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ABSTRACT

Signal amplification based on the mechanism of hybridization chain reaction (HCR)
enables researchers to quantitatively image RNA and protein expression in highly
autofluorescent biological samples. This thesis extends the capabilities of HCR to
three new domains: spectral HCR imaging for quantitative 10-plex immunofluo-
rescence and in situ hybridization in highly autofluorescent samples; imaging of
protein:protein complexes using cooperative probes for logical control over HCR
signal amplification; and HCR lateral flow tests for sensitive, instrument-free, at-

home testing for infectious diseases.

While 4- or 5-plex imaging is readily achieved using orthogonal HCR systems
labeled with spectrally distinct fluorophores, higher levels of multiplexing are chal-
lenging due to overlap in the broad excitation and emission spectra of commonly
used fluorophores. In Chapter 2, we simultaneously image a combination of 10
protein and RNA targets via spectral imaging with linear unmixing. A combina-
tion of 10 reference spectra for 10 fluorophores chosen for optimal unmixing, 10
orthogonal HCR systems, and 11 optimized excitation and emission settings enable
robust, user-friendly performance, which is demonstrated in whole-mount zebrafish
embryos and mouse brain sections. We validate that unmixed subcellular voxel
intensities enable accurate and precise relative target quantitation with subcellular
resolution across all 10 channels and demonstrate single-molecule sensitivity and

resolution for absolute RNA quantitation.

In Chapter 3, we introduce an enzyme-free method for multiplexed imaging of pro-
tein:protein complexes using split-initiator HCR signal amplification. Antibodies
specific to each protein of the complex carry fractional initiators that become colo-
calized upon introduction of a DNA ruler strand to form a full HCR initiator and
trigger growth of a tethered amplification polymer. Automatic background sup-
pression is present throughout the protocol, as split-initiator antibody probes that
bind to the sample nonspecifically or to isolated protein targets are too far apart to
become colocalized by the ruler strand, precluding colocalization of a full initiator
and preventing HCR signal amplification. We demonstrate the technique with high
signal-to-background in adherent mammalian cells, pro-T cells, and highly autofluo-
rescent formalin-fixed paraffin-embedded human breast tissue sections. Leveraging
existing orthogonal HCR amplifiers, we design three orthogonal cooperative junc-

tions for simultaneous 3-plex detection of protein:protein complexes. We validate
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that quantitative subcellular voxel intensities are generated, allowing for built-in
relative quantitation of protein:protein complexes within the spatial context of the
sample. Lastly, we demonstrate simultaneous detection of protein targets, RNA
targets, and protein:protein complexes via a unified protocol for HCR immunofluo-

rescence, in situ hybridization, and protein:protein complex imaging.

In Chapter 4, we enhance the sensitivity of conventional unamplified lateral flow
tests for at-home infectious disease testing by developing an amplified assay with
isothermal, enzyme-free signal amplification based on the mechanism of HCR.
Traditional lateral flow tests are amenable to at-home testing and return a result
within 10—15 minutes but demonstrate a high false-negative rate (e.g., 25-50% for
SARS-CoV-2) due to the absence of signal amplification. The HCR lateral flow
assay we develop maintains the simplicity of the conventional lateral flow assay user
experience via a disposable 3-channel lateral flow device to automatically deliver
reagents to the test region in three successive stages without user interaction. To
perform a test, the user loads the sample, closes the device, and reads the result
by eye after 60 minutes. Detecting gamma-irradiated SARS-CoV-2 virions in a
mixture of saliva and extraction buffer, the current amplified HCR lateral flow
assay achieves a limit of detection of 200 copies/uL using available antibodies to
target the SARS-CoV-2 nucleocapsid protein. By comparison, five commercial
unamplified lateral flow assays that use proprietary antibodies exhibit limits of
detection of 500 copies/uL, 1000 copies/uL., 2000 copies/uL, 2000 copies/uL, and
20,000 copies/uL. By swapping out antibody probes to target different pathogens,
amplified HCR lateral flow assays offer a platform for simple, rapid, and sensitive

at-home testing for infectious diseases.
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Chapter 1

INTRODUCTION

Cells alter the production, localization, activity, and interaction of RNAs and pro-
teins to assert biological state (/—3). As such, researchers have long been interested
in surveying the presence and function of nucleic acids and proteins within bio-
logical specimens by binding them with probes that generate a detectable signal.
The earliest example of protein imaging in mammalian tissue dates to 1942, when
Coons et al. labeled an anti-pneumococcal antibody with a fluorescent molecule
and demonstrated staining of a pneumococcal antigen in a mouse liver (4). Nearly
three decades later, several research groups successfully imaged repetitive DNA
sequences (5—7), while Harrison et al. achieved in situ RNA imaging in fetal liver
cells in 1973 (8). Both methods for imaging nucleic acids relied on complementary
DNA or RNA directly labeled with a detectable radioisotope to bind the target of

interest.

These earliest examples of protein imaging and nucleic acid imaging (coined im-
munostaining and in situ hybridization [ISH], respectively) opened new opportuni-
ties for querying biological processes. In each case, probes that bound the target
of interest were directly labeled with a signal-generating moiety. This strategy nec-
essarily limits the number of signals generated to the number of signal-generating
molecules that can be attached to the probe without disrupting the probe’s binding
activity, which in many cases results in a low signal-to-background ratio (9-13). To
overcome the low signal generated by direct-labeled probes, methods that amplify
the signal have become the mainstay of RNA and protein imaging. One method that
remains in widespread use today is catalyzed reporter deposition (CARD), which
uses enzyme-labeled probes to convert a substrate small molecule into a colorimet-
ric or fluorescent molecule that then deposits nearby in the sample (/4). For protein
imaging, the antibody specific to the target of interest can be directly labeled with
an enzyme that mediates CARD (/5), while for nucleic acid imaging, DNA or RNA
probes are labeled with a small molecule hapten (such as digoxigenin), which is in
turn detected by an enzyme-labeled antibody (16, 17). While CARD amplifies the
signal to a level above that of direct-labeled probes, because the generated signal
does not remain tethered to the probe, the signal becomes distributed over a wider

area and results in non-quantitative staining with lower resolution (/0, 16). Another
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consideration when imaging biomolecules is the frequent desire to image as many
targets as possible to gain a more holistic view of the biological state of the sample,
yet CARD complicates multiplexed imaging due to the paucity of orthogonal en-
zymes and deposition chemistries, necessitating serial signal amplification for one
target after another (10, 18-20).

To further increase signal intensity, a variety of in situ amplification methods have
been developed to generate large nucleic acid scaffolds that then mediate production
of additional signal. For example, branched DNA techniques use a dendritic nucleic
acid structure, which is generated over multiple stages, to bind to a target of interest,
and subsequent hybridization of many short enzyme- or fluorophore-labeled strands
to the branched structure leads to signal generation (2/—-26). In the rolling circle
amplification method, a polymerase enzyme generates a long single-stranded DNA
scaffold that is in turn hybridized with short readout strands (27-29). While these
methods generate additional signal above direct-labeled probes, they lack back-
ground suppression, resulting in the generation of amplified background in the case
of off-target binding of one or more of the components of the method. For example,
in branched DNA methods, if the dendritic DNA structure binds to an off-target
location, the readout strands will nevertheless bind to the dendrimer, resulting in
amplified background of equal brightness to dendrimers that bind to the target of

interest.

In parallel, a suite of methods focusing on genome-wide study of RNA expression
have been developed. Single-cell RNA sequencing enables extremely high levels of
multiplexed quantitation of RNA expression but poorly retains anatomical context
due to the requirement to dissociate the cells from one another before capturing
single cells and performing sequencing (30). As an alternative, barcode-based
imaging methods use several rounds of imaging to assign a unique series of fluo-
rophores to each detected target (3/-34). This approach requires image alignment
between imaging rounds, making imaging of delicate samples and samples not af-
fixed to a slide (such as whole-mount vertebrate embryos) impractical. Moreover,
to enable decoding of the barcode sequence, researchers are limited to detecting

non-overlapping, spatially-separated target molecules.

The mechanism of hybridization chain reaction (HCR) overcomes these concerns,
enabling multiplexed, high-resolution, amplified biomolecule imaging with auto-
matic background suppression. HCR, introduced nearly two decades ago, consists

of two nucleic acid strands that each remain kinetically trapped in a metastable
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hairpin structure when together in solution (Figure 1.1A) (35). Upon exposure to an
initiator sequence (il), hairpin h1 binds to il and opens via toehold-mediated strand
displacement, exposing an output domain that then binds to and opens hairpin h2.
The exposed output domain on hairpin h2 is identical in sequence to initiator il,
thereby allowing another h1 to bind and propagating a chain reaction of alternating
hl and h2 polymerization steps. Together, hairpins h1 and h2 comprise an HCR
amplifier that generates long, double-stranded polymers.

A HCR mechanism B HCR RNA-ISH using split-initiator probe pairs
Metastable k — " ’ _
A Tethered fluorescent
DNA HCR hairpins -
N N P Hairpins RNA target HCR amplification polymer

g a h1 and h2
bHb* b-b* A propagate C HCR-1°IF
a o) b C chain reactlon- using initiator-labeled primary antibody probes
i1

h1 h2 — . b N e
a 1°Ab e a——
a* b* iti ; h1 h2 Tethered fluorescent
IQItlator i HCR amplification polymer
i triggers T
chain reaction B
DNAHCR v Protein target
initiator o
h1 h2 D HCR-2°IF
£ using unlabeled primary antibody probes and
initiator-labeled secondary antibody probes
h A h2 @
4 e ( I o eee
h1 V h2 Conditional 1°Ab Tethered fluorescent

self-assembly of HCR amplification polymer

i HCR amplification
polymer
Protein target

Figure 1.1: A unified framework for multiplexed quantitative protein and RNA
imaging using HCR 1°IF + HCR RNA-FISH or HCR 2°TF + RNA-FISH. (A) 1-
step, isothermal, enzyme-free signal amplification via hybridization chain reaction
(HCR) (35). Kinetically trapped hairpins h1 and h2 co-exist metastably in solution
on lab time scales, storing the energy to drive a conditional self-assembly cascade
upon exposure to a cognate initiator sequence il. Stars denote fluorophores. (B)
HCR RNA-FISH using split-initiator probe pairs that hybridize to adjacent binding
sites on the target RNA to colocalize a full HCR initiator and trigger HCR. (C) HCR
1°IF using unlabeled primary antibody probes. (D) HCR 2°IF using unlabeled
primary antibody probes and initiator-labeled secondary antibody probes. Figure
adapted from (36).

Amplified imaging of RNA and protein targets with HCR signal amplification is
achieved by a two-stage protocol (36—39). In the detection stage, probes specific to a
target of interest are labeled with initiator i1 and added to the sample. For detection
of RNA targets, HCR RNA fluorescence ISH (RNA-FISH) v3.0 introduced split-
initiator probes, wherein each probe consists of a target-binding region and half of
an HCR initiator (Figure 1.1B) (39). As a result, only pairs of probes that bind
adjacent sites on the RNA target form a full initiator; individual probes that bind
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non-specifically in the sample only carry half of an HCR initiator and therefore
cannot trigger hairpin polymerization. For detection of protein targets, initiator
il is appended to a primary antibody raised against the protein target (or to a
secondary antibody specific to an unlabeled primary antibody against the protein
target) (Figure 1.1CD) (36). Washes at the end of the first stage remove any unbound
initiator-labeled probes. In the amplification stage, hairpins hl and h2 labeled
with small molecule fluorophores are added to the sample and polymerize upon
encountering a full-length initiator in the sample, forming tethered amplification
polymers decorated with many fluorophores. Washes at the end of the second stage

remove unpolymerized HCR hairpins.

Target detection based on the mechanism of HCR offers several advantages. First,
automatic background suppression is present throughout the protocol (39). For both
RNA and protein detection, individual HCR hairpins that bind nonspecifically in the
sample do not polymerize, as the hairpins remain kinetically trapped in the hairpin
structure unless exposed to an HCR initiator. For RNA detection, split-initiator
probes ensure that nonspecific binding of individual probes does not trigger signal
amplification (39). For protein targets, because the initiator is always present in
its full-length form, it is important to use validated antibodies that are selective
for the protein target of interest, as off-target binding of the antibody will trigger
amplified background. Second, by employing orthogonal HCR systems designed
with the NUPACK software suite (40—42), straightforward multiplexed imaging is
achieved by labeling the probes for each target with a different HCR initiator and uti-
lizing spectrally distinct fluorophores on the HCR hairpins for each system (36, 39).
Unified detection of protein and RNA targets further allows for one-step signal am-
plification for both target types, allowing users to query gene expression at multiple
levels (36). Third, as a built-in feature, HCR generates quantitative subcellular voxel
intensities that scale with the number of targets per imaging voxel (QHCR imaging)
(43). Furthermore, absolute quantitation of RNA targets is possible via digital HCR
imaging, with single-molecule sensitivity for RNA targets even in highly autoflu-
orescent whole-mount vertebrate embryos (dHCR imaging) (39, 44). Fourth, the
signal amplification mechanism is isothermal, operating at room temperature, and is
enzyme-free, eliminating concerns about enzyme cost and stability. Fifth, the probes
and hairpins used in HCR signal amplification are small in size, permitting access
to regions deep within thick specimens. With these favorable properties, HCR has
enabled laboratory researchers to study RNA and protein expression in multiplex in

a panoply of biological sample types (36, 45). This thesis seeks to further extend
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the capabilities of HCR to higher levels of simultaneous multiplexing (Chapter 2),
quantitative imaging of protein:protein complexes (Chapter 3), and at-home testing

for infectious disease (Chapter 4).

With orthogonal HCR amplifiers labeled with spectrally distinct fluorophores, re-
searchers have the option of detecting multiple RNA and protein targets simultane-
ously within biological samples. Each fluorophore has a characteristic excitation
spectrum, which defines the degree to which the fluorophore is excited across a
range of wavelengths, as well as a characteristic emission spectrum, which defines
the degree to which the fluorophore emits photons across a range of wavelengths.
Because commonly used small molecule organic fluorophores absorb and emit pho-
tons over a wide range of wavelengths, to conduct multiplexed experiments, it is
necessary to use fluorophores with maximally disparate excitation and emission
spectra. By exciting each fluorophore with a different wavelength of light, as well
as employing bandpass filters that only allow certain wavelengths of light to reach
the detector(s), researchers can image 4-5 targets in a sample without crosstalk be-
tween the fluorescence channels (38, 39). Above 5 targets, increasing overlap in the
excitation and emission spectra between fluorophores leads to crosstalk, preventing
attribution of the fluorescence to one target in the sample. Therefore, we aimed to
develop a method for simultaneous signal amplification and imaging of 10 targets,
effectively doubling the number of targets researchers can detect in a single imaging
round. In Chapter 2, we pursue a robust, user-friendly method for imaging 10 tar-
gets regardless of expression level or anatomical location, allowing for detection of
spatially-overlapping, high-expression, and low-expression targets of interest. We
employ spectral imaging with linear unmixing to achieve 10-plex imaging. Spec-
tral imaging applies light from multiple wavelengths to excite fluorophores labeling
targets in the sample, while linear unmixing uses a reference spectrum for each
fluorophore to determine the concentration of each fluorophore in every pixel of the

image.

In addition to exploring the expression of RNA and protein targets, to better un-
derstand the actions executed by these biological macromolecules, it is necessary
to query their interactions (2, 3). Multi-channel imaging of two targets with spec-
trally distinct fluorophores allows some measure of the proximity of two targets,
yet the resolution of fluorescence microscopy is limited to the diffraction limit of
light, preventing inquiry of proximity on the scale most relevant to molecular in-

teractions. In contrast, generating one signal upon the physical interaction of two
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probes can assess proximity at a sub-diffraction limit level. We hypothesized that
the split-initiator principle of HCR v3.0 would be amenable to detecting molecular
interactions, and as one implementation of this strategy, in Chapter 3 we pursue the
detection of protein:protein complexes (39). Antibodies specific to each protein of
the complex carry oligonucleotide strands harboring half of an HCR initiator, and
a third oligonucleotide strand functions as a molecular ruler, colocalizing the two
fractional initiators to form a full HCR initiator if the two antibodies bind proximally

to one another in the sample.

While the aforementioned techniques are applicable to the sensitive detection of
RNA targets, protein targets, and protein:protein complexes in a laboratory setting,
we also hypothesized that the mechanism of HCR would be well-suited for at-home
testing for infectious disease. PCR tests remain the gold standard for detecting
infectious diseases such as SARS-CoV-2, yet they take hours to return a result and
require laboratory instrumentation (46, 47). In contrast, conventional lateral flow
assay tests allow users to test themselves for infectious disease at home, but the
unamplified nature of the lateral flow format leads to an unacceptably high false-
negative rate (e.g., 25%—50%) (48-50). In Chapter 4, motivated by the ongoing
COVID-19 pandemic, we employ HCR signal amplification for at-home testing
for infectious disease, partially bridging the sensitivity gap between commercial

unamplified lateral flow assays and laboratory-based PCR tests.



Chapter 2

HCR SPECTRAL IMAGING: 10-PLEX QUANTITATIVE RNA
FLUORESCENCE IN SITU HYBRIDIZATION AND
IMMUNOFLUORESCENCE IN HIGHLY AUTOFLUORESCENT
SAMPLES

2.1 Introduction

Visualizing RNA and protein expression provides researchers with a spatial view of
the biological components that execute cellular processes. Immunohistochemistry
(IHC) (51, 52) and in situ hybridization (ISH) (8, 53) use antibody or DNA probes to
selectively bind a protein or RNA target of interest and produce an output signal in
the vicinity of that target. To gain a more complete view of the biomolecules present
in a specimen, researchers would ideally image as many target molecules as possible.
However, multiplexing has historically been compromised by reliance on enzymatic
signal-generating methods, such as catalyzed reporter deposition (CARD), which
lack robust orthogonal chemistries for simultaneous multiplexing (10, 18-20) and
provide poor spatial resolution due to diffusion of the reporter molecules (10, 16).
To address these shortcomings, immunofluorescence (IF) and fluorescence in situ
hybridization (FISH) exploit fluorophores that remain tethered to the target-binding
probes, greatly improving spatial resolution (9, /0, 13). Imaging up to 4-5 targets is
achievable by employing fluorophores with well-separated excitation and emission
spectra, allowing for selective excitation of each fluorophore and collection of emit-
ted fluorescence via bandpass filters that only allow certain wavelengths of light to
reach the microscope detector (/2). However, increasing overlap of the excitation
and emission spectra leads to crosstalk between fluorescence channels as the number

of fluorophores increases, prohibiting higher levels of multiplexing.

