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Visium Spatial RNA Profiling Analytical Performance Report, version 1

1. Intended Use

Single cell RNA sequencing (scRNAseq) has become the definitive method for determining cell types and
cell states,’ but the method relies on dispersed single cells and thus information about cellular organization
in tissues and cell-to-cell relationships is lost. The advent of spatial transcriptomics addresses this
deficiency because these technologies enable transcriptome-wide quantification of RNAs in intact tissue
sections (reviewed by Tian et al.2). These methods are used to determine the cell-type composition and
architecture of tissues, to characterize cell-cell interactions, and to investigate molecular interactions such
as receptor-ligand pairs. We have focused our analysis on formalin-fixed paraffin embedded (FFPE)
samples because these are routinely collected as part of clinical diagnostics and because it enables the
analysis of archived biobank samples, including those collected on clinical trials. The probe-based Visium
system from 10x Genomics is well-suited to the study of FFPE samples because of its tolerance for the
degraded RNA caused by the fixation and embedding process. As shown in Figure 1A, the initial
incarnation of Visium used a low-resolution spatial barcode array for the analysis of multi-cell patches. The
denser Visium HD array shown in Figure 1B enables obtaining results that approach single-cell resolution.
We are reporting results for both Visium and Visium HD.
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Figure 1. Comparison of oligonucleotide barcode arrays for Visium and Visium HD. A. Visium.
6.5x6.5 mm capture area with 5,000 55-um barcoded spots at 100 ym center-to-center spacing. B.
Visium HD. 6.5x6.5 mm capture area with continuous lawn of 11,000,000 2-um barcoded squares. For
analysis, results from 2-ym squares are aggregated into 8x8 ym bins, which is roughly the size of a
single cell.

The following two trials assigned to DFCI have Visium listed and approved in the biomarker table:
e A151804 (Dr Kozono, PACT)
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e EA6194 (Dr Tahini, CIMAC)
There are three additional trials with Visium currently assigned to Mt Sinai, for which DFCI could serve as

a backup:
o CA027-005
o (GU16-257
e 10104

Table 1. Summary of analytical performance findings for Visium Spatial RNA Profiling

Accuracy

Accuracy was qualitatively assessed by comparing to the spatial
distribution of cell types in distinct morphological features determined by
single-cell proteomic detection (Figure 8). Accuracy was also assessed
by comparison to a scRNAseq dataset from the same tissue type
(Figures 6 and 7).

Precision

Precision was assessed by comparison of pseudo-bulk RNA expression
results from consecutive sections (Figure 4). As consecutive sections
are not identical in content or placement on the Visium spatial array, this
is only an approximation of precision.

Analytical sensitivity

The number of UMI (unique molecular identifier) counts is a measure of
transcript quantity. Sensitivity is reported as the number of UMI counts
per spot (Visium) or per 8 ym bin (Visium HD). More UMI counts
translate to more genes detected per spot or 8 um bin. For any
particular transcript, the detection limit is 1 UMI per spot or 8 um bin.

Analytical specificity
including interfering
substances

Specificity is determined by the probe design of 10x Genomics. Although
genomic DNA would be an interfering substance, its contribution to
experimental signal is essentially eliminated by rigorous mapping to the
transcript-specific probe set (see “Reads confidently mapped to probe
set” in Tables 3 and 4).

Reportable range

3 - 24,210 UMI counts per spot and 3 - 7,943 genes per spot for
Visium. 3 — 1,396 UMI counts per spot and 2 — 1,046 genes per 8 um
bin for Visium HD.

Reference interval (normal
range)

Not applicable.

Standardization,
harmonization,
reproducibility, and
ruggedness

Standardization and ruggedness have been achieved by using
commercial instrumentation and kits following the manufacturer’s
protocol.

Quality control and
improvement procedures

Observation of the expected size distribution for the amplified probe
library (Figure 3) is a prerequisite for proceeding with sequencing. The
parameters reported in Table 3 and Table 4 are compared to the
expected values provided by 10x Genomics to determine if each dataset
is suitable for further analysis.

