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MALDI HiPLEX-IHC: A novel tissue imaging tool set
to revolutionize spatial multiomics
Abstract
In order to understand complex
biological processes in tissues and
the molecular basis of disease, it
is vital to have a comprehensive
picture of the spatial distribution
and association of both small
untargeted molecules, such as
metabolites, glycans, and lipids, and
which genes are being expressed
into proteins in a tissue. Matrixassisted laser desorption/ionization
(MALDI) Imaging is now widely
used to obtain highly multiplexed

images of nontargeted endogenous
biomolecules from tissues, but
methods are still needed that can
image large intact biomolecules
such as proteins in a straightforward,
multiomics workflow, in both a
targeted and untargeted manner.
Traditional
immunohistochemistry
(IHC) techniques provide high
resolution analysis for the structural
organization of proteins at the tissue,
cellular, and sub-cellular level, but
such methods are limited to the
simultaneous detection of only a
few biomarkers. This white paper

introduces a new technology based
on novel photocleavable mass-tags
(PC-MTs), which enables highly
multiplexed IHC based on MALDI
Imaging – termed MALDI HiPLEXIHC. It explores the capabilities
of this innovation to provide more
powerful methods for researchers
to explore the spatial distribution
of biomolecules in tissues at the
cellular level in various areas of
research,
including
proteomics,
tissue pathology, tissue diagnostics,
therapeutics, and precision medicine.
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The rise of spatial omics
Understanding the molecular basis of disease pathology or tissue
homeostasis relies on knowing how thousands of biomolecules, including
proteins, nucleic acids, lipids, and metabolites, interact in cells and tissues.
Uncovering the identity and spatial organization of these molecules that are
involved in human biology and disease is vital for deepening this knowledge
and developing new and effective diagnostics and therapies. The importance
of analyzing molecules in a spatial context has gained the attention of
researchers across the globe but until relatively recently, scientists have been
restricted to measuring molecules from homogenized tissue sections, which
sacrifices critical spatial information of individual molecules and intermolecular
interactions.
Now, with spatial information seen as a vital component when describing
the microenvironment of disease in tissues and determining the location
and interactions of cellular components that dictate disease outcome, a
collection of diagnostic tools has become established. This commonly
includes immunohistochemistry (IHC), imaging mass cytometry (IMC)
and, more recently, spatial transcriptomics. In fact, Nature named ‘spatially
resolved transcriptomics’ its Method of the Year in 2020 [1], in recognition
of its potential to provide transcriptomic data within the positional context
of cells and tissues. Spatial omics is now gaining traction as a method that
offers the precise spatial coordinates of cellular and molecular profiles at the
systemic level, integrating a selection of different analyses such as genomics,
epigenomics, transcriptomics, and proteomics.
But existing tools are currently unable to fully unleash the power of spatial
omics, nor provide a comprehensive, integrated picture of the diverse array of
molecules that interact across long and short distances. They are also limited
by an inability to capture the variety of post-translational modifications (PTMs)
in the proteome, or fully visualize the lipidome and metabolome, all of which
would offer a broader molecular insight and stronger basis for classification
compared to considering only the pre-translational proteome. While this field
has evolved in many ways, many genomics suppliers still consider multiomics
to be proteins and RNA – a serious oversight capturing only a fraction of the
relevant biological processes.
Understanding the complexity of human diseases such as cancer, and
distinguishing between the many different cancers subtypes that are
constantly being discovered, requires the ability to image multiple biomarkers
simultaneously. Traditional histopathology methods such as fluorescence
based IHC only allow spatial mapping of a few biomarkers at a time, which
stems from the intrinsic nature of molecular fluorophores that typically exhibit
relatively broad excitation and emission bands, thus preventing the detection
of more than a few individual fluorophore labels with high selectivity.
This is a serious constraint for researchers needing to map, for example, the
location of the hundreds of possible cancer protein biomarkers involved in cell
regulation and dysregulation in highly heterogeneous cancer tissue, or map
immune factors such as the type of lymphocytes that have infiltrated a tumor.

