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ABSTRACT

Visualization of the transcriptome in situ has proven
to be a valuable tool in exploring single-cell RNA-
sequencing data, providing an additional spatial di-
mension to investigate multiplexed gene expression,
cell types, disease architecture or even data driven
discoveries. In situ sequencing (ISS) method based
on padlock probes and rolling circle amplification
has been used to spatially resolve gene transcripts in
tissue sections of various origins. Here, we describe
the next iteration of ISS, HybISS, hybridization-based
in situ sequencing. Modifications in probe design al-
lows for a new barcoding system via sequence-by-
hybridization chemistry for improved spatial detec-
tion of RNA transcripts. Due to the amplification of
probes, amplicons can be visualized with standard
epifluorescence microscopes for high-throughput ef-
ficiency and the new sequencing chemistry removes
limitations bound by sequence-by-ligation chemistry
of ISS. HybISS design allows for increased flexibility
and multiplexing, increased signal-to-noise, all with-
out compromising throughput efficiency of imaging
large fields of view. Moreover, the current protocol is
demonstrated to work on human brain tissue sam-
ples, a source that has proven to be difficult to work
with image-based spatial analysis techniques. Over-
all, HybISS technology works as a targeted amplifica-
tion detection method for improved spatial transcrip-
tomic visualization, and importantly, with an ease of
implementation.

INTRODUCTION

The field of spatially resolved transcriptomic technologies is
emerging as a vital tool to profile gene-expression, continu-

ously pushing current methods to accommodate larger gene
panels and larger areas without compromising through-
put efficiency. In the era of single-cell transcriptomics,
large quantities of data from single-cell RNA-sequencing
(scRNA-seq) has revealed the true transcriptomic diversity
of cell types within organisms in high detail with such tech-
nologies becoming more accessible to laboratories around
the world (1-3). The exponential growth of sequencing large
numbers of cells within the last decade has allowed for a sys-
tematic assignment to defining cell types, cell states or tran-
sitions between them more clear (4-6). Capturing only static
states of cells has been one drawback to sequencing meth-
ods and implementation of computational methods trying
to overcome this are currently being used, even with in situ
hybridization data (7-9). However, one major drawback to
scRNA-seq methods that would be difficult to solve com-
putationally is that it requires the cellular dissociation of a
tissue to collect cells which could lead to under sampling
of vulnerable cell types and more importantly, any spatial
context of a cell within a given tissue being lost.

The field of spatial transcriptomics, assigning transcripts
a positional location in situ, has emerged as a vital tool in
the validation of scRNA-seq data and exploring the tran-
scriptomic profiles and cellular architecture across tissues.
In situ hybridization technologies have come a long way and
large consortium efforts are realizing the importance of not
only being able to define all the cell types within a human
being but also giving them a spatial position in the form of a
human cell atlas (10,11). Image-based transcriptomics have
shown the possibility to detect a various range of gene num-
bers within tissue sections to different degrees of sensitivity
and accuracy (12-14), some used to explore data driven dis-
coveries of biological studies such as behavior based cellular
changes (15,16).

Spatial distribution of RNA transcripts for cell-type
mapping can give further understanding to arrangement of
complex tissues (16-18). Multiplexed in situ hybridization
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offers the possibility to explore cellular diversity at sub-
cellular resolution in an upscaled approach. As an exam-
ple, our lab has developed in situ sequencing (ISS) to be
used to detect RNA isoforms (19), transcriptomic distribu-
tion (20), and cell typing across tissue sections (21). The es-
tablished ISS method based on barcoded padlock probes
(PLPs) and amplification through rolling circle amplifica-
tion (RCA) has shown robust detection of RNA for various
applications, however, further improvements are needed to
meet the upscaling demands to explore cellular diversity of
scRNA-seq data across large tissue areas of various origins.

Here, we demonstrate an improved ISS method based on
the principles of PLPs and RCA to overcome the inherent
limitations of current ISS to address the requirements to in-
vestigate spatial mapping of larger gene panels across entire
tissue sections. The second iteration of the ISS method uses
a sequence-by-hybridization (SBH) chemistry approach to
define the location of mRNA molecules within tissue (Hy-
bISS: hybridization-based in situ sequencing). The unique
feature of the ISS method is the probe amplification and the
integrated barcoding system that can be decoded across se-
quential rounds of probing, imaging and stripping. Specif-
ically, the HybISS method takes a new approach to com-
binatorial barcoding, allowing for more robust detection of
molecules and its ability to spatially resolve gene expression
in situ has been upscaled, supporting the accommodation
of larger gene panels, which was one of the main limitations
of the sequence-by-ligation (SBL) methods of ISS (20,22).
Here, we present HybISS along with an example applica-
tion to demonstrate the possibility to explore the architec-
ture of human brain tissue and whole mouse brain coronal
sections. This results in data sets that can be used to fur-
ther improve image-based spatial analysis methods such as
transcript-spot calling, cell segmentation, and cell typing.
Overall, HybISS has benchmarked higher than SBL-based
ISS, expanding the possibilities of high-throughput image-
based in situ transcriptomics.

