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Introduction 

With the human genome project (HGP) brought to a successful end, much 
knowledge has been gathered about its genes. However, there is much that 
remains to be learned about the macromolecules derived from these genes. 
The human proteome organization (HUPO) was created in 2001 to organize 
protein scientists in a similar fashion as in the HGP. The mission is “To de-
fine and promote proteomics through international cooperation and collabo-
rations by fostering the development of new technologies, techniques and 
training to better understand human disease” (www.hupo.org). The ambition 
is to identify and characterize all proteins encoded in the human genome 
according to several criteria; their expression levels in different tissues and 
under different conditions; the sub-cellular localization; post-translational 
modifications; interactions, and if possible also the relationship between 
their structure and function.  

When the knowledge of different proteins and their interactions increases, 
so does the need of methods able to present more information of the molecu-
lar processes. All methods are associated with different properties that serve 
to characterize the suitability of the method for certain applications. Such 
characteristics can be how specific and sensitive the method is, but also how 
long time it takes to perform an analysis and how much that costs. The sci-
ence of method development always tries to outperform existing methods by 
pushing the boundaries for these properties. In the best of worlds, the opti-
mal method would detect all target molecules in a sample without reporting 
any false negatives or false positives, at low cost and in a short time. Since 
such methods do not yet exist, there has to be compromises regarding which 
properties are the most important for the considered application. But since 
method development, as most research, is very costly one has to contemplate 
what the new method will add to the existing methods. Will it be cheaper or 
maybe bring about new information?  

Here in this thesis I will first give a short presentation of some commonly 
used methods for protein detection, focusing on methods using affinity bind-
ers and methods for in situ analysis since that is the area of my research. The 
papers presented in the thesis will take you through the struggle of develop-
ing a new method, applying it to different targets and refining it along the 
way. From manual work to high content screening. So, does the world need 
another method for detecting proteins? Of course it does! 
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Protein analysis 

A cell contains a great variety of proteins in diverse isoforms, all present in 
variable but often tightly regulated amounts. A lymphocyte contains roughly 
1000 000 000 protein molecules derived from about 5000 different mRNA 
species [1]. Some proteins may exist in just a few copies per cell while 
abundant proteins may exist in 10 000 000 copies per cell. To further com-
plicate protein analyses, there is a wide range of splice variants and different 
post-translational modifications (PTMs), such as phosphorylation, methyla-
tion, and addition of carbohydrates and lipids, increasing the complexity of 
the proteome. 

All assays are associated with diverse characteristics showing how suit-
able a method is for certain purposes. Sensitivity describes how few target 
molecules the assay can detect. The specificity measures how efficient the 
assay is in detecting the correct target molecules. A specific assay correctly 
measures low concentrations of target molecules in an environment with a 
lot of other substances in higher concentrations. The ability to distinguish 
between two or more similar targets is referred to as selectivity. The term 
limit of detection of the target molecule is also commonly used to character-
ize an assay and it describes how many target molecules that need to be pre-
sent in the sample for it to be detected.  

Bulk methods give an average result for the target molecule in a sample, 
the measurements are normally established for large populations of target 
molecules from for example homogenized cells or tissues. It is often accept-
able to use an average measurement assay, but if the target protein is ex-
pressed only in a fraction of cells in a heterogeneous sample like a tissue it 
might not be satisfactory. Bulk assays fail to reveal the cellular context of 
molecules and localization is lost. Therefore single cell analyses of hetero-
geneous populations are often required. 

Using in situ methods measurements are conducted directly in the cell, 
tissue or tissue section, ensuring a localized detection. Also, the heterogene-
ity among cells can be visualized regarding their expression of the target 
molecule. The possibility to study single cells in their normal environment 
can provide more biologically relevant data than using in vitro methods. For 
in situ studies the cells and tissues are fixed, creating a morphologically pre-
served snapshot in time of the cells content. The need for fixation is both “a 
blessing and a curse” for in situ methods. It enables lots of archival samples 
to be analyzed for various purposes, but it is also criticized for introducing 
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fixation artifacts. Depending on what type of fixative that is used the mor-
phology of the cell or tissue may look different and the results may be af-
fected.  

To get around that issue and to obtain the best biological data in vivo 
studies should be performed in live cells, animals or humans. This is easier 
said than done, since samples often have to be stored, compromising vitality, 
and studies using live material my raise ethical issues, and they can be tech-
nically very difficult or impossible to perform. Therefore in situ studies of 
fixed material are good alternatives for single cell analyses. 

Affinity binders  
Many methods for protein detection and analysis are based on affinity bind-
ers for protein recognition. An expanding number of classes of binders are 
being developed that can be used for protein detection. The traditional binder 
is the polyclonal or monoclonal antibody, but alternate binders, including 
engineered antibodies, scaffold proteins, and nucleic acid binders (aptamers) 
are becoming increasingly common.  

One has to bear in mind that affinity binders typically cross reacts to some 
other molecules as they do not recognize whole proteins, only epitopes on 
the proteins, each composed of just a few amino acids. Utilizing the immune 
response of the host animal generates antibodies, a system that has been 
optimized for millions of years. By recognition of a diverse library of gene 
fragments, assembled through rearrangement, B-cell progenitors provide a 
diverse repertoire of clones. These are then selected on the basis of their 
ability to bind the antigen and the affinity is further improved by introduc-
tion of mutations. By selecting the antibody producing cells and fusing them 
with plasmacytomas hybridoma cell lines are generated. There are different 
classes of antibodies produced by B-cells in response to challenge with an 
antigen. The classes most frequently used for immunoassays are the immu-
noglobulin G classes. Antibodies can be produced by culture of hybridoma 
cell lines generating monoclonal antibodies. With this approach, the antibod-
ies will have the same specificity every time they are made. Antibodies can 
also be produced by immunization of a host animal followed by retrieval of 
antiserum and purification of polyclonal antibodies directed against a collec-
tion of determinants on the immunizing antigen. Different batches of such 
polyclonal antibodies tend to differ slightly in composition and specificity. A 
drawback of generating antibodies by immunization is the difficulty of at-
taining antibodies to proteins similar to ones already existing in the host 
species. It is also impossible to obtain antibodies against very toxic sub-
stances that would harm the host. These problems can be avoided by using 
libraries of recombinant antibodies similar to those for scaffold proteins, 
described below. Protein scaffolds are domains of non-antibody proteins that 
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can be engineered to bind ligand molecules with specificity and affinity 
comparable to those of antibodies. Scaffold proteins can be isolated from 
combinatorial libraries using techniques such as bacterial, phage, ribosome, 
or RNA display. Some advantages of using scaffold proteins as binders are 
that they are easy to produce in bacterial expression system; they typically 
have high solubility and can sustain longer storage. Examples of scaffold 
proteins are affibodies that are based on staphylococcal protein A [2] and 
designed ankyrin repeat proteins (DARPins) [3]. Affibodies have been con-
structed to renature upon alkali denaturation offering robust, reversible bind-
ers. Scaffold proteins may represent an excellent choice for techniques 
where DNA strands are attached to the binders to serve as reporter moieties, 
since they are robust and can be designed for optimal site-specific conjuga-
tion of oligonucleotides.  

