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Introduction

1 INTRODUCTION

1.1 Titanium implant materials and toxicity
1.1.1 Titanium materials in human implantation and complications

Human implantation of artificial materials and devices are of crucial importance
to modern society, providing the most optimal solutions to regenerative medicine.
Some examples of medical conditions which utilize implantation are tooth loss,
rheumatoid arthritis, inflammatory arthritis, scoliosis, spinal deformity, osteoporosis,
osteonecrosis and end-stage heart failure!=>. Titanium materials are considered the
most popular, amongst other metals, due to good mechanical properties, strong
resistance to corrosion and high biocompatibility®2. Upon contact with air, titanium
composites form a protective TiO2 layer, which helps to prevent metal degradation®?®.
Today, titanium composites are utilized for medical solutions to treat loss or damage
of bone tissue in various body parts such as the hips, shoulders, knees, spine and
skull®1911 Moreover, application of titanium materials in dentistry is probably the most
common and practical. Titanium is used in the composition of dental implants, and
dental cast metal frameworks**1.

Metal implants often trigger adverse immune responses, which lead to health
complications associated with a diverse range of medical conditions. Table 1 provides
some examples of metal implant materials with the corresponding complications and
inflammatory mediators involved?!810.12-14,

Table 1. Examples of metal implant composition materials, implant-related health
complications and corresponding inflammatory factors®810.12-14,

Metal Implant Implant Type Body | Type of Complication Inflammatory
Material Part Mediators
Co-Cr alloys, Ti Femoral hip Hip, Microbial infection, aseptic Interferons,
alloys and pure stands, metal knee | loosening, osteolysis, and TNF-alpha,
Ti backed metal-induced adverse IL1-beta, CHIT1,
acetabular shells periprosthetic inflammation IL6, IL8
Stainless steel, Left ventricular Heart | Infections, multi organ IL-6, IL-8,
Co-Cr alloys, Ti assist devices, failure, coagulation neopterin,
alloys and pure pacemakers and disorders, wound, stroke TNF-alpha,
Ti defibrillators, IL1-beta, PAI-1,
vascular stents MCP-1
Gold alloys, Cr- Dental implants, Jaw, Microbial infections, peri- IL-10, MMP2,
Ni alloys, Ti dental cast metal | mouth | implantitis, chronic dental nuclear factor
alloys and frameworks pain, gum recession, bone kappa-B ligand
pure Ti gratft failure, fibrosis (RANKL),
at the implant-bone interface, | TNF-alpha,
osteolysis IL1-beta

These post-surgical complications in implantation are typically divided into two
major groups: mechanical and biological. Mechanical complications correspond to the
physical quality of the implant itself, which is associated with mechanical breakage of
metal surfaces'®. For example, metal corrosion caused by high frictional force between
the sub-parts of an implant. This can be a problem for orthopedic implants because
they often have many accessory components. However, corrosion of the implant
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Introduction

surfaces induced by the electrochemical properties of the local microenvironment
would be considered a biological complication.

Typical implant complication outcomes are associated with intensive pain,
infection, and acute and chronic inflammation. Implant complications are provoked by
adverse immune reactions and macrophages are the major players in this game,
because they are in control of the responses to artificial materials'3. Failure to resolve
adverse inflammatory reactions at initial stages can essentially lead to chronic
conditions and increase the risk of implant rejections. The primary causes of implant
failure related to these conditions are: periprosthetic fracture, aseptic loosening,
arthrofibrosis, fibrosis at the implant—-bone interface, infections, peri-implantitis,
osteolysis, pain, coagulation disorders, and strokel®20, |t is established that
macrophages are key innate immune cells responsible for the recognition and primary
reaction to foreign bodies, including implants®?1-23, Macrophage responses
responsible for the adverse immune reactions that lead to the development of implant
complications are sustained by persistent inflammatory signals produced upon their
recognition of foreign biomaterials and the implant wear particles®!3. Most severe
medical conditions happen to ascend during the interplay of both acute and chronic
inflammatory responses. The inflammation responses associated with recognition of
foreign particles are driven by a wide range of pro-inflammatory cytokines and growth
factors: TNF-a, IL-1a, IL-183, IL-6, IL-8, IL-11, IL-15, TGFa, GM-CSF, M-CSF, PDGF,
epidermal growth factor?%24, Chronic inflammation shares some inflammatory
mediators with acute immune reactions. However, on top of classically activated
macrophage responses, chronic responses also exhibit characteristics of alternatively
activated macrophage responses. For example, rheumatoid arthritis, which is
considered to be the consequences of chronic inflammation is associated with IL-1a25,
however IL-1a is also secreted during acute lung inflammation upon exposure to silicon
micro- and nanoparticles secreted in the acute phase?®. On the other hand,
development of fibrosis results from failed wound healing and anti-inflammatory
responses, associated with a pathological change in production levels of TGF-b1l,
PDGF, MMPs, CCL7, CCL8, etc., which are responsible for proliferation, migration,
and collagen synthesis in fibroblasts®?’.

1.1.2 Metal degradation and release of implant wear-off particles

Degradation of metal implant materials can also be defined as corrosion. Since
all metals undergo corrosion, metal implants are susceptible to corrosion as well, which
occurs upon interaction of implant surfaces with the surrounding bio-environment?2.
For instance, saliva is an electrolytic solution, which can make titanium dental implants
corrode and release metal particles in the jawbone region?®. Chronic inflammation of
the jawbone induced by implant-related complications often leads to a disease called
“fatty degenerative osteonecrosis of the jaw” (FDOJ). The samples from patents with
FDOJ disorder were examined to determine the amount of dissolved Ti particles in the
surrounding areas of the titanium-based dental implants. More than one third of the
samples revealed a range from (3200 to 50600) ug/kg which is equivalent to (0.003 —
0.0050) wt%; it is known that the concentration of any heavy metal particles that
exceeds 250 pg/kg is considered to be toxic to the human body?°.

Corrosion of implant materials is a significant variable in the response of bone
and tissues to implant placement. Electrochemical techniques are used to measure
corrosion properties in various biological environments. One study investigated
endosseous implants to characterize corrosion in environments with blood,
inflammatory cells and elevated glucose, which has revealed that implants undergo
the inflammatory stress tent to corrode more by exhibiting greater negative Ecor
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values3!. These findings also support a medical observation that in patients with Type
| and Type |l diabetes, the risk of implant failure is significantly increased3'32, There
were other factors found and investigated, such as hydrogen peroxide, proteins,
mechanical stress and cells, which also trigger implant corrosion and contribute to the
release of wear-off particles into the local bio-environment33-35,

There are major types of implant-related corrosion: galvanic, fretting, pitting,
crevice corrosion and environmentally induced cracking corrosions. Galvanic corrosion
involves flow of ions and electrons induced by changes in the electrochemical gradient
due to direct contact of two very dissimilar metal materials®6. Fretting occurs due to
physical friction between the implant and another material in result of excessive
mechanical activity or micro-motion. Spontaneous breakdown of the protective surface
layer of a flat implant area is associated with pitting corrosion?®. While crevice corrosion
is characterized by a localized corrosion, which occurs due to geometric confinement
in the design and is generally associated with uneven surfaces®’. Corrosion-triggered
spontaneous loss of implant surface particles promotes physical degradation of the
implant material, which disturbs the mechanical stability of an entire implant device
leading to its aseptic loosening.

Titanium and its alloys are easily passivated metals. Titanium’s high resistance
to corrosion can be explained by its fast passivation, which is an immediate formation
of a protective layer upon exposure to air. This layer is responsible for anti-corrosive
qualities of titanium material and acts as a shield between the metal surface and the
surrounding environment®. Nevertheless, titanium implants still undergo corrosion.

Overall, implant corrosion has two major unfavorable effects: 1) destruction of
mechanical stability of an implant, which leads to ascetic loosening; 2) generation of
small metal wear-off particles or implant debris typically composed of nanoparticles,
micro particles and small ions (Figure 1).

shf1 2 3 4 5 6 8 9 10 11 12\’5 10

Figure 1. Representation of implant degradation during corrosion (created with
Biorender.com).

Amongst the metal particles, which are released in result of corrosion, particles
of a smaller diameter size, or nanopatrticles, generate most biological toxicity238,
Titanium nanoparticles can exist in three polymorphic forms: rutile, anatase, and
brookite3®. The forms come from the only naturally occurring oxide of titanium at
atmospheric pressure. Rutile corresponds to a stable phase, while both anatase and
brookite are metastable3®4°, Rutile and anatase TiO2 are typically used in coatings of
medical devices and implant materials442,
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1.2 Implant complications in diabetic patients

Patients who suffer from diabetes mellitus (DM) often injure themselves and
break bones*?, which makes them very susceptible to medical solutions requiring
implants. On top of that, DM patients have an increased probability of periodontitis and
tooth loss*. The risk of implant failure is increased in diabetic patients31:3245, Diabetic
conditions are known to reduce osseointegration and the success rate of dental
implants, because the success or failure of implants are dependent on how fast and
efficient the local tissues grow in close apposition to the implant*647. In the diabetic
healing bone, the time point of cell proliferation and osteoblast differentiation are
significantly delayed*6-48.

Adverse foreign body response occurs adjacent to the implanted materials, and
impairs the function of implant devices, which can be very critical for the implantable
glucose or other biosensors. To completely understand the full spectra of these health
risks, it is critical to consider all the potential negative interactions from the immune
responses at the interface of diabetic pathology and implant complication responses.
Figure 2 illustrates inflammatory mediators involved in the responses to biomaterials
and hyperglycemia®49-52,

Biomaterials Hyperglycemia
TLR4
ML-a,B VEGF
IL-8 N INF-q  V CCLIE IL-18
. e Collagenase
IL-10 A cxcL2 AGE O g
Arginase 1 ™IL-1rA %
1 ROS Angll

Figure 2. Interface of inflammatory responses induced by biomaterials and
hyperglycemia®4°-52,

Hyperglycemia is a key element of the diabetic pathology. Elevated levels of
glucose produce higher risks in the corrosion state of metal implants, which has been
demonstrated by multiple studies in the investigation of electrochemical corrosion
behavior of metal implants®354. Also, hyperglycemia stimulates elevated levels of
proinflammatory responses leading to overproduction of superoxide, delaying wound
healing, which is a crucial factor for successful implantation. Implant material consisting
of titanium is considered to be most stable due to extra features in the formation of
titanium dioxide surface layers; however, hyperglycemic blood can directly interact with
implant surfaces and also degrade those TiO:2 layers, releasing small toxic titanium
particles®s.

It was demonstrated by numerous dental studies, that patients in the condition
with poorly controlled TD2, as also, with pre-diabetic conditions, characterized by
obesity syndrome, undergo significantly higher risks of developing implant
complications than healthy patients®>->’. Delayed wound healing and compromised
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immune responses responsible for the pathological defense are amongst key leading
elements in unsuccessful implantation procedures. Diabetic conditions significantly
increase production of the pro-inflammatory cytokines such as TNF-a, IL-13 and IL-
6mo*®%8  which interfere with anti-inflammatory responses necessary for post-
implantation. The peri-implant inflammatory parameters are worse in patients with
diabetes and prediabetic conditions®®.

Hyperglycemia increases the expression of toll-like receptors (TLRs) at the
periodontal tissue, which is consistent with the location of dental implants. An increase
in TLR-mediated responses results in over-activation of pro-inflammatory
macrophages®®°, hence facilitating a more extreme inflammatory state at the
interfaces of implant material and tissue. High levels of advanced glycation products
(AGEs) have been associated with hyperglycemia-induced pathogenesis of tissue
destruction around dental implants in T2D%"6%, In a study about orthopedic implant
devices, it was demonstrated that the patients with obesity and T2D suffer worse from
osteomyelitis, a type of a bone infection, in comparison to patients without obesity or
T2D%6. Hyperglycemic conditions increase the likelihood of infections, which is also
supported by delayed or impaired wound healing processes. The mechanisms
responsible for increased peri-implant damage may very well be explained by the
implication of prolonged hyperglycemia or poor glycemic control, since chronic
hyperglycemic exposure interrupts the synthesis, maturation and maintenance of
collagen and extracellular matrix in the periodontal and peri-implant tissues®:62,

The detrimental effects of hyperglycemia and biomaterials have been studied
independently; however, the interaction of these negative effects needs to be
investigated further to understand the mechanisms which are responsible for implant
failure in diabetic patients. It must be taken under consideration that hyperglycemic
environment not only promotes the release of implant wear-off particles, such as Ti
NPs, but also cooperates with their detrimental outcomes on the human immune
system.

1.3 Major sources of non-implant related exposure to titanium
material

Titanium dioxide materials are one of the most commonly used nanomaterials®.
Although metal implants are considered to be a well-known source of exposure to
titanium nanoparticles, most exposure actually comes from industrial sources. These
industrial sources include paints, plastic, rubber, paper-making, fiber etc.; these
contribute to the route of exposure through inhalation, intranasal or intratracheal
instillation®3%4 The other sources, contribute to oral and dermal exposures, and they
come from cosmetics, food additives, drug coatings, toothpaste etc.%>. The common
properties of various forms of titanium nanoparticles, which lead to detrimental health
effects, include efficient penetration, poor elimination, and tissue accumulation, in
addition to toxicity®5-8,

1.3.1 Airborne exposure to TiO2

Metal nanoparticles are increasingly used in the manufacturing of industrial
products, such as antibacterial surface coatings and semiconductors®®. In addition, the
ingredients of paint or the additives in different paint coatings and where they are used
as a white pigment often contain Ti NPs’®", These particles can be inhaled upon
exposure to these reagents. The consequences of exposure result in immediate
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transport of this material from the lungs to lymphatic drainage, which eventually reach
blood circulation. It was reported that Ti NPs of 21nm diameter size trigger a more
severe pulmonary inflammatory response than TiO:z of the same mass, with greater
amounts of Ti NPs entering the alveolar interstitium in the lungs’. Moreover,
inhalation of rutile Ti NPs leads to pulmonary neutrophilia, increased expression of
TNF-a and neutrophil attracting chemokine (CXCL1) in lung tissues’3. Several studies
have shown that the uptake of the nanoparticles worsen respiratory disorders such as
pulmonary fibrosis or LPS-induced lung inflammation?4-76.

1.3.2 Intestinal exposure to TiO2

Titanium dioxide, also referred to as E171, is widely used as part of food
ingredients, drug coating, toothpaste, chewing gums and candy® 7’78, E171 is
ingested daily as a combination of nanoparticles and microparticles in the human diet.
Powdered donuts contain as high as 100mg Ti per serving®®. Products such as sweets
or candies including chocolate and white sugar toppings contain 0.01 to 1mg Ti per
serving®®. When white dairy products, such as, mayonnaise, whipped cream and
yogurts, were tested for Ti content, most of them contained low concentrations.
Cheeses were ranked highest amongst dairy products in the content of Ti (0.0069 pg
of Ti per mg)®°. After being ingested, Ti NPs certainly interact with the gastrointestinal
system. Ti NPs of sizes between 4 and 30nm are constantly found in sewage®’. Dual
flow cytometry analysis of human whole blood has shown that food grade anatase
TiO2 of non-toxic concentrations (10 pg/ml (10,000 ppb)) are primarily taken up by
neutrophils and CD14+ cells’. In vitro, E171-type Ti NPs ingested by human bone-
marrow macrophages and intestinal epithelial cells induce assembly of NLRP3-ASC-
caspase-1 and NLRP3-dependent release of IL-18 and IL-18%°,

1.3.3 TiO2in cosmetics

Titanium dioxide is commonly found in cosmetic products and, in fact, they are
the primary ingredient of sunscreen lotions®'. Due to intensive application of cosmetic
products, the danger of dermal exposure has been addressed by multiple studies,
where there has been some contradiction. The Scientific Committee on Consumer
Safety considers Ti NPs as a mild-irritant to skin®? and some investigations claim that
the nanoparticles do not penetrate the skin®24, while others observed the opposite
effect®. The use of TiO2 in lip balm products contributes to oral exposure but the
experts claim that the concentrations are not strong enough to harm the
gastrointestinal system?®. Cosmetic products in a form of sprays are not recommended
due to the exposure through inhalation and risk of lung damage?®®.

1.4 Role of macrophages in the human immune system

Macrophages are innate immune cells that coordinate a diverse pool of
immunological responses. These cells are evolutionarily designed for the resolution of
inflammation by altering their phenotype and the phenotypes of the cells present in
their microenvironment®’. Macrophages are involved in, both processes, advancing
inflammation and promoting tissue repair and regeneration®,
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1.4.1 Macrophage phenotypes and plasticity

Macrophages are well-known for their regulatory function executed by secreting
pro-inflammatory, anti-inflammatory and healing-supporting factors that control
inflammation and its resolution®. By nature, macrophages are very dynamic and
exhibit a large spectrum of heterogeneity. Macrophage plasticity is a remarkable ability
of these cells to acquire different phenotypes in response to changes in the local
microenvironment&%:%,

Based on the expression of cell surface markers, production of specific factors
and functional activity, macrophages can be classified into two major subtypes:
classically activated macrophages (M1) and alternatively activated macrophages (M2).
Originally, these terms were created in the 1990s when the differential effects of
stimulation with interleukin-4 (IL-4) and interferon gamma (IFNy) and/or
lipopolysaccharide (LPS) on macrophage expression were described® 9, M1
macrophages are known to possess pro-inflammatory properties and M2 possess anti-
inflammatory®:°1, MO macrophages are also used in the terminology, which are
considered to be uncommitted macrophages, and possess neither pro-inflammatory
nor anti-inflammatory characteristics. Stimulation with CSF-1 (M-CSF) of murine bone
marrow and human peripheral-blood monocytes remain the predominant in vitro
systems used for generating macrophages®.

Polarization to M1 in response to IFNy and/or LPS induces production of TNF-
a, IL-1B, IL-10, IL-12, NO, H202, MCP2 and YKL-40 (CHI3L1) (Figure 3)°. The
transcriptional profile of M1 is induced by activation of STAT1%. The mechanism for
pathogen removal promoted by the pro-inflammatory mediators is relatively uniform
and typically involves activation of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase system, which stimulates generation and release of reactive oxygen
species (ROS)%,

Monocyte

LPS II:NY/ \| L-4 \w: TGFB

TNFa NO FN1 CD163 D3
IL-18 H:0, BIGH3 CD14 OLR1
IL-12 FcyR MMP2 TLR4 HAMP
IL-10 STAT1 MMP12 TLR2 LTA4H
MCP2 TTG Stabilin-1 SMAD7
YKL40 ccLis SI-CLP PLAUR
IL-1ra ALOX5AP
CD206 IL17BR
Stabilin-1 YKL39
SI-CLP
A\ J \ J
M1 M2
Pro-mflammatoryﬁ Anti-inflammatory
Plastic phenotype

Figure 3. Macrophage polarization schematic®® (Modified from Kzhyshkowska, J et al.
2016 using Biorender.com).
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M2 macrophages are also defined as healing or anti-inflammatory
macrophages. M2 do not possess an enhanced killing property towards pathogens but
downregulate inflammation instead. Polarization to M2 is induced by IL-4,
glucocorticoids (dexamethasone), TGF-B and other factors8895-97,

A major transcriptional factor of the M2 program is STAT68. M2 in response to
IL-4 can secrete a number of matrix remodeling factors including FN1, BIGH3, MMP2,
and MMP12%, Glucocorticoids are responsible for the enhancement of scavenging
potential of M2 mediated by elevated expression of CD206, stabilin-1 and other
scavenger receptors. Chitinase-like proteins SI-CLP and YKL-39 are differentially
regulated in M2, where SI-CLP is induced by IL-4 and dexamethasone, while YKL-39
is highly specifically induced by TGF-B%:%°. Most characteristic M2 cytokines include
CCL18 and IL-1ra (Figure 3)%. Thus, stimulation with IL-4 is a major driver for the
tissue remodeling activity of M2 via the production of matrix metalloproteinases
(MMPs), tissue transglutaminase, and other extracellular matrix components®.
Glucocorticoids have a major impact on the M2 macrophage profile through the
enhancement of endocytic and phagocytic activity, which is crucial in the maintenance
of homeostasis and resolution of inflammation®. During the differentiation process
from monocytes to macrophages, the presence of glucocorticoids is necessary for
TGF-BRII expression on the macrophage plasma membrane, which allows them to
react to activation by TGF-B1 via activation of Smad2/3-dependent signaling®®.
Activation of Smadl1/5 by TGF-B1 upregulates expression of HAMP (coding for the
antimicrobial peptide hepcidin) and PLAUR urokinase activator), which is associated
with susceptibility to atherosclerotic plaques®’. Also, M2 exhibit elevated expression of
arginase, which counteracts production of nitric oxide (NO). Additionally, expression of
MHC class Il molecules such as HLA-DR and HLA-DQ is upregulated in IL-4-induced
M2, which is important in antigen presentation.

1.4.2 Macrophages in foreign body response

Foreign body response (FBR) is often discussed in a context of macrophage
behavior during their interaction with biomaterials®9%. Macrophages recognize implant
material as a foreign body in the tissue, which encompasses recruitment, interaction
with the surface, and release of chemokines to recruit additional macrophages and
other immune cells that leads to acute inflammation®. Implant surfaces can adsorb
proteins, such as fibrinogen, fibronectin, vitronectin, etc., which play a major role in
implant recognition and initiation of FBR2, The absorbed proteins are recognized by
macrophage integrins, which are involved in their initial adhesion to biomaterials and
fibrotic encapsulation of implant surfaces®. The recognition of metal alloy particles
involves a signaling pathway via transcription factors NF-kB, followed by production
of TNF-a and IL-6'%4. TLRs play a significant role in the recognition of small titanium
particles and certain types of biomaterial surfaces®051%_|n addition, TLRs recognize
endogenous DAMPs on the surface of biomaterials upon initial tissue injury°®,
Scavenger receptors on macrophages (SR-A, macrophage receptor with collagenous
structure) can also recognize metal particles or implant debris, including titanium
dioxide®1%7. Known pathways of implant recognition by macrophages are illustrated in
Figure 4A8.

The ineffective resolution of acute inflammation often leads to chronic
inflammation, supported by fusion of macrophages®. In the events of fusion,
macrophages form big giant cells in an effort to engulf bulky implant surfaces or the
corresponding implant debris (Figure 4B). Foreign body giant cells (FBRCs) are
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generated from the fusion of monocytes and macrophages and is a typical hallmark of
the FBR, which involves direct degradation of implant materials that can lead to a
defective implantation system.1® FBRCs accumulate at the tissue/biomaterial
interface, start secreting reactive oxygen species (ROS) and degradative enzymes,
which generates a highly volatile molecular environment'®, The acidic background
favors the erosion of the implant accelerating the release of implant wear-off particles,
which gives an additional level of cytotoxicity on top of the initial inflammatory reactions
in response to bulky implant surfaces.

