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Chapter 1

The conflict: S. aureus orthopedic implant-associated 
infections

Orthopedic surgery can be a challenging experience from a patient’s point of 
view. It entails enduring a lengthy operation, having foreign materials inserted into 
the body to hold bones together, and undergoing extensive physiotherapy to regain 
mobility aiming to be comparable to pre-surgery functions. On the other hand, from 
a biological point of view, the procedure places a significant burden on our cells 
as they work tirelessly to restore tissue functionality. The ultimate goal is for both 
the patient and host cells to return to their normal routine. Nevertheless, surgery is 
inherently risky, and unforeseen complications can arise.

In this thesis, we focus on the threat posed by the invasion of Staphylococcus 
aureus in our body and the defenses raised against it. As with any conflict, it is critical 
to comprehend the battlefield, the adversary, and the available resources to develop 
novel strategies to overcome this threat.

The battlefield: the surface of biomaterials

Biomaterial use for medical purposes have been employed by Homo sapiens for 
thousands of years (1). Almost 4000 years ago, the first human societies in Egypt, 
China, Africa, and India used linen threads to facilitate wound healing, built dental 
implants from bamboo sticks or precious metals, and applied the heads of ants as 
stitches. Less than 1000 years ago, Inca surgeons used golden plates to repair 
cranial fractures. The first successful reconstructive surgeries were operated by 
Gaspare Tagliacozzi in the 16th century, when autogenous skin flaps were used 
to replace missing noses. Many more examples of medical devices can be found 
throughout history; however, until 150 years ago, none of these surgical procedures 
were performed considering the organism’s reaction towards the introduction of 
exogenous materials. Concepts as sterilization, immune reaction, or tissue integration 
were still missing. For example, it was a common practice in war hospitals of the XIX 
century to amputate legs or arms even after superficial wounds to avoid the risk 
of infections or gangrene (2). Only in the 1960s Per-Ingvar Brånemark described 
the process of osseointegration as the functional and structural connection between 
bone tissue and implant, while less than 40 years ago, scientists agreed on the 
definition of biocompatibility, as the ability of a biomaterial to promote an adequate 
response from the host (3). 

Nowadays, tens of millions of medical devices are successfully used every year for 
all kinds of applications. Due to the ageing of the world’s population, the demand for 
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orthopedic implants is constantly increasing. In the United States alone in 2014, more 
than 1 million primary hip and knee arthroplasties were performed each year (4).

Regardless of the progress in materials science and knowledge about the host 
reaction against exogenous elements, any manufactured implant will always be 
recognized as a foreign body by our organism, and therefore attacked by our immune 
system. The intensity of the immune response correlates with the anatomical location 
and the time the biomaterial would reside in our body. For instance, most orthopedic 
surgeries employ non-biodegradable implants designed to stay in our body for the 
long-term or permanently, resulting in a stronger and prolonged activation of the 
immune system. 

Over time, small fragments may detach from the implant and be phagocytosed 
by circulating immune cells. This uptake of wear particles leads to the onset of a 
significant aseptic inflammation around the implantation site, eventually leading to 
joint loosening and bone loss (5).

As soon as a biomaterial enters our body, the innate immune system coordinates 
the activity of serum proteins, neutrophils, and macrophages into an inflammatory 
response aimed at removing the implant (Figure 1). However, in the presence of 
permanent implants, this acute inflammatory reaction evolves into a fibrotic process 
where macrophages and fibroblasts cooperate to cover the implant surface with a 
thick extracellular matrix capsule (6). Use of different biomaterials (inert, bioactive, 
or biodegradable) or functionalization of the implant surface have been shown to 
modulate and reduce the severity of the host response (3). For instance, titanium and 
its alloys have emerged as the preferred materials for orthopedic implants thanks to 
their favorable biocompatibility and limited fibrous encapsulation (7).