MATERIALS AND METHODS
Protocol

A step-by-step protocol can be found online at pro-
tocols.io and is updated with any modifications:
dx.doi.org/10.17504 /protocols.io.xy4fpyw (Version 1).

Gene selection

Gene panels were curated both manually and computa-
tionally. The panels were based on scRNA-seq data from
mouse primary visual cortex (5) and human middle tempo-
ral gyrus (23,24). Gene list panels were generated as part
of the Chan Zuckerberg Initiative SpaceTx Consortium,
Working Groups 2 and 3. From the curated ranked gene
list, a subset was selected to develop and perform HybISS.

Probe design

Oligonucleotides for PLPs, bridge-probes, detection read-
out probes, and anchors were ordered from Integrated
DNA Technologies (IDT) or IBA Lifesciences. Stocks of
100 wM (TE buffer, pH 8.0) for bridge-probes and detection
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readout probes were stored at —20°C. PLPs were ordered
as large pools and phosphorylated with T4 Polynucleotide
Kinase (New England Biolabs). Sequences of oligonu-
cleotides can be found in Supplementary Table S1. Target
sequences for the selected genes were obtained using in-
house Python padlock design software package that uti-
lizes ClustalW and BLAST+ (https://github.com/Moldia/
multi_padlock _design) with the following parameters: arm
length, 15; Tm, low 65, high 75; space between targets, 15.
After target sequences were obtained, five targets were se-
lected randomly per gene. If fewer targets were found then
only those were selected. The backbone of the PLPs in-
clude a 20 nucleotide (nt) ID sequence obtained from the
Affymetrix GenFlex Tag 16K Array and a 20 nt sequence
‘anchor’ that is common among subsets of PLPs, a to-
tal six of these anchor sequences were used, but were not
used for decoding and served only as linker sequences in
this study. The decoding scheme for then designing bridge-
probes was generated via an in-house MATLAB script that
specifies number of positions and minimum base difference
between two individual barcodes, hamming distance set to
two for five cycles of decoding (https://github.com/Moldia/
iss-analysis/tree/master/lib/barcode).

Tissue collection and preparation

All animal procedures were approved by the Institutional
Animal Care and Use Committee at the Allen Institute for
Brain Science (Protocol No. 1511). Mouse tissue was ob-
tained from the Allen Institute for Brain Science under the
SpaceTx consortium. Fresh whole mouse brain tissue cry-
opreserved in optimal cutting temperature (OCT) media
was stored at —80°C until sectioning. Tissue was sectioned
with a cryostat (CryoStar™ NX70) at 10 wm and collected
on SuperFrost Plus microscope slides.

Human postmortem tissue collection and processing was
performed as previously described in Hodge et al. (24), in
accordance with the provisions of the United States Uni-
form Anatomical Gift Act of 2006 described in the Califor-
nia Health and Safety Code section 7150 (effective 1 Jan-
uary 2008) and other applicable state and federal laws and
regulations. Human tissue was received from the Allen In-
stitute for Brain Science under the SpaceTx consortium. 10
pm thick sections were received already mounted on adhe-
sive microscope slides on dry ice and stored at —80°C until
used. Tissue from —80°C was first allowed to reach room
temperature (RT) (~5 min) before 3% (v/v) formaldehyde
fixation (5 min for mouse, 30 min for human tissue).