Fluorescence-based methods relying on unamplified approaches, such as direct-
labeled probes, further suffer from low signal-to-background and prevent detection
of low-expression targets (54, 55). In contrast, sensitive detection of protein and
RNA targets is enabled by the mechanism of hybridization chain reaction (HCR), an
enzyme-free signal amplification method in which two fluorophore-labeled nucleic
acid hairpins (h1 & h2) comprising an HCR amplifier undergo a self-assembly cas-
cade upon exposure to a target initiator (il) (35-39). With HCR v3.0 for RNA-FISH,
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probe pairs in which each probe harbors half of an HCR initiator provide automatic
background suppression, requiring a pair of probes to bind adjacent locations on
the target RNA to generate a full HCR initiator and trigger amplification (39).
More recently, we also demonstrated that HCR IF with initiator-labeled antibodies
achieves amplified detection of protein targets (36). Both HCR IF and HCR RNA-
FISH provide sensitive, high-resolution, quantitative imaging paradigms, allowing
researchers to perform relative and absolute quantitation of high- and low-expression
targets of interest (36, 43).

By utilizing orthogonal HCR systems that polymerize independently of one another,
straightforward multiplexing is achieved by labeling the hairpins of each system
with a different fluorophore, yet simultaneous signal amplification for more than
five targets has been of limited use due to fluorescence crosstalk. We aimed to
develop a method for simultaneous signal amplification and imaging of 10 targets,
effectively doubling the number of targets researchers can detect in a single imaging
round. We set the goal of enabling robust, user-friendly, one-step imaging of all
10 targets regardless of the expression level or anatomical location of the target,
allowing for detection of spatially overlapping high- and low-expression targets of
interest. While dramatically higher levels of multiplexing can be achieved using
temporal barcoding methods, these approaches require low target expression levels
in order to spatially separate the signal for each target molecule as a distinct dot
and require repeated imaging that is unfavorable for whole-mount embryos and
delicate specimens (31, 32, 56, 57). In contrast, spectral imaging (58-60) offers the
conceptual promise of exceeding 5-plex without the need for re-imaging samples
and without constraints on target expression level or pattern. However, in practice,
it has proven difficult to realize this conceptual promise in the challenging imaging

environment of whole-mount vertebrate embryos (60).

Here, we demonstrate simultaneous imaging of a combination of 10 protein and RNA
targets in highly autofluorescent samples via spectral imaging of 10 orthogonal HCR
systems and linear unmixing of the fluorescence signal. We show robust separation

1" autofluorescence channel,

of 10 target fluorophore channels, plus an additional 1
and validate that unmixed subcellular voxel intensities enable accurate and precise
relative target quantitation with subcellular resolution across all 10 channels, as well

as absolute digital RNA quantitation.



2.2 Results

10-plex spectral imaging and linear unmixing

We utilize spectral imaging with linear unmixing to image 10 targets, each of which
is bound by probes triggering amplification of an orthogonal HCR system labeled
with a different fluorophore. With spectral imaging, light from across the visible
and near-IR spectrum is applied to the sample to excite the 10 fluorophores labeling
all 10 targets (58). Here, 10 laser lines excite each of the 10 target fluorophores
near their excitation peaks, and an 11 laser line excites the autofluorescence in
the sample at its peak excitation wavelength. Light emitted upon applying each
laser line is then collected via one or more fluorescence detectors. Because the 10
fluorophores (and autofluorescence) overlap in their excitation and emission spectra
(see Figure 2.1A), light collected in the detectors will consist of a combination of
fluorescence from different fluorophores in the sample. Therefore, to determine
the contribution of each fluorophore to every pixel in the image, linear unmixing is
applied. Linear unmixing assumes the total fluorescence in each pixel at a given
wavelength is a linear combination of the abundance of each fluorophore multiplied
by the intensity of the fluorophore reference spectrum at that wavelength (67). By
determining the reference spectrum of each fluorophore, linear unmixing can solve
for the unknown concentration of each fluorophore in every pixel in the image. The
output is 11 unmixed channels: one for each of the 10 target fluorophores, and one

for autofluorescence.

The steps to conduct a 10-plex experiment are summarized in Figure 2.1B. The
user first determines the wavelength that maximally excites the autofluorescence
of the sample by conducting an excitation-emission scan of an unlabeled sample
(note: this step need not be repeated for future experiments in the same sample
type). Next, the user spectrally images the 10-plex sample and 1-plex samples for
each of the 10 target fluorophores, as well as an unlabeled sample. The reference
spectra are generated from the 1-plex and unlabeled sample images by evaluating
the fluorescence intensity across all channels in a region of maximal expression of
a given target (or maximal autofluorescence for the unlabeled sample), generating a
linear unmixing matrix (Figure 2.1C). Lastly, the linear unmixing matrix is applied
to the 10-plex image to solve for the concentration of each fluorophore in every pixel

of the image, generating 11 output channels (including autofluorescence).

As an example, consider Figure 2.1D, which depicts the raw spectral fluorescence

intensity for a single pixel in the notochord region of a 10-plex whole-mount ze-
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Figure 2.1: Overview of 10-plex imaging using spectral imaging and linear
unmixing. (A) Excitation (dashed lines) and emission (solid lines) spectra for
the 10 fluorophores utilized for HCR spectral imaging. Commercially available
fluorophores were chosen for maximal separation between spectra to enable ro-
bust linear unmixing. Spectra from left to right: Alexa405, Atto425, Alexa488,
Alexa514, Alexa546, Alexa594, Atto633, Alexa700, Alexa750, iFluor800. Spec-
tra obtained from FluoroFinder. (B) Protocol summary for performing a 10-plex
spectral imaging and linear unmixing experiment. (C) Linear unmixing matrix
of reference fluorophore spectrum intensity gathered via spectral imaging of 10
fluorophores in 1-plex samples. Autofluorescence (AF) spectrum gathered from
an unlabeled sample. (D) Spectral fluorescence intensity of a single pixel in the
notochord of a 27 hpf zebrafish embryo. (E) Linear unmixing determines the fluo-
rescence contribution from each fluorophore to the pixel in panel D. Linear unmixing
utilizing the reference spectra from panel C correctly identifies that the pixel in the
notochord is labeled by Ch5, Ch8, and Ch10 fluorophores, comprising the bulk of
the spectral fluorescence intensity in panel D.
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brafish embryo. By applying linear unmixing, we determine the amounts of each of
the 10 fluorophores and autofluorescence that combine to create the spectral fluo-
rescence intensity curve. Here, linear unmixing determines that the preponderance
of the fluorescence intensity was contributed by Channels 5, 8, and 10, generating

the three peaks seen in the spectral fluorescence intensity curve (Figure 2.1E).

We demonstrate 10-plex spectral imaging with linear unmixing on the Leica Stellaris
8 microscope, which is equipped with a fixed 405 nm laser, as well as a tunable white
light laser capable of generating laser lines in 1 nm increments between 440 nm to
790 nm. The tunability of the white light laser affords optimal excitation wavelengths
for each target fluorophore, as well as autofluorescence, minimizing cross-excitation
of other fluorophores. The Leica LAS X software is capable of performing the
linear unmixing, allowing users to complete both the spectral imaging and linear
unmixing on the Stellaris 8 microscope. As an alternative, we present a novel linear
unmixing algorithm, which we have released as the LinearUnmixing 1.0 notebook

(available for download at www.moleculartechnologies.org).

10-plex RNA imaging using spectral HCR RNA-FISH in a whole-mount verte-
brate embryo

To validate our approach to spectral imaging with linear unmixing, we performed
10-plex HCR RNA-FISH in a fixed 27 hours post-fertilization (hpf) whole-mount
zebrafish embryo. The RNA targets represent a variety of expression levels, and
each target has a distinct expression pattern corresponding to a certain anatomical

region of the zebrafish, allowing for visual confirmation of unmixing fidelity.

Generating samples for 10-plex HCR RNA-FISH has the same protocol timeline
as that of a single-plex or lower-level multiplexed experiment. Targets are detected
via two overnight steps consisting of a detection stage and amplification stage
(Figure 2.2A). In the detection stage, all HCR probe sets, each of which consists
of split-initiator probes, are added simultaneously to the sample and bind to the 10
RNA targets. In the subsequent overnight amplification stage, all HCR amplifiers
are added. Because the 10 HCR systems operate independently of one another,
concurrent signal amplification occurs for all 10 targets, each of which becomes
labeled with tethered amplification polymers decorated with a different fluorophore.
To gather the fluorophore reference spectra, 1-plex zebrafish embryos were labeled
with the probe set and HCR amplifier corresponding to 1 of the 10 targets and
imaged with the same imaging settings as the 10-plex sample. The autofluorescence
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reference spectrum was gathered from an unlabeled zebrafish embryo (no probes

and no hairpins added).
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Figure 2.2: 10-plex RNA imaging in a 27 hours post-fertilization (hpf) whole-
mount zebrafish embryo. (A) 2-stage 10-plex HCR RNA-FISH protocol. De-
tection stage: 10 split-initiator DNA probe sets bind to 10 RNA targets; wash.
Amplification stage: split-initiator probes trigger self-assembly of 10 fluorophore-
labeled HCR amplifiers into tethered fluorescent amplification polymers; wash.
Amplification occurs simultaneously for all 10 targets. (B) Top: expression atlas
for 10 RNA targets in the tail region of a 27 hpf zebrafish embryo. Bottom: Con-
focal single-channel images of 10-plex RNA imaging in the tail region of a 27 hpf
zebrafish embryo; 0.568x0.568x4.0 um pixels; maximum intensity z-projection of
77 z-dimension sections (103 um total). Chl: hbael (Alexad05). Ch2: mylpfa
(Atto425). Ch3: gfap (Alexa488). Ch4: kdrl (Alexa514). ChS: shha (Alexa546).
Ch6: elavi3 (Alexa594). Ch7: sox10 (Atto633). ChS8: ntla (Alexa700). Ch9: dmd
(Alexa750). Ch10: col2ala (iFluor800). Chll1: autofluorescence (AF). Channels
unmixed with the Leica LAS X software. (C) Top: anatomical schematic of a
transverse view 27 hpf zebrafish embryo tail region. Bottom: Composite transverse
view image of Chl to Chl10 reveals anatomical structures labeled by the 10-plex
RNA targets; maximum intensity x-projection of 11 x-dimension sections (6.25 um
total) within the green rectangle region depicted on the Ch11 image of panel B. See
Section A.3.1 and Supplementary Movie 1 for additional data.
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Visual inspection of the 11 unmixed channels reveals robust separation of each of
the 10 targets, as well as of the autofluorescence channel (Figure 2.2B). Of note, the
linear unmixing algorithm is able to separate targets with overlapping expression
patterns, including shha, ntla, and col2ala, all of which label the notochord of the
zebrafish embryo (62). A composite transverse view of the embryo reveals several
of the anatomical structures labeled by the RNA targets, including the neural crest
(labeled by sox10) (63), spinal cord (labeled throughout by gfap (64) and around the
perimeter by elavi3 (65)), myotome (labeled by mylpfa) (66), myoseptum (labeled
by dmd) (67), vasculature (labeled by kdrl) (68), hematopoietic blood cells (labeled
by hbael) (69), and notochord (labeled by shha, ntla, and col2ala) (Figure 2.2C).
The estimated signal-to-background ratios range from 17 to 100 (median: 45) across
the 10 RNA targets (mean signal-to-background for N = 3 replicate embryos; see
Table A.7).

qHCR imaging: 10-plex relative quantitation with subcellular resolution in an
anatomical context

As a built-in feature, HCR signal amplification generates quantitative subcellular
voxel intensities for both RNA (39) and protein (36) targets (QHCR), permitting
multidimensional quantitative analysis of target expression in highly autofluorescent
tissues (43). To verify whether spectral imaging with linear unmixing generates
quantitative voxel intensities, five target RNAs in a 27 hpf whole-mount zebrafish
embryo were each redundantly detected in two fluorescence channels via a single
10-plex experiment. Target RNAs are redundantly detected by designing two HCR
probe sets with orthogonal HCR initiators that bind interleaving sites along the target
RNA (Figure 2.3A). If HCR signal scales approximately linearly with the number
of target RNAs per voxel, a scatter plot of normalized voxel intensities for each pair
of redundant channels will yield a tight linear distribution with approximately zero
intercept (43), after first ruling out potential systematic crowding effects that could

permit pairwise voxel intensities to slide undetected along a line (36, 39).

A 10-plex zebrafish embryo sample was spectrally imaged and linearly unmixed via
reference spectra for the 10 target fluorophores and autofluorescence (Figure 2.3B).
For each pair of redundant channels, subcellular 2X2x1.2 um voxels were com-
pared within a region of the sample with varying signal intensity. Plots of the
normalized subcellular voxel intensities for each of the redundant channel pairs re-
veal high precision (scatter around the line) and high accuracy (linearity with zero

intercept), indicating spectral unmixing with linear unmixing generates quantitative
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Figure 2.3: qHCR imaging: relative quantitation with subcellular resolution
in an anatomical context using 10-plex spectral imaging with linear unmixing.
(A) Redundant detection of an RNA target using two split-initiator DNA probe
sets labeled with orthogonal HCR initiators. (B) 10-channel confocal images of 5
redundantly detected RNA targets; 0.180x0.180x1.2 um pixels; single optical sec-
tions. Chl: col2ala (Alexa405). Ch2: mylpfa (Atto425). Ch3: elavi3 (Alexa488).
Ch4: kdrl (Alexa514). ChS: dmd (Alexa546). Ch6: elavi3 (Alexa594). Ch7:
kdrl (Atto633). Ch8: mylpfa (Alexa700). Ch9: dmd (Alexa750). Chl0: col2ala
(iFluor800). Sample: 27 hpf whole-mount zebrafish embryo. Chromatic aberration
corrected with Huygens software. Channels unmixed with the Leica LAS X soft-
ware. Solid boxes: region analyzed in panel C. (C) High precision (scatter around the
line) and high accuracy (linearity with zero intercept) for RNA relative quantitation
in an anatomical context across all 10 channels. Highly correlated normalized signal
(Pearson correlation coefficient, r) for subcellular voxels (2.0x2.0x1.2 um) in the
depicted region of panel B above mean background fluorescence. See Section A.3.2
for additional data.
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voxel intensities across all 10 channels (Figure 2.3C). Each channel displays a high
estimated signal-to-background ratio (median: 60), ranging from 27 to 130 (mean

signal-to-background for N = 3 replicate embryos; see Table A.10).

dHCR imaging: absolute quantitation of RNA targets in a 10-plex sample

We previously demonstrated that HCR provides single-molecule sensitivity for dig-
ital RNA quantitation (dHCR) (39, 44). We were curious to see whether a single-
molecule target RNA could be spectrally imaged and linearly unmixed within the
context of a 10-plex imaging experiment. Toward that end, we performed the same
10-plex experiment as for Figure 2.3, but imaged the dorsal posterior region of the
zebrafish tail, where the RNA target kdrl is expressed as single-molecule punctae.
Alongside redundant detection of 4 other RNA targets, the kdrl RNA was redun-
dantly detected with two HCR probe sets configured to bind interleaving portions of

the kdrl target, and the 10-plex sample was spectrally imaged and linearly unmixed.

To determine the fidelity with which single-molecule targets can be detected with
spectral HCR imaging, we performed dot detection on the redundant kdr/ channels
(Channels 4 and 7) using a novel dot detection algorithm (Figure 2.4). We observe
a colocalization rate of 0.80 + 0.003 for Channel 4 and 0.82 + 0.009 for Channel
7, consistent with previous colocalization rates for dHCR imaging with HCR RNA-
FISH v3.0 (39), indicating spectral imaging with linear unmixing is compatible
with absolute quantitation of low-expression, single-molecule targets. The dot
detection algorithm is available for download as the DotDetection 2.0 notebook at

www.moleculartechnologies.org.

10-plex protein and RNA imaging using spectral HCR IF + HCR RNA-FISH
in a mouse brain section

To illustrate the versatility of HCR spectral imaging with linear unmixing for detec-
tion of diverse target types in a different sample setting, we also performed 10-plex
HCR IF + HCR RNA-FISH in a 5 um fresh-frozen coronal mouse brain section. For
HCR IF + HCR RNA-FISH, targets are detected via three overnight steps consisting
of a protein detection stage, an RNA detection stage, and an amplification stage (Fig-
ure 2.5A). In the first overnight of the detection stage, all HCR IF unlabeled primary
antibodies are added simultaneously, after which the initiator-labeled secondary an-
tibodies are incubated to bind to the primary antibodies. In the second overnight
of the detection stage, all HCR RNA-FISH probe sets are added simultaneously.
Lastly, in the final overnight amplification stage, all orthogonal HCR hairpins are
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Figure 2.4: dHCR imaging: absolute quantitation of RNA targets within the
context of 10-plex spectral imaging with linear unmixing. Alongside four other
redundantly detected targets, target RNA kdrl was redundantly detected using two
split-initiator DNA probe sets labeled with orthogonal HCR initiators that bind
interleaving locations along the target RNA. The 10-plex zebrafish embryo was
spectrally imaged in the dorsal posterior tail, where kdrl is expressed as single
molecule punctae, and linearly unmixed. Left: Ch4 (kdrl; Alexa514). Mid-
dle: Ch7 (kdrl; Atto633). Right: Ch4+Ch7 merge. Green circles denote dots
detected in Ch4, red circles denote dots detected in Ch7, and yellow circles de-
note dots detected in both channels. Colocalization rate indicates the fraction of
dots in each channel that are detected in both channels (mean + estimated stan-
dard error of the mean via uncertainty propagation for N = 3 replicate embryos).
Dots were detected using the DotDetection 2.0 notebook (available for download
from www.moleculartechnologies.org). Maximum intensity z-projection of 5 z-
dimension sections (2.7 um total); 0.180x0.180x1.2 um pixels. Sample: 27 hpf
whole-mount zebrafish embryo. Channels unmixed with the Leica LAS X software.
See Section A.3.3 for additional data.

added. One-time signal amplification is achieved for the combination of all 10 RNA
and protein targets, each of which becomes labeled with a tethered amplification
polymer with a different fluorophore. Reference spectra for the fluorophores were
gathered from 1-plex samples, and a reference spectrum for the autofluorescence

was gathered from an unlabeled sample.

