Science Advances
RAYAAAS

Supplementary Materials for

Spatial multiplex analysis of lung cancer reveals that regulatory T cells
attenuate KRAS-G12C inhibitor—induced immune responses

Megan Cole et al.

Corresponding author: Julian Downward, julian.downward@crick.ac.uk;
Febe van Maldegem, f.vanmaldegem@amsterdamumec.nl

Sci. Adv. 10, eadl6464 (2024)
DOI: 10.1126/sciadv.adl6464

This PDF file includes:

Supplementary Text
Figs. S1to S8
Table S1
References



SUPPLEMENTARY MATERIALS

In vivo drug study and imaging mass cytometry

IMC data was published previously in van Maldegem, et al. (9) for dataset 1 and Mugarza, et
al.(8) for dataset 2 In brief, 106 ANRAS 3 Lewis lung carcinoma cells (38) were injected into
the tail vein of 9-11 week old C57BL/6 mice. Following 3 weeks, mice were treated with
either 50mg/kg MRTX1257 or Vehicle for 7 consecutive days. Mice were sacrificed on day 8
and lungs were harvested and frozen. Tumors of 3 mice from each treatment group for
dataset 1 and 4 mice from each treatment group for dataset 2 were processed for imaging
mass cytometry. Tissue slices were stained with a cocktail of antibodies conjugated to heavy
metal isotopes and images were obtained using a Hyperion Imaging Mass Cytometer
(Standard BioTools). Different antibody panels were used for the generation of datasets 1
and 2 (Supp Figure. 13, b). In total, 6 images were acquired from both Vehicle and
MRTX1257 groups for dataset 1, and the Vehicle group for dataset 2, and 5 images were
acquired from the MRTX1257 group for dataset 2. Further information regarding the in vivo
study, tissue processing, antibody staining, and image acquisition can be found in van

Maldegem, et al., 2021 (9).

Image segmentation
Segmentation for the image sets from cohorts 1 and 2 was carried out using CellProfiler
v3.1.9, including custom modules by Bodenmiller

(https://github.com/BodenmillerGroup/ImcPluginsCP) and Ilastik v1.3.3b1. For cohort 1, a

sequential segmentation pipeline was run to identify individual cells from the IMC images. In
brief, probability maps were created in llastik for the separate identification of lymphocytes,
macrophages, fibroblasts, tumor cells and endothelium, while remaining cell objects were
identified using a nuclei expansion of 1-pixel. This pipeline also involved domain
segmentation through generation of domain probability maps, enabling normal lung tissue,
tumor tissue, and the interface region between normal and tumor sections to be identified.
See van Maldegem et al.(9) for further details on the sequential segmentation strategy. For
cohort 2, a segmentation pipeline was run which involved a 1-pixel expansion from the
cellular nuclei to identify the cell objects. This method did not involve generation of domain

information per tissue. For generation of both datasets, segmentation was run using imcyto


https://github.com/BodenmillerGroup/ImcPluginsCP

(https://github.com/nf-core/imcyto). See ‘Data availability’ for details of CellProfiler

modules used and project files generated for both segmentation methods.

Normalisation, scaling, and clustering

Expression values for each marker were normalised to the mean intensity of Xenon134.
Following this, the data for each image across both treatment groups was concatenated,
creating a size of 282,837 cells for dataset 1 and 626,070 cells for dataset 2. Each channel
was then scaled to the 99t percentile. Mean pixel intensity of 17 cellular markers for
dataset 1 (aSMA, B220, CD103, CD11c, CD3, CD44, CD45, CD4, CD68, CD8, EPCAM, F480,
LY6G, MHCII, NKp46, PECAM, PVR) and 14 cellular markers for dataset 2 (aSMA, B220,
CD103, CD11c, CD3, CD44, CD45, CD4, CD68, CDS, F480, Foxp3, MHC-Il and NKp46) were
used for clustering using Rphenograph (73) with k=20 to identify 30 clusters for dataset 1
and 33 clusters for dataset 2. These clusters formed the basis to identify cell types present
in the tissue, including tumor, lymphocytes, myeloid cells, fibroblasts, and endothelium.
More details available in van Maldegem et al. (9) for dataset 1 and Mugarza et al. (8) for

dataset 2.