HybISS

We refer to the accompanying www.protocols.io link for an
in-depth protocol on the method, reagents used and their
concentrations. Reverse transcription: After fixation, sec-
tions were permeabilized with 0.1 M HCI for 5 min and
washed with PBS. SecureSeal™ Hybridization Chambers
(Grace Bio-Labs) were applied around tissue sections and
mRNA was reverse transcribed priming with random de-
camers, RNase inhibitor and reverse transcriptase (BLIRT)
overnight at 37°C. PLP hybridization and ligation: Tissue
sections were fixed for 40 min post reverse transcription
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and subsequently washed with PBS. Phosphorylated PLPs
were hybridized at a final concentration of 10 nM/PLP,
and ligated in the same reaction with Tth Ligase (BLIRT)
and RNaseH. This was performed at 37°C for 30 min
and then moved to 45°C for 1.5 h. Rolling circle ampli-
fication: Sections were washed with PBS and RCA was
performed with phi29 polymerase (BLIRT) and Exonucle-
ase I (Thermo Fisher Scientific) overnight at 30°C. Aut-
ofluorescence quenching: Human sections were treated with
TrueBlack Lipofuscin Autofluorescence Quencher (TLAQ)
(Biotium) per manufactures instructions, for 45 s and im-
mediately washed with PBS. SecureSeal chambers were
then removed. Bridge-probe hybridization: Bridge-probes
(10 nM) were hybridized at RT for 1 h in hybridization
buffer (2x SSC, 20% formamide). Readout detection probe
hybridization: This was followed by hybridization of read-
out detection probes (100 nM) and DAPI (Biotium) in hy-
bridization buffer for 2 h at RT. Sections were washed with
PBS and mounted with SlowFade Gold Antifade Mountant
(Thermo Fisher Scientific).

Imaging

Imaging was performed using a standard epifluorescence
microscope (Zeiss Axio Imager.Z2) connected to exter-
nal LED source (Lumencor® SPECTRA X light en-
gine). Light engine was setup with filter paddles (395/25,
438/29, 470/24, 555/28, 635/22, 730/40). Images were ob-
tained with a sSCMOS camera (2048 x 2048, 16-bit, ORCA-
Flash4.0 LT Plus, Hamamatsu), automatic multi-slide stage
(PILine, M-686K011), and Zeiss Plan-Apochromat objec-
tives 20x (0.8 NA, air, 420650-9901), 40x (1.4 NA, oil,
420762-9900). Filter cubes for wavelength separation in-
cluded quad band Chroma 89402 (DAPI, Cy3, Cy5), quad
band Chroma 89403 (Atto425, TexasRed, AlexaFluor750),
and single band Zeiss 38HE (AlexaFluor488). In SBL-
based ISS, one of the base libraries was either conjugated
to TexasRed or Atto425 fluorophores that requires substi-
tution of the 555/28 filter paddle with a compatible 575 one
to image TexasRed. Regions were outlined and saved in or-
der to perform repetitive cycle imaging.

Stripping

After imaging, sections were prepared for sequential cycles.
Readout detection probes and bridge-probes were stripped
off RCPs. After five washes with 2x SSC, sections were in-
cubated in stripping solution (65% formamide, 2XSSC) for
30 min at 30°C. This was followed by 5 washes with 2x SSC.
Now the next cycle of bridge-probes could be hybridized as
previously.

Image analysis

Imaging data was analyzed with in-house custom software
that handles image processing and gene calling. All code
is written in MATLAB and is freely available at https://
github.com/Moldia. Many steps follow previous publica-
tions (20,21,25,26).

Multispectral imaging for channels occurs for multiple
cycles. Each image consists of multiple tiles that contain a
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10% overlap to allow for stitching alignment between fields
of view. A z-stack focal depth of 10 wm with a spacing of 0.5
wm deep allows for coverage of entire tissue. After imaging,
Zeiss ZEN software was used to maximum intensity project
each field of view to obtain a flattened two-dimensional im-
age which were then stitched together. After exporting im-
ages in .tif format, images were aligned between cycles and
then were split into multiple smaller images, henceforth re-
ferred to as tiles. The tiled images were subsequently top-
hat filtered, the RCPs were segmented and the intensity of
each RCP was measured, for each channel. If an anchor
stain was not used, a pseudo-anchor was created by mak-
ing a composition of the four readout detection probe chan-
nels into one merged image for each cycle. The above steps,
after the tiling, were done in CellProfiler 2.2.0. The inten-
sity measurements were saved in a comma separated values
and subsequently used to decode the RCPs in MATLAB
(repository: https://github.com/Moldia/Tools). These inten-
sity measurements are used to calculate a quality score, de-
fined as follows: the maximum intensity in the set of chan-
nels is divided by the sum of the all of the channels. This
means that we can have a quality score of 0.25-1. Similar
intensities in all channels would result in a quality score on
the lower end of this spectrum and at the upper end, the op-
posite, i.e. more dissimilar intensities between the maximum
intensity channel and the other channels.