Although more advanced fluorescence techniques have been recently
developed to achieve higher multiplexing, such as cycling strategies that
involve removal of and re-addition of fluorophores, these methods are
complex and laborious, and incomplete cycling can confound the results.
Other methods such as multiplexed ion beam imaging (MIBI) and imaging
mass cytometry (IMC) are limited by very slow scan speed, only permitting
a small portion of a tissue specimen to be scanned in a few hours and
requiring specialized instrumentation that is not available in most labs.
So, while techniques exist that can image particular classes of molecules, a
significant barrier remains in combining these different methods to provide a
fast, integrated workflow that can be performed on the same tissue specimen
with the same instrument to provide a comprehensive biological picture.

MALDI Imaging in spatial biology
Matrix-assisted laser desorption–ionization (MALDI) was initially designed as
a mass spectrometry (MS) ionization method in the late 1980s [2], and was
later developed into a label-free imaging technique to map the distribution
of molecules, ranging from small metabolites to large proteins, from a thin
sample [3]. Richard Caprioli and colleagues then extended MALDI Imaging
to the analysis of tissue sections [4]. They demonstrated, in ground-breaking
studies, how the technique could be applied to visualize large biomolecules
(such as proteins and lipids) in cells and tissues to reveal their distribution and
how they change in cancer tissues, for example.
MALDI Imaging complements and expands the range of techniques
available for obtaining vital spatial information about biomolecules in tissues.
The technique requires only a single tissue section to map hundreds of
biomolecules in a label-free, untargeted manner. The advent of MALDI
Imaging extended MS to the spatial dimension and was developed further
into the workflow SpatialOMx® to combine information developed in liquid
chromatography based deep OMICS studies.
But while an excellent tool to map untargeted small molecules such as
metabolites, lipids and drug compounds, current MS-based protein expression
imaging is limited because it requires shotgun techniques where all proteins in
a tissue are proteolyzed and individual proteolytic fragments are analyzed. This
effectively limits speed, resolution, and the ability to rapidly multiplex targeted
proteins of interest, with the lack of reproducibility for proteolytic enzymes on
tissue the main methodological reason for the scientific limitations.
Despite extensive efforts to improve on this approach, these limitations have
remained, until now, and have constituted a major barrier to achieving an
effective high-plex, proteomic imaging capability for biomedical research and,
ultimately, for tissue diagnostics research.

MALDI HiPLEX-IHC – an emerging technology
The current scientific tools space does not offer solutions for acquiring spatial
distribution and association of both small untargeted molecules and large
targeted molecules from single tissue sections. Different sections, even from
adjacent tissue slices, do not provide the full picture due to morphologybased challenges in merging multiple images. While imaging small molecules
using MALDI Imaging has become routine, it has not been possible to do this
routinely with proteins using a simple and rapid workflow.
By combining IHC methods, which can target specific proteins together
with MALDI Imaging that offers high multiplexing on a single tissue, a new
method, known as MALDI HiPLEX-IHC, is emerging. Although the concept
of applying both techniques in series is not new, combining IHC and MALDI
Imaging on one tissue to provide multiomics mapping of small molecules and
intact proteins has not been successfully applied until now. This development
has been made possible by the creation of a novel photocleavable mass-tag
probes (PC-MT-probes), known as Miralys™ probes, from AmberGen – the
first company to commercialize a method for combining MALDI and IHC.
PC-MTs are modified polypeptides comprised of a mass reporter region, a
high-efficiency photocleavable linker (PC-Linker) incorporated into the peptide
through solid-phase synthesis, and an N -hydroxysuccinimide (NHS)-ester
probe-reactive moiety [5].
The early conception and development of Miralys™ probes began in the
1990s, when AmberGen established a novel class of PC-Linker for nucleic
acids and demonstrated their use to target specific mutations in diseases
like cystic fibrosis [6]. This enabling technology paved the way for other
innovations and applications, for example the introduction of PC-MTs to code
beads for use in proteomics and drug discovery [7]. The latest in this line of
inventions is Miralys™ MALDI HiPLEX-IHC. Designed for tissue expression
profiling, this new platform allows researchers to perform highly multiplexed
protein expression imaging with well-established MALDI instrumentation and
workflows.
The PC-MT works by staining tissues using Miralys™ antibody-based probes
(currently either antibodies or lectins) in a standard IHC workflow. A binding
agent anchors the probe to the target molecule and after staining, ultraviolet
(UV) light cleaves the PC-Linker. After application of the MALDI matrix, the
specimen is placed in the MALDI mass spectrometer, which detects the
short peptide mass-tag attached to the PC-Linker. Biomarkers at each location
in the tissue section are revealed by detecting PC-MTs. Capture agents can
include antibodies, lectins and oligonucleotides.
AmberGen also designed dual-labeled Miralys probes with a fluorophore
attached to the binding agent, which emits both a fluorescence signal in
fluorescence microscope/ fluorescence slide scanner and a mass-tag signal
in the MALDI mass spectrometer. Since the PC-MT and the fluorophore
show the position of the same molecule, this enables straightforward spatial
co-registration of images. This is particularly valuable for researchers currently
using fluorescence imaging who, in one simple step, can add molecular
information without compromising the number of biomarkers that they can
visualize.
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Figure 1: Basic steps used for MALDI
HiPLEX-IHC tissue imaging enabling both
MALDI-MSI of untargeted small molecules
and MALDI-MSI and fluorescence images
of targeted intact expressed proteins to be
obtained using MiralysTM PC-MT antibody
probes all on the same tissue specimen.
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Crucially, this technology allows both small molecules such as metabolites,
and targeted macromolecules such as proteins, to be measured on the same
tissue specimen, as outlined in Figure 1.