In the events of FBR and FBR-associated inflammation, monocyte/macrophage
migration is necessary. The major chemokines and cytokines which are responsible
for this migration have chemoattractive properties and are classified in 4 families: CXC,
CC, C and CX3C'%8, Migration of the macrophage is supported by cytokine secretion,
which guides the inflammatory responses and determines how successful the wound
healing reactions will be in a state of implantation®1°2, During recent years we have
developed a human macrophage-based model system to identify and to predict
individual patient responses to implant materials%-112,

Both, CD14+ monocytes and CD68+ macrophages are crucial components of
the FBR?2112, A gene expression study of CD68+ macrophages during early FBR
confirmed that macrophages are clearly responsible for FBR and myofibroblast
deposition and differerntiation''3.The results of this study revealed a group of
upregulated cytokine genes and genes responsible for inflammatory responses, such
as TNFa, IL-1a, IL-1b, IL-6 and IL-10, which were clustered around macrophages.
Amongst all 197 genes upregulated by FBR macrophages, there were also intercellular
adhesion molecule 1 (ICAM-1), integrin a5 (ITGA5), integrin aV (ITGAV), vascular cell
adhesion molecule 1 (VCAM-1), syndecan 4 (SDC4), interleukin 4 receptor a (IL-4RA),
CD14 antigen (CD14), endothelial cell adhesion molecule (ESAM) and matrix
metalloproteinase 13 (Mmp13). In the analysis of the corresponding gene expression,
a switch was identified from monocytes and macrophages attracted by fibrinogen, to
activated macrophages and eventually wound-healing macrophages. Moreover, the
FBR tissue was found to be comprised of a subpopulation of CD34+ cells, which are
known to differentiate into myofibroblasts, the main cell population in mature FBR-
tissuel!s,
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Figure 4. Macrophages in foreign body response. A. Adverse reaction of macrophages

to implantable materials® (adopted from Kzhyshkowska, J et al. 2015). B. Foreign body
response to implant debris (created with Biorender.com).
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1.4.3 Macrophage function in normal healing

Macrophage function is necessary for wound healing and tissue regeneration.
The actual “pro-healing” process is mainly supported by M2 phenotype macrophages,
while M1 macrophages are rather associated with tissue damage, impaired tissue
regeneration and slow wound healing®®!4. The detrimental macrophage-mediated
responses can lead to delayed wound healing after injury or development of dangerous
immune disorders characterized by chronic inflammation.

On the other hand, it is important to consider that although M2 macrophages
are predominantly involved in the healing event, the entire process requires the
function of both M1 and M2 macrophages. At the initial stages of trauma, macrophages
with pro-inflammatory characteristics infiltrate the wound and retain the M1 phenotype
for some time. It takes up to few days for M2 macrophages to accumulate at the wound
site and become active!®.

Due to high plasticity potential, activation of macrophage M2 responses can be
accomplished by direct polarization of M1 macrophages to M2 and by the recruitment
of new macrophages. Excessive pro-inflammatory activity administered by M1
macrophages can become detrimental to wound healing. Consequently, the M2
phenotype is favorable to tissue regeneration, since it supports proliferation of somatic
cells and extracellular matrix remodeling M2 macrophages are the major source of
ECM and collagen which are the necessary raw materials for healing**.

1.4.4 Macrophages in acute and chronic inflammation

Monocytes and macrophages are essential players in the clearance process of
abnormal or dead cells and usually a high number of them are found at inflammatory
sites and necrotic tissues. Monocytes in peripheral blood are precursors of adult tissue
macrophages. Upon migration towards inflammatory sites, they undergo activation and
polarization into distinct macrophage subtypes characterized by specific surface
markers. Consequently, the process of inflammation itself is directed by macrophages,
which is a critical and complex component of the response to biological, chemical and
physical stimuli. Monocytosis is an increased number of monocytes in peripheral blood,
which can happen in both acute and chronic inflammation*1®.

Acute inflammatory reactions are required as an initial line of protection against
injury. Acute inflammatory mediators are short-lived and have a fast degradation
period'’. Upon the removal of stimuli, the inflammation is diminished, however, many
inflammatory mediators are involved in both acute and chronic responses depending
on the persistency of a stimulus (Table 2)826:118119 Duyring the acute phase of the
inflammatory response, macrophages migrate to the injury site and participate in a
sequence of events coordinated by cytokines, chemokines, and acute-phase proteins.
An acute inflammatory response can be sufficient to cure the injury. However,
depending on the injury type, if it is not resolved for a long time, the persistent
inflammatory responses from macrophages often lead to chronic phase inflammation,
followed by further tissue damage or fibrosis**6,
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Table 2. Inflammatory cytokines in acute and chronic inflammation phases®?26:118.119,

Inflammatory Mediators Acute Chronic Ref. Nr.
TNF-g®118 + + 8,118
IL-1a25, |L-1@8118119 + + 8, 26,118, 119
IL-2119 1L-3%19, |L-41%9 |L-511° + 119
|L-68118.119 + + 8,118, 119
IL-78110 + 8, 119
|L-g8118119 + + 8, 118, 119
IL-108118119 + 8, 118, 119
IL-11119 + + 119
|L-128118119 + + 8, 118, 119
[L-138118.119 1| 14119 | -158119 + 8, 118, 119
IL-16%1° + 119
IL-17%1° + 119
IL-188119 |-198119 |L-2081%, + 8,118, 119
”__23118,119' “__248,119’ |L_328,119

GM-CSF&118119 + + 8,118, 119
Eotaxin (CCL11)811° + + 8,119

1.4.5 Mechanisms of chronic inflammation

Chronic inflammation develops as a result of a sustained inflammatory signal,
which can potentially spread and disturb the kinetics of metabolic reactions crucial for
the maintenance of a healthy cell metabolism. There are numerous cellular and
molecular mechanisms and inflammatory mediators (Table 2) associated with chronic
inflammation. For instance, sustained activation of TLRs is a known factor that leads
to chronic inflammatory diseases!?°. Prolonged inhibition of COX enzymes in
macrophages leads to reduced production of PGE2, which drives activation of pro-
inflammatory macrophages that contribute to prolongation of chronic inflammation
during the resolution period*?!. A well-functioning system of clearance is very important
in the removal of inflammatory macrophages that can eventually drive chronic
inflammation and tissue fibrosis!??. Disruption of the efficient clearance of apoptotic
cells leads to their accumulation, release of necrotic cell debris and persistent
inflammatory activation by consistent release of damage associated molecular
patterns (DAMPS), which also leads to chronic inflammation?3.

Various diseases correspond to chronic inflammatory disorders; these include
arthritis, asthma, atherosclerosis, autoimmune diseases, diabetes and its
complications, obesity, cancer, and implant-related inflammation'?*. During
atherosclerosis, low density lipoproteins (LDL) accumulate in the vascular intima,
which activates endothelial cells and resident macrophages that lead to expression of
adhesion molecules and chemokines!?®>. Monocytes migrate in response to activated
chemokines and adhesion proteins, where they differentiate into macrophages.
Macrophages become foam cells and after excessive accumulation they die through
apoptosis, and if they are not effectively cleared it leads to the formation of a pro-
inflammatory necrotic core. Further, macrophages form lesions in the arterial wall
through the persistent secretion of cytokines and other inflammatory mediators'?®. In
the case of obesity, there is a chronic response in adipose tissue, which is associated
with persistent cytokine release that promotes accumulation and activity of M1-
polarized macrophages!'4126, The recruitment of M1 macrophages contributes to
prolonged secretion of TNFa and an increased ratio of M1 to M2 macrophages, which
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is a hallmark of inflammation in adipose tissue associated with metabolic syndrome
and insulin resistance?6. Hyperglycemia plays essential role in the mechanism of
diabetic pathology. Prolonged hyperglycemic stimulus has been shown to affect the
activation of circulating monocytes*®1?’. In pre-diabetic subjects, characterized by
hyperglycemic episodes, peripheral blood cells were analyzed via flow cytometry!?,
The quantification of traditional monocyte subsets was based on CD14 and CD16
expression as well as novel monocyte—macrophage pro-inflammatory CD68+CCR2+
(M1) and anti-inflammatory CX3CR1+CD163+/CD206+ (M2) phenotypes!?®. The flow
cytometry analysis revealed increases in pro-inflammatory M1 cells and percent
expression of oxLDL scavenger receptor CD68 with a direct correlation to HbA1c!?8.
In animal studies, glucose itself promoted diabetes-induced atherosclerosis by
increasing monocyte production and macrophage infiltration in atherosclerotic
plaques, as well as significantly larger necrotic cores in diabetics than in
nondiabetics'?®. Infiltrating macrophages release ROS, NO, lysosomal enzymes and
cytokines, which contribute to direct podocyte injury and/or an abnormal podocyte
niche leading to diabetic nephropathy3®13!, Wound healing is impaired in diabetic
patients partially due to alterations in kinetic and functional differences in wound
monocytes/macrophages!®?,

Periprosthetic osteolysis is a condition, which results from chronic inflammation
and local bone disruption triggered by the reaction of immune cells, especially
macrophages, to biomaterials'33. After insertion of implants, implant wear off particles
are continuously released into surrounding tissues. The interaction between
periprosthetic cells and implant wear-off particles is a critical aspect in the development
of osteolysis and aseptic loosening®°. These particles induce a sustained inflammatory
signal, which results in low-grade chronic inflammation eventually leading to
periprosthetic osteolysis often followed by implant failure!:3.

1.5 Glucocorticoids for alleviation of inflammation

Macrophages are ideal targets for anti-inflammatory drugs, and glucocorticoids
are very common treatments for numerous inflammatory disorders such as rheumatoid
arthritis, contact allergy and pulmonary diseases®?*. Glucocorticoids have been
characterized as immunosuppressants, due to their ability to attenuate or inhibit
macrophage activation responses to various cytokines'3>36, The inhibition of these
responses can happened on several mechanistic levels: transcription, mMRNA stability,
translation and/or post translational processing3>137, The anti-inflammatory and
cytokine-inhibiting effects of glucocorticoids require binding to glucocorticoid receptors.
The glucocorticoid receptors (GRs) are constitutively expressed transcriptional
regulatory factors (TRF), which are located in the nucleus and control many distinct
gene networks that are associated with particular cellular and physiological
processest3139,

Dexamethasone is a synthetic analog of natural glucocorticoids, and widely
used for induction of the M2 phenotype in vitro®3%. Glucocorticoids stimulate
phagocytosis of opsonized and non-opsonized particles in macrophages!3*. In
addition, glucocorticoids have an anti-apoptotic effect on macrophages, since it has
been demonstrated that upon treatment with dexamethasone macrophages are more
resistant to lipopolysaccharide (LPS)-induced apoptosis'#9-142, Similar effects were
observed with other types of apoptotic stimuli, such as, staurosporine, actinomycin D
and cyclohexine, where glucocorticoid action was achieved through ERKZ1/2
phosphorylation in an adenosine receptor A3-dependent-manner'#3144  Also
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dexamethasone suppresses the migratory capacity of macrophages, which is likely by
promoting macrophages to take a smaller form with less cytoplasmic extensions45:146,
Macrophages treated with cortisol exhibit a lower capacity of migration in vitro'46:147 |n
vivo, it has been demonstrated that glucocorticoids can inhibit infiltration of
macrophages into the lung during treatment of lung injury with bleomycint48,

Glucocorticoids, depending on their pharmacological potency, efficacy and
concentration, can suppress the secretion of the pro-inflammatory cytokines, such as
TNF-a, IL-1 and IL6 in macrophages exposed to IFNy®>148149 On the other hand,
monocytes exposed to glucocorticoids tend to secrete higher levels of IL-10 and TGFf3,
and have an increased secretion of anti-inflammatory markers, such as CD206, CD163
and CD169143‘150_153.

The therapeutic effects of dexamethasone in the context of potential attenuation
of the inflammatory responses induced by implant wear debris has been studied in
RAW 264.7 cells'>*. The results of the same study concluded that dexamethasone
released from amino-functionalized titanium can potentially be applied in the
prevention of aseptic loosening of joint replacement devices®. The precise
mechanisms by which dexamethasone exerts its therapeutic function by alleviation of
inflammatory reactions induced by implant wear off particles is a remaining research
question.

1.6 Reactive oxygen species in macrophage responses

Reactive oxygen species (ROS) contribute to antimicrobial properties and are
part of normal cell activity. ROS is a short-lived second messenger, it plays important
role in cell signaling and is responsible for oxidation of the thiol group in cysteine
residues of the proteins; this protein oxidation is tightly regulated by reducing systems
such as peroxiredoxin (PRX) and thiopredoxin (TRX)?>156  ROS is essential in
inducing and sustaining pro-inflammatory macrophage responses in host defense
against infection!!6:157, Numerous studies revealed the function of ROS as a secondary
messenger implicated in both M1 and M2 macrophage polarization states>’:1%8, It has
been reported that ROS has a role in the activation of the NFkB and p38 MAPK
signaling pathways, which induce pro-inflammatory gene expression in macrophages,
and the mechanism involves stimulation of TLR4 followed by activation of NOX and
SOD and generation of H202157:159,

Overproduction of ROS promotes oxidative stress, which occurs if the generation
of ROS exceeds the capacity of the antioxidant defense. At this state the cells start
undergoing severe cellular dysfunction and cell death by apoptosis via upregulation of
proapoptotic PUMA and BIM followed by recruitment of BAX on the mitochondrial
membrane, which triggers release of apoptotic factors such as caspases and
cytochrome c¢'%0, Release of the apoptotic factors eventually lowers mitochondrial
membrane potential (MMP, Aym) and sends out a signal of self-destruction to the
ceII51°6'16°.

Oxidative stress is associated with the development of various human disorders,
such as cancer, cardiovascular, neurodegenerative, and metabolic disorders,
inflammation, and aging!6:162, Multiple studies are investigating oxidative stress in
vascular complications by assessing levels of ROS in endothelial and epithelial cells
and tissues!®31%4 The role of macrophage-generated ROS in diabetic complications
has been frequently addressed'®*. Moreover, induction of apoptosis in murine
macrophages in response to titanium dioxide materials has been revealed to occur
through ROS-dependent SAPK/INK and p38MAPK activation'®. Production of ROS
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induced by Ti NPs and silicon nanoparticles induce an inflammatory response in
macrophages, which is suspected to drive lung inflammation65.

The unfavorable effects of ROS overproduction in the diabetes-induced impaired
osteogenesis of titanium implants have been studied before!®®. It has been shown that
ROS production associated with osteolysis can be inhibited by the stable coatings in
biomaterials®’. Mechanisms of implant debris-dependent ROS induction in the context
of diabetic pathology needs to be studied separately.

1.7 Aims and objectives

Titanium biomaterials are typically used for human implantation. As a
consequence of metal corrosion, all metal implants, including titanium, degrade over
time, which triggers a release of titanium nanoparticles (Ti NPs), known as implant
debris or metal wear-off particles. Patients with Diabetes Mellitus (DM) have elevated
blood sugar levels and can suffer from consequences triggered by compromised
immune responses. Amongst those consequences are the complications produced by
metal implants. Hyperglycemia, which is a major factor of diabetic pathology, also
promotes implant corrosion contributing to the release of metal wear-off particles, such
as Ti NPs. Ti NPs are amongst the driving forces that contribute to the disruption of
the mechanical stability of implant devices causing aseptic loosening and triggering
adverse immune reactions that lead to chronic health complications. Macrophages are
the vital immune cells, which are responsible for clearance and elimination of foreign
materials and have a high influence on the acceptance or failure of implants. Although
potential failure or acceptance of titanium implants in diabetic patients have been
previously addressed, the cooperation of Ti NPs and hyperglycemia as major driving
forces of implant failure in diabetic individuals require investigation.

The goal of the current study was to analyze the effect of titanium wear-off particles
(nanoparticles) on primary human macrophages exposed to a hyperglycemic
environment.

Specific aims:

1. To analyze cell viability of titanium surfaces and different concentrations of
Ti NPs via the Alamar Blue assay.

2. To identify the effects of Ti NPs on macrophage responses and
membrane transport via ELISA, RT-gPCR and confocal microscopy.

3. To identify the effects of hyperglycemia on Ti NPs—induced changes of
macrophage pro-inflammatory and healing responses via ELISA and RT-
gPCR.

4. To analyze the anti-inflammatory role of dexamethasone in suppression of
Ti NPs-induced macrophage reactions cultured in a hyperglycemic
environment via ELISA and RT-qPCR.

5. To identify the effects of Ti NPs and hyperglycemia on the release of
mitochondrial ROS via FACS.

6. To identify the complete transcriptional program induced by Ti NPs in
macrophages in hyperglycemic conditions using Affymetrix microarray
analysis, and to validate selected differentially expressed genes and RT-
gPCR.
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2 MATERIALS AND METHODS

2.1 Chemicals, reagents and kits

Table 3. Chemicals and reagents

Product Company
0.05% Trypsin/EDTA solution Biochrom

10x Earle's Balanced Salt Solution (EBSS) Sigma Aldrich
10x Incomplete PCR buffer BIORON
30% Acrylamide/Bis Solution Bio-rad

4',6-diamidino-2-phenylindole (DAPI)

Roche Diagnostics

Acetic Acid Merck

Agarose Roth

AlamarBlue® Invitrogen

Biocoll solution Biochrom

Ficoll solution Cytiva

Bovine Serum Albumin (BSA) Sigma Aldrich

CD14 MicroBeads Miltenyi Biotec
D-(+)-Glucose solution 10% Sigma Aldrich

DCF (fluorescent 2', 7'-dichlorodihydrofluorescein ) Thermo Fisher Scientific
Deoxyribonucleotides (ANTPs) 10M Fermentas

DEPC Water Thermo Fisher Scientific
Dexamethasone Sigma Aldrich
Dimethylsulfoxide (DMSO) Sigma Aldrich

DNA ladder Thermo Fisher Scientific

DNA Loading Dye (6x)

Thermo Fisher Scientific

DNase Buffer(10x)

Thermo Fisher Scientific

DNase | RNase free 1U/ul solution Fermentas
EDTA Invitrogen
Ethanol Roth

FcR Blocking Reagent, human Miltenyi Biotec
Fetal calf serum (FCS) Biochrom
GelRed Nucleic Acid Gel Stain, 10,000x Biotium
GeneRuler DNA ladder Fermentas
Glycerol Sigma Aldrich
Loading dye 6x Fermentas
Macrophage-SFM (serum-free medium) Life Technologies
MEM Spinner modification Sigma Aldrich
MgCl, Sigma Aldrich
MitoSox™ Invitrogen
MitoTracker Invitrogen

Oligo(dT) primer

Thermo Fisher Scientific

PBS Dulbecco, w/o Ca ?*, Mg #*

Biochrom

PCR primers (designed in the lab)

Eurofins MWG Operon
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Product Company

PCR probes (designed in the lab) Eurofins MWG Operon
PCR ready-made mixes Life Technologies
Percoll GE Healthcare Life Sciences
Phosphate buffered saline (D-PBS), sterile 1x Invitrogen
Recombinant Human IFN-y Peprotech
Recombinant Human IL-4 Peprotech
Recombinant Human M-CSF Peprotech

Sensimix Il Probe kit Bioline

Sodium Azide Alfa Aesar

SytoxRed Invitrogen

Triton X-100 Sigma Aldrich

Trypan blue solution Sigma Aldrich

Tween 20 Sigma Aldrich
Table 4. Kits.

Product Company

E.Z.N.A. total RNA kit |

Omega bio-tek

Human CCL18 DuoSet ELISA kit

R&D systems

Human Chitinase 3-like 1 DuoSet ELISA kit

R&D systems

Human CXCL10 DuoSet ELISA kit

R&D systems

Human IL-1beta DuoSet ELISA kit

R&D systems

Human IL-6 DuoSet ELISA kit

R&D systems

Human IL-8(CXCL8) DuoSet ELISA kit

R&D systems

Human MMP-7 activity assay

Quickzyme Biosciences

Human TNF-alpha DuoSet ELISA kit

R&D systems

Human Total MMP-7 DuoSet ELISA kit

R&D systems

RevertAid H Minus First Strand Synthesis Kit Fermentas
RNeasy mini kit Qiagen
SensiFAST cDNA Synthesis Kit Bioline

2.2 Consumables
Table 5. Consumables.

Product Company

22um filters Fisherbrand

CASY cups Omni Life Sciences
Cell culture plates Greiner

Elisa plate sealers

R&D systems

Elisa Plates R&D systems

LS columns Miltenyi Biotec
Parafilm American National Can
PCR tubes Star Labs

Petri dishes Nunc
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Product Company

Pipette tips Eppendorf
Pipettes Gilson, Eppendorf
Plastic wrap Toppits

gPCR plate sealers Axon Labortechnik
gPCR plates Axon Labortechnik
Safe-Lock Eppendorf Tubes, 1.5ml Eppendorf

Scalpel Feather

Sterile pipette tips

Avantguard, Star Labs, Nerbeplus

TiO2 15nm nanoparticles

NanoAmor Europe

Tubes Falcon

Ultra-low cell attachment surface culture plates Corning

2.3 Equipment
Table 6. EQuipment.

Product Company
Autoclave VX-95 Systec

BD FACSCanto Il BD Biosciences
CASY Cell counter Scharfe System
Centrifugal vacuum concentrator 5301 Eppendorf
Centrifuge 5415 D Eppendorf
Centrifuge 5804R Eppendorf
Centrifuge Rotina 420 Hettich
Centrifuge Rotina 420R Hettich
Centrifuge Universal 320 Hettich

Cryo freezing container Nalgene
Confocal software Leica

Deep freezer (-80°C) Sanyo
ENDURO Electrophoresis comb Labnet
ENDURO Electrophoresis power supply Labnet

Freezer (-20°C) Liebherr

Fridge (4°C) Liebherr
ACCU-Chek (Glucose Meter) Roche
HydroFlex ELISA microplate washer Tecan

Ice machine Scotsman AF100
Incubator 37°C Thermo
Inverted microscope Leica

Laminar flow hood Thermo
LightCycler 480 Roche

MACS MultiStand Miltenyi
Magnetic stirrer MR3000 Heidolph
Microwave oven Sharp
Micropipettes Set (10ul, 20ul, 100ul and 1000ul) Eppendorf
Multichannel pipet (10 raw) Brand
MultiDoc-It™ Imaging System UvP

Pipette Controller Accu Jet Pro, Brand
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Product Company

Roller shaker Ortho Diagnostic Systems
Rotator Neolab

Shaker KS 260 basic IKA

TCS SP2 laser scanning spectral confocal microscope Leica

Tecan Infinite 200 PRO Tecan

Tecan Nano Quant Plate Tecan
Thermocycler DNA Engine Bio-Rad
Thermomixer 5436 Eppendorf
Thermomixer comfort Eppendorf
Tweezers Neolab

Vortex Genie 2 Scientific Industries
Water bath Memmert

2.4 Buffers and Solutions

2.4.1 Solutions for immunological methods

Wash buffer for ELISA (0.05% Tween 20 in PBS)

500 ul of Tween 20 was pipetted into 1 L of PBS. The beaker was stirred on a

magnetic stirrer for 30 min and the solution was stored at RT.

FACS buffer (0.4% BSA, 0.02% Sodium Azide):

4 g of BSA and 2 ml of 10% Sodium Azide solution were dissolved in 1 L of
PBS. The solution was adjusted to pH 7.4 and sterile filtered with a 0.22 ym

filter.
2.4.2 Solutions for monocyte isolation

Percoll gradient:

Every 30 ml of Percoll gradient solution was prepared in a 50 ml Falcon tube
with 13.5 ml Percoll, 15 ml Minimal Essential Medium Eagle Spinner

modification and 1.5 ml of 10xEarle’s Balanced Salt Solution.

MACS buffer (0.5% BSA, 2mM EDTA):

2.5 g of BSA was dissolved in 500 ml PBS. 2 ml of 0,5M EDTA was added and

the mixture was filtered to a sterile flask.

