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Genomic DNA is the template of life - the entity which is characterized by a self-sustaining
anatomical development, regulated signaling processes, the ability to reproduce and to respond
to stimuli. Through what is classically known as the central dogma, the genome is transcribed
into mRNA, which in turn is translated into proteins. The proteins take part in most, if not all,
cellular processes, and it is by unraveling these processes that we can begin to understand life
and disease-causing mechanisms.

In vitro and in vivo assays are two levels at which protein communication may be studied,
and which permit manipulation and control over the proteins under investigation. But in order
to retrieve a representation of the processes as close to reality as possible, in situ analysis may
instead be applied as a complement to the other two levels of study. /n situ PLA offers the ability
to survey protein activity in tissue samples and primary cell lines, at a single cell level, detecting
single targets in their natural unperturbed environment.

In this thesis new developments of the in situ PLA are described, along with a new technique
offering in situ enzyme-free detection of proximity between biomolecules.

The dynamic range of in situ PLA has now been increased by several orders of magnitude to
cover analogous ranges of protein expression; the output signals have been modified to offer a
greater signal-to-noise ratio and to limit false-positive-rates while also extending the dynamic
range further; simultaneous detection of multiple protein complexes is now possible; proximity-
HCR is presented as a robust and inexpensive enzyme-free assay for protein complex detection.

The thesis also covers descriptions on how the techniques may be simultaneously applied, also
together with other techniques, for the multiple data-point acquisition required by the emerging
realm of systems biology. A future perspective is presented for how much more information
may be simultaneously acquired from tissue samples to describe biomolecular interactions in a
new manner. This will allow new types of biomarkers and drugs to be discovered, and a new
holistic understanding of life.
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Introduction

I will begin by identifying the setting in which my biological investigation
presented herein takes place.

Humans have an unending compulsion to ask why. It is something that sets
us apart from our closest evolutionary relative, the chimpanzee. When con-
fronted with problems of reasonable difficulty, chimpanzees tend not to find
gratification in the problem solving itself while humans do', even when there
is no direct survival benefit from solving the problem. Among all the ques-
tions humans ask, the ultimate may be "what is life?" This question can be
confronted from many different viewpoints, which in turn can be grouped
into either the humanities or the natural sciences. Both categories find their
base in philosophy, but a main feature of natural sciences, which sets it apart
from the humanities, is the empirical approach to answering questions. The
empirical procedure works by observing a phenomenon and experimenting
with its constituents in order to gather evidence to describe what the phe-
nomenon depends upon. This restrains natural sciences from going beyond
factual investigations when answering questions, but has proven very power-
ful for the human understanding of the mechanisms of nature.

Biology is one of the classical branches of natural science, and it is under
this category that my work comes in. Biology is delimited to study living
organisms, which are defined as entities that are self-sustaining by regulated
signaling processes and have reproduction, anatomical development and
respond to stimuli. This is what natural sciences define as life, and it will be
the definition of life in this thesis. Life is very complex and can be studied at
different levels. There are evolutionary biologists who may wander out into
the wild and study populations of animals, investigate their behavior and
environment in order to understand evolution. On a different level another
type of biologist may be concerned with what genes underlie a certain type
of ability that a species has developed in order to fill an ecological niche.
Such a biologist may be said to be a geneticist. On a deeper level, we will
find people concerned with how genes exert their functions in cells by being
transcribed and translated into proteins, which exert their functions through
interactions with other proteins. This is the level of biochemistry, and it is
the specific subcategory of biology under which my work is done.
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Life ultimately depends on the interactions between biomolecules in the cells
and the sub-cellular compartments. The interactions manifest themselves on
higher levels in tissue functions, organ functions and organismal functions. It
is by understanding the molecular interactions, or the micro-ecology of cells,
that we also hope to understand life. To this end I have taken part in devel-
oping tools for investigation.

Natural sciences have since long had a profound preference for the reduc-
tionist approach, where the system under study is regarded as nothing more
than the sum of its parts. The expectation is that by understanding the func-
tion of each part, the system will also be understood. On the other side of the
scale resides holism, where a system is considered as a whole and where the
parts of the system are understood in relation to the function of the whole
system.

From my perspective systems biology - the interdisciplinary science of biol-
ogy and physics - should become increasingly important. With a holistic
view of systems within a cell, or a system that a group of cells make up in a
tissue, terminology and concepts from physics can be applied in biology.
New types of questions will be posed, making possible new approaches to
the understanding of how biological mechanisms work. The main hurdle to
overcome for enabling deeper analyses of the micro-ecology in both healthy
and diseased tissues is to generate multiple data points in single cells while
also preserving the information of tissue architecture, as I will explain fur-
ther.

The four papers in this thesis describe new tools offering certain properties,
which might be advantageous in the realm of systems biology, where high-
content data is needed. I will first describe the basic principles of the in situ
proximity ligation assay, around which most of my work revolves. I will
discuss other methods related to the area of protein interaction detection,
their validity and finally I will discuss important factors for the application
of the methods in systems biology.
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Single-cell technology

Tolstoy started a novel with the words “happy families are all alike; every
unhappy family is unhappy in its own way””. This perspective reflects how
we humans focus on identifying problems, which is the first step to solving
them. Happy and unhappy tissues may be regarded in the same manner.
There are always variations among cells within tissues, happy or unhappy,
but we are often more interested in understanding and solving the problemat-
ic ones. The view of cancer tissues has become more complex in recent
years as interrogation techniques have advanced. The idea of cancer has
previously been that it is arising from a single progenitor cell dysfunctional
in a specific way through mutations, leading to unregulated cell division that
will result in a tumor. However, the closer we look the more complex the
tumors will appear. The cancer cells evolve and are subjected to natural se-
lection through interplay with its microenvironment. As is the case with oth-
er ecosystems, also the tissue microenvironment changes and responds to the
populations in its niche and to external interference. For example, one cell
population of the same cancer clone may be eradicated by external interfer-
ence, e.g. chemotherapy, only to leave room for another cancer clone to
thrive’. To solve the problem, we need to understand the communication
within cells and between neighboring cells, and how it may be controlled. To
do this we need methods capable of single-cell analysis.

In order to retrieve the best picture possible of the molecular interaction
networks taking place, clinical tissue specimens are required. The techniques
then applied for analysis can either leave the tissue intact to perform the
study in situ, or they may extract the cells of interest and perform experi-
ments in vitro. Two main disadvantages of in vitro analysis of clinical tissue
specimens is the yet unavailable single-cell resolution of data, and that the
spatial information is lost.

The method most used for protein detection in situ is immunohistochemistry
(IHC)*, which is a modification of immunofluorescence (IF)’. These tech-
niques allow for a semi-quantitative protein level detection in individual
cells of tissue sections, and not single-molecule detection. Although they
have been used in routine diagnostics for decades, they struggle with unspec-
ificity and in setting up new assays validation by other techniques, such as
mRNA sequencing, is required. These techniques are discussed in more de-
tail later.

