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Abstract

Abstract

Tissue repair, regeneration, and fibrosis are processes regulated by inflammatory
monocytes and monocyte-derived macrophages (MDMs) that circulate in peripheral
blood or reside in tissue. After a traumatic injury, monocytes and macrophages
undergo significant phenotypic and functional changes that allow them to play essential
roles in the initiation, maintenance, and resolution stages of tissue repair.
Macrophages are also highly sensitive to physical stimuli in their environment and
sense, for example, the degree of stiffness of the surrounding extracellular matrix. This
makes them promising targets in biomaterial research, as the macrophage response
is a crucial factor for long-term implant survival and performance. In addition, designing
implant materials in a way that reduces inflammation and facilitates tissue integration
has the potential to significantly reduce surgical costs and increase the quality of life
for many patients. The research on how the physical properties of implant materials
influence macrophage biology is still in its infancy. This work investigates how
alternative analysis methods to classical immunological techniques can help overcome
the current challenges in macrophage biomaterial research. It was therefore
investigated how standard methods like flow cytometry perform in identifying
macrophage phenotype after detachment from extracellular matrix-mimicking
biomaterials. Our findings show that the detachment of adherent macrophages from a
substrate induces significant bias depending on the analyzed surface antigens. Raman
microspectroscopy (RM) is a non-invasive spectroscopic method that does not require
fixation or antibody staining of biological samples. RM was therefore implemented as
an alternative for single cell analysis of adherent macrophages. It was shown that
macrophage activation can be robustly identified based on distinct Raman fingerprint
spectra and that this method can be employed on macrophages adherent to
biomaterial substrates to identify activation and phenotype in a marker-independent
manner. Lipid Raman spectra were found to be significantly altered between
macrophage phenotypes, making lipids an ideal target for the identification of
macrophage polarization using RM. Lastly, it was investigated, if the myeloid leukemia-
derived monocytic cell line THP-1 shows similar molecular activation when compared
to primary MDMs as identified by RM. THP-1 protein and phospholipid levels were
significantly altered by proinflammatory activation in THP-1 macrophages while MDMs

also showed altered nucleic acid and non-membrane intracellular lipid composition.

v



Abstract

Altogether the findings of this thesis will contribute to a faster and more efficient

development of regenerative biomaterials.
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Zusammenfassung

Zusammenfassung

Monozyten und Makrophagen sind Zellen des angeborenen Immunsystems, welche
sowohl Bakterien und andere Pathogene durch Phagozytose eliminieren als auch
maf3geblich die Wundheilung und die Reparatur von Gewebeschaden steuern.
Makrophagen reagieren besonders empfindlich auf inflammatorische oder
physikalische Reize ihrer unmittelbaren Umgebung und koénnen beispielsweise den
Grad der Steifigkeit der umgebenden extrazellularen Matrix wahrnehmen. Eine
zentrale Rolle spielen Makrophagen deshalb auch bei der Vertraglichkeit und
Lebensdauer von Implantaten. Die Entwicklung regenerativer Biomaterialien, welche
den Heilungsprozess fordern und chronische Entzindungen verhindern, kann die
Lebensqualitat vieler Patienten erheblich verbessern und Kosten im
Gesundheitswesen senken. Welche Eigenschaften eines Materials besonders
heilungsfordernd sind, ist bisher jedoch kaum erforscht. Der Kern dieser Arbeit
beschéaftigt sich deshalb damit, wie die Makrophagen-Aktivierung durch
Materialoberflachen zuverlassig identifiziert werden kann. Im ersten Teil wird gezeigt,
dass Standardmethoden, wie die Durchflusszytometrie oder Zytokin-Assays, bei der
Identifizierung des Makrophagen-Phanotyps zu Verzerrungen der Ergebnisse fuhren
konnen, da die Makrophagen von ihrem Substrat abgelést werden missen. Der zweite
Teil dieser Arbeit untersucht, wie die Raman Mikrospektroskopie (RM) dazu beitragen
kann, die Wechselwirkung zwischen Zelle und Material auf molekularer Ebene zu
verstehen ohne ungewollte Artefakte zu generieren. Da die RM in situ durchgefihrt
werden kann, ist keine weitere Vorbereitung der Zellen notwendig und Makrophagen
kénnen direkt auf ihrem Tragersubstrat analysiert werden. Die RM wurde deshalb als
Alternative fur die Einzelzellanalyse von adharenten Makrophagen eingesetzt. Es
konnte erfolgreich gezeigt werden, dass die Aktivierung von Makrophagen auf der
Grundlage unterschiedlicher Raman-Fingerprint-Spektren zuverlassig identifiziert
werden kann und, dass mittels RM sowohl Aktivierung als auch Phanotyp von
Makrophagen auf Tragermaterialien mit unterschiedlicher Oberflachenstruktur
identifiziert werden kdnnen. Des Weiteren wurde gezeigt, dass insbesondere die
Lipidzusammensetzung zum molekularen Fingerabdruck  verschiedener
Makrophagen-Aktivierungsmuster beitragt. Der letzte Teil der Arbeit untersucht, ob die
von der myeloischen Leukdmie abgeleitete Zelllinie THP-1 eine ahnliche molekulare
Aktivierung aufweist wie primare Makrophagen. Bei beiden Zelltypen handelt es sich

um populére in vitro Modelle fir humane Makrophagen, dennoch gilt es bei der
VI



Anwendung spezifische Vor- und Nachteile gegeneinander abzuwagen. Ggf. kdnnen
sich beide Modelle stark in ihren Aktivierungsmustern unterscheiden. Hier zeigen wir
mittels RM, dass sich Protein- und Phospholipidspiegel durch proinflammatorische
Aktivierung in THP-1-Makrophagen signifikant verandert, wahrend primare humane
Makrophagen eine veranderte Nukleinsaure- und intrazellulare
Lipidzusammensetzung aufweisen..
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Introduction

1. Introduction

1.1. Macrophage Function and Plasticity

Macrophages are a type of innate immune cell that adopt multifaceted roles in
modulating inflammatory processes, maintaining tissue homeostasis, and the initiation
of wound healing. Naive macrophages can exhibit a range of context-dependent
activation states and their phenotype and functions are substantially influenced by their
surroundings [1]. Macrophages are commonly divided into two subsets of classically
activated (M1) macrophages and alternatively activated (M2) macrophages. M1
macrophages are considered pro-inflammatory and induced by recognition of
lipopolysaccharides (LPS) either alone or in combination with Thl cytokines such as
interferon y (IFNy) [2, 3]. In return, they produce pro-inflammatory cytokines such as
interleukin-1 (IL-1), IL-6, IL-12, IL-23, and tumor necrose factor a (TNFa). In contrast,
M2 macrophages are responsible for wound closure and/ or fibrotic events [3]. Due to
the diversity of these different tasks, transcriptional and proteomic profiles of
macrophage subtypes are quite distinct and range from the destruction or
encapsulation of pathogens up to the repair of inflammation-related damage [4, 5].
Abnormal or prolonged macrophage activation is commonly associated with tissue

damage, fibrosis, or even cancer [6-8].

1.1.1. Macrophage Origin and their Role in Innate Immunity
The term macrophage is quite broad and usually refers to monocyte-derived
phagocytotic cells in both peripheral blood and tissue. A characteristic of macrophages
is their enormous diversity and plasticity. Almost every organ accommodates a specific
type of macrophage, for example, osteoclasts (bone), alveoli (lung), microglia (brain),
histiocytes (connective tissue), Langerhans cells (epidermis) or Kupffer cells (liver)
(Figure 1). Macrophages have their origin in the yolk sac during embryonic
development. These yolk sac-derived macrophages give rise to two distinct
macrophage populations. They constitute the origin of both hematopoietic stem cells
(HSCs) in the bone marrow, which later give rise to circulating peripheral blood
mononuclear cells (PBMCs) but also directly replenish tissue resident macrophage
populations (Figure 2) [9, 10]. In reaction to danger-associated molecular patterns
(DAMPs), pathogen-associated molecular patterns (PAMPs), cytokines, or
chemokines, they are recruited into the tissue to eliminate danger and restore

homeostasis.



Introduction
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Figure 1 Overview of tissue-specific macrophages

The majority of tissue-specific macrophages are yolk sac-derived and can self-renew.
Macrophage function can vary greatly between tissues and malfunction of macrophage
biology can lead to severe pathologies and even organ failure [11].

The majority of tissue-specific macrophages exist independently from PBMC-derived
macrophages. They are generated during embryonic development and it has been
recently shown that tissue-specific macrophages inherently can self-renew [10, 12-14].
In 1972 van Furth and Cohn introduced the mononuclear phagocyte system (MPS) as
a promising classification system for macrophages, blood monocytes, and their
precursors and based it on morphology, function, origin, and kinetic characteristics.
Initially, the MPS did not include the conventional dendritic cell (DC).

Early on, DCs have been characterized by their distinct morphology, a superior ability
to present antigens, their migration to lymph nodes, and the lack of active endocytosis
[15] and were thus thought to be distinct from macrophages. However, a terminology
controversy over the meaning of DCs has emerged recently [16] as new macrophage
types have emerged that share some of these functions and for example migrate to
lymph nodes for antigen presentation and T cell activation [17, 18].
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Figure 2 Macrophage ontogeny and development

Macrophage development can take two paths: The majority of tissue-resident
macrophages are directly derived from the yolk sac during embryonic development
and can self-replenish during adulthood. However, macrophages can also mature from
monocytes circulating in the blood. These monocytes are derived from a common
myeloid progenitor in the bone marrow. Once they have matured into macrophages
their lifespan is usually limited and, in contrast to most tissue-resident macrophages,

they cannot self-renew. This figure was adapted from Williams et al. [9].

1.1.2. The Spectrum Wheel of Macrophage Activation
Macrophages are one of the key sensors of danger in the host. Importantly, activation
of macrophages by cellular debris can occur in experimental mice lacking lymphocytes,
confirming that these mechanisms are not dependent on adaptive immune responses
[19, 20]. Recognition of danger signals contained in necrotic cell debris is usually

transmitted via Toll-like receptors (TLRs) and the interleukin-1 receptor (IL-1R) [21].

In an attempt to follow T cell nomenclature, macrophages have traditionally been
classified into two categories, with M1 macrophages as pro-inflammatory (classically

activated) and M2 macrophages (alternatively activated) as anti-inflammatory [22].

However, it soon became apparent that the M2 macrophage class was comprised of

several very diverse subtypes. Despite a growing amount of information demonstrating
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that the M2 label consists of cells with dramatically different biochemistry and

physiology, this classification continues to persist in the literature [23, 24].

Today it is more common to describe macrophage activation as a continuum with many
transitory activation profiles that range from killing pathogens and antigen presentation
to the secretion of matrix metalloproteinases or even collagen to rapidly close wounds
[25]. The focus of this work lies on three major groups of macrophage subtypes, which
are described in more detail below.

Pro-inflammatory macrophages (M1) The phrase pro-inflammatory or classically
activated macrophage usually refers to macrophages with enhanced microbicidal and
tumoricidal properties [26]. Pro-inflammatory macrophages can be generated either
through sterile inflammation (apoptosis, necrosis, or tumorigenesis) via interferons or
TNFa or through inflammation involving intruding pathogens and the recognition of
lipopolysaccharides (LPS) [1]. The release of pro-inflammatory cytokines by classically
activated macrophages is a crucial immune defense mechanism, yet failure to return
to homeostasis after elimination of the threat can in return also cause significant host
harm. For example, the secretion of IL-1, IL-6, and IL-23 by pro-inflammatory
macrophages has been linked to the formation and growth of TH17 cells [27-29]. These
cells release IL-17, a cytokine linked to increased polymorphonuclear leukocyte (PMN)

recruitment to tissues, which can lead to inflammatory autoimmune diseases [30].

Wound-healing macrophages (M2a) Wound-healing macrophages, like classically
activated macrophages, can grow in response to innate or adaptive cues. IL-4 is known
to be one of the earliest inherent signals generated upon tissue injury [31]. Although
other granulocytes may potentially contribute, basophils and mast cells are crucial
early sources of innate IL-4 production [32, 33]. This early IL-4 production rapidly
increases arginase activity in macrophages, an enzyme that converts arginine to
ornithine. Ornithine is a direct precursor of polyamines and collagen and a key element
in ECM production [34, 35]. However, dysregulation of this ECM-enhancing activity of
wound-healing macrophages can lead to fibrosis and eventually to organ failure,
similar to classically activated macrophages in autoimmunity [6, 36, 37].

Regulatory macrophages (M2c) Regulatory macrophages, like the other two
macrophage populations discussed above, can emerge as a result of innate or

adaptive immune responses. Regulatory macrophages do not secrete extracellular
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matrix, and instead express high levels of HLA-DR or CD86 for enhanced antigen
presentation [38, 39]. However, in contrast to pro-inflammatory macrophages,
regulatory macrophages dampen the immune response and are responsible for the
prevention of chronic inflammation, which can cause severe harm to the surrounding
tissue [39-41]. Numerous protocols are available on how to create regulatory
macrophages, but no single molecular mechanism has been identified yet [40]. The
hypothalamic—pituitary—adrenal (HPA) axis has been identified as an important
regulator of M2c macrophage plasticity [42, 43]. In reaction to stress, adrenal cells
release glucocorticoids, which dampen the transcription of pro-inflammatory cytokines,
decrease mMRNA stability and subsequently reduce macrophage-mediated host
defense [44, 45].

1.1.3. Mechanosensing of Macrophages

Cells scan their physical environment using mechanosensors, which interact with the
ECM or neighboring cells and provide signals to the cytoskeleton [46]. Actin and
microtubule polymerization and depolymerization exert traction pressures on the
environment of a cell. Integrins transmit tensional forces between the ECM and the
cytoskeleton via focal adhesion complexes (FACs) and convert them into biochemical
signals [47, 48]. High tensional forces lead to the unfolding of the cytoskeletal protein
talin and the exposure of otherwise cryptic binding sites. In turn, another FAC protein,
vinculin, can bind to talin and form a signaling complex that initiates phosphorylated
signaling cascades. This initiates several downstream processes such as cytoskeletal
alterations or the induction of transcriptional regulatory networks [49].

Thus, mechanosensing of macrophages is an essential part of the induction of the
foreign body immune response, which leads to prolonged inflammation and fibrosis
around implants and increases tissue stiffness [50, 51]. It has been shown that
macrophage activation is influenced by physicochemical properties and surface
structures of implant materials. For example, Hotchkiss et al. found that higher degrees
of surface roughness on titanium implant materials enhanced the anti-inflammatory

properties of primary murine macrophages [52].

Implant materials exhibiting a stiff, non-physiological e-modulus are associated with a
more severe foreign body response, increased fibrosis, and thicker fibrous capsule
development when compared to softer implants, implying that stiffness-enhanced

inflammation has major pathogenic consequences [53-55]. Furthermore, an increase
6
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in tissue stiffness is observed in several ilinesses driven by macrophages [56]. While
stiffness has a significant impact on macrophage activity, the molecular processes

underlying macrophage activation are currently under investigation.

Stretch-activated ion channels allow ions to pass through the cell membrane and
convert external physical stimuli into electrochemical activity which in turn initiates
signaling cascades and modulates cell behavior. Known representatives of this group
are for example transient receptor potential vallinoid channels (TRPV), the Twik-
related arachidonic-acid activated K* channel (TRAAK), and the TWIK1-related K*
channel (TREK1) [57], and the PIEZO channels 1 and 2, whose discovery by Coste
and Patapoutian was honored with the Nobel Prize in 2021 [58]. Several recent studies
found that the mechanically activated, non-specific cation channel Piezol is involved
in several developmental processes and malfunction has been linked to various
pathologies [59-61], as it transduces a variety of mechanical cues [53]. Piezol has
been discovered as a mechanosensor of pressure and shear stress in myeloid cells
attracted to the lung, heart, and bladder, and channel activity has been observed to
induce inflammation [62]. However, under normal physiological conditions,
macrophages are usually not exposed to such high mechanical forces. Thus,
macrophages are more likely to sense physiological alterations in stiffness and
composition of their surrounding ECM [63, 64]. While Piezol has been shown to sense
stiffness in neural stem cells and glial cells [60, 65], its involvement in macrophage
stiffness sensing is still in its infancy [53]. In 2021 Atcha et al. were able to demonstrate
for the first time that IFNy and lipopolysaccharide LPS-induced inflammation is highly
dependent on Piezol expression and depletion of Piezol increases IL4 and IL13-
induced healing responses in murine macrophages [53]. An overview of

mechanosensing mechanisms in macrophages is given in Figure 3.
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Figure 3 Schematic illustration of mechanosensing mechanisms in
macrophages.

Macrophages can sense strain and pressure via several mechanisms and receptors.
Integrins sense variations in ECM stiffness and are directly linked to the cytoskeleton.
TRPV4 is activated by mechanical and chemical stimuli, which leads to calcium ion
influx and the activation of several transcription factors, including MAPK, JNK, and p38.
The translocation of these transcription factors to the nucleus induces the expression
of anti-inflammatory cytokines. Piezol is activated by mechanical stimuli only and, like
TRPV4, allows the influx of calcium ions. However, activation of Piezol leads to
translocation of the transcription factor NF-kB and the induction of proinflammatory
cytokines. In addition, all receptors can also be activated indirectly via interaction with

toll-like receptors (TLRs). This figure was adapted from Orsini et al. [66].

1.1.4. In Vitro Systems to Model Human Macrophage Biology
Human macrophage in vitro models differ in several phenotypic and functional aspects.
It is therefore mandatory to holistically describe the macrophage model used for a
study. Biological origin, activating stimulants, and surface antigens chosen for

characterization are important factors to consider [24]. Several comprehensive

8
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validations of human macrophage phenotypic indicators, as well as maturation and
activation strategies, have been described [67, 68]. Surface markers can be useful
indicators of macrophage function. For example, the expression of scavenger
receptors allows for the analysis of phagocytic activity in macrophages [69].
Furthermore, cell-cell interaction is critical for macrophage function in disease
progression and tissue homeostasis. For example, macrophage-derived factors are
known to influence, among other things, infection response, inflammation resolution,

adipose tissue biology, and cancer progression [2, 41].

The THP-1 acute monocytic leukemia cell line is a common macrophage in vitro model
system. Since it is an immortalized cell line, THP-1 cells can be maintained in culture
and passaged for extended periods of time. The variability of the individual passages
is significantly lower than that of primary cells derived from different donor individuals
[70]. THP-1 cells acquire a macrophage-like phenotype after differentiation with
phorbol 12-myristate 13-acetate (PMA) or other stimuli, which mimics primary human
macrophages in various ways [71, 72]. THP-1 cells' malignant background may elicit
different responses than primary somatic cells in their normal context and the biological
significance of the THP-1 cell model has recently been questioned [73]. The two model
systems differ in key functions, including response to pro-inflammatory stimuli, cell-cell

interaction, and polarization potential, among others [73, 74].

THP-1 cells can respond to the polarization techniques utilized for primary
macrophages, but to a degree that can considerably differ from what is seen in human
peripheral blood monocyte-derived macrophages (MDMs) [74]. It is thus important to
assess the physiological behavior of THP-1-derived macrophages as an alternate

model system to primary macrophages in a new experimental setting. [73].