2.5 Molecular biology techniques

2.5.1 Primers

Table 7. List of primers designed in the lab. F: forward, R: reverse, Pr: probe. All primers
and probes were ordered from Eurofins MWG Operon.

Primer name Target gene Sequence (5'-3' direction)

FP2242 18SrRNA CCATTCGAACGTCTGCCCTAT
FP2242 18SrRNA TCACCCGTGGTCACCATG

Pr2242 18SrRNA ACTTTCGATGGTAGTCGCCGTGCCT
FP2150 IL1beta ACAGATGAAGTGCTCCTTCCA
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RP2150 IL1beta GTCGGAGATTCGTAGCTGGAT

Pr2150 IL1beta CTCTGCCCTCTGGATGGCGG

F2020 CCL18 ATACCTCCTGGCAGATTCCAC

R2020 CCL18 GCTGATGTATTTCTGGACCCAC

Pr2020 CCL18 CAAGCCAGGTGTCATCCTCCTAACCAAGAGAG
F896 TNF-a TCTTCTCGAACCCCGAGTGA

F896 TNF-a AGCTGCCCCTCAGCTTGA

Pr896 TNF-a AAGCCTGTAGCCCATGTTGTAGCAAACC
Table 8. List of ready-made mixes. All ready-made mixes were ordered from Life
Technologies.

Assay code Target Gene

Hs00609691_m1 CHI3L1

Hs00185753_m1 CHIT1

Hs00174164_m1l CSF1

Hs00174103_m1l CXCLS8

Hs00171065_m1 CXCL9

Hs00171042_m1 CXCL10

Hs00153510_m1 MME

Hs01590790 g1 ORM1

Hs02578922_gH MT1G

Hs00745167_sH MT1X

2.

E.Z.N.A.
1)

2)

3)
4)
5)

6)

7)

8)

5.2 Isolation of total RNA

total RNA kit | from Omega was used for RNA isolation.

350 pl of lysis(TRK) buffer was added to 3-5x108 cells, which were completely
disrupted by passing through a needle fitted to a syringe for 10-15 times.

350 ul of 70% ethanol were added to the lysate and vortexed briefly. The
sample was added to a HiBind RNA spin column placed into a 2 ml collection
tube.

After centrifuging for 1 min at 10000 g the flow-through was discarded. The
column was washed once with 500 ul wash buffer I.

The column was centrifuged at 10000 g followed by washing twice in 500 pl
wash buffer Il (each wash was followed by a centrifugation step at 10000 g).

The final flow-through was discarded and a new 2 ml collection tube was
placed under the column which was centrifuged for 2 min at maximum speed.
The column was placed in a fresh 1.5 ml RNase free Eppendorf tube and RNA
was eluted with 30 pl of DEPC-treated water and incubated for 5min. Samples
were centrifuged at maximum speed for 1 min.

The RNA concentration was determined by measuring the absorption peak at
260 nm wavelength with Tecan Infinite 200 PRO.

The quality of RNA samples was identified by gel electrophoresis using 1%
agarose. RNA samples were stored at —80°C for later application.
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2.5.3 First strand cDNA synthesis

cDNA synthesis was performed using two different kits: RevertAid H Minus First Strand
Synthesis Kit and SensiFAST cDNA Synthesis Kit.

1. cDNA synthesis using with RevertAid H Minus First Strand Synthesis Kit

For the experiments that addressed the effect of HG on macrophages (MO, M1 and
M2) exposed to polished titanium disks and different concentration of TIO2NPs,
RevertAid H Minus First Strand Synthesis Kit from Fermentas was used.

a. RNA samples were digested with DNase | to remove possible contamination
of isolated RNA with fragments of genomic DNA.
b. For this the following components were used:

Total RNA 5ul (up to 1ug)
10x DNase | buffer with MgCI2 1l

RNase free DNase | 1ul

DEPC H,0 Up to 10ul

(If the RNA yield of a sample was below 50 ng/ul , 8 ul of RNA was used and no DEPC
water was added. For samples with RNA yield above 60 ng/ul, 4 pl of RNA was used
and 4 ul of DEPC water; for samples with RNA of 100 ng/ul, only 2 pl of RNA was used
and 6 ul of water)

c. The samples were incubated at 37°C for 40 min (DNA digestion step) in a
Thermomixer followed by enzyme inactivation at 70°C for 10min.

d. For primer annealing 1 pl of Oligo (dT) primer and 1 pl of water was added to
each sample and incubated at 70°C for 5 min. The samples were placed on
ice.

e. For cDNA synthesis the following components were added and mixed well:

5x Reaction Buffer Aul
RiboLock RNase inhibitor 1pl
10M dNTP mix 2ul
RevertAid H minus reverse transcriptase 1ul

f. The samples were incubated at 42°C for 1 h in a Thermomixer. Afterwards,
the enzymatic activity was stopped by incubation at 70°C for 10 min.

g. The cDNA samples were diluted 10 times with ddH20 and stored at -20°C for
later use.

2. cDNA synthesis using SensiFAST cDNA Synthesis Kit.
For the experiments that addressed the effect of Dexamethasone presence and
HG on M1 exposed TiO2NPs, Sensi FAST cDNA Synthesis Kit from Bioline was

used:

a. RNA of the samples was gently mixed with the master mix and DEPC water
reagents. The following components were used:
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b.

C.

d.

e.

Total Amount of RNA for 500ng n)pl

5x TransAmp Buffer Apl
Reverse Transcriptase pl

DEPC H,O Up to 20yl

The core master mix was prepared from 5 x TransAmp Buffer and Reverse
Transcriptase, which was made for total amount of RNA in pl calculated from
addition of volume of all the samples required to make 500 ng.

All the components including correct proportions of RNA , master mix and
DEPC water were mixed in a single tube, which were first kept at 25 °C for
10 min for primer annealing.

Samples were transferred to preheated thermal cycler with 42 °C and left to
incubate for 15 min (reverse transcription), followed by 15 min at 48 °C

For inactivation step, the samples were placed at 85 °C for 5 min

2.5.4 RNA preparation for Affymetrix microarray analysis

Total RNA was prepared using E.Z.N.A. total RNA kit | as described above.

1)
2)
3)

4)
5)

6)

7)

8)

9)

The volume of RNA sample was adjusted with DEPC-treated water to 100 pl.
12 pl of 10 x DNase | buffer with MgCl2 and 10 pl of RNase free DNase | were
added to sample and mixed well by pipetting.

DNA digestion was done at 37°C for 40 min in a Thermomixer.

For RNA cleanup procedure RNeasy kit from Qiagen was used. 350 pl of RLT
buffer were added to the samples and the samples were vortexed.

250 pl of 100% ethanol were added to the samples and mixed by pipetting.
The samples were added to RNeasy mini column, placed in a 2 ml collection
tube and centrifuged at 10000 g for 1 min.

The flow through was discarded and columns were washed two times with
500 ul of RPE buffer (each wash was followed by a centrifugation step at
10000 g).

The collection tubes were changed and the samples were centrifuged at
maximum speed for 2 min.

The columns were placed in fresh 1.5 ml RNase free Eppendorf tube and RNA
was eluted with 40 pl of DEPC-treated water and incubated for 5 min.
Samples were centrifuged at maximum speed for 1 min.

The elution step was repeated with the eluate to increase RNA concentration
as recommended by the manufacturer.

10) The RNA concentration was determined by measuring the absorption peak at

260 nm wavelength with Tecan Infinite 200 PRO

11)The quality of RNA samples was determined by running the RNA on 1%

agarose gel. RNA samples were stored at —80°C for later application.

2.5.5 Hybridization of gene chip microarray data

The extracted samples, which revealed RNA yield above 100 ng were selected for
microarray analysis. The samples with sufficient yield were further tested for RNA
integrity by the services of the core Affymetrix facility. RNA samples which revealed
RIN below 7 were used in microarray analysis. Based on RNA integrity number and
concentration, RNA from 6 of them was chosen for microarray analysis. RNA was
tested by capillary electrophoresis on an Agilent 2100 bioanalyzer (Agilent) and high
quality was confirmed. Hybridization of probes was done using arrays of human
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HuGene-1_0-st-type from Affymetrix. Biotinylated antisense cRNA was then prepared
according to the Affymetrix standard labelling protocol with the GeneChip® WT Plus
Reagent Kit and the GeneChip® Hybridization, Wash and Stain Kit (both from
Affymetrix, Santa Clara, USA). Afterwards, the hybridization on the chip was performed
on a GeneChip Hybridization oven 640, then dyed in the GeneChip Fluidics Station
450 and thereafter scanned with a GeneChip Scanner 3000. All of the equipment used
was from the Affymetrix-Company (Affymetrix, High Wycombe, UK). All the necessary
procedures needed for hybridization and scanning of chips were performed by Dr.
Carolina De La Torre, Affymetrix Core Facility,

Medical Research Center, Medical Faculty Mannheim, University of Heidelberg,
Mannheim, Germany.

2.5.6 Polymerase chain reaction (PCR)

Genes were amplified from cDNA templates using primers specific to the gene of
interest.

1. The following reagents were added to a 1.5 ml Eppendorf tube to make a
master mix for the number of samples:

Reagent Amount/sample (ul)
DEPC ddH2O 18.3

Buffer (w/o +Mg?*) 10x 25

dNTPs (10 mM) 0.5

MgCl2 (100 mM) 0.4

Tag polymerase (5 U/ul) 0.3

Forward primer (10 pmol/ul) 1.0

Reverse primer (10 pmol/ul) 1.0

2. The master mix was divided amongst PCR tubes and 1 pl of cDNA template
was added to each tube and mixed by pipetting.

3. Amplification was performed using Thermocycler DNA Engine from Biorad
and the following program was used:

95°C 3min
95°C 30s
60°C 30s 35 cycles
72°C 1min

72°C 10min
12°C forever

*PCR products were visualized using agarose gel electrophoresis.
2.5.7 Real-time PCR with Tagman probe

Genes were amplified from cDNA templates using primers specific to the gene of
interest.

% Method I: with two separate master mixes (separated reference and target
primers)
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1. Two master mixes were prepared in two separate 1.5 ml Eppendorf tubes:

Master Mix |
Reagent per well per duplicate
Sensi Mix Il (Tagman®) SpuL 10 ul
Assay Primer Mix (Target Gene) | 0.5 uL 1.0 pl
Nuclease-free ddH20 3.5 uL 7.0 ul
Total 9 pL 18 pl

Master Mix Il
Reagent per well per duplicate
Sensi Mix Il (Tagman®) 5L 10 pl
Primer (Reference Gene) 0.5 puL 1.0 ul
Nuclease-free ddH20 3.5uL 7.0 ul
Total 9 pL 18 ul

2. The master mix was divided amongst 1.5 ml Eppendorf tubes. As each
sample was run in duplicates, 2 ul of cDNA template was added to each
tube and mixed by pipetting.

% Method II: with a single master mix (combined reference and target primers)

1. A master mix for all the samples was prepared in a 1.5 ml Eppendorf tube

containing:
Reagent per well \ per triplicate
Sensi Mix Il (Tagman®) 5L 15 ul
Primer (Reference Gene) 0.5 uL 1.5 ul
Assay Primer Mix (Target | 0.5 ul 1.5l
Gene)
Nuclease-free ddH20 3 uL oul
Total 9 uL 27 pl

2. The master mix was divided amongst 1.5 ml Eppendorf tubes. As each
sample was run in triplicates, 3 pl of cDNA template was added to each tube
and mixed by pipetting.

Amplification for both cases (Method | and IlI) was performed using LightCycler 480
from Roche and the following program was used:

95°C 10min
95°C 15s

60°C 1min
37°C 2min

50 cycles
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Dual-labeled probes for target genes contained FAM on 5’ end and BHQ1 quencher at
3’ end of sequence. In all experiments 18S was used as the reference gene. The probe
for 18srRNA contained JOE on 5’ end and BHQ1 quencher at 3’ end of sequence.

2.6

Isolat

2.5.8 Agarose gel electrophoresis

1) 1% agarose gel was used for detection of the RNA. To prepare the
electrophoresis buffer. 1 g of agarose was dissolved in 100 ml of 1XTAE,
which was heated in a microwave until the solution started boiling.

2) After the solution was cooled down to about 50°C, 10 ul of GelRed Nucleic
Acid Gel Stain (10000x) was added.

3) The solution was poured into a gel tray equipped with a comb and left 20 min
to allow gel polymerization.

4) The comb was removed from the gel, which was placed into the
electrophoresis unit, followed by pouring the 1XTEA buffer until the marks in
the unit. 2 ul of GeneRuler DNA Ladder was added to the first lane in the
gel.

5) The samples were prepared as follows: 1 ul of sample (for RNA above 100
ng), 2 ul (for RNA below 100 ng) and 3 ul (for RNA below 50 ng). The RNA
was mixed with 2 ul of 6x Loading dye.

6) Electrophoresis was carried out at 110 V for 1 hour. The results were
visualized by UV illumination and captured using E-BOX VX5 Gel
Documentation System.

Cell culture techniques
2.6.1 Cultivation of cell lines and primary cells

ion of CD14+ monocytes from human peripheral blood (buffy coats), obtained

from Deutsches Rotes Kreuz (DRK), Friedrich-Ebert-Stral3e 107, 68167 Mannheim.

1)
2)
3)
4)

5)

6)

7)

8)

Buffy coats with 20-50 ml of blood were received from A unique donor number
was given to each Buffy Coat.

Buffy coats were transferred from the plastic bag to a T75 flask, diluted 1:1 with
PBS (without Ca?* and Mg?*) and mixed by pipetting up and down.

For each 30 ml of diluted blood a 50 ml Falcon tube with 15 ml Biocoll separating
solution was prepared.

30 ml of diluted blood was carefully layered (against the tube wall) on top of
Biocoll solution. The tubes were centrifuged at 420 g, for 30 min without break.
PBMC (the second layer) were collected with a sterile Pasteur pipet and
transferred into a new 50 ml Falcon tube (cells from each tube were transferred
into a new one).

The mixture was added up to 50 ml with PBS and the tubes were centrifuged at
420 g for 10 min with break.

New set of 50 ml tubes were labelled accordantly and used to spin the
supernatants by pouring slowly about 45 ml of supernatant from after ~ 10min
spinning performed in step 6.

The cell pellets from each donor were resuspended with 5 ml PBS and collected
in one 50 ml Falcon tube for each donor (tubes from the same donor were
combined in this step).
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9) The cells were washed with 50 ml PBS and centrifuged at 420 g for 10 min with
break. The supernatant was discarded.

10)Percoll gradient (30 ml) was prepared with 13.5 ml Percoll, 15 ml of MEM
Spinner modification and 1.5 ml 10x Earle's Balanced Salt Solution.

11)The cells were resuspended with 3 ml PBS and carefully layered (against the
tube wall) on top of the Percoll gradient.

12)The old tube was washed with 4 ml of PBS and the content was added to the
Percoll gradient tube. Cells were centrifuged at 420 g, for 30 min without break.

13)The upper phase (PBS) and second phase (cells enriched for monocytes) were
collected into a 50 ml Falcon tube.

14)The solution was mixed well, filled up to 50 ml with PBS and centrifuged at 420
g, for 10 min with break. The supernatant was discarded.

15)The cell pellets were resuspended with 3 ml PBS and transferred into a 15ml
Falcon tube. The 50 ml tube was washed with 4 ml of PBS. The solution was
added into the 15 ml tube and filled up to 10 ml.

16)Cells were counted and the rest of them were centrifuged at 420 g, for 10 min
with break. Cell counting was performed on CASY Cell counter.

17)The cell pellet was resuspended in CD14+ microbeads and MACS buffer
according to the formula: 5 pl CD14 beads and 95 pl MACS buffer per 1x10’
cells.

18)The cells were incubated for 20 min on a rotator at 4°C.

19)The tubes were filled up to 10 ml with MACS buffer and centrifuged at 420 g,
for 10 min.

20)During this time, LS columns were attached to the magnetic stand (One column
is maximal for 1x108 cells) and 15 ml Falcon tubes were placed under columns.
The columns were washed with 3 ml of MACS buffer.

21)The cell pellet was resuspended in 1 ml MACS buffer and then added to each
column. The column was washed 3 times with MACS buffer, each time 3 ml.

22)The column was removed from the magnetic separation unit and placed on top
of a fresh 15 ml Falcon tube. CD14+ monocytes were eluted from the column
with 10 ml MACS buffer.

23)Cells were counted and centrifuged at 420 g, for 10 min. The cell pellet was
resuspended in 1 ml of Macrophage-SFM medium and cultured according to
the experimental plan.

2.6.2 Cell counting

Monocyte and PBMC cell counting was performed on a CASY cell counter from
Scharfe System.

1) 10pl of sample was added to 10ml of CASYton solution in a CASYcup.

2) The CASYcup was placed under the CASY capillary and the appropriate
program for PBMC was chosen.

3) After each measurement 3 cycles of cleaning procedure were performed.

4) Only the viable cell number was used for further calculations.

2.6.3 Specific conditions used for primary human monocytes

1) Isolated primary human monocytes were separately cultured in 5 mM or 25 mM
Glucose concentrations using Macrophage-SFM medium (prepared in advance
for those glucose concentration using glucose meter).
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2) All the medium contained 108 M Dexamethasone and 5 ng/ml M-CSF, which
were prepared fresh after the cells were counted for each donor upon the
completion of monocyte isolation experiment.

The concentration of cells in experiments with polished titanium disks was
maintained at 2x10%/ml and the experiments with titanium nanoparticles were
performed at 1x10%/ml and 2x10%/ml.

All the cells with 1x10°® concentration were cultured in 24-well plates (1.5
ml/well), except all ROS experiments performed with FACS which were done
with the cells cultured in 6-well plates.

Nanoparticle experiments with cells of double concentration were performed in
12-well or 6-well plates.

Three subtypes of monocytes were obtained by stimulation: MO(Control) - no
additional stimulation; M1(pro-inflammatory state) - stimulation with 100 ng/ml
IFNy; M(anti-inflammatory state ) - stimulation with 10 ng/ml IL-4.

The cells were cultured for 6 days to allow sufficient time for macrophage
differentiation. An exception were the cells used in experiments for TNF alpha
production, which incubation time was strictly limited 6 hours.

3)

4)

5)

6)

7

2.6.4 Analysis of macrophage cell viability with Alamar Blue
2.6.4.1 Cell Viability Test with Polished Titanium Disks:

1) 0.5 ml of supernatants from each well was removed, leaving 1 ml of
supernatant inside.

2) 100 pl of Alamar Blue was added to each well, and the plate was
incubated at 37°C for 3 h.

3) Three times 100 pl of supernatant from each well (triplicates) was
collected and transferred into a 96-well plate for measuring.

Measurement was done on with Tecan Infinite 200 PRO using 560EX nm/590EM nm
filter settings.

2.6.4.2 Cell Viability Test with Titanium Nanoparticle:

260 ul of cells resuspended in glucose-treated SFM-medium that already contained
dexamethasone and M-SCF without any cytokine stimulation (MO), or pre-stimulated
with IFNy (M1) and IL-4 (M2).

180 ul of cells were pipetted in duplicates for each of the following conditions: in
absence of titanium nanoparticles or Ti =0 ppm, also used as control, and in presence
of four different nanoparticle concentrations , which were 25 ppm ,50 ppm, 100 ppm
and 200 ppm.

MO M1 M2
0 ppm 0 ppm 0 ppm 0 ppm 0 ppm 0 ppm
Concentration | 25ppm | 25ppm | 25ppm | 25ppm |[25ppm |25 ppm
of Ti NPs 50ppm |50 ppm |[50ppm |50 ppm |50 ppm |50 ppm
100 ppm | 100 ppm | 100 ppm | 100 ppm | 100 ppm | 100 ppm
200 ppm | 200 ppm | 200 ppm | 200 ppm | 200 ppm | 200 ppm
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Alamar Blue was added after 24 hours or 6 days at 1/10" of final volume in a well,
followed by 3 hour incubation at 37°C and protected from light.

20 ul of Alamar Blue® reagent was added into each well, which already contained 180
ul of cells in the medium solution.

Immediately after 3 hours, the absorbance values in each well were detected by Tecan
after selecting the correct protocol template called (Alamar Blue® Test)e and choosing
appropriate settings for the plate type (number of wells, and the plate material).

2.6.5 Preparation of biomaterials for cell culture
2.6.5.1 Preparation of titanium disks

Medical grade polished titanium discs of 13.7x2 mm size were provided by our
collaborators from Protip Medical in the frames of EU FP7 IMMODGEL project. The
discs were autoclaved at 121°C for 20 min at 18 psi.

2.6 5.2 Preparation of TiO2 nanopatrticles

TiO2 nanopatrticles of 15 nm size were purchased from NanoAmor Europe. The
properties of the TiO2 nanoparticles are described in the table below:

Table 9. Characteristics of purchased Ti NPs.

Formula and Mineral state TiO2 (rutile)

Atomic number 22

Molecular Weight 79.87 g/mol

Composition 15%wt of TiO2 (rutile) and 85 wt% water
Average Particle size 15 nm

Form and Appearance Dispersion state / a transparent white liquid
Company NanoAmor Europe.

The TiO2 nanoparticles were sterilized via UV. The stock solution was initially diluted
to 1:4 in DPBS in one of the wells in a 6 well plate, followed by transferring 200 ul of
the solution from the corresponding dilution to another well of the same plate
containing 1800 ul of 5 mM glucose (NG) media to make the final dilution (1:40) for
performing UV sterilization.

Table 10 describes dilution calculations from stock solution with nanoparticles required
for preparation of different TiO2 NPs concentrations used in stimulation of
macrophages.
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Table 10. Dilution guide of Ti NPs concentrations.

Target Final Required Amount of (1:40) diluted stock solution containing
Concentrations | dilution nanoparticles after UV sterilization
in the Wells factor 96 well-plate | 24 well-plate | 12-well plate | 6-well plate
(200ul/well) (2.5ml/well) | (2.0ml/well) | (3.0ml/well)
0,0025% =
25ppm 1:6000 1.3 ul 10 ul 13 ul 20 ul
0,0050%
=50ppm 1: 3000 2.6 ul 20 ul 26 ul 40 ul
0,0100% =
100ppm 1:1500 5.2 ul 40 ul 52 ul 80 ul
2.7 Immunological methods
2.7.1 Antibodies
Table 11. Primary antibodies.
Antibody Species Company Catalog Concentration | Appli- | Dilution
number in stock cation
Thermofish
Chitotriosidase rabbit er PA582395 0.3 mg/ml IF 1:40
TGN46 mouse Serotec MCA4333Z 0.5 mg/ml IF 1:100
Rabbit 1I9G rabbit Millipore PP64B 0.5 mg/ml IF 1:24
BD
Mouse 1gG2b mouse Pharmingen 557351 0.5 mg/ml IF 1:100
Table 12. Secondary antibodies and labelling agents.
Antibody/labell | Species | Company Catalog Concentration | Appli- | Dilution
ing agent number in stock cation
anti-Mouse IgG
(H+L)-Alexa 715-545-
Fluor 488 donkey Dianova 151 1.5 mg/mi IF 1:400
anti-Rabbit 1gG 711-161-
(H+L)-Cy3 donkey Dianova 152 1.5 mg/mi IF 1:400
102362760
DAPI N/A Roche 01 2 mg/ml IF 1:1,000
Cell
DRAQ5 N/A Signaling 4084s 5mM IF 1:1,000
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2.7.2 Indirect immunofluorescence and confocal microscopy

2.7.2.1 Preparation of cells for immunofluorescence

The cells used for immunofluorescence were seeded into 24-well plates on top of the
round coverslips. (1.5 million cells per well). were cultured in presence or absence pf
titanium nanoparticles for 6 days. On day 6 the cells were PFA fixed and either stored
or subjected to immunofluorescence staining.