Single-cell measurements of proteins in cells located in suspension, e.g.
blood cells, can be performed by fluorescently activated cell sorting (FACS),
image flow cytometry® or mass cytometry’. FACS and image flow cytometry
both target proteins via IF, with which follows unspecificity problems as just
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mentioned. The image flow cytometry technique offers the advantage of
capturing an image of each cell, which permits image analysis and co-
localization studies of proteins. Although the throughput of thousands of
cells per second is impressive, the alternative of microscopy scanning of
cells fixated onto glass slides also offers data sets of thousands of cells and
at much greater image resolution. The multiplex detection of protein targets
has reached more than 30 via mass cytometry, where the limiting spectral
properties of applying fluorophore-labeled affinity reagents is circumvented
by instead using lanthanide isotopes for labeling’. However, protein interac-
tion detection is still lacking here, and so is single-molecule detection.

Assays providing spatial relationships between protein expression level and
status, protein interaction, surface markers and relayed intra- and inter-
cellular signals, will facilitate improved tissue profiling that can be used to
model the micro-ecology in vivo. In essence, this will shed light upon the
complex communication between and within cells taking place in a micro-
environment.

Instead of focusing on intracellular pathological pathways, larger pathologi-
cal intercellular pathways may be discerned in the tissue microenvironment.
New multi-target drugs may be developed which obstruct particular interac-
tion patterns between cells in a microenvironment, which are unique or al-
tered in disease. By controlling the microenvironment, hopefully the size of
the malignant niches and cancer cell mobility can be suppressed. Drugs may
function by disengaging cellular functions non-essential to individual normal
and abnormal cells, but essential to a pathological interplay between abnor-
mal cells.

Single-cell analysis is also important as embedded assay controls, to deter-
mine biological and technical variation in normal tissue samples or cell lines
for model building in systems biology. An obstacle concerning tissue speci-
mens is that the measurement of data-points per cell may be precluded by the
fact that whole cells are seldom available in regular tissue slices. Tissue
specimens are commonly sliced at four micrometer sections, while cell nu-
clei themselves have diameters on the order of tens of micrometers. To man-
age this situation, adaptation of sample preparation, or of the wet-lab assay
or of data processing, may be required. Samples may be sliced thicker, or
measurements of a grid of area units may replace per-cell measurements, or
the quantification of a house-keeping protein may be used for data-point
normalization.

14



Basics of the in situ proximity ligation assay (PLA)

The in situ PLA® is a modification of the original PLA version’, for localized
detection in situ. The original PLA version employs DNA aptamers for tar-
get protein binding in solution. When the target protein forms a dimer upon
interaction and the aptamers have bound a monomer each, the aptamers
come into proximity of one another. Each aptamer has a tail of ssDNA, and
when two aptamers are close to one another a connector oligonucleotide
brings together each aptamer tail via hybridization. The tails are then ligated
together, and the successful ligation is read-out via qPCR. In a later report,
exchanging the DNA aptamers as binders for DNA-conjugated IgG in solu-
tion phase PLA resulted in a femtomolar sensitivity in the detection of cyto-
kines'’. The use of IgG rather than DNA aptamers is beneficial also because
it provides a huge repertoire of high quality affinity reagents, developed for
methods such as IHC, which can be readily implemented in PLA. The in situ
version of PLA works upon the same basic principles of target binding and
proximity-dependent ligation, but the method of read-out is different. The
gqPCR read-out is exchanged with rolling circle amplification (RCA), since
an anchored signal is required for localized detection of the targets.

In situ PLA® is used to determine close proximity between two proteins in
fixed cells or tissue sections on a microscopy slide (figure 1). In order to do
this, the first step is to locate the proteins of interest in the tissue sample with
an affinity reagent that provides a handle for further steps. In in situ PLA this
reagent consists of IgG coupled to a short single-stranded DNA oligonucleo-
tide (together becoming a proximity probe; sometimes called PLA probe).
When two of these proximity probes are localized close to one another, i.e.
when they have bound adjacent epitopes, their oligonucleotide arms are
available to DNA manipulation tools. Two circularization oligonucleotides
are added to the reaction, and if the two arms are in proximity and hybridiza-
tion occurs successfully, this facilitates the formation of a continuous single
stranded DNA circle upon ligation by T4 DNA ligase. Signal generation is
the next step in the method, where the circle is used as a template for rolling
circle amplification and the oligonucleotide of the proximity probe as a pri-
mer. The amplification creates a large bundle of single-stranded DNA that
will be connected to the targeted antigen via the proximity probe. Subse-
quently, hundreds of short fluorescently labeled DNA oligonucleotides are
hybridized to this bundle. The high local concentration of the fluorophores is
then visible as a bright fluorescent dot of approximately 1 pm in a regular
fluorescence microscope. In situ PLA has since been used for the detection
of several different proximity events'', such as post-translational modifica-
tions'* !4, protein-DNA interactions'>'¢, protein-RNA interactions'’, for de-
tection of fusion tags'®'"® and combined with padlock probes for simultane-
ous measurement of proteins and mRNA>*',
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Figure I - Principle of in situ PLA.

A protein complex is targeted with PLA proximity probes, and a short and a long
circularization oligonucleotide are thereafter hybridized to the oligonucleotide arms
of the proximity probes (1). After the successful proximity-dependent hybridization,
the circularization oligonucleotides are ligated into a continuous DNA circle (2) for
the following rolling circle amplification. The RCA product becomes a concatemer
of copies complementary to the DNA circle, and each repeat contains a detection
sequence to which a fluorophore-labeled detection oligonucleotide may hybridize
(3). The RCA product collapses onto itself, and the high local concentration of
fluorophores becomes visible as a bright dot of ~1 um in an epifluorescence micro-
scope.
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Other techniques for protein interaction detection

The IHC and IF’ techniques brought up earlier are single-recognition im-
muno-assays. In IF antibodies are labeled with fluorophores and in [HC with
enzymes, that generate a colored precipitate at the site of antibody binding.
IHC has successfully been used both in research and in clinical settings to
determine protein levels in individual cells within a tissue section. However,
the selectivity of an assay is fully dependent on the antibody used. It should
be emphasized that all antibodies bind multiple proteins, but with different
affinity. False positive signals are therefore common due to the fact that only
a single binder is required for signal generation. Up to 19% false positive
signal generation has been reported in cell lines, by comparison to RNA
sequencing®, and the rate is expected to be higher in more complex samples
such as tissue.

The IF technique has been applied in an early manner to investigate the co-
localization of two proteins, via double-staining®**. The resolution is far too
low for the technique to be able to infer a physical interaction between pro-
teins, but despite this it is still used regularly in some settings where the in-
teractions have previously been validated by other means*?’. With super-
resolution techniques it may however be possible to detect close proximities
between single proteins in clinical tissue samples, with a resolution down to
20-40 nm in 3D, without signal amplification®”**. However, super resolution
techniques are currently hampered by their limited multiplexing capabilities,
as well as the high cost of the instruments and demanding sample prepara-
tion.

