1 Prognostic significance of the spatial heterogeneity of TILs in MSI-H CRCs. a Heatmaps of patch-level densities of CD3+ TILs in
representative cases of CD3+ TIL-high (CD3-H) (left), CD3+ TIL-low (CD3-L)/heterogeneity-low (Hetero-L) (middle), and CD3-L/heterogeneity-
high (Hetero-H) (right) MSI-H CRCs with average TIL density and spatial TIL heterogeneity indices. b Schematic illustrations of MSI-H CRC cases
showing the same average TIL densities but different TIL evenness indices. ¢ Shannon and Simpson indices are significantly inter-correlated
for both CD3+ and CD8+ TILs in MSI-H CRCs. d The CD3-L group is significantly associated with shorter DSF than that of the CD3-H group in
MSI-H CRCs (discovery cohort, n =73). e The CD8-L group is significantly associated with shorter DSF than that of the CD8-H group in MSI-H
CRCs (discovery cohort, n = 73). f-i Spatial heterogeneity of TILs can more accurately stratify DFS subgroups in the TIL-low group of MSI-H
CRCs (discovery cohort, n = 73). The combined parameters included CD3+ TIL density and Shannon index (f), CD3+ TIL density and Simpson
:1dex (g9), CD8+ TIL density and Shannon index (h), and CD8+ TIL density and Simpson index (i).
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Fig. 2 Validation of the prognostic impact of TIL spatial heterogeneity in MSI-H CRCs. a The CD3+ TIL-low (CD3-L) group is significantly
associated with shorter DSF than that of the CD3+ TIL-high (CD3-H) group in MSI-H CRCs (validation cohort, n =93). b The CD8+ TIL-low
(CD8-L) group is significantly associated with shorter DSF than that of the CD8+ TIL-high (CD8-H) group in MSI-H CRCs (validation cohort,
n = 93). c—f Spatial heterogeneity of TILs can more accurately stratify DFS subgroups in the TIL-low group of MSI-H CRCs (validation cohort,
n = 93). The combined parameters included CD3+ TIL density and Shannon index (c), CD3+ TIL density and Simpson index (d), CD8+ TIL
density and Shannon index (e), and CD8+ TIL density and Simpson index (f).

with a Shannon index (adjusted hazard ratio [HR] (95% confidence p = 0.024 in the discovery cohort and 5.92 (1.96-17.89), p = 0.002 in
interval [Cl]) =9.82 (3.11-31.03), p < 0.001 in the discovery cohort the validation cohort), CD8+ TILs with a Shannon index (adjusted
and 5.92 (1.96-17.89), p = 0.002 in the validation cohort), CD3+ TILs HR (95% Cl) =8.37 (2.27-30.78), p =0.001 in the discovery cohort
with a Simpson index (adjusted HR (95% Cl) =10.81 (1.37-85.24), and 5.21 (1.42-19.04), p = 0.013 in the validation cohort), and CD8+
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Table 1. Univariate and multivariate Cox regression analysis for DFS in TIL subgroups of MSI-H CRCs.

TIL subgroups

Discovery cohort (n = 73)

CD3+ TIL/Shannon index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD3+ TIL/Simpson index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD8+ TIL/Shannon index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD8+ TIL/Simpson index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

Validation cohort (n =93)

CD3+ TIL/Shannon index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD3+ TIL/Simpson index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD8+ TIL/Shannon index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

CD8+ TIL/Simpson index
TIL-H
TIL-L/Hetero-L
TIL-L/Hetero-H

HR (95% CI)

Reference
10.37 (1.16-92.87)
17.38 (2.17-139.32)

Reference
0.00 (0.00-x)
16.80 (2.18-129.33)

Reference
5.06 (1.05-24.36)
14.69 (2.63-82.19)

Reference
5.03 (1.07-23.69)
46.62 (7.37-294.93)

Reference
2.64 (0.66-10.58)
21.90 (5.18-92.67)

Reference
2.64 (0.66-10.58)
21.90 (5.18-92.67)

Reference
3.08 (0.82-11.63)
18.34 (3.61-93.20)