SBH versus SBL analysis

Each method was performed in parallel on two se-
quential mouse brain coronal sections using four
PLPs per target gene Actb, Pgkl, Gapdh and Polr2a,
allowing for the possibility to decode in one cycle.
The protocol for the steps to decode SBL chemistry
was as previously published (21) and at protocols.io:
dx.doi.org/10.17504 /protocols.io.bb2gigbw. Three regions
of interest (ROI) were selected from entire imaged sections
to cover isocortex (ROI1), hippocampal formation (ROI2)
and thalamus (ROI3) (Supplementary Figure S2B). The
size of each ROI was 6000 x 6000 pixels for Exp_1/Exp_2,
and 3900 x 3900 pixels for Exp_3/Exp_4. The Exp_# on the
same tissue refer to different imaging cycles. These ROIs
were then exported as .tiff files. Intensity measurements
over RCPs: For each channel image, the RCPs intensity
was measured over the RCP, 10 pixels in each direction
from the middle, which generated a total of 21 intensity
measurements. Average intensity over the RCPs: The av-
erage intensity and the standard deviation over the RCPs
were calculated. This was then visualized using line plots.
Maximum intensity: The top 300 intensities were then
extracted from the middle of each RCP that was located,
generating 300 intensities values from each channel. The
maximum intensities were then visualized with violin plots.
Signal-to-noise ratio (SNR). For each of the RCPs found,
the noise was defined as the mean intensity of the four
outer positions, i.e. pixel number —10, —9, 9 and 10. The
intensity value for each position was then divided by the
noise. The mean and the standard deviation for these values
were then calculated and plotted. Control experiment: In
the control experiment (Supplementary Figure S2G), an
anchor probe was hybridized to both sections and the
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average intensity, SNR and the SNR in the center of RCP
was compared for round 1 and round 5, with SBL and SBH
chemistries being performed between rounds. Spot finding
at different signal intensity thresholds: starfish, a Python
library for processing images, was used to resolve spots at
different signal intensity thresholds. Images (2000 x 2000
pixels) from SBH and SBL experiments, were processed
using a custom starfish pipeline. Spots were separated using
BlobDetector, which is a multi-dimensional gaussian spot
detector that can be tailored to detect spots of different
sizes and intensities. To assess the number of spots found
in different signal intensity thresholds, the BlobDetector
was tuned to different thresholds. The number of spots
for each threshold was recorded for SBH and SBL and
subsequently plotted as a barplot.

Crosstalk measurements

Crosstalk between channels was assessed by cytoflouro-
grams. For each pixel position, the intensity of one chan-
nel was plotted on the x-axis and the intensity of another
channel on the y-axis. This means that the pure signals will
populate the paraxial regions and the brightest spots pop-
ulate the ends of the axes. Mixed pixels are in the diagonal
area of the plot.

RESULTS

Amplification of padlock probes and sequence-by-
hybridization for the detection of RNA transcripts

Similar to previous established ISS methods, PLPs are de-
signed to target specific cDNA sequences from reversed
transcribed mRNA in situ (20) (Figure 1A). An in-house
padlock design pipeline produces multiple gene unique tar-
get sequences based on user input parameters (see Materi-
als and Methods). The customizable backbone of the PLPs
contains two parts: a unique ID sequence that is paired to
each gene of interest targeted and a general ‘anchor’ se-
quence shared by all PLPs. Here, we design PLPs to target
a 30 nt gene unique cDNA sequence split into two 15 nt
arms, and a backbone with a 20 nt ID sequence and a 20 nt
anchor sequence, resulting in a final 70 nt long PLP (Sup-
plementary Figure S1A). The 20 nt ID sequence is a pre-
determined sequence unique for the transcript target (e.g.
five PLPs targeting five regions of one gene transcript have
the same ID sequence). The backbone and ligated target
arms of the PLPs are amplified through RCA and results in
a rolling circle product (RCP), a sub-micron amplicon de-
tectable with probes and a conventional epifluorescence mi-
croscope. The RCP amplicon contains multiple, repetitive
ID sequence targets, allowing for the specificity of compli-
mentary hybridization of readout oligonucleotides termed
bridge-probes. Bridge-probes are 39 nt long, 17 base pair
(bp) binding complementary to the amplified ID sequence,
a 2 nt non-complimentary linker, and 20 nt that consists of
one of four sequences binding complementary to a 20 bp
readout detection probe conjugated to one of four assigned
fluorophores (Figure 1B, Supplementary Figure S1B). Each
ID sequence is associated to a combinatorial coding scheme
(barcode, e.g. 43221) that is decoded sequentially with a cy-
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cle dependent bridge-probe library (Supplementary Figure
S10).