Forster resonance energy transfer (FRET) is a widely adopted technique that
has had a major impact for protein complex detection in vivo, but which can
also detect protein complexes in sifu in tissue. The basic principle of FRET
is to use the energy transfer between two compatible protein fluorophores to
report on proximity. The emission spectra of the first fluorescent protein
(donor), needs to overlap with the excitation spectra of the second fluores-
cent protein (acceptor). The donor and the acceptor are fused to one protein
each, and if the two proteins are in close proximity the energy transfer can
occur. FRET has developed throughout the years mostly with new designs of
fluorescent proteins®’, new fusion proteins and three-plex FRET. More has
happened with the instrumentation used to investigate FRET. Super resolu-
tion microscopy has made possible single-molecule FRET’' and trajectory
mapping’. Tracking of small molecules such as sugar, Ca*", cAMP and
PKA activity is a big advantage of FRET****. A weakness is the complex
analysis methods involved and the advanced expertise required®’~°. The
spectral overlap requirement of fluorescent proteins in FRET makes it diffi-
cult to investigate several protein interactions simultaneously. Two interac-
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tions have been studied at the same time, via the use of two pairs of FRET
donors and acceptors’*. FRET multiplexing has reached the ability to
measure three events by identifying the spectral fingerprint of each fluoro-
phore later used as reference in post-image acquisition unmixing of the fin-
gerprints. This multiplex adaptation holds a long-term promise to detect up
to 10 or more simultaneous proximity events through the development of
optimized fluorophores™.

Bioluminescence resonance energy transfer (BRET) is a relative of FRET,
where the autofluorescence of the surrounding tissue is avoided by obviating
the need for an external excitation light source. The light source is instead
the light-emitting conversion of a substrate by luciferase, which has taken
the place of the donor fluorescence protein in FRET*’. BRET has evolved in
conjunction with photo-switchable fluorophores, making it possible to de-
termine the ratio between non-interacting proteins and interacting proteins®’.
A similar technique is used with positron emission tomography (PET), with
the acceptor fluorophore being excited by p-particles®'.

In general, BRET and FRET have evolved deeper into the area of in vivo
studies, where transfection of fusion proteins is needed. For instance, BRET-
FRET techniques have evolved to study membrane proteins, which are diffi-
cult to study via co-immunoprecipitation, and also to increase the order of
complexity possible’’. New species of fluorescence molecules have made
their way into FRET and BRET techniques, with lower spectral overlap,
better photostability, intensity, possibility to conjugate to live cells inserted
into live mice”™, and the possibility of quantum dots to be both acceptor
and donor of light in FRET-FRET techniques*. Also, a new type of quantum
dot working in the infra-red range has increased the sensitivity of FRET,
which otherwise is unsuitable for the detection of scarce events using other
parts of the spectra which yield higher autofluorescence of tissues and
cells*’. The FRET limitation of around 10 nm of proximity renders the quan-
tum yield of FRET, and thereby also the mentioned techniques, highly sensi-
tive to the precise locations of the target epitopes and in what direction the
fluorophores end up. However, the limitations on biochemical flexibility of
FRET may instead be turned to an advantage, e.g. for in vivo measurement
of minute conformational changes of a protein. While BRET and FRET
techniques provide sensitive in vivo assays with a future promise of a higher
level of multiplexing, their application to clinical tissue is not straight-
forward. As transfection is not possible, affinity reagents need to be used
targeting the biomolecules of interest'™*. Unfortunately, the autofluores-
cence of clinical tissue samples is often too high to be overcome by regular
FRET based on flurophore-labeled antibodies, and require more complicated
solutions such as time-resolved FRET*’. A more straight-forward way to
measure protein complexes in tissue is offered by in situ PLA. Albeit, meas-
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uring kinetics and conformational changes in living cells is instead some-
thing in situ PLA cannot do.

The protein fragment complementation assay (PCA) monitors protein inter-
action in vivo via the reconstitution of a reporter protein. In a dimeric protein
interaction, each protein is a designed fusion protein with one of the two
monomers of the split reporter. In the original version the reporter protein is
B-galactosidase, transforming a substrate into a fluorescent signal upon re-
constitution’'. The bimolecular fluorescence complementation assay (BiFC)
is a version of PCA, with the split reporter being a fluorescent protein. A
disadvantage has previously been the high background caused by a too high
affinity between the split reporter monomers, driving the interaction. Recent
constructs have been proposed yielding less background®®. A protease from
the tobacco-etch-virus (TEV) has also been used as a reporter in a PCA.
Upon interaction between two proteins, the protease can cleave off a tran-
scription factor to enter the nucleus and start the transcription of a reporter
protein®. However, already twelve years earlier the split-ubiquitin assay was
published™. It is related to the split-TEV assay in that it includes protease
activity. Upon reconstitution of the ubiquitin, a reporter protein is cleaved
off from the C-terminus by endogenous ubiquitin-specific proteases”. Natu-
rally, PCA cannot be used for analysis of endogenously expressed proteins
as vectors carrying the genes for the fusion proteins need to be transfected
into the host cell. Although PCA enables high throughput screening, and is
as such a very useful tool for discovery of putatively interacting proteins,
other methods will be needed for detecting protein interactions in clinical
material.

There also exist the techniques of chemical protein tags for the detection of
proteins>® and interactions in vivo. The protein of interest can have its prima-
ry structure altered with an insert of a peptide which is chemically inert to
naturally occurring compounds, but highly reactive with synthetic com-
pounds. The peptide can be of varying types and sizes depending on the
chemical tag, which may be FIAsH/ReAsH, the SNAP/CLIP tag, the TMP-
tag, the HaloTag or the beta-lactamase tag. Instead of using energy transfer
as in FRET, conversion of a compound into fluorescence as in BRET or
reconstitution of a reporter protein as in PCA, these chemical protein tags
can be used to report on close proximity between two tag-modified proteins
by direct covalent attachment of a reporter molecule to one of the partners,
facilitated by the other. The reporter molecule may be biotin or a reactive
compound, which can act as a handle for further modification or purification,
or a fluorescent molecule™’.
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The HerMark™ or VeraTag™ assay is an approach to quantifying interac-
tions in clinical tissue specimens, also fluorescently®®. The sample tissue
sections are placed on a microscopy slide before a close proximity between
proteins is quantified. This is done via the cleaving off of a fluorescent mol-
ecule from one antibody via a photochemical reaction from a second anti-
body in the immediate vicinity. The read-out is the sum fluorescence intensi-
ty from the fluorophore in a specialized instrument. The technology does not
allow subcellular localization of the interaction in the tissue, but has proven
more sensitive than immunohistochemical methods such as the HercepTest,
which is clinically used to stratify breast cancer patients®”. The technique has
limited abilities to multiplex, but has proven useful in pre-clinical settings to
stratify patient cohorts with respect to their individual breast cancer types
and treatment options®®".

All until now mentioned assays for protein detection label their targets. The
assays either bring with them inherent false positives, from cross-reactive
affinity reagents, or uncertainty towards to what extent genetic alteration of
e.g. fusion proteins will perturb the true function of the native protein. A
label-free in situ assay is therefore attractive in proteomics, and there exist
versions of mass-spectrometry which enable this®®, capable of single-cell
resolution down to 7 um®. The principle is to first eject ionized molecules
from the cell or tissue surface, by either a laser-, an ion- or an electron beam.
The ions are transported to a detector, and quantitative data on the identified
molecular species, collected at each ionization point in the section, may be
translated to a visual depiction of the concentrations in the sample.

Apart from being label-free, this technique stands out with its unbiased ap-
proach, large dynamic range, its sensitivity and the degree of multiplexing
that mass spectrometry brings with it. It shows great potential in diagnostic
settings, with reliable application to clinical samples for identification of
several types of proteins®**®. Two obvious drawbacks of this approach of in
situ protein detection are the lack of means to detect protein interaction and
single-molecules. Two other limitations are the relatively imprecise target
quantification and the sample destruction, obviating further analysis.