Introduction

1.2. Raman Microscopy in Cell Biology

Raman spectroscopy has evolved into a valuable tool for chemists, physicists,
biologists, and materials scientists alike as it allows the study of chemical structure,
crystallinity, and other molecular interactions within a sample. It is a type of vibrational
spectroscopy, i.e., it measures the molecular vibrations caused by chemical bonds that

interact with a monochromatic light source.

1.2.1. The Raman Effect and Raman Scattering

Raman spectroscopy is named after the Raman effect, also known as the inelastic
scattering of light, which was discovered by C. V. Raman in 1928. They discovered
that a small fraction of the scattered light lost or gained energy and did not maintain its
original energetic level; this scattering is now known as Raman scattering [75].
Typically, a monochromatic light source is interacting with a specimen and the energy
difference between the incident and scattered photons is analyzed. The amount of lost
(Stokes) or acquired (anti-Stokes) energy corresponds to a specific molecular vibration
and detection of these scattered photons results in a Raman spectrum comprised of
several vibrational frequencies (Figure 4) [76]. Based on the chemical bonds within it,

each molecule has its fingerprint or spectrum [77, 78].

10
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Figure 4 Principle of Raman scattering

When light interacts with a molecule, energy can be maintained (Rayleigh scattering)
or shifted (Raman scattering). If energy is lost, this shift is defined as Stokes, while a
gain of energy is defined as anti-Stokes. In most cases, the Stokes shift is more
frequently observed at room temperature. A = wavelength. Figure adapted after Lin et
al. [79].
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1.2.2.  Raman Microspectroscopy and Raman Imaging on Biological

Samples
Biological samples are usually comprised of many distinct molecules and functional
groups and thus require elaborate data interpretation. One of the primary benefits of
Raman spectroscopy is the ability to resolve major classes of biomolecules: proteins,
lipids, and nucleic acids may be visualized based on their vibrational spectra,
eliminating the requirement for cells to be labeled or stained before imaging (Figure 5)
[80-82]. Because water has a weak Raman signal, unfixed cells can be observed in
situ under normal physiological conditions, allowing for live-cell imaging [83]. However,
extended acquisition periods and high laser intensities still prevent RM from being used
for clinical or diagnostic purposes on a regular basis [77, 78]. This is primarily because
spontaneous Raman scattering is a rare event: Only around 1 out of 108 photons that
interact with a substance are inelastically scattered [84]. A variety of innovative
techniques is beginning to overcome these limitations, allowing Raman spectroscopy
to become an alternative to established methods of cell imaging. The combination of a
Raman spectrometer with a standard confocal microscope was one of the most
significant milestones in single cell Raman spectroscopy [85]. Confocal Raman
spectroscopy can visualize or map samples in addition to collecting Raman spectra by
connecting the Raman spectrometer to a camera, often a charged-coupled device

(CCD), allowing for the visualization of intracellular components (Figure 6) [77, 78].

A typical Raman analysis can rapidly acquire a large, comprehensive set of data. The
extraction of biological information, however, becomes more difficult with increasing
data set size, and analysis of Raman data sets usually requires dimensionality
reduction. To distinguish and visualize the spectral contribution of different biological
structures, supervised or unsupervised learning algorithms are employed. This way,
false color heat maps are created visualizing the distribution of DNA, lipids or ECM
proteins in a biological sample. This makes RM a promising tool for the in vivo
diagnosis of pathological tissue alterations and cancer diagnosis [86, 87]. For example,
it was shown that Raman spectroscopy can reliably identify invasive glioma in situ

during surgery with a sensitivity and specificity of 90% and above [88].
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Figure 5 Raman peaks of eukaryotic cells

Biological samples are comprised of many different chemical constituents, requiring
careful interpretation of Raman spectra. However, some Raman peaks can be
assigned to certain organic structures, such as cytochrome c¢ (mitochondria),
phosphate and pyrimidine (nucleic acids), Amide | and phenylalanine (proteins),

phospholipids (membrane) or fatty acids (intracellular lipids, vesicles).
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Figure 6 Principles of Raman spectroscopy and Raman imaging

A biological sample, e.g. cells or tissue, is scanned pixel by pixel using Raman
spectroscopy. The obtained spectral information can further be used to identify cell
components sharing certain spectral characteristics. False-color heat maps are then

generated to visualize the sample and its components.

1.2.3. Raman Microspectroscopy in the Context of Conventional

Imaging Techniques in Molecular Cell Biology
Today cells can be visualized by a variety of differentimaging techniques. Traditionally,
cell imaging is performed on fixed cells, primarily using brightfield, fluorescence, and
electron microscopy [89]. While these approaches contribute essential structural and
biochemical information, they only provide an endpoint analysis of the cell’'s condition
at the time of the fixation [83]. Furthermore, cells are frequently labeled before imaging,
which has the potential to create artifacts and distort the true intracellular state [77, 90].
Phase contrast and differential interference contrast microscopy allow for live cell
imaging without prior staining [78, 91]. Images obtained using these techniques are

often collected faster than those obtained using Raman spectroscopy. However, there
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is a lack of chemical specificity and the possibility of artifacts introduced due to labeling.
[90]

Fluorescence microscopy, which allows the detection of single molecules within a cell,
is widely used in live cell imaging. It allows researchers to identify specific cellular
structures by either using fluorophore-conjugated antibodies or intracellular expression
of fluorescent proteins [92]. However, fluorescence microscopy relies on the
fluorescent labeling of the cells, which can directly impact cell physiology. As a result,
fluorescence imaging may not reflect the actual cellular environment when compared
to Raman-related techniques. Fluorescence microscopy techniques can be enhanced
to provide cellular resolution below 20 nm (e.g. STORM (stochastic optical
reconstruction microscopy) or PALM (photo-activated localization microscopy)) [93-
96]. While Raman spectroscopy achieves resolution down to 200 nm [97], it does not

require fluorescent markers and offers the advantage of increased chemical specificity.

Another vibrational spectroscopy approach that is commonly used for live cell imaging
is infrared spectroscopy (IR). Both IR and Raman spectroscopy are considered non-
invasive and non-destructive, can identify the underlying chemical structure of a

specimen, and do not require sample preparation.

While IR spectroscopy detects heteronuclear functional group vibrations and polar
bonds (particularly OH stretching in water), Raman spectroscopy is sensitive to
homonuclear molecular connections. It may, for example, discriminate between C-C,
C=C and C-H bonds [98]. In conclusion, water is a significant absorber of infrared
radiation, and measurements of aqueous solutions can be challenging. Raman
spectroscopy is therefore frequently favored over IR spectroscopy for live cell imaging

because cells can be maintained under physiological settings [78].

While all the listed techniques here offer certain advantages in biomedical research,
there is a great deal of interest in further developing Raman spectroscopy and imaging

due to its potential for non-invasive in vivo iliness diagnostics [99-102]
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2. Objective of the Thesis

The focus of this work is to identify macrophage responses to environmental stimuli at
the molecular level. For this purpose, alternative methods to conventional
immunological assays, such as flow cytometry, were established. The first step of this
work was to evaluate how well the activation of adherent macrophages can be
analyzed using common surface antigens. Different dissociation methods and how
they affect cell harvesting, viability as well as preservation of surface antigens were
compared. Since most detachment methods either come at the expense of cell viability
or result in degradation of surface antigens by enzymatic treatments, the second part
of the thesis addresses non-invasive RM as an alternative analysis method. RM is a
common method in materials science to analyze the purity of materials but is now
increasingly applied in biology. However, data on how well RM can detect macrophage
activation is still limited. In this work, we hypothesized that the molecular composition
of macrophages changes by the different activation stimuli to such an extent that
different Raman fingerprints are generated, which can be used to identify cells with
unknown activation status. RM can also be used on adherent macrophages, for
example, to investigate their activation by implant materials without the need for further
processing of the cells.

Primary human macrophages can be isolated directly from the peripheral blood of
patients or volunteers with relatively little effort and used for further in vitro cell culture.
However, working with primary immune cells also has some inherent drawbacks. The
human immune system is extremely heterogeneous between individuals in order to be
able to protect a population from various infections. However, with a small number of
subjects, this variability makes it difficult to make general statistical statements about
large populations. The third part of this thesis, therefore, deals with the THP-1 cell line
and its comparability with primary human macrophages and how both cell types differ
in their molecular composition before and after activation. Although THP-1 cells are
also derived from humans, they are of myeloid leukemia origin and differ substantially
in some properties from macrophages derived directly from peripheral blood

monocytes.
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3. Results and Discussion

3.1. Enzymatic Dissociation from Electrospun Substrates

Selectively Impacts Macrophage Surface Antigens

Macrophages can serve as promising models to assess and screen the
immunocompatibility of potential implant materials in vitro. As macrophages are
typically highly adherent and tend to infiltrate into porous substrates, their subsequent
analysis by conventional analytical methods poses several challenges. In many cases,
cell scraping is the method of choice to detach adherent macrophages from cell culture
polystyrene and to avoid enzymatic alterations of surface antigens. In contrast to
common ceramics or metals, many modern biosimilar materials have porous, ECM-
mimicking structures that encourage cell infiltration to enhance the formation of new
tissue. These materials do not allow the scraping of cells and several laborious steps
are required to separate cells from their substrate. In addition, the scraping process
imposes considerable stress on the cells, which manifests itself in increased apoptosis.
Enzymatic digestion is a non-mechanical alternative that detaches cells from their
substrate by proteolytic cleaving. However, this process is unspecific and prone to
induce alterations in cell surface antigens. This is especially problematic for flow
cytometry analysis, as it relies on surface antigens for phenotyping and assessment of

activation status (Figure 7).
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Figure 7 Enzymatic dissociation selectively impacts macrophage surface
antigens

(A) To perform flow cytometry analysis, cells need to be in suspension. Fluorescently
labeled antibodies are added to bind to selected antigens. The mean fluorescence
intensity is then analyzed, providing insight into the presence and/ or quantity of the
labeled antigen. (B) Macrophages become strongly adherent during their time of
culture. To be analyzed by flow cytometry, enzymatic detachment is usually necessary.
However, common detachment protocols using Accutase or Trypsin selectively cleave

some antigens necessary for macrophage phenotyping.

To evaluate the influence of dissociation solutions on common macrophage surface
antigens, we treated in vitro cultured primary human macrophages with Trypsin,
Accutase, ethylenediamintetraacetic acid (EDTA), and a ready-to-use macrophage
detachment solution by Promocell (PMDS). Yield, viability, phagocytic activity, and
antigen conservancy were analyzed to compare efficiency and robustness. All
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solutions were compared to a control of scraped cells that had not experienced further

treatment.

The results showed that non-enzymatic EDTA solutions fail to effectively detach MDMs
from well plates, while both trypsin and Accutase surpassed cell yields obtained by
scraping (Feuerer et al., Appendix |, Fig. 1A). We hypothesize that this effect can be
contributed to low proliferative activity in mature macrophages since this method relies
on the chelation of bivalent cations by EDTA that are required for continuous cell
adhesion. However, some degree of proliferative activity is necessary for this approach
to take effect. It is noteworthy that the commercially available macrophage detachment
solution did not have superior performance compared to the in-house made EDTA
solution. Interestingly, while most protocols recommend detachment of MDMs with
EDTA on ice, our results showed that temperature seems to play only a minor role in
detachment success: cold shock did not significantly increase the cell yield compared
to incubation with EDTA at 37 °C. In addition, we investigated how these methods
influence cell viability, hypothesizing that scraping will result in the highest cell death
rates compared to non-mechanical treatments. Scraping tended to result in the
harvesting of less viable cells when compared to enzymatic detachment, but scraping
still tended to perform better than the non-enzymatic solutions (Feuerer et al.,
Appendix I, Fig. 1B). A possible explanation for these findings is the low number of
harvested cells by non-enzymatic solutions, indicating that mostly dead or apoptotic

cells were harvested while viable cells remained stuck to the bottom of wells.

We additionally investigated the effect of Accutase treatment over time on the detection
of surface markers. The results showed that, as previously observed, CD86 was the
most stable of all tested markers, with only minor changes in the levels of detected
protein over time for all donors. In contrast, both CD206 and CD163 showed greater
variability across donors when compared to CD86, with some donors showing greater
sensitivity to loss of surface antigen than others. HLA-DR was also highly variable, with
some donors showing a different trend across time in the levels of protein detected
(Feuerer et al.,, Appendix |, Fig. 4). Overall, we observed more variation in the
detection of the M2 markers CD206 and CD163 compared to the M1 marker CD86,

while HLA-DR also showed donor-dependent differences. Though it has been argued
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before that these changes in MFI are negligible [74], we show here that in some cases
MFIs are reduced up to almost 50%, significantly changing the interpretation of results

and potentially altering macrophage phenotype classification.

MDMs are known for their phagocytic ability, especially the M2 phenotype which
expresses CD206 (mannose receptor) and CD163 (hemoglobin scavenger receptor).
As such, these cells typically possess increased phagocytic capacity compared to M1
macrophages, since one of their main functions is the clearance of cellular debris from
damaged or infected tissue. Thus, we investigated how macrophage dissociation using
Accutase impacts the uptake of dextran. In these experiments, MDMs were either
treated with Accutase for 3 min or 10 min and subsequently harvested and reseeded
with FITC-conjugated dextran beads. As controls, macrophages were either left
untreated or harvested via scraping. Uptake of FITC-dextran was examined at 30 min
and 3 h in all groups and subsequently measured using flow cytometry (FC). We
observed the biggest difference in the uptake of dextran particles between the
untreated control cells and treated cells. This effect was independent of the
detachment procedure. There was a trend for MDMs treated with Accutase for 10 min
to take up less dextran at the 30 min time point when compared with treatment for 3
min or scraping, but apart from this no major differences across experimental
conditions were detected (Feuerer et al., Appendix |, Figure 5). This indicates that the
dissociation process per se is far more disruptive to the phagocytosis of macrophages
than the cleavage of CD206 or CD163.

To test if Accutase treatment can effectively detach MDMs from a biomaterial, we
investigated MDM removal from electrospun polymers. Electrospinning is a popular
technique to create non-woven scaffolds with randomly oriented fibers that mimic
natural ECM. Electrospun materials serve as popular scaffolds for enhanced wound
healing and tissue regeneration [103-105]. Since these materials are fibrous by nature,
adherent cells are difficult to remove from the substrate as they typically infiltrate into
the pores of the scaffold. Here, two polymers widely used in regenerative medicine
were chosen. Poly(lactic acid) (PLA), a biodegradable polymer, and a non-degradable
polyurethane (PU) [106, 107]. Both were electrospun and prepared for cell culture

according to protocols that have been established previously in our laboratory [108,
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109]. Monocytes from three donors, each with three technical replicates, were seeded
on each electrospun scaffold and standard tissue culture polystyrene plates. The cells
were then cultured and matured to MDMs before being treated for removal. The results
showed that after a 10 min incubation with Accutase, the highest number of cells was
detached from the polystyrene control (Feuerer et al., Appendix I, Fig. 6A, D). Results
from the PLA scaffold (Feuerer et al.,, Appendix I, Fig. 6B, E) show that a similar
percentage of cells were detached from this material as the control well plate.
Detachment from electrospun PU, however, was less efficient since up to 90% of the
cells remained on the scaffold after Accutase treatment (Feuerer et al., Appendix |,
Fig. 6C, F). The cellular adhesion process is multifactorial and to a great extent
determined by the substrate. Wettability, pore size, fiber size, and surface energy all
influence cell adhesion [110]. While the analyzed scaffolds in this work did not
significantly differ in wettability, the fiber size of PU was several-fold higher (775 + 163
nm) compared to PLA (156 + 6 nm). Large pores facilitate cell infiltration and provide
more surface area for cells to adhere making pore size a possible factor in the success
of cell detachment.

Ultimately, we were able to show that the choice of detachment method has a
significant effect on viability and surface antigen stability. Typical macrophage
classification antigens such as CD163 and CD206 are particularly affected by
enzymatic treatment, so that cautious data interpretation is required when classifying
macrophages by flow cytometry. Furthermore, our results suggest that the choice of
detachment protocol should be made in dependence of the substrate and that further
protocol optimization is likely to be required.

3.2. Raman Microspectroscopy Discriminates Macrophage

Activation in a Marker-Independent Manner

As discussed in chapter 3.1, macrophages are strongly adherent cells. They recognize
altered mechanical stimuli and substrates in their immediate environment and activate
corresponding molecular programs. Since macrophages are extremely plastic cells,

changes occur at both the cell’s biological and metabolic levels. Both wound healing
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and the tolerance of prostheses and implants often depend on the long-term response
of macrophages, with chronic inflammation and severe scarring often being
undesirable outcomes. It is, therefore, feasible to design biomaterials to support
accelerated wound healing and prevent chronic inflammation. The main challenge is
to identify material properties that favorably influence macrophages. However, this
depends largely on how the macrophage response is characterized at the molecular
level. Conventional methods either involve endpoint analyses with predefined antigen
markers (flow cytometry) (Feuerer et al., Appendix Il, Figure 1E-H) or sacrifice single
cell resolution (e.g. enzyme-linked immune sorbent assay (ELISA) or multiplex assays)
(Feuerer et al., Appendix IlI, Figure 1J-Q). In this part of the dissertation, an exploratory
analysis method using Raman microspectroscopy is presented, which allows the
analysis of single adherent macrophages without further cell preparation procedures
(Figure 8). We also show that this method can be used to identify macrophage

activation on various substrates.

Monocytes were seeded on cell culture polystyrene, matured to MDMs, and polarized
using IFNy + LPS (M1), IL-4 + IL-13 (M2a), or IL-10 (M2c); In addition, monocytes were
also seeded on different material substrates including glass, machine polished titanium
(Ti M) and acid etched titanium (Ti A). Hyperspectral images were acquired of the
adherent cells and based on their Raman spectra, major cell components were
identified including proteins, nucleic acids, and lipids (Feuerer et al., Appendix I,
Figure 2). Raman spectra were then extracted and further processed for principal
component analysis (PCA). An overview of the workflow is given in Figure 6 A — D.

26



Results and Discussion

M1 - M2a M2c Glass TiM TiA

+ LPS +IL-4 +IL-10
+IFNy +IL-13

D o N
c}‘@& < '60:.\\00
CJ‘»\O 0 b?z\ <? ‘a’\\)"b
@ W
A T oe,Q
g > !
4
PC-1. >
1 =
\’b\r&\ {\6\\ ©
\(\?j\‘\ N
% Raman shift ——

Figure 8 Multivariate Data Analysis of Raman Spectra of Macrophage Activation

The macrophage response toward several exogenous stimulants was assessed using

RM. (A) MDMs were either treated with pro- or anti-inflammatory cytokines or cultured

on glass, machine polished titanium (Ti M) or acid etched titanium (Ti A). (B)

Hyperspectral Raman images were acquired and cell components were visualized

using false color intensity heat maps. (C) Spectra from cell components were extracted

and analyzed using PCA. (D) PCA Loading plots were employed to identify specific

biochemical changes in the cell.
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3.2.1. Macrophage Activation is Predominantly Characterized by a

Change in Lipid Composition
We found a significant separation of all four MDM subtypes when comparing lipid
Raman spectra (Figure 9 A & B), indicating that lipid composition undergoes
substantial changes during the polarization process (Feuerer et al., Appendix I,
Figure 3 A-C) [111]. Raman peaks at 1440 cm, 1655 cm, 2885 cm™, and 3010 cm-
L attributed to the C=C double bond of unsaturated fatty acids, were shown to
contribute to the separation of the polarized groups (Figure 9 C & D; Feuerer et al.
Appendix Il, Figure 3 D & E). It has been reported that the relative intensities of the
C=C stretch at 1655 cmtand the CHz bending at 1440 cmprovide insight into the ratio
of saturated vs. unsaturated fatty acids within the cell [112]. In this work, we identified
the presence of linoleic [113] and palmitoleic [114] acid in macrophage lipids detected
by RM by comparing them to spectra reported in the literature [115]. TAGS were
identified by their ester molecule, which is indicated by the 1744 cmpeak [116]. All
Raman peaks and their assignments are listed in Feuerer et al. Appendix Il, SI Table
1.