Each protein and RNA target has a characteristic expression pattern corresponding
to certain cells and/or cellular compartments within the cerebral cortex, enabling
confirmation of the linear unmixing success (Figure 2.5B). The protein targets label
various components of the cerebral cortex: NFH labels the intermediate filaments in
large myelinated axons (70), CD31 labels endothelial cells (71), and RBFOX3 labels
neuronal nuclei (72). Among the RNA targets, Actb is expressed in several cell types
(73), while Slc17a7 labels excitatory neurons and Gadl labels inhibitory neurons
(74). Subtypes of inhibitory neurons are labeled by Sst and Vip, and expression of
these two RNA targets overlaps as expected with Gadl-expressing neurons, again
confirming the ability to distinguish overlapping targets with linear unmixing (74).

Lastly, as expected, Lamp5 expression is most pronounced in the upper layers of the
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Figure 2.5: 10-plex protein and RNA imaging in a fresh-frozen mouse brain
section. (A) 3-stage 10-plex HCR IF + RNA-FISH protocol. Protein detection
stage: primary antibodies bind to protein targets; wash. Initiator-labeled sec-
ondary antibodies bind to primary antibodies; wash. Post-fix. RNA detection
stage: split-initiator DNA probe sets bind to RNA targets; wash. Amplification
stage: initiator-labeled secondary antibodies and split-initiator DNA probes trigger
concurrent self-assembly of 10 fluorophore-labeled HCR amplifiers into tethered
fluorescent amplification polymers; wash. Amplification occurs simultaneously for
all 10 targets, regardless of target type. (B) 10-plex confocal images of 3 pro-
tein and 7 RNA targets in the cerebral cortex of a 5 um fresh-fixed mouse brain
section; 0.568x0.568x4.0 um pixels; single optical section. Chl: target protein
NFH (Alexa405). Ch2: target protein CD31 (Atto425). Ch3: target RNA Sicl7a7
(Alexa488). Ch4: target RNA Gadl (Alexa514). Ch5: target RNA Sst (Alexa546).
Ch6: target RNA Actb (Alexa594). Ch7: target RNA Lamp5 (Atto633). ChS: target
RNA Pipl (Alexa700). Ch9: target RNA Vip (Alexa750). ChlO0: target protein
RBFOX3 (iFluor800). Chl1: autofluorescence (AF). Left: composite image of
Ch1-Chl10. Right: Confocal single-channel images of Ch1-Chl1 and composite
image of Ch1-Chl0 for the region depicted in the left image. Channels unmixed
with the Leica LAS X software. Sample: coronal fresh-frozen mouse brain section
(thickness: 5 um; region: interaural 0.88 mm + 0.2 mm; age: 8 weeks old). See
Section A.3.4 for additional data.
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cortex (75), and Plpl labels oligodendrocytes, which are non-overlapping with the
neuronal cells (76). The estimated signal-to-background ratios range from 25 to 140
(median: 70) across the 10 protein and RNA targets (mean signal-to-background

for N = 3 replicate sections; see Table A.12).

2.3 Discussion

Spectral imaging with linear unmixing enables researchers to simultaneously image
a combination of 10 RNA and protein targets by harnessing the robust signal am-
plification mechanism of HCR. While other multiplexed methods utilize repeated
imaging rounds with signal removal between rounds to enable dramatically higher
levels of multiplexing, these methods require image alignment between imaging
rounds, making imaging of delicate samples and samples not affixed to a slide (such
as whole-mount vertebrate embryos) particularly onerous (3/-34). Moreover, many
methods place constraints on the expression location of the target, only allowing
researchers to detect non-overlapping, spatially-separated target molecules in the
case of barcode-based methods (31, 32, 34). In contrast, HCR spectral imaging
with linear unmixing allows for detection of high-expression spatially-overlapping
targets, as well as low-expression single-molecule targets, in highly autofluorescent
samples not affixed to slides, such as whole-mount vertebrate embryos. To that end,
we demonstrate detection of the single-molecule kdrl target RNA in whole-mount
vertebrate embryos, as well as detection of the overlapping Gadl, Actb, and Sst
RNA targets in an inhibitory neuron subtype in mouse brain sections. HCR spectral
imaging of 10 targets further benefits from a quick, user-friendly protocol, as all
probes of the same type are added simultaneously in the detection stage, and all
HCR hairpins are added simultaneously in the amplification stage. This results in
a two-overnight protocol for HCR RNA-FISH and a three-overnight protocol for
HCR RNA-FISH + HCR IF.

HCR applies fluorescence-based signal amplification to generate high signal-to-
background across the visible and near-IR spectrum, even in highly autofluorescent
samples such as whole-mount vertebrate embryos and brain sections. In addition
to amplified signal, low background is achieved by the automatic background sup-
pression of split-initiator DNA probe pairs, as well as the kinetically trapped HCR
hairpins, which do not polymerize unless exposed to a full HCR initiator (39).
Spectral imaging with linear unmixing further preserves the high spatial resolution
and quantitative subcellular voxel intensities of normal bandpass imaging HCR.

We demonstrate that the unmixed fluorescence channels generate quantitative voxel
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intensities, allowing for researchers to harness the built-in benefit of relative target

quantitation.

En route to 10-plex imaging, we optimized several method parameters. First, we
leveraged 10 orthogonal HCR systems, wherein the initiator of each system does not
trigger polymerization of hairpins of other systems; the orthogonality of this signal
amplification mechanism means amplification can occur simultaneously across all
10 targets. Second, we chose fluorophores that enable high signal-to-background,
also seeking to use fluorophores that are as spectrally distinct as possible. Using
fluorophores with disparate spectra ensures that linear unmixing performs well
even if noise or other fluorophores in the sample perturb the spectra. Third, we
optimized the laser line wavelengths to excite the fluorophores and autofluorescence
as selectively as possible, helping to reduce crosstalk between channels prior to
unmixing. Fourth, we determined the optimal wavelengths for the microscope
detectors, finding that for many channels it was beneficial to line up several detectors
back to back across different wavelengths, allowing for collection of more detailed
spectral information than if a single detector were used for each channel. The Leica
Stellaris 8 microscope allowed us to perform these discriminate optimizations of the
excitation and collection wavelengths, providing laser lines in 1 nm increments and
five detectors. Fifth, we gathered reference spectra for each of the 10 fluorophores,
as well as for the autofluorescence, using the same imaging conditions as for the 10-
plex sample. Sixth, we used robust linear unmixing algorithms via the Leica LAS X
software and via a novel unmixing method we developed, which has been released

as the LinearUnmixing 1.0 notebook (available at moleculartechnologies.org).

The work presented here is designed to be plug-and-play for researchers looking to
image more than five targets in biological samples. To image 10 targets of interest,
a user need only obtain the reference spectrum for each target fluorophore in 1-
plex samples (and an unlabeled sample for autofluorescence) in order to linearly
unmix the spectral fluorescence of a 10-plex sample. As an added benefit, unified
10-plex HCR IF + HCR RNA-ISH allows researchers to query gene expression
at multiple levels. For example, researchers can interrogate expression of both
the RNA and protein for a given gene, which may be expressed in vastly different
quantities and in different spatial compartments (77, 78). This opens the door to new
multiplexed studies of protein and RNA spatial expression in historically difficult-
to-image biological samples, enabling researchers to gain a more holistic view of

the biomolecules that guide cellular activity.
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2.4 Methods Summary

Probes, amplifiers, and buffers

Details regarding the probes, amplifiers, and buffers for each experiment are dis-
played in Table A.1.1 for HCR RNA-FISH and Table A.1.2 for HCR IF.

HCR RNA-FISH in whole-mount zebrafish embryos

HCR RNA-FISH in whole-mount zebrafish embryos was performed using the pro-
tocols detailed in Section A.2.2. Experiments were performed in AB wild-type
whole-mount zebrafish embryos (fixed 27 hpf) from the Zebrafish Facility of the
Beckman Institute at Caltech. Procedures for the care and use of zebrafish embryos
were approved by the Caltech IACUC.

HCR IF + HCR RNA-FISH in fresh-frozen mouse brain sections

HCR IF + HCR RNA-FISH in fresh-frozen mouse brain sections was performed
using the protocols detailed in Section A.2.3. Experiments were performed in
CS57BL/6 fresh-frozen coronal mouse brain sections (thickness: 5 um; region:

interaural 0.88 mm + (0.2 mm; age: 8 weeks old; sex: male) from Acepix Biosciences
(Cat. # A2203-0561).

Confocal microscopy

Microscopy was performed using a Leica Stellaris 8 inverted confocal microscope
with an HC PL APO 20x/0.75 IMM CORR CS2 (Cat. # 11506343) objective or
HC PL APO 63x/1.40 OIL CS2 (Cat. # 11506350) objective. Detailed information
on the objectives, excitation wavelengths, detectors, and detection wavelengths used

for each experiment is displayed in Tables A.3 and A.4.

Spectral imaging and linear unmixing

Spectral imaging and linear unmixing was performed using the protocol detailed in
Section A.2.1. Alternatively, linear unmixing was performed using the LinearUn-
mixing 1.0 notebook for Figures A.2 and A.20-A.22. The LinearUnmixing 1.0

notebook is available for download at www.moleculartechnologies.org.

Image analysis

Image analysis was performed as detailed in Section A.1.4 of the supplementary
material, including: definition of raw pixel intensities; measurement of signal,
background, and signal-to-background; calculation of normalized subcellular voxel

intensities for qHCR imaging; and dot detection for dHCR imaging. For qHCR
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imaging, Huygens software was used to correct for chromatic aberration. For
enhanced visualization, images are displayed with 0.1% of pixels saturated across
three replicates, with the exception of Figures 2.4 and A.15, which are displayed
between the minimum and maximum pixel intensities across three replicates. All

images are displayed without background subtraction.
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Chapter 3

MULTIPLEXED QUANTITATIVE IMAGING OF
PROTEIN:PROTEIN COMPLEXES USING COOPERATIVE
PROBES FOR LOGICAL CONTROL OVER HCR SIGNAL
AMPLIFICATION

3.1 Introduction

Proteins undergo novel interactions to steer cellular activity in new directions during
processes such as transcription, signal transduction, development, and disease (2,
3). While immunofluorescence methods querying multi-channel protein expression
provide some measure of the proximity of two or more proteins, this readout of
protein:protein proximity is maximally resolved to the diffraction limit of light.
In contrast, generating one signal upon physical interaction of probes targeting

proximal proteins provides a sub-diffraction limit indication of proximity.

The proximity ligation assay is one such method, utilizing antibodies labeled with
oligonucleotides that interact only if the antibodies bind to nearby locations in the
sample (79-82). If the oligonucleotides are close enough to interact, they hybridize
with one another and are enzymatically ligated prior to rolling circle amplification
with a polymerase enzyme, creating a long DNA strand that is in turn hybridized
with fluorescent readout probes to generate a signal. The reliance on multiple
enzymes creates experimental difficulties: enzyme stocks are costly, have strict
cold storage conditions, and have variable activity over time (requiring frequent re-
assaying for activity). Moreover, the proximity ligation assay exhibits a low reaction
efficiency owing to the frequent generation of noncircular ligation products during
the enzymatic ligase step, reducing sensitivity (83). Specificity is also hampered due
to high background, which is displayed for technical controls in which one reaction

component is omitted (82).

To avoid the experimental shortcomings associated with using enzymes, the prox-
HCR method employs nonenzymatic hybridization chain reaction (HCR) signal
amplification (83, 84). Two antibodies labeled with oligonucleotides configured
to adopt a hairpin secondary structure bind proximally in a sample, and a third
oligonucleotide strand hybridizes with one of the hairpins to free a sequence that

hybridizes with the other hairpin, de-sequestering a full-length HCR initiator that
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triggers polymerization of an HCR amplifier. This multi-stage reaction pathway,
which is sequence-dependent on the initiator, has thus far been limited to 1-plex

applications.

In addition to proxHCR, the mechanism of HCR (35) has previously been applied for
amplified detection of both RNA (37-39) and protein (36) targets. The split-initiator
concept was introduced by HCR RNA fluorescence in situ hybridization (RNA-
FISH) v3.0, in which a target RNA is detected by probes harboring one half of an
HCR initiator (39). When both probes in a probe pair bind adjacent locations on the
target RNA, a full HCR initiator is colocalized, triggering alternating polymerization
of HCR hairpins hl and h2. Splitting the initiator across two probes achieves
automatic background suppression, as off-target binding of one probe is insufficient
to generate amplified background due to the absence of a full-length initiator. We
also recently demonstrated HCR immunofluorescence (IF) for the sensitive detection
of target proteins in highly autofluorescent samples by employing initiator-labeled

antibodies that trigger growth of tethered HCR amplification polymers (36).

Drawing on the principles of HCR RNA-FISH v3.0 and HCR IF, we hypothesized
that a split-initiator approach would be well-suited for the detection of protein:protein
complexes. We set the goal of developing a robust split-initiator technology for
imaging protein:protein complexes that is multiplexed, quantitative, compatible
with HCR RNA-FISH and HCR IF for simultaneous imaging of RNA and protein
targets, and provides high signal-to-background in highly autofluorescent samples,

including FFPE tissue sections.

To achieve that goal, we designed split-initiator probes to generate a full-length
HCR initiator only when two proteins are proximal to one another in the sample
(Figure 3.1A). To perform an experiment, primary antibodies are first bound to the
interacting proteins. The primary antibodies are then bound by P1 and P2 interac-
tion probes, each of which consists of two components: 1) a secondary antibody
configured to bind to one of the primary antibodies, and 2) a P1 or P2 oligonu-
cleotide comprising a fractional initiator domain (18 nt) and a ruler-binding domain
(24 nt). The P1 oligonucleotide fractional initiator domain consists of the 5’ half of
the initiator, while the P2 oligonucleotide fractional initiator domain consists of the
3’ half of the initiator. If the P1 and P2 interaction probes are close enough to one
another, a ruler strand (50 nt) hybridizes with the ruler-binding domains of the P1
and P2 oligonucleotides, colocalizing the fractional initiator halves to form a full

HCR initiator capable of triggering HCR upon addition of an HCR amplifier. For
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scenarios in which two target proteins are not interacting, the ruler strand is inca-
pable of binding to both the P1 and P2 oligonucleotides, preventing formation of a
colocalized HCR initiator, and because individual fractional initiators cannot trig-
ger HCR, signal amplification does not occur if the ruler strand does not colocalize
the two initiator halves. This scheme provides automatic background suppression,
generating a full-length initiator and triggering HCR signal amplification only when
two proteins are proximal, and suppressing HCR signal amplification when the ruler

strand cannot bridge the gap between spatially-distant P1 and P2 oligonucleotides.

3.2 Results

Protein:protein complex imaging in adherent mammalian cells, mouse pro-T
cells, and human breast tissue sections

To evaluate our approach for HCR imaging of protein:protein complexes, we com-
pared the fluorescence intensity between pairs of biological samples, where one
sample is expected to form the protein:protein complex of interest, and the other
sample is expected to not form the protein:protein complex of interest and therefore
not trigger HCR signal amplification. For each case, we calculate an estimated
signal-to-background ratio between the two sample types. This provides a conser-
vative estimate of the method’s performance, as the protein:protein complex may
nevertheless be present at a low level in the biological sample expected to not form
the protein:protein complex. First, we compared the fluorescence intensity for the
B-catenin:E-cadherin complex in the human adherent A-431 and HeLa cell lines.
While A-431 cells form the SB-catenin:E-cadherin complex at the cell membrane of
intercellular junctions (85), HeLa cells express N-cadherin rather than E-cadherin
(86, 87) and therefore do not form the -catenin:E-cadherin complex. As expected,
A-431 cells (Figure 3.2A) display much higher fluorescence than HeLa cells (Fig-
ure 3.2B), with a signal-to-background ratio of 26 + 5 between the two cell lines
(mean =+ estimated standard error of the mean via uncertainty propagation for N = 3

replicate wells on a coverslip).

We also examined the RUNX1:PU.1 complex in the Scid.adh.2C2 mouse pro-T cell
line (88). The Scid.adh.2C2 cell line has emerged as a useful pro-T cell line for
studying T cell development, with exogenous introduction of PU.1 protein capable
of reverting the cell line to an earlier developmental time point, in part via the
interaction of PU.1 with other proteins such as RUNXI1 (89-91). Because the
Scid.adh.2C2 cell line does not endogenously express the PU.1 protein (88), we
do not expect the Scid.adh.2C2 cells to natively form the RUNX1:PU.1 complex.
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Figure 3.1: Detection of protein:protein complexes using HCR. (A) Protocol for
detecting protein:protein complexes. Detection stage: primary antibodies first bind
to complexed proteins 1 and 2. The secondary antibody component of the P1 and
P2 interaction probes then binds to the primary antibodies labeling the complexed
proteins. Proximity stage: if the P1 and P2 oligonucleotides are close enough to
one another, a ruler DNA strand binds to the ruler-binding domains of the P1 and
P2 oligonucleotides, colocalizing HCR initiator i1. Amplification stage: initiator il
triggers alternating polymerization of an HCR amplifier consisting of fluorescently-
labeled HCR hairpins h1 and h2, generating an amplification polymer that remains
tethered to the initiator. Washes between each step remove unbound reagents. (B)

Protocol timeline.
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HelLa

Figure 3.2: Detection of the §-catenin:E-cadherin complex in adherent mam-
malian cells. A) A-431 cells. (B) HeLa cells. (A,B) Adherent A-431 and Hel.a
cell lines were processed according to the protocol of Section B.2.1 and imaged
under identical conditions. Left: S-catenin:E-cadherin complex (Alexa647). Right:
composite image with DAPI. Single optical sections shown (0.180 x 0.180 x 0.8
pm pixels). See Section B.3.1 for additional data.