Aptamers are single-stranded DNA or RNA oligonucleotides that form 
stable secondary structures and that can recognize epitopes of proteins. DNA 
aptamers present the advantage for methods using DNA reporters that it is 
easy to create suitable probes by synthesizing the aptamer and the reporter 
oligonucleotide in one piece. Since the procedure of making them typically 
generates aptamers directed against a single epitope it can be difficult to 
obtain probe pairs for protein detection, but they may be suitable for interac-
tion studies.  

Affinity binders are often labeled to make them useful in different assays. 
Commonly used labels include heavy metals [4], radioisotopes [5], fluoro-
phores [6], chemoluminescence [7], and linked enzymes [8]. Enzyme-linked 
detection reactions offer enhanced sensitivity because of the catalytic activ-
ity of the enzymes that generate detectable products. 

Methods for protein detection 
Mass spectrometry (MS) can be used for analyses of the proteome in an ob-
jective way since detection of proteins in a sample does not need to be se-
lected beforehand. MS is often used in combination with another method 
such as 2D-gel electrophoresis or liquid chromatography to narrow the pos-
sible target proteins and improve the sensitivity of detection of these. Co-
immunoprecipitation (co-IP) can also be used to enrich for target proteins, 
prior to MS analysis [9]. MS is a good choice to use for the analysis of pro-
teins for which there are no suitable affinity binders available. Western blots 
increase specificity of detection by the use of electrophoresis for separation 
of the proteins according to molecular weight, before blotting them onto a 
membrane for detection using labeled antibodies. Detection limits are typi-
cally in the nanomolar range.  

As discussed, in situ assays have the advantage of visualizing heterogene-
ity in protein expression among cells, whereas bulk assays results in mean 
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values for the sampled cell populations. Immunohistochemistry (IHC) and 
immunofluorescence (IF) can be used for localized detection of proteins, 
where binding of specific labeled affinity reagents, most commonly antibod-
ies, shows the distribution of proteins in cells and tissues. For both methods, 
the readout labels are coupled to either primary antibodies, or to secondary 
antibodies binding the constant region of the primary antibodies. The use of 
secondary antibodies is most common since many secondary antibodies can 
bind to every primary antibody, increasing the amount of labels and hence 
the signal. The same secondary can also be used for the detection of any 
other primary antibody derived from the same species. For IF, the antibodies 
are coupled to fluorophores and for IHC enzymes such as horseradish per-
oxidase (HRP) can be coupled to the antibodies. This permits a colorimetric 
detection where a substrate is converted into a colored product and visual-
ized using bright-field microscopy. These methods have become common 
tools in both research and diagnostics (Figure 1). 

 
Figure 1. Protein detection using IF and IHC. In both IF and IHC the most common 
method is to first bind a primary antibody directed at the target protein. With im-
munofluorescence staining, proteins are detected by binding of fluorophore-labeled 
secondary antibodies and visualized using fluorescence microscopy (left). For im-
munohistochemistry staining, enzymes as HRP convert a substrate to a colored 
product that can be visualized with bright-field microscopy (right). 

To improve limits of detection, DNA strands can be attached to antibodies. 
The DNA strands can then be exponentially amplified by methods like PCR 
[10], or they can prime a rolling circle amplification (RCA) reaction. RCA is 
an isothermal amplification method, utilizing a circular DNA molecule and a 
polymerase able to synthesize extensive stretches of DNA using circular 
DNA as template [11]. The RCA can be achieved either by the addition of a 
separate RCA primer or from a 3´-end of a strand also used to template the 
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ligation reaction that gives rise to the DNA circle [12, 13]. The amplification 
can be performed either as a linear reaction or as a so-called hyperbranched 
reaction [14]. The RCA product is a long single stranded DNA molecule, 
typically composed of hundreds of concatemeric copies of the complemen-
tary sequence of the template. The single stranded product coils up into a 
micrometer-sized ball of DNA, which can be visualized by hybridizing fluo-
rescence labeled oligonucleotides complementary to the repeated sequence 
(Figure 2). 

Immuno-RCA is a method where RCA is used to generate a localized 
signal by priming the replication from an oligonucleotide attached to an an-
tibody that has bound its target protein [15-17]. Immuno-RCA can be a great 
tool for studying proteins due to its signal amplification step but like in IHC 
and IF binding by a single antibody suffices for target recognition, reducing 
specificity compared to some other assays where protein detection depends 
on binding by two antibodies. In common with many antibody-based detec-
tion methods Immuno-RCA cannot determine if the antibody is bound to its 
correct target or not, limiting specificity of detection.  

 
Figure 2. Immuno-RCA. For detection of proteins using immuno-RCA, oligonu-
cleotide-conjugated antibodies directed against the target protein is used. When 
bound, DNA circles are added (left). The circles templates a RCA reaction, extend-
ing the oligonucleotide conjugated to the antibody (middle). The single stranded 
product can be visualized by hybridizing fluorescence labeled oligonucleotides 
complementary to the repeated sequence (right). 
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Assays that require positive identification of target proteins by two antibod-
ies specific for different epitopes on the same protein exhibit enhanced 
specificity over assays that depend on single binding events. The use of dou-
ble recognition has been practiced for over forty years in sandwich immuno-
assays for concentration measurements of soluble proteins. In these methods, 
an immobilized antibody first binds the target protein, which is then detected 
by a second labeled antibody [18]; the enzyme-linked immunosorbent assay 
(ELISA) is one of the most utilized sandwich assays [19]. Assays using dou-
ble recognition sites can reach picomolar detection levels. 

