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The spatial distribution of tumor-infiltrating lymphocytes (TIL) predicts breast cancer

sue structure for characterizing tumors. Here, we present ST-FFPE, a spatial transcrip-

tomics method for the analysis of formalin-fixed paraffin-embedded samples, which
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opens the possibility of interrogating archival tissue. The method involves extraction,

sected by laser-capture, and can be used to study the cellular composition of tumor

microenvironment. Focusing on triple-negative breast cancer (TNBC), we characterized
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T cells, B cells, dendritic cells, fibroblasts and endothelial cells in both stromal and intra-
epithelial compartments. We found a highly variable spatial distribution of immune cell
subsets among tumors. This analysis revealed that the immune repertoires of intra-
epithelial T and B cells were consistently less diverse and more clonal than those of stro-
mal T and B cells. T-cell receptor (TCR) sequencing confirmed a reduced diversity and
higher clonality of intra-epithelial T cells relative to the corresponding stromal T cells.
Analysis of the top 10 dominant clonotypes in the two compartments showed a major-
ity of shared but also some unique clonotypes both in stromal and intra-epithelial T cells.
Hyperexpanded clonotypes were more abundant among intra-epithelial than stromal T
cells. These findings validate the ST-FFPE method and suggest an accumulation of
antigen-specific T cells within tumor core. Because ST-FFPE is applicable for analysis of
previously collected tissue samples, it could be useful for rapid assessment of intratu-

moral cellular heterogeneity in multiple disease and treatment settings.

KEYWORDS
clonal expansion, laser-capture microdissection, spatial TCR, spatial transcriptomics, TCR-
sequencing

Whats new?

The abundance and spatial distribution of tumor-infiltrating lymphocytes (TIL) in breast cancer
tumors correlates with outcome. Here, the authors demonstrated the feasibility of a spatial tran-
scriptomics method to analyze formalin-fixed paraffin-embedded tissue samples, or ST-FFPE, in
triple-negative breast cancer. Using this method, they observed the cellular composition of the
tumor microenvironment and found that intra-epithelial TIL showed reduced diversity and
increased clonality compared with stromal TIL. In addition to studying TIL populations, the

1 | INTRODUCTION

Solid tumors are composed of cancer cells and non-cancer cells such as

12 whose proportions

immune cells, fibroblasts and endothelial cells,
and state vary from tumor to tumor. The abundance of tumor-
infiltrating lymphocytes (TIL) correlates with a better outcome in
various cancers. Importantly, the prognostic and predictive value of TIL
depends on their spatial localization.® In breast cancer, TIL that are
located in the stroma between cancer cells and do not directly contact
cancer cells, namely stromal TIL (sTIL), have a prognostic value.* Assess-
ment of the abundance of sTIL by hematoxylin and eosin (H&E) staining
is now implemented in routine clinical practice.® In contrast, in other
cancers such as melanoma, it is the presence of intra-epithelial CD8" T
cells, that is, lymphocytes located in tumor core (cTIL) and directly inter-
acting with cancer cells with no intervening stroma, that has prognostic
value® and is predictive of response to PD-1 blockade,” highlighting the
importance of spatial analysis of tumor immune microenvironment.
Stromal and intra-epithelial TIL can be highly heterogenous in
terms of composition, phenotype and antigen specificity. Notably, a
substantial proportion of TIL are bystander T cells, which are specific
to diverse epitopes unrelated to tumor antigens such as viral anti-
gens.® 10 Hence, it is important to assess the tumor antigen-specificity
of T cells, since successful cancer immunotherapy requires their re-
activation and clonal expansion of tumor-reactive T cells.**'? Because

method could have clinical usefulness for predicting response to immunotherapy.

antigen specificity comes from T-cell receptors (TCR), TCR repertoires
are actively characterized in order to identify tumor-reactive T cells.
For instance, the increased prevalence of TIL sharing the same TCR
correlates with a better response to cancer immunotherapy,'®*° sug-
gesting that these TIL include T cells reactive to tumor antigens.
Laser-capture microdissection (LCM) is a suitable tool for studying
spatially distinct regions of interest such as tumor core and adjacent
stroma.>®*® Here, we developed ST-FFPE, a robust spatial transcrip-
tomics method that combines LCM with RNA extraction, exome-
capture and sequencing, and can be used for the analysis of formalin-
fixed paraffin-embedded (FFPE) tumor samples. We demonstrate the
relevance of this approach by investigating the spatial distribution of
clonally expanded T cells localized within tumors from TNBC patients.
Our method can elucidate intratumoral immune cell dynamics with

potential implications for cancer immunotherapy.