Ligation of juxtaposed 15 nt PLP target-end arms allows
for high specificity and RCA of the targeted transcripts in
position. Sequential rounds of bridge-probe hybridization,
readout detection probing, imaging and stripping allows for
a highly multiplexed assay without the round limitation of
previous SBL-based ISS methods (Figure 1B). Currently,
as presented here, HybISS is set up with four readout de-
tection probes per cycle. This allows for a target panel of
genes (G) that can be measured in a combinatorial man-
ner with four fluorophores (F) per cycle (c), and thus G=F¢,
without any cycle limitation and currently showing excel-
lent tissue integrity and RCP maintenance over ten cycles
(Supplementary Figure S1D, E), roughly calculated to be a
loss of 0.28% RCPs per round. Additionally, unlike SBL-
based ISS method which is limited to four fluorophores
(one per barcode base: A, T, C or G), the number of flu-
orophores possible in HybISS is limited only by a micro-
scope’s ability to distinguish fluorophores, allowing for in-
creased combinatorial capabilities with proper dye and filter
selection. Furthermore, subset bridge-probe panel selection
allows for the flexibility to do successive pools of panels on
the same tissue sample in the case of overcrowding probes
and does not compromise experimental design for probe se-
lection as individual gene readouts can be excluded by sim-
ply removing corresponding bridge-probe and done in later
cycles (Supplementary Figure S1F). This has not been pos-
sible in previous ISS methods in that every PLP would be
detected every round and problematic genes such as high
expressers would have to be run separately. Decoding is per-
formed through sequential combinatorial decoding scheme
similar to previous ISS methods, where each barcode has a
hamming distance of at least two, allowing for correction
and probabilistic assignment of barcodes with better accu-
racy (Figure 1C) (20,21). Moreover, with bridge-probes, this
now also allows the possibility for further error correction
by including ‘zeroes’ in the decoding scheme where bridge-
probes are simply excluded for a subset of genes in different
rounds of probing. All these new features integrated into
HybISS increases its flexibility and adaptability to suit the
design of experiments.

HybISS compared to SBL-based ISS using reference gene
panel for benchmarking

In order to demonstrate some of the improvements of
HybISS technology, we compare it to SBL-based ISS
by designing sets of PLPs to bind identical target se-
quences of a panel of mouse brain reference genes
(Actb/Gapdh/ Pgkl/ Polr2a) and PLP backbones to support
the different SBL and SBH sequencing chemistries, result-
ing in the same length PLPs (Supplementary Figure S2A,
Supplementary Table S1). SBL and SBH experiments were
run in parallel on sequential mouse brain coronal sections
showing even distribution of reference genes across tissue
sections (Figure 2A, B), although SBL shows an increase in
overall background intensities (Figure 2C). To further as-
sess intensity differences, we measured intensity of RCPs in
three comparable ROIs (Supplementary Figure S2B). First,
maximum signal intensities were measured for the top 300
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Scale bar: 10 pm.

RCPs per channel, showing a significant increase for SBH-
based HybISS across comparative channels (Figure 2D).
Additionally, intensity was measured across a 21-pixel line
centered at random RCPs within the ROIs to measure rela-
tive intensity to background. Not only was there an increase
in average intensity values, background noise was also re-
duced in some channels of HybISS and importantly result-
ing in an increased SNR in all channels measured (Figure
2E, F). This indicates a more robust detection method, dis-
tinguishing RCPs with more ease due to better SNR. Com-
parable results were found in other tissues and cycles (Sup-
plementary Figure S2C-E), resulting in an increase of SNR
across several experiments (Figure 2G). This was controlled
for by hybridizing only anchors to the respective RCPs and,
as expected, no differences seen in average RCP intensity
values, suggesting no effect on PLP design or in initial steps
from hybridizing PLPs to RCA between the two iterations
of ISS (Supplementary Figure S2F, G). However, after sev-
eral rounds, we begin to see increases in background noise in
SBL chemistry leading to higher SNR in SBH-based chem-
istry, most likely due to the harsher stripping conditions and
additional enzymatic steps in SBL-based chemistry.

RCP localization and determination involves multiple
steps of image processing but is highly dependent on pixel
intensities being over a set threshold level. If a decoding
strategy, such as starfish (27) is applied to an example SBH
or SBL image, it is clear that at every threshold, SBH re-
solves more spots compared to SBL (Figure 2H). With a
simple thresholding strategy to localize objects using Cell-
Profiler, it becomes clear that SBH can distinguish objects
more consistently over a range of thresholds where SBL
chemistry produces much greater variation (Figure 21, J).

After manual selection of optimal threshold for each con-
dition and channel, we see an increase in detection efficiency
for RCPs per cell (Figure 2K). Overall, HybISS benchmarks
higher than SBL-based ISS in all parameters tested that
confirms the significant upgrade in technology resulting in
more robust and reliable signals.