2.7.2.2 Paraformaldehyde (PFA) fixation of cells

1) 1.4 ml of cell medium was aspirated away from each well.

2) 1.5 ml of 2% PFA was pipetted into each well and the samples were
incubated for 10 min at RT.

3) The PFA was aspirated away. 1 ml of 0.5% Triton-X 100 in 1xPBS was
added to each well followed by 10 min incubation at RT.

4) The Triton-X 100 solution was aspirated away followed by addition of 1 ml
of 4% PFA and incubation for 10 min at RT.

5) The samples were washed 4 times with 1xPBS (1 short wash for 30 sec and
3 long washes for 10 min, on a shaker, at RT).

2.7.2.3 Staining of cells

1)
2)
3)

4)

5)

6)

7)

8)
9)

The content of the 24 well plate was aspirated and the samples were washed
with 1 ml of 0.1% Tween 20 in 1xPBS for 30 s.

200 ul of 3% BSA in 1xPBS and 60 ul of Fc blocker was added to each sample
and the samples were incubated for 1 hour.

After 1 hour the blocking solution was aspirated away and the samples were
washed with 1 ml of 0.1% Tween 20 in 1xPBS for 30 s.

The primary antibody was prepared in advance by diluting it to the appropriate
concentration (table 15) with 1% BSA in 1xPBS. 200 pl of the primary antibody
was added to each well followed by 1.5 hour incubation at RT.

The samples were washed 3 times with 1 ml of 1XxPBS for 5 min at RT on a
shaker followed by a single wash with 1 ml of 0.1% Tween 20 in 1xPBS for 30s.
The secondary antibody was prepared in advance by diluting it to the
appropriate concentration (table 16) with 1% BSA in 1xPBS. 400 ul of the
secondary antibody was added to each well followed by 45 min incubation at
RT.

The samples were washed 4 times with 1 ml of 1XxPBS for 5 min at RT on a
shaker.

The slides were washed with 70% ethanol, air dried and labeled with a pencil.
1 drop of DAKO aqueous fluorescent mounting media was pipetted onto the
slides.

10)The cover slips were taken out of the well with a scalpel and small tweezers,

flipped over (cells should be on bottom side of the cover slip) and mounted
directly on the slide.

11)The slides were dried and stored in the dark at 4°C.
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2.7.2.4 Confocal laser scanning microscopy (CLSM)

CLSM was performed using a Leica laser scanning spectral confocal microscope,
model DM IRE2, equipped with an HCX PL Apo 63 x/1.32 numeric aperture oil
objective (Leica Microsystems, Wetzlar, Germany). Excitation was with an argon laser
emitting at 488 nm, a krypton laser emitting at 568 nm, and a helium/neon laser
emitting at 633 nm. Images were acquired using a TCS SP2 scanner and Leica
Confocal software, version 2.5 (both from Leica Microsystems). All 2-color images
were acquired using a sequential scan mode.

2.7.3 Flow cytometry

Mitochondrial ROS detection by FACS

Cell were cultured at concentration 1 million cells/ml for 6 days in ultra-low attachment
24 well plates.

1)
2)

3)

4)

5)

6)

7)

8)
9)

The cells were kept on ice for 15 min and the supernatants were collected into
FACS tube.
200 ul of DPBS was added to the adherent cells, then the plate went back on
ice for 15 more min (it was verified under microscope until the cells come off).
ROS staining solution was prepared in the dark (1ml —enough for 10
measurements) as instructed below:

a. 1 uL DCF working solution

b. 10 uL MitoTracker working solution

c. 100 uL MitoSOX working solution

d. 900 uL Culture medium
The wells with cells were washed with 500 ul of DPBS and transferred the
DPBS into the same FACS tube.
Controls were prepared :

i. Negative control (stained cells)
ii. Negative control (unstained cells)
lii. Positive control with H202(stained cells)

The FACS tubes were span at 420 g for 4 min. The supernatants were
discarded.
100 uL of ROS staining solution was added per FACS tube and vortexed
briefly except negative unstained control. 100 uL DPBS was added to
unstained control.
The cells were incubated in 37°C for 15 min in dark conditions.
Fluorescence was measured using FACS CANTO immediately. DCF staining
was recorded using FITC channel to measure intracellular ROS; MitoTracker
in APC channel for mitochondrial membrane potential; and MitoSOX in PE
channel for mitochondrial ROS.
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2.8 Protein-related techniques
2.8.1 Enzyme-linked Immunosorbent Assay (ELISA)

Protocol for ELISA kits from R&D systems.
All procedures were performed at RT unless stated otherwise. ELISA was performed
according to the manufacturer’s instructions.

1) The Capture Antibody was prepared without carrier protein at least 14 hours
prior to beginning of the assay.

a. The dilution of the Capture Antibody was made in PBS to make a working
concentration listed in the manufacturer instruction.

b. A micro plate for ELISA (a 96-well plate) was coated with 100 ul of the
antibody solution above, sealed, and incubated until the beginning of the
experiment in dark conditions protected away from the light.

2) After the incubation the micro-plate with capture antibody was washed 4 times
in 350 ul wash buffer (for each well) with HydroFlex ELISA microplate washer.

3) 100 ul of fresh Reagent Diluent (1% BSA in PBS), which was prepared on the
same day of the experiment or the day before was used to coat the plate in
order to block unspecific binding sites, followed by 1 hour incubation period.

4) After 1 hour the Reagent Diluent in the wells was replaced with a fresh 100 ul
reagent diluent for single washing.100 ul of reagent diluent was pipetted into the
first two rows of the plate later used for diluting the standards.

5) 100 pl of sample (supernatant) or 100 ul of standards diluted in Reagent Diluent
was added per well. The plate was sealed and incubated for 2 hours in dark
conditions protected away from the light.

6) The dilution of Detection Antibody was made in Reagent Diluent to attain the
concentration listed in the manufacturer instruction (check the table below).

7) After 2 hours of incubation the plate was washed 4 times in 350 ul wash buffer
with HydroFlex ELISA microplate washer.

8) 100 pl of Detection Antibodies was used to coat each well in the plate, sealed
and incubated for 2 hours away from the light.

9) The dilution of Streptavidin-HRP was made in Reagent Diluent to attain the
concentration listed in the manufacturer instruction (check the table below)
10)After the 2 hour incubation the plate containing detection antibody was washed

4 times in 350ul wash buffer with HydroFlex ELISA microplate washer.

11)100 pl of Streptavidin-HRP was used to coat each well and incubated for 20 min
in the dark.

12)After the 20 min the plate containing Streptavidin-HRP was washed 4 times in
350 ul wash buffer with HydroFlex ELISA microplate washer.

13)During the washing period a Substrate Solution was prepared. (Preparation of
Substrate Solution was done by mixing 5 ml of Reagent A with 5 ml of Reagent
B)

14)100 pl of Substrate Solution was used to coat each well and incubated for 20
minutes in the dark.

15)After 20 minutes the reaction was terminated with 50 pl of Stop Solution (2N
H2S04), followed by detection of the absorbance at 450 nm on a Tecan Infinite
200 PRO reader.

In some cases of biomarkers tested the new dilution factors had to be established
separately for MO, M1 and M2.
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Required dilutions of ELISA reagents and supernatants:

Table 13. YKL-40 (CHIT3L1) — dilutions of supernatants.

Final Concentrations in the Wells

Dilutions

Supernatant of MO 1:50

980ul of 1%BSA in PBS with 20ul Supernatant

Supernatant of M1 1:1000

999ul of 1%BSA in PBS with 1ul Supernatant

Supernatant of M2 1:20

950ul of 1%BSA in PBS with 50ul Supernatant

Supernatant of M2/Ti  1:100

990ul of 1%BSA in PBS with 10ul Supernatant

Table 14. YKL-40 (CHIT3L1) — reagent dilutions.

Final Concentrations in the Wells

Dilutions

Capture Ab  1:180

10000ul PBS with 55.6ul Capture Ab

Standard 1:65

969ul 1%BSA in PBS with 30.8ul Standard

Detection 1:180

10000ul 1%BSA in PBS with 55.6ul Detection Ab

Streptavidin ~ 1:200

10000ul 1%BSA in PBS with 50ul Streptavidin

Table 15. CCL18 —reagent dilutions.

Final Concentrations in the Wells

Dilutions

Capture Ab  1:180

10000ul of PBS with 55.6 ul Capture Ab

Standard 1:75

986ul 1%BSA in PBS with 13.3 ul Standard

Detection 1:180

10000ul 1%BSA in PBS with 55.6 ul Detection Ab

Streptavidin ~ 1:200

10000ul 1%BSA in PBS with 50 ul Streptavidin

Table 16. CCL18 — dilutions of supernatants.

Final Concentrations in the Wells

Dilutions

Supernatant of M2  1:1000

999ul of 1%BSA in PBS with 1ul Supernatant

Table 17. CCL18 — TNF-a — reagent dilutions.

Final Concentrations in the Wells

Dilutions

Capture Ab  1:120

10000ul of PBS with 83.3 ul Capture Ab

Standard 1:135

927 ul 19%BSA in PBS with 7.4 ul Standard

Detection 1:60

10000ul 1%BSA in PBS with 167 ul Detection Ab

Streptavidin ~ 1:200

10000ul 1%BSA in PBS with 50 ul Streptavidin

Estimating the concentration of the secretion protein of interest in a sample:

To determine precise concentration of the protein in a the sample, the system of
numerical reference was attained by construction of a standard curve, for which the
absorbance values of each standard detected by Tecan Infinite 200 PRO was plotted

against the concentration.
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2.8.2 Chitotriosidase activity assay

The Chit activity was detected in macrophage culture supernatants using Fluorimetric
Chitinase Assay Kit from Sigma-Aldrich (St. Luis MO, USA).Chit activity was measured
in black microplates from R&D systems by incubating 10ul of supernatents together
with 90 ul of artificial substrate (4-Methylumbelliferyl N-acetyl-B-D-glucosaminide) — a
substrate suitable for exochitinase activity detection (B-N-acetylglucosaminidase
activity or chitotriosidase acitivity). The reaction was stopped with a stop solution
(Sodium Carbonate) provided by the kit and the fluorescence was measured at an
excitation wavelength of 360 nm and an emission wavelength of 450 nm.

2.9 Statistical analysis
2.9.1 Statistical analysis of ELISA

1) The standard curve was fitted into a polynomial equation (describing the curve
with R? value not lower than 0.85), which was used in calculating the protein
concentration in each sample of a well.

2) To estimate the original concentration of secreted protein found in each
supernatant sample the values calculated using polynomial function of the
standard curve were further multiplied by the corresponding dilution factor. The
significance of difference between groups of experimental data in ELISA using
Wilcoxon matched-pairs rank test or Student’s paired t-test. A P-value less than
0.05 was considered statistically significant. The statistical analysis was
performed in Excel and GraphPad.

2.9.2 Statistical analysis of RT-PCR

1) Preliminary statistical analysis to determine the error in the individual responses
from target and reference measurements were performed by Lightcycler480
software.

2) The significance of difference between groups of experimental data RT-gPCR
analysis was determined using Wilcoxon matched-pairs rank test or Student’s
paired t-test. A P-value less than 0.05 was considered statistically significant.
The statistical analysis was performed in GraphPad Prism and Excel.

2.9.3 Statistics and bioinformatics for Affymetrix

1) A Custom CDF Version 21 with ENTREZ based gene definitions was used to
annotate the arrays (Dai et. al, 2005). The raw fluorescence intensity values
were normalized applying quantile normalization and RMA background
correction. OneWay-ANOVA was performed to identify differential expressed
genes using a commercial software package SAS JMP10 Genomics, version
15, from SAS (SAS Institute, Cary, NC, USA). A false positive rate of a=0.05
with FDR correction was taken as the level of significance.

2) Gene Set Enrichment Analysis (GSEA) was used to determine whether defined
lists (or sets) of genes exhibit a statistically significant bias in their distribution
within a ranked gene list using the fgsea package (Sergushichev, 2016),
available and run with the R programming language running under the open-
source computer software R v3.4.0 (R Core Team, 2017) and RStudio v1.1.456.
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Pathways belonging to various cell functions such as cell cycle or apoptosis
were obtained from public external databases (KEGG,
http://www.genome.jp/kegg).
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3 RESULTS

3.1 Experimental design

CD14+ primary human monocytes isolated from buffy coats were cultivated in
serum—free medium (SFM). The SFM medium was produced on custom request as
glucose free and supplemented with 5 mM or 25 mM glucose prior to use. SFM medium
was supplemented with 108 M dexamethasone and 5ng/ml M-CSF. Three prototypes
of macrophage subpopulations were generated subsequently: MO (no cytokine
stimulation), M1 (stimulated with IFNy) and M2 (stimulated with IL-4). Titanium disks
were added to the cell culture prior to seeding the monocytes. The size of titanium
discs was optimized (13.7 x 2 mm) to cover maximum surface in a well of a 24-well
plate. Ti NPs were added to the cell culture media after seeding and stimulating the
monocytes. 3x10° cells per each well (2x10° cells/ml) were seeded in each well. The
general design for the experiments with polished titanium disks and Ti NPs is illustrated
by Figure 5.
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Figure 5. Schematic representation of a model system for the experiment with polished
titanium disks and titanium nanoparticles (created with Biorender.com). Human peripheral
blood monocytes were isolated from buffy coats by magnetic cell sorting using CD14 beads.
M (IFNy) and M (IL-4) macrophages have been generated by stimulating human monocytes
with IFNy and IL-4, correspondingly, for 6 days in serum-free medium, supplemented with 5mM
or 25mM glucose.
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3.2 Analysis of titanium surfaces and nanoparticles on macrophage
viability
3.2.1 Titanium disks do not affect macrophage viability

Metal implants often trigger adverse immune responses as a consequence of
metal toxicity. Titanium materials are amongst most biocompatible materials since they
are resistant to corrosion®€8, The effect of titanium surfaces on cell viability (measured
by Alamar Blue test) was evaluated for MO, M1 and M2 cultured for 6 days in normal
glucose (NG) and hyperglycemic conditions (HG); and in combination with or without
Ti disks. Alamar Blue reagent was used for the viability assessment, which positively
correlates with the level of fluorescent intensity (FI) measured at 590nm. The viability
was normalized to unstimulated (MO) control as 100% (demonstrated by y-axis).
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Figure 6. Cell viability test performed with Alamar Blue for unstimulated (MO), IFNy-
stimulated (M1) and IL-4-stimulated (M2) macrophages cultured on plastic or on the
surface of polished titanium disks. Each bar represents the mean value of % viability
normalized to NS (control) on plastic as 100%, which was calculated from fluorescence
intensity (FI) measured at 590nm. The mean value was obtained from 4 individual donors. The
error bars are represented by SEM. Cell viability plotted for NS (MO0), IFNy (M1) and IL-4 (M2)
cultured on plastic or the surface of polished titanium disks, in normal glucose (NG) or high
glucose (HG) conditions.

Figure 6 demonstrates that neither hyperglycemia nor titanium have any
significant effect on viability of differentially activated macrophages. The viability signal
of MO macrophages in NG conditions cultured on plastic without titanium disks was
taken as 100%. In NG the viability of M1 cultured on plastic was (152+2.37)% and M2
was (141+1.12)%. In presence of titanium disks, MO in NG displayed the lowest viability
signal, which was detected to be (85.7+2.97)%. M1 in NG cultured in presence of
titanium disks was (132+3.96)% and M2 was (127+£2.25)%. In HG, MO on plastic
displayed slightly higher viability, (111+£7.31)%, than MO in NG. In HG M1 on plastic
was (137+£3.97)% and M2 was (131+2.48)%. In presence of titanium disks and in HG
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the viability for MO was (94.5+3.61)%, for M1 was (117+3.41)% and for M2 was

(12046.11)%.

In total, there were no significant changes in cell viability of MO, M1 and M2 during
the comparison of NG and HG environments. Also no significant changes were
observed in macrophage responses comparing cells cultured on plastic with the cells
cultured in presence of titanium disks. As expected, stimulation of macrophages with

IFNy or IL-4 increased viability of macrophages in all the conditions tested.

3.2.2 Ti NPs at moderate concentrations do not affect macrophage viability
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Figure 7. Effect of increase in Ti NPs concentration on macrophage viability assessed
with Alamar Blue test. The test is performed for (MO) unstimulated (NS), (M1) IFNy-
stimulated and (M2) IL-4-stimulated macrophages each cultured in absence of Ti NPs(control)
and increasing concentration of Ti NPs (25, 50, 100 and 200) parts per million (ppm), which is
represented by x-axis. The viability was measured after 24 hours and after 6 days the cells
were in culture. Each bar represents the mean value of % viability normalized to MO (24 hours)
as 100% calculated from Fl at 580nm. The mean values were obtained from 4 individual donors
for 6 day experiment and 2 individual donors for 24 hours. The error bars are represented by
SEM.

Macrophages have high tolerance for foreign materials and in comparison to
other cells can handle higher concentrations of toxic substances'®%170, |t was essential
to choose optimal concentration of the Ti NPs and determine its toxicity effects
specifically in macrophages used in our model. To assess the effect of different
nanoparticle concentrations on cell viability, Alamar Blue test was performed for MO,
M1 and M2 macrophages cultured in absence of Ti NPs and with (0.0025, 0.0050,
0.0100 and 0.0200) wt% of Ti NP concentration, also represented by (25,
50,100,200)ppm (Figure 7). Alamar Blue test does not only represent cell viability, but
also metabolic activity. The Alamar Blue signal was measured after 24 hours and after
6 days, to assess viabilities of, both, monocytes and differentially activated
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macrophages. Ti NPs at all concentrations promoted increase in metabolic activity of
MO, M1 and M2 macrophages, with one exception for M1 and 200 ppm Ti NPs. The
highest viability signal amongst MO macrophages was (168+9.00)%, which was
detected after stimulation with 100 ppm Ti NPs; for M1 was (173+17.7)% also detected
after stimulation with 100 ppm Ti NPs and for M2 was (232+6.80)% detected upon
stimulation with 50 ppm Ti NPs.

In total, there was no difference in viability measured after 24 hours and 6 days
in cells unexposed to Ti NPs and this viability was lower in comparison to cells
stimulated with Ti NPs. In conclusion, Ti NPs induce higher metabolic activity in
differentiated macrophages but not in monocytes. In all macrophage polarization states
(MO, M1 and M2), 200 ppm of Ti NPs concentration showed decline in fluorescent
intensity signal, however in comparison to MO it was not significant. It was concluded
that in fully mature macrophages, Ti NPs at 25, 50 and 100 ppm concentrations
increase metabolic activity, however, at 200 ppm Ti NPs the metabolic activity start to
decline in comparison to other concentrations. At concentration 100 ppm of Ti NPs,
MO and M1 macrophages were found to be most metabolically active and viable.

3.3 Effect of Ti NPs on gene expression of CHIT1, CHI3L1 and CCL18
in macrophages under normal glucose conditions

3.3.1 Ti NPs upregulate expression of CHIT1 and CHI3L1

Chitotriosidase (CHIT1) and YKL-40(CHI3L1) are Glyco_18 domain containing
proteins are lectins, which are predominantly expressed and secreted by human
monocyte-derived macrophages and are associated with macrophage activation!’!-
173, CHI3L1 and CHIT1 are known pro-inflammatory factors and have been
characterized as biomarkers of multiple chronic inflammatory conditions'’4-181, The
MRNA expression levels of CHIT1 and CHI3L1 were measured by RT-PCR in
monocytes after 6 days of monocyte differentiation to MO, M1 and M2. The effects were
analyzed for 5 donors in MO and M2 and 11 donors in M1. The expression of CHIT1
and CHI3L1 in monocytes (day 0) was not detected (Figure 8A, B). Figure 8A illustrates
that there is a significant upregulation of YKL40 (CHI3L1) expression by Ti NPs in MO
and M2. In M1 macrophages Ti NPs slightly upregulate YKL40 (CHI3L1) expression,
however, the differences do not reach the statistical significance.

In all macrophage subtypes (MO, M1 and M2) Ti NPs promoted upregulation in
CHIT1 expression (Figure 8B). Stimulation of MO macrophages with Ti NPs resulted in
upregulation of CHIT1 expression by the average of 50 times. Stimulation of M1
macrophages with Ti NPs resulted in upregulation of CHIT1 expression by the average
of 5.4 times. Stimulation of M2 macrophages with Ti NPs resulted in upregulation of
CHIT1 expression by the average of 1.7 times. The effects were analyzed for 5 donors
in MO, M1 and M2. In summary, Ti NPs promoted upregulation of CHIT1 expression in
all macrophage subtypes and CHI3L1 in MO and M2 macrophages.

47



Results

1.0- 1.0 _*
3 =
T 0.8+ L 0.8
o 9
° 2 "
& 0.6 1 2 0.6+ "
1 7]
¢ 5
Q0.4+ wx 0.4-
I-ﬁ I-i * %k
2 E
§ 02 5 0.2+
o :
0.0y T ¢ 0.0-
‘i\.e"b @Q ' éQ@ *\ . qu @'1& . qu J\\.e'b éﬁ ‘ §9 é,\ . éq‘) é‘b ) ‘\Qﬁ)
o(r AN AN AN 0(: AN AN AN
o(‘ Qx \x "l,x oﬁ‘ Qx '\x q'x
& N $ N & § & N

Figure 8. Effect of titanium nanoparticles on CHIT1 and CHI3L1 expression in human
macrophages. Levels of gene expression were detected with RT-PCR for macrophages
cultured for 6 days in presence or absence of 100ppm Ti NPs concentration. A. The expression
of CHI3L1 in MO (unstimulated), M1 (IFNy-stimulated) an M2 (IL4—stimulated) macrophages.
B. The expression of CHIT1 in MO (unstimulated), M1 (IFNy-stimulated) and for M2 (IL4—
stimulated) macrophages. Each bar represents the mean value of expression from 5-10
individual donors, obtained after normalization of original expression to a maximum expression
value as 1 in each donor. Statistical analysis was performed using paired two-tailed t test.
**p<0,01 and *p<0,05.