2 | MATERIALS AND METHODS
21 | Samples and inclusion criteria
FFPE and fresh-frozen (FF) samples of TNBC patients were provided by

the division of clinical pathology, Hopitaux Universitaires de Genéve. All
tumor sections were reviewed by a board-certified pathologist (J.C.T.).
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FIGURE 1 Workflow of laser capture microdissection and RNA-sequencing. Step 1: TNBC (core needle or surgical biopsies) tissue sections
mounted on PET slides are stained with hematoxylin and submitted to laser-capture microdissection (LCM) to collect separately tumor core (TC),
stromal tumor-infiltrating lymphocytes (sTIL) and fibroblasts (Fib) under direct microscopic visualization. Cells of interest are selected using the
Laser Microdissection device software. Selected regions of interest are cut from tumor sections with a laser beam and collected within the cap of

a PCR tube placed under the PET slide. Step 2: RNA extraction from microdissected TC, sTIL and Fib. Step 3: library preparation including the
conversion of RNA into cDNA fragments and the addition of adaptors. Step 4: libraries are subjected to exome-capture RNA-sequencing.

2.2 | Laser capture microdissection of FFPE tissue

Polyethylene terephthalate (PET) slides were pretreated by coating with
300 ul poly-lysine (Sigma-Aldrich, St-Louis, United States) and exposure
to UV for 30 min. Consecutive sections from FFPE blocks were cut at
8 um, floated onto a 45°C water bath and mounted on PET slides. After
drying in a slide holder for 30 min at room temperature, tissue sections
were dewaxed in xylene, rehydrated with decreasing concentrations of
ethanol, stained with hematoxylin, dehydrated with increasing concen-
trations of ethanol, and cleared in xylene (Detailed timing and concen-
trations in Table S1 and Section 3). Eight protocols were tested and the
optimal protocol was b: briefly, deparaffinization was performed in fresh
xylene for 1 min twice followed by 100% ethanol for 1 min, 95% for
ethanol 1 min and 75% ethanol for 1 min. The slides were transferred
into diethyl pyrocarbonate (DEPC) water for 2 min before staining with
hematoxylin for 2 min. Subsequently, slides were rinsed in DEPC water

until they became clear before undergoing dehydration in 75% ethanol

for 1 min, 95% ethanol for 1 min, 100% ethanol for 2 min and xylene
for 1 min.

A minimal surface of 2.5 mm? of tumor core (TC), fibroblasts (Fib)
and sTIL was microdissected using the Laser Microdissection Systems
LMD7000 with the laser parameters (laser power of 39 mW, a wave-
length of 349 nm, pulse frequency of 664 Hz and pulse energy of
120 wJ) and collected separately in RNase-free tube. For each micro-
dissected block, a consecutive 4 um thick tissue section was stained
with H&E to help recognize tissue's morphology under the LMD7000
microscope (Figure 1).

2.3 | RNA extraction, quantification and fragment
size analysis

For microdissected FF cells, RNA was extracted using RNeasy Plus

Micro Kit (Qiagen, Hilden, Germany) according to the supplier's
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protocol. Microdissected cells from FFPE tissue were lysed by incuba-
tion with proteinase K at 56°C while stirring at 400 rpm for 3 h. RNA
was extracted using RNeasy FFPE kit (Qiagen, Hilden, Germany)
according to the supplier's protocol, treated with DNase |, eluted in
15 ul of RNase-free water and stored at —80°C. Total RNA was quan-
tified using Qubit RNA HS Assay Kit and Qubit Fluorometer (Thermo
Fisher Scientific, MA). RNA fragment size was analyzed with the 2100
Bioanalyzer (Agilent, CA) using Eukaryote total RNA Pico assay
(Agilent, CA, USA). In case of insufficient RNA concentration, samples
were concentrated using a Vacuum Concentrator Centrifuge
(UNIVAPO 100 ECH, Uniequip, Germany) to reach the minimum vol-
ume recommended by the TruSeq RNA Exome kit.
Supplementary methods are available online.