Reference
2.78 (0.72-10.75)
15.99 (3.56-71.89)

p value Adjusted HR® (95% ClI) p value
n.a. Reference n.a.
0.036 7.67 (2.32-25.40) 0.001
0.007 9.82 (3.11-31.03) <0.001
n.a. Reference n.a.
0.998 0.00 (0.00-x) 0.989
0.007 10.81 (1.37-85.24) 0.024
n.a. Reference n.a.
0.043 4.17 (1.35-12.86) 0.013
0.002 8.37 (2.27-30.78) 0.001
n.a. Reference n.a.
0.041 441 (1.38-14.12) 0.012
<0.001 9.36 (2.12-41.42) 0.003
n.a. Reference n.a.
0.170 1.06 (0.35-3.15) 0.921
<0.001 5.92 (1.96-17.89) 0.002
n.a. Reference n.a.
0.170 1.06 (0.35-3.15) 0.921
<0.001 5.92 (1.96-17.89) 0.002
n.a. Reference n.a.
0.097 1.74 (0.59-5.08) 0.315
<0.001 5.21 (1.42-19.04) 0.013
n.a. Reference n.a.
0.139 1.57 (0.53-4.61) 0.415
<0.001 443 (1.38-14.21) 0.012

DFS disease-free survival, TIL tumor-infiltrating lymphocyte, MSI-H microsatellite instability-high, CRCs colorectal carcinomas, HR hazard ratio, C/ confidence
interval, TIL-H high density of TILs, TIL-L low density of TILs, Hetero-L low spatial heterogeneity of TILs, Hetero-H high spatial heterogeneity of TILs, n.a. not

available.

“Adjusted for TNM stage by multivariate Cox analysis.

TILs with a Simpson index (adjusted HR (95% Cl) = 9.36 (2.12-41.42),
p =0.003 in the discovery cohort and 4.43 (1.38-14.21), p=0.012in
the validation cohort) (Table 1).

These findings indicate that the quantitatively measured spatial
heterogeneity of TILs can robustly classify the low TIL density
group of MSI-H CRCs into further stratified prognostic subgroups.

Clinicopathologic associations of TIL density/spatial
heterogeneity in MSI-H CRCs

We also investigated the clinicopathologic characteristics of the
three TIL subgroups (TIL-low/heterogeneity-high, TIL-low/hetero-
geneity-low, and TIL-high subgroups) in the discovery cohort
classified by CD3/Shannon index (Supplementary Table S7), CD3/
Simpson index (Supplementary Table S8), CD8/Shannon index
(Supplementary Table S9), and CD8/Simpson index (Supplementary
Table S10) and those in the validation cohort classified by CD3/
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Shannon index or CD3/Simpson index (Supplementary Table S11),
CD8/Shannon index (Supplementary Table $12), and CD8/Simpson
index (Supplementary Table S13). Notably, the TIL-low/heterogene-
ity-high subgroups were consistently enriched with male
patients with or without statistical significance (Supplementary
Tables S7-S13). In the discovery cohort, although statistical
significance was not reached (p=0.054), the CD8+ TIL-low/
Simpson heterogeneity-high subgroup was enriched with stage IV
cases (Supplementary Table S10). In the validation cohort, the TIL-
low/heterogeneity-high subgroups were significantly associated
with advanced stage (lll or IV) (p <0.001 for CD3/Shannon, <0.001
for CD3/Simpson, 0.005 for CD8/Shannon, and 0.001 for CD8/
Simpson) (Supplementary Tables S11-513). In contrast to stage,
tumor grade was not associated with the TIL density/spatial
heterogeneity subgroups in MSI-H CRCs (Supplementary
Tables S7-513). In the discovery cohort, 38 (52.1%) were molecularly
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determined to be a hereditary subtype (Lynch or Lynch-like
syndrome) (Supplementary Table S1), and this hereditary MSI-H
subtype was more prevalent in the TIL-low/heterogeneity-
high subgroups with no or marginal statistical significance
(p=0.13, 0.86, 0.09, and 0.048 for CD3/Shannon, CD3/Simpson,
CD8/Shannon, and CD8/Simpson, respectively) (Supplementary
Tables S7-510).

Spatial profiling of immune-related expression signatures
differed by TIL density in MSI-H CRCs