Nonetheless, improvements in the implant’s biocompatibility do not compensate 
for the impact of the surgical procedure. Patient’s age and clinical history, magnitude 
of the surgical insult, use of anesthetic compounds, and post-operative anxiety, are 
all factors that contribute to creating a generalized state of immunosuppression 
(8–11). The sum of these events makes the environment surrounding the implant 
surface a locus minoris resistentiae (12) where the immune response is compromised 
and therefore less responsive to external threats, such as bacterial infections. It is 
possible that pathogen invasion may go unnoticed since the surgical procedure and 
implant take most of our immune system’s energy. Consequently, the environment 
surrounding the implant surface becomes an ideal hub for bacterial undisturbed 
proliferation. In such conditions, just 100 colony forming units (CFU) of S. aureus 
are enough to establish clinically relevant infections in an animal model, numbers 
that are 100000 times lower than in absence of an implant (13,14).

General introduction. The conflict: S. aureus orthopedic implant-associated infections
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Figure 1. Events following implant insertion in the body. First, complement and serum proteins 
coat the surface of the implant to favor adhesion of host cells. Neutrophils and macrophages 
are recruited at the implantation site to coordinate the host response against the foreign 
biomaterial. As the immune response is mainly focused on the implant, other external threats 
such as bacterial infections, might go unnoticed by the immune system. Therefore, surgery 
contributes to establish a locus minoris resistentiae around the surface of the implant, where 
the immune response is weakened while bacterial invasion and proliferation is favored.

During the hospitalization period or the surgical procedure, pathogens present 
in the environment, on medical staff, or patients themselves, can find their way 
through the open wound towards the surface of the implant (15). This is the case 
in 1 - 5% of patients undergoing surgeries for joint replacement (16). The numbers 
further increase when looking at revision surgeries and even higher when these are 
caused by implant-associated infections (IAI) that lead to 14% reinfections of total 
hip arthroplasties and 25% reinfections of total knee arthroplasties (17). Besides 
an excruciating pain for the patients and risk for their health, repeated surgeries 
and treatment following IAI also represent an economical burden for the health care 
system.
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The enemy: Staphylococcus aureus

The common clinical practice to treat orthopedic IAI involves two-stage revision 
surgery where the infected prosthesis is removed, antibiotics are systemically and 
locally delivered for a prolonged period, and finally a new implant is placed. According 
to clinical case and hospital regulations, it is possible to shorten the procedure by 
opting for one-stage revision surgery (18). However, the success of these procedures 
depends on the pathogens causing the infection.

The majority of IAI cases are caused by Gram-positive bacteria, particularly 
Staphylococcal species, with Staphylococcus aureus being the most prevalent. 
S. aureus belongs to the ESKAPE pathogens group together with Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species. All these pathogens represent 
a worldwide threat to human health due to antimicrobial resistance (19).

Bacterial ability to survive antibiotic treatment has been detected since the very 
beginning of the antibiotic era in the 1940s with the identification of penicillin-resistant 
strains. This trend continued over the years, with antibitioc resistance being detected 
shortly after the introduction of new drugs in the clinics, ultimately leading to a steep 
decline in the discovery and development of new antibiotics today (20,21). The 
fast development of resistance against new drugs could be ascribed to horizontal 
transfer via mobile genetic elements or mutations in chromosomal genes among the 
bacterial population (22). As the use of single compounds failed to eradicate bacterial 
infections, different strategies have been employed in the clinics to improve treatment 
efficacy: switch in administration of antibiotics with different killing mechanisms, such 
as beta-lactams and quinolones; simultaneous administration of different antibiotics 
with a synergistic effect; use of antibiotic-loaded implants to deliver locally higher 
drug dosages compared to systemic administration (23,24).

However, evolution of resistance genes is not the only mechanism adopted by S. 
aureus to survive antibiotic treatment. S. aureus can switch from a single free-floating 
cells lifestyle to growing into multicellular biofilms. In such a state, bacteria cover 
themselves with a thick extracellular matrix consisting of proteins, polysaccharides, 
and extracellular DNA that confers additional protection from antibiotics and host 
immune clearance (25). Within a biofilm or after exposure to external environment 
stresses, S. aureus can switch into a slow-growing or growth-arrested phenotype, 
also referred as persisters or small colony variants (SCV). In this state, by shutting 
down almost all the metabolic and cellular activities, bacteria become temporarily drug 
tolerant, as antibiotic targets are hidden or not active (26,27). Once the environmental 
pressure disappears, these bacteria can switch back to their original phenotype 
and re-establish growth, although becoming once again antibiotic susceptible (28). 
Besides antibiotic treatment, prolonged exposure to low temperatures, very acidic 
environments such as those of immune cells lysosomes, and osmotic stress can be 
considered additional factors contributing to S. aureus phenotype switch (27,29). 
The mechanisms behind induction into a persisters, or SCV, or growth-arrested state 
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and re-start of growth are still under debate, together with a unanimous terminology 
and definition for this phenotype.