3 | RESULTS

3.1 | Workflow of FFPE laser capture
microdissection and exome-capture RNA-sequencing

Our procedure of ST-FFPE involved the following steps: laser
microdissection of regions of interest (step 1), RNA-extraction (step
2), library preparation including the conversion of RNA into cDNA
fragments (step 3) and exome-capture RNA-sequencing (step 4)
(Figure 1). The regions of interest were tumor core (TC), sTIL and
fibroblasts (Fib) (Figure S1).

We first optimized the tissue preparation process before LCM on
three TNBC blocks. We aimed to shorten the H&E staining procedure
in order to reduce further degradation of nucleic acids,*” while con-
serving maximal morphological contrast between cell subtypes. Thus,
we tested eight different protocols (a-h) previously described for LCM

20-22 \vith three different dyes (hematoxylin, eosin and cre-

procedures
syl violet) and varying durations of incubation in xylene and ethanol
(Figure S1). The optimal staining was obtained with protocol b (see
methods) that allowed the best morphological distinction between the
three cell subsets (sTIL, TC and Fib; Figure S2) while having the short-
est exposure to xylene that partially degrades RNA.Y?

Second, we aimed to optimize RNA extraction from FFPE samples
in view of subsequent RNA-sequencing (RNA-seq), for which we had
to choose the most appropriate protocol. In highly degraded and small
amounts of RNA, RNA-seq via poly(A) selection does not perform well
because poly(A) tail can be lost.>® Exome-capture protocol has been
previously shown to perform better than ribosomal RNA depletion,?®
with minimal differences when comparing FFPE and matched FF sam-
ples.242> Thus, we chose this approach. The minimal requirements for
exome-capture RNA-sequencing (ecRNA-seq) with the TruSeq proto-
col are: (a) RNA integrity number (RIN) > 1.4, (b) a percentage of frag-
ments over 200 nucleotides (DV5g0) > 30% and (c) a minimum yield of
40 to 55 ng depending on RNA's quality.

Extracting RNA from 2 mm? microdissected area of TC using manu-
facturer's protocol (eg, elution volume of 30 pl) resulted in an undetect-
able yield (Figure S3A). Therefore, we introduced several modifications

to this protocol, by reducing the eluted volume to 15 pl, adding

mechanical digestion by stirring (400 rpm) and concentrating the volume
using a vacuum concentrator centrifuge to reach a final volume of 4 pl.
This optimized protocol rendered RNA detectable (yield of 18-40 ng).
Next, we tested four different durations (15 min, 1 h, 3 h and overnight)
of enzymatic digestion with proteinase K. RNA yield tended to increase
with prolonged digestion, whereas RIN was not affected and DV, ini-
tially reached a maximum at 3 h but declined after overnight digestion
(Figure S3B-D). Thus, 3 h was set as the optimal duration of tissue

digestion. These modifications led to the final protocol (Figure S3E).

3.2 | Transcriptomes of microdissected FFPE
tissues are concordant with matched cryopreserved
tissues

We examined the performance and reproducibility of ecRNA-seq with
the TruSeq protocol for gene expression profiling of microdissected
TC (~20 mm?) processed as described above for FFPE, and matched
fresh frozen (FF) sections as described previously,?® obtained from
three TNBC patients and stored over 5 to 9 years (Figure S4 and
Table S2). On average, we obtained 63.8 million reads per sample for
FFPE RNA, while the yield was 134.2 million reads per sample for FF
RNA. We performed quality control of raw sequencing reads using
the FastQC tool. All samples passed the per base and per sequence
quality score criteria with a mean Phred quality score of ~40. After
alignment to the human reference transcriptome (GRCh38 cDNA), we
obtained an average mapping rates of 83.0% for FFPE RNA and
91.8% for FF RNA. Transcriptomics of microdissected TC from
matched FFPE and FF cases showed a correlation over 90%
(Figure S5A-C and Figure 2A), suggesting that ecRNA-seq allows con-
cordant transcriptomic analysis between FF and FFPE samples.