Any other performance
data

None

2. Materials and Methods

Biological Specimens

FFPE excisional lymph node biopsy specimens stored in DF/HCC pathology archives were utilized for this
study. Prior to analysis, tissue sections were reviewed by an expert hematopathologist to confirm tissue
integrity and select representative field of interest for Visium spatial RNA profiling.

We report the data from a pilot of two adjacent sections of two follicular lymphoma excisional lymph node
biopsies using the Visium assay (n=4 tissue sections).
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Initial results were followed up by Visium HD analysis of 2 additional expert reviewed follicular lymphoma
(FL) cases with regions of both indolent (or typical) lymphoma and aggressive (or transformed) lymphoma.
Visium HD results were validated by single-cell protein detection.

Additional reference cohorts for comparison included previously generated single-cell transcriptomic data
from dissociated typical and transformed FL biopsies (n=10, one of which overlapped with a Visium HD
case).®

RNA Extraction

A 10-micron scroll was cut from each FFPE block for DV200 analysis. RNA from the scrolls was extracted
using the RNeasy FFPE Kit (Qiagen 73504) per manufacturer instructions, and RNA quality and quantity
were assessed using the RNA 6000 Pico Kit (Agilent 5067-1513) for the 2100 Bioanalyzer System.

Sectioning
Sample Deparaffinization & Probe Hybridization
Preparation Staining / Imaging & Ligation
FFPE tissue sections Deparaffin- |F or H&E Decrosslink Whole
(human or mouse) ization transcriptome
on standard glass slides probe-medisted

mMRNA detection

-15 h >1h -15h Overnight
Permeabilization, Probe Release, Probe Extension & Library
& Transfer to Visium Array Transfer to Tube Construction
1. Load slides on instrument Probe Extension, qPCR, SI-PCR,
: Elution & Pre-amp cleanup & QC
= b e
‘ . \ ./-- -\\
2. Brightfield image capture s (% W )
u '\\_\_5_/
3. RNA di%estlon. probe m e
release & capture A
— =1h ~2h ~3h

Figure 2. Visium and Visium HD CytAssist spatial gene expression for FFPE workflow.

The steps from tissue sectioning through sequencing library construction are shown in Figure 2. Tissue
was sectioned at a thickness of 5 microns from FFPE blocks onto Fisherbrand Superfrost Plus Microscope
Slides (Cat 12-550-15) in the DF/HCC BWH Pathology Core using RNase-free processing, as outlined in
the Visium user manual (CG000518). The DF/HCC BWH Pathology Core has expertise in tissue sectioning
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for spatial transcriptomics and proteomics with a dedicated workflow to ensure high-quality initial
processing. For the Visium pilot study, tissue sections were deparaffinized and hematoxalin and eosin
(H&E) stained in the Parry Laboratory at Dana-Farber following manufacturer’s instructions (CG000520).
H&E imaging was performed using the THUNDER Imager microscope in the DFCI Molecular Imaging Core.
For Visium HD, tissue sectioning was performed using the same methodology as above. Tissue
deparaffinization and H&E staining was done according to the Visium HD manual (CG000684) using the
staining solutions recommended by 10x Genomics. Whole Visium HD sections were imaged using a
Grundium Ocus 40 scanner in the DFCI Pathology Core Lab.