HybISS performed on whole mouse brain coronal section for
purpose of gene transcript detection

To demonstrate the potential and validate HybISS, we ex-
plored multiplexing in mouse brain sections. The bench-
marking gene panel used was curated by the SpaceTx Con-
sortium (part of the Chan Zuckerberg Initiative and Human
Cell Atlas project) (10,27), out of which 119 genes were se-
lected for HybISS PLP design (Supplementary Table S1).
This probe panel was designed to represent expression of
genes to distinguish various cell types within the primary vi-
sual cortex (5) but was applied here to a whole coronal adult
mouse brain section (~60 mm?, 10 wm thick). Being able to
infer data over large areas of the central nervous system, or
any tissue, is desired but current spatial methods are lim-
ited in their throughput possibilities, imaging only small re-
gions of interest with data storage and time becoming limit-
ing factors. Here, we were able to explore tissue architecture
in the entire coronal section in an efficient manner (each cy-
cle, 40x imaging, <5 h, ~700GB data), requiring minimal
additional input for increased data output. We show the ro-
bustness to detect hundreds of target genes and map them in
a whole section (Figure 3A, B). HybISS was able to resolve
the list of genes after combinatorial decoding from five cy-
cles (Figure 3B, C), with many genes showing discrete pat-
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Figure 2. Comparison of HybISS vs SBL-based ISS. (A) Representative images on the distribution of reference genes in sequential mouse coronal sections
targeted by SBH- or SBL-based chemistries. Each channel has been scaled to the same intensity for comparison. Inset displays nuclear DAPI. Scale bar: 10
pm. (B) Magnification of a single nuclei marked by DAPI with RCPs, intensities have been rescaled for clarity. Scale bar: 5 wm (C) Binned pixel intensity
from images in panel (A) for each channel. Green = Cy3, blue = Cy5, red = Atto425, yellow = AF488. (D) Max intensity of top 300 RCPs from three
ROIs in each channel measured, comparing SBL- and SBH-based chemistries. (E) Average intensities of measured RCPs in ROIs. Pixel intensity measured
across a 21-pixel line bisecting RCPs (blue = SBH, red = SBL). (F) Calculated SNR from intensity values in panel (E), using outer 2-pixels at each end as
the measurement for noise. (blue = SBH, red = SBL). (G) Ratio of SBH/SBL SNR values in several replicates across the three channels measured. (H)
RCP detection with various thresholds in a 2000 x 2000 px ROI in the CyS5 channel for SBH and SBL using szarfish (35) Blob Detector, indicating more
RCPs found in SBH at each threshold. (I) Left: ROI of 5000 x 5000 px from SBH and SBL experiments with segmented nuclei. Middle: Example raw
image of a single cell with Cy5 channel. Right: Example threshold detection (0.005) from CellProfiler and number of objects (magenta outline) detected.
Scale bar: left 100 wm, middle 2 pm (J) CellProfiler Object counts for a range of thresholds in all channels from 5000 x 5000 px images in SBH and SBL
chemistry. Black bar indicates optimal manual threshold and used for calculation in panel (K) (blue = SBH, red = SBL). (K) RCP count per cell from
analyzed image used in (J). SBH DAPI count = 1333, SBL DAPI count = 1369.

terns, including laminar structures of cortical tissue (Figure Multiplexing with HybISS on human brain tissue
3D). Various genes have very distinct spatial distribution
throughout the mouse brain and can be used to validate the
method by comparing to other reference atlases such as the
Allen Mouse Brain Atlas (2019) (28) (Supplementary Fig-
ure S3A). Here, we confirm the expression distribution of
individual genes not only in the visual cortex but also re-
gions like the hippocampus and thalamus. Although mouse
tissue provides a valuable data resource, to understand rel-
evant biological processes in humans, the study of human
samples is quintessential.

Data obtained from human samples would be more relevant
and insightful but is limited due to restricted availability of
good quality samples and difficulty in adapting and scal-
ing experimental methods. Human tissue regions are much
larger than model organisms and thus investigating com-
parable regions to mice in humans today still requires sig-
nificant progress in multiple fields. Well preserved human
samples to be used for various single-cell methods are rare
and are known to be difficult to work with compared to
mouse counterparts where fresh tissue and proven proto-
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Figure 3. HybISS on mouse coronal brain section. (A) Whole mouse coronal section used for HybISS, ~60 mm?. Scale bar: 1 mm. (B) Representative
images of HybISS using PLPs to map 119 genes over 5 cycles in section. Only first image includes counterstain for nuclei with DAPI. Scale bar: 10 pm.
(C) MATLAB output of the decoding of 119 genes across entire section, each color/symbol marking a single transcript detected. Inset shows zoomed
in representative image of gene marker plot mapped on DAPI image. (D) Selection of a subset of genes shown in (C) that have a distinct spatial laminar

distribution within the neocortex.

cols are more abundant and therefore being able to extract
all information possible from a single tissue would provide
a wealth of information, and is critical when studying dam-
aged tissue such as the case for neurodegenerative disorders.
Furthermore, determining exact anatomical positioning in
human samples is more difficult due to their increased area
and lack of good reference controls as compared to mouse
samples.