The technique offers great potential from a systems biology point of view. It
can perform tissue profiling based on the identification of hundreds, or thou-
sands, of proteins and their abundance, at a single-cell resolution. However,
activity status of intra- and intercellular communication pathways via protein
interaction is not possible to map so far, due to the lack of methods for anal-
ysis of protein interactions.
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Demands on methods

Interactions between biomolecules can take place in several ways. Stable
interactions are typically characteristic of complex forming proteins while
transient interactions relay signals within pathways. Hemoglobin is a work-
horse in the human body and a very stable protein complex that does not
dissociate. Other stable complexes may dissociate when they are not needed,
such as the important RNA polymerase machinery. However, the majority of
protein interactions are expected to be transient for events to occur at suffi-
cient rates within cells’.

The nature of interactions depends on the sequence, structure, posttransla-
tional modification and the present allosteric state of the protein. Hydrogen
bonds, salt bridges and van der Waal forces act as the chemical bonds be-
tween the interaction interfaces, which can be of different types. There are a
few sequence motifs common to the interaction surfaces of several proteins,
which are particularly suited for their purpose and may vary slightly in se-
quence resulting in altered affinities. Two of them are the classical SH2 and
SH3 domains. They are often involved in signaling pathways and can be
found in hundreds of different proteins®.

Our understanding of the nature and significance of various types of protein
interaction is likely not yet fully mature. It has recently been understood that
a protein can exert its function in a cell by constant weak and non-specific
interactions with many other proteins, abrogated by a post-translational mod-
ification such as phosphorylation®.

All methods have their strengths and weaknesses. Thus, using multiple
methods to validate the results is important, and to use methods appropriate
for answering a specific question. As described above, signals produced by
in situ PLA report on close proximities between epitopes (depending on the
design, up to tens of nanometers). Consequently, successful in situ PLA
cannot be used as proof of a physical interaction between the targeted pro-
teins. However, this is true also for the other techniques. Co-
immunoprecipitation is said to be the gold standard for protein interaction
detection. However, experimental conditions, particularly the buffer condi-
tions, which the interacting proteins are subjected to, are not the same as in
their natural local cellular environment’. This may cause both false nega-
tives and false positives. Also, when preparing cell lysates proteins are
brought together which would otherwise be isolated from one another in
cellular compartments.
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Recent developments of co-immunoprecipitation read-outs has made possi-
ble quantifiable single-molecule detection and kinetics studies of interacting
proteins from cell lysates’"’* from as little as 10 cells’' and on the order of
tens of milliseconds’. However, the kinetics may not resemble the endoge-
nous kinetics, as they will be affected by buffer conditions and concentra-
tions.

Although in situ PLA can only suggest an interaction between proteins, it
does so regardless of the affinity of the interaction, as the target proteins are
fixated in the sample cells or tissue. Controls for interaction validation can
be constructed in the form of obstructing the interaction with a drug if avail-
able®, using transfection with a competing peptide””, by introducing primary
sequence changes at the interaction site’*, or by comparison to a knock-out
cell line®, or to an unstimulated sample or to tissue sections where it is
known the proteins are expressed but do not interact.

In the identification of a problem within a method lies an opportunity for
further development. I have within my doctoral education focused on a few
limitations of in situ PLA.

(1) For a precise quantification of in situ PLA signals, the tools for image
analysis require discrete signals of fluorescence decidedly stronger than the
surrounding background autofluorescence. In order to meet this demand,
RCA is applied to localize a great number of fluorophores to each target
molecule. But as the RCA products have a large diameter of around 1 um,
the dynamic range over which targets may be quantified, is hampered. I have
addressed this issue by two different approaches (Papers [ & II), the second
approach simultaneously limiting the production of false positive signals
(Paper II).

(2) While in situ PLA is applied in more than one new publication every day,
only very few conduct in situ PLA experiments in a holistic approach due to
the restricted level of multiplexing. For the “next generation tissue profil-
ing”, high-content analysis of multiple proteins, protein interactions and
post-translational modifications will need to be performed together with
genotyping of mRNA. A first step towards this is development of a multi-
plexed in situ PLA system (Paper III).

(3) The dependency of enzymes for ligation and amplification makes in situ
PLA costly and limits its usability in e.g. point-of-care devices. Hence, a
different read-out of proximal binding without enzymatic steps would be
very beneficial (Paper IV).
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The dynamic range of in situ PLA

Assays have an upper and a lower limit of concentration within which it is
possible to accurately measure analytes, and this is called the dynamic range.
The lower limit is either two or three standard deviations above the back-
ground, depending on the accuracy required. The saturation limit is reached
when an increased amount of target no longer gives a proportionately in-
creased amount of signal.

For in situ PLA, the unit of measurement is usually signals per cell. Back-
ground measurements are often acquired as technical controls in assays pre-
cluding one of the primary antibodies in tissue experiments, but can also be
biological controls by comparing the live experiment with cells or tissue
known not to possess the protein interaction in question. A control may also
be a cell line where the proteins of interest are mutated at the site of interac-
tion, or it may be the disruption of interaction by a drug or small molecule,
or it may be stimulation experiments.

Regardless of how the control is designed, the limit of detection will be two
or three standard deviations above the background number of signals per
cell. The saturation limit is reached when signals start to coalesce, because
they become too crowded, and the saturation limit will be proportionate to
the size of the cell.

For in situ PLA the dynamic range spans approximately from a few signals
to several hundred signals per cell, or two orders of magnitude, depending
on the cell size and the specificity of the antibodies applied. This may be
considered low by comparison to the dynamic range of e.g. qPCR, which is
theoretically nine orders of magnitude. The low dynamic range of in situ
PLA can be attributed to the large size of the signals, typically around 1 um
in diameter. The problem arises when neighboring cells in a tissue or cell
slide have largely diverging expression rates of a protein. For example, this
range may be six orders of magnitude for HER2 in SKBR3 cells”. Also, in
immuno assays a low dynamic range results in the need to titrate the antibod-
ies, which is an obstacle to the use of precious clinical material or in high-
throughput assays. However, the large signal size is otherwise an advantage
of in situ PLA, as signals are easily distinguished over autofluorescence al-
ready at low magnifications (10 x or 20 x) and this also facilitates reliable
signal quantification by image analysis software.

The dynamic range of in situ PLA may be slightly increased if the intensity
per cell were to be measured instead of signals per cell, and thereby disre-
garding the possibility of signal localization. Instead we took another ap-
proach and created a new type of oligonucleotide hybridization step, with
competing circularization oligonucleotides (figure 2). Three types of circu-
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larization oligonucleotides are applied targeting the same proximity probe
couple, but different in their respective detection oligonucleotide sequence.
As they have the same target, they will compete for binding this target, and
by adding them at a set concentration ratio (e.g. 1:10:100) they will give rise
to an analogous ratio of different signals after the RCA.
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Figure 2 - An approach to extend the dynamic range of in situ PLA.