The proximity ligation assay (PLA) is a technique that uses sets of spe-
cific binders for target recognition and signal amplification via attached 
DNA strands for sensitive detection of low abundant soluble proteins in a 
homogenous or solid-phase-based detection format [20, 21]. The probes used 
in proximity ligation are constructed from affinity reagents to which short 
single-stranded oligonucleotides are attached. The oligonucleotides are 
brought close to each other when two PLA probes bind the same protein or 
protein complex. They are then connected by hybridization to a third oli-
gonucleotide, followed by enzymatic ligation. This generates a DNA mole-
cule, which is amplifiable by methods such as real-time PCR, allowing the 
DNA to serve as a substitute for the detected protein. The homogenous assay 
that is performed without any washes, allows sub-picomolar levels of pro-
teins to be detected. In the solid-phase assay the target protein is first trapped 
on a solid support as a result of specific binding, in accordance with other 
sandwich assays, followed by addition of pairs of PLA probes that are joined 
by ligation of their attached DNA strands. Excess PLA probes are washed 
off, which lowers the background and reduces the concentration of sub-
stances that may inhibit ligation, amplification or detection. The assay re-
quires three recognition events per target molecule, further increasing the 
detection specificity (Figure 3). 

 
Figure 3. Principle of solid phase PLA. In the solid-phase PLA assay the target 
protein is first trapped on a solid support as a result of specific binding, followed by 
addition of pairs of PLA probes (left). By addition of a connector oligonucleotide 
the oligonucleotides of the PLA probes are joined by ligation (middle). This gener-
ates a DNA molecule, which is amplified by real-time PCR, allowing the DNA to 
serve as a substitute for the detected protein (right). 
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Methods for detection of protein-protein interactions 
The amount of a protein in a cell does not necessarily reflect the number of 
active molecules. Interactions with other proteins in the formation of protein 
complexes or post-translational modifications (PTM) such as phosphoryla-
tion often dramatically influence the function of a protein. PTMs can be 
studied using specific antibodies that bind the modified residues, but cross-
reactivity may still be a problem in assays that rely on single-recognition 
strategies [22]. Studies of protein interactions represent an even greater chal-
lenge. The optical resolution of light microscopy is normally 400 nm to 600 
nm, too crude to establish that two co-localized proteins are in fact interact-
ing. Improvements in confocal microscopy such as 4Pi and stimulated emis-
sion depletion (STED) can enhance the resolution down to 28 nm [23], but 
detection reactions still face problems of cross reactivity. If information 
about sub-cellular localization or inter-cellular variation is not required, co-
IP can be used to study protein-protein interactions. Using co-IP the target 
protein is pulled out from a cell extract by a binder. If the target protein in-
teracts with other proteins, they will also be caught. These proteins can then 
be analyzed using various methods like MS or Western blot [24]. Although 
co-IP works well for strong protein-protein interactions, weak or transient 
interactions will be lost. 

Several methods for detecting protein interactions require that the cells to 
be investigated are genetically modified by fusing genes encoding the pro-
teins of interest with sequences that encode other domains capable of report-
ing their interaction. For example, several assays based upon split-enzymes 
have been developed in recent years. One part of an enzyme is fused to one 
protein, and the other part of the enzyme to a possible interaction partner 
[25-29]. In yeast two-hybrid assays the DNA binding domain of a transcrip-
tion factor is fused to one protein and the transcription-activating domain 
fused to another protein. If the two fused proteins interact, then the function 
of the enzyme or of the transcription factor is restored. This way whole pro-
tein interaction networks can be determined [25, 26].  

A number of techniques have been developed in the last decades for visu-
alizing protein interactions in living cells. They are often based on fusion 
proteins with split fluorescent/bioluminescent proteins [30, 31] or on reso-
nance energy transfer [32, 33]. In bimolecular fluorescence complementation 
(BiFC) analysis, the gene encoding yellow fluorescent protein (YFP) is split 
in two parts. Each part is fused with genes for proteins whose interactions 
are of interest [30]. The two halves of YFP are brought together if the two 
fusion proteins interact, resulting in a fluorescent signal (Figure 4a). An 
analogous method utilizing light emission by luciferase was recently pub-
lished [31]. A downside with BiFC is that once the fluorophore is reassem-
bled it cannot be divided again, which renders the method unsuitable to 
study transient interactions. Both Förster resonance energy transfer (FRET) 
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[32, 34] and bioluminescence resonance energy transfer (BRET) [33] are 
based on donor molecules exciting acceptor molecules which then emit light. 
Two different fluorescent proteins, such as cyan fluorescent protein (CFP) 
and YFP that emits light at different wavelengths are attached to two pro-
teins which presumed interaction is going to be studied. The donor and ac-
ceptor have to be in close proximity for the resonance energy transfer to 
occur (Figure 4b). If the fluorescent tags are to far away from each other or 
if the protein modified by the attachment of YFP is not expressed, the emit-
ted light will only come from CFP and no FRET will take place.  

 
Figure 4. BiFC and FRET for detection of protein-protein interactions. In BiFC 
analysis (a), the gene encoding YFP is split in two parts. Each part is fused with 
genes for proteins whose interactions are of interest. The two halves of YFP are 
brought together if the two fusion proteins interact, resulting in a fluorescent signal. 
If the proteins do not interact, the function of the split enzyme is not restored. FRET 
(b) is based on donor molecules exciting acceptor molecules, which then emit light 
of longer wavelength than the excitation light. The donor and acceptor have to be in 
close proximity for the resonance energy transfer to occur. If the proteins do not 
interact, no FRET can take place. 

Fusion based methods are very efficient and widely used for interaction stud-
ies in living cells. However, some concerns has been voiced about these 
methods in that the expressed proteins are constructed rather than being en-
dogenous proteins, and therefore may to some extent differ from the native 



 22 

proteins. They are also typically expressed at non-physiological levels. 
These effects may influence the tendency of the proteins to interact, and can 
thus seriously influence the results. Moreover, the methods are not applica-
ble in cells that have not been genetically modified e.g. clinical samples. 
Furthermore, the methods may sometimes influence affinity and often can-
not be used for temporal measurements. To address the need for a method to 
investigate protein and protein interactions and modifications in situ with 
high specificity without any need for genetic modification of target cells we 
developed a new method called the in situ proximity ligation assay (in situ 
PLA).  