Visium Library Preparation and Sequencing

10x Genomics Visium slides, cassettes, transcriptome probes, and reagents were from the Visium
CytAssist for FFPE Spatial Gene Expression 6.5mm Human Kit (1000443) for the Visium pilot study and
the Visium HD, Human Transcriptome, 6.5 mm Kit (1000673) for the Visium HD follow-up study. The
detailed protocols for the following steps are in User Guide CG000495 for Visium and in User Guide
CG000685 for Visium HD. After assembling two slides with the deparaffinized and stained tissue sections
into a Tissue Slide Cassette, sections were de-stained and de-crosslinked, the human whole transcriptome
probe panel was added to slides, and probe pair hybridization to their complementary target RNA
proceeded overnight. Following washing, hybridized probe pairs were ligated. Following placement of the
tissue slides and Visium slide in the Visium CytAssist instrument, probe release and probe capture on
Visium slide were performed. The Visium slide was assembled into a Visium Cassette to perform probe
extension. Eluted barcoded ligation products were transferred to PCR tubes for subsequent amplification,
bead clean-up, and sequencing library preparation. The sequencing libraries were quantified using the
Bioanalyzer DNA High Sensitivity Kit (Agilent 5067-4626). The libraries were sequenced on the lllumina
NextSeq 1000 using P2-100cycle kits (20046811). The sequencing parameters for Visium libraries were:
Read 1: 28nt, Read 2: 50nt, Index 1: 10nt, Index 2: 10nt. The sequencing parameters for Visium HD libraries
were: Read 1: 43nt, Read 2: 50nt, Index 1: 10nt, Index 2: 10nt.

Data Processing

Raw sequencing reads from Visium and Visium HD assays were demultiplexed and processed using the
Visium SpaceRanger 3.0.0 (10x Genomics) and human transcriptome build GRCh38-2020-A. Manual
tissue alignment was used given the large sections being analyzed.

3. Results
QC for the Extracted RNA

Table 2. Metrics for RNA extracted from FFPE scrolls determined by Bioanalyzer
Sample ID DV200 Concentration (ng/pL)
Visium FL-DF-65 <30% 23.8
FL-DF-222 >70% 8.0
. FL-33 30-50% 36.0
Visium HD FL-14 <30% 18.7

DV200 is the percentage of total RNA fragments >200 nucleotides. 10x Genomics recommends that tissue
used with Visium or Visium HD should have a DV200 of >30%. As the results below show, we obtained
good results even with samples that had
DV200 <30%. This suggests that assessment
of DV200 is not a critical parameter in
selecting FFPE samples for Visium or Visium
HD analysis.

Figure 3. Quality control of
Visium and Visium HD
sequencing libraries. Agilent
Bioanalyzer traces showing
the fragment size distribution
QC for Visium and Visium HD Sequencing for each of the samples. L:
Libraries N = size ladder. 1: FL-DF-222-S1.
The Bioanalyzer trace (Figure 3) shows that 2: FL-DF-222-S2. 3: FL-DF-
all the sequencing libraries have the sizes 65-S1. 4: FL-DF-65-S2. 5. FL-
expected for amplification of the Visium (240 5= 1123256 33.6: FL-14.

bp) and Visium HD (250 bp) probes.
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Table 3. Recovery statistics for Visium samples
Visium sequencing FL-DF-65- FL-DF-65- | FL-DF-222- | FL-DF-222- Expected value
parameter S1 S2 S1 S2 P
Dependent on size
of tissue section,
Number of reads 70,291,375 | 71,426,902 | 182,484,849 | 146,394,050 | Placement ~ of
section on Visium
spatial array, and
sequencing depth
Numbelr of spots 1,525 2.040 4857 4677 Same as Number
under tissue of reads
Mean reads per spot 46,093 35,013 37,572 31,301 >25,000
Dependent on
Median UMI counts 2153 1,746 1,995 6,702 tlssu_e type, RNA
per spot quality, and
sequencing depth
Range of UMIcounts | 5_43 483 | 37,603 | 5-12577 | 7-24.210
per spot
Same as median
Genes detected 18,019 18,028 18,024 18,039 UMI counts per
spot
Median genes per Same as median
genes p 1,699 1,396 1,528 3,980 UMI counts per
spot
spot
S;c’)‘tge ofgenesper | 5 5984 | 3-4345 | 5-5741 | 7-7,943
Reads confidently 97.6% 93.1% 86.8% 97.6% | >50%
mapped to probe set
Valid barcodes 98.9% 98.4% 94.4% 98.9% >75%
Valid UMIs 100% 100% 100% 100% >75%
Fraction of reads in 89.8% 90.2% 99.3% 99.7% | >50%
spots under tissue
Dependent upon
Sequencin sequencing depth
quencing 93.6% 93.6% 93.6% 75.7% | and sample
saturation .
complexity but
should be >50%

For the pilot Visium analysis, we saw consistent metrics across runs, with reads and genes correlating to
areas of tissue in the captured region of interest contained in the set. The higher number of reads and spots
seen for the larger of the two tissue sections (FL-DF-222) compared to the smaller section (FL-DF-65) was
expected. Reads confidently mapped to probe sets were >85% across all runs, valid barcodes were >95%,
and valid UMIs were at 100%. Sequencing saturation was >75%.