To identify spatially-resolved, differential immune gene expression
signatures among the three TIL subgroups (TIL-low/heterogeneity-
high, TIL-low/heterogeneity-low, and TIL-high subgroups) of MSI-H
CRCs, GeoMx DSP analysis was conducted for the 48 ROIs that
were collected from the IM and CT of 12 representative cases
(Fig. 3a). Overall, four (33.3%) and eight (66.7%) cancers were
CD3+ TIL-high and CD3+ TIL-low, respectively, while five (41.7%)
and seven (583%) were CD8+ TIL-high and CD8+ TIL-low,
respectively, and one (8.3%) was CD3+ TIL-low and CD8+ TIL-
high. To identify immune-related gene expression profiles that
differed by TIL density in MSI-H CRCs, we identified DEGs between
the TIL-high and TIL-low groups (Mann-Whitney U test FDR <
0.05). The IM and CT regions were analyzed together because
they showed similar gene expression levels in overall comparison
between 24 IM and 24 CT ROIs (FDR > 0.05). As expected, TIL-high
tumors showed overall upregulation of genes related to immune
cells and their functions: 45 genes were upregulated in the CD3+
TIL-high group compared with the CD3+ TIL-low group (Fig. 3b)
and 31 genes were upregulated in the CD8+ TIL-high group
compared with the CD8+ TIL-low group (Fig. 3c). Furthermore, 29
upregulated genes were common in both comparisons, including
CD3E, CD8A, IFNG, ARGI1, B2M, CCL5, CXCL10, IDO1, HLA-DQAT,
ICAM1, MKI67, and FAS (Fig. 3d). These commonly upregulated
genes were significantly (FDR < 0.05) enriched in immune-related
GOBPs (Fig. 3e) and pathways (Fig. 3f), including T cells, cytokines,
interferon-y, and antigen processing and presentation. To assess
differences in the global immune contexture between CD3+ TIL-
high/CD8+ TIL-high (TIL-high) and CD3+ TIL-low/CD8+ TIL-low
(TIL-low) groups, we deconvoluted the DSP-based gene expres-
sion data to identify immune cell types and functions. Nearly all
immune cell components, including T, B, NK, dendritic, mast, and
plasma cells, monocytes, macrophages, eosinophils, and neutro-
phils (all, p<0.0001), were significantly higher in the TIL-high
group than those in the TIL-low group (Fig. 3g). Likewise,
immunologic functions and pathways related to the T cell
receptor pathway (p=0.0004), B cell receptor pathway
(p =0.0047), antigen presentation (p<0.0001), antimicrobials
(p <0.0001), chemokines (p<0.0001), cytokines (p=0.0001),
cytokine receptors (p =0.0046), natural killer cells (p<0.0001),
interferons (p = 0.0018), interferon receptors (p = 0.009), myeloid
cells (p<0.0001), adhesion/migration (p=0.0005), proliferation
(p <0.0001), and apoptosis (p=0.0061) were also significantly
upregulated in the TIL-high group compared with those in the
TIL-low group (Fig. 3g). In contrast, only IL6 and IL12B were
significantly upregulated in both CD3+ TIL-low and CD8+ TIL-low
groups (Fig. 3b, c), consistent with the modest upregulation of
interleukin signatures in TIL-low tumors (Fig. 3g). In addition,
although the immune signatures were similar across different
regions in the TIL-high group, the TIL-low group showed
intratumoral or intertumoral heterogeneity (Fig. 3g).

Spatial profiling of immune-related expression signatures
differed by TIL spatial heterogeneity in MSI-H CRCs

As the next step of DSP analysis, to unravel immune-related gene
expression features that differed by TIL spatial heterogeneity in
MSI-H CRCs, we compared the gene expression data between the
TIL-low/heterogeneity-high and TIL-low/heterogeneity-low sub-
groups (Fig. 4). Genes related to immune checkpoints [CD274
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(gene encoding PD-L1), VSIR (gene encoding VISTA), CTLA4,
ICOSLG, and CD86], chemokine and cytokine receptors (CXCR6
and CMKLRT), and myeloid cells (IDO1 and ARGT) were significantly
upregulated in the TIL-low/heterogeneity-high subgroup com-
pared with those in the TIL-low/heterogeneity-low subgroup
(Fig. 4a). In contrast, there were no upregulated DEGs in the TIL-
low/heterogeneity-low subgroup. GOBP analysis showed that the
upregulated genes in the TIL-low/heterogeneity-high subgroup
were enriched in pathways related to lymphocyte and leukocyte
activity, immune regulatory functions, cytokines, cell adhesion, cell
development, cell death, and response to stimuli (Fig. 4b). Notably,
consistent with the TIL spatial heterogeneity profiles, intratumoral
interregional differences in the immune expression signatures
were more variable in the TIL-low/heterogeneity-high subgroup
than those in the TIL-low/heterogeneity-low subgroup (Figs. 3g,
4c). Similar to the DEG pathway data, deconvolutional analysis for
profiling immune cell types and functional signatures also
revealed that immune components in the TIL-low/heterogeneity-
high subgroup were particularly enriched in immune checkpoints
(p =0.0006), chemokine receptors (p = 0.0006), and myeloid cells
(p=10.0011) (Fig. 4c). Immune checkpoint molecules, chemokine
receptors, and myeloid cells have been recognized to affect
response to ICI therapy®***. Furthermore, the immune regulation
pathways enriched in the TIL-low/heterogeneity-high subgroup
could affect immunomodulation functions, which are possibly
associated with response to ICls. Therefore, we further conducted
GSEA against two immuno-oncology-related gene sets retrieved
from previous reports (Supplementary Table S4): one was an
immune response- and survival-related gene set in CRCs, and the
other was a gene set related to good response to anti-PD-1
immunotherapy in melanoma*'*2, The TIL-low/heterogeneity-
high subgroup was significantly enriched with these two gene
sets (Fig. 4d), suggesting that the TIL-low/heterogeneity-high
subgroup of MSI-H CRCs may be potentially beneficial to ICI
treatment, although the TIL-low nature of the tumors is generally
regarded to be disadvantageous to immunotherapy. The above
findings collectively suggest that the spatial heterogeneity of TILs
can determine not only prognostically but also immunologically
distinct sub-entities within TIL-low MSI-H CRCs.