Validation of method to identify communities

For validation using different input parameters, clustering was run on the neighbourhood
proportion information for dataset 1 with a k-input value of 250 to produce 62 communities
(as described in ‘Community detection’ section) and repeated for a k-input value of 350 to
yield 47 communities. A tSNE was then used for dimensionality reduction of the cell type
proportions contributing to each of the total 109 communities.

For validation across datasets, only the neighbourhood proportion values for the cell types
that were shared across datasets 1 and 2 were used, comprising B cells, Dendritic cells,
Dendritic cells CD103, Fibroblasts, Macrophages type 1, Macrophages type 2, NK cells, T
cells CD4, T cells CD8, T reg cells and Tumor cells. Although both datasets contained cells
labelled as Unclassified, they were not included in this analysis due to not being associated
with a particular cell phenotype, rather lack of, and therefore could not be directly
compared across the two datasets. These neighbourhood proportion values were clustered
using Rphenograph with a k-input value of 250, for dataset 1 and 2 separately to yield 18

communities for both dataset 1 and dataset 2 after agglomeration. tSNE was then used for
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dimensionality reduction of the cell type proportions contributing to each of the total 36

communities.

Flow cytometry

Mouse lung tumors were cut finely and incubated with digestion solution (collagenase 1
mg/ml; ThermoFisher and DNase | 50 U/ml; Life Technologies) at 37°C for 45 minutes. Cells
were then filtered through 70 um strainers (Falcon) and red blood cells were lysed using
ACK buffer (Life Technologies). After washes in PBS, cells were stained with fixable viability
dye eFluor870 (BD Horizon) for 30 minutes at 4°C and blocked with CD16/32 antibody
(BioLegend) for 10 minutes. Samples were then washed three times in FACS buffer (2 mM
EDTA and 0.5% bovine serum albumin in PBS, pH 7.2) before staining of surface markers
using fluorescently labelled antibody mixes (See Supplementary Table 1). Cells were fixed
with a Fix/lyse solution (eBioscience) after staining. If intracellular staining was carried out,
cells were instead fixed with Fix/Perm solution (Invitrogen), followed by intracellular
antibody staining. Samples were then resuspended in FACS buffer and analysed using a

FACSymphony analyser (BD). Data was analysed using FlowJo.
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Supplementary Figure 1

A second dataset validates the reproducibility of identifying spatial communities.

a)

d)

Panel of a) 27 antibodies for dataset 1 and b) 21 antibodies for dataset 2 that identify
multiple cell types across lymphocyte, myeloid, tumor and stromal compartments, as
well as immune checkpoint markers and cell phenotypic markers including for
detection of proliferation and apoptosis. Additional antibodies for the dataset 2 panel
(b) include LAG-3 for identifying exhausted T cells, MHC-I and CXCL9, a
chemokine associated with T cell attraction.

Percentage distribution of cell types contributing to 62 spatial communities identified
from Rphenograph clustering of neighborhood information with k=250. Dendrogram
of how 62 communities were agglomerated to 18 communities, with the 18
community point boxed in red.

Percentage distribution of all cell types assigned to each of the 18 communities
following clustering of neighborhood information for dataset 1.

Percentage distribution of all cell types assigned to each of the 18 communities
following clustering of neighborhood information for dataset 2.

tSNE plot of the 18 communities generated for dataset 1 and 18 communities
generated for dataset 2 following Rphenograph clustering based on the proportion of

only the cell types shared across both datasets within the neighborhood of each cell.
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Supplementary Figure 2

Identification of spatial communities better captures of tissue organization than cell

type alone.

a)

g)

h)

Cell count of community relative to cross section through the tissue, where 0
represents the center point of the tumor for community a) 18 b) 10, ¢) 2 and d) 3, for
Vehicle (left) and MRTX1257 (right) treatment settings.

Percentage distribution of all 18 communities across normal, interface and tumor
domains of the tissue for dataset 1.

Hierarchical clustering of community proportion per ROI for dataset 2, with use of
dendrogram to show relationships between similar ROIs, similar communities, and
community distribution across the treatment groups.

Pearson correlation calculation of the proportion of Dendritic cells CD103 and T cells
CD8"in each of the 18 communities for dataset 1.

Pearson correlation calculation of the proportion of Dendritic cells CD103 and T cells
CD8"in each of the 12 ROIs for dataset 1.