Validating MALDI HiPlEX-IHC
To determine the practical utility MALDI HiPLEX-IHC workflow, the
AmberGen group sought to demonstrate three key features of the technology:

•

Multiplexing – image more than multiple biomarkers in a single run from a
large region of interest up to the size of the microscope slide

•

Multiomics – measure small molecules, intact proteins, other macromolecules, and PTMs in one workflow

•

Multimodality – gather information from many imaging modalities,
from one sample.

AmberGen simultaneously imaged multiple targeted biomarkers in
formalin-fixed paraffin-embedded (FFPE) and fresh frozen (FF) thin-tissue
sections from mouse brain, human tonsil, and breast cancer tissues at
10 μm spatial resolution using MALDI Imaging and Bruker’s rapifleX
MALDI-time-of-flight (TOF)-MS instrument [8].
Five-plex MALDI-IHC was performed on FFPE sagittal mouse brain sections.
Antibodies were targeted to myelin basic protein (a well-known axonal sheath
marker), NeuN (neuronal nuclear marker), synapsin (a synaptic protein), GLUT1
(enriched in the blood capillaries of brain tissue), and MAP2 (a microtubuleassociated protein present in nervous tissue). The specificity of the approach

was shown by the correlation of MALDI HiPLEX-IHC results with conventional
immunofluorescence images. For example, myelin, NeuN, and synapsin
antibodies directly labeled with only a fluorophore produce the same pattern
in the cerebellum as that from MALDI HiPLEX-IHC.
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For the human tonsil and breast cancer tissues, a model 12-plex antibody
panel for assessing the breast cancer tumor was established, which was
first validated by testing on FFPE tonsil tissue specimens (tonsil is often
used as a positive control for immune cell CD markers, including for B-cells
and T-cells). The 12 biomarkers included: breast cancer-related biomarkers
estrogen receptor (ER), progesterone receptor (PR), human epidermal growth
factor receptor 2 (HER2), and Ki67 (proliferation biomarker); biomarkers for
tumor-infiltrating lymphocytes (TILs) and other immune-related cells, which
included the T-cell subset biomarkers CD3 (T-cells), CD4 (T-helper), CD8
(cytotoxic T-cells), and CD45RO
(memory T-cells), the B-cell
biomarker CD20, and CD68, a
D
biomarker for macrophages and
other mononuclear phagocytes; a
pan-cytokeratin (CK) antibody as
a general epithelial cell biomarker;
and a histone H2A.X antibody as a
nuclear biomarker.
Each antibody was directly labeled
with a unique PC-MT, and the CK
antibody was dual-labeled with
a PC-MT and a fluorophore. The
CK immunofluorescence image of
the whole tissue section (5 µm
image resolution) can be seen in
Figure 2A, and Figure 2B shows
the corresponding MALDI-MS
image of the CK PC-MT on the
same tissue section, producing an
identical pattern (10 μm resolution).
Figure 2C shows a multicolor
MALDI-MS image corresponding
to PC-MTs from seven selected
biomarkers, and indicates a clear
differential distribution of the
various biomarkers. Figure 2D
displays the whole 12-plex antibody
panel as separate MS images on
a representative subregion of the
tissue section using a gradient color
scale.