During revision surgery, in combination with antibiotic administration, the infection 
site is thoroughly cleaned by surgeons to remove all dead and infected tissues and 
bone surrounding the area. Even so, S. aureus can survive this debridement practice 
by hiding inside bone tissue. Although always considered a sessile organism, S. 
aureus can actively infiltrate the osteocyte’s canaliculi network, both in healthy and 
devitalized bone, adapting its morphology to penetrate the narrowest and deepest 
spaces (30,31). Hidden in such remote locations, pathogens can survive for years 
using the bone matrix as a nutritional source (32).

Besides the remarkable efficacy on surviving human drugs and clinical practice 
from one side, S. aureus evolved multiple strategies to sustain the attacks from our 
immune system (Figure 2).

Figure 2. S. aureus evolved multiple strategies to extend its stay in our organism. These 
include resistance to antibiotics acquired by horizontal transfer via mobile genetic elements 
or mutations in chromosomal genes; switch from free floating single-cells to biofilm formation; 
invasion and intracellular survival in several host cell types, and tissues, such as osteocytes 
canaliculi network; expression of virulence factors to evade the innate immune system by 
inhibiting complement activation or opsonin-mediated phagocytosis.
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Circulating antibodies (or immunoglobulins, Ig) and complement proteins are the 
first alarm siren of our body against invading pathogens. Binding of these molecules 
to the bacterial membrane leads to the activation of the complement cascade and 
the start of the innate immune response. There are three different mechanisms 
leading to complement activation: the classical pathway, via interaction of C1q 
and IgG-bound to the bacterial membrane; the lectin pathway, via recognition of 
bacterial carbohydrate patterns by lectins; the alternative pathway, via spontaneous 
hydrolysis and deposition of C3 on bacterial surfaces. All three pathways converge 
towards the same outcome. In the presence of Gram-negative bacteria, deposition 
on the bacterial surface of complement proteins leads to direct killing of the pathogen 
via the formation of pore-forming complexes known as membrane attack complex 
(MAC). However, due to their thick cell wall, Gram-positive bacteria are naturally 
resistant to MAC-mediated lysis (33). Therefore, in the presence of pathogens like 
S. aureus, complement activation derived products, C3a and C5a, guide immune 
cells towards the infection site. Plus, coating of the bacterial surface by antibodies 
and complement proteins, an event named opsonization, improve the recognition, 
ingestion, and therefore killing of the pathogens by phagocytes.

However, S. aureus evolved a wide range of proteins and virulence factors to 
counteract all the above-mentioned activation mechanisms of the innate immune 
system, from recognition to elimination of invading pathogens (34,35). For example, 
S. aureus secretes staphylococcal complement inhibitor (SCIN) to inhibit all tree 
complement activation pathways leading to a decline in C3b deposition on the 
bacterial membrane and release of chemoattractant C5a. Moreover, S. aureus 
expresses on its surface two proteins, staphylococcal protein A (SpA) and S. aureus 
binder of IgG (Sbi), that interfere with complement activation and opsonin-dependent 
phagocytosis. Both proteins bind to the Fc region of IgGs inhibiting Fcγ receptors 
(FcγR)-mediated phagocytosis by neutrophils and macrophages (36). Plus, SpA 
inhibits the classical pathway by interfering with IgG hexamerization (37), while Sbi 
obstructs the alternative pathway by binding to complement components factor H 
and C3 (38). Alternatively, S. aureus can kill host cells by secreting toxins such as 
luekocidins (Luk) or pore forming and membrane damaging toxins, like α-toxin (or 
α-hemolysin, Hla) used to escape from the phagosome (34,39).