DISCUSSION

Although previous studies on the clinical and prognostic impacts
of TIL density in cancers are more dominant, several previous
studies have investigated the implications of the spatial distribu-
tion of TILs. For example, Masugi et al. reported that the spatial
distribution pattern of CD8+ TILs can refine the prognostic value
of TILs in pancreatic cancers®. In detail, CD8+ TILs in the CT area,
but not those in the IM area, were significantly associated with
patient survival in pancreatic cancers. In fact, previous studies
exploring the spatial context of TILs frequently focused on the
region-specific significance of TILs, similar to the aforementioned
study by Masugi and colleagues. For example, Konig et al.
compared the associations of treatment responses between TILs
in the CT and IM areas in breast cancers*. Although recent
investigations also revealed the prognostic significance of the
spatial architecture of TILs in lung or gynecologic cancers using
computational analysis of whole-slide images with or without the
aid of artificial intelligence®*®, our present study focused on
applying a simple, easily interpretable index (Shannon or Simpson
evenness index) for quantifying TIL spatial heterogeneity. We
successfully proved that these indices could be used as potential
prognostic markers in MSI-H CRCs when combined with average
TIL density. Collectively, compared with previous studies by other
researchers, our study concentrated more on the value of TIL
spatial heterogeneity itself and further provided novel data
regarding the differential spatial profiles of immune-related gene
expression signatures according to the spatial TIL subtypes in MSI-
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H CRCs. Clinical implications of our study results are graphically

summarized in Fig. 5.

Based on the spatial distribution of TILs, tumor immune

phenotypes have been conceptually classified as two or three
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subtypes**°. Tumor immune phenotypes are broadly dichoto-
mized into immune-hot and -cold types. Immune-hot tumors are
characterized by densely infiltrated, intratumorally-distributed TILs

that are functionally inhibited by immune checkpoints and are
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Fig. 3 GeoMx DSP analysis to identify TIL density-dependent immune-related gene expression signatures in MSI-H CRCs. a Four ROls
selected from two IM and two CT areas per MSI-H CRC tissue sample were subjected to GeoMx DSP analysis using an immuno-oncology gene
panel. Cancer cells, stroma, and T cells are stained with pan-cytokeratin (green), vimentin (yellow), and CD3 (red), respectively. b DEGs
identified from comparison between CD3+ TIL-high (CD3-H) and CD3+ TIL-low (CD3-L) groups of MSI-H CRCs (false discovery rate
[FDR] < 0.05). ¢ DEGs identified from comparison between CD8+ TIL-high (CD8-H) and CD8+ TIL-low (CD8-L) groups of MSI-H CRCs
(FDR < 0.05). d The 29 commonly upregulated genes identified from DEGs of CD3-H (45 genes) and CD8-H (31 genes) groups of MSI-H CRCs
(“TIL-H common upregulated genes”). e Gene Ontology-Biologic Processes (GOBPs) significantly enriched in the TIL-H common upregulated
genes. f Gene signaling pathways significantly enriched in the TIL-H common upregulated genes. g Immune cell population and immunologic
signatures curated based on LM22, IMMPORT, and manual gene sets. Mann-Whitney comparisons between the CD3+ TIL-high/CD8+ TIL-high
(TIL-H) and CD3+ TIL-low/CD8+ TIL-low (TIL-L) groups of MSI-H CRCs were performed at the *p < 0.05, **p < 0.01, or ***p < 0.001 significance
level. Low and high spatial heterogeneity groups (Hetero-L and Hetero-H, respectively) determined by both Shannon and Simpson indices are
presented at the bottom of the heatmap.
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Fig. 4 GeoMx DSP analysis to identify TIL spatial heterogeneity-dependent immune-related gene expression signatures in MSI-H CRCs.
a Compared with the TIL-low/heterogeneity-low (TIL-L/Hetero-L) subgroup, 22 genes were significantly upregulated in the TIL-low/
heterogeneity-high (TIL-L/Hetero-H) subgroup of MSI-H CRCs, which included immune checkpoints, cytokines, and myeloid cells-related
genes. b The number of Gene Ontology-Biologic Process (GOBP) terms enriched for the upregulated genes in the TIL-L/Hetero-H tumors.
¢ Immune cell population and immunologic signatures curated based on LM22, IMMPORT, and manual gene sets. Mann-Whitney
comparisons between the TIL-L/Hetero-L and TIL-L/Hetero-H subgroups of MSI-H CRCs are performed at the *p <0.05, **p<0.01, or
***p < 0.001 significance level. d Gene sets related to the immune response in CRCs (left) and favorable response to PD-1 blockade (right) were
positively correlated with the TIL-L/Hetero-H subgroup of MSI-H CRCs.
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Fig. 5 Schematic summary of this study.