Figure 2: Multiplex MALDI mass spectrometry-based immunohistochemistry (MALDI-IHC) on 12 biomarkers in human tonsil FFPE tissue sections.
A CK immunofluorescence image of the whole tonsil tissue section taken at a 5 μm resolution using a GenePix 4200A fluorescence microarray scanner.
B MALDI-MS image of the same tissue section showing an intensity map of the monoisotopic m/z value for the PC-MT from the CK antibody (all
MALDI-MS images have a 10 μm spatial resolution). C Multicolor MALDI-MS image overlay of selected biomarkers from the whole-tissue section,
which show differential structural patterns. Reproduced from reference [5] in accordance with Creative Commons Attribution 4.0 International License.

To further evaluate MALDI-IHC, the same 12-plex antibody panel was applied
to breast cancer FFPE tissue specimens. MALDI-IHC results for one breast
cancer sample are shown in Figures 3A−C. Figure 3A shows a multicolor
overlay of three of the 12 biomarkers (CK, HER2, and ER) for simplicity, and
Figure 3b shows all 12 biomarkers individually. Figure 3C depicts a five-color
MALDI-MS image overlay of infiltrating immune cells from the same tissue
section. To further validate the PR, ER, and HER2 antibodies, a second
breast cancer tissue specimen was analyzed. The MALDI-MS image in the
top panel of Figure 3D shows a three-color image overlay using the primary
colors for simple visualization, in this case of PR, ER, and CK. PR (green) and
ER (red) were both strongly positive, and colocalization with the CK epithelial
biomarker (blue) produced a white color in many areas (occurring when all
three colors are of a similar intensity).
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Figure 3: Multiplex MALDI mass spectrometry-based immunohistochemistry (MALDI-IHC) on 12 biomarkers in human breast cancer FFPE tissue sections.
A Multicolor MALDI-MS image overlay of a breast cancer tissue section showing an intensity map of the monoisotopic m/z values for the PC-MTs from CK,
HER2, and ER (all MALDI-MS images have a 10 μm spatial resolution). The blue arrow indicates an example tumor region. B Individual MALDI-MS images
of all 12 biomarkers shown as a color gradient for the entire tissue section. The “blank” is also shown, which is an adjacent tissue section stained with an
isotype-control IgG bearing a PC-MT (same PC-MT as CD3). C Multicolor MALDI-MS image overlay of the same breast cancer tissue section showing
the selected biomarkers, which highlight tumor-infiltrating immune cells. The orange, green, and cyan arrows indicate the tumor (colocalized CK and HER2),
CD20+ B-cells, and CD8+ cytotoxic T-cells, respectively. The inset image on the lower left is a magnification of the region indicated by the cyan arrow,
showing only CK and CD8. D Multicolor MALDI-MS image overlay (top panel) and individual gradient-scale MALDI-MS images (bottom panels) of selected
biomarkers on a different breast cancer tissue section. In this case, this tissue is PR+/ER+/HER2− according to traditional IHC. Reproduced from reference
[5] in accordance with Creative Commons Attribution 4.0 International License.