In contrast, when the Scid.adh.2C2 cell line is retrovirally transduced with the
PU.1 protein, we expect the expressed PU.1 protein to form a complex with the
RUNXT1 protein, its typical binding partner at earlier developmental time points.
Indeed, we observe higher fluorescence for cells retrovirally transduced with a
PU.1-containing vector (Figure 3.3A) than for cells retrovirally transduced with an
empty vector (Figure 3.3B), with a signal-to-background ratio of 15 + 4 between the
two experiment types (mean + estimated standard error of the mean via uncertainty

propagation for N = 3 replicate wells on a coverslip).

To validate the method in highly autofluorescent human FFPE tissue sections, we
detected the B-catenin:E-cadherin complex in FFPE human breast tissue sections
(5 pm thickness). The B-catenin:E-cadherin complex is robustly formed in normal
breast epithelial cells, but the expression of and interaction between the S-catenin and
E-cadherin proteins is interrupted when breast epithelial cells become cancerous in
the invasive lobular carcinoma disease process (92, 93). We obtained paired normal
and invasive lobular carcinoma 5 um FFPE breast tissue sections from the same

patient and evaluated them for the S-catenin:E-cadherin complex, observing much
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Figure 3.3: Detection of the RUNX1:PU.1 complex in mouse pro-T cells. A)
Scid.adh.2C2 cells retrovirally transduced with a PU.l1-expressing vector. (B)
Scid.adh.2C2 cells retrovirally transduced with an empty vector. (A,B) Mouse
Scid.adh.2C2 pro-T cells with and without exogenous expression of the PU.1 pro-
tein were processed according to the protocol of Section B.2.3 and imaged under
identical conditions. Left: RUNX1:PU.1 complex (Alexa647). Right: composite
image with DAPI. Single optical sections shown (0.180 x 0.180 x 0.8 ym pixels).
See Section B.3.2 for additional data.

higher fluorescence in sections from a normal breast tissue region (Figure 3.4A) than
in sections from an invasive lobular carcinoma region (Figure 3.4B), with a signal-
to-background ratio of 30 + 5 between the two section types (mean + estimated

standard error of the mean via uncertainty propagation for N = 3 replicate sections).

In summary, we observe high signal-to-background ratios for detection of different
protein:protein complexes across three different sample types, including highly
autofluorescent FFPE tissue sections, validating that the split-initiator approach
for detecting protein:protein complexes performs well in a variety of sample and

biological settings.

Multiplexed protein:protein complex imaging

With HCR IF and HCR RNA-FISH, researchers can perform multiplexed detection
of protein and RNA targets (including a combination of both target types), allowing
for multidimensional examination of gene expression (36, 39, 43). Similarly, we

sought to enable users to perform multiplexed detection of protein:protein com-
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Invasive lobular carcinoma

Figure 3.4: Detection of the -catenin:E-cadherin complex in FFPE human
breast tissue. A) Normal FFPE human breast tissue. (B) Invasive lobular carcinoma
FFPE human breast tissue. (A,B) Normal and invasive lobular carcinoma FFPE
breast tissue sections from the same patient were processed according to the protocol
of Section B.2.2 and imaged under identical conditions. Left: -catenin:E-cadherin
complex (Alexa647). Right: composite image with DAPI. Single optical sections
shown (0.568 x 0.568 x 3.3 um pixels). See Section B.3.3 for additional data.

plexes. We used NUPACK 4.0 (42) to design three sets of P1-P2-ruler sequences,
which are orthogonal to each other at two levels: 1) the ruler strands each have
a unique sequence and are designed to not interact with one another, and 2) each
design employs a split initiator from a different HCR system. Using distinct ruler se-
quences avoids a scenario wherein the ruler strand colocalizes a P1 oligonucleotide
from one HCR system with the P2 oligonucleotide from a different HCR system.
Therefore, users can detect multiple complexes within the same region of the sample
without concern of cross-reactivity between designs. The split-initiator designs we
employed come from existing HCR systems verified for their orthogonality (B1,
B6, and B9), allowing users to conduct multiplexed experiments by using spectrally

distinct amplifiers for each HCR system.

For each P1-P2-ruler junction, sequence design was performed using the reaction
pathway designer within NUPACK (40, 41, 94). Sequence design was formulated
as a multistate optimization problem using target test tubes to represent reactant,

intermediate, and product states of hybridization between P1, P2, ruler, and hair-
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pin strands, as well as to model crosstalk between orthogonal systems (Figure 3.5)
(41). Each tube contains a set of desired on-target complexes (each with a target
secondary structure and target concentration), corresponding to the on-pathway hy-
bridization products for a given step, and a set of undesired off-target complexes
(each with a target concentration of 0 nM), corresponding to on-pathway reactants
and off-pathway hybridization crosstalk for a given step. To simultaneously design
N orthogonal systems, elementary step tubes are specified for each system. Further-
more, to design against off-pathway interactions between systems, a single global
crosstalk tube is specified. In the global crosstalk tube, the on-target complexes
correspond to all reactive species generated during all elementary steps for all sys-
tems (n = 1, ..., N); the off-target complexes correspond to noncognate interactions
between these reactive species. Crucially, the global crosstalk tube ensemble omits
the cognate products that the reactive species are intended to form (they appear as
neither on-targets nor off-targets). Hence, all reactive species in the global crosstalk
tube are forced to either perform no reaction (remaining as desired on-targets) or
undergo a crosstalk reaction (forming undesired off-targets), providing the basis for
minimization of global crosstalk during sequence optimization. Note that, for de-
sign of a library of N P1-P2-ruler junctions, all N junctions have the same on-target
structure; within a library, the only difference between orthogonal junctions is the

designed sequence.

We demonstrated the capacity for multiplexed protein:protein complex imaging by
detecting three complexes that label different compartments of human adherent A-
431 cells: the cytoskeletal a-tubulin:S-tubulin complex, membranous S-catenin:E-
cadherin complex, and nuclear speckle SC35:SON complex (Figure 3.6). A high
signal-to-background ratio was observed for each complex via technical control
experiments in which the primary antibody and interaction probe corresponding to

one protein of the complex were omitted (see Table B.14 for additional details).

qHCR imaging: relative quantitation of protein:protein complexes with sub-
cellular resolution

We have previously demonstrated that HCR imaging enables relative quantitation of
both RNA and protein targets with subcellular resolution (36, 39, 43). To determine
whether the same applies for imaging protein:protein complexes, we redundantly
detected a protein:protein complex with two orthogonal HCR systems (Figure 3.7A).
The two primary antibodies targeting the proteins of the complex were each detected

by two batches of P1 or P2 interaction probes corresponding to two different HCR
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Figure 3.5: Computational P1-P2-ruler junction sequence design using NU-
PACK. Target test tubes for design of N orthogonal P1-P2-ruler junctions. Left:
elementary step tubes. Each target test tube contains a set of desired on-target com-
plexes (each with the depicted target secondary structure and a target concentration
of 5 nM) corresponding to the on-pathway hybridization products for a given step
and a set of undesired off-target complexes (each with a target concentration of 0 nM;
not depicted) corresponding to on-pathway reactants and oftf-pathway hybridization
crosstalk for a given step. To design N orthogonal systems, there are elementary
step tubes for each orthogonal system. Right: global crosstalk tube. Contains the
depicted on-target complexes corresponding to reactive species generated during
Steps 0-5 (each with the depicted target secondary structure and a target concentra-
tion of 5 nM) as well as off-target complexes (each with a target concentration of 0
nM; not depicted) corresponding to off-pathway interactions between these reactive
species. To design 3 orthogonal systems, the global crosstalk tube contains a set
of on-targets and off-targets for each orthogonal system (n = 1,...,N). Figure and
description adapted from (94).

systems. The ruler strand designed for each HCR system was then hybridized to
the P1 and P2 oligonucleotides, colocalizing the full initiator for both HCR sys-
tems and triggering signal amplification of orthogonal HCR amplifiers labeled with
spectrally distinct fluorophores. To check whether quantitative voxel intensities are
produced, we plot the subcellular voxel intensities of the two independent HCR
channels against one another, expecting a tight linear correlation and an intercept
of zero. For the SB-catenin:E-cadherin complex in the human adherent A-431 cell
line (Figure 3.7B, top), we observe high precision (tight scatter around the diagonal)
and high accuracy (linearity and an intercept of zero) for subcellular 2 ym X 2 ym
voxels (Figure 3.7C, top), consistent with quantitative voxel intensities. We also
queried the S-catenin:E-cadherin complex in human FFPE breast tissue sections (5
um thickness) (Figure 3.7B, bottom), again observing high precision and accuracy
for the subcellular 2 ym X 2 um voxel intensities between the two channels (Fig-
ure 3.7C, bottom). The B1 and B6 HCR system designs were used for the A-431
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Figure 3.6: Multiplexed imaging of protein:protein complexes. 3-plex detec-
tion of protein:protein complexes. Chl: cytoskeletal a-tubulin:-tubulin complex
(Alexa488). Ch2: membranous S-catenin:E-cadherin complex (Alexa546). Ch3:
nuclear speckle SC35:SON complex (Alexa647). Right: composite with DAPI.
Single optical section shown (0.180 x 0.180 x 0.8 um pixels). Sample: A-431 cells
on a coverslip. The same protocol (see Section B.2.1) is used independent of the
number of protein:protein complexes imaged. See Section B.3.4 for additional data.

cell experiment, while the B1 and B9 HCR system designs were used for the human
FFPE breast tissue section experiment, verifying that quantitative voxel intensities
are generated across all three HCR systems for which we have designed P1, P2, and

ruler strand sequences.

Simultaneous detection of protein targets, RNA targets, and protein:protein
complexes

Building on our recent work illustrating the unified detection of protein and RNA
targets using HCR IF + HCR RNA-FISH (36), we demonstrate co-detection of a
protein target, an RNA target, and a protein:protein complex. For co-detection
of protein targets, the primary antibody and initiator-labeled secondary antibody
for protein detection are added concurrently with the primary and secondary an-
tibodies for protein:protein complex detection. Co-detection of an RNA involves

an additional overnight incubation with split-initiator DNA probes (Figure 3.8A).
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Figure 3.7: qHCR imaging: relative quantitation of protein:protein complexes
with subcellular resolution in an anatomical context. (A) Scheme for redundant
detection of a protein:protein interaction. Two batches of P1 and P2 interaction
probes redundantly detect each primary antibody, and orthogonal ruler strands colo-
calize a full HCR initiator for both HCR systems, triggering polymerization of two
spectrally distinct HCR amplifiers (Chl: Alexa546; Ch2: Alexa647). (B) Confocal
images. Solid box: region of varying voxel intensity. Top: S-catenin:E-cadherin
complex in fixed adherent A-431 cells (0.180 x 0.180 x 0.8 um pixels). Bottom:
B-catenin:E-cadherin complex in normal 5 yum FFPE human breast tissue (0.568 x
0.568 x 3.3 um pixels). (C) Normalized subcellular (2 X 2 um) voxel intensities
from the solid boxes depicted in B are highly correlated (Pearson correlation coeffi-
cient, r), displaying high precision (tight scatter around the line) and high accuracy
(linearity and zero intercept). See Section B.3.5 for additional data.

Signal amplification occurs simultaneously for all target and complex types via
orthogonal HCR amplifiers labeled with spectrally distinct fluorophores. The mi-
tochondrial HSP60 protein target, cytoskeletal a-tubulin:S-tubulin protein:protein
complex, and nuclear U6 RNA were simultaneously detected in human adherent
A-431 cells (Figure 3.8B), with high signal-to-background observed via technical
control experiments for each of the target and complex types (see Table B.19 for
additional details).

3.3 Discussion

Methods for imaging molecular complexes have been comparatively less explored
than methods for imaging protein and RNA targets, yet represent an important fron-
tier for spatial exploration of the interactome (95, 96). Leveraging the split-initiator
concept of HCR RNA-FISH v3.0 (39) and sensitive detection of protein targets from
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Figure 3.8: Simultaneous detection of protein targets, RNA targets, and pro-
tein:protein complexes with a unified protocol for HCR IF + RNA-FISH +
protein:protein complex imaging. (A) Protocol timeline. Primary antibodies
against protein targets and protein:protein complexes are added concurrently and
incubated overnight. Initiator-labeled secondary antibody probes, as well as P1
and P2 interaction probes, are added concurrently and bind to the primary anti-
bodies. Ruler strands colocalize fractional initiators on the P1 and P2 interac-
tion probes. Following post-fixation, RNA targets are detected by split-initiator
DNA probes. HCR signal amplification occurs simultaneously for all target and
complex types via spectrally distinct HCR amplifiers. Washes between each step
remove unbound reagents. (B) Simultaneous detection of a protein target, RNA tar-
get, and protein:protein complex. Chl: mitochondrial HSP60 protein (Alexa488).
Ch2: cytoskeletal @-tubulin:8-tubulin complex (Alexa546). Ch3: nuclear U6 RNA
(Alexa647). Right: composite with DAPI. Single optical section shown (0.180 x
0.180 x 0.8 um pixels). Sample: HeLa cells on a coverslip. See Section B.3.6 for
additional data.

HCR IF, HCR imaging of protein:protein complexes is multiplexed, quantitative,
spatially-resolved, and enzyme-free. Split-initiator P1 and P2 interaction probes
recapitulate the junction formed in HCR RNA-FISH v3.0, in which a target RNA
colocalizes a probe pair where each probe harbors either the 5° or 3’ half of an HCR
initiator (39). For protein:protein complex imaging, the ruler strand serves the same
structural function as the target RNA in HCR RNA-FISH v3.0, hybridizing to the
P1 and P2 oligonucleotides to colocalize the two halves of the HCR initiator. If the
distance between the P1 and P2 interaction probes is greater than the length of the
ruler strand, the ruler strand cannot bind to both the P1 and P2 interaction probes,

precluding formation of the P1-P2-ruler junction and preventing colocalization of a
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full HCR initiator. Thus, for cases in which the two target proteins are not proximal,
P1 and P2 interaction probes are not colocalized in a junction with a ruler strand
and do not generate signal, as the fractional initiator of each interaction probe is

insufficient to trigger HCR.

The work presented here employs unlabeled primary antibodies and P1 and P2
oligonucleotide-labeled secondary antibodies to detect protein:protein complexes,
thereby requiring that each primary antibody be of a different isotype or raised
in a different species. With the large library of primary antibodies commercially
available to users, this requirement is often not an impediment. Moreover, using
labeled secondary antibodies has several benefits. First, labeled secondary anti-
bodies can be re-used for primary antibodies against other targets, whereas labeled
primary antibodies would only be applicable for one protein target, highlighting
the cost-effectiveness and versatility of the labeled secondary antibody approach.
Second, in some cases, conjugating an oligonucleotide to an antibody can disrupt
the epitope-binding site; by using validated secondary antibodies already conju-
gated to oligonucleotides, users can plug-and-play with their primary antibodies
of choice without concerns of diminished antibody activity. Third, because multi-
ple secondary antibodies can bind to each primary antibody, there are likely more
P1-P2-ruler junctions formed when using labeled secondary antibodies, increasing
signal strength. Despite these advantages, for cases where it is not desirable to use
secondary antibodies, labeled primary antibodies represent an alternative strategy

for protein:protein complex imaging.

With HCR imaging of protein:protein complexes, researchers gain the benefit of an
enzyme-free method, avoiding the sensitivity, specificity, and storage concerns as-
sociated with using enzymes. HCR imaging of protein:protein complexes achieves
automatic background suppression throughout the entire protocol, as HCR signal
amplification is only triggered if the P1 and P2 interaction probes bind to adjacent
locations in the sample. Furthermore, the HCR hairpins themselves incorporate
automatic background suppression during the amplification stage, as nonspecific
binding of individual HCR hairpins to the sample is insufficient to trigger poly-
merization. The combination of HCR signal amplification alongside automatic
background suppression achieves high signal-to-background ratios in a variety of

cell and tissue types, including highly autofluorescent FFPE tissue sections.

Because HCR imaging of protein:protein complexes uses uncomplicated molecular

choreography for colocalizing an HCR initiator and can take advantage of the same
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HCR systems developed for RNA and protein imaging, designing high-performance

orthogonal P1-P2-ruler junctions for multiplexed complex detection is straightfor-
ward, and we demonstrate 3-plex detection of protein:protein complexes. Of note,
the ruler strand used to assess proximity is independent of the sequence used by
the split HCR initiator, freeing up the sequence space for designing P1-P2-ruler
junctions and obviating concerns of cross-reactivity between the ruler sequence and
HCR initiator sequence. Utilizing these orthogonal systems for redundant detection
of protein:protein complexes, we further illustrate that all 3 designs allow for relative
quantitation of protein:protein complex abundance, as the HCR signal scales linearly
with the number of protein:protein complexes present in each imaging voxel. In
addition to multiplexed imaging of protein:protein complexes, users can take advan-
tage of co-detection of protein and RNA targets with HCR IF and HCR RNA-FISH,

enabling multi-level spatial interrogation of biomolecules and complexes thereof.

3.4 Methods Summary

Probes, amplifiers, and buffers

Probes, amplifiers, and buffers were obtained from Molecular Technologies, a non-
profit academic resource within the Beckman Institute at Caltech. Detailed infor-
mation for the probes, amplifiers, and buffers for each experiment is displayed in
Tables B.1-B.3 for HCR imaging of protein:protein complexes, in Table B.4 for
HCR RNA-ISH, and in Table B.5 for HCR IF.