expected to respond well to ICI therapy. In contrast, immune-cold
tumors show a lack of intratumoral infiltration of TILs and are
generally associated with poor response to ICI therapy. Immune-
cold tumors can be further divided into immune-desert and
-excluded types. The immune-desert phenotype is characterized
by the near absence of both intratumoral and peritumoral TILs,
whereas in the immune-excluded phenotype, TILs do not
efficiently infiltrate into the intratumoral area rather than being
absolutely deficient. Based on our finding that the TIL-low/
heterogeneity-high subgroup represents tumors in which TILs
unevenly and inefficiently infiltrate, these tumors can be
conceptually matched with the immune-excluded phenotype.
On the other hand, the TIL-low/heterogeneity-low tumors are
characterized by widely scanty infiltration of TILs and thus, are
similar to the immune-desert phenotype. Although the consensus
criteria for classifying immune-excluded and -desert phenotypes
in tumor samples have not yet been established, our approach to
quantitatively evaluating the spatial heterogeneity of TILs can
provide a simple and useful method for practically classifying
immune-excluded and -desert phenotypes in surgically-resected
tumor tissues (Fig. 5).

There are several limitations to our present study. First, our
study cohort was confined to CRCs, especially the MSI-H
molecular subtype. Although the MSI-H subtype comprises a
limited portion of overall CRCs, we intensively collected and
tested MSI-H CRCs in this study because there were several
advantages of MSI-H CRCs in investigating the implications of
TIME. MSI-H CRCs generally display greater intertumoral varia-
tions in TIME features, including the density of TILs, compared
with those in microsatellite stable (MSS) CRCs'2. In our study
cohort, these larger variations in immune parameters in MSI-H
CRCs could allow various compositions of the three tumor
immune phenotypes, including immune-hot, -excluded, and
-desert types. MSS CRCs were determined to be less suitable for
our exploration because most MSS CRCs are known to be
immune-desert phenotypes and were thus excluded from our
current study. However, it is still necessary to validate our
findings in larger CRC cohorts encompassing MSS CRCs. In
addition, our main finding, the prognostic and immunologic
significance of the quantitatively measured spatial heterogeneity
of TILs, should be further confirmed in other solid tumors
besides CRCs. The second limitation of our study was the lack of
real-world data to demonstrate the therapeutic relevance of our
findings. Although TIL-low/heterogeneity-high MSI-H CRCs may
be likely to respond well to ICl therapy based on the observation
that gene sets related to immunotherapy response were
enriched in the TIL-low/heterogeneity-high subgroup (Fig. 4d),
there were only three cases that were treated with ICl in our
retrospective MSI-H CRC cohort. Therefore, it was practically
impossible to evaluate the relevance of TIL spatial heterogeneity
to immunotherapeutic responses in our samples. Further clinical
studies or ftrials will be necessary to assess the relationship
between TIL spatial heterogeneity subtypes and immunotherapy
responses in various tumors.
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In conclusion, the spatial heterogeneity of TILs can be considered
a significant factor for precisely stratifying prognostic immune
subgroups of MSI-H CRCs. The TIL-low/heterogeneity-high sub-
group conceptually represents the immune-excluded phenotype
and may be associated with a relatively good response to ICl-based
immunotherapy, although the subgroup showed the worst prog-
nosis in MSI-H CRCs. The potential value of the quantitatively
measured spatial heterogeneity of TILs as a prognostic and/or
predictive biomarker should be further evaluated in various
malignancies through future clinical studies.
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