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Abstract

Biological tissues contain thousands of different proteins yet conventional antibody
staining can only assay a few at a time because of the limited number of spectrally distinct
fluorescent labels. The capacity to map the location of hundreds or thousands of proteins
within a single sample would allow for an unprecedented investigation of the spatial
proteome, and give insight into the development and function of diseased and healthy
tissues. In order to achieve this goal, we propose a new technology that leverages
established methodologies for in situ imaging of nucleic acids to achieve near limitless
multiplexing. The exponential scaling power of DNA technologies ties multiplexing to the
number of DNA nucleotides sequenced rather than the number of spectrally distinct labels.
Here we demonstrate that barcode sequencing can be applied to in situ proteomics by
sequencing DNA conjugated antibodies bound to biological samples. In addition, we
show a signal amplification method which is compatible with barcoded antibodies.

Main

The selective staining of proteins within cells and tissues is routinely performed in
basic and applied research with application ranging from the diagnosis of patient samples
to the characterization of fundamental, developmental processes. For decades,
fluorescent antibodies have been used to probe the myriad of spatially distributed
molecular targets within biological samples.! Despite their widespread use, however, the
number of targets that can be imaged is relatively small compared to the total diversity in
biological samples, and it is often limited by the number of dye colors that can be easily
distinguished. One approach to circumvent the color-space limit is iterative staining
methods, which enable the re-use of colors for distinct targets by separating the labelling
reaction into multiple cycles.? Direct removal of antibodies,® 4 and photobleaching of
dyes® have been demonstrated, however these strategies require harsh conditions and
are damaging to the samples. In situ hybridization (ISH) of oligonucleotides conjugated
to antibodies has emerged as a mild and reversible way to address a large number of
targets with iterative staining.6° Although effective, ISH only scales linearly with the
number of iterative labelling reactions and does not take advantage of the data density of
DNA (4N where N = the number of bases in the oligos). For instance, one 20 nucleotide-
long ISH probe encodes 1 bit of information whereas the sequencing of this length
encodes 420 (over 1 trillion) bits. Recently, Goltsev et al have shown a sequencing based
approach to read out the location and identity of barcoded antibodies'®, however the
chemistry chosen did not take advantage of high density base space and therefore
drastically reduced the sequence diversity that could be investigated. Here we
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demonstrate in situ sequencing of oligonucleotide-conjugated antibodies bound to their
biological targets to read out the spatial proteome. By directly using Sequencing by
Synthesis (SBS) chemistry (Supplemental Figure 1)!" on stained tissue samples, we
show that the unique barcode of an antibody can be sequenced in multiple imaging
rounds and the nucleotide identity linked to antibody identity. We demonstrate our
approach on cellular targets in whole mouse brain slices and additionally describe an
amplification technique that can be used to increase the signal of our antibodies.

First we developed a straightforward method to conjugate oligonucleotides to
antibodies using a variation of previous approaches (Supplemental Figure 2).'2 In short,
lysine residues on the antibodies were reacted with a commercially available linker to
display DBCO groups. Azide-containing oligonucleotides were reacted with these groups
via copper-free click chemistry at a stoichiometry that ensured no unmodified antibody
remained, eliminating the possibility that they could outcompete the bulkier conjugated
product for binding. Our protocol routinely produced an average of five oligos per
antibody over antibodies raised in a variety of species.

Next we validated our antibody conjugates against fluorescently tagged versions to
ensure binding was not altered by the presence of DNA. We chose to stain against glial
fibrillary acidic protein (GFAP) in mouse brain slices because this protein is cell-filling in
glial cells and therefore produces unambiguous, stellate-like cell images when staining is
successful. For proof of concept we used a secondary antibody approach and visualized
our barcoded antibodies with a fluorescent in situ hybridization probe (Figure 1A). When
comparing our barcoded antibody against the commercially-available control, we
discovered the staining quality was comparable. Examination of brain hemispheres
indicated good staining throughout the whole section with GFAP positive cells clearly
visible (Figure 1B, C). With respect to cell morphology, there was no observable
difference between the results from the two antibodies. Quantification of the staining
intensity showed that the signals between the two conditions were within an order of
magnitude (with the barcoded antibody being approximately 60% as bright) indicating our
degree of substitution of conjugation was useful for staining (Supplemental Figure 3A).
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Figure 1. Staining of barcoded versus conventional antibodies against glial fibrillary acidic protein
(GFAP) in mouse brain slices. A) Schematic depiction of antibodies. Conventional antibodies contain
fluorescent dyes directly attached whereas barcoded antibodies contain oligonucleotides which can be
imaged with a fluorescent complementary oligo. Images of a mouse brain hemisphere as well as
different regions of interest stained with B) conventional or C) barcoded antibodies against GFAP.
Observed cellular morphology was good for both conditions and staining intensity was comparable.