3.3 | Transcriptomes of spatially distinct
compartments are consistent with the morphology of
microdissected cells

We applied our optimized protocol of LCM and RNA extraction to dis-
tinct compartments (TC, sTIL and Fib) of seven FFPE TNBC blocks
(2 core needle biopsies and five surgical biopsies) aged from 3 to
10 years. Sufficient RNA for subsequent sequencing was collected
from all microdissected TC and sTIL samples. With a theorical
expected RNA amount of 20 pg/cell, the performance of RNA extrac-
tion was estimated to 15% for TC and 8% for sTIL. Sufficient RNA
extraction from microdissected Fib was successful in only two out of
seven tumors (Figure 2B). The age of the block did not impact RNA
yield or RIN (Figure 2C, D) but we noticed a downwards trend of
DVyqo level in older blocks (Figure 2E). In the end, we could perform
ecRNA-seq on 16 samples (7 TC, 7 sTIL, 2 Fib, Table S3). ecRNA-seq
was performed in multiplex, yielding an average of 98.7 million
paired-end stranded reads, and all samples passed the per base and
per sequence quality score criteria (Table S4). On average, 76% of

reads successfully aligned with the reference transcriptome.
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FIGURE 2 Differential gene expression of microdissected tumor core and stromal TIL from FFPE TNBC. (A) Correlation between merged
FFPE transcriptomes and merged FF transcriptomes of microdissected TC from three TNBC samples. (B) Yield of RNA collected from
microdissected TC, sTIL and Fib from seven FFPE samples of TNBC. (C-E) RNA yield, DV,o and RIN of RNA extracted from microdissected sTIL
and TC, according to the age of FFPE blocks. Dashed lines represent the minimal RNA quantity and quality required for subsequent RNA-
sequencing. (F) Principal component analysis PCA of microdissected TC (n = 7), sTIL (n = 7) and Fib (n = 2) from seven TNBC samples where
each dot indicates a sample. (G) Heatmap based on the hierarchical clustering of seven TC (in brown) and seven sTIL (in pink). (H) Heatmap based
on Gene Set Variant Analysis, pathways enriched in TC and sTIL. Color scale: red, high relative expression; blue, low relative expression. B,
Bioconduct; DV200, percentage of RNA fragments >200 nucleotides; FF, fresh-frozen; FFPE, formalin-fixed paraffin-embedded; Fib,

fibroblasts; K, KEGG; PC, principal component; R, Reactome; RIN, RNA integrity number; sTIL, stromal tumor-infiltrating lymphocytes; TC,

tumor core.
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Principal Component Analysis (PCA) was performed based on the
variance stabilized gene count matrix. A scatter plot of PC1 and PC2
displays separated TC, sTIL and Fib (Figure 2F). Overall, PCA showed
that TC samples are more similar to each other than they are to sTIL
and Fib. The same holds true for sTIL and Fib samples. The number of
Fib samples (n = 2) was not sufficient for statistical analysis, and they
were excluded from further analyses. PCA and hierarchical clustering
based on correlation distance (Figure 2H) confirmed that the different
cell populations, microdissected based on their distinct morphology,
are also transcriptionally different as expected.