Lipids regulate many cellular and immunological activities, such as energy storage and
cell signaling. Linoleic acid and other polyunsaturated fatty acids have a substantial
effect on the inflammatory process by controlling the expression of pro-inflammatory
cytokines like IL-1 and IL-6 [113]. The degree of saturation in fatty acids, as shown by
the loading plots in this work, significantly contributes to the PCA-based differentiation
of macrophage subtypes. Macrophage lipid composition and RM's ability to track lipids
were both demonstrated in prior studies [82, 117] with lipids playing a crucial role in
both inflammation and MDM polarization [111, 118, 119]. A study by Montenegro-
Burke et al. using supercritical fluid chromatography and mass spectrometry, confirms
that M1, M2a and M2c polarized MDMs significantly differ in their membrane and
intracellular lipid composition [118]. Fatty acid composition and turnover are closely
linked to macrophage metabolic shifts during polarization, which makes lipid

composition an ideal target for tracking macrophage polarization [111, 120, 121].
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Figure 9 Raman microspectroscopy identifies lipid fingerprints of macrophage
activation

(A) Fingerprint spectra of the lipid components were extracted from each macrophage
subtype. (B) Heat maps show the distribution of lipid spectra within the cell. (C) PCA
loading plot of PC-1. Marked peaks indicate Raman shifts with the highest contribution
to the separation of all four subtypes. Peak assignment is listed in Feuerer et al.

Appendix Il SI Table 1. Figure adapted from Feuerer et al. [122].

3.2.2. Raman Microspectroscopy Identifies Macrophage Activation
Induced by Surface Topography of Titanium Disks

We examined whether RM analysis might be utilized to track lipidome changes in

MDMs and use the information to identify macrophage polarization. For this purpose,
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glass and two titanium specimens with different surface topographies were used as
culture substrates for human monocytes without the addition of any other stimulants
like LPS or cytokines. Both brightfield and Raman images were acquired of the
substrate-adherent MDMs after maturation (Figure 10 A). To put the MDM response
into context, cytokine secretion and surface antigen expression were analyzed (Figure
10 B & C; Feuerer et al., Appendix I, Figure 4 G — N and Sl Figure 3) showing a trend
toward the M2 phenotype. When projected into the model of previously polarized
MDMs, the means of M2c and macrophages adherent to Ti A clustered in close
proximity to each other confirming the results obtained by FC (Figure 10 D). This
finding is in accordance with other studies, demonstrating that rough, unorganized
surfaces induce an anti-inflammatory M2c phenotype [52, 123, 124]. Poor survival and
performance of common implants is linked to roughness-induced inflammation or
fibrosis [125, 126]. However, changes in macrophage physiology are only poorly
reflected when looking at established indicators of the cell response, such as cytokines
and surface antigens [127]. In this setting, only the surface antigen CD206 was
significantly increased (Figure 10 B) in MDMs cultured on titanium. CD206 is an M2a-
associated surface receptor responsible for the scavenging of bacterial sugars and
cellular debris and an indicator of increased phagocytosis [36]. Intriguingly, MCP-1, a
chemoattractant cytokine responsible for the recruitment of monocytes, neutrophils,
and lymphocytes, was significantly increased in M2a macrophages and macrophages

adherent to Ti A but not in M1 macrophages.

30



Results and Discussion

A c
CD206 MCP-1
o 200000- : 40000~ A
£ : : 00118
= v : :
5 i :
4 % = ;
=t v
=3 .
g O r—T—T—TTT 0~ .
E S $ @‘Vb \‘1,0 & /\\% &\Y' RIS “3«0“3«(' \o,,e«\¢ o7
D 0.015 E
0.2
1005 1340
— Mo M1 v v
B s ® s
N 0.0 . 3 WY FUR 3 ISPV R R W
T M2 P N .o
o~ i ®|OT; (&)
(.') TiA M2a TiM a
o
-0.2
glass
[¢]
-0.4° =
0.02 3 e
-0.02 PC-1 (42%) 0.03 ©

Raman Shift [cm1]

Figure 10 Lipidome changes of macrophages activated by biomaterials can be
identified by raman microspectroscopy

(A) Brightfield images and Raman spectra heat maps of MDMs adherent to glass and
titanium. (B) Cytokines expression of polarized MDMs and substrate-adherent MDMs.
(D) PCA projection plot of polarized MDMs and substrate-adherent MDMs. (E)
Loadings plot of PC-2 showing Raman shifts contributing to the separation of
substrate-adherent MDMs on glass, Ti M, and Ti A. Peak assignment is listed in

Feuerer et al. Appendix Il SI Table 1. This figure is adapted from Feuerer et al. [122].

31



Results and Discussion

3.3. Raman  Microspectroscopy ldentifies  Biochemical
Activation Fingerprints in THP-1 and Monocyte Derived

Macrophages

Monocyte-derived macrophages obtained from human peripheral blood and PMA-
differentiated THP-1-derived macrophages were analyzed by RM, both before (resting)
and after (activated) stimulation with LPS and IFNy. The spectral information obtained
by RM was employed to detect molecular differences between both model systems
induced by LPS and IFNy.

The THP-1 monocytic cell line and primary human MDMs circulating in the peripheral
blood are both popular models for human macrophage biology. THP-1 immortalized
cells are derived from the blood of an acute monocytic leukemia patient and differ from
healthy, PBMC-derived macrophages in various aspects. [71-74]. For example, THP-
1 monocytes are known to express significantly less CD14 than primary monocytes
and are less susceptible to LPS treatment [128]. Furthermore, it was recently found
that THP-1-derived macrophages have only limited ability to polarize into the M2
phenotype [74, 129].

To further elucidate molecular differences between both model systems during
activation, RM was employed to holistically analyze THP-1-derived macrophages and
MDMs before and after treatment with LPS and IFNy. While the response towards LPS
and IFNy treatment has been analyzed by other groups using Raman spectroscopy
[130, 131], to the best of our knowledge, no studies exist that compare occurring
spectral changes between THP-1 and primary MDMs. We demonstrate that RM
identifies chemical changes in nucleic acids, proteins, phospholipids, and fatty acids
that occur during the inflammatory response of THP-1-derived macrophages and
MDMs. In addition, we show that THP-1 derived macrophages and MDMs differ in their
capacity to remodel during pro-inflammatory activation: While significant molecular
changes were observed in MDMs in all four analyzed components, THP-1 derived

macrophages only showed changes in phospholipids and protein content (Figure 11).
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Figure 11 Schematic overview of experimental setup to assess molecular
remodelling in THP-1 and MDMs after pro-inflammatory activation.

THP-1-derived macrophages and MDMs were analyzed using RM before and after
stimulation with LPS and /FNy. RM revealed that MDMs experience significant
molecular changes in phospholipids, proteins, nucleic acids, and intracellular fatty
acids. In contrast, THP-1-derived macrophages only showed changes in phospholipids

and proteins.
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3.3.1. THP-1 and Monocyte Derived Macrophages Differ in their

Molecular Composition
RM was employed to record hyperspectral images of THP-1-derived macrophages and
MDMs. False color-coded intensity distribution heat maps were created using true
component analysis (TCA) from Raman images (Feuerer & Carvajal et al., Appendix
lll, Figure 2 A & B). To define macrophage activation, routine FC analysis was
performed in addition to RM measurements (Feuerer & Carvajal et al., Appendix I,

Figure 1).

A total of four primary spectral components were found, ranging from nucleic acids
(blue) through proteins (green) and two lipid-related components, intracellular fatty
acids (red, also referred to as lipids A) and phospholipids (pink, also referred to as
lipids B) (Feuerer & Carvajal et al., Appendix Ill, Figure 2 C).

Table 2 Overview of Raman peaks assigned to four major cellular components
analyzed in this work

Component Attributed Raman Peaks [cm™]
Cytoplasm 749, 1005, 1585 and 1660
Nucleic Acids 785, 1093, 1340 and 1576

Lipids A (intracellular 1130, 1265, 1301 and 1445

fatty acids)

Lipids B 1130, 1265, 1301, 1445 ,719 and 876
(Phospholipids)

Resting THP-1-derived macrophages and MDMs vyielded comparable spectral
signatures (Feuerer & Carvajal et al., Appendix lll, Figure 3 B). All four components
could be identified by PCA in both cell models (Feuerer & Carvajal et al., Appendix lll,
Figure 2). All analyzed peaks and their molecular assignments can be found in Feuerer
& Carvajal et al., Appendix Ill, Table 1.

Component spectra of resting THP-1-derived macrophages and MDMs were
compared using principal component analysis. PCA identified that most differences

between THP-1 and MDMs can be found in the cytoplasmic component of
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hyperspectral Raman images. PCA scores calculated from the cytoplasm revealed a
very diverse scattering pattern with elevated cytochrome C bands at 750 cm, 1130
cm?, and 1585 cm, which are associated with mitochondrial activity and are known
to have a major role in the immunological response [132].

In addition, increased bands at 935 cm, 1449cm -1, and 1665 cm™ (proline, valine,
and amide ) were observed, which are typically associated with structural vibrations
related to the 3D configuration of proteins. It can be hypothesized that inflammasome
formation, a multiprotein complex involved in the initiation of the immune response,
contributes to the signal [133-136]. These findings correlate with the observation that
THP-1-derived macrophages showed increased cytokine expression in their resting

State.

3.3.2. THP-1 and MDMs Differ in their Molecular Remodeling Capacity
upon LPS and IFNy Stimulation

THP-1 and MDMs were activated by adding 100 ng/ mL LPS and 100 ng/ mL IFNy to
the culture medium. Spectral Raman maps of 30 x 30 pixels were acquired before and
after activation. In addition, FC analysis was performed to measure surface antigen

and intracellular cytokine expression.

While FC analysis of surface antigens and intracellular cytokines provides the first
evaluation of cell activation, it does not capture the long-term impacts of cellular
remodeling. Previous research has indicated that THP-1-derived macrophages have a
less significant polarization profile following pro-inflammatory activation than MDMs
[74]. We were able to demonstrate that THP-1 macrophages and MDMs reacted to
treatment with LPS/ IFNy; however, Raman spectral analysis revealed unique

remodeling patterns in specific cell components.

FC analysis identified differences in the expression of the chemokine MCP-1 and the
surface antigen CD86, also known as B7.2., and the hemoglobin scavenger receptor
CD163. While MCP-1 was increased in THP-1 macrophages after stimulation, a
decrease was observed in MDMs. The opposite was observed for CD86, which
increased significantly in MDMs after stimulation but not in THP-1 macrophages

(Feuerer & Carvajal et al., Appendix Ill, Figure 1).
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Since THP-1 is a cell line derived from monocytic leukemia, the failure to upregulate
CD8E6 is likely based on an immune evasion mechanism typical for many cancers [137-
139]. CD163 is a scavenger receptor and its upregulation indicates enhanced
clearance of cellular debris and the onset of the healing process after tissue trauma. A
significant loss of CD163 was observed in MDMs after activation but not in THP-1
macrophages. Most explanations that can account for these differences are
hypothetical. For example, differences in genetic variability or alterations in molecular
kinetics can contribute to the reported results.

Multivariate analysis of the Raman spectral data revealed that proinflammatory
alterations in THP-1 were shown to be predominantly linked with changes in
cytoplasmic content and phospholipids, in contrast to MDMs, which demonstrated
significant differences before and after activation in all examined cellular components.
The most significant Raman bands are depicted in the assigned loadings plots for each

analysis (Feuerer & Carvajal et al., Appendix lll, Figure 4 E).

Individual spectra from the cytoplasm of MDMs or THP-1 were analyzed using PCA
before and after LPS-IFN activation (Feuerer & Carvajal et al., Appendix lll, Figure 5).
PC 4 explained 2% of the variance in THP-1 clustering, whereas PC 2 explained 4%
of the variance in MDM separation. Analysis of the selected PC scores revealed that
the score graph separations were statistically significant (Feuerer & Carvajal et al.,
Appendix I, Figure 5 C & D). Differences in cytoplasmic molecular composition were
observed in the loading plots for both PCAs (Feuerer & Carvajal et al., Appendix I,
Figure 5 E) following LPS-INFy stimulation of THP-1 and MDM cells (Feuerer &
Carvajal et al., Appendix Ill, Figure 5 E). The two groups' distinct spectrum patterns

aided in the separation and assignment of molecular changes.

In conclusion, we found that proteins and phospholipids are the most sensitive and
robust indicators of macrophage activation, based on PCA results. Changes in lipid
composition, notably in the composition of phospholipids, have been linked to amide |
substructure alterations before [118, 140, 141]. Chaudary et al. found similar results,
reporting differing spectral patterns and alterations in THP-1 and primary blood-derived
cells after monocyte-to-macrophage development [142]. However, it should be noted

that their activation protocol for THP-1 and MDMs used PMA instead of LPS and IFNy.
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Several studies demonstrate that a decreased expression of the LPS co-receptor
CD14 on THP-1 cells leads to lower responsiveness to LPS when compared to MDMs
[143]. This finding is also reflected in the Raman data, which demonstrate higher

overall responsiveness in MDMs when compared to THP-1-derived macrophages.

Ultimately, we were able to demonstrate that RM and Raman imaging can robustly
identify diverging molecular changes between THP-1 macrophages and MDMs driven
by LPS and IFNy stimulation. PCA confirmed that THP-1 macrophages were less
reactive towards LPS and IFNy than primary MDMs which showed molecular
alterations in all identified subcellular structures, indicating a more systemic response
to LPS and IFNy.
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4. General Conclusion & Outlook

Biomaterial-mediated modulation of macrophages is an emerging therapeutic strategy
to orchestrate downstream events of inflammation after tissue injury. The ability of the
tissue to function and regenerate is dependent on managing the biophysical and
biochemical milieu in a manner that remains largely unexplained. By using biomaterials
as artificial microenvironments to study and control macrophage destiny, researchers
can display and convey macrophage regulatory signals in a precise and near-
physiological manner. Because macrophages are strongly adherent phagocytic cells
that also carry the ability to present antigens to T cells, they are ideal targets for the
development of immune-competent materials that promote endogenous regeneration
and actively control macrophage polarization. Macrophage plasticity is an important
nexus of the innate and adaptive immune response, and therefore pivotal for
subsequent stages of regeneration and inflammation after encountering a non-
physiological material. Understanding how different material designs activate

macrophage phenotypes is essential for this new design paradigm.

Ultimately all three parts of this work aim at contributing to the goal of developing
intelligent biomaterials that specifically and actively influence their environment and

exert beneficial effects on immune cells and wound healing.

For this purpose, it was investigated how macrophage physiology is altered by different
material surface topographies and how this change can be reliably and reproducibly

analyzed.

We provide evidence that phenotyping of macrophages by flow cytometry is
compromised through the process of dissociation necessary for suspension analysis.
While multiplexed cytokine assays provide insight into the overall cytokine milieu, they
usually lack single cell resolution and as macrophage populations are inherently
heterogeneous, certain subpopulations might not be resolved. Furthermore, cytokines
can accumulate over time depending on their degradation rates, obscuring subtle trend

changes in the inflammatory process.

RM is becoming an increasingly popular tool in the biological sciences because it does

not require pre-processing of cells like paraformaldehyde fixation or antibody staining.
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The technology has developed over time to generate Raman fingerprints that can
reliably distinguish different cell types. By resolving cellular components like proteins,
lipids, and nucleic acids, we provide evidence that macrophage polarization induces
significant changes in the lipidome and that these changes can be tracked and
identified by RM. Based on this finding, we further demonstrate that distinguished
Raman lipid fingerprints can be utilized to de novo identify polarization in macrophages

induced by different material surface topographies.

Lastly, it was demonstrated that the choice of human macrophage in vitro model
determines which molecular changes are induced by pro-inflammatory stimuli and
therefore strongly affects the interpretation of results. This was also reflected in the
observed Raman spectra which significantly differed between THP-1 macrophages

and primary MDMs.

The development of immunocompetent materials carries enormous potential in the
biomedical sector. If a material can orchestrate immune cells towards regeneration and
wound healing, implants can be developed that fully integrate into the human body
without scarring or inflammation, resulting in improved durability and performance.
Furthermore, implant scaffolds can be engineered that first induce the formation of new
tissue and then biodegrade, leaving a fully functional new organ behind. Other possible
applications are the engineering of skin substitutes that significantly accelerate the
healing process and prevent excessive scarring. Here we show that RM and Raman
imaging are useful tools to efficiently identify material characteristics that support

immune-mediated healing and regeneration.
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Keywords:
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Introduction: The immune system is widely recognized as a crucial determinant in implant biocompatibility and
tissue integration. In order to assess macrophage response to biomaterials, commonly used analysis techniques
require the removal of cells from the material. This process inherently has a negative impact on the cells, but few
studies have comprehensively compared different dissociation methods in terms of impact on cell yield, viability,
phenotype and function.

Methods: Cell scraping, EDTA at 4 °C, EDTA at 37 °C, trypsin, Accutase and the PromoCell macrophage
detachment solution were compared in terms of cell yield and viability. The effect of Accutase on cell surface
antigen conservancy and cell functionality was investigated. Lastly, effect of Accutase detachment of macro-
phages from electrospun biomaterials was analyzed.

Results: The efficiency of common cell detachment protocols for human monocyte-derived macrophages (MDMs)
varies significantly between enzymatic and non-enzymatic approaches. In terms of surface marker detection, we
showed that enzymatic detachment not only selectively cleaves the M2 markers CD206 and CD163, but we also
identified that this effect is variable across donors. Furthermore, we observed that the process of cell detachment
impairs macrophage endocytic ability. Lastly, we tested the efficiency of enzymatic cell detachment on elec-
trospun 3D matrices designed for tissue engineering.

Conclusion: Our results provide a thorough understanding of the advantages and disadvantages of commonly
used cell dissociation methods and have important implications for studies investigating the macrophage
response to biomaterials.

1. Introduction

Due to the increased age of populations in most developed countries,
the substitution of diseased or dysfunctional tissue by synthetic implants
is becoming increasingly common."” In many cases, the immune system
has been identified as a major factor that influences whether an implant
fails following implantation, or if it becomes successfully bio-
integrated.™" For bone grafts, artificial joints and soft tissue implants,
neutrophils, T-cells and macrophages have been identified as main

contributors of chronic inflammation, aseptic loosening or
calcification.”” Monocytes and monocyte-derived macrophages
(MDMs) in particular have emerged as key players in orchestrating
implant inflammation, extracellular matrix (ECM) deposition, fibrosis
and tissue regeneration.>™” It has now become a promising goal to
design biomaterials that utilize the immune system in a targeted manner
to improve biocompatibility and durability of implant materials, sub-
sequently leading to decreased medical costs, less revision surgeries and
better life quality for patients.'"'?