The in situ proximity ligation assay 
In situ PLA is a method for localized investigation of proteins, protein-
protein interactions and proteins post-translational modifications. In analogy 
with the proximity ligation assay[20, 21], in situ PLA uses two or more 
binders, called PLA probes, to recognize a target, which offers improved 
selectivity compared to for instance immuno-RCA that is using a single 
binder. In most cases PLA probes are antibodies attached to one end of oli-
gonucleotides. The probes bind to their target in the cell and the excess is 
removed. If the probes have bound the same target or target complex, a DNA 
circle can be created by the addition of two linear oligonucleotides that hy-
bridizes to the oligonucleotides on the PLA probes, followed by an enzymat-
ic ligation. When the circular DNA strand is formed one of the PLA probes 
can act as a primer for RCA. The single-stranded amplification product is a 
concatemer composed of complements of the circular DNA strands, anc-
hored at the site of probe binding. One hour of RCA using the phi29 polyme-
rase generates a product composed of approximately 1000 copies of the 
complement of a circle of 100 bp [11, 12]. The RCA product bundles up in a 
random coil less than a micrometer in diameter and easily detected by hybri-
dizing fluorophore-labeled oligonucleotide probes (Figure 5). Even single 
molecules can thus be visualized using a standard fluorescence microscope. 
This method has been used for the investigation of the heterodimerization of 
the transcription factor c-Myc and it’s binding partner Max, where one prox-
imity probe was directed towards c-Myc and the other towards Max. The 
products could be visualized in cells and in tissues, and it was also shown 
that the RCA products could be counted for comparative studies using dedi-
cated software, increasing throughput and objectivity [36]. In an attempt to 
make the in situ PLA more general and easy to use, PLA probes were 
created of secondary antibodies instead of primary antibodies. This way any 
pair of primary antibodies derived from different species could be used to-
gether with species-specific secondary PLA probes, eliminating the need for 
making a new PLA probes for every primary antibody, reducing time and 
costs. A model system studied using this enhanced method was the activated 
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platelet-derived growth factor receptor ß (PDGFRß). Since phospho-specific 
antibodies often cross-react with other phosphorylated proteins, the selectiv-
ity was clearly enhanced using the double recognition of the in situ PLA 
[37]. This method has also been used for the study of c-Jun/AP-1 dimers 
with increased levels of c-Jun/Fra1 complexes in aggressive breast cancer 
cell lines [38]. By using this method, very low abundant proteins can be 
investigated in cells and tissues; and the dual recognition increases the speci-
ficity of detection.  

Conjugation strategies 
To obtain PLA probes, antibodies have been modified by the attachment of 
ssDNA. The addition of an oligonucleotide can be directed against primary 
amines, sulfhydryl groups and carbohydrate groups. Primary amines are 
present on lysine residues and at the N-terminus of the polypeptide chain. 
Sulfhydryls in proteins are part of cysteine and methionine residues and are 
reacted with a reducing agent to be activated for conjugation. Carbohydrate 
groups can be oxidized to create active aldehydes for conjugation. For our 
purpose, antibodies were converted to PLA probes using two different con-
jugation chemistries. Firstly, Sulfo-SMCC (Sulfosuccinimidyl 4-N-
maleimidomethyl cyclohexane-1-carboxylate) chemistry was used, where 
the NHS ester part of the heterobifunctional crosslinker reacted with primary 
amines on the antibody creating an activated maleimide. This maleimide 
reacted with thiol-modified oligonucleotides to form stable thioether link-
ages. SANH (succinimidyl 4-hydrazinonicotinate acetone hydrazone), which 
also reacts with primary amines on the antibody was the second chemistry 
used for conjugation purposes. The SANH modification reacts with alde-
hyde-modified oligonucleotides to form stable conjugates.  
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Figure 5. The principles of in situ PLA. When the PLA probes bind to their target in 
the cell (a), a DNA circle can be created by the addition of two linear oligonucleo-
tides that hybridizes to the oligonucleotides on the PLA probes, followed by an 
enzymatic ligation (b). Upon formation of a circular DNA strand, one of the PLA 
probes can act as a primer for RCA. The single-stranded amplification product is a 
concatemer composed of complements of the circular DNA strands, anchored at the 
site of probe binding (c). The RCA product is easily detected by hybridizing fluoro-
phore-labeled oligonucleotides (d) visualizing single molecules using a standard 
fluorescence microscope (e) where blue is the nucleus stained with DAPI, green is 
actin stained with a FITC- labeled antibody and red is the in situ PLA signals. The 
cell is a normal human fibroblast. 
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High content screening 

In 1996 the first high content screening (HCS) system called ArrayScan™ 
was launched by BDI, which a couple of month later changed its name to 
Cellomics Inc. The inventors had developed a platform based on fluores-
cence microscope imaging technologies to attend to the growing need for an 
automated platform that could analyze large numbers of individual cells on 
the subcellular level using standard microtitre plates. Because of the automa-
tion of the ArrayScan™ system, more cells could be analyzed in shorter time 
resulting in better statistics.  

The instruments on the market today differ with respect to factors such as 
price, capacity and system design qualities, such as whether the system is 
using confocal or epi-fluorescence microscopy. Which one to use depends 
on the application. Confocal imaging visualizes only a thin section, rejecting 
out of focus light from objects outside this focal plane providing a better 
contrast using thick specimens. For many assays bleaching is an issue, how-
ever, and then confocal microscopy might not be ideal. What all systems 
share is the ability to automatically collect, store and decode images. Most of 
them can also be integrated into large robotic platforms, handling everything 
from seeding cells, performing assays and washing steps, to inserting the 
plate into a HCS instrument for analysis using microtitre plates with 96, 384 
or 1536 wells. The most common methods used for HCS studies are to de-
tect the target proteins using fluorescent tags, such as green fluorescent pro-
tein (GFP), or fluorescent antibodies. RNA interference (RNAi) technology 
can be used for inhibition studies. The point of using RNAi in target valida-
tion studies is that the silencing of a gene can mimic the inhibition by a small 
chemical compound of the corresponding protein, resulting in an estimation 
of inhibition of potential targets in various pathways [39, 40]. A problem 
with RNAi technology is the issue of off-target effects, meaning that the 
small interfering RNAs (siRNA) used may also induced gene silencing of 
other genes besides the intended target [41].  