Multiple circularization oligonucleotides are applied, at a set concentration ratio, in
the hybridization step of in situ PLA. They can hybridize to the same antibody-
conjugated oligonucleotides, for which they will compete, but differ in their detec-
tion sequences. After RCA, signals of different colors will appear at a ratio analo-
gous to that of the input concentrations.
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The different RCA products are then detected by probing them with detec-
tion oligonucleotides of different fluorescent colors. Three different signal
concentrations are then available in three separate fluorescence channels.

With this procedure there is theoretically no limit to the dynamic range of in
situ PLA, and we demonstrated an increase by four orders of magnitude to
cover the large concentration range of HER2 in SKBR3 cells and in breast
cancer tissue sections overexpressing HER2. However, with this procedure
the signals representing a single target occupy three fluorescence channels.
This means the technique cannot be combined with multiplexed in situ PLA,
where multiple targets occupy one fluorescence channel each, and in practice
only four fluorescence channels can be used in the same assay. This calls for
another approach to extending the dynamic range.

Compaction of the RCA product

An extended dynamic range would also be the result from smaller signals, or
RCA products, as more signals per cell would be distinguishable. But mak-
ing them smaller should not impede the detectability of the signals. For in-
stance, performing the RCA for a shorter amount of time will decrease the
size of the resulting ssDNA bundles, but will likewise decrease their intensi-
ty as there will be fewer copies of the detection sequence per RCA product
to which detection oligonucleotides hybridize.

The detectability of the RCA products depends on the ratio, or the contrast,
between the intensity of the local autofluorescence and the signal. The origi-
nal in situ PLA signals generally exhibit a high contrast towards their local
environment, but some formalin fixed and paraffin embedded (FFPE) tissues
with exceptionally high autofluorescence, such as brain, fatty or connective
tissue, still pose signal detection problems. While we expected the RCA
products to collapse onto themselves into dense ssDNA bundles via unspe-
cific hydrogen bonding of the bases and the inherent polarity of ssDNA, we
have observed that the signals sometimes are stretched out and are not uni-
form. Digital enumeration of the signals through image analysis software
would benefit from even more distinct and uniform signals.

As an improvement, we introduced a new type of short oligonucleotide to
the RCA reaction itself, in essence pulling the RCA products together im-
mediately during their generation to make them more condensed. The proce-
dure is taking advantage of a previously unused spacer sequence of the RCA
product (figure 3) in the original in situ PLA. To get into more details, the
compaction oligonucleotide is 48 nucleotides long. Out of these, 42 nucleo-
tides are two copies of the same 21 nucleotide sequence, which are spaced
apart with 3 nucleotides. The 3’ end of the compaction oligonucleotide has 3
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Figure 3 - Principle for compaction of RCA products in in situ PLA.

In regular in situ PLA (left panel) RCA products are left to collapse randomly onto
themselves. The relatively high concentration of hybridized fluorophore-labeled
detection oligonucleotides makes the ssDNA products easily detectable in an epiflu-
orescence microscope (bottom left). With a cross-hybridizing compaction oligonu-
cleotide in the RCA reaction (right panel), both adjacent and distal parts of the RCA
product are bridged together, effectively condensing the RCA product. It will there-
by occupy a smaller volume - resulting in a higher local concentration of the fluoro-
phore-labeled detection oligonucleotides. Subsequently, the signal intensity increas-
es and the signal shape becomes more distinctly round. Scalebars represent 1 pm.
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residues of 2’0 methyl-RNA to prevent priming by the phi29 DNA poly-
merase. The compaction oligonucleotide will thereby be able to hybridize to
two repeats of the RCA product, bringing either close or distal parts togeth-
er. This reduces the diameter of the RCA products from 1-2 um to 0.2-0.5
pm. The condensation through cross-hybridization by compaction oligonu-
cleotides results in a more distinct shape of the RCA products and also a
higher local concentration of fluorophores, which increases the intensity of
the RCA products.

There is an optimal concentration ratio between RCA products and compac-
tion oligonucleotides. A too low concentration will simply lead to less con-
densed RCA products. But the concentration can be too high as well. A too
high concentration of compaction oligonucleotides means that distant parts
of the RCA products will not be as efficiently pulled together, as fewer hy-
bridization sites for the compaction oligonucleotide are left unoccupied dur-
ing the RCA. However, we have noticed that there is a concentration win-
dow of a few orders of magnitude within which the signals appear similarly
condensed by image analysis software, and this is the main purpose.

Another approach to make RCA products more condense is to introduce
strong secondary structures in them. Complete Genomics does this in the
RCA products they refer to as DNA nanoballs - with parts of their adaptors
being complementary’®. While we have not observed the compaction effi-
ciency reached through this approach, we assume that the cross-
hybridization within the DNA nanoball would lower the compaction effi-
ciency, as the hybridization target becomes immediately available emanating
from the DNA polymerase and cannot hybridize to distal parts of the RCA
product.

Compacted RCA products have a significant maximum intensity increase
over regular RCA products and stand out much more from their local envi-
ronment, with a 50% increase of signal-to-noise ratio in FFPE brain tissue.
Furthermore, while regular RCA products may split up during RCA, so that
one RCA product may be reported as several, the compaction oligonucleo-
tide prevents this, creating a more accurate signal-to-target ratio.

Methods other than in situ PLA that apply RCA for signal generation will
benefit from the same technique, e.g. padlock probe assays for genomic
DNA or mRNA detection, or for in situ sequencing of mRNA transcripts’’.
The mentioned benefits of the compaction oligonucleotide are maybe partic-
ularly suitable for high-content screening. Another benefit of the more dis-
tinct appearance of the RCA products brought about by the compaction oli-
gonucleotide is the possibility to use the same fluorescence channel for a
staining of a different character, e.g. immunofluorescence. This would give
high-content screening one more data-point per fluorescence channel, e.g.
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for measuring the protein expression level. An increased accuracy of the
signal-to-target ratio is important of course, and the extended dynamic range
allows for greater biological variation. The increased ratio between signal
intensity and autofluorescence intensity, and the homogenous shape of the
signals facilitate accurate image analysis.

Multiplexing — the way forward

One main feature of in situ PLA is the incorporation of DNA assisted read-
out of protein activity status, which makes available the highly versatile nu-
cleic acids manipulation toolbox with ligases, restriction enzymes and poly-
merases among other DNA-interacting proteins, as well as several types of
synthetic and natural nucleotides. In situ PLA is thereby a technique readily
amendable to the needs of a scientist, where only the imagination is a limit-
ing factor’®. A natural way forward from the original in situ PLA has been to
create a multiplex version, moving the detection sequence in the circular
template from its back part to its proximity probe oligonucleotide parts. By
this design a unique identifier, brought about by each different protein tar-
geting proximity probe, will be incorporated into the circularized ligation
products. Consequently the sequence of the ligated circle will be dependent
on which proteins take part in the targeted complex. By giving the detection
oligonucleotides different fluorophores, the color of an RCA product will
reveal the interaction partner in an assay and several protein complexes can
be viewed in parallel (figure 4).

As a model system we chose three members of the protein family of human
epidermal growth factor receptors, namely EGFR, HER2 and HER3. The
different homologs are caused by gene duplication and have arisen relatively
late in evolutionary terms and HER4, the fourth and last member of the
family, can in turn be differentially spliced into four isoforms of different
function”".