Abbreviations: MDM, monocyte-derived macrophage; FC, flow cytometry; LPS, lipopolysaccharide; IFNy, interferon gamma; PBMC, peripheral blood mononuclear
cell; M-CSF, macrophage colony-stimulating factor; 7-AAD, 7-amino-actinomycin D; EDTA, ethylenediaminetetraacetic acid; MFI, mean fluorescence intensity; ECM,

extracellular matrix; PLA, poly (i-lactide); PU, polyurethane.
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MDMs are highly plastic cells that can either reinforce inflammation,
or initiate tissue remodeling and healing. The presence of macrophages
as well as the interplay in time and space of their polarization states is
known to be crucial for normal wound healing and prevention of
fibrosis.''* Following biomaterial implantation, the resolution of
inflammation is dependent on an effective transition from the
pro-inflammatory M1 macrophage phenotype towards a resolving
pro-regenerative M2 phenotype.'”"'7 There is a general consensus that
M1 and M2 macrophage phenotypes represent two extremes of a con-
tinuum and that many other states exist in between, adding further
levels of complexity.'®!” While it is well established that exogenous
factors such as lipopolysaccharides (LPS), interferons (IFNs) or other
cytokines can induce macrophage polarization, an understanding of how
biomaterial properties affect macrophage behavior is in its infancy.”’ %
In the field of biomaterial research, cell culture is typically performed
using polystyrene cell culture plates as controls, and in many cases, cells
are also cultured on the biomaterial itself. Popular biomaterial and tis-
sue engineering substrates include hydrogels, sponges, porous ceramics
or other three dimensional (3D) matrices. In these cases, cell scraping
cannot be used for cell dissociation as these surfaces are not planar and
cells infiltrate into the pores. This highlights an urgent need for the
in-depth analysis of alternative cell detachment methods that ensure
harvest efficiency, cell viability and prevent alteration of cell surface
proteins or cell functionality.

Today, three methods are widely employed as routine techniques
used to assess the polarization state of macrophages: enzyme-linked
immunosorbent assays (ELISA) (including multiplex assays) to mea-
sure cytokine secretion, reverse transcriptase polymerase chain reaction
(RT-PCR) to assess gene expression, and flow cytometry (FC) to measure
the expression of cell surface and intracellular proteins. In contrast to
ELISA and PCR, FC is the only method that allows the analysis of protein
expression on a single cell basis. This is of particular advantage when
studying macrophage-biomaterial interactions, as it allows the identi-
fication of subgroups in non-uniform cell populations. To distinguish
between M1 and M2 phenotypes, CD86 (M1), HLA-DR (M1), CD206
(M2) and CD163) are common surface markers for FC analysis. How-
ever, macrophages become strongly adherent during their time in cul-
ture. As cells need to be in suspension for FC analysis, this poses a special
challenge to scientists because many common dissociation methods
involve enzymatic cleavage, which can also negatively affect the cell
surface markers being analyzed.”

As of now, a large number of diverse protocols are used to detach
human PBMC-derived MDMs from their substrates.”>*” Trypsin is often
avoided, as it is assumed to be the most aggressive of enzymatic treat-
ments and most prone to degrade cell surface antigens. Accutase is a
popular alternative to trypsin, as it is held to be much gentler on surface
proteins while at the same time not compromising detachment effi-
ciency. However, Accutase is still enzymatically active and may also
result in loss of cell surface proteins. Furthermore, despite these widely
held beliefs little is known concerning the performance of Accutase in
comparison to trypsin. Alternatives to enzymatic dissociation are
detachment with ethylenediaminetetraacetic acid (EDTA). EDTA com-
plexes bivalent cations that are needed for effective cell adhesion. EDTA
may also be used in combination with cold shock at 4 °C to enhance the
dissociation effect. An additional non-enzymatic method is the use of
commercial detachment media that are designed specifically for the
dissociation of macrophages from cell culture plates. Many of these
come with relatively high costs and little reference data regarding their
composition or efficiency.

To our knowledge, no data are available regarding how different
biomaterials influence adhesion behavior of macrophages, nor is it
known if routinely used dissociation protocols can be directly trans-
ferred to biomaterial substrates without suffering reduced dissociation
efficiency. This comes with the danger of losing macrophage sub-
populations that adhere more strongly to a certain substrate, and thus
will result in biased results obtained by FC. To address this, we
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compared the efficiency of human PBMC-derived MDMs dissociation
with the following methods: 1) EDTA with and without cold shock, 2)
trypsin, 3) Accutase, 4) a commercially available macrophage detach-
ment solution and 5) cell scraping. Detachment methods were compared
in terms of cell yield, viability, surface marker conservation and effect
on cell function. In addition, we paid particular attention to how
Accutase treatment may affect surface marker conservation of different
donors, and if our findings can be transferred to 3D biomaterial matrices
where cell scraping is not an option.

2. Material and methods

The ethics committee of the University Hospital of Tiibingen
approved the use of human donor blood cells in this study (495/
2018B02).

2.1. Fabrication of scaffolds

Poly (i-lactide) (PLA) was purchased from Sigma-Aldrich (M, =
400.000) and used at a concentration of 15% (w/v) in 1,1,1,3,3,3-Hexa-
fluoro-2-propanol (HFP, Iris Biotech, Marktredwitz, Germany) and
electrospun with an IME electrospinning device (Eindhoven,
Netherlands) as described in Piccirillo et al.”® Briefly, the solution was
electrospun at 20 kV with an 18G needle, a collector distance set at 18
cm and a flowrate of 4 mL/h. In addition, a newly developed thermo-
plastic polycarbonate-urethane (PU) was utilized.”” The PU was dis-
solved in HFP at a concentration of 10% (w/v) and electrospun at 18 kV
with a 24.5G needle, a collector distance of 25 cm and a flowrate of 4
mL/h. The scaffolds were sterilized for 20 min with 70% ethanol and
washed with PBS prior to cell seeding.

2.2. Cell culture

Monocytes and macrophages were cultured at 37 °C and under a 5%
CO; atmosphere. Cells were cultured in polystyrene, 12- or 24-well cell
culture plates in culture medium (RPMI 1640 medium containing Glu-
tamax™ supplemented with 100 pg/mL streptomycin, 100 U/mL peni-
cillin and 10% heat inactivated fetal bovine serum (FBS) (all from
Thermo Fisher, Waltham, MA, USA).

2.3. Monocyte isolation

Whole blood was collected from healthy volunteers and isolation
procedures were performed immediately after collection. To separate
peripheral mononuclear cells (PBMCs) from erythrocytes and gran-
ulocytes, density gradient centrifugation using SepMate™ tubes and
Lymphoprep™ (both from Stemcell, Cologne, Germany) was performed
according to the manufacturer’s instructions. In brief, fresh whole blood
containing heparin as an anticoagulant was diluted 1:1 with PBS,
layered over Lymphoprep™ in SepMate tubes and centrifuged at 1200 G
for 10 min. Supernatants containing PBMCs were decanted into fresh,
50 mL falcon tubes and washed twice with PBS. PBMCs were then
resuspended in cryopreservation medium (10% DMSO, 20% FBS, 70%
RPMI). For long-term storage, PBMCs were frozen at a concentration of
1 x 107 cells/mL at —150 °C. Monocytes were isolated by plastic
adherence from frozen PBMCs as described by Delirezh et al.”” Briefly,
PBMCs were seeded at a concentration of 5 x 10° cells/cm? and let
adhere for 2 h at 37 °C and 5% CO, in culture medium. Non-adherent
cells were then aspirated and removed. The remaining adherent
monocytes were washed with PBS and continually cultured to mature
into macrophages.

2.4. Macrophage maturation

Adherent monocytes were matured to macrophages over a period of
8 days in culture medium supplemented with 50 ng/mL macrophage
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colony-stimulating factor (M-CSF, Biolegend, Amsterdam, Netherlands)
at 37 °C and 5% CO,. Medium was changed at day 3 and 6.

2.5. Macrophage dissociation

Before dissociation, cells were washed 3x with FACS buffer (PBS +
2% FBS + 0.05 Mm NaNj + 0.1 Mm EDTA) to deplete cells of bivalent
cations. Adherent macrophages were then detached using either Trypsin
(10 min, Gibco), Accutase (10 min, Biolegend, Amsterdam,
Netherlands), 10 mM EDTA (40 min),”' a commercially available
macrophage detachment solution (40 min, 4 °C) (PromoCell Macro-
phage Detachment Solution (PMDS) (Catalogue No: C-41330; Promo-
Cell, Heidelberg, Germany) or scraping. Cells were detached at 37 °C
and 5% CO; if not otherwise indicated. For Trypsin and Accutase
treatments, essentially all cells fully detached after 10 min of incubation
as shown in Supplementary Figure 2.

2.6. Cell counting and viability

Cells were counted using a hemocytometer. Cell viability was
assessed using either trypan blue (manual counting) or 7-AAD staining
(flow cytometry) (Biolegend, CA, USA).

2.7. Flow cytometry

For FC analysis, harvested cells were blocked with 10% sterile-
filtered, human, male AB serum (H2B, Limoges, France) in FACS
buffer (PBS + 2% FBS + 0.05 Mm NaN3 + 0.1 Mm EDTA) for 30 min at
room temperature (RT) to prevent non-specific binding of antibodies.
For cell surface marker staining, the following antibodies were used:
CD86-Pacfic Blue™ (clone IT2.2), HLADR-Brilliant Violet (clone 1.243),
CD206-FITC (clone 15-2) and CD163-PE/Cy7 (clone RM3/1) (all Bio-
legend, CA, USA). For staining, all antibodies were diluted 1:50 with
FACS buffer and cells were stained for 30 min at 4 °C in the dark and
washed with FACS buffer subsequently. Data were acquired using a BD
Biosciences LSRFortessa Cytometer (NJ, USA) and analyzed using
FlowJo™ 10.4.2 (Tree Star, OR, USA). Cells were gated using forward
scatter vs. sideward scatter properties to exclude debris, doublets and
dead cells (7-AAD staining). Mean fluorescence intensities of the whole
macrophage population were analyzed (Supplementary Figure 1A + B).
Compensation controls were run for each experiment using software-
based automatic compensation to consider potential fluorescence spill-
over. In addition, fluorescence minus one (FMO) controls were run to
determine performance of the antibody panel and the fluorescence
staining pattern of each individual antibody.

2.8. Image acquisition and analysis

Mature MDMs were treated with Accutase for either 3 or 10 min
followed by washing by gentle pipetting with PBS. For each substrate
one specimen was left untreated as a control. To count adherent cells on
cell culture plates or scaffolds, cells were fixed with 4% para-
formaldehyde (PFA) for 15 min at RT, washed and stained with 4',6-
diamidino-2-phenylindole (DAPI; Roche Diagnostics, Mannheim, Ger-
many) for 10 min in the dark. Images were acquired using a Cell
Observer fluorescence microscope (Zeiss, Oberkochen, Germany). The
cell count was quantified by counting the DAPI-stained cell nuclei per
area. Counting of nuclei was performed using the cell counter plugin of
ImageJ.:}’2

2.9. Dextran uptake

Macrophages were detached and re-seeded in culture medium con-
taining 0.5 mg/mL fluorescein isothiocyanate (FITC)-dextran (MW
40.000 kDa, Sigma-Aldrich, MO, USA) for either 30 min or 3 h and
compared to untreated, adherent cells. As a control for non-specific
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binding of FITC-dextran to the cell surface, MDMs were incubated
with FITC-dextran at 4 °C. This temperature permits binding to the cell
surface but reduces cellular metabolism and therefore particle uptake.
After incubation, the medium was aspirated, and cells were washed 2x
with FACS buffer. Cells that had re-adhered during the incubation
period with dextran were detached with Accutase for 10 min at 37 °C
and 5% COa.

2.10. Statistical analysis

All experiments were performed in technical triplicates and biolog-
ical replicates (donors, indicated by “n”). Unless otherwise indicated,
data were analyzed for significance using the Kruskal-Wallis Test with
Dunn'’s post-hoc test with Graph Pad Prism 8.0.0 (Graph Pad Software
Inc. San Diego, CA, USA). A p value < 0.05 was considered significant.

3. Results

3.1. Comparing the efficiency of dissociation methods for macrophage
detachment

Our initial goal was to determine how effective common macrophage
dissociation solutions are in detaching mature macrophages from
polystyrene compared to the mechanically-based method of scraping.
For optimal cell yields, trypsin, Accutase and the commercial detach-
ment solution PMDS were applied according to the manufacturer’s in-
structions. The results showed that non-enzymatic EDTA solutions fail to
effectively detach MDMs from well plates, while both trypsin and
Accutase surpassed cell yields obtained by scraping (Fig. 1A). It is
noteworthy that the commercially available macrophage detachment
solution did not have superior performance compared to the in-house
made EDTA solution. Interestingly, while most protocols recommend
detachment of MDMs with EDTA on ice, our results showed that tem-
perature seems to play only a minor role in detachment success: cold
shock did not significantly increase the cell yield compared to incuba-
tion with EDTA at 37 °C. In addition, we investigated how these methods
influence cell viability, hypothesizing that scraping will result in highest
cell death rates compared to non-mechanical treatments. In fact,
scraping tended to result in the harvesting of less viable cells when
compared to enzymatic detachment, but scraping still tended to perform
better than the non-enzymatic solutions (Fig. 1B).

3.2. Impact of dissociation methods on surface marker detection

Having compared common detachment methods on cell yield and
viability, we next investigated how different dissociation treatments
impaired surface marker detection of the classical MDM polarization
markers CD86, HLA-DR, CD206 and CD163.°"7%%* Comparing the
different methods, we observed that while HLA-DR and CD86 (M1
phenotype) did not significantly differ between the treatments, CD206
and CD163 (M2 phenotype) showed a significant decrease of mean
fluorescence intensities (MFI) in the enzymatically-treated groups.
Interestingly, cell scraping did not result in the highest conservation of
MFIs, especially in M2 markers, when compared to EDTA solutions
where MFIs were up to 50% increased. Besides the reduction in M2
marker intensity, it is notable that while temperature does appear to
influence the mean MFI between the two EDTA treatments, a higher
spread between donors was observed in groups incubated at 4 °C when
compared to those incubated at 37 °C (Fig. 2A-D).

3.3. Time-dependent effects of accutase treatment on cell yield and
surface marker detection

Accutase, in contrast to trypsin, is commonly used for the detach-
ment of adherent cells for FC as it is widely believed to be gentler and
less problematic for the detection of surface markers. Contrary to this
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Fig. 1. Effectiveness of macrophage dissociation methods from tissue culture polystyrene. Adherent monocytes were matured over a period of 8 days to MDMs. For
detachment, mature MDMs were incubated with the respective solution for the following time intervals: PMDS (40 min), EDTA (40 min), Trypsin (10 min) and
Accutase (10 min). Unless otherwise indicated, cells were detached at 37 °C (A) Cell yields of dissociation solutions were normalized to scraping (dotted line). (B) Cell
viability was assessed using staining with 7-AAD. Data are represented as mean + SD (n = 3 unique donors). PMDS = PromoCell Macrophage Detachment Solution.
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Fig. 2. Influence of dissociation methods on conservation of surface protein levels (MFI). Adherent monocytes were matured over a period of 8 days to MDMs and
detached using different methods and temperatures. For detachment, MDMs were incubated with the respective solution for the following time intervals: PMDS (40
min), EDTA (40 min), Trypsin (10 min) and Accutase (10 min). Unless otherwise indicated, cells were detached at 37 °C. After detachment, cells were stained for the
surface markers CD86 (A), HLA-DR (B), CD206 (C) and CD163 (D) and analyzed by FC. MFI of surface markers was normalized to scraping (dotted line) and is
displayed as fold change. Data are presented as mean + SD (n = 3 unique donors).
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belief, we observed similar effects for both Accutase and trypsin on the
loss of M2 surface markers CD206 and CD163. Although the results
overall were similar, Accutase-treated samples tended to result in
slightly higher levels of detected surface proteins and a more homoge-
nous spread of variation across donors. Therefore, after having per-
formed the previous tests also considering viability and detachment
efficiency, we concluded that Accutase provided the best balance be-
tween yield, viability and retention of surface markers on human MDMs.
For this reason, we chose to examine the effect of Accutase on macro-
phages in greater detail.

We then investigated if time plays a role when using Accutase to
retrieve adherent MDMs. At first, we tested the effect of time on cell
yield by performing a time course experiment up to 10 min of Accutase
treatment at 37 °C. A maximum of 10 min was employed as we had
observed in previous experiments that incubation times exceeding this
did not result in higher cell yields (Supplementary Figs. 2A-C). The
results showed that there was no increase in the number of retrieved
cells from initial treatment up to 5 min, but from this point the cell
number increased steadily until peaking at 10 min incubation (Fig. 3).
The cells were removed in parallel experiments using scraping, which is
indicated by a dashed line on the graph.

We additionally investigated the effect of Accutase treatment over
time on the detection of surface markers (Fig. 4). The results showed
that, as previously observed, CD86 was the most stable of all tested
markers, with only minor changes in the levels of detected protein over
time for all donors. In contrast, both CD206 and CD163 showed greater
variability across donors when compared to CD86, with some donors
showing greater sensitivity to loss of surface antigen than others. HLA-
DR was also highly variable, with some donors showing a different
trend across time in the levels of protein detected (Fig. 4). Overall, we
observed more variation for the detection of the M2 markers CD206 and
CD163 compared to the M1 marker CD86, while HLA-DR also showed
donor-dependent differences.

3.4. Impact of accutase treatment on macrophage phagocytic activity

MDMs are known for their phagocytic ability, especially the M2
phenotype which expresses CD206 (mannose receptor) and CD163
(hemoglobin scavenger receptor). As such these cells typically possess
increased phagocytic capacity compared to M1 macrophages, since one
of their main functions is the clearance of cellular debris from damaged
or infected tissue. Thus, we investigated how macrophage dissociation
using Accutase impacts the uptake of dextran. In these experiments,
MDMs were either treated with Accutase for 3 min or 10 min and
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Fig. 3. Absolute numbers of macrophage yield obtained by incubation with
Accutase across time. The dotted line represents the number of cells harvested
by scraping. Total numbers of harvested cells per well + SD are shown (n = 3
unique donors).
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subsequently harvested and reseeded with FITC-conjugated dextran
beads. As controls, macrophages were either left untreated or harvested
via scraping. Uptake of FITC-dextran was examined at 30 min and 3 h in
all groups and subsequently measured using FC. We observed the biggest
difference in the uptake of dextran particles between the untreated
control cells and treated cells. This effect was independent of the
detachment procedure. There was a trend for MDMs treated with
Accutase for 10 min to take up less dextran at the 30 min time point
when compared with treatment for 3 min or scraping, but apart from this
no major differences across experimental conditions were detected
(Fig. 5).