HCS has entered all stages of the drug discovery process since it first ap-
peared on the market. One reason for this is that novel types of assays can be 
screened, including morphological assays focusing on neurite outgrowth, 
spots and translocation, but also assays where only a subpopulation of cells 
are targeted [42, 43]. By being more predictive of the in vivo effects than 
biochemical assays, HCS can be very useful before going into clinical trials. 
Nowadays more assays are being developed which are using primary cells 
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obtained from patients and differentiated stem cells aiming at more biologi-
cally relevant data [44, 45]. By using HCS as the primary screening tool, it is 
possible to set up screens that investigate multiple parameters, resulting in 
secondary screening activity at the primary screening stage, reducing the rate 
of false positives. Another good thing when using HCS for primary screen-
ing is that any target compound found to be a hit in the screen is able to enter 
the cell and therefore fulfills some minimal requirements of absorption, dis-
tribution, metabolism, excretion and toxicity (ADMET) in the investigated 
cells [46]. 

Since the market of HCS systems has evolved with many vendors supply-
ing systems, there is a need for definitions on how to classify different me-
thods used with these instruments in order to be able to compare them.  As-
say performance in HCS-based methods is classified by different constants 
describing how suitable the assay is for a certain application. The most used 
is the Z´ factor [47] calculated as below where σp is the standard deviation of 
positive controls and σn is the standard deviation of the negative controls. µp 
and µn are the means of the positive and negative controls respectively. The 
highest value the Z´ factor can have is 1, and it grows towards 1 as the dy-
namic range increases and when the standard deviations decrease.  

′ Z factor = 1 −
3(σp + σn )

μp − μn

 

The use of the constant factor 3 in the equation above comes from the term 
for normal distribution, for which more than 99% of values occur within 3 
standard deviations of the mean. If the Z´ factor value is between 0.5 and 1 
the assay is regarded as excellent and suitable for screening applications. A 
Z´ factor value between 0 and 0.5 is considered a poor assay. If the value is 

below zero, there is too much overlap between the negative and positive 
controls, which means that the assay is unsuitable for screening purposes. 
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Present investigations 

The first article in this thesis describes the original development of the in situ 
proximity ligation assay (in situ PLA) as a tool to study proteins, post-
translational modifications and protein-protein interactions in fixed cells and 
tissues. The following articles describe applications and further develop-
ments of the method. 

Paper I: Direct observation of individual endogenous 
protein complexes in situ by proximity ligation 
Aim of the study 
The aim was to develop and apply a method that would enable visualization 
of low amounts of endogenous protein complexes or interacting proteins in 
fixed cells or tissues. The method is based on proximity ligation and RCA. 
Here we establish in situ PLA (in this paper called proximity ligation in situ 
assay; P-LISA) by investigating endogenous Myc-Max interactions in dif-
ferent cell lines and tissues at single-molecule resolution. 

Method 
The proximity ligation method was first developed to study proteins in solu-
tion with real-time PCR readout. It depends on dual binding by pairs of PLA 
probes, which together can generate amplifiable DNA strands that serve as 
surrogate markers for the detected protein [20, 21]. The method was here 
adapted for applications in situ by combining the assay with rolling circle 
amplification (RCA). The in situ proximity ligation assay (in situ PLA) uses 
PLA probes for the binding of the target proteins. The PLA probes consist of 
5’ thiol-modified oligonucleotides covalently attached to antibodies using a 
NHS-ester linker. When the act of binding to their target proteins brings the 
two PLA probes together, their attached oligonucleotides can serve as tem-
plate for circularization of two additional linear oligonucleotides by enzy-
matic ligation. The circular DNA, which is hybridized to the PLA probes are 
then subjected to RCA using phi29 polymerase. Here one of the oligonucleo-
tides of the PLA probes serve as a primer for the RCA reaction, unwinding 
the oligonucleotide of the other PLA probe from the circle. After 1 hour of 
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amplification a randomly coiled single stranded RCA product composed of 
up to 1000 complements of the DNA circle is generated [11], still attached to 
the antibody bound to its target protein. This RCA product collapses into a 
ball of DNA roughly one micrometer in size and can then be detected by 
addition of fluorescence labeled oligonucleotides that hybridize to the re-
peated sequence of the RCA product, which is visualized using a fluores-
cence microscope.  

The proto-oncogenes of the Myc-family code for transcription factors that 
are essential for the control of growth, differentiation and survival [48]. The 
Myc-family represents a well-characterized system where Max can interact 
with Myc. The Myc/Max heterodimers are transcription factors inducing 
proliferation. Aberrations of Myc are frequently seen in tumors.  

The different expression levels of the Myc and Max heterodimers have so 
far mainly been studied by biochemical methods such as co-
immunoprecipitation, which gives an average of interacting protein for the 
cell population [49]. Intracellular distributions of the different proteins have 
been studied with immunocytochemistry. This may show patterns of co-
localization but the method fails to reveal if the proteins interact.  

We used this generally applicable method to demonstrate specific regula-
tion of protein-protein interactions between endogenous Myc and Max on-
cogenic transcription factors, and to reveal the sub-cellular localization of 
these interactions in fresh frozen tissue samples. Numerous controls were 
used to validate the method, e.g. a myc knockout cell line and non-
interacting proteins. Perturbations of the Myc/Max interaction were studied 
using small molecular dimerization inhibitors or interferon-γ.  

Results 
The Myc/Max interaction was observed in all cell lines and tissues investi-
gated, except a subclone where the Myc gene had been knocked-out. The 
experiment with the Myc knockout cell line served to verify that the method 
requires dual recognition by the PLA probes to produce a signal. Also, no 
RCA products were observed when the PLA probe for Max was replaced by 
a PLA probe for the epidermal growth factor receptor (EGFR), a protein 
which does not interact with c-Myc. To verify that in situ PLA measures 
Myc/Max heterodimers, we used the Myc-estrogen receptor transgene (My-
cER) where c-Myc is fused to the ligand-binding domain of ER [50]. As 
expected, an increase of Myc/Max signal was observed in cells stimulated 
with 4-OH-tamoxifen compared to the endogenous levels of the unstimu-
lated control. Small molecular inhibitors of the interaction between Myc and 
Max have been found in a Y2H system[51]. Using in situ PLA, we showed 
inhibition of the Myc/Max interaction in normal human fibroblasts using two 
of the compounds. Quantitative measurements were used to correlate data 
obtained by in situ PLA to earlier data for inhibition and induction of the 
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Myc/Max interaction. To establish that the assay was sensitive enough for 
the detection of individual heterodimers and that signals represented individ-
ual detection reactions rather than large groups, one of the circularization 
oligonucleotides was modified into two variants such that two different cir-
cles, detectable in distinct color, could be obtained. The RCA products con-
sistently displayed only one of the colors confirming that the signals origi-
nated from individual detection events. We also showed that the in situ PLA 
could be configured to require simultaneous binding by three PLA probes, 
allowing us to demonstrate the interaction between c-Myc, Max and RNA 
polymerase II. 