Finally, S. aureus can evade immune system recognition and find protection 
from antibiotic exposure by invading, surviving, and proliferating within several 
types of host cells, such as endothelial, epithelial, bone, and immune cells (40). 
The intracellular survival of S. aureus within host cells has been identified as a 
cause of recurrent and metastatic infections. This means a secondary infection is 
anatomically unrelated to the primary site of contact with the pathogen. Once gained 
access to our body via orthopedic surgeries, S. aureus might reside in our body for 
days, months, or even years before spreading throughout the organism leading to 
bacteremia and eventually cause infective endocarditis, septic arthritis, or vertebral 
osteomyelitis (41).
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Once adapted to an intracellular lifestyle, S. aureus can hijack the functions of the 
targeted cell to its own advantage. On the one side, this affects new bone deposition 
on the implant surface and therefore functional implant osseointegration; on the 
other hand, immune cells fail to completely eradicate pathogens from our body.

Following implant insertion, new bone is deposited on the implant surface by 
osteoblasts. The osteoblasts progenitors derive from mesenchymal stem cells 
(MSCs) and differentiate towards the osteogenic lineage into osteoblast, which 
builds new bone tissue around the implant (42). The first building blocks towards new 
bone formation are represented by the deposition of an extracellular matrix (ECM) 
rich in collagen type I, with a small amount of non-collagenous proteins such as 
bone sialoprotein, fibronectin, and osteopontin. S. aureus expresses on its surface 
several adhesins named microbial surface components recognizing adhesive matrix 
molecules (MSCRAMMs) that bind to the core components of the bone ECM, such 
as collagen adhesins (Cna), bone sialoprotein binding protein (bbp), and fibronectin 
binding proteins A and B (FnBP A, B) (43). Connection between ECM proteins and 
staphylococcal adhesins favors bacterial attachment and invasion of bone cells. 
Nonetheless, pathogen internalization in bone cells is not only a passive mechanism. 
Osteoblasts actively uptake bacteria via rearrangements of actin microfilaments, 
microtubules, and receptor-mediated endocytosis (44).

Following internalization, S. aureus can survive and proliferate within osteoblasts 
for up to 5-7 days (45) (Figure 3). During this coexistence, intracellular pathogens 
hijack cell functions and contrast wound healing by slowing down new bone deposition 
while favoring bone resorption. Infected osteoblasts showed lower mineralization 
capacity, lower expression of osteoprotegerin (OPG), and higher production of 
receptor activator of NF-κB ligand (RANK-L). By disrupting the balance of the OPG/
RANK/RANK-L signaling system (46), intracellular S. aureus favors the recruitment 
at the infection site of a higher number of differentiated osteoclasts. Furthermore, 
S. aureus can infect osteoclasts as well, increasing their bone resorption activity 
(47,48). The sum of these events results in a strong negative correlation between 
bacterial infection and bone regeneration. Nonetheless, it has been shown that mild 
inflammatory conditions, low bacterial numbers, or bacteria-derived antigens, might 
even promote new bone deposition (49,50).

Osteoblasts are not completely defenseless against S. aureus. After detection 
of pathogens, osteoblasts contribute to the onset of the inflammatory response by 
releasing several cytokines, such as interleukin 6 and 8 (IL-6, 8), and chemokines, 
such as monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory 
protein 1α and 2α (MIP-1α, 2α), to activate and recruit neutrophils and macrophages 
(44). Cytokines and chemokines secretion by osteoblasts is further enhanced by 
the detection of circulating complement proteins C3a and C5a (51). Although the 
increase in mRNA production coding for pro-inflammatory cytokines starts few hours 