3.5. Detachment efficiency of accutase from electrospun substrates

To test if Accutase treatment can effectively detach MDMs from a
biomaterial, we investigated MDM removal from electrospun polymers.
Electrospun materials are fibrous by nature and adherent cells are
difficult to remove from the substrate as they typically infiltrate into the
pores of the scaffold. However, their porous and fibrous architecture and
resulting specific material characteristics make electrospun materials
promising tools in regenerative medicine and tissue engineering. Two
polymers widely used in regenerative medicine were chosen: PLA, a
biodegradable polymer, and the non-degradable PU. Both were elec-
trospun and prepared for cell culture according to protocols that have
been established previously in our laboratory.””*® Monocytes from
three donors, each with three technical replicates, were seeded on each
electrospun scaffold and on standard tissue culture polystyrene plates.
The cells were then cultured and matured to MDMs before being treated
for removal. The results showed that after a 10 min incubation with
Accutase, the highest number of cells was detached from the polystyrene
control (Fig. 6A, D). Results from the PLA scaffold (Fig. 6B, E) show that
a similar percentage of cells were detached from this material as the
control well plate. Detachment from electrospun PU, however, was less
efficient since up to 90% of the cells remained on the scaffold after
Accutase treatment (Fig. 6C, F). It should be pointed out that on this
material very inconsistent results were obtained across replicates.

4. Discussion

Investigating macrophage polarization states has gained substantial
attention in the field of biomaterials over the last decade. In regenerative
medicine and biomaterial research, macrophages have become prom-
ising targets for the modulation of wound healing, tissue regeneration
and ECM remodeling.”""" % In the field of medical implants, macro-
phages are said to be key players in maintaining implant integrity, but
they may also be involved in chronic inflammation and implant fail-
ure.””"" However, the exact mechanisms of macrophage-material in-
teractions remain elusive, as there are many unsolved challenges that
prevent the comprehensive analysis of macrophage responses.”’ One
major challenge that has been addressed in this work is the analysis of
macrophages by FC.

Adhesion molecules rely on the presence of calcium and magnesium
ions to facilitate cell-material interactions. EDTA chelates bivalent cat-
ions, depleting the cellular environment of these ions in free form. While
this procedure works well with highly proliferative cells such as fibro-
blasts, human MDMs show almost no proliferating activity."' Low cell
yields obtained in this study using EDTA indicate that the mere deple-
tion of bivalent cations is not sufficient to reverse the adhesion process,
but rather that active interference by enzymatic digestion is necessary to
detach these cells. In the case of the commercial PMDS, while we do not
know the exact composition, it is speculated that it employs a similar
mechanism to EDTA to remove cells. Taken together, we hypothesize
that cell biology is more relevant to the detachment process than any
potential differences due to different substrates when it comes to the
effectiveness of the detachment solutions used in this study. Thus we
expect that the detachment solutions tested here would perform

65



N. Feuerer et al.

A CcD86 B
20000+
180004 ./.\._.
£ 16000 ™
14000 +— ¢ v
n\‘/ﬁ\‘
12000 T T T T
RN R & &
L) ) A€ .9@
C CD206 D
80000 -
60000 ~
T T
s 400004 =
20000-
0 T T T T
& & * &
oS o® 4F .s‘o

Appendices

Journal of Immunology and Regenerative Medicine 11 (2021) 100035

HLA-DR
50000+
45000 -¢- Donor 4
-= Donor 3
40000 =+ Donor 2
-~ Donor 1
350004
30000 /‘\‘
25000 T T T T
& & & N
L) ) A€ .\eé\
cD163
8000 4
6000
4000
2000
0 T T T T
& & & &
'5& 6:@ A .s@

Fig. 4. Protein levels (MFI) of common macrophage surface markers across time with Accutase treatment: CD86 (A), HLA-DR (B), CD206 (C) and CD163 (D) of four
donors. Mature MDMs were treated with Accutase for 3, 5, 7 and 10 min at 37 °C and analyzed by FC. Each color represents a different donor. Data are represented as

mean + SD (n = 4 unique donors).
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Fig. 5. MDMs were either scraped or treated with Accutase for 3 and 10 min, then reseeded and incubated with 0.5 mg/mL FITC-dextran for either (A) 30 min or (B)
3 h. Control cells (s) were not detached and reseeded. Each color represents a different donor. Data are shown as mean + SD (n = 5 unique donors).

similarly as we have shown when used to remove MDMs on other sub-
strates that may show a different profile of adherent proteins or other
differences in material properties.

In terms of enzymatic detachment, Chen et al.’' previously showed,
that both trypsin and Accutase selectively cleave the M2 surface proteins
CD206 and CD163. Our study confirms these findings and further adds
an additional layer of understanding by revealing substantial differences
across donors that have not previously been reported. Changes in MFI of
almost up to 50% were observed in some donors for CD206, while other
donors appeared to be entirely unaffected to the effects of Accutase.
Similar results were observed for the other M2 marker examined,
CD163. While it has been claimed by Shiratori et al.™* that the influence
of Accutase on the detection of surface markers is negligible, we argue
here that the observed changes in the levels of detected protein can
significantly alter the interpretation of results, potentially to the point of
altering the classification of macrophages into the M1 or M2

polarization states. In addition, the responses to Accutase seen in our
study for each donor was highly variable and no general statement can
be made regarding the effect of Accutase on the levels of detected pro-
teins used for M2 characterization. This may have important conse-
quences for the interpretation of results and for subsequent statistical
analysis of experimental data, especially regarding the pooling of data
from multiple donors. Though it should be acknowledged that in stan-
dard polarization experiments where cells are treated with strong
stimuli such as with IFNy or LPS, the influence of biomaterials on
macrophage response is expected to be much more subtle and less dra-
matic with regard to changes in surface marker expression.”"* Addi-
tional studies are necessary to provide clearer insight into the potential
consequence for the use of enzymatic dissociation methods on altering
the interpretation of experimental results when studying human MDMs
in the context of biomaterials.

In addition to the expression of cell surface proteins, another
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Fig. 6. Monocytes of three donors were seeded on either (A) polystyrene well plates (B) electrospun PLA or (C) electrospun PU mounted to cell crowns. Scaffolds and
wells were subsequently treated with either 3 or 10 min Accutase. Controls (s) were left untreated. Remaining cells were counted using DAPI staining and ImageJ.
Untreated specimens were set at 100% nuclei counted and treated specimens were normalized against 100%. Data are represented as mean + SD (n = 3

unique donors).

indicator of macrophage response is their ability to clear cellular debris
via endocytosis. Previously, it has been shown that a correlation exists
between enzymatic treatment and reduced uptake of dextran beads,”!
and that polarized macrophages differ in their ability to take up and
process antigens.’’ Here, we demonstrated that despite the loss of
CD206, which is responsible for the uptake of bacterial glycoproteins,
uptake of dextran was not significantly decreased in cells that were
treated with Accutase when compared with cells that had been detached
mechanically. In fact, our results have revealed that the detachment
process per se, independent of the method being mechanical or enzy-
matic, is responsible for a significantly reduced ability to take up dextran
particles. This indicates that disruption and/or lack of cell adhesion by
macrophages to a surface impacts functionality to a greater extent than
enzymatic treatment. This is in accordance with studies of other cell
types that depend on cell adhesion for certain endocytic pathways.*’
This has to be considered when designing studies that come with the
need for detaching MDMs from their substrate. Further investigation is
required to establish if post detachment resting is able to restore this loss
in phagocytic ability. Such follow-up studies are necessary to avoid
unwanted experimental artifacts caused by experimental design.

One of the main objectives of this study was to determine the effi-
ciency of cell detachment protocols on surfaces other than polystyrene
well plates. Mechanical detachment of adherent cells is a valid alter-
native to enzymatic digestion but can only be employed on planar
substrates such as polystyrene cell culture plates. In the field of regen-
erative medicine, fibrous, ECM-like structures are preferably used to
direct the immune response to support wound healing and regener-
ation.’®*® In our experiments we used therefore electrospun scaffolds of
two different polymers, PLA and PU, both commonly used in regener-
ative medicine.””®” Electrospinning of polymers allows the
manufacturing of fibrous scaffolds that facilitate cell adhesion and sur-
vival by providing a natural, ECM-like environment.”” Here we showed
that protocols which work well on planar cell culture surfaces should not
be transferred to 3D substrates without prior examination of their
effectiveness. While 10 min Accutase incubation detached >99% of

MDMs from polystyrene cell culture plates and >93% from electrospun
PLA, cell yields harvested from PU varied significantly between 10 and
50%. It is well established that polymer chemistry can have profound
effects on cell adhesion,”**® however, in 3D biomaterials the impact on
cell adhesion is multifactorial: surface energy, polarity, wettability but
also fiber and pore size have the potential to affect the adherent cell.”®
Both electrospun materials used in this study had water contact angles in
the hydrophobic range (PLA: 137 + 7°, PU: 117 =+ 4°), making it less
likely that this was a crucial factor in the difference in cell detachment
observed. However, fiber size differed several-fold (PLA: 156 + 6 nm;
PU: 775 + 163 nm) when comparing both materials. Small fiber sizes
usually come with smaller pores and less potential for the cells to
infiltrate, making it easier for enzymatic solutions to detach cells. This
could be an explanation for the observed differences in detachment ef-
ficacy. Further studies are necessary to explore the impact of material
architecture on detachment processes, in particular, to test the effec-
tiveness of dissociation methods other than Accutase on 3D substrates.

In summary, this work highlights that detaching MDMs from sub-
strate, regardless of method, inherently impacts cellular functionality.
However, the removal of cells from substrate is required for many
analysis techniques, and we show that the choice of method has
important consequences for experimental results. In particular, we
highlight that care should be taken when detaching MDMs by enzymatic
digestion, as both trypsin and accutase selectively cleave the M2
markers CD206 and CD163 in a donor-dependent manner. However,
Accutase treatment has only minor effects compared to cell scraping
with regard to the alteration of surface proteins. In cases where the
substrate architecture does not allow the scraping of cells, existing
protocols for cell detachment have to be adjusted, because we show that
the effectiveness is determined by the particular substrate in question.
Overall, this work emphasises the need for any detachment protocol to
balance cell yield, cell viability, impact on function and surface marker
conservation, as well as in examining potential differences across donors
to the chosen method.
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Biomaterial characteristics such as surface topographies have been
shown to modulate macrophage phenotypes. The standard meth-
odologies to measure macrophage response to biomaterials are
marker-based and invasive. Raman microspectroscopy (RM) is a
marker-independent, noninvasive technology that allows the anal-
ysis of living cells without the need for staining or processing. In
the present study, we analyzed human monocyte-derived macro-
phages (MDMs) using RM, revealing that macrophage activation
by lipopolysaccharides (LPS), interferons (IFN), or cytokines can
be identified by lipid composition, which significantly differs in
MO (resting), M1 (IFN-y/LPS), M2a (IL-4/IL-13), and M2c (IL-10)
MDMs. To identify the impact of a biomaterial on MDM pheno-
type and polarization, we cultured macrophages on titanium
disks with varying surface topographies and analyzed the adher-
ent MDMs with RM. We detected surface topography-induced
changes in MDM biochemistry and lipid composition that were
not shown by less sensitive standard methods such as cytokine
expression or surface antigen analysis. Our data suggest that RM
may enable a more precise classification of macrophage activation
and biomaterial-macrophage interaction.

macrophage polarization | Raman imaging | innate immunity |
biomaterials | Raman spectroscopy

M acrophages play an essential role in our innate immune
system. They patrol tissues, detect pathogens, and respond
to tissue damage (1-3). Macrophages remove pathogens and
cellular debris through phagocytosis and encapsulation, and they
control downstream processes such as wound healing and tissue
regeneration (4, 5). To accommodate the multitude of tasks, mac-
rophages exhibit a high degree of plasticity, which allows them to
reversibly adopt different phenotypes within a short period of
time (6-8). Macrophage activation is dependent on a variety of
bioactive molecules and is usually controlled by complex signaling
pathways in vivo. Macrophages are typically classified into the fol-
lowing categories: MO (resting), M1 (proinflammatory), and M2
(anti-inflammatory). M2 macrophages are further divided into
fibrotic (M2a) and regenerative (M2c) subtypes (9). This classifi-
cation is not definite, as many other activation states exist (10).

Adverse immune reactions toward implant materials are known
to cause chronic inflammation, tissue loss, aseptic loosening, and
fibrotic encapsulation (11, 12). This process is typically associated
with significant pain for the patient, the need for repeated sur-
geries, and implant replacement (13, 14). Recently, materials
designed to modulate the immune response have seen intense
interest, as they may improve implant durability and integration
(15). Macrophages are key cells in this process and are highly sen-
sitive to material surface characteristics such as topography, stiff-
ness, or wettability (16-21). However, how these properties impact
macrophage behavior is not fully understood.

PNAS 2021 Vol. 118 No. 52 2113694118

Macrophage classification is typically performed using techni-
ques such as flow cytometry (FC), analyzing RNA expression, or
enzyme-linked immunosorbent assays. These end-point analyti-
cal techniques require complex processing and invasive reagents
such as antibodies and primers. Cells are not analyzed in their
native state, and the focus is on the expression of only prede-
fined marker genes or proteins. As macrophage polarization is
in flux, their classification into discrete categories based on a pri-
ori defined markers can be problematic (22).

Raman microspectroscopy (RM) has emerged as a powerful
tool for the investigation of living cells, assessing their physi-
ology and biochemical composition on a single-cell level with-
out the need for processing or staining (23). RM can be used
to identify chemical fingerprints or patterns of distinct cellular
components such as nucleic acids, proteins, and lipids (24, 25).
Previous research has demonstrated that RM can be used to
reliably distinguish between different cell phenotypes or stages
of the cell cycle based on the spectral information obtained by
RM (25-29).

In this study, we present an approach for in situ macrophage
characterization and monitoring their response to distinct surface
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features of titanium. By analyzing Raman spectral fingerprints
of activated macrophages, we were able to characterize the cell
response without detaching or exogenously labeling the cells.
Information derived from these data provides valuable insight
into macrophage physiology on a level that is not achievable by
classical analytical techniques, potentially providing informa-
tion for the field of macrophage activation. Furthermore, we
demonstrate that RM can analyze material-adherent cells
and that the resulting spectral information can be used to
classify the macrophage response into the existing activation
spectrum.

Results

We characterized lipid spectra of four distinctively polarized
human monocyte-derived macrophage (MDM) subtypes: M0
(resting), M1 (lipopolysaccharides [LPS]/IFN-y), M2a (IL-4/
IL-13), and M2c (IL-10) by RM. We provide evidence that Raman
lipid fingerprint spectra can be used to assess activation states of
adherent macrophages without additional treatment, providing
insights into the impact of biomaterial surface characteristics like
topography and roughness.

Establishment of a Human Macrophage in vitro Model for RM. A
human macrophage in vitro polarization model was validated
by thoroughly assessing the immune response of MDMs iso-
lated from six healthy individual donors (three female and
three male) toward polarization stimuli. Morphological char-
acteristics, surface marker expression, and cytokine secretion
are outlined in Fig. 1. Distinct morphological features such as
the “fried egg” morphology (Fig. 1 A and B), spindle-shaped
elongation (Fig. 1 C and D), or a mixture of both (Fig. 14) are
observable by light microscopy (Fig. 1 A-D). Surface marker
expression measured by FC of CD86 and human leukocyte anti-
gen-DR isotype (HLA-DR) was significantly enhanced in M1
and M2a macrophages but not in M2c (Fig. 1 £ and F). In con-
trast, M2a macrophages exhibited a significantly increased
CD206 expression compared with M0 and M1 (Fig. 1G), while
the same could be observed for M2c macrophages regarding
CD163 (Fig. 1H). These findings were confirmed by imaging FC
and microscopy images, of which we assessed mean fluorescence
intensities (MFIs in Fig. 17).

Cytokine secretion was analyzed by Luminex technology to
further characterize the immunological response toward polar-
ization stimuli (Fig. 1 /-Q). A significant increase in proinflam-
matory cytokines secreted by M1 macrophages, such as IL-6,
TNF-a, IL-8, and IL-1f, was observed, while MIP-1p and IL-1RA
were increased in M2a macrophages and MCP-1 was increased
in M2c macrophages.

Raman Imaging Resolves Subcellular Structures in MDMs. MDMs
from the same donors were polarized, detached, fixed, and ana-
lyzed by RM. Raman imaging was employed to resolve subcel-
lular structures of macrophages and to better visualize changes
between polarization states. Using true component analysis
(TCA), three main cellular components were identified that
could be attributed to nucleic acids, proteins, and lipids based
on their location within the cell (Fig. 2.4-D) and their Raman
fingerprint spectra (Fig. 2E). By comparing the average lipid
spectrum to reports in the literature, triacylglycerides (TAGs)
were identified as the main constituent of the lipid component
(30). This was confirmed by in-house measurements of refer-
ence spectra. For comparison, a typical TAG spectrum is shown
in Fig. 2E (TAG and glyceryl trioleate).

Raman Lipid Spectra Identify Spectral Differences between Polarized
MDMs. To determine if RM can differentiate between different
macrophage polarization states, Raman spectra of each compo-
nent were extracted and an average spectrum per cell and
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component was calculated. Average spectra for each subcellular
structure were analyzed by principal component analysis (PCA)
identifying that the best separation of all subtypes was achieved
by the lipid component as shown in SI Appendix, Fig. 1 A-C.

The lipid component of each cell was extracted, and 2% of
the most intense component spectra were analyzed by PCA
revealing distinct score clusters of M1 and M2a macrophages
(Fig. 34). Statistical analysis of the PC score values confirmed sig-
nificant separation between all four subtypes (Fig. 3 B and C). To
identify Raman peaks responsible for the separation, PC loadings
were plotted, and prominent peaks were identified as indicated by
the black arrows (Fig. 3 D and E). Particularly pronounced were
peaks in the lipid region at 1,655 cm", 2,855 cm’l, 2,965 cm",
and 2,980 cm~'. All relevant peaks and their molecular assign-
ments are listed in S/ Appendix, Table 1.

For a more in-depth understanding of the molecular compo-
sition of the lipid component, an average spectrum for each
MDM subtype was extracted (Fig. 3F, MO through M2c) and
compared to typical lipid spectra from the literature, indicating
linoleic and palmitoleic acid as likely constituents (30). Reoccur-
ring prominent peaks in the loading plots as well as the average
spectra were located at Raman shifts of 1,440 cm™ !, 1,655 cm” !,
2,855 cm™!,2,935 cm !, and 3,010 cm ™.

To assess if the impact of substrate topography on macrophage
phenotype can be analyzed in situ on a single-cell basis, we tested
monocyte polarity on different surfaces. Human monocytes from
three of the previous donors were seeded and cultured on glass
(control) and two types of titanium disks with distinct surface
topographies: 1) machine-polished titanium (Ti M) with a smooth
surface pattern of parallel grooves and 2) acid-etched titanium
(Ti A) with a rough surface (Fig. 4 A-C). Regions of interest
(ROISs) of 150 x 150 pm were scanned, and Raman spectra were
analyzed by TCA (Fig. 4 D-F). All three major cellular compo-
nents were identified by TCA in MDMs cultured on glass, Ti M
and Ti A. For validation purposes, MDM response toward the
different substrates was also evaluated by classical antigen expres-
sion and cytokine secretion. We identified that the physiological
response of MDMs cultured on biomaterial substrates was less
pronounced compared to actively polarized MDMs. All surface
antigens remained at resting level except CD206, which was sig-
nificantly increased in MDMs cultured on Ti A (Fig. 4 G=J). The
tested substrates did not trigger a release of proinflammatory
cytokines such as TNF-a or IL-8 (Fig. 4 K and L). Notably, MIP-
1p was not secreted in substrate-adherend MDMs, despite being
highly expressed in both M1 and M2a macrophages (Fig. 4M).
Instead, a moderate increase in MCP-1 was observed in MDMs
cultured on Ti A, a cytokine that was also increased in M2c mac-
rophages (Fig. 4N).