Discussion 
The advantage of this method is that endogenous protein levels in cells and 
tissues can be investigated, instead of using i.e. ectopically expressed fusion 
proteins as in BiFC. Since RCA was used as an amplification method allow-
ing protein complexes to be visualized by the hybridization of hundreds of 
fluorescently labeled oligonucleotides to each product, the complexes were 
easily detected over background. We showed the occurrence of the 
Myc/Max interaction in a variety of cells and under different conditions. 
Since the assay is performed using fixed cells and tissues, snapshots of the 
cell is obtained. Transient cell cycle events can therefore also be detected as 
showed in the picture of a cell in mitosis. All control experiments made 
agreed with previous data verifying the accuracy of the in situ PLA method. 
In situ PLA may thus be used for detection and enumeration of protein com-
plexes and protein-protein interactions in biopsy material from patients. It 
may also be useful for screening for drug inhibiting protein-protein interac-
tions. 

Paper II: In situ detection of phosphorylated platelet-
derived growth factor ß using a generalized proximity 
ligation method 
Aim of the study 
In paper I the in situ PLA used PLA probes consisting of primary antibodies 
directed towards the proteins of interest conjugated with oligonucleotides. In 
paper II, our aim was to further develop the in situ PLA into a more gener-
ally applicable assay by using species-specific secondary antibodies conju-
gated with oligonucleotides as PLA probes, in analogy to what is used for 
IHC. This way any pairs of primary antibodies can be used to analyze the 
target proteins as long as they are derived from different species, and it is not 
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critical what other constituents the antibodies are stored in since no conjuga-
tion is required. Another benefit is that secondary antibodies typically are 
less expensive to buy and therefore can be conjugated in large batches that 
last longer and give more reproducible results over time. In this paper the 
assay was used to study the phosphorylation of the platelet-derived growth 
factor receptor beta (PDGFRß) in cells stimulated with PDGF-BB, and in 
tissues, to determine if in situ PLA would enhance the specificity.  

Method 
The assay presented in paper II is a further development from the original 
method in Paper I. Here we used one rabbit polyclonal antibody raised 
against the PDGFRß and one mouse monoclonal antibody raised against the 
phosphorylated form of the PDGFRß as primary antibodies binding their 
targets. The PLA probes have been generated using donkey anti-rabbit IgG 
and donkey anti-mouse IgG, coupled to the 5´end of two different oligonu-
cleotides. After binding of the PLA probes to the primary antibodies the rest 
of the detection protocol was performed as described in paper I.  

Results 
To demonstrate the selectivity of the method, tyrosine phosphorylated 
PDGFRß was visualized in human embryonic kidney cells overexpressing 
the receptor. Here there was a striking difference in the amount of signals 
between unstimulated cells and cells stimulated with PDGF-BB. The level of 
signals in the stimulated cells also decreased upon treatment with ATC. 
Phosphorylated PDGFRß was also visualized in pig aortic endothelial cells 
overexpressing the PDGFRß, but not in the same cell-line transfected with 
PDGFRα. To address the issue of sensitivity of the method, detection of 
endogenous levels of phosphorylated PDGFRß was visualized in immortal-
ized human foreskin fibroblasts (BJ hTERT), with or without stimulation, 
and in fresh-frozen human scar tissue undergoing wound healing. Measure-
ments of the level of phosphorylated PDGFRß in BJ hTERT cells subjected 
to increasing concentrations of ligand were compared between in situ PLA 
and Western blot, showing similar results. 

Discussion 
The requirement for dual recognition in combination with the very potent 
signal amplification of RCA makes in situ PLA a powerful tool to identify 
and enumerate targets proteins, protein interactions and PTMs. One benefit 
of using this modified in situ PLA method with secondary PLA probes com-
pared to the original method in paper I, where primary antibodies were con-
verted into PLA probes, is that the same set of PLA probes can be used to 
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detect many different targets as long as the primary antibodies are derived 
from different species. Another benefit is that secondary antibodies typically 
are less expensive to buy and hence can be conjugated in large batches en-
suring reproducible results over time. This is of great value since some pri-
mary antibodies can be difficult to conjugate, due to the presence of carrier 
proteins and because of pH sensitivity. In addition, different batch- or lot 
number can interfere with the conjugation process. 

We demonstrated herein that in situ PLA is suitable to detect stimulation-
dependent phosphorylation of PDGFRß in individual cells with high selec-
tivity and sensitivity.  

Paper III: Platelet-derived growth factor receptor 
expression and activation in choroid plexus tumors 
Aim of the study 
Choroid plexus carcinomas are a form of cancer predominantly affecting 
young children, usually under the age three. As irradiation is not an option in 
very young children, finding new treatments to complement today’s thera-
pies is important. PDGF has been shown to support growth, angiogenesis 
and stroma recruitment in a variety of tumors. In paper III, our aim was to 
investigate whether PDGFRß is involved in the biology of choroid plexus 
tumors and hence may represent a target molecule for therapy. In addition, 
the usefulness of in situ PLA for monitoring receptor tyrosine kinase activa-
tion in formalin-fixed, paraffin-embedded, archival tissues was investigated. 

Method 
Immunohistochemistry was used to evaluate the presence of PDGFRα and ß 
in archival tissues, which were subsequently subjected to in situ PLA for the 
investigation of the PDGFRα and ß activation status. A mouse antibody 
directed against phospho tyrosines was used together with either a rabbit 
PDGFRα antibody or a rabbit PDGFRß antibody in in situ PLA with secon-
dary PLA probes directed against mouse and rabbit IgG. The assays were 
performed as described in paper II, with the addition of a pretreatment step, 
antigen retrieval, where the tissue samples were immersed in a high pH re-
trieval solution in a high pressure cooker. The effect of PDGF receptor acti-
vation on cell proliferation was evaluated using an immortalized choroid 
plexus epithelial cell line with and without the tyrosine kinase inhibitor 
imatinib (Gleevec). 
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Results 
Both PDGFRα and ß were expressed in all three cases of choroid plexus 
tumors; choroid plexus papillomas, atypical choroid papillomas and choroid 
plexus carcinomas. However only the cases of choroid plexus carcinoma 
showed increased PDGFRß phosphorylation but not the choroid plexus pa-
pillomas. The immortalized choroid plexus epithelial cell line exhibited a 
time and dose dependent proliferative response when induced with different 
concentrations of PDGF-BB. Using the highest concentration of PDGF-BB 
the proliferative response decreased in a dose-dependent manner by the in-
troduction of imatinib.  