Sulfatide (red) from the first round of MALDI
Imaging (direct small-molecule detection) is
overlaid with the image of NeuN (green) from
the second round of MALDI-MSI (MALDI-IHC).
C Sulfatide (red) from the first round of MALDI
Imaging (direct small molecule detection) is
overlaid with the image of myelin basic protein
(green) from the second round of MALDI
Imaging (MALDI-IHC). D Example overlaid
spectra from the first round of MALDI Imaging
(direct small-molecule detection) are shown,
which were color-coded to match the image in
panel a. (the three lipid masses are indicated).
The color-coded arrows in panel a indicate the
regions from which the MALDI-MS spectra
were derived. Reproduced from reference [5] in
accordance with Creative Commons Attribution
4.0 International License.
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Figure 4: Untargeted small-molecule MALDI
Imaging and targeted MALDI-IHC on the same
tissue section. A Direct untargeted MALDI
Imaging was first performed on an unfixed
fresh-frozen mouse brain sagittal tissue section
(all MALDI-MS images have a 20 μm spatial
resolution). Three well-known lipid species (sulfatide (ST), m/z 888.7; phosphatidylinositol (PI),
m/z 885.4; and phosphatidylethanolamine (PE),
m/z 790.5) are shown in the colorized MALDI
image (red, green, and blue, respectively). B
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To demonstrate the ability of MALDI HiPLEX-IHC to provide untargeted labelfree and targeted imaging on the same tissue section, the group performed
a direct untargeted MALDI Imaging analysis on FF mouse brain sagittal
sections of well-characterized lipid species (results shown in Figure 4A),
before a second round of MALDI Imaging was performed targeting selected
macromolecular biomarkers with the MALDI HiPLEX-IHC workflow.
Figure 4B and Figure 4C show two-color overlays of the sulfatide lipid, which
was detected in the first round of direct MALDI Imaging, with selected
macromolecular biomarkers detected by MALDI HiPLEX-IHC in the second
round of MALDI Imaging.

In summary, using novel PC-MT technology with MALDI Imaging, previous
attempts at MALDI HiPLEX-IHC were enhanced by the development of
dual-labeled PC-MT and fluorescent antibody probes that enable the use
of both MALDI Imaging and fluorescence imaging on the same specimen
with the same probes. In addition, the versatility of the approach was shown
through the ability to perform both label-free untargeted small molecule
MALDI Imaging and multiplex PC-MT-based targeted MALDI Imaging of
macromolecular biomarkers on the same tissue section, over >1 cm2 regions.
Label-free untargeted small-molecule MALDI Imaging can directly analyze
lipids, drugs, and metabolites, which is not possible using standard IHC or
IMC. This capability will allow researchers and pathologists to co-localize
small-molecule drugs and drug-targets, such as their receptors, as well
as associated biomolecules involved in the cellular response to the drug.
Metabolic pathways associated with known proteins of interest can be
spatially mapped and protein activity can be assessed quantitatively.
In addition, the wide field of view (>1 cm2) provided by MALDI Imaging
affords greater flexibility, allowing researchers to image a larger area of tissue,
with the option to subsequently concentrate on a smaller area of interest at
higher resolution.

Applying advanced capabilities
Cancer research
Mapping the tumor microenvironment has become an important way to
understand the role that immune cells play in cancer progression enabling
researcher to develop methods to manipulate them with immunotherapies.
But because tumor heterogeneity represents a significant challenge for
new therapeutic development, MALDI Imaging has become increasingly
relied upon to characterize this heterogeneity, by determining distinct tumor
subpopulations and understanding localized molecular changes in detail.
In-depth spatial multiomic insights can help researchers identify new
predictive or prognostic biomarkers for cancers, and classify heterogeneous
tumor subpopulations, to gain important contextual clues to tissue-level
communication networks that are integral to cancer growth and treatment
success.
The ability of the novel MALDI HiPLEX-IHC workflow to target both large
and small molecules will be vital for allowing oncology researchers to map
the spatial distribution of proteins, PTMs, drugs and their metabolites, and
lipids, to describe the tumor microenvironment. In addition to the advantage
of multiomics, the MALDI HiPLEX-IHC approach is ideally suited to cancer
research. Because there are many different subtypes of a cancer, and the
large majority of cancers are metastatic, there is a need to be able to analyze
panels of multiple biomarkers at once to pinpoint which cancer subtype is
present, and where the tumor originated in the body.