Average lipid RM spectra of substrate-activated MDMs were
analyzed by PCA in order to assess if previously generated
Raman lipid fingerprints could be employed to classify MDMs of
an unknown activation state (Fig. 54). Loading plots showed a
separation based on the same bands as observed in the targeted
polarization experiment in Fig. 3. PC loadings revealed major
peaks at 1,005 em !, 1,340 em ™!, 1,655 em ™!, 2,855 cm !, and
2,945 cm™' (Fig. 5B). A separate PCA showed that the same com-
ponent was identified across donors, as outlined in the loading
plot depicted in SI Appendix, Fig. 3. Statistical analysis of the
scores of individual donors revealed a significant separation of
substrate-adherent macrophages between all tested materials
using only two PCs (Fig. 5C). Scores of substrate-activated MDMs
were projected onto the PCA previously calculated (Fig. 5D)
with polarized MDMs to determine whether the lipid spectra
of substrate-activated macrophages are comparable to those of
polarized macrophages (Fig. 5 E and F). PCA projection visual-
ized a proximity of M2c MDMs and Ti A MDMs, which is in
accordance with the increased expression of MCP-1 of MDMs
cultured on Ti A. Notably, titanium-activated MDMs were, in
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Fig. 1. Polarized MDMs display distinct morphological and physiological characteristics. (A-D) Brightfield images (10x magnification) show the morphol-

ogy of polarized, human MDM:s. (Scale bar, 50 pm.) (E-H) MFIs of polarization-associated surface antigens as measured by FC: CD86 (M1), HLA-DR (M1),
CD206 (M2a), and CD163 (M2c). Data are presented as MFI + SD. (/) ImageStream analyses provide representative immunofluorescence images of M0, M1,
M2a, and M2c MDMs in suspension, stained for surface antigens CD86, HLA-DR, CD206, and CD163. (Scale bar, 20 ym.) (J-Q) Expression of common
immunity-mediating cytokines measured by multiplex bead sandwich assay (Luminex). Data are presented as mean + SD. Statistical significance was
assessed using the Friedman test and Dunn’s post hoc test (n = 6). Each donor has been assigned a unique color—male donors are indicated by squares

and female donors by triangles.

general, more comparable with M2-polarized MDMs than with
M1-polarized MDMs. In contrast, glass-activated macrophages
were not comparable with the M1 or M2 MDMs.

Discussion

In this study, RM was utilized for a comprehensive characteriza-
tion of stimulated MDMs to identify the MDM phenotypes MO,
M1, M2a, and M2c¢ and to determine MDM activation on titanium
substrates. Our RM results suggest that the spectral information,

Feuerer et al.
Lipidome profiling with Raman microspectroscopy identifies macrophage
response to surface topographies of implant materials

especially the one containing the lipid component, can be a useful
tool to monitor macrophage polarization and immune-metabolic
processes both in suspension and material-adherent living cells.
Because macrophages are an extremely heterogenous cell
population and many different culture systems exist to mature
monocytes to macrophages, we placed special emphasis on a
thorough characterization of the MDMs used in this work. Selec-
tion of culture plates, origin of supplemented serum (human,
bovine, or other), and added stimulants such as LPS, interferons,
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Fig. 2. Raman imaging resolves subcellular structures in MDMs. Identifi-
cation of major cell component Raman signatures present in MDMs. (A-D)
False color heat maps of (A) lipids (red), (B) proteins (green), (C) nucleic
acids (blue), and (D) merged as identified by TCA. (Scale bar, 10 pm.)
(E) Spectral fingerprints of MDM components. Boxes represent spectral
areas typically associated with the biochemical fingerprint of the respec-
tive cell component. Phe = Phenylalanin, v = stretching, s = symmetric,
as = asymmetric. A typical, in house-measured TAG spectrum is shown
for comparison.

or cytokines can significantly impact macrophage responses. In
the cell-culture system for macrophage maturation, no signifi-
cant up-regulation of proinflammatory cytokines such as TNF-a,
IL-8, IL-6, or IL-1p was observed, indicating a robust resting
level of MO MDMs.

There are multiple studies using Raman spectra to distin-
guish between cell phenotypes or different stages of the cell
cycle (25, 28, 29, 31); however, only few studies have investigated
if RM can be employed to distinguish macrophage polarization.
In 2018, Pavillon et al. described a machine-learning model for
classification of binary macrophage activation based on morpho-
logical and biochemical information retrieved by quantitative
phase imaging and analysis of Raman spectra (32). A study by
Bertani et al. investigated binary macrophage activation, com-
bining hyperspectral imaging, a method comparable to RM,
and multivariate data analysis (33). Although these findings are
in accordance with our results, as the most prominent separa-
tion also occurred between M0 and M1 MDMs, the Raman
spectra in the previous studies were obtained from the complete
cell as the ROI, but individual cellular substructures such as
proteins, nucleic acids, or lipids were not resolved. In addition,
the studies mentioned were limited to a binary classification
of cell activation, separating resting and LPS-activated MDMs
(32, 33). Here, we provide evidence that resolving cellular
components can provide in-depth information regarding cell
metabolism and immunity, enabling MDM classification into
four distinct phenotypes. The most prominent differences appeared
within the lipidome, separating groups of MDMs in the PCA
scatter plot.

Macrophage activation, metabolism, and fatty acid composi-
tion are strongly related (34), which is reflected in the Raman
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spectra of lipids investigated in this study. In particular, Raman
peaks that contributed to the separation of the different polarized
groups were identified at 1,440 cm‘l, 1,655 cm", 2,885 cm™ !,
and 3,010 cm™ _all peaks that are assigned to the C=C double
bond of unsaturated fatty acids. Particularly of note is the olefinic
stretch of C=C double bonds that are expressed at 1,655 cm ™'
(24). A linear dependence of the C=C stretch at 1,655 cm ! and
the intensity of the CH, bending at 1,440 cm ™' has been previ-
ously reported and provides information about the overall content
of unsaturated compared to saturated fatty acids in the cell (35).
By comparing Raman spectra obtained in this study to spectra
reported in the literature, we confirmed linoleic (36) and palmito-
leic (37) acid as the main constituents of the macrophage lipids
detected by RM (30). In addition, the peak at 1,744 cm ' indi-
cates the ester compound in TAGs (38). Lipids are known to regu-
late many cellular and immune functions such as energy storage
or cell signaling. Polyunsaturated fatty acids like linoleic acid have
profound effects on inflammatory processes by regulating expres-
sion of proinflammatory cytokines such as IL-1p or IL-6 (36). In
this study, loading plots indicate that the degree of saturation in
fatty acids substantially contributes to the separation of macro-
phage subtypes calculated by PCA. The capability of RM to trace
lipids and lipid composition in macrophages has been previ-
ously shown (39-41), and lipids have been repeatedly reported
to play important roles in inflammation and MDM polarization
(34, 42, 43). In 2016, Montenegro-Burke et al. provided evidence
that macrophage phenotypes significantly differ in their fatty acid
composition (42). This is in accordance with other findings suggest-
ing major metabolic shifts up to the Warburg effect in polarized
macrophages (44), which extends (but is not limited to) protein
function, cell signaling, or membrane composition. The metabolic
shift that macrophages experience during the polarization pro-
cess is intimately linked to changes in fatty acid composition
and turnover, making lipid composition an ideal target to track
macrophage polarization (34, 45, 46).

In this study, we aimed to assess if RM analysis can be utilized
to monitor the lipidome of MDMs in vitro that have not been
activated by classical stimuli like LPS or cytokines but by expo-
sure to materials used for implants. PCA confirmed a significant
separation within individual donors of glass and titanium but
also between Ti M and Ti A, specimens that only differed in
their surface topology. Based on the loading plots, this separa-
tion was again predominantly based on saturated versus unsatu-
rated fatty acids and TAGs. Projection of substrate MDM data
into the model of previously polarized MDMs further revealed
that the means of M2c macrophages and Ti A macrophages
were similar. This is in accordance with cytokine expression of
MCP-1 and other studies that reported an anti-inflammatory,
M2c-like phenotype on more textured topographies compared
to smoother, oriented ones (18, 47, 48). Clinical research shows
that implant roughness can lead to inflammation or fibrosis and
therefore to poor clinical outcomes for patients that received
dental and breast implants, linked to a prevalence of M2-like
MDMs (49-51). As it had been previously shown, minor changes
in cell physiology (e.g., due to exposure to surface roughness)
are rarely comparable to activation of MDMs by LPS or IFN-y
(52). Our findings confirm this by showing that only few MDM
polarization markers were increased on substrate-adherent MDMs
when compared to M0 MDMs. However, macrophages are known
to be sensitive to changes in stiffness, topography, or structure
in their environment, and thus, these environmental factors
play key roles in foreign body response and fibrosis, in which
the environment is pathologically altered. Notably, the only signifi-
cant increase of polarization indicators on titanium was detected
in CD206, an M2a-associated scavenger receptor responsible for
the uptake of bacterial sugars that is associated with fibrosis (53).
In combination with an increase of MCP-1 on titanium substrates,
these data hint at an M2a-M2c MDM phenotype on titanium
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Fig. 3. PCA of Raman lipid spectra identifies significant differences between polarized MDMs. (A) Scatter plot of PC-1 (42%) and PC-2 (12%) visualizes
spatial clustering of MDM polarization (confidence ellipse = 95%; each dot represents a single cell). (B and C) Statistical analyses of scores from PC-1 and
PC-2 reveal significant differences between all four subtypes; one way ANOVA and Tukey's post hoc test, n = 6. (D and E) Loading plots describing major
Raman peaks contribute to PCA separation. Peak assignments are listed in S/ Appendix, Table 1. (F) Average lipid component Raman spectra of polarized
MDMs with subtypes shown in black (M0), red (M1), blue (M2a), and yellow (M2c).

with a shift toward the M2c phenotype on the rougher titanium
surface, which is confirmed by our RM data. This also corresponds
to the results of previous studies, which reported an increase in
anti-inflammatory phenotypes of MDMs cultured on rough sur-
faces in vitro (47, 48).

In summary, in this study, we demonstrated that Raman-based
analytical methods combined with statistical analysis can nonin-
vasively and marker-independently distinguish between different
macrophage subtypes in situ. The lipidome of the cells was iden-
tified as a potent indicator for macrophage phenotype discrimi-
nation and for the analysis of adherent cells, which is especially
helpful for the field of biomedical materials research.

Feuerer et al.
Lipidome profiling with Raman microspectroscopy identifies macrophage
response to surface topographies of implant materials

Materials and Methods

All experiments using human samples in this study were approved by the
ethics committee of the University Hospital of Tubingen (Institutional
Review Board No. 495/2018B02). Informed consent was obtained from

all donors.

Material Preparation. Sterile Ti 15-mm disks with Ti M and Ti A surfaces were
provided by the Institut Straumann AG. Disks were prepared and character-
ized as previously described (48, 54). Briefly, Ti M had a roughness of 0.1 pm
and Ti A 0.3 pm. Contact angles of both materials were in the moderate
hydrophilic range of about 62° to 77°. Glass coverslips were baked for 4 h at
200 °C for endotoxin removal and sterilization, then used immediately for cell-

culture experiments.
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Fig. 4. RM allows real-time in situ analysis of MDMs on biomaterial surfaces. Raman analysis of MDMs cultured on biomaterial surfaces: (A-C) stitched
brightfield images of glass, Ti M, and Ti A with MDMs adherent to the respective surface. (Scale bar, 100 pm.) (D-F) Spectral components of RM measure-
ments identified by TCA with lipids color coded in red, proteins in green, and nuclei in blue. (Scale bar, 20 pm.) Images were acquired at 63x magnifica-
tion. (G-J) MFIs of MDM surface markers analyzed by FC. MFls of surface markers from MDMs cultured on biomaterials were plotted in the same graph as
data obtained by polarization experiments (MO through M2c). (K-N) Expression levels of four representative cytokines expressed by MDMs. The results
were plotted in the same graph as data obtained by polarization experiments (M0 through M2c). Statistical analysis in graphs G-N was performed by
Friedman's test and Dunn’s post hoc test, and only results for substrate-adherent MDMs are shown. Data are shown as mean + SD. Male donors are indi-

cated by squares and female donors by triangles.

Monocyte Isolation and Culture. Whole blood was collected from healthy
volunteers, and isolation procedures were performed immediately after col-
lection. To separate peripheral blood mononuclear cells (PBMCs) from eryth-
rocytes and granulocytes, density gradient centrifugation using SepMate
tubes and Lymphoprep (both from Stemcell) was performed according to
the manufacturer's instructions. In brief, fresh whole blood containing
ethylendiamintetraacetate (EDTA) was diluted 1:1 with phosphate-buffered
saline (PBS), layered over Lymphoprep in SepMate tubes, and separated
by density gradient centrifugation. Supernatants containing PBMCs were
decanted into fresh 50-mL falcon tubes and washed twice with PBS.
PBMCs were then resuspended in cryopreservation medium (10% dimethyl
sulfoxide, 20% fetal bovine serum [FBS], and 70% RPMI 1640 growth
medium). For long-term storage, PBMCs were frozen at a concentration of
1 x 107cells/mL at —150°C. Before seeding, cells were counted using a
hemocytometer. Cell viability was assessed using trypan blue. Monocytes
were isolated by plastic adherence from frozen PBMCs as described by
Delirezh et al. (55). PBMCs were seeded at a concentration of 5 x 10° cells/cm?
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and allowed to adhere for 2 h at 37°C and 5% CO; in culture medium.
Nonadherent cells were then aspirated and removed. The remaining adherent
monocytes were washed with PBS and continually cultured to mature into
macrophages.

Macrophage Maturation and Polarization. Monocytes were cultured in RPMI
1640 containing Glutamax supplemented with 100 pg/mL streptomycin, 100 U/mL
penicillin, and 10% heat-inactivated FBS (all from Thermo Fisher Scientific) at
37°C and under a 5% CO, atmosphere in polystyrene 24-well cell-culture
plates. Adherent monocytes were matured to macrophages over a period of
8 d in culture medium supplemented with 50 ng/mL macrophage colony-
stimulating factor (Biolegend) at 37 C and 5% CO,. Medium was changed at
day 3. On day 5 of culture, medium was changed again, and stimulants were
added to induce macrophage polarization: M1 (100 ng/mL LPS + 100 ng/mL
IFN-y), M2a (40 ng/mL IL-4 + 20 ng/mL IL-13), and M2c (20 ng/mL IL-10).
LPS (Escherichia coli, 0111:B4) was purchased from Merck Millipore. Protocols
for macrophage polarization were adapted after Spiller et al. (56). IFN-y and
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Fig. 5. RM lipid spectra can be used to distinguish substrate-adherent MDMs, and projected scores indicate proximity to polarization status. (A) Scatter
plot of PC-2 (12%) and PC-4 (3%) visualizes spatial clustering of substrate-adherent MDMs (confidence ellipse = 95%; each dot represents a single cell).
(B) Loading plot of PC-2 describes major Raman peaks contributing to PCA separation, comparable to those observed in polarized MDMs. (C) Statistical
analysis of relevant components (PC A and PC B) reveal significant differences within single donors between substrates. (D) Projection of average
substrate-adherent MDM scores into the PCA scores plot of the polarized MDMs. (E and F) Statistical comparison of mean score values + SD. Only the pro-

jected scores were analyzed for significance using the Kruskal-Wallis and Dunn’s post hoc tests.

cytokines were all purchased from Biolegend. MO (resting) macrophages were
not stimulated, but medium was changed on days 3 and 5. Likewise, mono-
cytes cultured on biomaterials were not stimulated and were treated as MO.

FC. Before dissociation, cells were washed three times with fluorescence-acti-
vated cell sorting (FACS) buffer (PBS + 2% FBS + 0.05 Mm NaN3z + 0.1 Mm
EDTA) to deplete cells of bivalent cations. Adherent macrophages were then
detached by incubation with Accutase (Biolegend) for 10 min at 37 °C and 5%
CO,. For FC analysis, harvested cells were blocked with 10% sterile-filtered,
human, male AB serum (H2B) in FACS buffer for 20 min at 4 °C to prevent non-
specific binding of antibodies. For cell-surface marker staining, the following
antibodies were used: CD86-Pacific Blue (clone IT2.2), HLA-DR-Brilliant Violet
510 (clone L243), CD206-FITC (fluorescein isothiocyanate) (clone 15-2), and
CD163-PE/Cy7 (clone RM3/1) (Biolegend). For staining, all antibodies were
diluted 1:50 with FACS buffer, and cells were stained for 30 min at 4°C in the
dark and washed with FACS buffer subsequently. Data were acquired using a
BD Biosciences LSRFortessa Cytometer and analyzed using FlowJo 10.4.2 (Tree
Star). Cells were gated using forward scatter versus sideward scatter properties
to exclude debris, doublets, and dead cells (7-AAD staining, Biolegend). MFls
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of the whole macrophage population were analyzed. Compensation controls
were run for each experiment using software-based automatic compensation
to consider potential fluorescence spillover. In addition, fluorescence minus
one controls were run to determine performance of the antibody panel and
the fluorescence-staining pattern of each individual antibody.

Imaging FC. Macrophages were detached, processed, and stained as described
for regular FC analysis. Dead cells were excluded using the Zombie NIR fixable
viability kit (Biolegend). At least 1 x 10 cells per sample were acquired by the
ImageStreamX mkll (Luminex Corporation) with the INSPIRE instrument con-
troller software with 40x magnification. Data were analyzed with IDEAS
image analysis software. All samples were gated on single cells in focus that
were Zombie NIR negative. An unstained control sample was used to deter-
mine background fluorescence.

Cytokine Analysis by Multiplexed Bead-Based Sandwich Immunoassay. Cell-
culture supernatants were collected on day 8, centrifuged at 5,000 rpm for
3 min, and stored at —80 °C until analysis. Levels of IL-6, IL-8, TNF-a, IL-1p,
IL-1RA, MCP-1, MIP-1p, and granulocyte-macrophage colony-stimulating
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factor (GM-CSF) were determined using a set of “in house-developed”
Luminex-based sandwich immunoassays each consisting of commercially
available capture and detection antibodies and calibrator proteins. All
assays were thoroughly validated ahead of the study with respect to accuracy,
precision, parallelism, robustness, specificity, and sensitivity (57). Samples
were diluted at least 1:2 or higher. After incubation of the prediluted samples
or calibrator protein with the capture-coated microspheres, beads were
washed and incubated with biotinylated detection antibodies. Streptavidin—
phycoerythrin was added after an additional washing step for visualization.
For control purposes, calibrators and quality control samples were included
on each microtiter plate. All measurements were performed on a Luminex
FlexMap 3D analyzer system, using Luminex xPONENT 4.2 software (Luminex).
For data analysis, MasterPlex QT version 5.0 was employed. Standard curve
and quality control samples were evaluated according to internal criteria
adapted to the Westgard Rules [3] to ensure proper assay performance.