Pearson correlation calculation on the proportion of each cell type pair within each
ROIL *=p <0.05, ** =p <0.01, *** =p <0.001. Cell types clustered based on

correlation value.
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Supplementary Figure 3

Both datasets yield similar CD8+ T cell rich communities.

a) Number of CD8" T cells assigned to each community, with bars colored by
distribution of those cells across Vehicle and MRTX1257 treatment groups for a)
dataset 1 and b) dataset 2.

¢) Percentage distribution of cell types shared across datasets 1 and 2 contributing to
T/NA, T/M1, T/DC, T/M2_1 and T/M2_2 communities.

d) Percentage distribution of all CD8" T cells in dataset 1 and 2 across T/NA, T/M1,
T/DC, T/M2_1 and T/M2_2 communities and all ‘other’ communities.

e) Distribution of all cells assigned to T/NA, T/M1, T/DC, T/M2_1 and T/M2 2
communities across Vehicle and MRTX1257 treatment groups, relative to the
proportion of each treatment group across the whole cohort size for dataset 1 (left)
and dataset 2 (right).

f) Percentage of all CD8" T cells found in the top 5 communities, colored by their
distribution across each of the top 5 communities in Vehicle and MRTX1257
treatment groups, for dataset 1 (left) and dataset 2 (right).

g) Visualization of cell outlines for cells assigned to community T/M1, from Vehicle and

MRTX1257 treatment groups of datasets 1 (left) and 2 (right).
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Supplementary Figure 4

Spatial communities abundant in CD8+ T cells express different phenotypic markers.

a) Mean expression of a) PD-L1 and b) MHC-II on macrophages type 1 and type 2 for

c)

d)

dataset 1 (left) and dataset 2 (right) in T/NA, T/M1, T/DC, T/M2_1 and T/M2 2
communities for Vehicle and MRTX1257 treatment groups, values were log2 scaled.
Mean expression of PD-L1 on dendritic cells and dendritic cells CD103 in
communities A-E for Vehicle and MRTX1257 treatment groups, values were log2
scaled.

Mean expression of MHC-II on dendritic cells and dendritic cells CD103 for dataset 1
(left) and dataset 2 (right) in T/NA, T/M1, T/DC, T/M2_1 and T/M2_2 communities
for Vehicle and MRTX1257 treatment groups, values were log2 scaled.

Mean expression of e) Ki67 and f) cleaved-caspase 3 (c-casp3) on tumor cells in
communities C, D and E following treatment with MRTX1257 for dataset 2, values

were log2 scaled.

g) Mean expression of PD-1 on g) CD8" T cells for dataset 2, h) CD4" T cells for

1))

k)

dataset 1 (left) and dataset 2 (right) and i) regulatory T cells for dataset 1 (left) and
dataset 2 (right) in T/NA, T/M1, T/DC, T/M2_1 and T/M2_2 communities for
Vehicle and MRTX1257-treated groups.
Mean expression of LAG-3 on T cells CD4",T cells CD8"and T reg cells in
communities A-E for Vehicle and MRTX1257 treatment groups, values were log2
scaled.
Percentage of PD-1" CD8" T cells that are positive for LAG-3 expression (based on a
mean expression threshold of 0.5), across T/NA, T/M1, T/DC, T/M2 1 and T/M2 2

communities following MRTX1257treatment.
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Supplementary Figure 5

The T/DC community may host anti-tumoral immune responses.

a) Minimum distance of dendritic cells and CD103" dendritic cells that have ‘low’ or

c)

d)

‘high” CXCL9 expression (based on a threshold of 0.5) to PD-1" CD4" T cells and b)
regulatory T cells, within 800 pixels in the T/DC community, distance values were
log2 scaled.
Number of times a cleaved-caspase 3" (c-casp3 ™) tumor cell is found in the 15-pixel
neighborhood of a CD8" T cells within T/DC, T/M2_1 or T/M2_2 communities
following MRTX1257 treatment for dataset 1 (left) and dataset 2 (right). Values
averaged across ROIs.
Number of times a c-casp3™* tumor cell is found in the 15-pixel neighborhood of a
CD4" T cell (left) and regulatory T cell (right), within the T/DC community, compared
across Vehicle and MRTX1257 treatment groups for dataset 2. Count is relative to the
proportion of tumor cells that were c-casp3” in Vehicle vs MRTX1257 treatment
groups and averaged across ROIs.
Log2 fold changes in enrichment from neighbouRhood analysis for CD8" T cells in e)
T/NA, f) T/M1, g) T/M2_1 and h) T/M2_2 communities, following treatment with
MRTX1257. Filled circles represent images from which enrichment value was
statistically significant compared to randomization of the spatial arrangements within

all top 5 communities following treatment with MRTX1257.