HCR imaging of protein:protein complexes

HCR imaging of protein:protein complexes, with optional co-detection of protein
and RNA targets, was performed in human adherent cell lines using the protocol
detailed in Section B.2.1. Experiments were performed in A-431 cells (ATCC, CRL-
1555) cultured in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose
and pyruvate (Gibco, 11995-073) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, F4135), as well as in HeLa cells (ATCC, CRM-CCL-2) cultured
in Eagle’s Minimum Essential Medium (EMEM) (ATCC, 30-2003) supplemented
with 10% FBS (Sigma-Aldrich, F4135). HCR imaging of protein:protein complexes
was performed in Scid.adh.2C2 mouse pro-T cells (88) cultured in RPMI1640
media (Gibco, 31800022) supplemented with 10% FBS (Sigma-Aldrich, F2442), 1x
Penicillin-Streptomycin-Glutamine (Gibco, 10378-016), 0.1 mM sodium pyruvate
(Gibco, 11360-070), 1x MEM non-essential amino acids (Gibco, 11140-050), and
50 uM B-mercaptoethanol (Gibco, 21985-023) using the protocol detailed in Section
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B.2.3. HCR imaging of protein:protein complexes was performed in 5 m normal
FFPE human breast tissue sections (Acepix Biosciences, HuN-06-0027) and invasive
lobular carcinoma FFPE human breast tissue sections (Acepix Biosciences, HuC-

06-0101) from the same patient using the protocol details in Section B.2.2.

Microscopy

Microscopy was performed using a Leica Stellaris 8 inverted confocal microscope.
For enhanced visualization, all non-DAPI images are displayed with 0.01% of pixels
saturated across three replicates. All images are displayed without background sub-
traction. Detailed information on the objectives, excitation wavelengths, detectors,

and detection wavelengths used for each experiment is displayed in Table B.7.

Image analysis

Image analysis was performed as detailed in Section B.1.6 of the supplementary
material, including: definition of raw pixel intensities; measurement of signal,
background, and signal-to-background; and calculation of normalized subcellular

voxel intensities for gHCR imaging.
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Chapter 4

HCR LATERAL FLOW TESTS FOR SENSITIVE,
INSTRUMENT-FREE, AT-HOME PATHOGEN DETECTION

Schulte, S. J., Huang, J., and Pierce, N. A. (2023). Hybridization chain reaction
lateral flow assays for amplified instrument-free at-home SARS-CoV-2 testing. ACS
Infectious Diseases, DOI: 10.1021/acsinfecdis.2c00472.

4.1 Introduction

In March of 2020, the COVID-19 pandemic revealed that lab-based testing could
address the technical requirements for detecting the SARS-CoV-2 virus, but could
not readily scale to meet the needs of the global population during a pandemic. To
address this shortfall in testing capacity, we wondered whether it would be possible
to engineer a simple disposable test that could be used at home without special
expertise. For inspiration, we looked to disposable at-home pregnancy tests, which
had already been in wide use for decades. At-home pregnancy tests employ a lateral
flow assay format in which a target protein abundant in urine during early pregnancy
moves via capillary forces through a porous substrate, binding in a sandwich between
a first antibody carrying a colored label and a second immobilized antibody that
concentrates the label within a test region visible to the naked eye (97). The resulting
signal is unamplified (i.e., one labeled antibody generates signal for one detected
target protein), placing limits on sensitivity, but the striking simplicity of lateral
flow assays makes them ideal for home use. To take a test, the user simply adds the
sample to the disposable device and then checks by eye for a colored signal in the

test region after a prescribed number of minutes.

One challenge to developing a lateral flow assay for detection of SARS-CoV-2
virions is their relative scarcity in readily sampled biological fluids. The protein
that serves as a pregnancy marker in urine rises to ~ 10'° copies/uL during the
first month of pregnancy (98, 99), with unamplified commercial lateral flow assays
typically providing limits of detection of ~ 107 copies/uL (99, 100). By comparison,
in March 2020, two SARS-CoV-2 studies revealed median viral loads of 158 and
3300 virions/uL in saliva (101, 102), and lab-based tests using reverse transcription
quantitative PCR (PCR tests) achieved limits of detection of 0.1-6 copies/uL (46,

47, 103). Based on these numbers, we set the goal of developing an amplified
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lateral flow assay that would enable detection of 1000 SARS-CoV-2 virions/uL,

representing an increase in sensitivity of approximately four orders of magnitude
relative to at-home pregnancy tests. Due to widely reported patient discomfort
during nasopharyngeal swabbing (i.e., the deep nasal swabbing that was prevalent
at PCR testing sites at the beginning of the pandemic), we decided to focus on saliva

samples as they are readily obtainable without discomfort or medical expertise.

To boost sensitivity while maintaining simplicity, we hypothesized that signal am-
plification based on the mechanism of hybridization chain reaction (HCR) (35)
would be well-suited for adaptation to the lateral flow assay format. HCR has been
previously used to provide in situ signal amplification for RNA and protein imaging
within fixed biological specimens (36—-39). In that context, target molecules are
detected by probes carrying HCR initiators that trigger chain reactions in which
fluorophore-labeled HCR hairpins self-assemble into tethered fluorescent HCR am-
plification polymers (36—39), generating amplified signals in situ at the locations of
target molecules within cells, tissue sections, or whole-mount embryos; the speci-
men is then imaged with a fluorescence microscope to map the expression patterns of
target molecules in an anatomical context (36—39, 44, 45). HCR signal amplification
has critical properties that make it attractive for use in an at-home testing platform:
HCR polymerization is isothermal and operates efficiently at room temperature, the
resulting amplification polymers are tethered to their initiating probes to concen-
trate the amplified signal at the target location, and HCR is enzyme-free, employing
robust reagents that do not require cold-storage. However, some aspects of HCR
imaging protocols presented us with challenges when contemplating at-home use:
multiple hands-on steps (probe addition, probe incubation, and probe removal via
washing, followed by amplifier addition, amplifier incubation, and amplifier removal
via washing), protocol duration (typically overnight probe incubation and overnight
amplifier incubation), and the need for a fluorescence microscope to image the re-
sults. To eliminate the need for hands-on steps, we planned to attempt the use of
multi-channel lateral flow devices to automatically deliver reagents to the test region
in successive stages (104, 105). To dramatically speed up signal amplification, we
planned to work at higher reagent concentrations than are typical for HCR imaging
experiments. And to eliminate the need for a fluorescence microscope, we planned
to switch to colored rather than fluorescent reporters, which are bulky by compari-
son (potentially even larger than the HCR hairpins themselves), but can be seen by

the human eye if concentrated in the test region in sufficient abundance.
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As a precursor reality check, we verified that by increasing the HCR hairpin con-
centration, HCR amplification polymers can grow to a length of over 500 hairpins
within 10 minutes (Figure C.14), matching the two orders of magnitude of signal
amplification achieved in situ using overnight amplification for HCR imaging (36,
38). We then set out to pursue developing an amplified HCR lateral flow assay for
detecting SARS-CoV-2 viral protein.

Seeking to maintain the attractive properties of existing pregnancy tests while ad-
dressing the more demanding challenge of SARS-CoV-2 detection, we set firm

design criteria:

e Simple: from the user’s perspective, the test should be as simple to use as a
pregnancy test, enabling routine at-home use by a non-expert.
e [nexpensive: the test device should be disposable and not require at-home in-

strumentation.
e Robust: the test should avoid reagents (e.g., enzymes) that require cold storage.
e Rapid: the test should return results in 1 hour or less.

e Sensitive: the test should have a limit of detection of 1000 virions/uL or lower.

During the two years that we have been working to achieve these goals, the testing
landscape has evolved. While lab-based PCR tests remain the gold standard for
SARS-CoV-2 testing, a number of unamplified lateral flow assays have been com-
mercialized for at-home testing. These tests are simple, inexpensive, robust, and
rapid, and are highly reliable when they return a positive result (e.g., 96%—100%)
(48, 49), but sensitivity limitations can lead to a high false-negative rate (#25% for
symptomatic COVID-19 patients and ~50% for asymptomatic COVID-19 patients)
(48-50). With this work we seek to partially bridge the sensitivity gap between
commercial unamplified lateral flow assays and lab-based PCR tests so as to reduce
the false-negative rate for at-home testing. Other efforts to enhance sensitivity by
introducing amplification into SARS-CoV-2 lateral flow assays, including use of
loop-mediated isothermal amplification (LAMP) (106, 107) and CRISPR/Cas (108,
109), have led to compromises on simplicity, cost, and/or robustness, requiring
multiple user steps, dedicated instrumentation, and/or enzymes with strict storage

requirements.

Here, we have developed an amplified HCR lateral flow assay for SARS-CoV-
2 protein detection that is simple, disposable, enzyme-free, returns a result in 1
hour, and achieves a limit of detection lower than all five commercial SARS-CoV-2
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rapid antigen tests that we evaluated. Amplified HCR lateral flow assays fill an
important sensitivity gap between current commercial lateral flow assays and PCR
tests. High false-negative rates using commercial unamplified SARS-CoV-2 lateral
flow tests (48, 49) indicate that their limits of detection fall not in the lower tail of
the distribution of clinical viral loads, but near the middle of the distribution where
further reductions of the limit of detection will be maximally impactful in reducing

the false-negative rate.

4.2 Results

To detect viral protein, we target the same SARS-CoV-2 nucleocapsid protein (N)
that is targeted by numerous commercial SARS-CoV-2 lateral flow assays. The
protein target N decorates the RNA genome within the viral envelope with ~ 103
copies/virion (/10) (enhancing sensitivity) and is strongly immunogenic (111, 112)
(facilitating development of high-affinity anti-N antibodies). In a conventional lat-
eral flow assay (Figure 4.1A), the target protein is detected in a sandwich between
a reporter-labeled signal antibody that binds a first target epitope and a capture
antibody that binds a second target epitope, immobilizing the signal in the test
region when the target is present in the sample (97). If the target is sufficiently
abundant, the signal in the test region is visible to the naked eye. To incorporate
HCR into an amplified lateral flow assay for SARS-CoV-2 (Figure 4.1B), the anti-N
signal antibody is instead labeled with one or more HCR initiators. After the anti-
body/target sandwich is immobilized in the test region, the HCR initiators labeling
the anti-N signal antibody trigger the self-assembly of HCR hairpins into tethered
HCR amplification polymers. For fluorescence imaging applications, HCR hairpins
are fluorophore-labeled for imaging with a fluorescence microscope (36—39), but for
lateral flow assays, a colored label is required to enable detection by the human eye.
In order to maximize the signal per HCR hairpin while avoiding impeding poly-
merization kinetics by labeling hairpins with bulky colored reporters, we instead
label HCR hairpins with a hapten (digoxigenin; DIG), which in turn is detected
by an anti-DIG reporter antibody carrying carbon black (CB). The anti-N capture
antibody is biotinylated and is itself captured in the test region by pre-immobilized
polystreptavidin R (PR) (113, 114).

For conventional unamplified lateral flow assays, the protein target and anti-target
signal antibodies flow to the test region along a single membrane channel. For
our amplified HCR lateral flow assay, we leverage prior work that explored the

use of multi-channel lateral flow assays (104, 105). Reagents are automatically
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Figure 4.1: Amplified HCR lateral flow assay for SARS-CoV-2 via detection of
nucleocapsid protein (N). (A) Conventional unamplified lateral flow assay. Each
target protein N is immobilized in the test region in a sandwich between an anti-N
capture antibody and a CB-labeled anti-N signal antibody, generating one unit of
signal per target. N: nucleocapsid protein. CB: carbon black. (B) Amplified HCR
lateral flow assay. Each target protein N is immobilized by PR in the test region
in a sandwich between a biotinylated anti-N capture antibody and an anti-N signal
antibody labeled with HCR initiator il, triggering self-assembly of DIG-labeled
HCR hairpins (h1l and h2) to form a tethered HCR amplification polymer decorated
with DIG that is subsequently bound by multiple CB-labeled anti-DIG reporter
antibodies, generating multiple units of signal per target. PR: polystreptavidin R.
DIG: digoxigenin. (C) Automated delivery of reagents to the test region from
Channels 1, 2, and 3 in succession using a 3-channel membrane. (D) Folding card
device. The left page of the device contains the 3-channel membrane and wicking
pad. The right page of the device contains three conjugate pads (containing dried
reagents for Channels 1, 2, and 3) and a sample pad. To perform the test, the user
adds the sample to the sample pad, closes the device, and reads the result after 60
min. (E) SARS-CoV-2 test with or without gamma-irradiated virus spiked into a
mixture of saliva and extraction buffer at 1000 copies/uL.
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delivered to the test region in three successive stages using a 3-channel membrane
in which channels of different lengths lead into a unified channel before reaching the
test region (Figure 4.1C). The anti-N signal and capture antibodies bind the target
protein N and travel via the shortest membrane channel (Channel 1) to reach the
test region first, where the antibody/target sandwich is immobilized via binding of
biotinylated anti-N capture antibodies to pre-immobilized PR. DIG-labeled HCR
hairpins travel via a channel of intermediate length (Channel 2) and reach the
test region next, where initiators on the anti-N signal antibodies trigger growth of
tethered DIG-labeled HCR amplification polymers. CB-labeled anti-DIG reporter
antibodies travel via the longest channel (Channel 3) and arrive in the test region
last, where they decorate the HCR amplification polymers to generate an amplified
colored signal in the test region. Reagents for each channel are dried onto separate
conjugate pads, which are rehydrated simultaneously when the user adds the sample
to the sample pad. Upon rehydration, successive delivery of the reagents to the
test region occurs automatically without user interaction, as draining of the first
conjugate pad frees the unified channel for draining of the second conjugate pad,
which in turn frees the unified channel for draining of the third conjugate pad
(104). Our prototype device takes the form of a folding card (Figure 4.1D). The
right page of the card contains the sample pad and three conjugate pads. The left
page of the card contains the 3-channel membrane and the wicking pad, which
absorbs liquid to induce continued capillary flow through the channels. The left
page is functionalized with three prongs which disconnect the sample pad from
the conjugate pads upon folding the card, limiting the volume that flows from each

conjugate pad and preventing flow between conjugate pads.

To perform a test, the user adds saliva to a tube containing extraction buffer (disrupt-
ing the viral envelope to expose the protein targets N), adds the extracted sample
to the sample pad, and closes the card to create contact between the membrane and
the three conjugate pads, initiating the consecutive flow of liquid from Channels
1, 2, and 3 (Supplementary Movie 2). After 60 minutes, the user reads either a
positive result (black signal) or a negative result (no signal) in the test region with
the naked eye (Figure 4.1E). Due to automated multi-channel reagent delivery, this
amplified HCR lateral flow assay retains the simplicity of conventional commercial
unamplified lateral flow assays, requiring only sample addition and card closure
before reading the result, with signal amplification occurring unbeknownst to the

user.
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Figure 4.2: Amplified HCR lateral flow assay performance for SARS-CoV-2 via
detection of nucleocapsid protein (N). (A) Sensitivity: gamma-irradiated SARS-
CoV-2 spiked into a mixture of saliva and extraction buffer at different concentrations
revealed a limit of detection of 200 copies/uL. (B) Background: no staining observed
in the absence of virus. (C) Cross-reactivity: no staining observed for N protein from
a different betacoronavirus (OC43; 83.74 ng/mL) or nucleoprotein from Influenza
Type A (H3N2; 50.43 ng/mL) spiked into a mixture of saliva and extraction buffer.
See Figures C.7 and C.8 for replicates.

To characterize sensitivity, we ran HCR lateral flow assays on gamma-irradiated
SARS-CoV-2 virus spiked into a mixture of saliva and extraction buffer at a range of
concentrations, revealing a limit of detection of 200 virus copies/uL (Figure 4.2A).
No background staining was observed in the test region for experiments run without
spiked-in virus (Figure 4.2B). To characterize cross-reactivity, experiments were
run with spiked-in recombinant N protein from a different betacoronavirus (OC43)
or with spiked-in nucleoprotein from Influenza Type A (H3N2); no staining was
observed in the test region in either case even with off-target proteins at high

concentration (equivalent to ~ 10° virions/ ul. (110, 115); Figure 4.2C).

Assay performance was then benchmarked against five commercial SARS-CoV-2
lateral flow assays by spiking gamma-irradiated SARS-CoV-2 into the extraction
buffer included with each test kit and loading the extracted sample according to the
manufacturer’s instructions. Each test was performed in triplicate at each concen-
tration, and the limit of detection for a given kit was defined as the lowest tested
concentration for which all three replicates had a visible signal. While the amplified
HCR lateral flow assay detects gamma-irradiated SARS-CoV-2 at 200 copies/uL,
none of the unamplified commercial tests were able to detect SARS-CoV-2 at this
concentration. The limits of detection for the five kits were 500 copies/uL., 1000
copies/uL., 2000 copies/uL, 2000 copies/uL, and 20,000 copies/uL (see Table 4.1

for a summary and Figures C.7 and C.9-C.13 for replicate images). It is important
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Gamma-irradiated virus copies/uL Duration
Test 100 200 500 1,000 2,000 5,000 10,000 20,000 (min)
Current work XXX Y Y Y n.t. n.t. n.t. n.t. 60
BinaxXNOW™ X X X XXX XXX XXX L4 n.t. n.t. n.t. 15
CareStart™ XXX XXX XXX XXX L4 n.t. n.t. n.t. 10
Flowflex® XXX XXX Y L4 n.t. n.t. n.t. n.t. 15
GenBody n.t. n.t. XXX XXX XXX XXX XXX L4 15
QuickVue® XXX XXX XXX Y VL4 n.t. n.t. n.t. 10

Table 4.1: Test results for SARS-CoV-2 rapid tests detecting nucleocapsid
protein (N): amplified HCR lateral flow assay vs five commercial unamplified
lateral flow assays. Gamma-irradiated virus spiked into a mixture of saliva and
extraction buffer (current work) or manufacturer-provided extraction buffer (com-
mercial tests). All commercial tests use proprietary antibodies, while the current
work uses commercially available antibodies. N = 3 replicates for each concentra-
tion. Each replicate was judged by eye for a positive (v') or negative (X) test result.
Not tested (n.t.). See Figures C.7 and C.9-C.13 for images.

to note that these commercial tests use proprietary anti-N antibodies, the affinity
of which play a critical role in assay sensitivity (//3). Nevertheless, despite not
having access to proprietary antibodies utilized by the test kit manufacturers, the
HCR-amplified assay still achieves a lower limit of detection for SARS-CoV-2.