The front line: bone cells, neutrophils, and macrophages
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Figure 3. Invasion, survival, and proliferation mechanisms of S. aureus within osteoblasts. 
Internalization of S. aureus is driven by both passive mechanisms, adhesion to bone ECM 
proteins, and active uptake mediated by osteoblasts. Following internalization, S. aureus 
disrupts the OPG/RANK/RANK-L signaling system in favor of RANK-L production causing an 
increase in bone resorption by osteoclasts. Infected osteoblasts contribute to the onset of the 
inflammatory response by secreting pro-inflammatory cytokines and chemokines to recruit 
neutrophils and macrophages. Moreover, osteoblasts retain bactericidal capacity against 
intracellular pathogens.

after the encounter with pathogens, the actual proteins are released only after few 
days, therefore scaling down the contribution of osteoblasts in the fight against 
infection (44). Moreover, osteoblasts retain bactericidal capacity via induction of 
oxidative stress following toll-like receptor 9 (TRL9) stimulation (52), or production of 
host defense peptides such as human β-defensin 3 (HBD-3) (53). Similarly, MSCs 
have been shown to exert antibacterial effects via secretion of extracellular vesicles, 
production of host defense peptides, and modulation of immune cells response (54–
57).

Osseointegration is not exclusively driven by bone cells. Recently, a new theory 
stressed out the role of immune cells in driving bone formation around the implant 
surface (58). This idea emerged after the identification of bone tissue-resident 
macrophages, called osteomacs, involved in bone homeostasis (59–62). Presence 
of tissue-resident macrophages has been described in several tissues, placing this 
cell type in a pivotal role in the regulation of tissue homeostasis, response to local 
damage or presence of invading pathogens, and resolution of inflammation (63).
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However, tissue-resident macrophages can be used by S. aureus as a safe 
harbor to survive intracellularly, replicate, and finally evade towards neighboring 
tissues and organs or the bloodstream (64). Once in the bloodstream, S. aureus 
can reach different locations of the organism as a free-floating cell or carried by 
circulating immune cells. The first observation of S. aureus dissemination was made 
by Rogers in 1956. After the injection of S. aureus in rabbits, most bacteria were 
captured by the liver, but a small proportion could still be detected in the bloodstream 
causing bacteremia. Rogers concluded that the survival of those bacteria was not 
due to saturation of the clearance mechanisms within the liver but to the hiding 
of pathogens within circulating phagocytes (65). This may be considered the 
cornerstone of the “Trojan horse” theory, suggesting that S. aureus intracellular 
survival in phagocytes is associated with the persistence of the infection. This may 
not be limited to spreading the infection within the same organism but to others as 
well. For instance, Gresham et al. showed that the injection of neutrophils carrying 
intracellular viable S. aureus was sufficient to establish infection in naïve animals 
(66). To date, whether neutrophils, or macrophages, or both cell types can be used 
as a Trojan horse by S. aureus is still debated. However, it is well-established that S. 
aureus can survive intracellularly and affect the functions of both phagocytes.

Historically, the antibacterial functions of macrophages and neutrophils were first 
described by Elie Metchnikoff in 1883 (67,68). At the time, size was the only difference 
between the two cell types, as the smaller neutrophils were named “microphages”. 
Nowadays, several differences such as number of circulating cells, life span, and 
antibacterial functions have been defined for neutrophils and macrophages.

Neutrophils are the most abundant leukocytes present in the bloodstream, with 
around 1011 new cells produced daily from the bone marrow (69), while monocytes/
macrophages represent around 10% of the circulating immune cells (70). This 
imbalance in numbers is compensated by their different life span. While neutrophils 
survive in the bloodstream from few hours up to 5 days, although the exact range 
is still under debate (71), macrophages live from a few days to even years, i.e. 
tissue-resident macrophages (72). Differences in life span also correlate to different 
strategies adopted by the two phagocytes in killing invading pathogens. Surviving for 
a shorter time at the infection site, neutrophils have a higher microbicidal activity via 
rapid generation of reactive oxygen species (ROS) and release of granule-derived 
mediators, like proteases and antimicrobial peptides, eventually leading to the death 
of the cell itself with the formation of neutrophils extracellular traps (NETs) (73). On 
the other hand, persisting for a longer time around the infection site, macrophages 
have a slower bactericidal activity, and their killing mostly relies on the acidification 
of the phagolysosome, following activation of several proteases, enzymes, and 
production of reactive nitrogen species (RNS) (70). Moreover, macrophages can 
increase their bactericidal capacity by acquiring neutrophils-derived microbicidal 
proteins and enzymes (74). In fact, a cooperative interaction between neutrophils 
and macrophages is essential in clearing both intracellular and extracellular 
pathogens (75,76), as the absence of one or the other cell type would negatively 