Discussion  
The finding of increased levels of PDGFRß phosphorylation in choroid 
plexus tumors suggested a role for PDGFRß activation in the biology of the 
disease, although the available material was very limited with samples from 
only seven children diagnosed with choroid plexus carcinoma. PDGF-BB 
induced a dose- and time-dependent proliferative response in the choroid 
plexus cell line, suggesting that PDGFRß signaling may contribute to the 
proliferative activity in choroid plexus carcinomas. Since proliferation could 
be blocked by imatinib in therapeutic concentrations [52], imatinib may have 
a role in treatment of choroid plexus carcinomas. The ability to use in situ 
PLA for localized detection of endogenous target proteins and PTMs enables 
studies of clinical formalin-fixed paraffin-embedded tissue samples makes 
the method a possible tool in future diagnostics. 

Paper IV: High content screening for inhibitors of 
protein interactions and post-translational modifications 
in primary cells by proximity ligation 
Aim of the study 
The development of new drugs is costly and time consuming since the vast 
majority of drug candidates identified in the drug discovery process are 
never approved for clinical use due to toxic side effects or lack of efficiency. 
Even though the capacity for high-throughput screening of compounds for 
drug candidates has increased over the recent 20 years, this has not resulted 
in a higher rate of successful identification of drugs. Consequently, there is a 
need for methods that offer better prediction both of side effects and of rele-
vant in vivo effects early in the drug discovery process. Today classification 
of direct functional effects of drug compounds on cells often relies on using 
genetically modified cell lines with over expressed fusion-tagged proteins. 
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Here there could be an advantage to use in situ PLA since primary cell lines 
can be used which more resembles in vivo conditions and hopefully contrib-
uting to more biologically relevant results. In addition, the same assay can 
subsequently be applied to animal models and in routine clinical use for de-
termine the efficacy of the drugs in patients. Accordingly, in paper IV we set 
up in situ PLA in a high content drug-screening format using primary cells. 
As a proof of concept, the assay was used to screen for inhibitors of the 
PDGFRß using a library of already known tyrosine kinase inhibitors. 

Method 
The secondary PLA probes for the in situ PLA were directed against mouse 
and rabbit IgGs. These were combined with a mouse antibody specific for 
phosphorylated tyrosine residues and a rabbit PDGFRß antibody for the 
detection of phosphorylated PDGFRß in human primary fibroblasts. The 
assay from paper II was used with the modification that the reactions were 
performed in flat bottom 96-well microtitre plates to fit the format of high 
content screening, and bound PLA probes were detected using the in situ 
PLA detection kit 613 (Olink Bioscience). Cell images were obtained with a 
Cellomics ArrayScan II instrument using the neuronal profiling module v3.5 
for image analysis. This was set up to define the cell nuclei and cytoplasms 
by different fluorescent markers and then spot counting was used to quantify 
the number of in situ PLA signals per cell. Roughly 1000 cells were ana-
lyzed for each well. Immunofluorescence (IF) staining was also performed 
as a comparison to in situ PLA for detection of phosphorylated PDGFRß. 
The antibodies used for the IF staining were either the pan-specific phospho-
tyrosine antibody used in the in situ PLA experiments or an antibody spe-
cific for phosphorylated PDGFRß, both in the same concentrations as for the 
in situ PLA. The image analysis settings were also the same as for in situ 
PLA only instead of counting spots total fluorescence intensity was meas-
ured. The Z’ factor used to measure the reliability and suitability of assays 
for screening purposes was calculated for in situ PLA as well as for IF to 
establish which assay was more accurate to use for screening of the 
PDGFRß. The in situ PLA assay was used to screen a library of 80 previ-
ously known tyrosine kinase inhibitors called the Screen-Well Kinase inhibi-
tor library, with the addition of six clinically used tyrosine kinase inhibitors. 
If a compound gave a response more than three standard deviations below 
the mean of untreated controls it was considered a hit and was further ana-
lyzed by measuring the dose response. Phosphorylated PDGFRß activates 
numerous signaling pathways by associating with other proteins. To investi-
gate if in situ PLA would be suitable for monitoring such interactions, per-
turbations of interactions between PDGFRß and PI3-kinase and between 
PDGFRß and actin were also studied in cells either treated with imatinib 
(Gleevec) or left untreated.  
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Results 
The in situ PLA setup using a pan-specific phosphotyrosine antibody in 
combination with PDGFRß specific antibody attained a Z’ factor of 0.71, 
which is considered excellent. IF on the other hand only achieved a Z’ factor 
of 0.25 when the pan-specific phosphotyrosine antibody was used together 
with a fluorophore-labeled secondary antibody. Since the phosphotyrosine 
antibody can be used to detect any phosphorylated protein, not only the 
PDGFRß, it was replaced by a specific antibody for phosphorylated 
PDGFRß. Then the Z’ factor dropped to -3.1, establishing that this form of 
the assay was unsuitable for screening purposes.  

When in situ PLA was used to screen the kinase inhibitor library, 13 of 
the 86 compounds were identified as hits. All of them were previously 
known to be PDGFRß inhibitors except one, which turned out to be a false 
positive in the following dose response studies. The three clinically used 
PDGFR inhibitors imatinib, sorafenib and sunitinib all exhibited a strong 
inhibition ability.  

Upon stimulation there was an increase in the amount of interactions be-
tween PDGFRß and PI3-kinase compared to unstimulated controls. When 
treated with imatinib, the interactions were down regulated. This was ex-
pected since PDGFRß needs to be phosphorylated for PI3-kinase to bind 
[53]. The interaction of PDGFRß and actin is not known to be affected by 
neither stimulation by PDGF-BB nor treatment with inhibitors, which agrees 
with our findings. 