To quantify the amplification gain provided by HCR in a lateral flow context, we
compared the signal using both HCR hairpins (h1 and h2) to the signal using only
hairpin hl. In the hl-only condition, polymerization cannot proceed beyond the
binding of hl to the initiator, emulating the unamplified signal of a conventional
lateral flow assay where each detected target generates one detectable signal. The
amplification gain, calculated as the ratio of amplified to unamplified signal inten-
sities, is 13.7 £ 0.8 (mean + estimated standard error of the mean via uncertainty
propagation for N = 3 replicate assays for each experiment type; Figure C.16 and
Table C.2).

This amplified HCR lateral flow assay fulfills the five design requirements that we
set in March 2020. Despite the incorporation of signal amplification into the assay,
the test remains simple to use. Signal amplification occurs automatically using a
3-channel design, increasing sensitivity while remaining as simple as conventional
unamplified lateral flow assays from the user’s perspective. The inexpensive card
device and reagents (PR, initiator-labeled anti-N signal antibody, biotinylated anti-
N capture antibody, DIG-labeled HCR hairpins, and CB-labeled reporter antibody)
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are disposable, comparable in cost to those for commercial lateral flow assays,
and require no dedicated instrumentation beyond the human eye for readout. The
reagents are robust and do not have cold-storage requirements. Despite the extra
time required for successive automated delivery of reagents in three stages, the test
remains rapid, delivering a result in 60 minutes. Finally, the assay is sensitive,
enabling detection of 200 copies/uL. of gamma-irradiated SARS-CoV-2 virus. This
limit of detection is 2.5% to 100X lower than the limits of detection of 5 commercial

SARS-CoV-2 lateral flow assays despite our lack of access to proprietary antibodies.

4.3 Discussion

Routine at-home testing with an amplified lateral flow assay could be transformative
in preventing infectious disease transmission during a pandemic. For example, data
and modeling suggest that more than half of SARS-CoV-2 infections are spread
unknowingly by asymptomatic carriers (/16, 117). To enable routine at-home
testing for SARS-CoV-2, we have developed an amplified HCR lateral flow assay
for viral protein detection that is simple to use (comparable to a pregnancy test),
inexpensive (using a disposable device with readout via the naked eye), robust
(enzyme-free, using no reagents that require cold-storage), rapid (delivering a result
in 60 minutes), and sensitive (detecting 200 copies/uL of gamma-irradiated SARS-
CoV-2 in a mixture of saliva and extraction buffer). By comparison, five unamplified
commercial lateral flow assays exhibited limits of detection that are 2.5%, 5X,
10x, 10x, and 100x higher than our amplified HCR lateral flow assay, despite
the advantage of using proprietary antibodies. Lowering the limit of detection
is of paramount importance because high false-negative rates using commercial
unamplified SARS-CoV-2 lateral flow tests (e.g., 25%—50%) (48—50) indicate that
their limits of detection fall toward the middle of the distribution of clinical viral
loads, aregime in which further reduction of the limit of detection will be maximally

impactful in reducing the false-negative rate.

This work demonstrates that it is possible to combine the enhanced sensitivity of
HCR signal amplification with the simplicity of the lateral flow assay format, which
was achieved using a 3-channel membrane to automatically deliver reagents to the
test region in three successive stages without user interaction. In the future, it will
be desirable to use best-in-class antibodies so that the enhanced sensitivity of HCR
signal amplification pushes the limit of detection of the HCR lateral flow assay
even closer to that of PCR tests. With further optimization of HCR in the context

of automated lateral flow reagent delivery, there is also the potential to increase
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the HCR signal gain from the current one order of magnitude to the two orders
of magnitude achieved in HCR imaging applications. While we focused our assay
development on saliva due to its convenience relative to nasopharyngeal swabbing
(i.e., deep nasal swabbing), anterior nasal swabbing (i.e., shallow nasal swabbing)
has emerged as a convenient alternative that is now used for numerous commercial
SARS-CoV-2 tests and for which HCR lateral flow tests could also be developed.

While the 60-minute run time of our amplified test is higher than the 10-or-15-
minute run time of unamplified commercial lateral flow assays, we anticipate that
in many situations, users will prefer a test that offers superior sensitivity while
still providing a result in 1 hour. In a next-generation device, it may be possible
to decrease the assay duration by adjusting the material properties, configuration,
and/or dimensions of the membrane channels. By switching out SARS-CoV-2
antibodies for antibodies targeting other pathogens, amplified HCR lateral flow
assays offer a versatile platform for sensitive at-home testing, including for emerging

pathogens.

4.4 Methods Summary

The disposable folding card device was printed with a 3D printer. The nitrocellulose
membrane and wicking pad were overlapped on an adherent backing material and
cut into a 3-channel geometry with a laser cutter. The sample pad was cut with
a laser cutter, blocked, dried, and adhered to the right page of the card device.
The conjugate pads were cut with a laser cutter, blocked, loaded with reagents
(Channel 1: anti-N signal and capture antibodies; Channel 2: DIG-labeled HCR
hairpins h1 and h2; Channel 3: CB-labeled anti-DIG reporter antibody), dried, and
adhered to the right page of the device. The membrane was spotted with PR in
the test region, dried, and adhered to the left page of the device. To run the assay,
gamma-irradiated SARS-CoV-2 virus (or off-target viral protein) was spiked into
a mixture of human saliva and extraction buffer to create a 300 uL test sample at
the target concentration, and then the entire sample was added to the sample pad
before closing the folding card device to start the test. After 60 min, the test region
was photographed. For comparison tests of commercial SARS-CoV-2 lateral flow
assays, gamma-irradiated SARS-CoV-2 virus was added directly to the extraction

buffer provided by the manufacturer.
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Chapter 5

CONCLUSIONS

HCR RNA-FISH v3.0 and HCR IF enable quantitative, sensitive, user-friendly
imaging of RNA and protein targets in highly autofluorescent tissues, permitting
multidimensional quantitative study of gene expression at high resolution within
the anatomical context of biological samples (36, 39). This thesis furthers the
capabilities of HCR in three domains, enabling 10-plex quantitative imaging of
RNA and protein targets in highly autofluorescent samples, multiplexed detection of

protein:protein complexes, and amplified at-home detection of infectious disease.

In Chapter 2, we effectively double the number of targets researchers can simultane-
ously image by developing a 10-plex spectral imaging and linear unmixing method.
With 10-plex HCR imaging, signal amplification is performed concurrently for RNA
and protein targets. Targets detected by 10-plex HCR imaging are unrestricted in
expression level and anatomical location, permitting detection of high- and low-
expression targets with overlapping expression patterns. Robust linear unmixing
generates quantitative voxel intensities across all 10 channels, allowing for relative
quantitation of target expression. We show that spectral imaging with linear un-
mixing enables digital HCR imaging for absolute quantitation of RNA expression,
detecting single-molecule punctae in a whole-mount zebrafish embryo. Because
the signal generated from each target is amplified by an orthogonal HCR system,
users can perform 10-plex imaging even in highly autofluorescent tissues, such as

whole-mount vertebrate embryos and mouse brain sections.

In Chapter 3, we draw on the split-initiator principle of HCR RNA-FISH v3.0 and
demonstrate HCR imaging of protein:protein complexes (39). Each protein of the
complex is bound by an antibody carrying half of an HCR initiator, and a DNA ruler
strand colocalizes the two initiator halves if the antibodies bind proximal to one
another in the sample, forming a full HCR initiator to trigger signal amplification.
If the two proteins are not proximal to one another, the ruler strand is incapable
of binding to both fractional initiator probes, preventing colocalization of a full
HCR initiator. As a built-in feature, quantitative HCR imaging of protein:protein
complexes generates subcellular voxel intensities that scale with the number of

protein:protein complexes present. We further demonstrate multiplexed detection
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of protein:protein complexes by using the NUPACK software suite to design three
sets of interaction probes and ruler strands. Lastly, we describe a unified protocol

for the co-detection of RNA targets, protein targets, and protein:protein complexes.

In Chapter 4, we demonstrate that the room-temperature, enzyme-free signal am-
plification mechanism of HCR makes it well-suited for sensitive at-home detection
of infectious disease. While laboratory-based PCR tests achieve the most sensitive
detection of pathogenic nucleic acids, they require laboratory instrumentation and
can take hours or days to return a result (46, 47). In contrast, at-home lateral flow
antigen tests allow users to test themselves for the presence of viral protein within
10-15 minutes, but the absence of signal amplification leads to an unacceptably
high rate of false-negative results (48-50). We aimed to bridge the sensitivity gap
between these two test types while preserving the simplicity of the lateral flow assay
format, enabling users to perform one-step, amplified detection of pathogenic pro-
tein in one hour or less. Leveraging a 3-channel assay format for automated delivery
of initiator-labeled antibody, HCR hairpins, and a colorimetric readout antibody, we
demonstrate a limit of detection for the SARS-CoV-2 N protein that is between 2.5x
and 100x lower than five commercial unamplified antigen tests. From the user’s
perspective, the test remains as simple to use as a conventional lateral flow assay,
only requiring sample addition before closing the device, and the result is returned

to the user within an hour.

5.1 Future Directions

HCR spectral imaging: 10-Plex quantitative RNA fluorescence in situ hy-
bridization and immunofluorescence in highly autofluorescent samples

While we demonstrate robust imaging of 10 targets, higher levels of multiplexing
may be achievable. Using fluorophores with narrower excitation and emission spec-
tra would lessen crosstalk between channels, allowing for more fluorophores to be
used while preserving robust unmixing performance. Another means of increasing
the number of fluorophores without increasing crosstalk is to use fluorophores with
similar excitation spectra but different emission spectra (i.e., fluorophores with dif-
ferent Stokes shifts). This would allow for the same wavelength of light to excite
multiple fluorophores, while the emission spectra could be distinguished by using
bandpass filters at different wavelengths. As an additional axis for fluorophore sep-
aration, the fluorescence lifetime of each fluorophore could be used to distinguish
fluorophores with highly overlapping spectra. The fluorescence lifetime describes

the amount of time it takes for a fluorophore to emit a photon after being excited
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to a high-energy state. When using a pulsed laser, in which the light source is
rapidly cycled on and off, microscopes can measure the fluorescence lifetime by
characterizing the fluorescence decay during the time when the laser light is off
(118); this functionality is present on modern day confocal fluorescence micro-
scopes such as the Leica Stellaris 8. With fluorescence lifetime imaging, it may
be possible to use fluorophores with overlapping excitation and emission spectra if
their fluorescence lifetimes are sufficiently distinguishable from one another, and
this information could be incorporated into an unmixing algorithm as an additional
dimension for fluorophore separation. A new unmixing algorithm could also incor-
porate other unmixing paradigms, such as mutual information minimization, which
may offer even better performance than linear unmixing (/79). Lastly, in addition to
one 10-plex imaging round, it may be possible to perform multiple 10-plex imaging
rounds in which the signal is extinguished or removed between rounds, though this
approach would be largely limited to samples affixed to a coverslip or slide due to
the need for image alignment between imaging rounds. For each of these possible
future directions, simplicity from the user’s perspective and unmixing fidelity must

be rigorously upheld.

Multiplexed quantitative imaging of protein:protein complexes using coopera-
tive probes for logical control over HCR signal amplification

In addition to detecting protein:protein complexes, it may be possible to detect
complexes of other types of biological macromolecules with automatic background
suppression. These include RNA:RNA complexes, which would be of particular
interestin the case of mRNA translation, as well as RNA:protein complexes. Another
variation of the method could allow for users to examine the degree of proximity
between two targets of interest by changing the length of the DNA ruler strand.
For example, if the ruler strand is shortened, it may no longer be able to bind to
both interaction probes labeling the secondary antibodies, preventing HCR signal
amplification. Users could perform several experiments in parallel with different
ruler strand lengths and observe the ruler strand length that is sufficient for HCR
signal amplification, providing additional information regarding how proximal the

targets are to one another.

To further improve the user-friendliness of the method, another future direction is
to employ oligonucleotide-labeled primary antibodies instead of oligonucleotide-
labeled secondary antibodies. This would remove the requirement of using primary

antibodies from different species or isotypes, though this would also likely re-
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sult in the formation of fewer P1-P2-ruler junctions (due to the ability of multiple
secondary antibodies to bind each primary antibody), reducing the signal inten-
sity. As a prerequisite to using labeled primary antibodies, novel approaches for
oligonucleotide-antibody conjugation should be explored to reduce the likelihood

that the conjugation disrupts the epitope-binding site of the antibody.

HCR lateral flow tests for sensitive, instrument-free, at-home pathogen detec-
tion

A next-generation device for HCR lateral flow assays could focus on achieving
enhanced sensitivity. We estimated the polymer length of the current iteration of
the test by determining the ratio of the signal intensities for two experiment types
using fluorescent hairpins: in one experiment, both hairpins h1 and h2 are added,
while in another experiment, only hairpin hl is added, preventing polymerization
beyond binding of the first HCR hairpin (Figure C.15 and Table C.1). We found an
estimated polymer length of 41 + 8 (mean + estimated standard error of the mean
via uncertainty propagation for N = 3 replicate assays for each experiment type),
which is below the polymer length we have previously observed for in situ HCR
experiments (36, 39). While we may not expect to reach the same polymer length as
in situ experiments due to the shortened amplification time, we nevertheless know it
is possible for polymers to grow beyond the polymer length we observe. To achieve
longer polymers, we could explore using other HCR systems, which may have faster
polymerization times. We could also increase the concentration of HCR hairpins
to speed polymerization, and we could explore using multiple layers of polymers
to achieve quadratic HCR signal amplification, though this approach may increase
the test duration. Lastly, in the future, it will be desirable to use high-performance,
best-in-class antibodies so that the enhanced sensitivity of HCR signal amplification
pushes the limit of detection of the HCR lateral flow assay even closer to that of
PCR tests.

Another method to enhance sensitivity is to optimize the colorimetric label on the
readout antibody of Channel 3. We estimated the amplification gain for the current
iteration of the assay using a similar approach for determining the polymer length,
instead using DIG-labeled HCR hairpins and an anti-DIG carbon black antibody
in Channel 3, observing an estimated amplification gain of 13.7 + 0.8 (mean +
estimated standard error of the mean via uncertainty propagation for N = 3 replicate
assays for each experiment type; Figure C.16 and Table C.2). Taken together, the
estimated polymer length of 41 + 8 and the estimated amplification gain of 13.7
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+ 0.8 strikingly indicates that roughly two out of three hairpins are not bound by
a readout antibody from Channel 3. To further increase sensitivity, it would be
desirable for each HCR hairpin to bind to a colorimetric readout antibody. The low
amplification gain we currently observe is likely a function of the size of the carbon
black nanoparticle, which leads to a crowding effect preventing adjacent DIG haptens
from binding to a readout antibody. Therefore, it may be that smaller colorimetric
labels allow for more readout antibodies to bind to the amplification polymer, further
increasing the signal intensity. However, smaller colorimetric labels may also
generate less signal, so the effect of more colorimetric labels becoming captured at

the test line may be counteracted by the lower signal intensity of each label.

While the current test provides results within one hour, conventional lateral flow
tests provide a result within 10-15 minutes. To decrease the running time of an
HCR lateral flow assay, it may be possible to consolidate all signal amplification
reagents into a single channel via layered delivery of reagents (/20) or via depositing
all reagents onto the same conjugate pad. One possible hurdle to depositing all
reagents on the same conjugate pad is that long polymers decorated with readout
antibodies that form before reaching the test line may become too large to flow
through the small pores of the nitrocellulose membrane. Alternatively, to shorten
the assay duration, it may be possible to explore new 3-channel geometries with

shorter channel lengths.