h) Proportion of regulatory T cells contributing to each of the 18 original communities

i)

for dataset 1.
Count of regulatory T cells in the top 5 communities, split by Vehicle and

MRTX1257 treatment groups for dataset 1 (left) and dataset 2 (right).
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Supplementary Figure 6

Treg presence or absence differentiates in local interactions of CD8" T cells.

a)

b)

Percentage of CD8" T cells within the ‘Tregs’ and ‘No Tregs’ neighborhoods of T/DC
community in MRTX1257 treatment group, averaged across ROIs.

Heatmap of the enrichment scores from neighbouRhood enrichment analysis of each
cell type in the neighborhood of every other cell type in the ‘Tregs’ or ‘No Tregs’
neighborhood for T/DC community in MRTX1257 treated samples. Score calculated
individually per ROI and summed together.

Log2 fold changes in enrichment from neighbouRhood analysis for CD8" T cells in
‘Tregs’ (top) and ‘No Tregs’ (bottom) neighborhoods within T/DC community
following treatment with MRTX1257. Filled circles represent images from which
enrichment value was statistically significant compared to randomization of the
spatial arrangements within T/DC community following treatment with MRTX1257

for dataset 2.

d) Number of times a c-casp3” tumor cell is found in the 15-pixel neighborhood of a

CD4" T cell within T/DC community, compared across ‘Tregs’ and ‘No Tregs’
neighborhoods in dataset 2, averaged per ROI following MRTX1257 treatment. Count
is relative to the proportion of tumor cells that were c-casp3™ in ‘Treg’ vs ‘No Treg’
groups.

Log2 fold changes in enrichment from neighbouRhood analysis for ¢) CD8" T cells
and f) CD4" T cells in ‘Tregs’ (top) and ‘No Tregs’ (bottom) neighborhoods within
T/M2_2 community following treatment with MRTX1257. Filled circles represent
images from which enrichment value was statistically significant compared to
randomization of the spatial arrangements within the T/M2 2 community following

treatment with MRTX1257 for dataset 2.
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Supplementary Figure 7

Seven spatial communities can be identified as Treg rich in human non-small cell lung

cancer.

a)

b)

d)

g)

Proportion of cell subtypes assigned to each of the ten spatial communities. 139 tumor
cores from 68 patients.

Density of spatial cellular communities detected in LUAD and LUSC tumor cores. 70
LUAD cores from 40 patients, 51 LUSC cores from 23 patients.

Correlation between density of stroma-localized T cell subtypes detected using the T
cells & Stroma antibody panel and cell density of ten spatial communities detected
using the Pan-immune antibody panel. 47 LUSC tumor cores from 22 patients. LMEM
testing the association between T cell density and cell density of communities.
Analysis of variance test comparing the LMEM to the null model, *:p < 0.05.
Proportion of LUSC tumor cores that contain at least 25 cells/mm? of Treg
communities (p!_C6, pl C7,pl Cl6,pl CI17,pl C23, pl C27)and p2 CI:
Tumour border communities. 47 LUSC tumor cores from 22 patients.

Per-image median distance between cells of a community and their nearest tumor cell
cluster. 51 LUSC tumor cores from 23 patients.

Spearman correlation between Treg community density and total harmonized tumor
mutational burden. 69 LUAD cores from 40 patients.

Scaled proportion of CD8* T cells, CD4" T cells and Treg cells expressing phenotypes
of interest. Color scales indicate proportion of cells considered positive, defined by a
threshold. B2-microglobulin (B2M) is expected to be expressed on all nucleated cells,
therefore this threshold indicates high or low expression (72). 51 LUSC tumor cores

from 23 patients.



h) Spearman correlation between Treg community density and total harmonized tumor

mutational burden. 70 LUAD cores from 41 patients.
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Supplementary Figure 8

Changes to the tumor microenvironment in response to Treg depletion.

a)

d)

g)

h)

Tumor volume changes after a) two weeks and b) three weeks of treatment as
measured by pCT scanning, for MRTX847+anti-PD-1 and MRTX849-+anti-PD-
I+anti-CTLA-4 treatment groups.