The potential for research pathology
Routine pathology relies on standardized workflows and instruments that
can identify markers of disease and monitor therapeutic response while
conserving valuable sample material. New techniques often appear in clinical
research applications ahead of their migration into routine pathology practice,
for example when scientists are looking to understand the etiology of a
disease.
Although used primarily for clinical research, the MALDI HiPLEX-IHC
workflow described in this paper will be an ideal research tool for clinical
and anatomical pathologists for several reasons. Firstly, IHC is a widely
used method in pathology, and the ease-of-use of Bruker’s MALDI Imaging
instruments lowers the barrier to this technology for those who are not
familiar with MS. Secondly, the HiPLEX platform allows users to use
MALDI Imaging in tandem with other systems like fluorescence slide
imaging. This multi-modal capability reduces the capital expenditure of the
MALDI HiPLEX-IHC method, minimizing the investment needed from the
hospital or clinical center.
Archival tissue analysis
An important application of MALDI HiPLEX-IHC will be in analyzing archived
tissue samples, for example from biobanks. Access to tissues is one of the
main challenges in biomarker discovery, so the availability of a technology
that can apply novel imaging techniques like MALDI HiPLEX-IHC on a
single archived tissue sample is extremely valuable. Add to this the high
level of multiplexing, and researchers working on archived samples can
retrospectively extract data that was not previously accessible, from the same
slide. These retrospective insights could potentially reveal groundbreaking
discoveries, particularly in pharmaceutical research, without the need for new
tissue samples.
In addition, most archived tissues are FFPE samples, for which Miralys™
based HiPLEX and Bruker’s MALDI mass spectrometers are optimized for
analyzing.

Miralys
Technology
™

The new Miralys MALDI
HiPLEX-IHC platform from
Ambergen is a tool dedicated
to highly multiplexed spatial
biology imaging. Incorporating
multiple imaging modalities
including MALDI mass
spectrometry imaging,
fluorescence, as well as
immunohistochemistry (IHC),
MALDI HiPLEX-IHC offers
multi-omic insights from
direct tissue imaging.

MALDI Imaging
Bruker offers a range of
high performance mass
spectrometers designed for
powerful MALDI Imaging.
Ideally suited to running the
HiPLEX platform, Bruker’s
rapifleX and timsTOF fleX
instruments offer rapid
analysis using IntelliSlides®
slides in a simple workflow,
lowering the barrier to
integrated MALDI-IHC
analysis for clinical research
and pathology.
In addition, Bruker’s new
SCiLS™ autopilot software
automates MALDI Imaging
workflows, making MALDI
HiPLEX-IHC even more
accessible to non-MS
experts.

The future of tissue imaging
Spatial biology imaging is a technology area that is exploding right now. The
global tissue imaging market is currently witnessing tremendous growth, with
a compound annual growth rate (CAGR) of nearly 9% expected during the
forecast period 2020-2030 [5]. Greater awareness of the importance of early
diagnosis and detection of disease, together with increasing cases of chronic
diseases, are thought to be driving this expansion. The tissue imaging market
is therefore experiencing a shift in the way new technologies are adopted in
the research and clinical space and the development of novel tools will have a
significant impact on tissue imaging market over the next 10 years.
When faced with this scale of technological advancement, it is important
for researchers to expand their capabilities to keep pace with the field. The
development of emerging techniques such as MALDI-IHC represents a
vital step forward for researchers relying on information about the spatial
organization of both large and small molecules in tissues for deeper insights
into human biology and multicellular events like cancer.
By incorporating the advantages of MALDI Imaging, such as the label-free
spatial mapping of many different metabolites, together with time-tested and
trusted methods like IHC, scientists can explore a new realm of spatial omics
in an easy-to-use workflow.
For more information about Bruker’s MALDI Imaging capabilities, please visit
www.bruker.com/en/applications/academia-life-science/imaging/maldiimaging.html.
To learn more about Miralys MALDI HiPLEX-IHC, please visit
www.ambergen.com/miralys/.
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