A) c)

With validated antibodies in hand, we next evaluated the ability to sequence the
barcoded antibodies in situ. We chose to use lllumina NextSeq SBS chemistry which
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encodes four bases with two easily distinguishable colors.’® This encoding is made
possible by having two bases encoded by each color, one base encoded by two color
and another encoded with no colors (Figure 2A). We included an orthogonal fluorophore
at the 5’ end of our sequencing primer to provide a means for monitoring signal loss over
sequencing steps. Stained slices were directly incubated with the sequencing reagents,
washed, and imaged. We observed sustained fluorescence in our primer channel
indicating that hybridization withstood the sequencing conditions and also fluorescent
signal in our sequencing channels in excellent agreement with the predicted base (Figure
2B). For the first base bright signal in the green (561 nm) channel was observed in the
same location as our primer signal and negligible signal was observed in the red channel.
This color encodes the incorporation of adenine consistent to what was predicted.
Importantly, signal was only observed in GFAP positive cells. Signal was not observed
outside of the boundaries of the cells despite the potential that nicked genomic DNA
present throughout the all of the cells in the tissue would serve as a source for sequencing
priming. After imaging, a cleave solution was added that simultaneously removed the
fluorophores and the 3° OH blocking group. Cleavage caused the sequencing signals to
disappear whereas the primer signal remained unchanged. Two additional iterations were
then performed, both of which produced proper base calling and retention of primer signal.
Both of these rounds produced dual colored bases as predicted. We observed clear
signal in the GFAP positive cells but noticed a general increase in background staining,
especially with the red (640 nm) channel (Supplemental Figure 3B). We expect the use
of current tissue clearing techniques to be useful to eliminate this effect. Together these
three rounds demonstrate proof of concept of in situ sequencing of barcoded antibodies
and we expect multiplexing limits using this technique to be determined by the availability
of antibodies rather than their readout.
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Figure 2. In situ sequencing of DNA barcoded antibodies. A) Base encoding scheme Using two dyes
bases are encoded with individual dyes, the combination of both dyes, and no dyes. B) Three round of
sequencing of GFAP barcoded antibodies. Individual and merged images show the correct color
combinations for the predicted bases. Additionally, a separate dye on the sequencing primer confirms
the position of the staining location.
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Finally, we created a signal amplification technique that would enable the imaging of
low-abundance targets. Several amplification techniques for barcoded antibodies have
been developed by our group and others,'#'6 however these require design criteria which
limit their ability to scale to hundreds or thousands of targets. Here we chose to use a
padlock probe approach which forms a circular template to our barcode and enables
rolling circle amplification (RCA) after ligation.'-'® Previously we have shown the
paralleled use of over 40,000 padlock probes in the ex situ context,?® and we and others
have routinely used RCA for in situ RNA sequencing?'-?4. A similar approach called
immuno-RCA?5 26 has been demonstrated ex vitro however it has not been applied for
multiplexed in situ proteomics. We performed padlocking and RCA directly on tissue
sections stained with our barcoded antibodies and noticed a strong reaction time
dependency with respect to the signal quality. For GFAP samples, 20 minutes was
insufficient to produce adequate signal, and punctate fluorescence was observed rather
than well resolved cells (Supplemental Figure 4A). In contrast, 2.5 hours produced the
desired stellate cell shapes indicative of proper staining (Figure 3). When compared with
unamplified samples, staining signal was found to be approximately 5 times as intense
(Supplemental Figure 3C). We also discovered that over-amplification could be
problematic. When RCA was performed overnight, we observed extremely bright tissues
slices that did not possess recognizable staining. Additionally these tissues became
difficult to work with and had a tendency to irreversibly fold on top of themselves
(Supplemental Figure 4B). This observation is in stark contrast to the amplicons
observed from single molecule RNA detection which appear as bright, circular objects
rather than large aggregates.2’>* This experiment highlights the ability to tune the signal
intensity of a given target within a tailored time window.

amplified B) unamplified unamplified (normalized)

K

Figure 3. Amplification of barcoded antibody signal using rolling circle amplification (RCA). A) GFAP
signal after 2.5 hours of RCA. B) Unamplified GFAP signal from barcoded antibodies. The left image
shows adjusted intensities to display staining signals while the right image is normalized to A) to give a
direct comparison of intensity.

In summary, we have demonstrated a technique to perform multiplexed spatial
proteomics using DNA barcoded-antibodies in stained tissue samples. This approach is
straightforward and should scale to numerous targets in parallel provided orthogonal
antibodies are available. We demonstrated three rounds of in situ sequencing which
corresponds to up to 64 unique targets which could potentially be assayed in a single
experiment. For comparison, in situ hybridization of barcoded antibodies for three rounds
using two colors would only be able to detect 6 unique targets. We expect straightforward
scaling of our approach to large numbers of proteins through the use of barcoded primary
antibodies.'* We also demonstrated a rolling circle amplification method which should
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allow sequencing of targets present in low amounts. Our technique should be compatible
with in situ sequencing of other molecular types such as RNA or genomic DNA and we
foresee the approach described here as a starting point for spatial multi-OMIC assays of
cells and tissues.
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