Here, HybISS was performed on three sections of human
brain tissue from the middle temporal gyrus (24) (whole
sections, ~29 mm?, 45 mm?, 25 mm?, 10 um thick) (Fig-
ure 4A). One inherent problem with human brain sam-
ples is lipid-containing residues of lipofuscin that causes
strong autofluorescence in multiple imaging channels and is
found in many tissues of aging humans. Many spatial meth-
ods and imaging techniques are sensitive to this autoflu-
orescence and overcoming this with any quenching meth-
ods does not completely solve the problem and computa-
tional clearing strategies are not perfect and require vari-
able user input. Here, we implement HybISS together with
simple autofluorescence quenching (TrueBlack Lipofuscin
Autofluorescence Quencher, TLAQ) that overcomes this
problem in human brain sections and does not require any
additional advanced microscopic tools or computational
clearing methods (Figure 4B). Testing with a human refer-
ence gene panel (ACTB/CYCI/ACTGI/NDUFB4), in al-

most all imaged channels without treatment where lipofus-
cin was present, RCPs could not be distinguished from the
background of lipofuscin (Supplementary Figure S4A, B).
This was further corroborated with investigating crosstalk
between channels with and without TLAQ treatment, in-
dicating the effect of lipofuscin on background noise and
true signal determination (Supplementary Figure S4C, D).
TLAQ allows for clear separation of signals in imaged chan-
nels from the background and it only adds five minutes to
the protocol and a one-time treatment maintains well over
imaging cycles.

With only this additional treatment, we applied HybISS
and were able to resolve a similar SpaceTx Consortium cu-
rated gene list from human middle temporal gyrus single-
nucleus RNA-sequencing data from which a subset of 120
were targeted and decoded (Figure 4C, D). We are able to
show comparable results to mouse sections without any ad-
ditional difficulties, indicating a robust method to be used
for spatial gene-expression profiling investigations. We fur-
ther examined the spatial distribution of various gene tran-
scripts with kernel density estimation plots across the three
sections, many showing distinct patterns, including laminar
distribution of cortical tissue (Figure 4E). Collectively, this
data shows a proof of concept that it is possible to do multi-
plexed in situ hybridization studies in human tissue in a high
throughput and robust manner.



el12 Nucleic Acids Research, 2020, Vol. 48, No. 19 PAGE 8 OF 11

Untreated

E I
CALB1 RXFP1 OPALIN LINCO00507 TRHDE RGS12 KCNC2 LRMP MIAT OLFM1
7 5 v
o “,f & - - O %
3 7 & ) iEa %
“'. P 5 U * gfate e = 4 £
: N i, ) v 1 i o v
% (= r-’f‘f % B 2 A Q".
: L o “G;. '«;_ S (4‘?-4'
N0 N VR s A 8 S
s 2 Sy N 2 e
: 73 : |
‘.-p:\ 2 £ S : 1
"% et 42 a
i Ee o i
. & > N .'

Figure 4. HybISS on human middle temporal gyrus brain sections. (A) DAPI nuclei stain of human tissue sections from middle temporal gyrus. Dashed red
line demarcates the outer pial surface of tissue section. Area approx. 29 mm?, 45 mm?, 25 mm? top to bottom panel. Scale bar: 1 mm. (B) Representative
images of the effects of lipofuscin in human brain tissue that can be treated with TLAQ, and HybISS amplification overcomes any residual background
noise. Scale bar: 10 pm. (C) Magnified field of view from section in panel (a) of several cells across 5 cycles of HybISS. First cycle includes DAPI to show
nuclei location. Scale bar: 5 wm. (D) Spatial distribution of decoded HybISS transcripts of 120 gene panel across the three tissue sections. Left, 1 649 212
spots; middle, 1 936 227 spots; right, 602 681 spots. (E) Kernel density estimation plots for a subset of individual gene transcripts that show distinct spatial

distribution, including laminar anatomy of cortical tissue.
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DISCUSSION

The HybISS method is a further advancement of the ISS
technology in that it strives to meet the requirements
and demands in the spatial transcriptomics field without
compromising the throughput and area limitation factors
that many other spatial techniques are running into. We
show the ease of application to human brain tissue with a
large gene panel selection to be able distinguish gene tran-
scripts across entire tissue sections, including whole mouse
brain coronal sections. The simplicity and flexibility of Hy-
bISS make it a versatile image-based spatial transcriptomic
method that can be easily implemented and adapted for a
wide variety of scientific questions. Customizing gene lists
will be vital as it is a targeted approach and curating custom
gene panels from scRNA-seq data, such as probabilistic cell
typing by in situ sequencing (pciSeq) (21), to create cell-type
atlases will provide a useful tool in the HybISS method.