This is a well-characterized group of receptor proteins, with implications in
several diseases. Approximately 15-20% of breast cancer tumors overex-
press HER2 due to genomic gene amplification®'**. The EGFR family pro-
teins can homo- and heterodimerise in ten different combinations®, and the
downstream signaling pathway affected is dependent upon the combination
and what ligand has bound the receptor. The HER2 protein does not have a
known ligand, but can dimerise with itself or any member of the family. The
pathways affected include major ones such as the MAPK and the PI3K
pathway®', and several fundamental cellular processes end up being affected,
such as survival, death, cell growth, proliferation and differentiation™.
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The combinatorial fashion of dimerization between the family members, the
availability of high quality affinity reagents, cell line controls and the clini-
cal importance made these proteins ideal choices for a proof-of-concept of
the multiplex in situ PLA design. Using both a panel of cell lines and clinical
tissue specimens we could confirm that the design enables parallel visualiza-
tion of alternative protein complexes. In the version of multiplex in situ PLA
presented here, three types of protein duplexes were investigated in parallel,
with one of the two partners in the duplexes being the same. The oligonucle-
otide system employed here does not allow for much higher levels of multi-
plexing, as the limit is reached regarding the number of fluorophores which
can be spectrally distinguished by microscopy, without elaborate optimiza-
tion or spectral unmixing techniques.
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Figure 4 - Principle of multiplex in situ PLA.

Each of the PLA probes is unique in the sequence of its DNA-arm. To this sequence
a complementary tag is hybridized in the formation of the circular RCA template
(top panel). Then ligation of the template into a continuous circle takes place (not
shown), and after RCA (not shown) the detection sequence has been repeated thou-
sands of times in the RCA product (bottom panel). The detection oligonucleotides
hybridized to the RCA products are labelled with different types of fluorophore. The
color of each RCA product, or in situ PLA signal, reports on the proteins complicit
in each detected complex.



To achieve a higher level of multiplexing, reiterative cycles of melting and
re-hybridization of detection oligonucleotides can be used, as previously
demonstrated for RCA products deposited on microscopy slides®. Hence, in
each cycle a new set of interactions will be recorded. The number of record-
ed PLA signals will be increased linearly with the number of cycles.

After multiple steps of reiterative melting and re-hybridization of the detec-
tion oligonucleotides, the integrity of the RCA products becomes a concern.
The heating during the melting step will cause them to float out, which in
turn causes a decrease in the local concentration of fluorophores. This will in
turn have complications on the robustness of the image analysis. While the
compaction oligonucleotide described in this thesis has its greatest impact
when implemented in the RCA reaction it has an effect, however limited,
also when applied after RCA. The integrity of the RCA products might be
better kept if instead of performing de-hybridization of the detection oligo-
nucleotides via heat, they are rendered non-fluorescent by photo-bleaching
or by chemicals, as in multi-epitope-ligand cartography (MELC). This is a
recently developed technique with which it is possible to probe for more
than a hundred targets in a serial fashion in a tissue section™, through inacti-
vation of the fluorophores in between each image capture. The resulting map
of hundreds of layers of staining patterns identifies the co-localization of
proteins, but cannot be said to detect interactions. Instead the technique
yields a toponome map of the hierarchical organization of proteins within the
tissue. The technique is of low-throughput as each assay takes days, but the
amount of acquired information is extraordinary for being an immuno-assay.

A compelling approach to reach higher multiplex levels is to instead apply in
situ sequencing techniques of RCA products, as has been done for mRNA
transcripts reported upon via padlock probes’’. Just by reading the initial
four bases in the target specific detection sequence of the RCA products 4*,
or 256, different targets may be read out simultaneously in a sample section.
The in situ sequencing readout of the identification of the RCA products is a
relatively elaborate technique. It is based on sequencing by ligation, and
requires reiterative steps of cleavage, hybridization, ligation and imaging for
each interrogated base. Lastly, a comparatively advanced image analysis
procedure is required, but the amount of information gained is striking.

30



The future multiplexing for interactomes and systems
biology

In order to understand the complex interaction networks that govern cells
within tissues, it is in practice a prerequisite to be able to measure the protein
activity statuses of signaling pathways at a subcellular level, or larger com-
plexes such as scaffold proteins®’. The ability to localize multiple protein
complexes and their activity statuses, and produce spatial information in
fixed cells and tissue sections is a great advantage of the presented multiplex
version of in situ PLA. It will reveal the spatial relationships and quantitative
ratios between various protein complexes and activity statuses in individual
cells. The protein complex content of individual cells will reveal their indi-
vidual roles in tissue sections among neighboring cells, and it will be possi-
ble to reveal a hierarchical maturation scheme among the cells - similar to
that of the SPADE trees built from individual cell type identification by the
CyTOF in mass cytometry’. It paves the way for a systems understanding of
biological variation, and the complex interaction not only between proteins
inside cells, but between cells among cells in a tissue sample.

With techniques in place for antibody conjugation and validation, DNA as-
sisted read-out and image analysis, the venue of subcellular interactome
investigation in tissue samples and fixated cell lines using in situ PLA lays
open for both a reductionist approach to understand isolated complex for-
mations and the holistic approach to build models and shed light on larger
systems of complex formation.

Non-targeted approaches will be essential to define possible targets for in
situ PLA. During the last twenty years a few main techniques have brought
promise to map complete networks of protein interaction, the interactomes,
within organisms. These are the protein fragment complementation assay
(PCA) and affinity purification with mass spectrometry (AP-MS). Interac-
tome maps by yeast-two-hybrid (Y2H) assays, a type of PCA based upon
complementation of one DNA binding and one transcription activating do-
main, can have largely diverging results, with only a few percent overlap of
the detected interactions. The reliability of the output data from Y2H assays
have since long been questioned, and has led to the view that high-
throughput data is of lower quality. However, by careful experimental strat-
egies including thorough controls and quality assurances, Y2H assays have
become more reliable over the years**™.

The techniques just mentioned are either in vivo or in vitro assays, and they
share the disadvantage of bringing the proteins of interest either into unnatu-
ral environments or to non-physiological concentrations, or both. While the
idea of in vivo assays is to investigate the proteins in natural environments,
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in living cells, the proteins are often heavily modified fusion proteins and
overexpressed. AP-MS can leave the proteins unmodified, but instead brings
them into the unnatural environments of purification columns. /n situ assays
aim to study the protein interactions unmodified in their local natural envi-
ronment. Tissue samples are fixated, and the resulting stains are snapshots of
the molecular events inside cells. However, in situ assays that rely on affini-
ty reagents are biased in the way that they will only detect interactions of
proteins that affinity reagents have been raised against. In view of this, in
situ PLA is situated downstream of in vivo and in vitro assays that are used
to fish for probable interaction partners.