GSVA analyses revealed the enrichment of several canonical
pathways related to immune cell functions such as TCR signaling,
NKT signaling, BCR signaling, JAK-STAT signaling and IL-2/3/5 signal-
ing in sTIL. Pathways related to cell cycle, cell junction organization,
membrane trafficking were also significantly enriched in TC
(Figure 2G). We identified 1616 genes that were differentially
expressed between TC and sTIL (898 genes upregulated in sTIL and
718 genes upregulated in TC) (Tables S5 and Sé). Differential expres-
sion analyses identified MUC1 among the most significantly upregu-
lated genes in TC. MUC1 (CA15-3) is a well-characterized
transmembrane mucin upregulated by 90% of TNBC?” and it is an
FDA-approved serum tumor marker for monitoring metastatic breast
cancer. In addition, TC expressed several epithelial markers like
EPCAM, KRT8, KRT18 and KRT19.

Among top upregulated genes in sTIL, we noted several markers of
B-cells (CD79A, CD79B, PAX5, BLNK and MS4A1) and T cells (CD2, CD3D,
CD3E, CD3G and CD8B) (Table S5). Overall, the identification of immune
cell-specific transcriptional profiles in microdissected sTIL and epithelial
markers in microdissected TC further validate our spatial selection.

We used quantitative RT-PCR (qRT-PCR) to assess the expression
of genes to identify those that are significantly upregulated in TC vs sTIL
and sTIL vs TC. Ten genes were evaluated: five genes upregulated in
sTIL (CD28, CCR7, CD79B, FCMR and PAX5) and five genes upregulated
in TC (ELF3, MAL2, MUC1, TFAP2A and GPR37) (Table S7). The qRT-
PCR results confirmed our RNA-sequencing data (Figure S6A,B).

3.4 | Spatial distribution of immune cell subsets in
distinct tumor compartments revealed through
deconvolution with MCP-counter

We estimated the abundance of immune cell subpopulations in both TC
and sTIL compartments by deconvoluting RNAseq data with Microenvi-

ronment Cell Population (MCP)-counter.?® The spatial distribution of

immune cells was variable across the seven cases of TNBC. For instance,
CD8* T-cell abundance estimate was high in microdissected TC from
case 73 (full gray arrow, Figure 3A) and low in case 69 (full black arrow,
Figure 3A), consistent with the up-regulation of T-cell chemoattractive
chemokines CCR5 and CXCL? in case 73 and their downregulation in
case 69 (Figure 3B). Multiplexed IHC confirmed massive intraepithelial
accumulation of CD8" cells in case 73, and their absence in case
69 (Figure 3C) where they were rather present at tumor margins. High
spatial variability was also observed in the monocytic lineage. For
instance, the monocyte abundance estimate was high in microdissected
TC from case 65 (empty gray arrow, Figure 3A) and low in case
88 (empty black arrow, Figure 3A). Multiplexed IHC confirmed the accu-
mulation of intraepithelial CD68™" cells in this case, whereas they were
mainly in the stromal compartment surrounding TC in case
88 (Figure 3C). Overall, the spatial distribution of immune cell subsets

by transcriptomics was concordant with multiplexed IHC.

3.5 | Spatial transcriptomics revealed clonal
expansion of intra-epithelial T cells as compared with
matched stromal T cells

We took advantage of the high potential of the spatial transcriptomics
method to address biologically relevant questions and investigate the
immune repertoires of intra-epithelial T and B cells, that is, located in
TC (cTIL), and matched stromal T and B cells (sTIL). Interestingly, the
immune repertoires of cTIL were systematically less diverse than sTIL
in the seven TNBC cases (P = .02, paired Wilcoxon test; Figure 4A),
while their clonality was higher in six out of seven cases (P = .03125,
paired wilcoxon test, Figure S7). In order to further study the diversity
and clonality of T-cell receptor (TCR) repertoire of intra-epithelial and
matched stromal T cells, we performed TCR-sequencing?’ on micro-
dissected TC (that contains cTIL) and sTIL from seven fresh frozen
TNBC samples (Table S8). Diversity was reduced in cTIL as compared
with matched sTIL in six out of seven cases (two-tailed paired T test
P = .008; Figure 4B). Conversely, clonality of cTIL repertoires was
consistently higher (two-tailed paired T test P = .021; Figure 4C), and
tumor core samples harbored a higher fraction of hyperexpanded clo-
notypes compared with matched stromal samples (P = .005;
Figure 4D). Next, we evaluated the overlap between cTIL and sTIL
TCR-repertoires. In six out of seven patients, the cumulative fre-
quency of shared clonotypes (ie, their relative contribution in each
repertoires) was higher in cTIL as compared with sTIL (Figure 4E), con-