3.3.2 Ti NPs suppress CCL18 expression in dose-dependent manner

C-C motif chemokine 18 (CCL18) is strongly upregulated by IL-4 and is a key
cytokine biomarker for M2%. Previously, in our laboratory it was found that all types of
titanium material (polished Ti, porous Ti, micro Ti particles and Ti NPs) have an
inhibitory effect on production of CCL18 in M2 macrophages in presence of
dexamethasone; the strongest inhibitory effect was generated by Ti NPs (Gudima,
2017)18, In this study the effect of 25 ppm and 100 ppm Ti NPs on the mRNA
expression levels of CCL18 were measured by RT-PCR in M2 macrophages cultured
for 6 days in normal glucose conditions (Figure 9). Ti NPs at concentration 25 ppm
suppressed CCL18 expression by the average of 10 times, with a maximum effect of
21 fold suppression. Ti NPs at concentration 100 ppm suppressed CCL18 expression
by the average of 580 times, with a maximum suppression effect of 1297 fold change.
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Figure 9. Effect of titanium nanoparticles on CCL18 expression in human macrophages.
Levels of gene expression were detected with RT-PCR for M2 macrophages cultured for 6
days in absence or in presence of 25ppm and 100ppm Ti NPs concentration. Each bar
represents the mean value of secretion from 6 individual donors. The error bars are
represented by SEM. Statistical analysis was performed using paired two-tailed t test. *p<0,05

3.4 Effect of Ti NPs on macrophage secretion of TNF-a, CHI3L1,
CCL18 and CHIT1 in normal glucose

3.4.1 Ti NPs do not have an effect on TNF-a secretion

TNF-a is an inflammatory cytokine secreted by macrophages, and its production
is stimulated by IFNy®L. Elevated concentrations of TNF-a are detected upon exposure
to Ti NPs'83184 Using ELISA, differences in the secretion levels of TNF-a in human
macrophages exposed to Ti NPs were assessed. Figure 10 illustrates the effect of 25
ppm and 100 ppm Ti NPs concentration on TNF-a secretion measured in the
supernatants obtained after 6 hours monocytes culturing. In M1 macrophages, the
secretion levels of TNF-a were the highest (average 52 pg/ml), which was 1.77 times
higher than the average secretion in MO macrophages (29 pg/ml) and 1.83 times higher
than in M2 (29 pg/ml). Both concentrations of Ti NPs (25 ppm and 100 ppm) did not
generate any effect on TNF-a secretion in the cells cultured for 6 hours.
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Figure 10. Effect of titanium nanoparticles on TNF-a secretion in human macrophages.
Secretion levels were detected with ELISA in supernatants collected from MO, M1 and M2
macrophages cultured for 6 hours in presence or absence of 25ppm and 100ppm Ti NPs in
NG. Each bar represents the mean value of secretion from 7 individual donors. The error bars
are represented by SEM. Statistical analysis was performed using paired two-tailed t test.
*p<0.05

3.4.2 Ti NPs potentiate CHI3L1 secretion in dose-dependent manner

Next, the effect of Ti NPs on CHI3L1 secretion was examined. Figure 11
illustrates the effect of increasing concentration of Ti NPs on CHI3L1 secretion in MO,
M1 and M2 macrophages cultured for 6 days.
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Figure 11. Effect of titanium nanoparticles on CHI3L1 secretion by human macrophages.
Secretion levels were detected with ELISA in supernatants collected from MO, M1 and M2
macrophages cultured for 6 days in presence or absence of 25ppm and 100ppm Ti NPs in NG.
Each bar represents the mean value of secretion from 6 individual donors. The error bars are
represented by SEM. Statistical analysis was performed using paired two-tailed t test. *p<0.05.
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In MO macrophages in absence of Ti NPs, the secretion levels of CHI3L1 were about
3.3 ng/ml. Stimulation of MO with 25 ppm Ti NPs resulted in increased CHI3L1
secretion up to about 59 ng/ml, and 100 ppm Ti NPs resulted in increased CHI3L1
secretion to about 105 ng/ml. In M1 macrophages in absence of Ti NPs, the secretion
levels of CHI3L1 were about 338 ng/ml, in presence of 25 ppm Ti NPs the levels
increased up to 958 ng/ml and in presence of 100 ppm Ti NPs the levels were the
highest (1222 ng/ml). In M2 macrophages in absence of Ti NPs, the secretion levels
of CHI3L1 were about 7 ng/ml, in presence of 25 ppm Ti NPs the levels increased up
to 46 ng/ml and in presence of 100 ppm Ti NPs the levels increased up to 167 ng/ml.

3.4.3 Ti NPs suppress CCL18 secretion in dose-dependent manner

The effect of Ti NPs on suppression of CCL18 secretion levels was assessed in
supernatants collected from M2 macrophages cultured for 6 days (Figure 12). The
average secretion of CCL18 from M2 cultured alone was 541 ng/ml. In presence of 25
ppm of Ti NPs, the average secretion of CCL18 was 317 ng/ml, which is by 1.71 times
smaller than detected for M2 cultured in absence of Ti NPs. In presence of 100 ppm
of Ti NPs, the secretion of CCL18 was significantly inhibited to the average of 20 ng/ml,
which is by 15 times lower than in M2 cultured in presence of 25 ppm Ti NPs and by
26 times lower than in M2 cultured in absence of Ti NPs.

Similarly to the effect of Ti NPs on the expression of CCL18 gene (Figure 9), Ti
NPs reduced secretion of CCL18. The reduction of secretion induced by 100 ppm Ti
NPs was significantly greater than the reduction induced by 25 ppm Ti NPs. However,
the magnitude of suppression in gene expression was significantly higher than the
magnitude of reduction of CCL18 secretion. This can be explained by the fact that
CCL18 can still be secreted while its gene expression is already switched off.
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Figure 12. Effect of titanium nanoparticles on CCL18 secretion in human macrophages.
Secretion levels were detected with ELISA in supernatants collected from M2 macrophages
cultured for 6 days in presence or absence of 25ppm and 100ppm Ti NPs concentration in
normoglycemic conditions. Each bar represents the mean value of secretion from 6 individual
donors. The error bars are represented by SEM. Statistical analysis was performed using
paired two-tailed t test. *p<0,05.

3.4.4 Low concentrations of Ti NPs increase CHIT1 activity

CHIT1 possesses catalytic activity in contrast to CHI3L1. The mechanism of
CHIT1 activity is a hydrolase function, which is responsible for digestion of chitin and
defined by breakage of 1,4 beta glycosylic bonds, which connect all the monomers of
sugar molecules into long chain heavy molecules!’t. Exochitinase activity was
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assessed by using 4-Methylumbelliferyl N-acetyl-B-D-glucosaminide as substrate of
CHIT1 in MO, M1 and M2 macrophages in presence or in absence of Ti NPs at
concentrations 25 ppm and 100 ppm (Figure 13). Interestingly, the lowest dose of Ti
NPs (25 ppm) has shown a significant increase of CHIT1 activity by the average of 4.5
times in MO macrophages, 1.5 times in M1 macrophages and 1.7 times in M2
macrophages. Surprisingly, the exochitinase activity measured from supernatants
collected from macrophages cultured in presence of 100 ppm Ti NPs did not increase
in all macrophage subtypes in comparison to controls. It may be that high concentration
of Ti NPs blocked intracellular vesicular transport and commitment of CHIT1 for the
secretory pathways.
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Figure 13: Effect of titanium nanoparticles on CHIT1 exochitinase activity. The enzymatic
activity was measured in supernatants from MO, M1 and M2 macrophages collected from the
cells cultured for 6 days in absence or presence of Ti NPs at concentrations 25ppm and
100ppm. Statistical analysis was performed using paired one-tailed and two-tailed t-test
(*p<0.05).

3.5 Effect of hyperglycemia on Ti NPs-induced changes in TNF-a,
CHI3L1, CHIT1 and CCL18 production

3.5.1 Hyperglycemia and Ti NPs have no effect on TNF-a secretion

Increased production of TNF-a is found in diabetic patients!®. Secretion levels of
TNF-a are elevated in presence of high glucose in MO, M1 and M2 macrophages in
the absence of dexamethasone®. Since glucocorticoids are always present in the
tissues at low concentrations, 100 nM (10® M) dexamethasone was added in our
model. The effect of hyperglycemic environment on the secretion of TNF-a in
macrophages exposed to Ti NPs for 6 hours were assessed by ELISA. HG did not
affect TNF-a secretion in all the conditions. HG did not affect TNF-a secretion in all the
conditions. Ti NPs at both concentrations (25 ppm and 100 ppm), did no have
stimulatory effect on secretion of TNF-a in the presence or absence of HG (Figure 14).
This can potentially be explained by the fact that the experimental model used in this
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study contained 100 nM dexamethasone, which contributed to the suppression of TNF-
a production, because it is known that dexamethasone inhibits TNF-a secretion!4?,

100~
80+
I
S 60- }
e
£ 40- } { }
N IR NI A
20
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
@Q QR @Q QR @'\' QR @'\' QR §@/ QR §@/ QR
C L N L L L LCLCANLL LS
< rﬁoQQ@QQQ NG ¥ S & S ¥ @QQ N & @QQ N

O @Ql@» @\@'» $\\®'» && &&
Y & L L Y & L L Y & L L

Figure 14. Effect of hyperglycemia on TNF-a secretion in macrophages exposed to Ti
NPs. Secretion levels were detected with ELISA in supernatants collected from MO, M1 and
M2 macrophages cultured for 6 hours in presence or absence of 25ppm and 100ppm Ti NPs
in NG or HG. Each bar represents the mean value of secretion from 7 individual donors. The
error bars are represented by SD.

3.5.2 Hyperglycemia cooperates with Ti NPs-induced expression of
CHI3L1 in M1 and M2 macrophages

Increased serum levels of YKL40 (CHI3L1) are detected in patients with DM?8,
Elevated plasma levels of CHI3L1 can be used as marker of abnormal glucose
tolerance in women with polycystic ovary syndrome!®’. However, in diabetic pregnant
women there is no association between fetal exposure to maternal hyperglycemia and
levels of CHI3L1 in their babies!®. Production of CHI3L1 in presence of hyperglycemia
in synergy with Ti NPs have not been studied before.

The expression of CHI3L1 in hyperglycemic macrophages exposed to Ti NPs
was assessed via RT-PCR (Figure 15). Stimulation of MO with 100 ppm Ti NPs in HG
conditions resulted in upregulation of CHI3L1 expression by 25 times. 25 ppm Ti NPs
in HG did not have any significant effect on upregulation of CHI3L1 expression,
however, 25 ppm Ti NPs in NG promoted upregulation of CHI3L1 expression by the
average of 5.5 times (Figure 15A). Stimulation of M1 macrophages with 100 ppm Ti
NPs cultured in HG, resulted in upregulation of expression of CHI3L1 by the average
of 2.8 times. The effects were similar in 6 donors analyzed and the strongest effect
was 11 fold change. In M1 macrophages, there was no significant upregulation of
CHI3L1 expression in presence of 25 ppm and 100 ppm Ti NPs in NG, however,
stimulation with 100ppm Ti NPs in HG resulted in upregulation of CHI3L1 expression
by 2.1 times (Figure 15B). In M2 macrophages cultured in HG, the effect was the
strongest; 100 ppm Ti NPs promoted upregulation of CHI3L1 expression by the
average of 35 times. Stimulation of M2 with 25 ppm Ti NPs in HG resulted in
upregulation of CHI3L1 expression by the average of 22 times (Figure 15C).
Hyperglycemia potentiated the effects of only 100 ppm Ti NPs-induced CHI3L1
expression in M1 and M2 macrophage subtypes and not of 25 ppm Ti NPs in any

53



Results

macrophage subtypes. In total, HG significantly cooperated with 100 ppm Ti NPs in
upregulation of CHI3L1 expression but not with 25 ppm Ti NPs.
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Figure 15. Effect of hyperglycemia on CHI3L1 expression in primary human
macrophages exposed to titanium nanoparticles. Levels of gene expression were detected
with RT-PCR for macrophages cultured in NG or HG for 6 days in presence or absence of
25ppm or 100ppm Ti NPs concentration. A. The expression of CHI3L1 from MO (unstimulated),
B from MI1(IFNy-stimulated) and C from M2(IL4—stimulated) macrophages. Each bar
represents the mean value of expression from 5 individual donors, obtained after normalization
of original expression to a maximum expression value as 1 in each donor across all 18
conditions. Statistical analysis was performed using paired two-tailed t-test. *p<0,05. The error
bars are represented by SEM.

3.5.3 Hyperglycemia cooperates with Ti NPs-induced secretion of CHI3L1
in all macrophage subtypes

Next, the effect of hyperglycemia on Ti NPs-induced secretion of CHI3L1 in MO,
M1 and M2 macrophages was evaluated (Figure 16 and 17). The ELISA was
performed on supernatants collected from macrophages cultured for 6 days. The
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secretion range was (3.0 — 134.1) ng/ml for MO macrophages; (0.2 — 2.3) yg/ml for M1
macrophages and (5.8 — 272.3) ng/ml for M2 macrophages.

In MO macrophages, the average CHI3L1 secretion levels were the lowest
(3.3ng/ml). 100 ppm Ti NPs promoted CHI3L1 average secretion of 125 ng/ml and 25
ppm Ti NPs promoted CHI3L1 average secretion of 65 ng/ml. 100 ppm Ti NPs
potentiated CHI3L1 secretion by the average of 32 times in NG and 38 times in HG.
25 ppm Ti NPs potentiated CHI3L1 secretion by the average of 18 times in NG and 32
times in HG (Figure 16A, 17). In M1 macrophages, Ti NPs at 100 ppm concentration
promoted highest CHI3L1 secretion levels of about 2.1 pg/ml in HG. On average 100
ppm Ti NPs potentiated CHI3L1 secretion in M1 macrophages by the average of 3.6
times in NG and by 5.3 times in HG (Figure 16B, 17). In M2 macrophages, the levels
of CHI3L1 secretion was less than in M1, and Ti NPs at 100 ppm concentration
promoted CHI3L1 secretion up to 225 ng/ml. 100 ppm Ti NPs potentiated CHI3L1
secretion by the average of 24 times in NG and 31 times in HG, with a strongest effect
of 39 fold change in one of the donors. 25 ppm Ti NPs potentiated secretion by the
average of 8 times in NG and 12 times in HG (Figure 16C, 17).

Hyperglycemia potentiated the effects of 25 ppm Ti NPs-induced CHI3L1
secretion by the average of 1.4 times in M1 and 1.5 times in M2, and potentiated the
effects of 100 ppm Ti NPs-induced CHI3L1 secretion by the average of 1.2 times in
MO, 1.5 times in M1 and 1.3 times in M2. (Figure 17). In total, HG cooperates with Ti
NPs in upregulation of CHI3L1 secretion in all macrophage subtypes. However, the
effect of Ti NPs on CHI3L1 secretion was stronger than the effect of hyperglycemia on
Ti NPs-induced CHI3L1 secretion in all macrophage subtypes.

In summary, CHI3L1 section data does not exactly correlate with the expression
data, in particularly for M1 responses. In M1 macrophages, Ti NPs potentiate secretion
of CHI3L1 in a dose-dependent manner, and HG cooperates with this effect working
in synergy with both concentrations (25 ppm and 100 ppm) Ti NPs. However, Ti NPs
have no effect on CHI3L1 expression in M1 macrophages in NG. In M1 macrophages,
HG cooperates with 100 ppm but not with 25 ppm Ti NPs in upregulation of CHI3L1
gene expression. These findings imply that Ti NPs and HG cooperate on different
levels resulting in the elevation of production of CHI3L1 by all types of macrophages.
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Figure 16. Effect of hyperglycemia on CHI3L1 secretion in primary human macrophages
exposed to titanium nanoparticles. Supernatants were collected from monocytes-derived
macrophages that were cultivated in NG and HG conditions for 6 days in absence or in
presence of 25ppm and 100ppm concentrations of Ti NPs. The effects assessed, A, for MO
(NS) ,B, M1(IFNy) and C, M2(IL4). All experiments were performed in duplicates. The results
are presented separately from 6 individual donors (n=6). The error bars are represented by
SEM. Statistical analysis was performed using paired two-tailed t-test. *p<0.05.
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3.5.4 Hyperglycemia cooperates with Ti NPs-induced expression of CHIT1
in M1 macrophages

Elevated levels of CHIT1 are observed in patients with type 2 diabetes (T2D) and
associated with diabetic complications°. The aim of the study was to identify the effect
of diabetic conditions on CHIT1 production in the context of Ti NPs. Analogously to
CHI3L1, the expression of CHIT1 in hyperglycemic macrophages exposed to Ti NPs
was analyzed (Figure 18).
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Figure 18. Effect of hyperglycemiaon CHIT1 expression in primary human macrophages
exposed to titanium nanoparticles. Levels of gene expression were detected with RT-PCR
for macrophages cultured in NG or HG for 6 days in presence or absence of 25ppm or 100ppm
Ti NPs concentration A. The expression of CHIT1 from MO (unstimulated), B from M1(IFNy-
stimulated) and C from M2(IL4—stimulated) macrophages. Each bar represents the mean value
of expression from 5 individual donors, obtained after normalization of original expression to a
maximum expression value as 1 in each donor across all 18 conditions. Statistical analysis
was performed using paired two-tailed t-test (*p<0,05). The error bars are represented by SEM.
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Stimulation of MO macrophages with 25 ppm Ti NPs resulted in upregulation of
CHIT1 expression by the average of 51 times in NG and 107 times in HG. Stimulation
of MO with 100 ppm Ti NPs resulted in upregulation of CHIT1 secretion by the average
of 93 times in NG and 1167 times in HG. These upregulation effects occurred for all 6
donors analyzed (Figure 18A). Stimulation of M1 macrophages with 25 ppm Ti NPs
resulted in upregulation of CHIT1 expression by the average of 11 times in NG and
1736 times in HG. Stimulation of M1 with 100 ppm Ti NPs resulted in upregulation of
CHIT1 expression by the average of 16 times in NG and 5450 times in HG. These
upregulation effects was detected in all 6 donors analyzed (Figure 18B). In M2
macrophages, 25 ppm and 100 ppm Ti NPs did not affect CHIT1 expression in NG.
However, stimulation of M2 macrophages with Ti NPs resulted in upregulation of
CHIT1 expression by the average of 181 times at 25 ppm concentration and 1501
times at 100 ppm concentration (Figure 18C). Hyperglycemia potentiated the effects
of only 100 ppm Ti NPs-induced CHIT1 expression and only in M1 macrophages by
the average of 5.8 times. In total, in all macrophage subtypes exposed to
hyperglycemic environment, Ti NPs promoted upregulation of CHIT1 expression in a
dose-dependent manner, which did not occur for NG conditions. However,
hyperglycemia only cooperated with 100 ppm Ti NPs in M1 macrophages.

3.5.5 Hyperglycemia and Ti NPs cooperate in suppression of CCL18
production by M2

Hyperglycemia suppresses production of CCL18 in primary human
macrophages*. In the previous section, Figure 9 and 12 demonstrate that CCL18 is
suppressed by Ti NPs. The effect of HG conditions on Ti NPs-induced suppression of
CCL18 expression in M2 macrophages cultured for 6 days was examined by RT-PCR
(Figure 19). 25 ppm Ti NPs suppressed CCL18 expression by the average of 10 times
in NG and 22 times in HG. 100 ppm Ti NPs suppressed CCL18 by the average of 580
times in NG and 628 times in HG (Figure 19C). Hyperglycemia potentiated the effects
of 25 ppm Ti NPs in suppression of CCL18 by the average of 2.4 times (Figure19A).
However, the suppressive effect of 100 ppm Ti NPs was very strong, and was not
further affected by HG (Figure 19B).
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Figure 19. Effect of hyperglycemia and titanium nanoparticles on CCL18 expression in
human macrophages. Expression levels were detected with RT-PCR from M2 macrophages
cultured in NG or HG for 6 days in presence or absence of 25ppm and 100ppm Ti NPs
concentration. A. Individual donor responses illustrating the NG and HG comparison with
25ppm Ti NPs. B 100ppm Ti NPs. C. Summary of 25ppm and 100ppm Ti NPs responses in
NG and HG. Each bar represents the mean value of expression from 6 individual donors. The
error bars are represented by SEM. Statistical analysis was performed using paired two-tailed
t test. *p<0,05.

Next, the effect of hyperglycemic environment on Ti NPs-induced suppression
of CCL18 secretion was examined by ELISA (Figure 20). The protein secretion was
detected from the supernatants collected from M2 macrophages cultured for 6 days in
NG or HG conditions and in presence of 25 ppm or 100 ppm Ti NPs. Average secretion
of CCL18 detected in macrophages was (541+39.8) ng/ml in NG conditions and
(435+68.1) ng/ml in HG. In presence of 25 ppm Ti NPs, the secretion levels were
reduced to the average of (316+98.0.1) ng/ml in NG and (237+88.5) ng/ml in HG. In
presence of 100 ppm Ti NPs, the secretion levels were the lowest: (20.6+£16.0) ng/ml
in NG and (20.7+2.25) ng/ml in HG (Figure 20B). 25 ppm Ti NPs suppressed CCL18
secretion by the average of 1.7 fold in NG and by 1.8 fold in HG. 100 ppm Ti NPs
suppressed CCL18 by the average of 26 times in NG and 21 times in HG (Figure 20C).
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Figure 20. Effect of hyperglycemia and titanium nanoparticles on CCL18 secretion in
human macrophages. Secretion levels were detected with ELISA in supernatants collected
from M2 macrophages cultured in NG or HG for 6 days in presence or absence of 25ppm and
100ppm Ti NPs concentration. A. Individual donor responses illustrating the NG and HG
comparison with 25ppm Ti NPs. B 100ppm Ti NPs. C. Summary of 25ppm and 100ppm Ti NPs
responses in NG and HG. Each bar represents the mean value of secretion from 6 individual
donors. The error bars are represented by SEM.Statistical analysis was performed using
paired two-tailed t test. *p<0,05.

Hyperglycemia potentiated the effects of 25 ppm Ti NPs in suppression of
CCL18 secretion by the average of 1.3 fold (Figure 20A) and not in suppression of
CCL18 induced by 100 ppm Ti NPs (Figure 20B). In conclusion, hyperglycemia
cooperates with 25 ppm Ti NPs but not with 100 ppm Ti NPs in suppression of CCL18
secretion.

In total, the effect of suppression of CCL18 expression by Ti NPs was
significantly larger than the effect of suppression of CCL18 secretion by Ti NPs.
However, similarly to results of CCL18 secretion, hyperglycemia cooperates with 25
ppm Ti NPs but not with 100 ppm Ti NPs in suppression of CCL18 expression.
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3.6 Effect of dexamethasone on CHI3L1 and CHIT1 expression in
normal and hyperglycemic M1 exposed to Ti NPs

3.6.1 Dexamethasone suppresses Ti NPs —induced CHI3L1 expression in
HG and not in NG

Dexamethasone is a synthetic glucocorticoid, which is able to inhibit LPS-induced
cytokine production of TNF-a and IL1-%%191, Dexamethasone reduces macrophage
activation and used as a drug to treat implant-mediated inflammation®2193, The effect
of 100 nM dexamethasone (Dex) on Ti NPs-induced expression changes of CHI3L1 in
pro-inflammatory macrophages cultured for 6 days in NG or HG conditions was
evaluated (Figure 21 and 22). Dex suppressed expression of CHI3L1 in M1
macrophages cultured in absence of Ti NPs by the average of 2.7 times in NG. These
effects were similar in 5 individual donors (Figure 21A, Table 18). Dex had no effect
on CHI3L1 expression in HG in absence of Ti NPs (Figure 21C). In presence of Ti NPs,
Dex suppressed CHI3L1 expression in hyperglycemic M1 macrophages by the
average of 2.0 times (Figure 21D, Table 18), however it had no effect on CHI3L1
expression in NG (Figure 21B).