RM. RM analysis of macrophages was performed on a customized WITec
Raman system (WITec GmbH) equipped with a green laser (532 nm) and a
charge-coupled device spectrograph with a grating of 600 g/mm. Images were
acquired using a 63x apochromat water-immersion objective, an integration
time of 0.5 s, a pixel resolution of 1 x 1 pm, and a laser power of 50 mW for
cells in suspension or 25 mW for adherent cells. Macrophages adherent to
glass or titanium disks were stained with FITC-phalloidin before analysis
to locate cells and ROIs. All cells were fixed with 4% paraformaldehyde for
10 min at room temperature before Raman analysis. For each donor and
subtype, 30 cells were measured.

Data Processing. Raman data were processed using the Project FIVE 5.2 soft-
ware (WITec GmbH). Cosmic rays were removed, and a baseline correction
was employed on all spectra. All preprocessing steps were published previ-
ously in detail (58). Spectra were cropped from the range of 300 cm ' to 3,045
cm . TCA was employed to identify nucleic acids, proteins, and lipids. In brief,
TCA is a nonnegative matrix factorization-based multivariate analysis tool
that identifies dominant spectral components in a dataset. These components
can then be visualized by false color intensity distribution heat maps. To
extract single spectra for each of the three cellular components, masks were

1. S. A. Eming, T. A. Wynn, P. Martin, Inflammation and metabolism in tissue repair and
regeneration. Science 356, 1026-1030 (2017).

2. C. ). Ferrante, S. J. Leibovich, Regulation of macrophage polarization and wound

healing. Adv. Wound Care (New Rochelle) 1, 10-16 (2012).

M. Lech, H.-J. Anders, Macrophages and fibrosis: How resident and infiltrating mono-

nuclear phagocytes orchestrate all phases of tissue injury and repair. Biochim. Bio-

phys. Acta 1832, 989-997 (2013).

4. ). W. Godwin, N. Rosenthal, Scar-free wound healing and regeneration in amphib-

ians: Immunological influences on regenerative success. Differentiation 87, 66-75

(2014).

J. W. Godwin, A. R. Pinto, N. A. Rosenthal, Macrophages are required for adult sala-

mander limb regeneration. Proc. Natl. Acad. Sci. U.S.A. 110, 9415-9420 (2013).

K. Y. Gerrick et al., Transcriptional profiling identifies novel regulators of macro-

phage polarization. PLoS One 13, e0208602 (2018).

Y. Okabe, R. Medzhitov, Tissue-specific signals control reversible program of localiza-

tion and functional polarization of macrophages. Cel/ 157, 832-844 (2014).

Y.-C. Liu, X.-B. Zou, Y.-F. Chai, Y.-M. Yao, Macrophage polarization in inflammatory

diseases. Int. J. Biol. Sci. 10, 520-529 (2014).

9. P. J. Murray et al., Macrophage activation and polarization: Nomenclature and
experimental guidelines. Immunity 41, 14-20 (2014).

10. D. M. Mosser, J. P. Edwards, Exploring the full spectrum of macrophage activation.
Nat. Rev. Immunol. 8, 958-969 (2008).

11. L. Chung, D. R. Maestas Jr., F. Housseau, J. H. Elisseeff, Key players in the immune
response to biomaterial scaffolds for regenerative medicine. Adv. Drug Deliv. Rev.
114, 184-192 (2017).

12. J. M. Anderson, K. M. Miller, Biomaterial biocompatibility and the macrophage. Bio-
materials 5, 5-10 (1984).

13. N. J. Hallab, Biologic responses to orthopedic implants: Innate and adaptive immune
responses to implant debris. Spine 41, S30-531 (2016).

14. J. M. Anderson, S. Jiang, “Implications of the acute and chronic inflammatory
response and the foreign body reaction to the immune response of implanted bio-
materials” in The Immune Response to Implanted Materials and Devices, B. Corra-
detti, Ed. (Springer, 2017), pp. 15-36.

15. J. L. Dziki et al., Solubilized extracellular matrix bioscaffolds derived from diverse
source tissues differentially influence macrophage phenotype. J. Biomed. Mater. Res.
A 105, 138-147 (2017).

16. D. Abebayehu et al., Galectin-1 promotes an M2 macrophage response to polydioxa-
none scaffolds. J. Biomed. Mater. Res. A 105, 2562-2571 (2017).

17. N. Aratjo-Gomes et al.,, Complement proteins regulating macrophage polarisation
on biomaterials. Colloids Surf. B Biointerfaces 181, 125-133 (2019).

.

bl

o

N

®

80of9 | PNAS
https://doi.org/10.1073/pnas.2113694118

Appendices

generated based on TCA heat maps. A total of 2% of the most intense spectra
were extracted, and a total average spectrum per cell was calculated. To
reduce dimensionality of the spectral data, PCA was performed using the
Unscrambler X 14.0 software (Camo Software). PCA is an exploratory, linear
transformation technique used to increase interpretability of the data while
minimizing information loss. It accomplishes dimensionality reduction by cal-
culating eigenvectors of the data’s covariance matrix (58, 59). Here, spectral
ranges of 400 to 1,800 cm ™' and 2,700 to 3,045 cm~' were investigated by
PCA analysis. PCA results are presented as score plots and loading plots. The
95% confidence ellipses were calculated using Origin Pro-9.1 software (Origin-
Lab). Loadings show the original variables’ contribution to the component
and were used to identify relevant and comparable PCs for further analysis.

Statistical Analysis. All relevant statistical parameters such as sample size, rep-
licate types, and P values are described in the corresponding figures. Donors
are represented by n. For polarized macrophages, six donors were analyzed,
and for substrate macrophages, three donors were analyzed. Gaussian distri-
butions of data were tested using the Kolmogorov-Smirnov test. Unless other-
wise indicated, data were analyzed for significance using the Kruskal-Wallis
test with Dunn’s post hoc test with Graph Pad Prism 8.0.0 (Graph Pad Soft-
ware, Inc.). Pvalues <0.05 were considered significant.

Data Availability. All study data are included in the article and/or S/ Appendix.
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Supporting Figure 1. Analysis of PCA scores of major cell components helps identifying optimal
separation of MDM subtypes. First 10 principal components of (a) lipids, (b) nucleic acids, and (c) proteins
were analyzed for significance using Kruskal-Wallis + Dunn‘s post hoc test. Scores are plotted as mean +

SD. Each subtype contains data of 30 cells from each donor (total of 180 cells).
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Supporting Figure 2. Expression of inflammation-associated cytokines is not increased on glass
and titanium. To assess activation status of MDMs cultured on biomaterial surfaces, inflammation-
associated cytokines were analyzed by multiplex bead immuno-sandwich assay. IL-6 (a), GM-CSF (b),
TNFa (c), and IL-1B (d) did not show increased expression compared to MO MDMs.
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Supporting Figure 3. Loadings plots indicate comparable biochemical changes occurring in all
donors in MDMs adherent to biomaterials. To assess if Raman spectral information can be used to
identify MDM polarization in individual donors, direction vectors that define the multivariate model need to
be compared. Here, the original variables have comparable loadings, indicating that separation is based on
similar biochemical changes within the cell.
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Supporting Table 1. Raman peaks of MDM components and their associated molecular

assignments.
Peak [cm'1 ] Molecular Assignment Component Reference
748 Ring breathing vibrations DNA [7, 8]
of nucleic acids and
tryptophan
923 C-H stretch of proline Proteins [9]
935 A-helix Protein [4, 8]
1005 Symmetric ring breathing Protein [4, 8]
of Phenylalanin (Phe)
11 z DNA 2
00 PO, [2, 8]
1127 C-N stretching Proteins
1235 extended Amide I, Proteins [4]
peptide backbone
1270 =CH, C=C in USFA Lipids [9]
1310 CH,CH, twisting mode Lipids [8]
1340 Adenin DNA [4]
1350 Thymine, Adenine, DNA [4]
Guanine
1440 CH,/CH, scissoring, CH, Lipids [8, 9]
deformation
1450 CH, bending Proteins [9]
15685 C=C olefinic stretch Proteins [9]
1655 C=C lipid stretch Lipids [4, 8]
2850 - 2855 | =CH,, symmetric stretching Lipids [9]
2886 -2895 =CH,, asymmetric Lipids [9]
stretching
2920 -2935 =CH,, symmetric stretching Lipids [9]
2950 =CH,, asymmetric Lipids [9]
stretching
2980 CH stretching Lipids [9]
3005 - 3020 | =CH stretching of USFA Lipids [9]
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Abstract: (1) The monocytic leukemia cell line THP-1 and primary monocyte-derived macrophages
(MDMs) are popular in vitro model systems to study human innate immunity, wound healing, and
tissue regeneration. However, both cell types differ significantly in their origin and response to
activation stimuli. (2) Resting THP-1 and MDMs were stimulated with lipopolysaccharide (LPS) and
interferon y (IFNy) and analyzed by Raman microspectroscopy (RM) before and 48 h after activation.
Raman data were subsequently analyzed using principal component analysis. (3) We were able to
resolve and analyze the spatial distribution and molecular composition of proteins, nucleic acids,
and lipids in resting and activated THP-1 and MDMs. Our findings reveal that proinflammatory
activation-induced significant spectral alterations at protein and phospholipid levels in THP-1. In
MDMs, we identified that nucleic acid and non-membrane-associated intracellular lipid composition
were also affected. (4) Our results show that it is crucial to carefully choose the right cell type for
an in vitro model as the nature of the cells itself may impact immune cell polarization or activation
results. Moreover, we demonstrated that RM is a sensitive tool for investigating cell-specific responses
to activation stimuli and monitoring molecular changes in subcellular structures.

Keywords: macrophage polarization; Raman imaging; molecular phenotyping; immune in vitro
test system

1. Introduction

Macrophages were thought to be merely phagocytic cells that clear tissues of pathogens
and cellular debris [1]. However, macrophages are highly heterogeneous and versatile cells,
which can adapt to a vast range of different phenotypes, often termed polarization, and
take over distinct tasks in human immunity. For example, macrophages act as antigen-
presenting cells that activate the adaptive immune system and trigger inflammation, secrete
and remodel components of the extracellular matrix, and they interact with non-immune
cells such as fibroblast and endothelial cells. Therefore, macrophages play a profound
role in fibrosis and wound healing [2—-4]. Macrophage plasticity is primarily manifested in
comprehensive transcriptional and metabolic alterations that are precisely regulated by a
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variety of signaling pathways, leading to extensive changes in the biochemical composition
of the cells [5,6].

RM and Raman imaging have become important methods in materials and biological
sciences to analyze the biochemical composition of inorganic and organic samples [7,8].
In biomedicine, Raman-based methods are increasingly used for live-cell studies. They
do not require sample pre-processing such as fixation or antibody staining, allowing the
study of living specimens [9,10]. Because the chemical composition of a cell is complex
and highly heterogeneous, the evaluation of the Raman spectrum of a cell requires intense
data processing and careful interpretation. However, modern algorithms already allow the
identification and visualization of subcellular structures such as DNA, lipids, or proteins
based on their Raman fingerprint [9,11]. Moreover, identification of minute changes in the
spectral signatures can be assigned to changes in the molecular composition of a cell or a
cellular structure and therefore allow for marker-independent cellular phenotyping [12,13]
or monitoring of (patho-)physiological changes or drug-induced effects [14,15].

The THP-1 monocytic cell line and MDMs circulating in the peripheral blood are both
popular models for studying macrophage biology [16]. Both cell models come with the
typical advantages and disadvantages of cell lines in contrast to primary cells: easy access,
safety concerns, and reproducibility must be carefully balanced when choosing one over
the other. In addition, there is ample evidence that the malignant origin of the THP-1 cell
line causes severe alterations in cell biology and activation [17]. The capability of THP-1
cells to adequately mimic macrophage biology has therefore been questioned on numerous
accounts [18].

This study is designed to implement Raman imaging and multivariate data analysis
to holistically analyze and compare cellular phenotypes of THP-1 cells and MDMs on a
subcellular resolution. On a single cell level, insights into the biochemical remodeling
of nucleic acids, lipids, and cytoplasmic structures through cell activation processes and
differences in activation patterns will be elaborated.

2. Materials and Methods
2.1. Peripheral Blood Mononuclear Cell-Derived Monocyte Isolation and Culture

Human blood samples were retrieved in accordance with the Declaration of Helsinki,
which was approved by the Ethics Committee of the Medical Faculty at the University
of Tiibingen (IRB# 495/2018B0O2). Peripheral blood mononuclear cells (PBMCs) were
isolated using density gradient centrifugation of freshly collected whole blood from one
healthy volunteer after obtaining informed consent [19]. Monocytes were isolated by plastic
adherence as described before [20]. After isolation, PBMCs were seeded at a concentration
of 5 x 10° cells/cm? at 37 °C and 5% CO; in a culture medium. After 2 h, all non-adherent
cells were aspirated and removed. The remaining adherent monocytes were washed with
PBS and continually cultured to mature into macrophages.

2.2. Macrophage Maturation and Polarization

RPMI 1640 with Glutamax™ supplemented with 100 pg/mL streptomycin, 100 U/mL
penicillin, and 10% heat-inactivated fetal bovine serum (FBS) (all from Thermo Fisher,
Waltham, MA, USA) was used to culture monocytes in polystyrene 24-well cell culture
plates (ibidi, Planegg, Germany) at 37 °C and under a 5% CO, humidified atmosphere.). The
culture medium was supplemented with 50 ng/ mL macrophage colony-stimulating factor
(M-CSF; Biolegend, Amsterdam, The Netherlands) to mature monocytes into macrophages
over 8 days. Medium changes were performed on days 3 and 5. On day 5, 100 ng/mL
Lipopolysaccharide (LPS) (E. Coli, O111:B4; Merck Millipore, Darmstadt, Germany) and
100 ng/mL IFNYy (Biolegend) were added to induce macrophage activation. Control M0
(resting) macrophages were not stimulated, but the medium was changed on days 3 and
5. Four hours prior to analysis, MDMs were treated with GolgiPlug™ (BD Bioscience,
NJ, USA) to block the intracellular protein transport and enhance the detectability of
cytokine production.

87



Appendices

Biomedicines 2022, 10, 989 3of 14

2.3. THP-1 Culture

The human monocytic leukemia cell line THP-1 (ATCC, Manassas, VA, USA) was
cultured in T75 flasks (Greiner Bio-One, Kremsmiinster, Austria) in RPMI 1640 with Gluta-
max™ supplemented with 100 ug/mL streptomycin, 100 U/mL penicillin and 10% FBS at
37 °C, under a 5% CO, humidified atmosphere. Cells were split upon a concentration con-
fluency between 8 x 10° and 1 x 10° cells/ ml. For all experiments, cells from passages 10
to 15 were used. THP-1 cells were treated with 50 ng/mL phorbol-12-myristate-13-acetate
(PMA) (Sigma-Aldrich, St. Louis, MO, USA) for 48 h to induce macrophage differenti-
ation. The differentiation process was performed in 6-well plates (Corning, Wiesbaden,
Germany) at a density of 2 x 10° cells/ well. Subsequently, after differentiation, the PMA-
containing medium was removed, and cells were cultured for an additional 48 h without
PMA. PMA-treated cells were detached using 0.05% trypsin/EDTA (Gibco) and reseeded
in a polystyrene 24-well cell culture plate (ibidi GmbH) for 48 h. For activation, cells were
stimulated 2 h after seeding with 100 ng/mL LPS and 100 ng/mL IFNYy for 48 h.

2.4. Flow Cytometry

For flow cytometry (FC) analysis, cells were dissociated with Accutase (Biolegend)
and processed as described before [20]. For extracellular antigen staining, the following an-
tibodies were used: CD86-Pacific Blue™, human leukocyte antigen DR (HLA-DR)-Brilliant
Violet (BV) 510, CD206-FITC, and CD163-PE/Cy?7 (all from Biolegend). For intracellular
cytokine staining, cells were resuspended in Cytofix/ Cytoperm solution for 20 min at 4 °C
and washed with Permwash (both BD Bioscience, East Rutherford, NJ, USA). The following
intracellular antibodies were then diluted in Permwash at a concentration of 1:50, and cells
were stained for 30 min at 4 °C in the dark: tumor necrosis factor & (TNFx)-BV711 (#502939,
Interleukin 6 (IL-6)-PE/Cy.5 (#501117), Interleukin 10 (IL-10)-PE/Dazzle (#501425), Mono-
cyte chemoattractant protein 1 (MCP-1)-PE/Cy?7 (502613) (all Biolegend) and Interleukin 1
Receptor Antagonist (ILIRA)-PE (#340525, BD Bioscience). Mean fluorescence intensities
(MFI) were analyzed using a BD Biosciences LSRFortessa Cytometer (East Rutherford,
NJ, USA). Data were interpreted using Flow]Jo™ 10.4.2 (Tree Star, Ashland, OR, USA). A
forward scatter versus sideward scatter gating strategy was employed to exclude debris,
doublets, and dead cells (7-AAD staining, Biolegend). Each experiment was compensated
using UltraComp eBeads (Thermo Fisher, Waltham, MA, USA) and software-based au-
tomatic compensation to correct fluorescence spillover. Fluorescence minus one controls
were performed to determine the background fluorescence of the antibody panel.

2.5. Raman Microspectroscopy

RM was performed using a customized WiTec alpha 300R Raman system (WiTec
GmbH, Ulm, Germany) equipped with a green laser (532 nm) and a charged-coupled
device spectrograph with a grating of 600 g/mm. Raman images comprising the whole cell
area were acquired. 30 x 30 um scans of single macrophages were acquired using a 63 x
apochromat water dipping objective (Carl Zeiss AG, Jena, Germany), an integration time of
0.5 s, a pixel resolution of 1 x 1 pm, and a laser power of 50 mW. A total of 30 cells were
measured for each MO and M1 replicate.

2.6. Data Processing

Raman data were processed using the Project FIVE 5.2 software (WITec GmbH, Ulm,
Germany). Cosmic rays were removed, and a baseline correction was employed on all
spectra. Spectra were cropped to the range from 300 cm™! to 3045 cm~!. True Component
Analysis (TCA) was employed to identify major spectral components in the images. To
extract single spectra, masks were generated based on TCA heat maps. To reduce the
dimensionality of the spectral data, principal component analysis (PCA) was performed
using the Unscrambler x 14.0 software (Camo Software, Oslo, Norway) [21]. For PCA
analysis, the spectral fingerprint region between 400-1800 cm~! was investigated. PCA
results are presented as score plots and loading plots. In brief, PCA is an unsupervised
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algorithm elaborating spectral differences and similarities on a vector-based approach. The
identified vectors are also called principal components (PCs), where PC-1 explains the most
relevant difference in the data set, PC-2 the second most relevant difference, etc. PC-1 often
only describes differences based on spectral intensities or background signals. PCs were
selected based on a clustering of the data sets of interest and the biological relevance of the
most influencing peaks in the assigned loadings plot.