Volume changes between 1% and 2™ week of treatment for individual tumors plotted
per mouse. Asterisks indicate point to long-term survivors.

Percentage of all CD45" cells identified as CD8" T cells (gated as CD45" CD3*
CD8") measured by flow cytometry. Data are mean values = SD. Each dot represents
a mouse. Statistics were calculated using one-way ANOVA.

Percentage of CD8" T cells that are PD-1" and CD39" measured by flow cytometry in
the tumor. Data are mean values + SD. Each dot represents a mouse. Statistics were
calculated using one-way ANOVA.

Distribution of CD8" T cells in the tumor that are TCF1*, PD-1"TCF1-, PD-
1"TIM3°VCD39'"°% and PD-1"TIM3"ehCD39"ieh across treatment groups.

CD86 expression in cDCls in the tumor measured by flow cytometry (gMFI;
geometric mean fluorescence intensity). Data are mean values + SD. Each dot
represents a mouse. Statistics were calculated using one-way ANOVA.

Log? fold changes in enrichment from neighbouRhood analysis for CD8+ T cells in
MRTX+anti-PD-1 and MRTX+anti-PD-1+anti-CTLA-4 treated tumors. Filled circles
represent images from which enrichment value was statistically significant compared
to randomization of the spatial arrangements within each ROI. Each dot represents
one ROL

Percentage of all CD45" cells identified as regulatory T cells (gated as CD45" CD3*

CD4" Foxp3") measured by flow cytometry in the tumor draining lymph nodes. Data



1))

K)

are mean values + SD. Each dot represents a mouse. Statistics were calculated using
one-way ANOVA.

Histogram of CTLA-4 expression on FOXP3" Tregs following MRTX849 treatment
in the tumor (blue) or tumor draining lymph node (brown).

Percentage of CD4" T cells, CD8" T cells and Treg cells that are PD-1" and 1) Ki67*
measured by flow cytometry in the lymph nodes. Data are mean values = SD. Each
dot represents a mouse. Statistics were calculated using one-way ANOVA.

Asterisks: stats between samples, Hashtag, stats compared to vehicle.



Protein Clone Fluorophore Reference Source

CD3 17A2 FITC 100204 BioLegend
CD45 30-F11 PerCP 103129 BiolLegend
Foxp3 FJK-16s eF660 50-5773-82 eBioscience
CD44 IM7 BVv421 103040 BiolLegend
CD69 H1.2F3 BV605 104529 BioLegend
CD62L MEL-14 BV711 104445 BiolLegend
PD-1(CD279) 29F.1A12 BV785 135225 BioLegend
CD8a 53-6.7 BUV395 563786 BD Horizon
CD4 GK1.5 BUV737 612761 BD Horizon
TIM3 (CD366) RMT3-23 PE 119703 BiolLegend
LAG-3 (CD223) C9B7W PE-Cy7 125225 BioLegend
CTLA4 (CD152) UC10-4B9 BV421 106312 BiolLegend
TIM3 (CD366) RMT3-23 BV605 119721 BioLegend
Ki67 B56 BV711 563755 BD Horizon
TCF1/TCF7 C63D9 PE 14456 Cell Signaling
CD39 24DMS1 PE-Cy7 25-0391-80 eBioscience
MHCII (I-A/I-E) M5/114.15.2 FITC 107605 BioLegend
CD103 2E7 BVv421 121421 BioLegend
CD24 M1/69 BV605 101827 BiolLegend
CD86 GL-1 BV785 105043 BiolLegend
CD11c HL3 BUV395 564080 BD Horizon
CD11b M1/70 BUV737 612801 BD Horizon
PD-L1 (CD274) 10F.9G2 PE 124308 BioLegend
FcgRI (CD64) X54-5/7.1  PE-Cy7 139313 BiolLegend

Supplementary Table 1. Antibodies used for flow mass cytometry
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