sistent with the higher clonality of cTIL TCR repertoire. We next

FIGURE 3 Abundance of immune cell sub-populations in tumor core and stromal TIL estimated with MCP-counter. (A) Dot-charts of eight
immune cell subpopulations, cancer-associated fibroblasts (CAF) and endothelial cells estimated by MCP-counter in paired microdissected TC and
sTIL (n = 7). Gray empty arrow (case 69) and black empty arrow (case 88) indicate TC samples that are enriched or poor in monocytic cells,
respectively. Gray full arrow (case 73) and black full arrow (case 69) indicate TC samples that are enriched or poor in CD8" T cells, respectively.
(B) Heatmaps of chemokines in microdissected sTIL (pink) and TC (brown). (C) Representative multiplex IHC images showing the presence (case
65) or absence (case 88) of intra-epithelial CD68™ monocytic cells. Multiplex IHC showed the presence (case 73) or absence (case 69) of intra-
epithelial CD8+ T cells. Epithelial cells are Cytokeratin®. CAF: cancer associated fibroblasts. NK, Natural Killer lymphocytes; sTIL, stromal tumor-

infiltrating lymphocytes; TC = tumor core.
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investigated the contribution of the most abundant clonotypes to
TCR-repertoire differences between cTIL and sTIL. Analysis of the top
10 dominant clonotypes of each cTIL and sTIL repertoires showed a
majority of shared but also some unique clonotypes (Figure 4F) both
in cTIL and sTIL. Together, these findings highlight a different clonoty-
pic composition of sTIL vs cTIL, and an increased clonal expansion of
intra-epithelial T cells, potentially due to specific tumor antigen recog-
nition. When comparing TCR repertoires from cTIL or sTIL to those of
bulk samples (Figure S8), we noticed that both diversity and clonality
of bulk TCR repertoire were mainly driven by sTIL TCR repertoire
(diversity and clonality of bulk vs sTIL: P = .45 and P = .94, respec-
tively) and differed from intra-epithelial TCR diversity (diversity and
clonality of bulk vs TC: P = .06 and P = .15, respectively). This obser-
vation suggests that characterization of intra-epithelial TIL, which are
of interest for anti-tumor response, is not tangible in bulk tumor sam-

ples analysis, highlighting the relevance of spatial characterization.

4 | DISCUSSION

In summary, we demonstrated the feasibility of using our method for
spatial transcriptomic analysis of archived FFPE samples from TNBC
patients. We exploited the potential of this method and reported an
increased clonality and reduced diversity of the immune repertoire of
intra-epithelial TIL, compared with stromal TIL. Due to the reduced
sensitivity of analyzing immune repertoire from bulk RNA-sequencing
of FFPE tissue (on average ~ 350 TCR clones could be analyzed)
resulting from the limited depth of sequencing of TCR/BCR and the
need of 150 bp to identify a TCR (V, CDR3 and J regions), we per-
formed TCR-sequencing of microdissected FF samples allowing a
wider assessment of TCR clones (on average ~ 10.000 clones). With
such approach, we were able to confirm a reduced diversity of intra-
epithelial TIL, and their clonal expansion as compared with matched
stromal ones. This finding is of great interest, as an increased clonal
expansion suggests specificity for tumor antigens, and tumor-reactive
T cells in direct contact with cancer cells are more likely to mediate
clinical benefit of immunotherapy. We consistently observed (ie, in six
out of the seven regions analyzed) higher clonality in tumors as com-
pared with cognate stroma. Interpretations of changes in tumor reper-
toires (between different regions or timepoints etc.) are always limited
by the concern of tumor heterogeneity, as well as undersampling. As

the tumor regions were randomly selected, we can assume that even

though the clonality of the tumor may vary from one region to the
other, it is more clonal than the adjacent stromal part.