2.7. Statistical Analysis

All statistical analyses were performed by a two-tailed student’s t-test with a p-value
of 0.05 with Graph Pad Prism 9.2.0 (Graph Pad Software Inc. San Diego, CA, USA). Graphs
are box and whiskers plots where the whiskers have been calculated using the Tukey
method. All experiments were performed as triplicates. MDMs originate from 3 different
isolations from one donor. A total of 90 cells per condition were measured.

3. Results
3.1. Definition of Activation Patterns of THP-1 Macrophages and MDM:s by Flow Cytometry

State-of-the-art characterization of immune cells and their subpopulations includes in-
vestigating their expression of specific surface markers and cytokines. To define macrophage
activation by LPS and IFNvy, routine FC was performed (Figure 1). Upon LPS-IFNY activa-
tion, THP-1 and MDMs responded with a significantly increased expression of the surface
antigen HLA-DR and elevated expression patterns of cytokines IL-6, TNF, and IL-1RA,
which indicate an activated cellular phenotype. Similarly, no significant changes in CD206
and IL-10 were observed for both cell types. Expression baselines and activation levels
differed between THP-1 and MDMs for several of these markers. Differences between
THP-1 and MDMs were also reflected in increased CD86 levels as well as decreased CD163
levels in activated macrophages, solely shown in MDMs, but not in THP-1. For MCP-1,
inverse effects were observed between the two groups.
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Figure 1. THP-1-derived macrophages and MDMs differ in their molecular activation patterns.
Expression of (A) surface antigens and (B) cytokines of THP-1 (light colors) and MDMs (intense
colors) before (blue) and after (red) LPS-IFNYy activation. Data represent mean fluorescence intensity
(MFI) values + SD; n = 3; pairwise comparison via student’s t-test, * p < 0.05. Boxplots after the
dotted line are assigned to the right y-axis. HLA-DR: human leukocyte antigen DR isotypes; IL:
interleukin; TNF: tumor necrosis factor; MCP: monocyte chemoattractant protein; IL-1RA: interleukin
1 receptor antagonist.

89



Appendices

Biomedicines 2022, 10, 989 50f 14

3.2. Raman Imaging Provides Spatial Resolution of Subcellular Structures in Macrophages

THP-1 and PBMC-derived monocytes were matured into MO and M1 macrophages
and characterized by RM and Raman imaging. Raman scans were segmented by TCA
into false color-coded intensity distribution heat maps (Figure 2A,B). Four major spectral
components were identified, localizing nucleic acids (blue), cytoplasm (green), and two
lipid-related components—referred to as lipids A (red) and lipids B (pink) (Figure 2C).

C

THP-1

relative intensity [a.u.]

MDMs

—— 77
— 10pm 400 600 800 1000 1200 1400 1600 1800
Raman shift [cm™]

Figure 2. Raman imaging of resting macrophages. True component analysis (TCA) segmentation of
subcellular structures allowed to generate intensity distribution heatmaps of (A) THP-1 macrophages
and (B) MDMs. Characteristic spectral signatures (C) identified and localized nucleic acids (blue),
cytoplasm (green), lipids A (red), and lipids B (purple). Scale bar equals 10 pm.

Nucleic acids were identified based on characteristic bands at 785 cm ™1, 1093 ecm !,

1340 cm~ ! and 1576 cm ™!, assigned to DNA. The spectral component describing cyto-
plasmic molecules displays bands at 750 cm~!, 1005 cm ™!, 1585 cm™! and 1660 cm ™!
associated with molecular vibrations from proteins and mitochondrial activity. The lipid
feature was further distinguished into lipids A, rather located inside the cells with represen-
tative Raman bands at 1128 cm~!, 1265 cm~!, 1301 em ™~ and 1445 cm ™}, as well as lipids B,
which showed additional bands at 719 cm ™! and 876 cm ™! located at the outer surrounding
of the cell. The same major spectral components and similar distribution patterns were
retrieved from resting THP-1 and MDMs. A comprehensive overview of all relevant peaks
and their molecular assignments is provided in Table 1.

Table 1. Major Raman peaks and their molecular assignments.

Wavenumber [em—1] Vibration Mode Assignment
695 DNA bases (G & T) DNA [22,23]

Symmetric stretch vibration of

ipids [2
719 chiolineproup Phospholipids [24]
750 Pyrrole ring breathing Cytochrome C [25,26]
776-780 Symmetric breathing of tryptophan Proteins [27,28]
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Table 1. Cont.

Wavenumber [cm~—1] Vibration Mode Assignment
Ring breathing modes 5
785-790 (DNA/RNA bases) DNA [22,23]
868 C-0O-O skeletal vibration Lipids [24]
Asymmetric vibration - ?
876 choline N(CHz)s Phospholipids [24]
898 Adenine DNA [22,23]
940 C-C skeletal vibration (backbone) Proteins [27,28]
1005 Symmetric ring br.eathmg of Proteins [27,28]
phenylalanine
Symmetric PO, ™ stretching S
e vibration of the DNA backbone BNA-[2225]
C-N stretching (proteins); C-C e
1128 vibiation in fatty acids Proteins; Lipids [24,27,28]
1173 C-C vibrations fatty acids Lipids [24]
Adenine, Thymine (ring o
420 breathing modes) BN {2223
1252 Guanine, cytosine (NHj) DNA [22,23]
1265 Amide III; =CH, vibration in lipids Proteins; Lipids [24,27,28]
1301 C-H vibration (Phospho-) Lipids [24]
1340 Adenine, guanine & CH DNA [22,23], Proteins [29]
deformation in proteins
1435-1445 CH3/CHj scissoring Lipids [24]
1450 CH, deformation Proteins [27,28]
1585 C=C olefinic stretch Proteins [27,28]
1630 DNA bases (C, G, T) DNA [30]
1640 C=C vibrations (fatty acids) Lipids [24]
1655-1670 Amide I, C=C vibrations Lipids; Proteins [24,27,28]
1745 C=0 vibrations triacylglycerids Lipids [24]

3.3. THP-1 Macrophages and MDM:s Differ in Their Molecular Composition

In addition to defining the spatial distribution of subcellular structures, in-depth
analyses were performed to investigate the molecular composition in both cell types.
Multivariate data analysis allowed us to identify minor spectral differences, as the average
spectra exhibited very similar signatures (Figure 3B). For each single-cell Raman scan,
spectra were extracted for each of the four cellular components, further used for PCA.
First, THP-1 and MDMs were compared in their resting state (M0). PCA comparison of
the cytoplasm signatures of non-activated THP-1 and MDM s is demonstrated in Figure 3;
PCA results of the other components—nuclei, Lipids A, and Lipids B—are shown in
Supplementary Figure S1. The PC-2/PC-3 scores plot exhibits a cluster formation separating
THP-1 and MDMs according to the underlying spectral signatures of the cells (Figure 3A).
The explained variance represented by PC-2 was significantly different between the two
analyzed cell populations (Figure 3C). The corresponding vector highlighting the most
influencing spectral features is shown in the loadings plot (Figure 3D). Peaks in the positive
PC-2 loadings dominated the spectral information originating from the data clustering in
the positive PC-2 scores range—in this case the THP-1 data. Negative peaks in the loadings
were more prominent in the spectra from MDMs. The spectral differences between THP-1
and MDMs were assigned to an increased cytochrome c signal at 750, 1128, and 1585 cm ™!
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in THP-1, and a stronger contribution of protein signals at 1003, 1335, 1450, and 1665 cm ™!

in MDMs.
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Figure 3. PCA comparison of cytoplasm features identifies differences in the molecular composition
between resting THP-1 and MDMs. (A) PC 2/PC 3 scores plot of single-cell cytoplasm spectra
extracted from THP-1 (light blue) and MDMs (blue) demonstrates a separation of both groups.
(B) Mean cytoplasm spectra from THP-1 (light blue) and MDMs (blue). (C) Statistical analysis of
the PC 2 score values reveals significant differences within the cytoplasm from both cell sources.
Boxplots show mean single cell PC 2 score values + SD, n = 90, student’s t-test, * p < 0.05. (D) The
corresponding PC 2 loadings plot exhibits the molecular vibrations differentiating the cytoplasmic
composition between both cell types.

3.4. THP-1 and MDMSs Have a Different Response to Proinflammatory Activation

The effect of macrophage activation was determined and compared between THP-1
and MDMs. The LPS-IENy-induced proinflammatory response was evaluated by PCAs,
including spectra from THP-1 and MDM s in both resting and activated states (Figure 4, for
PCA scores plots see Supplementary Figure S2). Separate analyses were conducted for each
of the four cellular structures—nucleic acids, proteins, lipids A, and lipids B. For all PCAs, the
most relevant PCs for separating MO and M1 macrophages were identified, and single-cell
PC score values were statistically compared (Figure 4A-D). Activation-induced changes
were especially prominent in nuclei-derived information and lipids B, which demonstrated
a clustering between resting and activated phenotypes at high explained variance values
in PC-1. Differences in cytoplasmic proteins and lipids A did only appear at lower PCs.
Moreover, MDMs showed significant differences between M0 and M1 states within all
analyzed cellular components, whereas proinflammatory changes in THP-1 were mainly
linked to alterations in only two of the four components—proteins and lipids B. The most
influencing Raman bands for each analysis are highlighted in the assigned loadings plots
(Figure 4E).
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Figure 4. Raman spectra and PCA reflect proinflammatory activation in macrophages. Individual
PCAs for (A) nucleic acids, (B) cytoplasm, (C) lipids A, and (D) lipids B were performed for data
generated for THP-1 and MDMs before and after LPS-INFy activation. Statistical analyses of the
most relevant PC score values demonstrate significant differences in resting and activated MDMs
for each of the components, but for THP-1 only within cytoplasmic proteins and lipids B. Boxplots
indicate mean single cell PC score values & SD, n = 90, pairwise comparison by student’s t-test,
* p < 0.05. (E) Corresponding loadings of the selected PCs describe the molecular changes specific to
the separation upon activation.

To have a deeper insight into the molecular protein modifications driven by the LPS-
IFNYy proinflammatory response, independent PCAs including only the data from one
cell type were performed. MDMs or THP-1 were separately analyzed with a PCA from
extracted spectra from cytoplasm before and after LPS-IFNYy activation (Figure 5). PCA
score graphs for THP-1 (Figure 5A) and MDMs (Figure 5B) demonstrated the strongest
separation between M0 and M1 macrophages. THP-1 clustering was described by PC 4 with
an explained variance of 2%, and MDMs showed a separation in PC 2 with 4% of the total
variance. Statistical analysis from the selected PCs scores confirmed that the separation seen
on the score graphs was significant (Figure 5C,D). The respective loadings plots for both
PCAs (Figure 5E) showed differences in the cytoplasmic molecular composition induced
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by LPS-INFy activation for THP-1 and MDMs. However, the separation and assigned
molecular changes were driven by different spectral patterns for the two groups.
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Figure 5. In-depth analysis of cell type-specific changes in cytoplasmic composition upon proin-
flammatory response. Individual PCAs for the cytoplasmic spectra from THP-1 (A,C) and MDMs
(B,D) identified the most prominent molecular modifications after LPS-IFNY treatment for each cell
source. Boxplots indicate mean single cell PC score values + SD, n = 90, pairwise comparison by
student’s t-test, * p < 0.05. (E) The underlying molecular changes exhibit different signatures and
patterns, as indicated by the loadings plots.

4. Discussion

The impact of LPS-IFNY activation on macrophages derived from the THP-1 cell line
and primary-isolated PBMCs were compared by assessing their phenotype using RM and
Raman imaging, which allowed a holistic view of the cellular composition.

The biological differences between THP-1 macrophages and MDMs have been ad-
dressed and discussed by many studies. For example, NFkB activation and gene transcrip-
tion profiles of THP-1-derived macrophages were similar to that of human MDMs [31,32],
whereas opposing results were observed for cytokine expression profiles. Recently, Shi-
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ratori et al. showed that polarization and activation profiles differ between MDMs and
THP-1 derived macrophages in vitro [33].

In addition, several studies have investigated if macrophage activation can be detected
using Raman spectroscopy [34,35]. However, no available study directly compares molecu-
lar Raman fingerprints of different macrophage model systems before and after activation.

We were able to show that the information obtained by RM and Raman imaging can
be utilized to track molecular changes during the activation process of macrophages and
provide insight into diverging molecular mechanisms between different model systems.

To further highlight the benefits of RM, we additionally performed routine FC mea-
surements of common immune surface antigens indicative of immune cell activation.

Although comparable relative responses were observed investigating THP-1 and
MDM by FC, differences in baseline expression and relative change in expression after
activation were identified, especially for the markers MCP-1 and the costimulatory surface
antigen CD86—also known as B7.2, which is essential for successful T cell activation. While
a significant increase occurred in MDMs, no increase above resting level was observed in
THP-1 macrophages for CD86. As THP-1 is a monocytic leukemia-derived cell line, it can
be speculated that the failure to upregulate CD86 for further T cell activation could be an
immune evasion mechanism typical for some types of cancer [36]. Similarly, a significant
drop of CD163, a scavenger receptor often used as an anti-inflammatory marker as it
indicates the clearance of cellular debris and onset of the healing process, was observed in
activated MDMs but not in THP-1 macrophages. For MCP-1, opposing effects between the
two cultures were identified after activation, with an upregulation in THP-1 macrophages
and a downregulation in MDMs. Similar to what was seen for HLA-DR and IL-10, THP-
1 cells responded with higher MCP-1 expression when compared with PBMC-derived
macrophages [33]. Besides the variation in cell sensitivity, other effects such as the higher
genetic variability of MDMs could also contribute to the reported results. In addition, the
kinetics of cellular mechanisms can be altered between cell lines and primary cells, with
variances in expression profiles growing with incubation time [33]. Altogether, the FC re-
sults suggest that the THP-1 cell line lacks some important mechanisms of proinflammatory
actions, such as the up- or downregulation of immune response-modulating antigens that
are still present in MDMs.

While the FC analysis of surface marker antigens and intracellular cytokines provides a
first assessment of activated signaling pathways, it does not capture the extended effects of
cellular remodeling. Previous studies have reported a less pronounced polarization profile
of THP-1 macrophages after proinflammatory activation compared to MDMs [18]. Here,
we were able to show that THP-1 macrophages and MDMs both responded to the challenge
with LPS/IFNy; however, analysis of the Raman spectra revealed distinct remodeling
patterns in individual cell components.

RM has been widely employed for the phenotypic classification of cells [13,15,37].
Nevertheless, the characterization and identification of macrophage polarization or activa-
tion via RM remains in its early stages. Pavillon [34] and Topfer et al. [35] have used RM to
characterize the monocyte cell lines Raw264 and THP-1 to recapitulate the proinflammatory
response after LPS-IFNYy treatment. In our study, we demonstrated that besides marker-
independent localization of subcellular structures using Raman imaging, RM could identify
subtle changes in the molecular composition of nucleic acids, proteins, and lipids that
occur upon macrophage inflammatory response in the investigated cell models. Different
spectral signatures were obtained from resting THP-1 and MDMs, and cytoplasm-derived
PCA scores plots showed a highly heterogeneous scattering in the data. Major differences
within the spectral signatures were described by increased cytochrome ¢ bands at 750,
1128, and 1585 cm ™! in THP-1 spectra, assigned to the activity of mitochondria, which
are known to be regulatory organelles that highly contribute to the immune response [38].
Moreover, differences in cytoplasm composition could correspond to the observed tendency
towards increased levels in basal cytokine expression of THP-1 macrophages demonstrated
by FC data. MDM spectra showed a stronger impact of protein and amino acid features,
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demonstrated by increased bands at 935 cm ™! (C-C stretching; proline, valine) [39,40],
1449 cm~! (C-H vibration) [41], and 1665 cm ™! (Amide I) [42], which are commonly asso-
ciated with structural vibrations related to the 3D configuration of proteins but can also
correlate to a spectral contribution of the inflammasome, a multiprotein complex involved
in the initiation of an immune response [43]. Furthermore, the other analyzed cellular
structures (nuclei and lipids) demonstrated differences in their molecular composition
between the two cell sources (Figure S1). These findings of individual characteristics of
resting cell line-derived and primary macrophages comply with previous studies reporting
differences in resistance to apoptosis, number of mitochondria, and cytokine expression
between THP-1-derived macrophages and MDMs, which are also in dependence on the
used THP-1 differentiation protocol [16,18].

In addition to resting macrophages, the sensitivity to LPS-IFNy-driven proinflam-
matory activation was monitored and appeared to have greater effects on the phenotypic
remodeling of MDM compared to THP-1. MDM activation resulted in significant modifi-
cations of nucleic acids, proteins, lipids A, and lipids B. By contrast, THP-1 activation was
only significantly reflected in protein and lipids B composition. Based on our PCA results,
proteins and lipids B are the cellular components that are more sensitive and robust to
indicate macrophage polarization. An in-depth analysis of the loadings plots demonstrated
a decrease in DNA contribution, increased lipid-related spectral features, and shifts in the
protein patterns upon activation. Protein spectral changes due to macrophage activation
were dominated by changes in structural bands at 1435 cm~! (CH, scissoring) [44] and
1665 cm ™! (Amide I) [42]. The modifications in lipids B reflect a prominent amide I with
a modified topography at the sub-bands center at 1640 cm ™! and 1670 cm~!. Alterations
within the amide I substructure upon macrophage polarization have been linked to changes
in lipid composition [45,46], more specifically to the composition of phospholipids [47].
THP-1 and MDMs showed similar trends regarding these major features; however, relative
changes appeared to be more significant for MDMs. Comparable results were obtained
by Chaudary et al., who reported different spectral patterns and changes occurring for
THP-1 and primary blood-derived cells upon monocyte-to-macrophage differentiation [48].
However, the authors applied different activation protocols among the cells—using PMA
for THP-1 and LPS for MDMs. This might affect the polarization pathway and efficacy.
THP-1-derived macrophages have been reported to express lower levels of CD14 when
compared with MDMs [49]. This surface protein plays an important role in detecting LPS
as it forms a highly sensitive complex with TLR4 and MD2 [50]. Accordingly, MDMs have
been reported to be more responsive to LPS-activation than THP-1 monocytes [50], which
is also reflected by our Raman data, showing relatively higher effects upon activation in
MDMs compared to THP-1 cells. These results emphasize the necessity to carefully select
an appropriate cell source for an in vitro model.

5. Conclusions

Our study shows that RM and Raman imaging allow for the marker-independent
evaluation of macrophage LPS-IFNy-driven proinflammatory changes in both THP-1
and MDMs. Moreover, based on the Raman spectral signature of resting and activated
macrophages, it was possible to show that, although both cell types were polarized by
the LPS-IFNY activation, THP-1 cells were less responsive than MDMs. Compared to cell
line-derived macrophages, proinflammatory changes in MDMs were reflected in all the
identified subcellular structures, suggesting a global response across the immune cell.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines10050989/s1, Figure S1: Principal component anal-
ysis (PCA) comparison of extractedspectra from TCA maps of resting THP-1 and MDM-derived
macrophages; Figure S2: PCA scores plots corresponding to the multivariate analysis between resting
and activated THP-1 and MDM-derived macrophages.
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