A B

10 -

S

0.1 . : 0.01 ; ;
NG NG+Dex NG+Ti NG+Dex+Ti

1+ ns
———

0.1+

of CHI3L1

Relative Expression
of CHI3L1
1
Relative Expression

@]
)

-
o
]

10+ ns
15 .—%

ol S

0.001 r , T }
HG HG+Dex HG+Ti HG+Dex+Ti

of CHI3L1
1

Relative Expression
of CHI3L1
Relative Expression

(=
-

Figure 21. Effect of dexamethasone on CHI3L1 expression in individual donors by M1
macrophages exposed to titanium nanoparticles in normal or high glucose conditions.
Expression levels were detected with RT-PCR from M1 macrophages cultured in NG or HG
for 6 days in presence or absence of 100ppm Ti NPs. The results are presented for 5 individual
donors. A. CHI3L1 expression in NG with or w/o Dex. B. CHI3L1 expression in NG with or w/o
Dex exposed to Ti NPs. C. CHI3L1 expression in HG with or w/o Dex D. CHI3L1 expression
in HG with or w/o Dex exposed to Ti NPs.
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Table 18. Quantification of CHI3L1 suppression by dexamethasone in M1 macrophages
for 5individual donors.

Downregulation by Dex of Downregulation by Dex of CHI3L1
Donor number CHI3L1 expression in M1 expression in M1 exposed to Tl NPs
cultured in NG cultured in HG

1 2,65 8,83

2 3,26 1,04

3 2,48 2,36

4 1,41 4,45

5 4,95 1,30

Average fold
change 2,74 2,00
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Figure 22. Effect of dexamethasone on CHI3L1 expression by M1 macrophages exposed
to titanium nanoparticles in normal or high glucose conditions. Expression levels were
detected with RT-PCR from M1 macrophages cultured in NG or HG for 6 days in presence or
absence of Ti NPs at 100ppm concentration. Each bar represents the mean value of CHI3L1
expression from 5 individual donors, obtained after normalization of original expression to a
maximum expression value as 1 in each donor across 8 conditions. Statistical analysis was
performed using paired two-tailed t-test. *p<0,05. The error bars are represented by SEM.

3.6.2 Dexamethasone upregulates Ti NPs —induced CHIT1 expression in
NG and has no effect in HG

Next, the effect of Dex on Ti NPs-induced CHIT1 expression in M1 macrophages
cultured for 6 days in NG or HG conditions was examined (Figure 23 and 24). Dex
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downregulated CHIT1 expression in M1 macrophages by the average of 2.7 times,
with a maximum suppression of 4.4 fold change (Figure 23A, Table 19). In absence of
Dex, Ti NPs upregulated expression of CHIT1 by the average of 6.4 times with a
maximum effect of 20 fold change (Figure 20). In presence of Dex, Ti NPs upregulated
CHIT1 expression by the average of 36 times with a maximum upregulation effect of
56 fold change (Figure 20). In NG conditions, Dex enhanced Ti NPs-induced CHIT1
expression by the average of 2.9 times in all 5 individual donors (Figure 23B). In NG
conditions, Dex suppressed CHIT1 expression by the average of 3.2 times without Ti
NPs (Figure 23C). Dex had no effect on CHIT1 expression in hyperglycemic
macrophages exposed to Ti NPs (Figure 23D). In hyperglycemic macrophages, in
absence of Dex, Ti NPs upregulated CHIT1 expression by the average of 16 times; in
presence of Dex, Ti NPs enhanced CHIT1 by the average of 46 times (Figure 24). In
conclusion, dexamethasone cooperates with Ti NPs in upregulation of CHIT1
expression in NG but has no effect in HG. High glucose cooperates with Ti NPs-
induced CHIT1 expression in absence of dexamethasone.
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Figure 23. Effect of dexamethasone on CHIT1 expression in individual donors by M1
macrophages exposed to titanium nanoparticles in normal or high glucose conditions.
Expression levels were detected with RT-PCR from M1 macrophages cultured in NG or HG
for 6 days in presence or absence of 100ppm Ti NPs. The results are presented for 5 individual
donors. A. CHIT1 expression in NG with or w/o Dex. B. CHIT1 expression in NG with or w/o
Dex exposed to Ti NPs. C. CHIT1 expression in HG with or w/o Dex D. CHIT1 expression in
HG with or w/o Dex exposed to Ti NPs.
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Table 19. Quantification of CHIT1 expression changes by dexamethasone in M1
macrophages for 5 individual donors.

Donor Downregulation by Dex of Upregulation by Dex of Downregulation by
Number CHIT1 expression in M1 cultured CHI3L1 expression in M1 Dex of CHIT1
in NG exposed to Ti NPs expression in M1
cultured in NG cultured in HG
1 2,26 3,82 2,30
2 4,39 1,55 3,57
3 1,64 22,5 3,11
4 1,38 2,08 0,86
5 2,26 1,66 5,96
Average
fold change 2,70 2,95 3,16
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Figure 24. Effect of dexamethasone on CHIT1 expression by M1 macrophages exposed
to titanium nanoparticles in normal or high glucose conditions in summary. Expression
levels were detected with RT-PCR from M1 macrophages cultured in NG or HG for 6 days in
presence or absence of Ti NPs at 100ppm concentration. Each bar represents the mean value
of CHIT1 expression from 5 individual donors, obtained after normalization of original
expression to a maximum expression value as 1 in each donor across 8 conditions. Statistical
analysis was performed using paired two-tailed t-test. *p<0,05. The error bars are represented
by SEM.
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3.7 Effect of Ti NPs on CHIT1 intracellular localization

Previous results of this study revealed that Ti NPs promote expression of CHIT1
in all macrophage subtypes. Using confocal microscopy and indirect
immunofluorescence, intracellular localization of CHIT1 in MO, M1 and M2
macrophages cultured for 6 days in presence of 100 ppm Ti NPs was assessed. The
cells were stained with antibody against CHIT1 and DRAQ5 and DAPI. CHIT1 was
detected in cytoplasm and presumably on plasma membrane (PM) in MO macrophages
in control samples without Ti NPs (Figure 25A). Similarly to MO macrophages without
Ti NPs, presence of CHIT1 in MO exposed to Ti NPs was also observed, however, it
was more concentrated in some vesicular structures and slightly on PM (Figure 25B).
Interestingly, most of the cells of MO subtype exposed to Ti NPs were found to be
heterogenous in size and shape in comparison to MO without Ti NPs.

Using analogous staining and culture conditions the intracellular localization of
CHIT1 in M1 macrophages was examined (Figure 26). Slight presence of CHIT1 has
been observed in M1 macrophages without Ti NPs in cytoplasm and also in more
diffused form (Figure 26A). Alternatively, in presence of Ti NPs significant
overproduction of CHIT in up to 40% of M1 cells was observed. CHIT was mainly
located on PM and in some large vesicular structures (Figure 26B).

CHIT1 DRAQ5 Merged

Figure 25. Effect of titanium nanoparticles on the intracellular localization of CHIT1 in
MO macrophages. PFA-fixed macrophages were stained with rabbit polyclonal anti-CHIT1
antibody and DRAQ5 nuclear stain. Secondary antibody was Cy3-conjugated goat anti—rabbit
IgG. Red corresponds to CHIT1 staining. Scale bars are 10 uyM. A. Representative MO
macrophage cultured for 6 days in absence of Ti NPs. B. Representative MO macrophage
cultured for 6 days in presence of 100ppm concentration of Ti NPs.
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CHIT1 DRAQ5 Merged

Figure 26. Effect of titanium nanoparticles on intracellular localization of CHIT1 in M1
macrophages. PFA-fixed macrophages were stained with rabbit polyclonal anti-CHIT1
antibody and DRAQ5 nuclear stain. Secondary antibody was Cy3-conjugated goat anti—rabbit
IgG. Red corresponds to CHIT1 staining. Scale bars are 10 yM A. Representative M1
macrophage cultured for 6 days in absence of Ti NPs. B. Representative M1 macrophage
cultured for 6 days in presence of 100ppm concentration of Ti NPs.

CHIT1 DRAQS5 Merged

Figure 27. Effect of titanium nanoparticles on intracellular localization of CHIT1 in M2
macrophages. The cells were stained as indicated in the legends to Figure 25 and 26. A.
Representative M2 macrophage cultured for 6 days in absence of Ti NPs. B. Representative
M2 macrophage cultured for 6 days in presence of 100ppm concentration of Ti NPs.
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The intracellular localization of CHIT1 in M2 was evaluated (Figure 27). Similar
to M1 macrophages without Ti NPs, presence of CHIT1 was observed in cytoplasm
also in a diffused form (Figure 27A). However, in presence of Ti NPs, we have
observed significant amount of CHIT1 in some vesicular structures and not in the nuclei
or on PM (Figure 27B). These vesicular structures did not resemble the ones visualized
in MO or M1 macrophages with Ti NPs.

Localization of CHIT1 within the trans-Golgi network (TGN) was investigated
(Figure 28, 29). TGN corresponds to interconnected tubules and vesicles, at the trans
face of the Golgi stack. TGN46 is a putative, cargo-binding protein that maintains a
steady-state level in the dynamic TGN structure by active retention and recycling.
Small level of colocalization between CHIT1 and TGN46 was observed only in MO
macrophages in control conditions w/0 Ti NPs (Figure 28A), and no colocalization was
detected in M1 and M2 for the same conditions (Figure 28B, C). Strong colocalization
of CHIT1 and TGN46 was observed in M1 macrophages exposed to Ti NPs where It
was apparent that CHIT accumulated in TGN vesicles and at PM (Figure 29B). The
TGN signal was not detected in MO and M2 macrophages exposed to Ti NPs (Figure
29A and C).

TGN46 CHIT1 DRAQS Merged

Figure 28. Intracellular colocalization of CHIT1 and TGN46 in MO, M1 and M2
macrophages without Ti NPs (control conditions). Macrophages were stained with rabbit
polyclonal anti-CHIT1antibody, mouse monoclonal anti-TGN46 antibody and nuclei dyes
DRAQ5. Secondary antibody combination was Cy3-conjugated goat anti—rabbit IgG and
Alexa488-conjugated goat anti-mouse 1gG. Green corresponds to TGN46 staining, red
corresponds to CHIT1 staining, and yellow corresponds to the area of colocalization (Merge).
A. Representative MO (unstimulated) macrophage. B. Representative M1 (IFNy-stimulated)
macrophages and C. Representative M2 (IL4—stimulated) macrophage.
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TGN46 CHIT1 DRAQ5 Merged

Figure 29. Effect of Ti NPs on intracellular co-localization of CHIT1 and TGN46 in MO, M1
and M2 macrophages. Macrophages were stained with rabbit polyclonal anti-CHIT1 antibody,
mouse monoclonal anti-TGN46 antibody and nuclei dye DRAQ5. Secondary antibody
combination was Cy3-conjugated goat anti—rabbit IgG and Alexa488-conjugated goat anti—
mouse IgG. Green corresponds to TGN46 staining, red corresponds to CHIT1 staining, and
yellow corresponds to the area of colocalization (Merge). The cells were exposed to 100ppm
concentration of Ti NPs. A. Representative MO (unstimulated) macrophage. B. Representative

M1 (IFNy-stimulated) macrophages and C. Representative M2 (IL4—stimulated) macrophage..

TGN compartment of MO and M2 macrophages was completely disrupted in
most of the cells exposed to Ti NPs. In total, Ti NPs promoted CHIT1 trafficking to TGN
compartment in M1 macrophages and blocked the normal sorting system by
interrupting TGN for MO and M2 macrophages sending CHIT1 to unusual locations.

3.8 Effect of Ti NPs on mitochondrial ROS release

Ti NPs have been reported to exert toxicity by promoting the release of reactive
oxygen species (ROS) and mitochondrial dysfunciton'®®. It has been demonstrated that
Ti NPs can induce endoplasmic reticulum (ER) stress in the cells by disrupting the
mitochondrial-associated ER membranes and calcium ion balance via increasing the
autophagy'®. To determine the negative effects of Ti NPs through promoting toxicity
by ROS activation, mitochondrial ROS release was measured by FACS in MO and M1
macrophages cultured for 6 days. The cells were stimulated with 100 ppm of Ti NPs
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on day 5. High glucose was added 3 hours before the detection of ROS;
dexamethasone was not included in the cell culture.

Figure 30 shows the differences in the mitochondrial ROS release for multiple
pairs of macrophage conditions by comparing the medium fluorescence intensities
(MFI), which represent a fraction of ROS per mitochondrion. In comparison to Ti NPs,
high glucose had no effects on mitochondrial ROS release in both macrophage
subtypes (Figure 30A, B). M1 macrophages produced significantly higher amount of
ROS in comparison to MO macrophages, which was by the average of 5.2 times higher
for NG condition and 2.7 times higher for HG (Figure 30C, D). Ti NPs enhanced
mitochondrial ROS release by the average of 3.4 times in MO macrophages cultured
in NG and 2.6 times in HG conditions (Figure 30F, H). In M1 macrophages, Ti NPs
enhanced ROS release by the average of 4.3 times in NG and 7.3 times in HG
conditions (Figure 30G, E).

The maximal ROS signal was detected in M1 macrophages exposed to Ti NPs,
which is easier to see in the summary graph of all ROS normalized responses (Figure
31C). Although the effect in upregulation of ROS by Ti NPS was detected on average
to be smaller in MO macrophages, in comparison to M1 macrophages cultured in NG
conditions, this effect was more significant (Figure 31A, B). To summarize, there was
no potentiation of ROS release by hyperglycemia alone, however, hyperglycemia
cooperated with Ti NPs in the enhancement of ROS release by M1 or MO
macrophages.
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Figure 30. Effect of titanium nanoparticles on mitochondrial ROS release in MO and M1
macrophages cultured in normal and high glucose conditions. Fluorescence was
measured by FACS CANTO. DCF for measuring total intracellular ROS staining recorded in
FITC channel; MitoTracker in APC channel for mitochondrial membrane potential; and
MitoSOX in PE channel for mitochondrial ROS. MFI represent medium fluorescence intensity.
The results are presented for 7 individual donors as a fraction of total ROS per mitochondrion.
The cells were stimulated for 24 hours with 100ppm TI NPs. Statistical analysis was performed
using paired two-tailed t-test. *p<0.05, *p<0.01. A. ROS by MO in NG versus HG B. ROS by
M1 in NG versus HG. C ROS by MO versus M1 in NG. D. ROS by MO versus M1 in HG. E.
ROS by M1 versus M1 with Ti NPs in NG. F. ROS by MO versus MO with Ti NPs in NG. G.
ROS by M1 versus M1 with Ti NPs in HG. E. ROS by MO versus MO with Ti NPs in HG.
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Normalized Mitochondrial

Figure 31. Effect of titanium nanoparticles on mitochondrial ROS release in summary.
Fluorescence was measured by FACS. Each bar represents the mean value from 7 individual
donors calculated from the fraction of total ROS per mitochondrion. The values are normalized
to maximum as 100%. The error bars are represented by SEM.
performed using paired two-tailed t-test. *p<0.05, **p<0.01. A. Mitochondrial ROS released by
MO macrophages in NG or HG in presence or absence of 100ppm Ti NPs. B. Mitochondrial
ROS released by M1 macrophages in NG or HG in presence or absence of 100ppm Ti NPs.
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3.9 Affymetrix gene expression analysis of transcriptome in
macrophages exposed to Ti NPs in normal and hyperglycemic
conditions

To analyze the effect of Ti NPs on global transcriptional profiles of M1 and M2
polarized macrophages cultured in normal and high glucose conditions, Affymetrix
GeneChips microarray assay was performed. According to the experimental model of
this study, the monocytes were stimulated with pro(IFNy)/anti(IL4)-inflammatory factors
and cultured in presence or absence of 100 ppm Ti NPs in NG or HG conditions. The
macrophages cultured for 6 days were taken immediately for RNA isolation. The
extracted samples with RNA yield at least 100 ng were used in microarray analysis.
The samples were further tested for RNA integrity (RIN) by the services of the core
Affymetrix facility. During the corresponding test, according to the recommendations
by Affymetrix services, the RNA samples, which revealed RIN below 7 were taken for
analysis. Microarray analysis of macrophage gene expression for the conditions listed
above revealed only 4 different clusters of genes (Figure 32). A cluster represented by
a, corresponded to M1 macrophages cultured in presence of NG; cluster B to M2
macrophages cultured in NG; cluster y to M1 macrophages exposed cultured in NG or
HG in presence of Ti NPs and cluster & to M2 macrophages cultured in NG or HG in
presence of Ti NPs.

o)
SIS

1&0 oas %
|

Figure 32. Clustering of the microarray data in a 3D scatterplot. Each sphere represents
macrophages cultured for 6 days under different stimulations. Ti NPs of 200ppm concentration

were used. a (yellow) - stimulation with IFNy(M1) in normal glucose (NG= 5mM glucose)

conditions; B (purple) - stimulation with IL4(M2) in NG; y (blue) stimulation with IFNy(M1) and
Ti NPs in NG (purple triangles) and HG (green squares) conditions; & (green) stimulation with
IL4(M2) and Ti NPs in NG (blue triangles) and HG (green triangles) conditions.

A total of 6000 genes were differentially expressed after stimulation with Ti NPs
for 6 days in M1 (IFNy) macrophages and 5223 genes in M2 (IL4) macrophages (Figure
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33A, B). In the comparison of M1 alone versus M1 with Ti NPs, 4950 genes were found
statistically significant in NG and 3619 in HG; 2569 genes were in common with NG
and HG (Figure 33A). In the comparison of M2 alone versus M2 with Ti NPs, 4269
genes were found in NG and 4091 in HG: 3137 genes were in common (Figure 33B).
Figure 33C illustrates how the differences in gene expression used in characterization
of M1 (IFNy) and M2(IL-4) profiles change when the cells are stimulated with Ti NPs
and HG. A total of 7915 genes were differentially expressed in comparison of M1 and
M2 macrophages in all three conditions: control (w/o Ti NPs); exposed to Ti NPs alone
and exposed to Ti NPs in synergy with HG (Figure 33C).

NG HG NG HG
M(IFNy) vs M(IFNy) + NPs M(IFNy) vs M(IFNy) + NPs M(IL-4) vs M(IL-4) + NPs M(IL-4) vs M(IL-4) + NPs
C Control Ti NPs
M(IFNy) vs M(IL-4) M(IFNy) vs M(IL-4)

Ti NPs + HG
M(IFNY) vs M(IL-4)

Figure 33. Summary of Affymetrix microarray analysis of gene expression in
macrophages exposed to Ti NPs in presence of NG and HG conditions. A.Venn’s diagram
of differentially expressed genes by M1 versus M1 exposed to Ti NPs cultured in NG and HG.
B. Venn’s diagram of differentially expressed genes by M2 versus M2 exposed to Ti NPs
cultured in NG (gray) and HG. C. Venn’s diagram of differentially expressed genes in M1 (IFNy)
versus M2 (IL4) macrophages cultured in control (blue) - w/o Ti NPs and in presence of NG;
Ti NPs (purple) - exposed to Ti NPs and in presence of NG and Ti NPs + HG — exposed to Ti
NPs and in presence of HG.
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4787 genes were differentially expressed between M1 and M2 in control. 4599 genes
were found to be differentially expressed in presence of Tl NPs, in which 2220 (a half
of those genes) remained the same between control and stimulation with Ti NPs, 4013
genes were found statistically significant in presence of Ti NPs in synergy with HG.
Only 749 (less than a quarter) genes were differentially expressed in presence of HG
with Ti NPs and not common with other genes.

For further analysis the focus was directed towards pro-inflammatory (M1)
genes to narrow down the number of genes involved in regulation of macrophage
responses by Ti NPs and hyperglycemia. A total of 10 genes that were differentially
expressed in M1 versus M1 exposed to Ti NPs with maximal fold change were selected
(Table 20). The threshold of P-value = 0.005 was chosen. In the comparison of M1
versus M1 exposed to Ti NPs in NG conditions, 4 genes were selected: MT1G, OLR1,
MME, which were upregulated by the average of 3.4, 2.6 and 2,4 times and CXCL9
was downregulated by the average of 6.2 times. In the comparison of M1 versus M1
exposed to Ti NPs in HG conditions, 6 genes were selected: DCSTAMP, ORM1, CSF1,
MT1X, CXCL8, which were upregulated by the average of 4.1, 3.9, 3.1, 3.1 and 2.6
times, and CXCL10 downregulated by the average of 6.2 times.

Table 20: Differentially expressed genes in M1 macrophages exposed to Ti NPs in NG
and HG.

olle P 0 ato
ane name h-value
allge a Oopnage
Comparison of M1 in NG with M1 in NG exposed to Ti NPs
MT1G 3,39 7,99E-09 165
OLR1 2,57 9,65E-06 27
MME 2,42 2,04E-11 15
CXCL9 -6,19 2,29E-23 3
Comparison of M1 in HG with M1 in HG exposed to Ti NPs
DCSTAMP 4,12 5,93E-12 230
ORM1 3,87 9,97E-10 2
CSF1 3,13 4,85E-16 102
MT1X 3,06 1,03E-11 56
CXCLS8 2,58 3,66E-03 395
CXCL10 -6,19 6,32E-24 5

*Transcripts per million (TPM), is a normalized method for transcriptomic studies. TPM is a
unit to estimate gene expression RNA-based and it is expressed as number/1X10° RNA

counts'.
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3.10 RT-PCR analysis and validation of selected Ti NPs-induced
biomarkers

To confirm the results obtained by microarray analysis the following genes were
validated via RT-PCR: DCSTAMP, OLR1, ORM1, MME and CSF1 (Figure 34);
CXCL8, CXCL9, CXCL10, MT1X and MT1G (Figure 35). The expression of these
genes was measured in M1 macrophages cultured for 6 days in presence or absence
of 100 ppm Ti NPs in normal and high glucose conditions.

In macrophages cultured in NG, Ti NPs upregulated expression of DCSTAMP
by the average of 10 times and in HG by the average of 20 times. These effects were
similar in 5 individual donors and the strongest effect was 25 fold change in HG.
Hyperglycemia enhanced Ti NPs-induced DCSTAMP expression by the average of 1.8
times (Figure 34A). Ti NPs upregulated expression of OLR1 by the average of 7.4
times in NG and by the average of 25 times in HG. These effects were similar in 5
individual donors and the strongest effect was 44 fold change in HG. Hyperglycemia
enhanced Ti NPs-induced OLR1 expression by the average of 1.5 times (Figure 34B).
Ti NPs upregulated expression of ORML1 by the average of 21 times in NG and by the
average of 61 times in HG. The strongest effect was 3111 fold change in HG.
Hyperglycemia enhanced Ti NPs-induced ORM1 expression by the average of 1.7
times (Figure 34C). Ti NPs upregulated MME expression by the average of 91 times
in NG and by the average of 148 times in HG. The strongest effect was 266 fold change
in NG. Hyperglycemia did not enhance Ti NPs-induced upregulation in expression of
MME (Figure 34D). Ti NPs upregulated expression of CSF1 by the average of 4.5
times in NG and by the average of 8.5 times in HG. The strongest effect was 22 fold
change in HG. Hyperglycemia enhanced Ti NPs-induced CSF1 expression by the
average of 1.5 times (Figure 34E). Surprisingly, Ti NPs did not have an effect on
expression of CXCL8 in presence of NG or HG; also, HG in absence of Ti NPs did not
affect CXCL8 expression (Figure 35A). Ti NPs downregulated CXCL9 expression by
the average of 88 times in NG and by the average of 122 times in HG. The strongest
downregulation effect was 681 fold change in HG. Hyperglycemia did not potentiate Ti
NPs-induced suppression CXCL9 expression(Figure 35B). Ti NPs downregulated
CXCL10 expression by the average of 61 times in NG and by the average of 77 times
in HG. The strongest downregulation effect was 302 fold change in HG. Hyperglycemia
potentiated Ti NPs-induced suppression of CXCL10 expression by the average of 1.5
times (Figure 35C). Ti NPs upregulated MT1X expression by the average of 7 times in
NG and by the average of 12 times in HG. The strongest effect was 54 fold change in
HG. Hyperglycemia enhanced Ti NPs-induced upregulation in expression of MT1X by
the average of 1.6 times (Figure 35D). Ti NPs upregulated MT1G expression by the
average of 18 times in NG and by the average of 12 times in HG. The strongest effect
was 177 fold change in NG. Hyperglycemia did not enhance Ti NPs-induced
upregulation in expression of MT1G (Figure 35E).