The importance of clonal expansion of intra-epithelial TIL is rele-
vant for a variety of reasons: (i) pathologists cannot reliably assess
intra-epithelial TILs, that is why an international consortium, the TILs-
WG (www.tilsinbreastcancer.org)® formally states that only stromal
TILs should be assessed in a reproducible manner by breast cancer
pathologists, and this is particularly true for TNBC*3%; (ii) it is increas-
ingly evident that an increase of intra-epithelial TILs are probably an
expansion of so-called tissue resident (memory) CD8" T cells, which
are enriched within cancer islands.3**2 Conceptually, these intra-
epithelial TILs have always been there (meaning that not all immigrate
from the systemic circulation) and are likely tumor antigen-specific,
promoting a favorable clinical outcome.®*** While the milder associa-
tion with anti-tumor effects, and the high diversity/low clonality of
the TCR repertoire of stromal TILs suggest that they are partly
“pystander” populations coming from the systemic circulation.>> Con-

36 it may be

sidering the proven clinical importance of stromal TILs,
envisaged that both compartments should be analyzed in order to
understand the immune-system of our patients. Such spatial charac-
terization could also be extent to lymph nodes, given their increasingly
importance in the context of breast cancer.®”

Our study has also clinical implications. Although anti-PD1 block-

ade prolongs the survival of TNBC patients,38?

a significant propor-
tion of them does not benefit from immunotherapy. Spatial profiling
could be incorporated in clinical trials and daily practices. Here, we
propose to first assess the abundance of stromal TILs on H&E sec-
tions, as this is an unexpensive and well-implemented approach in
clinical pathology. Given the absence of reliable predictive biomarkers
for response to PD1-blockade in TNBC, spatial profiling could be used
for patients that have the same amount of stromal TILs but different
outcome or response to PD1-blockade, to understand the biological
mechanisms driving response to immunotherapy. Thus, a complemen-
tarity approach between pathologists and molecular biologists in the
clinics would help developing precision immunotherapy.

Our spatial transcriptomics approach will also be useful to address
other hypotheses regarding the tumor microenvironment, for instance
whether close vicinity of (subpopulations of) dendritic cells with T
cells is beneficial for patients, and whether T cells essential for anti-
tumor response are located within cTIL, sTIL and/or elsewhere. This
latter question is of major importance for a better selection of patients
susceptible to respond to immunotherapy. Additionally, there is

FIGURE 4 Clonal expansion of intra-epithelial T cells as compared with matched stromal ones. (A) Estimation of the diversity of the immune
repertoire (TCR and BCR) of intra-epithelial TIL, that is, located in TC core (cTIL), and matched stromal TIL (sTIL) among the seven FFPE TNBC
samples. Repertoire diversity was estimated using Chao1 estimator. (B-C) Analysis of cTIL and sTIL TCR repertoires obtained from specific TCR
sequencing of seven FF samples. Shannon entropy (B) reflects repertoires diversity while clonality (C) refers to evenness and clonal dominance.
The number of TCR clones identified in each repertoire is indicated. P values were calculated with two-tailed paired T-tests. (D) Relative
proportion of clonotypes with specific frequencies in cTIL vs sTIL from seven FF samples. (E) Venn diagrams show the overlap between cTIL and
corresponding sTIL TCR repertoires for each FF sample. The number of clonotypes in each compartment as well as the cumulative frequency of
shared clonotypes (ie, their relative contribution in each repertoires) for both cTIL (red) and sTIL (blue) repertoires are indicated. (F) Violin plots
depict the distribution of clonotypes frequencies. Colored lines connect the top 10 most-clonally expanded TCRs from cTIL (blue and green) or

sTIL (blue and red) repertoires in each repertoire.
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increasing focus on models suggesting that different subtypes of T
cells need to associate with different antigen presenting cells and
stromal components in order to optimally support anti-tumor immune
responses. Our approach will be helpful in addressing these questions

and optimize future therapies.
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