Table 4. Recovery statistics for Visium HD samples

Visium HD sequencing parameter FL-33 FL-14 Expected value
Dependent on size
of tissue section,
placement of

Number of reads 472,221,805 454,675,706 section on Visium

HD spatial array,
and sequencing
depth
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Numbelr of 8 ym binned squares 701,837 582,846 Same as Number of
under tissue reads
Dependent upon

Mean reads per 8 um bin 672.8 780.1 sequencing depth
and sample
complexity
Dependent on

Mean UMIs per 8 um bin 167.6 2227 tissue type, RNA
quality, and
sequencing depth

Range of UMIs per 8 um bin 3-1071 3 - 1396

Genes detected 18,071 18,056 Same as mean UM
counts per spot

Mean genes per 8 um bin 156.7 201.3 Same as mean UMI
counts per spot

Range of genes per 8 ym bin 2-898 2-1046

SReetads confidently mapped to probe 97 4% 97 2% S50%

Valid barcodes 89.0% 89.5% >75%

Valid UMIs 99.7% 99.7% >75%

Fraction of 8 um bins under tissue 99.9% 83.0% >50%
Dependent upon
sequencing depth

Sequencing saturation 70.7% 66.3% and sample
complexity but
should be >50%

For the Visium HD analysis, we similarly achieved excellent results, with sequencing saturation of 70.7 and
66.3% with sequence depth of 472M and 455M reads. Reads confidently mapped to probe sets were >97%,
valid barcodes were

approximately 89%, and -1.00 Figure 4. Comparison

valid UMIs were >99%. A roraz of data from
i i .
-0.98 § consecutive
Visium Analysis FL-DF-222 _ %2 sections. Comparison
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con;ecutlve sections. Firet Slice s B g distinguishes cases
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B T cell/FRC/Extrafoll B
FDC/B follicle

% B cell other

M LN capsule 1
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Figure 5. Leiden clustering of adjacent tissue sections. Leiden clustering of transcriptomic data
from FL-222-S1 (A) and FL-222-S2 (B) on tissue sections. FRC - fibroblastic reticular cell; Extrafoll B —
extrafollicular B cell; FDC — follicular dendritic cell; LN — lymph node

Identification of cell neighborhoods. FL by definition replaces the normal lymph node architecture with
neoplastic follicles of varying cell sizes yet often retains many spatially distinct anatomical structures of
normal lymph nodes, including the T-cell zone.*® Recent literature has increasingly identified core features
of the microenvironment and stromal populations that are altered in FL.58 Furthermore, the
microenvironment is known to have an important role in supporting survival of malignant cell types.
Therefore, FL is an ideal setting of a disrupted lymph node microenvironment to deploy spatial profiling.
Figure 5 shows Leiden clustering® applied to Visium tissue results to define cell neighborhoods. In FL-DF-
222-S1, three major neighborhoods were detected. In FL-DF-222-S2, two additional neighborhoods were
identified because a slight shift in tissue orientation enabled capture of lymph node capsular cell types.
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Figure 6. scRNAseq reference. UMAP of identified cell types (key, right) with major cell lineages
shown in circles (A). Dot plot (B) showing marker genes (bottom) for each cell type (left), representing
9 major cell lineages (top). Marker genes: PECAM1, LYVE1, CR2, FDCSP, CXCL13, COL1A1,
CCL21, LYZ, APOE, GPNMB, CHIT1, C1QA, C1QB, MRC1, CD163, CXCLY, IL1B, NCAM1, NKG7,
FGFBP2, ACTA2, CD3D, CD8A, CD4, CCR7, GZMK, FNG, TGFB1, TOX, PDCD1, CXCR5, FOXP3,
CD1C, LILRA4, IRF7, CXCL8