In summary, hyperglycemia significantly cooperated with Ti NPs-induced
expression of CSF1 and Ti NPs-induced suppression of CXCL10. It is still possible that
hyperglycemia cooperates with other genes from the validation list, however, more
sample size is required for statistical analysis. In total, the validation of genes was
successful for all candidates except CXCL8, which did match the calculation of fold
change in gene expression. This could be explained by the highest P-value of CXCL8
listed in Table 20.
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Figure 34. Effect of Ti NPs and HG on expression of DCSTAMP, OLR1, ORM1, MME and
CSF1 in M1 macrophages. Levels of gene expression were detected with RT-PCR for
macrophages cultured for 6 days in presence of absence of 100ppm Ti NPs. A. The expression
of DCSTMAP, B, OLR1, C, ORM1, D, MME and E, CSF1. Each bar represents the mean value
of expression from 5 individual donors. Statistical analysis was performed using paired two-
tailed and one-tailed t-test. **p<0,01, *p<0,05. The error bars are represented by SEM.
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Figure 35. Effect of Ti NPs and HG on expression of CXCL8, CXCL9, CXCL10, MT1X and
MT1G in M1 macrophages. Levels of gene expression were detected with RT-PCR for
macrophages cultured for 6 days in presence of absence of 100ppm Ti NPs. A. The expression
of CXCL8, B, CXCL9, C, CXCL10, D, MT1X and E, MT1G. Each bar represents the mean
value of expression from 5 individual donors. Statistical analysis was performed using paired
two-tailed and one-tailed t-test. *p<0,05. The error bars are represented by SEM.
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4 DISCUSSION

4.1 Interaction of Ti NPs with macrophages

It has been revealed by multiple studies that Ti NPs are toxic and promote
sustained production of pro-inflammatory factors, which result in acute and chronic
inflammation®-29%, Titanium implants are a source of Ti NPs in human tissues.
Despite good mechanical properties, corrosion resistance and low magnetic
susceptibility of titanium, degradation of implants composed of titanium and titanium
alloys is still a medical challenge?°2293, The size of the particles released from implant
surfaces range from the nanometer to micrometer scale, but the nanoparticles of
smaller diameter size tend to generate the most biological toxicity'>38, In the present
study, the rutile Ti NPs with a diameter of 15 nm were addressed as a major driving
element of implant-related inflammation and were evaluated at different
concentrations.

Periprosthetic osteolysis is a condition that originates from chronic inflammatory
responses prompted by implant-derived particulate debris, which triggers recruitment
of macrophages, fibroblasts, lymphocytes and osteoclasts?33. The clearance of the
foreign material, such as Ti NPs, is accomplished by phagocytosis, which is performed
by pro-inflammatory macrophages®2%, However, the fibrotic tissues, which are
primarily found in the peri-implant areas of patients with implants, are known to be rich
in anti-inflammatory macrophages?°42%, In this study, the effect of Ti NPs on
macrophage responses was investigated in MO (non-activated), M1 (pro-inflammatory)
and M2 (anti-inflammatory macrophages).

In the first step of the study, the viability/metabolic activity of human MO, M1 and
M2 macrophages was assessed in the presence of 25, 50, 100 and 200 ppm Ti NPs,
which is equivalent to the concentrations of 25, 50, 100 and 200 pug/ml. After 24 h and
6 days of TI-NPs stimulation, macrophage viability was not reduced in the presence of
Ti NPs in the entire range of concentrations. However, the viability in all macrophage
subtypes cultured for 6 days was increased in the presence of all concentrations of Ti
NPs tested in comparison to cells cultured only for 24 hours (section 3.2.2). In murine
macrophages, pure rutile TiO2 NPs of 30 and 100 nm diameter sizes at all
concentrations (50, 100, 200, 300, and 400 mg/mL) decreased cell viability, phagocytic
rate, and phagocytic index in a concentration-dependent manner, followed by
autophagy?°®. In primary human osteoblasts, it was reported that anatase Ti NPs at
concentrations 5, 10, 50 and 100 ug/ml do not affect cell viability?®’, which is in
agreement with the results of this study. In contrast, silver nanoparticles (Ag NPs)
induce significantly higher cell toxicity than Ti NPs. In murine macrophages, after 4
ppm Ag NPs, the cell viability started to decline, and 25 ppm Ag NPs is already
considered very toxic?°®. However, zinc oxide nanoparticles (ZnO NPs) are considered
to be less toxic than Ti NPs; in mouse alveolar macrophages, they didn’t induce toxicity
at concentrations of 3.5 mg/ml?®. Therefore, the effects of Ti NPs are defined by
affecting macrophages differentiation and polarization, but not their survival.

4.1.1 Effect of Ti NPs on production of CHI3L1

A glycoprotein, CHI3L1, is expressed in humans and produced by macrophages,
neutrophils, synoviocytes, chondrocytes, airway epithelial cells, vascular smooth
muscle cells, and cancer cells?%21, |n combination with other inflammatory molecules,
CHI3L1 can be used as a biomarker in cancer, inflammation, tissue remodeling and
fibrosis such as arthritis, asthma, multiple sclerosis, preclinical Alzheimer’s disease,
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heart failure and diabetic disorders’6-179212  previously, the effect of Ti NPs, Ti
microparticles and titanium surfaces on the expression and secretion of CHI3L1 was
analyzed by Gudima, 2017, but Ti NPs-induced inflammation was not addressed in
detail'®2, CHI3L1 is involved in inflammation and tissue remodeling and potentially can
be associated with implant-related complications’3. It is known that the fibrotic tissues
often surround the titanium implant surfaces?'3. Using immunohistochemical analysis,
positive staining for excessive production of CHI3L1 was detected in areas with
fibrosis, concluding that excessive CHI3L1 production can cause extracellular matrix
accumulation leading to tissue fibrosis?14.215,

In this study, for the first time, the effect of two different concentrations of Ti NPs
on the production of CHI3L1 was investigated. The data presented by Gudima, 2017
demonstrates that CHI3L1 production is primarily induced by M1 macrophages and
the data of the current investigation is consistent with these findingsgus®2. In all
macrophage subtypes, the secretion levels of CHI3L1 were increased in a
concentration-dependent manner (section 3.4.2).

In the absence of Ti NPs, the secretion levels of CHI3L1 were about 3.3 ng/ml in
MO macrophages, 338 ng/ml in M1 macrophages and 7 ng/ml in M2 macrophages. In
a study about osteoarthritis, it was demonstrated that the serum levels of CHI3L1 in
healthy adults is 102 ug/lI (ng/ml)?16, In patients with severe trauma of the knee, the
levels increase to 1277 ng/ml, and in patients with late-stage osteoarthritis the levels
increase to 1928 ng/ml?¢. The present study reveals that in the presence of 100 ppm
Ti NPs the secretion levels of CHI3L1 macrophages reach the average of 1222 ng/ml,
which is very close to the pathological concentrations of CHI3L1 at the late stages of
osteoarthritis and in severe trauma of the knee.

An increase in secretion of CHI3L1 induced by Ti NPs in M1 macrophages was
found in all donors. However, the expression of CHI3L1 was not significantly
upregulated in M1 macrophages by Ti NPs, because it was found only in about 50%
of the donors; this data is also consistent with data presented by Gudima, 201782, This
suggests that there are differential mechanisms that control Ti NPs-induced CHI3L1
secretion and expression. Another possible explanation could be that the peak of
CHI3L1 expression does not actually occur on day 6 (when the macrophages were
harvested in the corresponding study) but sometime sooner, while the secreted levels
of CHI3L1 accumulate over time and remain stable for protein detection. It has been
shown that elevation of CHI3L1 levels in blood serum can be detected as soon as 3
hours after the stimulus?!4. Additional experiments need to be done to elaborate on the
time peak of CHI3L1 expression induced by Ti NPs in human primary macrophages
used as the experimental model of this study.

In contrast to the M1 results, in anti-infammatory (M2) macrophages, the
expression of CHI3L1 was upregulated by Ti NPs in a concentration-dependent
manner similar to secretion (section 3.3.1 compared to 3.4.2). M2 macrophages can
be present at the phase of resolution of inflammation, healing and in areas of fibrosis.
It has been shown previously that increased production of CHI3L1 leads to tissue
fibrosis'73215217  Also it has been revealed that inhalation of Ti NPs induces renal
fibrosis in mice via upregulation of the TGF-beta pathway?!8. It would be constructive
to investigate the effect of Ti NPs on the production of TGF-beta in correlation with
increased CHI3L1 production in M2 macrophages. Activation of CHI3L1 expression in
M2 macrophages is probably physiologically important, because it could have a
protective function against pathogenic invasion. It has been found that in CHI3L1-/-
mice the protection against fungal-associated allergic airway inflammation is lost
during M2 (IL-4)-type responses?®®.
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4.1.2 Effect of Ti NPs on production of CHIT1 and localization

Chitotriosidase (CHIT1) is a functional chitinase and contains a catalytically
active Glyco_18 domain, which is inactive in CHI3L1"%175, CHIT1 can also be secreted
by human monocyte-derived macrophages and its pathological release makes it a key
biomarker for the lysosomal storage Gaucher disease??°. CHIT1 is associated with
macrophage activation, it is expressed by macrophages and neutrophils and found in
the lungs and circulation'’*174, High levels of CHIT1 expression have been detected
via RT-PCR analysis of periprosthetic soft tissue from osteolysis patients'®. Gene
expression profiling of peri-implant tissue around failing implants revealed
upregulation of CHIT1 in synovial fluid from patients??1. The effect of polished titanium
disks (Ti disks) on CHIT1 expression in MO, M1 and M2 macrophages was evaluated
for the first time by Gudima, 2017; the results did not reveal any significant effect of Ti
disks on the upregulation of CHIT1 expression in all macrophage subtypes!®?
However, in the same study by Gudima, 2017, porous titanium and Ti NPs induced
upregulation of CHIT1 expression in macrophages. These results are in agreement
with the results of this study: Ti NPs promoted upregulation in CHIT1 expression in
MO, M1 and M2 subtypes, with a maximum upregulation effect in MO.

Additionally, the effect of two concentrations of Ti NPs (25 and 100 ppm) on
CHIT1 exochitinase activity, defined by the hydrolytic capacity of the enzyme was
investigated in this study. Interestingly, the lowest dose (25 ppm) of Ti NPs induced a
significant increase in CHIT1 activity in all macrophage subtypes, however, the higher
dose (100 ppm) of Ti NPs did not influence any changes on the activity in comparison
to the control conditions (section 3.4.4). It is possible that during the attempt to recycle
Ti NPs, the higher dose clogged the vesicular trafficking machinery. Although CHIT1
was produced inside the cells, as the data with CHIT1 gene expression shows (section
3.3.1), it could not get secreted. The confocal analysis of CHIT1 localization in the
presence of 100 ppm Ti NPs revealed a higher intensity of CHIT1 staining inside the
cells in comparison to control conditions (section 3.7), which implies that there is a
substantial amount of CHIT1 inside the cells in the presence of a higher dose of Ti
NPs.

In M1 macrophages, Ti NPs promoted CHIT1 localization in the Trans-Golgi
network (TGN) (section 3.7). However, in the presence of Ti NPs, the TGN signal was
not detected at all in MO and M2 macrophages in comparison to MO and M2 unexposed
to Ti NPs. The TGN compartment of MO and M2 macrophages was completely
disrupted in the cells that have been exposed to Ti NPs. In primary bone marrow-
derived macrophages, it has been shown that the disruption of TGN can be caused by
activators of the NLRP3 inflammasome, which leads to apoptosis through the
activation of a caspase-1 and IL-1B—dependent mechanism???. In vitro, Ti NPs
ingested by human macrophages and intestinal epithelial cells induce assembly of
NLRP3-ASC-caspase-1 and NLRP3-dependent release of IL-1B and IL-8%. Studies in
mice revealed that gold nanoparticles (Au NPs) trigger Golgi disruption, which can lead
to a cell adhesion-related protein processing disorder??. It is possible that M1
macrophages could be more tolerant to apoptotic effects generated by Ti NPs in
comparison to MO and M2 macrophages. However, more studies need to be done to
evaluate the effects of TGN disruption in MO and M2 macrophages by Ti NPs.

One of the major evolutionary functions of CHIT1 is defense against pathogens
through degradation of chitin. Chitin is a major component in a cell wall of fungi and
exoskeleton of arthropods!’* and it is abundantly found in the environment and often
inhaled by the lungs, damaging alveolar epithelial cells and phagocytosed by alveolar
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macrophages??. CHIT1 has been implicated in pathogenesis and considered as a
biomarker of pulmonary fibrosis, bronchial asthma, COPD and pulmonary infections?24.
Alternatively to implant materials, other routes of exposure to Ti NPs are through
inhalation from industrial sources such as paints, plastic, rubber, papermaking and
fiber. In this scenario, alveolar macrophages are interacting with Ti NPs. Since in mice
inhalation of Ti NPs promotes upregulation of the TGF-beta pathway?!8, it is logical
that CHIT1 enhances TGF-B1 receptor expression and signaling??®. Several studies
have shown that the uptake of the nanoparticles worsen respiratory disorders such as
pulmonary fibrosis or LPS-induced lung inflammation?#76. It is feasible that Ti NPs start
resembling nonspecific pathogenic invasion and as part of the defense mechanism the
expression of CHIT1 in macrophages is significantly increased (section 3.3.1). For
instance, toll-like receptors (TLRs) are responsible for recognizing specific pathogen-
associated molecular patterns during activation of innate immunity; it has been
revealed that gold nanoparticles immobilize with a-mannose as carriers for a TLR7
ligand, which sequentially can act as a trigger to activation of a pathogenic response??®,
Ti NPs could also immobilize with several extracellular ligands, upstream components
of the innate immune system, which promote activation of CHIT1 expression for the
purposes of pathogen resolution. For instance, it has been found that upon entering
the cell, Ti NPs interact with TLRs and promote the associated inflammatory
responses??’,

4.1.3 Effect of Ti NPs on CCL18 suppression

C-C motif chemokine 18 (CCL18) is secreted by anti-inflammatory
macrophages and expressed in numerous organ tissues with the highest expression
detected in the lungs and lymph nodes??®-230, However, the presence of mRNA of
CCL18 is only detected in monocytes/macrophages and dendritic cells?31-233, |n the
literature, CCL18 can also be found by other names: macrophage inflammatory
protein-4 (MIP-4), alternative macrophage activation associated CC chemokine-1
(AMAC-1) pulmonary and activation-regulated chemokine (PARC) and dendritic cell
(DC)-chemokine 1 (DC-CK1)%30233-235 Elevated production of CCL18 has been
detected in alternatively-activated macrophages?*® and represent pathological
conditions connected to chronic inflammatory and fibrotic diseases, such as
rheumatoid arthritis (RA) and Gaucher’s disease?312%, In Gaucher disease and lung
inflammation disorders, CCL18 is often investigated in association with CHIT12%7. The
effect of titanium surfaces, microparticles and nanoparticles on CCL18 production was
investigated for the first time by Gudima, 2017, however, in this study different
concentrations of Ti NPs were addressed!8,

It was found that Ti NPs suppress CCL18 production in a dose-dependent
manner (section 3.3.2 and section 3.4.3). The average secretion of CCL18 in M2
macrophages was suppressed by 25 ppm Ti NPs from 541 ng/ml to the average of
317 ng/ml, and by 100 ppm Ti NPs suppressed to the average of 20 ng/ml (section
3.4.3). Increased production of CCL18 in serum is predominantly a biomarker of
numerous cancer types including leukemia, B lymphoma, and gastric, colorectal,
ovarian and lung cancers?®-240_|n children with acute leukemia the levels of CCL18 in
blood plasma were detected to be around 100 ng/mi?®. In the lung cancer studies, it
has been demonstrated that local concentration of CCL18 correlated with tumor size.
Recently it has been revealed that TAMs and IL-4 activated macrophages promote the
invasiveness of breast cancer cells via CCL18, which is achieved by binding to the
PITPNMS3 receptor and the interaction (CCL18-PITPNM3) is necessary to activate
intracellular calcium response that plays critical roles in the invasiveness of breast
cancer cells?*!, Since Ti NPs are so efficient at suppression of both secretion and
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expression of CCL18, in combination with other drugs they can be potentially used in
the treatment of cancer at concentrations such as 100 ppm.

4.2 Impact of hyperglycemia on Ti NPs-induced macrophage
responses

Hyperglycemia is a critical component in the diabetic pathology. DM patients
have hyperglycemic blood and can suffer from consequences triggered by
compromised immune responses. Amongst those consequences are the
complications produced by metal implants324¢. Uncontrolled diabetes has been
associated with a high risk of dental implant failures, but the mechanisms have not
been clearly defined yet?*?. However, it is known that elevated concentrations of
glucose stimulate implant corrosion3153%4 |t was found that the corrosion of titanium
dental implants is caused by low pH values, which is related to biological inflammation
and hyperglycaemic conditions and can be the potential explanation to the higher
probability of implant failure in patients with diabetes®*. Moreover, bone growth in a
hyperglycemic environment is compromised?43.

Monocytes and macrophages govern inflammatory reactions in diabetes and
vascular complications®8130:131 |n this study, the effect of a hyperglycemic environment
on Ti NPs-induced reactions in human macrophages was assessed for the first time.
It was previously found that increased levels of TNF-a are found in rats upon the
exposure to Ti NPs!®. Moreover, secretion levels of TNF-a are elevated in the
presence of high glucose in MO and M1 macrophages cultured for 6 days and in MO,
M1 and M2 macrophages cultured for 6 hours*®. The results of this study revealed no
influence of high glucose on TNF-a production in MO, M1 and M2 macrophage in any
combinations with or without Ti NPs (section 3.5.1). According to the data obtained in
this study, the explanation could be that a low concentration of dexamethasone (100
nM), which was applied along with every stimulation condition, inhibited the potential
enhancement of TNF-a responses by hyperglycemia or Ti NPs. In the study by Moganti
et al 2016, dexamethasone was not applied to the cell cultures?*. Dexamethasone is
associated with an anti-inflammatory response and TNF-a with pro-inflammatory; in
certain conditions they can counteract each other. For instance, dexamethasone
inhibits LPS-induced secretion of TNF-a in RAW cells!4?.

Increased levels of CHI3L1 are detected in patients with both, T1D and T2D, and
these patients are also known to be at high risk for the development of cardiovascular
diseases in comparison to non-diabetic patients'’®. Amongst other markers, CHI3L1 is
considered to be an inflammatory marker of diabetic complications?#°. In our study, it
was found that hyperglycemia cooperates with 100 ppm Ti NPs inducing CHI3L1
secretion in all macrophage subtypes. However, hyperglycemia cooperates less with
25 ppm Ti NPs-induced CHI3L1 secretion and only in M1 and M2 macrophages
(section 3.5.3). It is very likely that in the presence of high glucose and 100 ppm Ti
NPs, macrophages are extremely active and secrete more CHI3L1 protein, which
accumulates over the 6 days culturing of macrophages. An analogous assumption
cannot be made for the gene expression of CHI3L1, which is measured only on day 6.
Nevertheless, the results of this study show that hyperglycemia cooperates with 100
ppm Ti NPs-induced expression of CHI3L1 and not with 25 ppm TI NPs, and only in
M1 and M2 macrophages (section 3.5.2). Since in all macrophage subtypes the
secretion levels of CHI3L1 are synergistically enhanced by Ti NPs and high glucose,
excessive production of CHI3L1 in blood plasma of diabetic patients with existing

83



Discussion

implants could be used in the prognosis of initiated chronic inflammation related to
implant failure.

Chronic hyperglycemia is recognized as a major component in the pathogenesis
of diabetes-induced atherosclerosis®!. Elevated plasma levels of CHIT1 and CHI3L1,
derived from macrophages, are associated with atherosclerotic plaque formation. It
was found that increased plasma levels of CHIT1 and CHI3L1 are detected in patients
with long-lasting T2D, however the major source of these proteins was neutrophils?46.
Similarly to CHI3L1, the effect of hyperglycemia on Ti NPs-induced CHIT1 production
was investigated in human macrophages (section 3.5.4). CHIT1 is considered a
biomarker of diabetic nephropathy pathogenesis and inflammation?*’. The results of
this study revealed that in the presence of hyperglycemia, Ti NPs, in a dose-dependent
manner, upregulate CHIT1 expression for all macrophage subtypes. However, Ti NPs-
induced CHIT1 expression was only potentiated by hyperglycemia in M1 macrophages
(section 3.5.4). In total, hyperglycemia cooperated in the enhancement of CHIT1
expression with only a higher concentration of Ti NPs (100 ppm) in pro-inflammatory
macrophages and not in other macrophage subtypes. It is important to consider that
CHIT1 is not only a biomarker of diabetes but also a biomarker for molecular
pathogenesis of osteolysis, since osteolysis patients have increased expression of
CHIT1 in periprosthetic soft tissue!3. Considering that higher concentrations of Ti NPs
and hyperglycemia work in synergy in the upregulation of CHIT1 expression in M1
macrophages, it is logical to conclude that pro-inflammatory macrophages are
responsible for implant failure in diabetic patients through the potentiation of CHIT1
expression via chronic exposure to hyperglycemia and implant debris.