High-content data is important for systems biology, both for the production
of robust models with the use of rigorous assay-embedded controls and for
finding novel quantitative relationships between detected targets. To this
end, multiple techniques are preferably used concurrently. The research
group I am part of has developed techniques covering the complete chain of
the central dogma. Genomic alterations can be detected”’, as well as protein-
DNA interactions'®, spliceotypes’ and mRNA transcripts®***. Proteins can
be detected with high specificity through dual-recognition in sifu PLA" and
their modifications and interactions with multiple partners as well. An RCA
read-out of these multiple methods in a single tissue specimen provides effi-
cient detection over auto-fluorescence with the help of the proposed compac-
tion oligonucleotide through image-analysis. Using a serial approach, a tis-
sue section can be analyzed using the RCA-based methods for characteriza-
tion of nucleic acids and protein activity, followed by IF/IHC for phenotypic
evaluation and afterwards stained with e.g. hematoxylin-eosin for a histolog-
ical evaluation. Retrieving data from all these levels will require sophisticat-
ed image analysis, and will end up characterizing the ecology of the micro-
environment. This next generation tissue profiling should be a valuable tool
both for research and diagnostics. The image output will no longer give us
immediate answers, as for single-plex assays, but will require extensive fur-
ther interpretation. The famous physicist Richard Feynman, who once said
“It is very easy to answer many of these fundamental biological questions:
you just look at the thing!” might have over-simplified the matter. The ex-
pertise of the physicist colleagues of Feynman, advanced image analysis,
spatial statistics and mathematical descriptions will be required to make
sense of the images.
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Enzyme-free signal amplification

There are many ways to amplify DNA, but only a few which can tether the
amplified product to a starting location. We have already mentioned the
RCA as the signal amplification technique in in situ PLA. Other alternatives
include the loop-mediated isothermal amplification (LAMP) technique’**
and the primed in situ labeling (PRINS)’>*°. The downside of all of these
methods is their dependence on enzymes.

The hybridization chain reaction technique has recently been developed,
allowing enzyme-free DNA signal amplification’’. The technique builds
upon two fluorescently labeled short oligonucleotides, with high proportion
of complementarity, both within and between themselves. Each will have a
hairpin structure that has a high enough melting temperature to keep the
closed conformation unless they are invaded by an initiator oligonucleotide.
Once a hairpin has opened up, it will invade the next, generating a hybridiza-
tion chain reaction that creates a long nicked and fluorescently labeled dou-
ble-stranded DNA product.

In order to enable proximity dependent initiation of HCR for protein com-
plex detection, we modified the design of the in situ PLA proximity probe.
We exchanged the DNA arm on each PLA proximity probe with one of two
species of hairpin oligonucleotides (proximity hairpins), to create a new type
of proximity probes. When two such proximity probes are in close proximi-
ty, one hairpin can be induced to invade the other. This will liberate the initi-
ator sequence from one of the HCR proximity probes, which in turn will
start the HCR. A proximity HCR assay will retain the obligatory dependency
of proximal binding from in situ PLA, without the dependency on enzymes
for generation of signals (figure 5).

In a well performing HCR assay, the sequences and lengths of the hairpin
species play a critical role. They should be stable enough not to unfold by
themselves, but unstable enough to allow for invasion and efficient amplifi-
cation. We carefully designed our hairpin species with special attention at-
tributed to the free Gibbs energy of each species, and to the lengths of the
stems and the loops. We also excluded sticky ends in the design, to avoid
having the HCR perform a random walk process and instead force a fully
dissociative way of hybridization, which is more reliable. Also, the buffer
constituents play a major role in any HCR, with the critical factor being the
ionic strength. The proximity HCR assay was tested both in vitro, using bio-
tinylated proximity hairpins to target streptavidin-coated slides and beads,
and in situ, using HCR probes to detect protein interactions in fixed cells.
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The assay performed well in both settings and thus opens the door for further
analysis to determine the virtues and drawbacks of proximity HCR in multi-
ple applications.

Eliminating the enzyme dependence removes more than half of the reagent
costs as compared to in situ PLA, and the assay becomes more robust. The
target investigated is still determined by the affinity reagents, which means
that posttranslational modification and protein complexes can still be probed
for. Also, by directing the affinity reagents towards different epitopes on the
same molecule a higher specificity is reached by comparison to single-
epitope recognition such as [HC or IF. The assay may be multiplexed, by the
parallel implementation of orthogonal species of HCR probes’. Through
implementation of quenchers the HCR can be read out in real-time”, and an
exponential amplification can be employed'®.

The price and the robustness are two important factors for large-scale im-
plementation of any assay. High-throughput experiments would be such a
large-scale implementation, as well as a diagnostic setting. In poorer areas of
the world robust and inexpensive diagnostics are beneficial, and a colorimet-
ric read-out would be amenable to the technique for unaided visual assertion,
e.g. for an on-site rapid diagnostic test.
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Figure 5 - Principle of proximity dependent HCR for detecting protein complexes.
Two different DNA hairpin species are conjugated to one antibody each, forming
proximity probes. The sequences of the hairpins have been carefully designed for
stability (A). An initiating oligonucleotide invades and releases one of the hairpins
(B), which can then invade and release the second hairpin (C). This second hairpin
then functions as an initiator of the HCR by capturing and opening up one of two
other hairpin structures, which are fluorescently labelled (D). The HCR between the
two HCR hairpins is commenced (E), forming a nicked and fluorescently labelled
double-stranded amplification product.
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Present investigations

Paper I. Increasing the dynamic range of in situ PLA

Introduction

While in situ PLA offers bright and easily detectable signals, representing
single protein complexes, the same signals infer a limitation on the method.
They have large diameters of around 1 pm and a few hundred of them per
cell are enough to cause saturation, limiting the dynamic range of the assay.
Saturation is characterized by the signals coalescing, which causes them to
become inseparable from one another. Quantification of the signals via digi-
tal enumeration by image analysis is no longer possible, although quantifica-
tion by intensity measurement to a limited extent theoretically would be. As
the signal amount is largely influenced by antibody concentration, apart from
the endogenous protein expression, the issue is most often handled by per-
forming antibody titration. This is unsuitable to precious tissue material,
such as clinical samples, and consumes both time and money. Furthermore,
the signal concentration might vary extensively among neighboring cells
within a tissue sample along with their protein expression levels. This limits
the analyzable tissue area, with some parts being saturated, and prohibits the
comparison of protein expression levels between cells.

Aim of the study

The aim was to provide a technical improvement of in situ PLA, extending
its dynamic range regardless of sample type or target.

Procedure

The aim was met through the addition of distinct circularization DNA oligo-
nucleotides to the hybridization step of the in situ PLA protocol, at a prede-
fined concentration ratio, to compete for binding to the PLA proximity
probes. The oligonucleotides were identical in all parts but the detection
sequence, which templates the sequences of the RCA products to which the
detection DNA oligonucleotides hybridize. Each distinct detection oligonu-
cleotide is coupled to a specific fluorophore, providing the RCA products
with distinct colors during fluorescence analysis. Different types of RCA
products will form at a ratio analogous to that of the input concentrations of
the competing circularization oligonucleotides, so that the signal concentra-
tion can be chosen during analysis.

36



Two proofs-of-principle were given. One detected HER2 molecules on
SKBR3 cells with varying concentrations of HER2-targeting antibody (from
0.0004 pg/ml to 4 pg/ml), to simulate differences in protein expression level
among cells. Discrete, and thereby enumerable signals, were available for
the whole concentration range.

The assay was then applied for detection of HER2 expression in breast can-
cer tissue. With ordinary in situ PLA, enumeration of signals would not be
possible simultaneously in the cancer cells and normal stroma due to the
limited dynamic range. However, by simply changing fluorescence filters
during analysis, signal saturation was avoided in all cells and a pseudo-
colored image was produced in the image analysis reflecting the number of
signals in each cell.