Due to the amplification method of RCA, an epifluo-
rescence microscope using widefield objectives (20x /40x)
can be used for rapid scanning over large regions, essen-
tially limited to what can fit on a slide. Amplification-based
strategies also aid in overcoming background noise found
in many tissue sources. HybISS shows an increase in RCP
intensity compared to previous SBL-based methods that
allows for robust spot calling, decoding and processing of
data. It has been stated that efficiency of SBL chemistry
is 20-30% (29) and is probably due to multiple step re-
quirement of anchor binding and competitive correct base
library hybridization with degenerate sequences and liga-
tion, all having various efficiencies, while SBH chemistry is
a non-competitive direct hybridization step requiring no en-
zymes or degenerate sequences. Additionally, base libraries
are 9 nt with degenerate bases that could make them sticky,
increasing the general background noise during detection.
Moreover, the harsher stripping conditions of SBL could
be affecting tissue integrity as well. Although efficiency of
PLP ligation and RCA should not be different, we observe
effects to efficiently detect RCPs more robustly as a clear
advantage. Cleaner and more reliable data aids in down-
stream analysis such as creating gene networks (30), cell typ-
ing (21) and molecular maps (31).

The full potential and implementation of HybISS has
not yet been reached. Fine tuning of PLP and target se-
quence design can increase efficiency, henceforth improve
confidence in analysis such as cell typing, although not nec-
essary as even data with lower detection efficiency can yield
comprehensive cell maps (21). Larger gene panels (several
fold increase) will be feasible with little to no adjustment
to the method presented here. Additionally, as with previ-
ous ISS methods, HybISS and PLPs maintain the ability to
detect single nucleotide variations due to their high speci-
ficity and sensitivity to be able to distinguish known point
mutations (32) or editing sites (19) in tissues for example.
SBL-based ISS has already shown its power in other non-
neuronal tissue, in the form of cancer diagnostics (20,26)
and tuberculosis granuloma (25) among others. Therefore,
we see no reason for HybISS to improve multiplexed tran-
script detection in other fields and applications.

We see the great potential of implementing HybISS in
spatial cell atlas projects. SBL-based ISS has been demon-
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strated to assign cell types in mouse hippocampus (21) and
neural crest development (18). ISS has also been applied
and analyzed together with scRNA-seq and data from un-
targeted transcriptome-wide Spatial Transcriptomics (33)
to develop a spatiotemporal atlas of the developing human
heart (34). As demonstrated here on human tissue, the ca-
pacity is in place to start creating a comprehensive spatial
reference maps for the Human Cell Atlas (10) specifically in
brain tissue.

Moreover, we provide an image-based spatial transcrip-
tomic data set that can be used to develop computational
spatial methods for such analysis as cell segmentation and
cell type assignment, as implemented in starfish for example
(27,35). We find the unique insight into the human cortical
tissue to be of interest to all and dissemination of such in-
formation important. Applying further advancements that
have been incorporated, at least in part, to other spatial
techniques to HybISS are currently being pursued to try to
push the capabilities of the technology. This could be in the
form of microfluidic devices to automate production (36),
reducing time, or investigating how these cells are actually
arranged in a three-dimensional space and not simply se-
quential sections.

Implementing tools to further our knowledge of the hu-
man body will give us a better understanding of it when in
the diseased state. Just like the sequencing of the human
genome changed the perspective of human life, a global ef-
fort has put us in an era where we are about to define all the
cell types within the body. How these cells are organized,
connected, and function will give insight to what happens
when things go wrong. Here, we present HybISS, the next
generation of ISS as an in situ image-based spatial technol-
ogy that is reliable, robust, and scalable to meet the emerg-
ing demands of the single-cell field.

DATA AVAILABILITY

All code is available online at https://github.com/Moldia.
The raw figures (several terabytes) are available from the
corresponding author upon reasonable request. Analysis
files for sections in Figure 3 and 4 are available at Figshare
(doi: 10.17045/sthlmuni.12821840) including gene spot co-
ordinates and corresponding DAPI images.
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