Lastly, to increase the versatility of the test, future iterations of the assay could
perform multiplexed detection of pathogens by using antibodies specific to target
proteins from each pathogen. Capture antibodies could be deposited in spatially
separate test regions, and users would then determine which pathogen is present in
the sample based on the location of the test region that generates a signal. The signal
antibodies could use initiators from the same HCR system, though this may lead to
a depletion of HCR hairpins if multiple pathogens are present. If depletion occurs,
each signal antibody could instead use an orthogonal HCR initiator, and each HCR
amplifier would then correspond to only one pathogen. Lastly, if the colorimetric
readout antibody is depleted due to the presence of multiple pathogens, the HCR
hairpins from different systems could be labeled with orthogonal haptens. In this
case, each HCR amplifier and colorimetric readout antibody would only correspond

to one pathogen.
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A.1 Materials and methods

A.1.1 Probe and amplifier details for RNA targets using HCR RNA-FISH

RNA Split-initiator ~ Supplier HCR
Species Sample target probe pairs (catalog #) amplifier Figures
D. rerio whole-mount embryo  hbael 3 MT (4503/E784) B1-Alexa405 2.2, A.1-A3
mylpfa 13 MT (4644/E992) B2-Atto425 22,A.1-A3
mylpfa 6 MT (4607/E924) B2-Atto425 2.3,A5,A.10,A.14
mylpfa 6 MT (4607/E922) B3-Alexa700 2.3,A5,A.10,A.14
gfap 17 MT (3974/E108) B6-Alexa488 22,A1-A3
kdrl 60 MT (4503/E786) B9-Alexa514 22,A.1-A3
kdrl 30 MT (3665/D679) B9-Alexa514 2.3,24,A7,A12, A.14, A.15
kdrl 30 MT (4644/E994) B8-Atto633 2.3,24,A7,A.12, A.14, A.15
shha 20 MT (3699/D741) B7-Alexa546 22,A.1-A3
elavi3 20 MT (4362/E588) B10-Alexa594 2.2, A.1-A.3
elavl3 20 MT (4607/E908) B6-Alexa488 2.3,A.6,A.11,A.14
elavi3 20 MT (4607/E910) B10-Alexa594 2.3, A.6,A.11,A.14
sox10 34 MT (4644/E990) B8-Atto633 22,A.1-A3
ntla 20 MT (2196/A430) B3-Alexa700 22,A.1-A3
dmd 20 MT (4607/E930) B5-Alexa750 22,23,A.1-A3,A8 A.14
dmd 20 MT (4607/E932) B7-Alexa546 2.3,A.8,A.13,A.14
col2ala 15 MT (4560/E856) B4-iFluor800 22,A1-A3
col2ala 10 MT (4607/E918) B1-Alexa405 23,A4,A9,A14
col2ala 10 MT (4607/E920) B4-iFluor800 23,A4,A9, A.14
M. musculus  brain section Slc17a7 20 MT (4671/F037-P)  B6-Alexa488 2.5, A.17-A.23
Gadl 33 MT (4631/E968-P)  B9-Alexa514 2.5,A.17-A.23
Sst 11 MT (4797/F111-P)  B7-Alexa546 2.5,A.17-A23
Actb 20 MT (2306/A758-P)  B5-Alexa594 2.5,A.17-A.23
Lamp5 27 MT (4761/F033-P)  B8-Atto633 2.5,A.17-A23
Pipl 24 MT (4787/F081-P)  B3-Alexa700 2.5, A.17-A.23
Vip 24 MT (4611/E972-P)  B10-Alexa750 2.5, A.17-A.23

Table A.1: Organism, sample type, target RNA, probe set details, HCR amplifier details, and figure numbers for HCR RNA-FISH.
For HCR RNA-FISH, HCR probe sets, amplifiers, and buffers (probe hybridization buffer, probe wash buffer, amplification buffer) were
obtained from Molecular Technologies (MT) within the Beckman Institute at Caltech.

¥9



A.1.2 Probe and amplifier details for protein targets using HCR IF

Protein 1° Ab probe (unlabeled) Dilution factor Supplier HCR
Species Sample target 2° Ab probe (initiator-labeled) Working conc. (ug/mL) (catalog #) amplifier Figures
M. musculus  brain section ~NFH 1°pAb chicken IgY anti-NFH 1:2,000 Inv (PA1-10002)
2°pAb donkey anti-chicken IgY-B1 1 MI B1-Alexa405 2.5, A.17-A.23
CD31 1°mAD rat IgG anti-CD31 1:10 BDB (550274)
2°pAb donkey anti-rat [gG-B2 1 MI B2-Atto425 2.5,A.17-A.23
RBFOX3  1°mAb rabbit IgG anti-RBFOX3 1:5,000 CST (24307)
2°pAb donkey anti-rabbit IgG-B4 1 MI B4-iFluor800 2.5, A.17-A.23

Table A.2: Organism, sample type, target protein, 1°Ab probe details, 2°Ab probe details, HCR amplifier details, and figure
numbers for HCR IF. For HCR IF, initiator-labeled secondary antibody probes and antibody buffer were obtained from Molecular
Instruments (MI). Inv: Invitrogen. BDB: BD Biosciences. CST: Cell Signaling Technology.
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A.1.3 Confocal microscope settings

Laser Detection Pixel size
Sample Target Objective  Fluorophore (nm) Detector(s) wavelengths (nm) (x Xy Xz um) Figures
Whole-mount  hbael 20x Alexa405 405 HyDS1 410-450 0.568 x 0.568 x 4.0 2.2, A.1-A.3
embryo mylpfa 20x Atto425 440 HyDS1,S2,S3 450-475, 475-495, 495-520 0.568 x 0.568 x 4.0 2.2,A.1-A3
63% Atto425 440 HyDS1,S2,S3 450-475, 475-495, 495-520 0.180 x0.180 x 1.2 2.3, A5, A.10, A.14
gfap 20x Alexa488 488 HyDS1,S2 493-513, 513-533 0.568 x 0.568 x 4.0 2.2, A.1-A.3
kdrl 20x Alexa514 518 HyDS1,S2,S3 523-543, 543-563, 563-583 0.568 x 0.568 x 4.0 2.2, A.1-A.3
63%x Alexa514 518 HyDS1,S2,S3 523-543, 543-563, 563-583 0.180 x0.180 x 1.2 2.3,2.4,A.7, A.12, A.14, A.15
shha 20x Alexa546 557 HyDS1,S2,S3 566-580, 580-600, 600-620 0.568 x 0.568 x 4.0 2.2, A.1-A3
elavl3 20x Alexa594 590 HyDS1,S2,S3 600-620, 620-640, 640660 0.568 x 0.568 x 4.0 2.2, A.1-A.3
63 Alexa594 590 HyDS1,S2,S3 600-620, 620-640, 640-660 0.180 x 0.180 x 1.2 2.3, A.6,A.11, A.14
sox10 20x Atto633 629 HyDS2,S3 640-660, 660-680 0.568 x 0.568 x 4.0 2.2, A.1-A.3
ntla 20x Alexa700 686 HyDS2 696-723 0.568 x 0.568 x 4.0 2.2, A.1-A.3
dmd 20x Alexa750 755 HyDS2,S3 765-780, 780-795 0.568 x 0.568 x 4.0 2.2, A.1-A.3
63%x Alexa750 755 HyDS2,S3 765-780, 780-795 0.180 x 0.180 x 1.2 2.3, A.8, A.13, A.14
col2ala 20x iFluor800 790 HyDS3,R5 815-830, 835-850 0.568 x 0.568 x 4.0 2.2, A.1-A.3
63x iFluor800 790 HyDS3,R5 815-830, 835-850 0.180 x0.180 x 1.2 2.3, A4,A9,A.14
Autofluorescence 20x - 459 HyDS1,S2,S3,X4 465-500,500-535, 535-570, 570-630 0.568 x 0.568 x 4.0 2.2, A.1-A.3
63%x - 459 HyDS1,S2,S3,X4 465-500, 500-535, 535-570, 570-630 0.180 x 0.180 x 1.2 2.3, A4-A.14

Table A.3: Microscope settings for whole-mount zebrafish embryo imaging. Confocal microscopy was performed with a Leica
Stellaris 8 inverted confocal microscope. Objectives were as follows: HC PL APO 20x/0.75 IMM CORR CS2 (catalog # 11506343),

HC PL APO 63x/1.40 OIL CS2 (catalog # 11506350); both utilized with oil immersion.

99



Laser Detection Pixel size

Sample Target Objective  Fluorophore  (nm) Detector(s) wavelengths (nm) (x Xy Xz um) Figures

Brain section ~NFH 20x Alexad05 405 HyDS 1 410-450 0.568 x 0.568 x 4.0 2.5, A.17-A.23
CD31 20x Attod25 440 HyDS1,S2,S3 450-475, 475-495, 495-520 0.568 X 0.568 x 4.0 2.5, A.17-A.23
Slc17a7 20x% Alexa488 488 HyDS1,S2 493-513, 513-533 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Gadl 20x Alexa514 518 HyDS1,S2,S3 523-543, 543-563, 563-583 0.568 X 0.568 x 4.0 2.5, A.17-A.23
Sst 20x Alexa546 557 HyDS1,S2,S3 566-580, 580-600, 600620 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Actb 20x Alexa594 590 HyDS1,S2,S3 600-620, 620-640, 640-660 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Lamp5 20x Atto633 629 HyDS2,S3 640-660, 660-680 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Pipl 20% Alexa700 686 HyD S 2 696-723 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Vip 20x Alexa750 755 HyDS2,S3 765-780, 780-795 0.568 x 0.568 x 4.0 2.5, A.17-A.23
RBFOX3 20x% iFluor800 790 HyDS3,R5 815-830, 835-850 0.568 x 0.568 x 4.0 2.5, A.17-A.23
Autofluorescence 20x - 459 HyDS1,S2,S3,X4 465-500, 500-535, 535-570, 570-630  0.568 x 0.568 x 4.0 2.5, A.17-A.23

Table A.4: Microscope settings for mouse brain section imaging. Confocal microscopy was performed with a Leica Stellaris 8
inverted confocal microscope. Objective was as follows: HC PL APO 20x/0.75 IMM CORR CS2 (catalog # 11506343) utilized with oil
immersion.
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A.1.4 Image analysis

We build on an image analysis framework developed over a series of publications
(3638, 43, 45). For convenience, here we provide a self-contained description of
the details relevant to the present work.

Raw pixel intensities

The total fluorescence within a pixel is a combination of signal and background.

Fluorescent background (BACK) arises from three sources in each channel:

¢ autofluorescence (AF): fluorescence inherent to the sample.

e non-specific detection (NSD): probes that bind non-specifically in the sample
and subsequently trigger HCR amplification. For HCR IF experiments using
both primary antibody probes and secondary antibody probes, NSD;- arises
from non-specific binding of primary antibody probes and NSD,- arises from

non-specific binding of secondary antibody probes, with NSD = NSD- + NSD5-.

e non-specific amplification (NSA): HCR hairpins that bind non-specifically in
the sample.

Fluorescent signal (SIG) in each channel corresponds to:

e signal (SIG): probes that bind specifically to the target and subsequently trigger
HCR amplification.

For pixel i of replicate sample n, we denote the background

XpACK = XD 4 XNSA 1 AT (A.1)

ni

the signal:

x3SIG (A.2)

nt °

and the total fluorescence (SIG+BACK):
X2§G+BACK — XS’ZIG + X’EZACK (A3)

Measurement of signal, background, and signal-to-background

For each target, background (BACK) is characterized for pixels in one or more

representative rectangular regions of no- or low-expression and the combination
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of signal plus background (SIG+BACK) is characterized for pixels in one or more
representative rectangular regions of high expression (e.g., Figures A.3, A.14, A.23).
For the pixels in these regions, we characterize the distribution by plotting an
intensity histogram and characterize average performance by calculating the mean

pixel intensities

Xr]?ACK’ XSIG + BACK (A4)

for replicate n. Performance across replicates is characterized by calculating the

sample means

XBACK’ XSIG+BACK (AS)

and standard error of the mean
§ YBACK, S Y SIG+BACK . (A.6)

The mean signal is then estimated as

XSIG — XSIG+BACK _ XBACK (A7)

with the standard error of the mean estimated via uncertainty propagation as

Sgsic < \/(S;‘(SIG+BACK)2 + (sgBack )?. (A.8)

The signal-to-background ratio is estimated as:

)‘(SIG/BACK — XSIG/)‘(BACK (A9)

with standard error of the mean estimated via uncertainty propagation as

2 2
_ S ¥ SIG S ¥BACK
SSIG/BACK < XSIG/BACK _X_ + _X . ( A. 10)
XSIG XBACK

These upper bounds on estimated standard errors hold under the assumption that
the correlation between SIG and BACK is non-negative.

Normalized voxel intensities for gHCR imaging: analog RNA relative
quantitation with subcellular resolution in an anatomical context

For quantitative imaging using HCR, precision increases with voxel size as long as

the imaging voxels remain smaller than the features in the expression pattern (see
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Section S2.2 of (43)). To increase precision, we calculate raw voxel intensities by
averaging neighboring pixel intensities while still maintaining a subcellcular voxel
size. To facilitate relative quantitation between voxels, we estimate the normalized
HCR signal of voxel j in replicate n as:

XSI.G+BACK _ XBOT
n,j

X = (A.11)

XTOP _ xBOT ’

which translates and rescales the data so that the voxel intensities in each channel
fall in the interval [0,1]. Here,

XBOT = XBACK (A 12)
is the mean background across replicates (see Section A.1.4) and

XTOP = max X’§§G+BACK (A13)
n,j >

is the maximum total fluorescence for a voxel across replicates.

Pairwise expression scatter plots that each display normalized voxel intensities for
two channels (e.g., Figures 4 and 5 of (43)) provide a powerful quantitative frame-
work for performing multidimensional read-out/read-in analyses (Figure 6 of (43)).
Read-out from anatomical space to expression space enables discovery of expression
clusters of voxels with quantitatively related expression levels and ratios (amplitudes
and slopes in the expression scatter plots), while read-in from expression space to
anatomical space enables discovery of the corresponding anatomical locations of
these expression clusters within the embryo. The simple and practical normaliza-
tion approach of (B.11)—(B.13) translates and rescales all voxels identically within
a given channel (enabling comparison of amplitudes and slopes in scatter plots be-
tween replicates), and does not attempt to remove scatter in the normalized signal

estimate that is caused by scatter in the background.

To validate qHCR spectral imaging with subcellular resolution (2.0x2.0x1.2 um
voxels) in whole-mount zebrafish embryos, Figures 2.3 and A.4—A.8 display highly
correlated normalized voxel intensities for 2-channel redundant detection of five
target RNAs. In this setting, accuracy corresponds to linearity with zero intercept,
and precision corresponds to scatter around the line (43). To address chromatic
aberration resulting from the wide range of wavelengths used, Huygens chromatic
aberration correction was applied. As a point of reference, Figures A.9—A.13 display
normalized voxel intensities for 2-channel redundant detection of five target RNAs

without chromatic aberration correction.
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Dot detection and colocalization for dHCR imaging: digital mRNA absolute
quantitation in an anatomical context

To validate the performance of spectral imaging with linear unmixing for single-
molecule imaging, we perform a 2-channel redundant detection experiment in which
target RNA kdrl is detected using two independent probe sets and HCR amplifiers in
Ch4 and Ch7 of a 10-plex experiment. Let N4 denote the number of dots detected in
Ch4, N7 the number of dots detected in Ch7, and N47 the number of colocalized dots

appearing in both channels. We define the colocalization fraction for each channel:

Cs4 = N7/ Ny (A.14)

C7 = Ny7/N7 (A.15)

As the false-positive and false-negative rates for single-molecule detection go to
zero, C4 and C7 will both approach 1 from below, providing a quantitative ba-
sis for evaluating performance. Single molecules were identified in each channel
using a novel algorithm we developed for dot detection. The DotDetection 2.0
notebook with the novel dot detection algorithm is available for download from

www.moleculartechnologies.org.

The following settings were used for dot detection in dHCR images:

e max_dots = 2000

e lo_pass=0

e hi_pass =40

e sigma=0.3

e weight_sigma = 0.3
e hi_pass_factor = 1
e agglomerate = False
e min_ratio =2

e optimize = center

e max_maxima = int(1e5)



e allow_edges = True

The following settings were used for dot colocalization thresholds (um):

e xy threshold = 0.5
e 7 threshold =1.0

The following settings were used for dot intensity thresholds (Ch4, Ch7):

e Replicate 1: (250,400)
e Replicate 2: (250,300)
e Replicate 3: (290,350)

72
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A.2 Protocols

A.2.1 Protocols for 10-plex HCR spectral imaging and linear unmixing

Spectral imaging and linear unmixing sample preparation

1. Perform 12 types of HCR experiments (HCR IF and/or HCR RNA-FISH for
a total of 10 protein and/or RNA targets):

a) 10-plex (1 sample, or multiple replicate samples as desired): Use all 10
HCR probe sets and amplifiers.
b) 1-plex for each of 10 targets (1 sample per target): For each of the 10

targets, use the corresponding HCR probe set and amplifier.

¢) Autofluorescence (2 samples): Omit all HCR probe sets and amplifiers.

Spectral imaging and linear unmixing workflow overview

1. Use one autofluorescence sample to perform an excitation-emission scan to
determine the optimal autofluorescence excitation wavelength and detection

wavelengths for the sample type being imaged.

2. Image the 10-plex sample using 11 excitation wavelengths (1 optimized for

each fluorophore and 1 optimized for autofluorescence).

3. Image each 1-plex reference sample using 11 excitation wavelengths to obtain

a reference spectrum for each fluorophore.

4. Image the other autofluorescence sample using 11 excitation wavelengths to

obtain a reference spectrum for autofluorescence.

5. Use the 11 reference spectra (one per fluorophore and one for autofluores-
cence) to linearly unmix the 10-plex image and produce 11 channels (one for

each fluorophore and one for autofluoresence).



74

Protocol for performing an excitation-emission scan

10.

11.

12.

. Open the LAS X software.

. At the top of the window, click “Configuration” > “Hardware” > change “Bit

Depth” to 16.

. Click “Acquire” at the top of the window to return to the image acquisition

screen.

Place one of the autofluorescence samples on the microscope to conduct an
excitation-emission scan (also known as a A4 scan) to determine the optimal

autofluorescence excitation wavelength.

. In the left panel, under “Acquisition Mode”, change “xyz” to “xyAA”.

In the left panel, in the “AA: Excitation Emission Scan Settings” sub-panel,

click the plus sign in the upper lefthand corner.

. In the pop-up menu, click “Reset Values to Default”.

. In the pop-up menu, in the following order, use the mouse scroll wheel to set

“Excitation Steps” to 18 (this will automatically also set “Excitation Stepsize”
to 20 nm), “Detection Steps” to 14, “Detection Bandwidth” to 20 nm, and

“Detection Stepsize” to 24 nm. Close the pop-up menu.

. Under the eyepiece, navigate to the region of the autofluorescence sample

with the most intense autofluorescence.

Enter “Live” imaging mode, and adjust the laser intensity and/or detector
gain so that the highest pixel intensity is approximately 25% of the maximum
possible pixel intensity. The laser line and HyD S 1 detector may need to be
moved to different wavelengths to see the autofluorescence.

NotEe: Keeping the pixel intensities low ensures pixel saturation will not
occur during the AA scan, as pixel saturation would obscure the spectral

information.
Click “Start” to begin the excitation-emission scan.

When the scan is finished, click on the “LambdalLambda 001 file under
“Open projects” in the left panel.



13.

14.

15.

16.

17.

18.
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Click “Process” at the top of the window.
Click “Excitation / Emission Contour Plot” in the left panel.

In the right panel, drag the “t” slider so that the sample is visible. The “A”
slider and pixel intensity slider may also need to be adjusted to make the

sample visible.