Paper II. Compaction of rolling circle amplification
products increases signal strength and integrity

Introduction

The signals generated from in situ PLA are RCA products of ssDNA. They
tend to collapse into individual bundles of DNA that can be visualized by
hybridization of fluorophore-labeled detection oligonucleotides. Hence, each
RCA product will be labeled by hundreds of fluorophores. These often be-
come intense enough to be easily identifiable over background autofluores-
cence already at low magnification, and digital enumeration is possible via
image analysis.

However, there is a possibility of increasing the signal intensity further,
while simultaneously making the signals smaller - providing an increased
sensitivity and an extended dynamic range. In an effort to enhance the detec-
tion and quantification capabilities, we introduced a separate compaction
oligonucleotide into the RCA reaction, effectively pulling the RCA products
together during polymerization.

Aim of the study

Increasing signal intensity, extending the dynamic range and generating sig-
nals of greater integrity - facilitating more robust signal quantification.

Procedure

The compaction oligonucleotide comprises 48 nucleotides. Out of these, 42
were two copies of the same 21nt sequence spaced apart by 3 nucleotides. At
the 3’ end we inserted 3 residues of 2°O-methyl RNA to prevent priming and
degradation by the phi29-polymerase.

37



The two-copy 21 nt sequence was designed to be complementary to a se-
quence replicated in the RCA products. This design permits cross-
hybridization between both adjacent and distal parts within the RCA prod-
uct.

By adding a compaction oligonucleotide to the RCA reaction, the signals
exhibit a greater intensity, the signal-to-noise ratio is increased, the signals
become smaller and more distinct, and tend not to split up into several
smaller signals. This procedure is easily applicable to any technique employ-
ing RCA for signal generation.

Paper I11. Parallel visualization of multiple protein
complexes in individual cells in tumor tissue

Introduction

The original in situ PLA is able to detect only one type of protein complex,
or protein modification, per sample. The detection sequence of the RCA
product was dependent upon the standard circularization oligonucleotide, but
could readily be made to depend upon the oligonucleotide arm of the PLA
proximity probes. In this manner, RCA products would be distinguishable by
their colors, and this would report upon the PLA-probes giving rise to each
RCA product. In this way, multiple protein interactions and modifications
would be detectable simultaneously in a tissue sample.

Aim of the study

The aim was to provide a means by which in situ PLA could provide simul-
taneous detection of several protein interactions.

Procedure

Antibodies were conjugated to oligonucleotides designed to harbor a tag
sequence, which in turn was propagated into the RCA product to function as
a detection sequence. In the two antibody conjugates facilitating the hybridi-
zation and ligation of the circularization and tag oligonucleotides in the as-
say, one contained no tag sequence but instead a generalized sequence. As
such, both antibodies could not be varied simultaneously. One was kept con-
stant while the tag-empowered conjugates varied in each assay in a combina-
torial fashion, and the PLA-probe kept constant was varied between assays.

Proofs-of-concept were supplied in detections of known protein expression,
complex formation and localization patterns of certain tissue types and cell
lines. The detection specificity of selected protein complexes was assessed
via cell line controls, with low native expressions of the protein complexes
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under investigation, but transfected with vectors of various combinations of
the proteins.

Paper I'V. Proximity dependent initiation of
hybridization chain reaction

Introduction

The in situ PLA is an enzyme-dependent technique for the detection of pro-
tein complexes. The T4 DNA ligase is used to ligate two circularization oli-
gonucleotides together into a circular template for signal generation via
RCA, during which the efficient and strand-displacing phi29 DNA polymer-
ase is used. The enzymes infer demands on storage and are a major cost of
the assay. With enzyme-free signal amplification, the assay may become less
expensive and more robust. To this end, it may be possible to replace the
original DNA-assisted reporter system of in situ PLA with the recently de-
veloped hybridization chain reaction (HCR). The HCR employs two types of
short fluorescently labeled hairpin oligonucleotides, which invade and hy-
bridize to each other in a chain reaction, to create a long nicked double-
stranded DNA product, upon the activation by a third oligonucleotide.

Aim of the study

Design an oligonucleotide system capable of HCR, which is dependent upon
activation by the proximity between two DNA-conjugated antibodies (prox-
imity probes).

Procedure

Five types of oligonucleotides were needed, two of which were proximity-
hairpins (78 and 67 nt long) which were to be conjugated to an antibody
each (creating the proximity probes); an initiator oligonucleotide (44 nt),
which was set to invade and open up one of the two proximity-hairpins; two
amplification hairpins (both 50 nt long and conjugated to fluorophores)
which should take part in the HCR signal amplification process. The oligo-
nucleotides were carefully designed with respect to stability, in order to
avoid initiator-independent HCR, which would be false-positive signal pro-
duction. The functionality of the oligonucleotide system was determined by
conjugation of the oligonucleotides to streptavidin beads, and incubation was
performed at room temperature versus 37°C and with different types of buff-
ers. Lastly, the oligonucleotide system was validated in situ on stimulated
versus unstimulated DLDI1 cells for HIF-1o/HIF-1f interactions.
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Summary and future perspectives

My personal contributions to the projects have been project design, wet lab
design and work, data acquisition, data analysis (including image analysis)
and constructing major parts of some of the manuscripts. Each of the four
papers makes possible new types of analyses in reductionist approaches. But
more importantly, I think the new abilities together amount to unique possi-
bilities to perform multiplex assays for high-content data acquisition of clin-
ical tissue samples, in holistic approaches.

Comparing the tissue profiles between patients with the same diagnosis will
give the possibility of identifying further stratification markers, and bi-
omarkers (e.g. the interaction pattern being a biomarker, or the abundance of
a specific cell type, or the spatial relations between cell types), which is use-
ful for personalized medicine. It should be able to work in conjunction with
standard diagnostics, e.g. HER2 amplification status, to stratify this sub-
group even further in order to understand, for instance, why some patients
respond well to therapies such as trastuzumab while others relapse.

The biological and technical variations will put higher demands on the lab
design for the output of statistically significant high-content data. In the
nowadays widely used single-plex in situ PLA, statistical methods are rather
straightforward, measuring differences between a single experiment and a
negative control. Trying to find correlations between targets detected in par-
allel in multiplex-assays requires more elaborate statistical techniques and
power analysis. It is possible input from systems biologists will be required
on how to best describe complex networks of interacting biomolecules.

Apart from data-analysis considerations, high-throughput wet-lab procedures
need to be set up in order to cope with the larger number of reagents re-
quired. The best technique for DNA and antibody conjugation needs to be
determined, as well as the DNA reporter system to be used. The high validity
of these steps in a high-throughput tissue profiling setting is a prerequisite
for later steps in the assay, and it might be found that the DNA reporter sys-
tems have varying efficiencies throughout the tissue sample.

The original in situ PLA technique is simple enough to be offered to re-
searchers in ready-to-use kits. While in situ PLA advances, with parallel
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read-out of multiple complexes, so does the expertise required. Unfortunate-
ly, this makes it difficult for other researchers to set up the technique in their
labs. Also, it calls for close collaboration between technique-holders and

clinicians, in order to pose relevant biological questions and interpret the
output.
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