Comparison to FL cell types. We had previously annotated cell types within the FL lymph node tumor
microenvironment by scRNAseq of six FL biopsies and four biopsies in which FL had transformed to
aggressive lymphoma (tFL), identifying >47,300 malignant and approximately 24,000 non-malignant cells.3
Clustering of non-malignant cell types identified nine major cell lineages with sub-clustering revealing
additional immune and stromal cell diversity (Figure 6). (Included in this single-cell reference was FL-33,
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Figure 7. Marker gene in Visium data.
RNA expression level of follicular

dendritic cell marker gene CLU in tissue
map for FL-222-S1 from Figure 5A.

one of the two Visium HD cases.) An
indication of Visium sensitivity is that
transcripts from all the marker genes
listed in Figure 6B were detected in
Visium results and were localized to
the appropriate neighborhoods. As
an example, Figure 7 shows
detection of the follicular dendritic cell
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FL-222-S2
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Figure 8. scRNAseq
gene signatures in
Visium data.
Normalized
scRNAseq gene
signature scores for
follicular dendritic
cells (FDC), B cells,
and T cells projected
on tissue map for
zoomed in regions of
the tissue sections
shown in Figure 5.

(FDC) marker CLU in FDC/B follicle neighborhoods. Utilization of gene scores from transcriptional
populations identified by scRNAseq (e.g., B cell tumor signature) as well as lineage-specific marker genes
confirmed cell-neighborhood identities assigned by marker genes. All expected major cellular populations
were mapped to spatial data, although the limited resolution of Visium precluded clear identification of
interspersed small vessels, endothelium and pericytes. Figure 8 shows that the localization of gene

signature scores are reproducible across adjacent sections.
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Visium HD Analysis

Validation of cell type populations by comparison to CODEX proteomic results. We next performed Visium
HD analysis of two cases in which we captured FL adjacent to regions of FL transformation to diffuse large
B cell lymphoma (DLBCL) histology, or tFL. Thus, we captured two lymphoma microenvironments in a
single captured Visium section. In these cases, an expert hematopathologist reviewed and annotated the
assigned histology on matching H&E-stained section. Consistent with our prior single-cell and bulk
transcriptional data,® we found disruption of the follicular structure on transformation with expanded
fibroblastic and macrophage/monocyte populations and reduced CD4+ T cells (Figure 8A). Major
populations were validated with single-cell proteomic analysis by CODEX'0 using a 41-marker protein panel
(Figure 8B). Further evidence of the concordance of Visium HD and CODEX results is that all the
transcripts encoding the CODEX set of proteins were detected by Visium HD in the appropriate
neighborhoods. The improved resolution of Visium HD allowed improved capture of defined neighborhoods
and structures and allowed us to identify cytokine-signaling interactions and colocalization of macrophages,
fibroblasts and pericytes in transformed FL (Figure 8C-correlation plot, Figure 8D-colocalization).

FL+FDC T-cell zone

Visium
CODEX

M2-like
Macrophage

Stromal

C Neighborhood enrichment D

FL+FDC
T-cell zone
Endothelial

RBC
Pericyte
Fibroblast
Macrophage
tFL

’
25

B-cell Macrophage Fibroblast Pericyte
Figure 9. Visium HD in case FL-14 with admixed FL and tFL. A. Visium clustering across
transformed FL regions (bottom of section) and indolent FL (top of section). FL: follicular lymphoma;
FDC: follicular dendritic cells; tFL: transformed follicular lymphoma. B. Single-cell proteomic analysis
by CODEX identifies cell types in adjacent tissue slice. C. Correlation matrix documents proximity of
fibroblasts, pericytes, and macrophages. The normalized neighborhood enrichment score plotted in the
figure quantifies the frequency that two cell types are neighbors normalized by the expected frequency
if randomly distributed. D. Magnified section shows co-localized populations of macrophages,
fibroblasts , and pericytes in tFL region.
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