In the right panel, click the Rectangle, Oval, or Polygon button at the top of the
screen, and draw a region in the image around the brightest autofluorescence.

In the middle panel, click “Apply” at the bottom of the screen. This will

display a contour plot.

Reposition the crosshairs to the maximum of the contour plot, and make note
of the Excitation wavelength displayed at the bottom right of the plot. This
wavelength, henceforth denoted as A5, will serve as the optimal autofluores-
cence excitation wavelength.

Note: Going forward, if the sample preparation protocol remains the same,
the optimal autofluorescence excitation wavelength (Aar) determined here
can be used for future batches of experiments with this sample type, and this

excitation-emission scan does not need to be repeated for each batch.

Protocol for spectral imaging

. Open the LAS X software.

At the top of the window, click “Configuration” > “Hardware” > and make
sure “Bit Depth” is set to 16.

. Click “Acquire” at the top of the window to return to the image acquisition

screen.

Click “Acquisition” in the left panel, and make sure “Acquisition Mode” is set

to “xyz”.

. In the middle panel of the software, create 11 Settings. Settings 1-10 are

used to image the target fluorophores, while Setting 11 is used to image the

autofluorescence.



76

Setting  Laser line (nm)  Detector(s) Detector wavelengths (nm) Fluorophore
1 405 HyD S 1 410-450 Alexad05
2 440 HyDS 1,S2,S3 450475, 475495, 495-520  Atto425
3 488 HyDS 1,52 493-513, 513-533 Alexa488
4 518 HyDS 1,S2,S3 523-543, 543-563, 563-583  Alexa514
5 557 HyDS1,S2,S3 566-580, 580-600, 600-620  Alexa546
6 590 HyDS1,S2,S3 600-620, 620-640, 640-660  Alexa594
7 629 HyDS2,S3 640-660, 660-680 Atto633
8 686 HyD S 2 696-723 Alexa700
9 755 HyDS2,S3 765-780, 780-795 Alexa750
10 790 HyDS3,R5 815-830, 835-850 iFluor800

Table A.S: Settings 1-10 configurations for spectral imaging.

6. Configure Settings 1-10 as follows:

7. For Setting 11 (autofluorescence), set the laser line to the optimal autofluo-

rescence excitation wavelength (1) determined via the excitation-emission

scan above.

8. For Setting 11, activate the HyD S 1, S 2, S 3, and X 4 detectors. The

detector wavelengths will be determined by the optimal autofluorescence ex-

citation wavelength (1ar) determined via the excitation-emission scan above.

Configure the detectors for Setting 11 as follows:

Detector

Lower wavelength (nm)  Upper wavelength (nm)

HyDS 1
HyD S 2
HyD S 3
HyD X 4

AAF + 6

AAF +41
AAF + 76
AAF + 111

AAF + 41
AAF + 76
AAfF + 111
AAF + 171

Table A.6: Setting 11 configuration for spectral imaging. Aap: optimal autoflu-
orescence excitation wavelength.

For example, if the optimal autofluorescence excitation wavelength (15r) were

determined to be 459 nm, the Setting 11 detectors would be configured as

follows:

e HyD S 1: 465-500 nm
e HyD S 2: 500-535 nm
e HyD S 3: 535-570 nm
e HyD X 4: 570-630 nm

9. Place the 10-plex sample on the microscope.



10.

11.

12.

13.

14.

77

For each of the 11 Settings:

a) Navigate to the position in the sample that has the maximum intensity

for the fluorophore corresponding to that Setting.

b) For the linear unmixing to perform properly, it is important that no pix-
els are saturated. Therefore, while using the “Live” mode, set the laser
intensity and detector gain(s) for that Setting so that the maximum pixel
intensity for each detector is no more than 50% of the maximum possible
value. Do not change the laser wavelength or detector wavelengths; the
Format, Speed, Zoom, Averaging, and Accumulation settings may be
adjusted as needed.

NotE: Each detector collects emissions spectra over a range of wave-
lengths. For some Settings, multiple detectors are utilized to collect a
broader range of emissions spectra for a given fluorophore.

c¢) Click “Capture Image”, and double-check that the captured image reaches
no more than 50% of saturation for all pixels in all detectors. The cap-

tured image may then be deleted.

As a final check, to ensure that no pixels will become saturated, while in
“Live” mode, traverse the entire sample and verify that no pixel intensities
exceed 50% of saturation in any of the detectors. Because it is possible that
the laser for one Setting can cross-excite a fluorophore corresponding to a
neighboring Setting, be sure to check that the chosen laser intensities and
detector gains do not result in pixel intensities above 50% of saturation in
the detectors of neighboring Settings. Decrease the laser intensities and/or

detector gains if any pixel intensities are too high.

Now that the laser intensity and detector gain settings are determined for all

11 Settings, do not change the laser intensity or detector gain settings again.

Collect a Z-stack for the 10-plex sample by setting the “Begin” and “End”

locations for a Z-stack and clicking “Start”.

One by one, place each of the 10 reference spectrum samples on the micro-
scope. Find the area of the sample with the brightest fluorescence, and collect
a single Z-section at that location. Rename each image file to indicate the
target name and fluorophore number.

Note: All 11 Settings should still be active when collecting the reference

spectrum sample images.
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15. Place the other autofluorescence sample on the microscope. Find the area of
the sample with the brightest autofluorescence, and collect a single Z-section
at that location. Rename the image file to “autofluorescence”.

NotE: All 11 Settings should still be active when collecting the autofluores-

cence sample image.

Protocol for linear unmixing using the LAS X software

1. Click “Process” along the top of the window.

2. Within the “ProcessTools” menu in the left panel, click “Channel Dye Sepa-

ration” (under “Dye Separation”).
3. Click “Open Projects” at the top of the left panel.

4. One by one, for each reference spectrum file and the autofluorescence image
file:

a) Click on the image file in the left panel.

b) In the right panel, look at the image(s) corresponding to the Setting for
that sample, and reposition and resize the circular region selector so that
it covers the brightest region of the target (or the brightest region of
the autofluorescence for the autofluorescence sample). Avoid including
pixels that are outside the brightest region to prevent corruption of the

fluorophore spectrum.

¢) Click “Add” near the bottom of the middle panel. This records a reference

spectrum for the fluorophore.

5. Click “Save Matrix” in the middle panel, give the matrix a descriptive name,

and click “Save”.
6. Click on the 10-plex image file in the left panel.
7. Click “ProcessTools” at the top of the left panel.
8. Click “Automatic Dye Separation” in the left panel.

9. Within the middle panel, under “Method”, click the “Manual” circle, which

allows the matrix to be loaded.
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11.

12.

13.

14.

15.

16.
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Enter “11” for “Fluorescent Dyes” in the middle panel.

NotEe: Rescale should be left as “All Channels”.

Click on the dividing line between the right and middle panels of the software
and drag it all the way to the right (thereby making the panel with the 26
channels of images as small as possible). This reveals a button at the bottom
of the middle panel labeled “Load”. Click the “Load” button.

Navigate to the saved matrix file, click on the matrix file, and click “Open”.
Click the “Apply” button located to the right of the “Load” button.

Click the “Apply” button at the bottom of the screen to unmix the 10-plex

image.

To view the unmixed image, click “Acquire” at the top of the window. In the
left panel, the 11-channel unmixed image (one channel per target plus one
channel for autofluorescence) will have appeared with “DyeSep” added near

the end of the file name.

Save the project.
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A.2.2 Protocols for RNA imaging in whole-mount zebrafish embryos

Protocols for HCR RNA-FISH in whole-mount zebrafish embryos are adapted from
(39, 45). Experiments were performed in AB wild-type whole-mount zebrafish
embryos (fixed 27 hpf) from the Zebrafish Facility of the Beckman Institute at

Caltech. Procedures for the care and use of zebrafish embryos were approved by the
Caltech IACUC.

Preparation of fixed whole-mount zebrafish embryos

10.

. Collect zebrafish embryos and incubate at 28 °C in a Petri dish with egg H>O.

Note: Collect no more than 100 embryos per Petri dish.
Replace the egg H,O with fresh egg H>O 6 hours after collecting the embryos.

At 27 hours post-fertilization (hpf), dechorionate the embryos by replacing
the egg H,O with 1 mg/mL pronase solution. After 5 min, gently pipet up

and down with a glass pipette to dechorionate the embryos.

Remove dechorionated embryos to a Petri dish with fresh egg H,O.

. Gently wash the dechorionated embryos twice with egg H,O.

Transfer up to 80 embryos to a 2 mL Eppendorf tube and remove excess egg
H,O0.

. Fix embryos in 2 mL of 4% paraformaldehyde (PFA) for 24 h at 4 °C.

CaurtionN: Use PFA with extreme care, as it is a hazardous material.
Note: Cool PFA to 4 °C before use.

. Wash embryos 3 X 5 min with 1 mL of 1Xx phosphate-buffered saline (PBS)

to stop the fixation.
Note: Avoid using calcium chloride and magnesium chloride in PBS, as this

leads to increased autofluorescence in the samples.

. Dehydrate and permeabilize with a series of methanol (MeOH) washes (1 mL

each):

a) 100% MeOH for 4 x 10 min
b) 100% MeOH for 1 x 50 min.

Remove the final 100% MeOH wash.
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11. Add 1 mL 100% MeOH and store embryos overnight at —20 °C before use.

NotEe: Embryos can be stored for at least one year at —20 °C.

12. Transfer the required number of embryos for an experiment to a 2 mL Eppen-
dorf tube.

13. Rehydrate with a series of graded 1 mL MeOH/PBST washes for 5 min each
at room temperature:
a) 75% MeOH / 25% PBST
b) 50% MeOH / 50% PBST
¢) 25% MeOH / 75% PBST
d) 5 x 100% PBST.
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Buffer recipes for sample preparation

10 mg/mL pronase stock solution: 10 mg/mL pronase in ultrapure H,O
For 10 mL of solution:

¢ 100 mg of pronase powder
e Fill up to 10 mL with ultrapure H,O

1 mg/mL pronase solution: 1 mg/mL pronase in egg H,O
For 25 mL of solution:

e 2.5 mL of 10 mg/mL pronase stock solution

e Fill up to 25 mL with egg H,O

4% paraformaldehyde (PFA): 4% PFA, 1x PBS
For 25 mL of solution:

¢ 1 g of PFA powder

e 25 mL of 1x PBS

e Heat solution at 50-60 °C to dissolve powder

e Aliquot and store at —20 °C

PBST: 1x PBS, 0.1% Tween-20

For 500 mL of solution:

e 50 mL of 10x PBS

¢ 5 mL of 10% Tween-20

e Fill up to 500 mL with ultrapure H,O

e Filter with a 0.2 um Nalgene Rapid-Flow filter

NotE: Avoid using calcium chloride and magnesium chloride in PBS, as this leads

to increased autofluorescence in the samples.

Note: Handle pronase powder and PFA powder with extreme care, as they are

hazardous materials.
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HCR RNA-FISH in whole-mount zebrafish embryos

Detection stage

1. For each sample, move 5-8 embryos to a 1.5 mL Eppendorf tube and remove

excess liquid.

2. Add 350 uL of pre-heated 30% probe hybridization buffer and incubate for
30 min at 37 °C.
CaurtionN: Probe hybridization buffer contains formamide, a hazardous ma-
terial.

NotEe: Probe hybridization buffer should be pre-heated to 37 °C before use.

3. Prepare probe solution by adding 4 ul. of each 2 uM odd and even probe
set to probe hybridization buffer and mixing well. Use a volume of probe
hybridization buffer such that the final volume is 500 uL.

4. Remove the probe hybridization buffer from the samples and add the probe

solution.
5. Incubate embryos overnight (>12 h) at 37 °C.

6. Remove excess probes by washing embryos 4 X 15 min with 500 uL of 30%
probe wash buffer at 37 °C.
CaurtioN: Probe wash buffer contains formamide, a hazardous material.
NotE: Probe wash buffer should be pre-heated to 37 °C before use.

7. Wash embryos 3 X 5 min with 500 uL of 5x SSCT at room temperature.

Amplification stage

1. Add 350 uL of amplification buffer and incubate for 30 min at room temper-
ature.

NortE: Bring amplification buffer to room temperature before use.

2. Separately prepare 30 pmol of hairpin h1 and 30 pmol of hairpin h2 by snap
cooling 10 uL. of 3 uM hairpin stock solution (heat at 95 °C for 90 seconds
and cool to room temperature in a dark drawer for 30 min).

Note: HCR hairpins hl and h2 are provided in hairpin storage buffer and
are ready for snap cooling.

HCR hairpins hl and h2 should be snap cooled in separate tubes.
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3. Prepare hairpin solution by adding 10 uL of each snap-cooled hairpin to
amplification buffer and mixing well. Use a volume of amplification buffer
such that the final volume is 500 uL.

4. Remove the amplification buffer from the samples and add the hairpin solution.
5. Incubate embryos overnight (>12 h) in the dark at room temperature.

6. Remove excess hairpins by washing with 500 uL of 5x SSCT at room tem-

perature:

a) 2 X 5min
b) 2 x 30 min

¢) 1 X5 min

Sample mounting for microscopy

1. Transfer embryos on to a No. 1.5 coverslip and remove excess liquid.
2. Add 60 uL ProLong Glass Antifade Mountant on top of the embryos.

3. Use an eyelash tool to gently position the embryos in a lateral position for

imaging.

4. Place the coverslip on a 37 °C surface (such as a slide moat) for 1 h to set the

mountant.



Buffer recipes for HCR RNA-FISH in whole-mount zebrafish embryos

5% SSCT: 5x SSC, 0.1% Tween-20

For 500 mL of solution:

e 125 mL of 20x SSC

e 5 mL of 10% Tween-20

e Fill up to 500 mL with ultrapure H,O

e Filter with a 0.2 um Nalgene Rapid-Flow filter

Reagents and supplies

Pronase (Roche, 10165921001)

Paraformaldehyde (PFA) (Sigma-Aldrich, P6148)

10x Phosphate-buffered saline (PBS) (Invitrogen, AM9625)
Methanol (Mallinckrodt Chemicals, 3016-16)

20x Saline sodium citrate (SSC) (Life Technologies, 15557-044)
10% Tween-20 solution (Teknova, T0025)

ProLong Glass Antifade Mountant (Invitrogen, P36984)
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A.2.3 Protocols for protein and RNA imaging in fresh-frozen mouse brain
sections

Protocols for HCR RNA-FISH in whole-mount zebrafish embryos are adapted from

(36). Experiments were performed in C57BL/6 fresh-frozen coronal mouse brain

sections (thickness: 5 um; region: interaural 0.88 mm + 0.2 mm; age: 8 weeks old;

sex: male) from Acepix Biosciences (Cat. # A2203-0561).

Preparation of fresh-frozen mouse brain tissue sections

1. Remove slide-mounted sections from the —80 °C freezer and place on dry ice.

2. One by one, remove a slide from the slide storage box, draw a hydrophobic
barrier around the tissue section, and add 100 uL of ice-cold 4% formaldehyde.
CaurtioN: Use formaldehyde with extreme care, as it is a hazardous material.

NotE: The formaldehyde solution should be pre-cooled on ice before use.

3. Fix for 2 h at 4 °C in a humidified chamber.
NotEe: A humidified chamber should be used for all future steps other than

autofluorescence bleaching to prevent evaporation.

4. Remove the 4% formaldehyde solution and add 2 mL of 1Xx of phosphate-
buffered saline (PBS) across the entire slide to remove the optimal cutting
temperature (OCT) compound and excess fixative. Incubate for 5 min at room

temperature.
5. Wash 2 X 5 min with 1 mL of 1x PBS.

6. Remove 1x PBS and dry around the tissue section with a Kimwipe, taking

care to not allow the tissue section to dry.
7. Re-apply the hydrophobic barrier around the tissue section if needed.
8. Wash 1 x 5 min with 200 uL of 1x PBS.

9. Optional: Proceed to autofluorescence bleaching protocol to reduce autoflu-

orescence. Otherwise, proceed to Protein detection stage.
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Autofluorescence bleaching protocol

1. Prepare bleaching solution fresh before use.
CaurtionN: Keep bleaching solution uncapped inside a fume hood, as it pro-

duces gas.
2. Add 200 uL of bleaching solution on top of the tissue.

3. Place slides under a 180 W LED light at 4 °C. Keep slides 15 cm away from
the light source.
CautionN: The LED light is extremely bright. Use the LED light in a covered

area to avoid eye exposure.

4. Expose the tissue to the LED light for 3 h.
Note: Turn off the light and check the slide every hour, re-applying additional

fresh bleaching solution if necessary. Do not allow the slide to dry.
5. Wash slide 4 x 10 min with 100 uL. of PBST.

6. Proceed to HCR assay.

Buffer recipes for autofluorescence bleaching protocol

Bleaching solution: 4.5% hydrogen peroxide (H,0O,), 24 mM sodium hydroxide
(NaOH), 1x PBS

For 3 mL of solution:

e 2178 uL of nanopure H,O

¢ 300 uL of 10x PBS

e 72ul. of 1 N NaOH

¢ 450 uL of 30% H,0;

PBST: 1x PBS, 0.1% Tween-20

For 500 mL of solution:

¢ 50 mL of 10x PBS

¢ 5 mL of 10% Tween-20

e Fill up to 500 mL with ultrapure H,O

o Filter with a 0.2 ym Nalgene Rapid-Flow filter
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Multiplexed HCR IF with HCR RNA-FISH using unlabeled primary antibody

probes and initiator-labeled secondary antibody probes for protein targets,
split-initiator DNA probes for RNA targets, and simultaneous HCR signal
amplification for all targets

Protein detection stage

1. Block tissue by applying 100 uL of antibody buffer on top of the tissue.

Incubate for 1 h at room temperature.

2. Prepare the primary antibody solution by adding all primary antibodies to
antibody buffer and mixing well. Use a volume of antibody buffer such that
the final volume is 100 uL per section.

NotE: Follow manufacturer’s guidelines for primary an