19

General introduction. The conflict: S. aureus orthopedic implant-associated infections

impact infection resolution (64,77,78).
S. aureus has evolved several strategies to survive the above-mentioned killing 

mechanisms of our phagocytes (70,79,80) (Figure 4). For example, staphylococcal 
peroxidase inhibitor (SPIN) binds and inhibits the activity of myeloperoxidase 
(MPO), a key enzyme in the oxidative response of neutrophils (81). Alternatively, 
S. aureus can endure the acidic environment of the phagolysosome and even start 
proliferating inside it (39,82). By contrasting the killing mechanisms, S. aureus can 
extend its intracellular survival within phagocytes. It has been shown that S. aureus 
can survive up to 3-4 days inside macrophages before lysing the host cell from 
within (83,84). Notably, intracellular pathogens extract the nutrients necessary for 
their growth from the same metabolites ingested and used by macrophages for their 
own sustenance (85). On the other hand, as neutrophils have a shorter life span 
than macrophages, according to the number of pathogens ingested, S. aureus can 
manipulate the fate of the phagocyte. High number of intracellular bacteria triggers 
a rapid apoptosis or necroptosis (86,87), while a lower number of intracellular 
pathogens might extend the life span of neutrophils via inhibition of apoptotic genes 
expression (40). Similarly, intracellular S. aureus forces neutrophils to increase their 

Figure 4. Invasion, survival, and proliferation mechanisms of S. aureus within neutrophils and 
macrophages. S. aureus can inhibit opsonin-mediated uptake by phagocytes. By contrasting 
the killing mechanisms employed by the phagocytes, such as inhibition of ROS production or 
resistance to the acidic environment of the phagosome, S. aureus can survive and proliferate 
within phagocytes, before escaping to the cytoplasm and eventually causing cell death. 
Moreover, intracellular S. aureus can extend the life span and circulation of neutrophils by 
increasing the membrane expression of CD47 coding for the “don’t eat me” signal.
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In summary, orthopedic surgeries that involve implants carry a significant risk of 
introducing pathogens into our bodies. Once inside, S. aureus evolved several stra-
tegies to prolong, almost indefinitely, its stay within the host. Once inside, traditional 
antibacterial treatments and host defense mechanisms fail to solve the infection. As 
such, it is crucial to develop effective strategies that target pathogens immediately 
upon entry into the body. This will prevent their survival and proliferation in the area 
surrounding the implant.

The supply weapons: alternative to antibiotics

According to the National Cancer Institute (NCI) dictionary, prevention in medicine 
describes “an action taken to decrease the chance of getting a disease or condition. 
For example, cancer prevention includes avoiding risk factors (such as smoking, 
obesity, lack of exercise, and radiation exposure) and increasing protective factors 
(such as getting regular physical activity, staying at a healthy weight, and having a 
healthy diet)” (89). Translating the definition to the prevention of IAI, starting from the 
consideration of patient-related risk factors predisposing to infection (90), therapeutic 
strategies should aim to protect newly inserted implants from bacterial colonization, 
survival, and proliferation to guarantee safe implant-tissue integration.

To date, surface modification of the implant remains one of the most investigated 
approaches to preventing IAI (Figure 5). According to the “race for the surface” 
theory coined by Gristina, the first cell type – host or bacterial – to reach the surface 
of the implant will prevent the other to adhere (91). However, this theory might 
oversimplify reality. Chu et al., demonstrated that S. aureus always reached the 
surface of the implant even when previously covered by host cells (92). Similarly, 
Subbiahdoss et al., showed that osteoblasts were able to spread and proliferate on a 
glass surface colonized by S. epidermidis (93). In fact, the co-existence of pathogens 
and host cells interacting at the same time with the surface of the implant is more 
likely. Therefore, several designs have been developed to make the biomaterials 
surface able to control the host reaction (94), promote new bone deposition (95,96), 
and prevent adhesion or directly kill pathogens (97–99).