Hyperglycemia affects macrophage polarization in atherosclerotic plaques®!-248.
M1 and M2 produce distinct pattens of pro/anti-inflammatory factors; if CHI3L1 is
produced in high concentrations by M1 macrophages, CCL18 is selectively produced
by M2 macrophages®:. The effect of hyperglycemia on the macrophage polarization
profile through measuring CCL18 production was assessed for the first time by Moganti
et al 2016; it was revealed that hyperglycemia suppresses the production of CCL18 in
primary human macrophages. Suppression of CCL18 production by titanium materials
in human macrophages was demonstrated by Gudima 201782, The independent
effects of hyperglycemia or titanium materials on the production of CCL18 by primary
monocyte-derived macrophages have been studied separately, however, the effects
from the cooperation of hyperglycemic stimulus simultaneously applied with titanium
material have not been investigated until now. In this study, the effect of hyperglycemia
on Ti NPs-induced suppression of CCL18 expression and secretion was addressed for
the first time (section 3.5.5). In the negative control samples with normal glucose
conditions, the secretion levels of CCL18 were the highest, however, in high glucose
conditions, macrophages secreted less CCL18, which is consistent with previous
findings*°. However, the levels of CCL18 expression were not affected significantly by
hyperglycemia, which is inconsistent with the findings of Moganti et al 2016. This
inconstancy can be explained by the addition of dexamethasone to the macrophage
cultures in the present study. In macrophages exposed to 25 ppm Ti NPs and cultured
in normal glucose conditions, the levels of CCL18 were also reduced more significantly
than in macrophages cultured with high glucose alone. However, high glucose
potentiated the effect of 25 ppm Ti NPs in suppression of CCL18 secretion and
expression, which was not the case for 100 ppm Ti NPs. In the presence of 100 ppm
of TiO2 NPs, the secretion of CCL18 was completely blocked in a normoglycemic or
hyperglycemic environment, which implies that the inhibition of CCL18 is primarily
driven by pro-inflammatory responses generated by Ti NPs and not by high glucose.
However, it does not mean that there is no inhibition that comes from high glucose, but
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the effect of Ti NPs has a much higher magnitude, and it hinders the effect of
hyperglycemia. Nevertheless, Ti NPs shift the macrophage profile from the anti-
inflammatory to pro-inflammatory subtype via suppression of CCL18 production and
hyperglycemia can cooperate to some level with this effect, which explains why in
diabetic patients the risk for implant-mediated inflammation is higher.

4.3 Role of dexamethasone in Ti NPs-induced CHIT and CHI3L1
responses

Glucocorticoids are often used as anti-inflammatory drugs to suppress
inflammation in chronic inflammatory diseases?*°. Dexamethasone is a synthetic
glucocorticoid with a higher potency than natural glucocorticoids, and is able to inhibit
pro-inflammatory responses in macrophages and promote M2 polarization®%, In this
study, the effect of 100 nM dexamethasone on Ti NPs-induced expression of CHI3L1
and CHIT1 in pro-inflammatory macrophages was investigated (section 3.6). In normal
glucose, dexamethasone decreased CHI3L1 expression in M1 macrophages by an
average of 2.7 times, however it had no effect on Ti NPs-induced expression of CHIT1.
This is consistent with the findings that CHI3L1 release from cultured human
monocyte-derived macrophages is inhibited by dexamethasone especially in pro-
inflammatory macrophages?*°. Dexamethasone is used in treatments with titanium
implants to prevent metal wear debris-dependent aseptic loosening®®4.
Dexamethasone-filled titanium nanotubes decrease pro-inflammatory responses
(TNF-a and IL1B) in macrophages and enhance osteoblast differentiation®®!. In the
presence of 100 nM dexamethasone, the suppression of Ti NPs-induced CHI3L1
expression was not detected. It is possible that the concentration of dexamethasone
used in this study was not high enough to have an effect; another explanation is that
dexamethasone alleviates titanium implant-related inflammation through some
independent mechanism to CHI3LL1. In high glucose, dexamethasone had no effect on
CHI3L1 expression in the absence of Ti NPs, however, in the presence of Ti NPs,
dexamethasone downregulated CHI3L1 expression by an average of 2 times (section
3.6.1). It has been previously found that dexamethasone at 100nM inhibits glucose
transport by causing translocation of glucose transporters from the plasma membrane
to an internal location47:252, Since in high glucose the production of CHI3L1 is elevated
in M1 macrophages exposed to Ti NPs (section 3.5.2 and 3.5.3), it is possible that
dexamethasone inhibits the cooperation of Ti NPs and high glucose via inhibiting some
intracellular transport component of glucose.

Previously, there have not been many direct studies conducted about the effects
of dexamethasone on CHIT1 production. However, it has been revealed that treatment
with corticosteroids causes a decrease in the CHIT1 activity in patients with active
sarcoidosis?®?. Dexamethasone suppressed CHIT1 expression by an average of 3.2
times. In contrast to the CHI3L1 results, dexamethasone enhanced Ti NPs-induced
CHIT1 expression by an average of 2.9 times in all 5 individual donors. In high glucose,
dexamethasone downregulated the expression of CHIT1, however, it had no effect on
Ti NPs-induced expression of CHIT1 (section 3.6.2). Dexamethasone is used in the
prevention of osteolysis'®*, however, in the present study, it enhances CHIT1
expression in macrophages exposed to Ti NPs instead of inhibiting. These findings
suggest that although dexamethasone is used in the treatment of acute inflammation,
the anti-inflammatory function of it is not concrete and the mechanisms of its action are
more complex than we think, since it may have pro-inflammatory characteristics on a
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chronic level. Increased expression of CHIT1 is found in periprosthetic soft tissues and
considered a biomarker of implant-mediated inflammation and osteolysis3. This topic
needs to be further investigated and the positive effects of dexamethasone and the
potential biomarker characteristics of CHIT1 in implant failure need to also be
addressed.

4.4 Effect of Ti NPs on mitochondrial ROS release

ROS play an important role in many inflammatory disorders, skin aging, and
cancer formation!®7:158.253  Production of ROS is induced by Ti NPs, which leads to
activation of inflammatory responses in macrophages!®>1%4, It has been revealed that
Ti NPs trigger ROS release, induce inflammatory reactions in primary human
macrophages and intestinal epithelial cells, and worsen acute colitis in mice after oral
administration through accumulation in the spleen and inflammation®. Ti NPs can
induce cell toxicity by disrupting the mitochondrial-associated ER membranes and
calcium ion balance via increasing the autophagy?®. In this study, the effect of Ti NPs
on mitochondrial ROS release was investigated for MO and M1 macrophages cultured
in normal and high glucose conditions.

Initially, the experiment was performed in the presence of 100 nM
dexamethasone, in which case, there was no total intracellular or mitochondrial ROS
detected for any of the conditions (data not shown). These findings are consistent with
published data. For instance, it has been previously found that 4 mg of dexamethasone
injected intravenously into human subjects inhibited ROS generation by mononuclear
cells and polymorphonuclear leukocytes®®*. Also it has been revealed that
dexamethasone suppresses production of Nox-dependent ROS in activated microglial
cells®®. In contrast, dexamethasone promotes ROS generation and
mitochondria-dependent apoptosis in RAW 264.7 cells®®®. However, in human
macrophages, LPS-dependent ROS production is suspected to be inhibited by
glucocorticoids40-141,

In the absence of dexamethasone, M1 macrophages generated a significant
amount of ROS in comparison to MO macrophages, which was by an average of 5.2
times higher in normal glucose and 2.7 times higher in high glucose conditions (section
3.8). Ti NPs enhanced ROS production in M1 macrophages by an average of 4.3 times
in normal glucose and 7.3 times in high glucose. In MO macrophages, Ti NPs induced
ROS production to about the same level of M1 macrophages alone without Ti NPs,
which was higher by an average of 3.4 times in normal glucose and 2.6 times in high
glucose in comparison to MO macrophages not exposed to Ti NPs.

It is known that chronic hyperglycemia induces oxidative stress and endothelial
cell dysfunction via ROS-dependent mechanisms?’. In this study, there was no
potentiation of ROS release by hyperglycemia independently (section 3.8). This could
be explained by the fact that the cells were stimulated with high glucose only for 3
hours, which rather represents an acute hyperglycemia. Both, acute and chronic high
glucose in diabetes increases the production of ROS?%, In the model of this study,
monocytes were isolated from healthy individuals, but not from the diabetic patients,
which can explain this inconsistency of the findings. Nevertheless, acute
hyperglycemia cooperated with Ti NPs in the enhancement of ROS release by M1 or
MO macrophages.

In total, Ti NPs significantly enhance ROS production in pro-inflammatory
macrophages and activate ROS release in the resting (MO) macrophages by, probably,
promoting polarization of MO towards the pro-inflammatory state. It is believed that in
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macrophages the pro-inflammatory effects of NPs in the induction of ROS are
dependent on size and duration of exposure, and are comparable to LPS-induced
production of ROS?%, Based on the results of this study, it is reasonable to conclude
that the ROS-dependent toxicity of metal NPs is not only related to the
physicochemical properties of the NPs, such as size and composition, but also is
related to their interaction with distinct biological systems and their biochemical
microenvironment.

4.5 Affymetrix gene expression analysis and validation of Ti NPs-
induced biomarkers

The effect of polished and porous titanium surfaces on gene expression (whole
transcriptome) in macrophages was first analyzed by Gudima, 201782, However, the
effect of Ti NPs in combination with high glucose has been first addressed in this study
(section 3.9). In the analysis by Gudima, 2017, it was revealed that, both polished and
porous titanium display similar trends with the highest number of differences between
titanium and control settings (w/o titanium) found in M2 macrophages'®2. However, in
the present study, the number of differences between Ti NPs and control settings was
found to be higher for M1 macrophage genes in comparison to M2 genes. Due to the
small size, metal nanoparticles can penetrate inside the cells and be poorly eliminated
in comparison to metal surfaces?®°. Hence it is not surprising to see large differences
in regulation of the genes by metal surfaces and nanoparticles.

In addition to the differences between Ti NPs versus control (w/o Ti NPs), the
differences in gene expression of M1 (IFNy) versus M2 (IL-4) were evaluated in the
presence of Ti NPs alone and in the presence of Ti NPs in synergy high glucose. A
total of 7915 genes were differentially expressed in the comparison of M1 and M2
macrophages in all three conditions. 60% of these genes were differentially expressed
between M1 and M2 alone (control). A total of 4599 genes were found to be
differentially expressed in the presence of TI NPs, in which 52% of these genes were
differentially expressed by Ti NPs alone and not common with the control. 4013 genes
were found statistically significant in the presence of Ti NPs in synergy with HG. Only
17% of these genes were differentially expressed in the presence of HG with Ti NPs
and not common with other genes. In summary, high glucose did not have as large of
an effect on the change in gene expression in comparison to the effect of Ti NPs.

Since the results of microarray analysis have shown that Ti NPs have a greater
effect on the regulation of pro-inflammatory (M1) genes, the focus was directed
towards the M1 profile. A total of 10 genes that were differentially expressed and
displayed maximal fold change in the comparison of M1 versus M1 exposed to Ti NPs
were selected for further evaluation. These 10 genes were validated by RT-PCR.
(Table 21). 9 genes (DCSTAMP, OLR1, ORM1, MME and CSF1, CXCL9, CXCL10,
MT1X and MT1G) passed the validation analysis. One gene (CXCLB8) did not pass,
which could be explained by the highest P-value indicated in the Affymetrix analysis.
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Table 21: Validation via RT-PCR of Ti NPs-induced biomarkers in pro-inflammatory
macrophages cultured in normal and high glucose conditions.

Gene symbol | Regulation Fold change in NG Fold change in HG

A (M1 vs M1 + Ti NPs) (M1 vs M1 + Ti NPs)
CSF1 1 4.5 8.5
CXCL8 N/A N/A N/A
CXCL9 ! 88 122
CXCL10 ! 61 77
DCSTAMP 1 10 20
MME 1 91 148
MT1G 1 18 12
MT1X 1 7.0 12
OLR1 1 7.4 25
ORM1 1 21 61

Colony stimulating factor-1 (CSF1), also known as macrophage stimulating
factor or M-CSF1, regulates survival, proliferation, and differentiation of
macrophages?®:. It has been demonstrated by Gudima, 2017 that CSF1 is upregulated
in response to polished and porous titanium?*®2, In the present study, it was revealed
that CSF1 is also upregulated by Ti NPs in both normal or high glucose conditions. All
the data together suggests that all titanium material despite its form and morphology
universally promote CSF1 expression in human macrophages.

C-X-C motif chemokine ligand 9 and 10 (CXCL9 and CXCL10) are inflammatory
chemokines and are predominantly induced by IFNy and share a chemokine receptor
known as chemokine receptor 3 (CXCR3)%%?, Macrophage-derived CXCL9 and CXC10
are considered to be important for antitumor immune responses; their expression is
significantly upregulated in the tumor microenvironment in response to cancer
therapy?%3. The findings by Gudima, 2017, revealed that CXCL9 and CXCL10 were
significantly downregulated on porous titanium, while there were no effects on polished
titanium?®2. In the present study with Ti NPs, the results were similar to the effects of
porous titanium: the expression of CXCL9 and CXCL10 was greatly suppressed by Ti
NPs in normal or high glucose environments. Since both CXCL9 and CXCL10 are
associated with adverse local tissue reactions, their downregulation by porous titanium
and Ti NPs is indicative for the suppression of specific inflammatory reactions.
However, the suppression of CXCL9 and CXCL10 by titanium materials would not be
beneficial to cancer patients. Therefore, cancer patients should pay attention to the
materials that they use in implants and the overall stability of the implants in a context
of potential osteolysis and the corresponding metal corrosion, which is responsible for
the release of Ti NPs.

Dendritic cell-specific transmembrane protein (DCSTAMP) is involved in
modulating cell—cell fusion in both osteoclasts and macrophages that form foreign body
giant cells (FBGCs), and also interacts with TNF Superfamily Member 11264,
DCSTAMP plays a role in the regulation of dendritic cell (DC) antigen presentation
activity by controlling phagocytic activity and is involved in the maintenance of immune
self-tolerance and avoidance of autoimmune reactions2652¢6, DCSTAMP is a potential
biomarker for molecular pathogenesis of osteolysis'3. Ti NPs induce inflammation and
osteolysis?%’. The results of this study have shown that expression of DCSTAMP is
upregulated by Ti NPs. In hyperglycemic conditions, Ti NPs upregulate DCSTAMP
expression twice as much as in normoglycemic conditions, which implies that in
patients with poorly controlled diabetes, the osteolysis via the DCSTAMP-dependent
mechanism should be more prevailed.
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The membrane metalloendopeptidase (MME) gene encodes neprilysin (NEP),
a zinc-dependent metalloprotease expressed in most tissues, which includes the
central and peripheral nervous systems?%®, MME is expressed in macrophages and is
known to modulate inflammation responses by degrading neuropeptides??27°, Over-
expression of MME is a gene therapy approach to prevent amyloid beta aggregation
in the treatment of Alzheimer's disease?’?. The validation analysis of the microarray
results revealed that Ti NPs exceedingly upregulate expression of MME, which can be
potentially applied in a combination treatment of Alzheimer's disease.

Metallothioneins (MTs) are cysteine-rich proteins with a molecular weight of
approximately 6000 Da, and have a specific binding capacity to group Il metal
ions?71272_ During oxidative stress, biosynthesis of MTs is increased by several times,
which protects the cells from cytotoxicity and DNA damage?’3. The results of this study
have shown that MTs are upregulated in response to Ti NPs exposure. Since MTs are
known to serve a protective function against heavy metal ion toxicity, this probably
implies that titanium ions are recognized as a toxic substance, which activates
intracellular defense mechanisms against metal toxicity via the upregulation of MTs
expression. More specifically, the validation analysis of microarray results revealed
that Ti NPs significantly upregulate the expression of only two MTs isoforms, which are
MT1G and MT1X. MT1G acts as a tumor suppressor gene in hepatocellular carcinoma
(HCC)?"4. Induction of the hMT1G promoter by VEGF and heavy metals occurs through
the utilization of different transcription factors, however, the mechanisms of MT1G
silencing are related to promoter hypermethylation??®. Analogously to MT1G, MT1X is
known to inhibit progression of HCC. MT1X promotes cell cycle arrest and apoptosis
by inactivating NF-kB signaling?’3. Both, MT1X and MT1G serve as candidates for a
prognostic indicator of HCC?73274, In combination with other reagents, Ti NPs can be
potentially employed in the treatment of HCC. Ti NPs are commonly used in
photodynamic therapy, sonodynamic therapy and drug delivery systems for potential
treatments of cancers?76.

Oxidized low density lipoprotein receptor 1 (OLR1), also known as lectin-like
oxidized low-density lipoprotein receptor-1 (LOX-1), is the main OXLDL receptor of
endothelial cells, and is also expressed in macrophages and smooth muscle
cells?’7278  OLR1 is a marker for atherosclerosis, and once activated by ox-LDL or
other ligands in macrophages and vascular endothelial cells, it stimulates the
expression of adhesion molecules, pro-inflammatory signaling pathways and
proangiogenic proteins, including NF-kB and VEGF?7°. In the present study, the results
of the Affymetrix analysis confirmed by validation via RT-PCR, have shown that Ti NPs
significantly upregulate expression of ORL1 in pro-inflammatory macrophages.
Overexpression of OLR1 in mice results in an accelerated atherosclerotic lesion
formation which is associated with increased inflammation. In humans, OLR1 gene
polymorphisms were associated with increased susceptibility to myocardial
infarction?®. It has been known that electronegative low-density lipoprotein LDL(-)
promotes differentiation of human monocytes to M1 macrophages through a OLR1-
dependent pathway?®. In the present study, high glucose enhanced the Ti NPs-
induced expression of OLR1. OLR1 expression was upregulated about 3 times higher
in a diabetic environment in comparison of OLR1 induced by Ti NPs alone. It has been
previously revealed that activation of OLR1 contributes to pervasive inflammation in
early diabetic nephropathy?®?. It is possible that these effects are attributed to
hyperglycemic blood.

Orosomucoid 1 (ORM1) is a human alpha-1 acid glycoprotein (AGP, a 44 kD
immunosuppressive glycoprotein), which is detected in plasma of healthy
individuals?83284, However, the levels of ORM1 are significantly elevated in patients
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with metastatic tumors and in severely burned patients 285-288_Also, ORM1 is known
to promote M2 macrophage polarization?84. Ti NPs induced expression of ORML1 in
normal and high glucose. Hyperglycemia enhanced Ti NPs-induced ORM1 expression
by an average of 1.7 times. Considering the fact that ORM1 promotes M2 polarization
and Ti NPs upregulate expression of ORM1 by a significant amount, it is not
unreasonable to conclude Ti NPs can also promote M2 polarization via an ORM1-
dependent mechanism and high glucose plays an assisting role in this process. It has
been previously found that in mouse BMDMs, gold NPs (size 13nm diameter) are
capable of promoting polarization of M1 macrophages to M22°. In the human THP-1
cell line, Ti NPs (nanotubes, sizes: 92 and 142 nm), promote polarization of MO
macrophages to M2 macrophages?®. Ti NPs used in the present study are 15nm in
diameter and previously there were no studies conducted with this particular size of Ti
NPs together with a corresponding macrophage model.

In summary, Ti NPs in synergy with hyperglycemia had the strongest
upregulation effect on MME expression and the strongest suppression effect on
CXCL9 expression. Overall, it is very challenging to detect degradation of implant
materials once they are already inserted inside the body?°l. However, in patients with
titanium implants, increased levels of CHIT1, DCSTAMP, MME, CHI3L1, OLR1, CSF1,
ORM1 and MT1X and suppressed levels of CXCL9 and CXCL10 can be detected in
blood and potentially used in combination as biomarkers of implant wear-off particle
release and upcoming implant failure. Especially in diabetic patients with titanium
implants, these biomarkers should be highly monitored.
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5 SUMMARY

Titanium biomaterials are widely used for implantation. Titanium implants release
titanium nanopatrticles (Ti NPs), known as implant debris. Ti NPs induce inflammation
and are amongst the driving forces that contribute to the disruption of the mechanical
stability of implant devices causing aseptic loosening and triggering adverse immune
reactions that lead to chronic health complications. Macrophages are innate immune
cells present in virtually all tissues. Macrophages are responsible for the recognition of
foreign material and foreign body response. Pathological activation of macrophages
can result in the failure of implants. Patients with Diabetes Mellitus (DM) have elevated
blood sugar levels and can suffer from consequences triggered by compromised
immune responses. Amongst those consequences are the complications produced by
metal implants. Hyperglycemia is a major factor of diabetic pathology, which also
promotes implant corrosion contributing to the release of metal wear-off particles.
Macrophages are essential regulators of inflammation and play a critical role in DM
and diabetic complications.

The aim of the study was to investigate the interacting effect of Ti NPs and
hyperglycemia on innate immune responses, which can be responsible for the implant
failure in diabetic patients. In the current study, the effects of titanium debris on primary
human macrophages in hyperglycemic conditions were explored. Monocytes were
isolated out of buffy coats by CD14+ positive selection and differentiated into the
following subtypes: MO (control or unstimulated), M1 (stimulated with IFNy) and M2
(stimulated with IL-4). Macrophages were exposed to high concentrations of glucose
(25mM) to mimic a diabetic environment. For the assessment of the effects of titanium
debris, the cells were stimulated with 25 ppm and 100 ppm of Ti NPs. The results of
the Alamar Blue assay revealed that Ti NPs at moderate concentrations do not affect
macrophage viability. Using RT-PCR and ELISA, the expression and secretion of
CHI3L1, CHIT1, CCL18 and TNF-a were quantified.

Ti NPs stimulated gene expression of CHI3L1 in MO and M2 macrophages,
however, the secretion of CHI3L1 was potentiated in all macrophage subtypes. Ti NPs
stimulated gene expression of CHITL1 in all macrophage subtypes. Gene expression
and secretion of CCL18 was suppressed by Ti NPs. In the presence of Ti NPs, the
secretion of TNF-a was not changed. Hyperglycemia cooperated with Ti NPs-induced
gene expression of CHI3L1 in M1 and M2 and Ti NPs-induced secretion of CHI3L1 in
all macrophage subtypes. Hyperglycemia cooperated with Ti NPs-induced CHIT1
expression in all macrophage subtypes. Suppressed production of CCL18 by Ti NPs
was enhanced by hyperglycemia. In the presence of a hyperglycemic environment,
secretion of TNF-a was not changed. Dexamethasone suppressed Ti NPs-induced
CHI3L1 expression in a high glucose environment but not in normal glucose. However,
dexamethasone upregulated Ti NPs-induced CHIT1 expression in normal glucose and
had no effect in high glucose.

Confocal microscopy demonstrated that Ti NPs promote intracellular accumulation
of CHIT1 in the trans-Golgi network (TGN) in M1 macrophages, however, in M2
macrophages, Ti NPs trigger degradation of TGN. Flow cytometry demonstrated that
Ti NPs induce ROS release in MO macrophages and enhance ROS production in M1
macrophages. The results of Affymetrix gene expression analysis identified a group of
differentially expressed genes induced by Ti NPs: DCSTAMP, OLR1, ORM1, MME,
CSF1, CXCL8, CXCL9, CXCL10, MT1X and MT1G. RT-gPCR validation analysis of
the differentially expressed genes revealed that hyperglycemia enhances Ti NPs-
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induced expression of CSF1, DCSTAMP, CSF1, MT1X, OLR1 and ORM1,; and favors
Ti NPs-induced suppression of CXCL9 and CXCL10.

In total, Ti NPs induced increased production of ROS, CHIT1, CHI3L1,
DCSTAMP, OLR1, ORM1, MME, CSF1, MT1X and MT1G, and suppressed production
of CCL18, CXCL9 and CXCL10 in primary human monocyte-derived macrophages.
Hyperglycemia cooperated with the effects of Ti NPs in the production of CHIT1,
CHI3L1, CSF1, DCSTAMP, MT1X, OLR1, ORM1, CXCL9 and CXCL10. In summary,
the results of the study clearly demonstrated that Ti NPs and hyperglycemia have
synergistic effects, while the dominant effects are induced by the Ti NPs. The
synergistic effect of Ti NPs and hyperglycemia are characterized by the system of
biomarkers including CHIT1, DCSTAMP, CHI3L1, OLR1, CSF1, ORM1 and MT1X that
can potentially be used to predict the detrimental effect of Ti implants in diabetic
patients.
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