Discussion  
In this study we have used in situ PLA in a high content screening format, 
and created a highly selective and sensitive assay that can be used for screen-
ing and validating drug compounds in genetically unmodified primary cells 
with improved performance compared to IF staining. Since in situ PLA sig-
nals are quantified by counting them, instead of measuring total fluorescence 
intensity, they are much less affected by bleaching of fluorophores and auto-
fluorescence, complicating IF based methods. We showed that the in situ 
PLA assay could screen through a small library of tyrosine kinase inhibitors 
finding specific hit compounds. We also showed that the assay can be used 
to screen for inhibitors of protein-protein interactions, which is difficult or 
impossible to do in unmodified primary cells. It is often not the binding of a 
compound to a target that is of interest, but the effects that binding has on 
the macromolecular networks in the cell [54]. By being able to use primary 
cells for the discovery of new drugs more accurate predictions of in vivo 
effects can be obtained. This also means that cells from patients can be used, 
allowing characterization of drug effects such as toxicity and efficiency di-
rectly on clinical samples before the decision of entering clinical trials, re-



 35 

ducing costs for the pharmaceutical companies. We also think in situ PLA 
may be used for companion diagnostics, allowing routine personalized selec-
tion of treatment in the clinic. This way optimal drug combinations can be 
investigated both before use in the patient and to monitor the effects of 
treatment. 

Summary and future perspectives 
The articles in this thesis describe the development of in situ PLA and fur-
ther developments of the method that have been made during the years.  

In paper I, in situ PLA reactions were run on cultured cells and fresh fro-
zen tissues with oligonucleotide-conjugated primary antibodies. This study 
was made as a proof of concept of the new method using a well-known pair 
of interacting proteins; transcription factor c-Myc and its partner Max. To 
show a possible future in drug screening for in situ PLA, we performed a 
small study with two inhibitors that inhibit the interaction between c-Myc 
and Max, and quantified the signals using a basic MatLab script.  

With paper II we introduced a development of the method where species-
specific secondary oligonucleotide-conjugated antibodies were used to detect 
primary antibodies. This opened up for a wider use of the method since dif-
ferent targets can be studied using the same batch of secondary PLA probes. 
Detection of phosphorylation has been difficult with immunofluorescence 
due to cross reactivity of antibodies, thus the aim of this study was to deter-
mine if the dual recognition of in situ PLA enables detection of platelet-
derived growth factor receptor beta (PDGFRß) phosphorylation. Automated 
image analysis software for the quantification of microscope images was 
developed in collaboration with the Center for Image Analysis, resulting in 
the freeware BlobFinder [55].  

In paper III, the approach from paper II was used to study the activation 
of both PDGFRß and PDGFRα in choroid plexus carcinomas, a cancer that 
appears in children often before the age of three. The aim was to evaluate if 
PDGFR signaling can be used as a marker for this cancer and if adjuvant 
treatment of tyrosine kinase inhibitors are candidate drugs for treatment. 
Here we used in situ PLA on paraffin embedded formalin fixed material for 
the first time.  

In paper IV, in situ PLA was used for high content screening with a li-
brary of kinase inhibitors. To determine their effects on PDGF signaling we 
screened the effect on phosphorylation of the receptor and interactions with 
proteins further down in the signaling chain using in situ PLA in a 96-well 
format in an automated cell imaging system. This resulted in a number of 
hits, which were identified and dose-response studies were performed for the 
estimation of half-inhibitory concentrations. All in situ PLA results pre-
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sented in this thesis are based on fluorescence as readout format for detec-
tion of target proteins, but linked enzymes can also be used [56, 57]. 
In conclusion, the papers describe the development and application of the in 
situ PLA as a tool to study proteins, post-translational modifications and 
protein-protein interactions. 

In the future in situ PLA will most likely evolve towards multiplexing, in 
order to provide a valuable ability to look for many targets or pathways in 
the same cell or tissue, cross correlating between different signaling steps 
while saving time and optimally using rare clinical material. Multiplexing 
has been a goal for many years, even before to the assay worked robustly in 
singleplex. One issue that has been a problem is the spectral overlap between 
different fluorophores, making it difficult to separate different signals from 
each other. One approach to come around this problem is to introduce a 
unique tag sequence in the DNA part of the PLA probe, which is used to 
identify that particular antibody. When combined with another PLA probe 
designed the same way, the complementary sequences of the two tags will be 
incorporated in the RCA products that can subsequently be hybridized with 
two detection oligonucleotides labeled with different fluorophores. Depend-
ing on which colors that show up in the RCA product, the signal identifies 
which two antibodies that interacted with each other. A version of this ap-
proach is used to visualize HER2 protein in combination with EGFR, HER3 
or another HER2 (Leuchowius et al., manuscript in preparation).  

Personalized medicine is a term that has been occurring more frequently 
for every year since it was first used a decade ago [58], together with the 
term companion diagnostics. Personalized medicine is the tailoring of thera-
pies to defined subsets of patients based on their likelihood to respond to 
therapy or the risk of adverse events [59], basically meaning “the right drug 
for the right patient” [60]. Even though there is a huge variation of patients 
responsiveness to drugs for a plentitude of diseases, between 30% and 70% 
will fail to respond to the prescribed drug, and some of the lowest response 
rates are for cancers. There are some successes therapies so far in the quest 
for personalized medicine, one of them being Herceptin for a subset of breast 
cancer patients overexpressing HER2. Herceptin was approved in 1998 with 
the companion diagnostic Hercep test that tells which patients will benefit 
from treatment. Another is Gleevec, an ABL tyrosine kinase inhibitor used 
as treatment in chronic myeloid leukemia. The development of personalized 
medicine and companion diagnostics are clearly making a mark in the scien-
tific world by offering new tools for better predictions on dosage and treat-
ments but the implementation of it may take time. Even tough it might be 
very beneficial for the patient, there is always the issues of how much a bet-
ter a test need to be before it is considered cost-effective, or how much time 
will be saved by using the test. Apparently there is estimation that 5 % of 
hospital admittance is associated with undesirable reactions to prescribed 
drugs [61], which also cost a lot of money. Hopefully more diagnostic test 
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will be used in the future for a wider knowledge of what is the best treatment 
for every patient in an era of personalized medicine.  

By combining in situ PLA with HCS, the same platform can be used for 
first the discovery of new drugs using primary cell lines with more accurate 
predictions of in vivo effects and later in clinical trials cells from patients can 
be used, allowing characterization of drug effects directly on clinical sam-
ples, paving way for personalized medicine. In situ PLA may hopefully then 
be used for companion diagnostics, allowing routine personalized selection 
of treatment in the clinic by testing diverse drug combination and dosage 
using cells from the patient before administering the selected drug mix to the 
actual patient. In situ PLA may also be used to monitor the effects of treat-
ment, hopefully reducing undesirable side effects. 
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