Notably, the concept of developing local drug delivery systems on titanium 
implants has gradually become one of the most promising approaches according 
to orthopedic surgeons (100). This might overcome several limitations linked to 
systemic drug delivery systems, such as high administration doses to reach an 
optimal concentration locally, tissue toxicity, difficult pharmacodynamics, and 
low drug solubility and selectivity. For example, use of antibiotic-loaded implants 
may create at the surgical site an inhospitable environment for bacterial growth 

surface membrane expression of CD47, protein coding for the “don’t eat me” signal 
that prevents macrophages from removing neutrophils from the infection site by 
efferocytosis (88).
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or replication, so that the immune system can efficiently clear the infection while 
coordinating the wound healing process. However, this raises some challenges in 
the design of implants as the addition of drugs to implants might affect their stability 
and biomechanical properties (101). Plus, host cells covering the surface of the 
implant may interfere with drug release properties and the antibacterial efficiency of 
the implant (102). On the other hand, higher local concentrations of antibiotics might 
be effective only against extracellular bacteria. Due to the low permeability of drugs 
into the membrane of host cells, antibiotic efficacy is reduced against intracellular 
bacteria (103). Differently, use of antibiotics with high permeability for host cells 
membrane, are often associated with rapid emergence of bacterial resistance 
(104,105). To address this challenge, antibiotics might be encapsulated into 
nanocarriers synthetized with polymers that favor uptake by host cells and release of 
their content once in contact with the acidic environment of the phagosomes where 
also bacteria are located (106,107). However, this strategy poses few limitations. 
First, it is crucial for drug-loaded nanocarriers to be uniformly internalized by all 
host cells susceptible to infection and intracellular survival of pathogens, without 
any discrimination between professional and non-professional phagocytes. Then, 

Figure 5. Strategies to prevent implant-associated infections aim to modify the surface of the 
implant to enhance host cells adhesion and new bone deposition, and/or prevent bacterial 
adhesion, or directly kill approaching pathogens. Alternatively, drug-loaded coatings can be 
applied to the surface of the implant, releasing compounds that directly kill pathogens and/
or exert an immunomodulatory effect on phagocytes, enhancing the intrinsic antibacterial 
functions of immune cells
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Despite the progress in treatment efficiency by releasing drugs locally (109,110), 
yet therapeutic compounds able to completely overcome pathogens defense 
mechanisms and intracellular survival are still missing. To enhance the therapeutic 
outcome, antibacterial strategies should shift focus from antibiotics that directly 
target bacteria to compounds that enhance host cells response (111). This might 
prevent the emergence of resistance mechanisms in the bacterial population, 
while improving the intrinsic antibacterial functions of immune cells. Macrophages 
represent an ideal target for such therapeutic approach aimed at preventing IAI due 
to their crucial role in coordinating the host response against the implant, regulating 
new bone formation, protecting the organism from invading pathogens, and being 
susceptible to long-term intracellular survival of S. aureus.

The aim of the thesis

In this thesis we aim to characterize the therapeutic potential of alternative 
compounds to antibiotics for preventing IAI. As S. aureus survival within host cells, 
especially macrophages, has been identified as a risk factor for recalcitrant infections, 
we have investigated the efficacy of each therapeutic compound in reducing the 
number of intracellular pathogens, either by direct killing or modulation of immune 
cells’ functions. We examined several therapeutic alternatives: 

• Silver ions and nanoparticles (chapter 2) are known for their broad-spectrum 
antibacterial activity, although counterbalanced by equally high toxicity to 
host cells.

• Host defense peptides (chapter 3) are known for their direct antibacterial 
activity together with immunomodulatory properties such as increased 
bactericidal capacity and anti-inflammatory effects.

• Pathogen-specific monoclonal antibodies (chapter 4 and 5) as a basis for 
the development of a vaccine therapy to enhance recognition, uptake, and 
killing of pathogens by innate immune cells.

Moreover, in chapter 2 we designed an in vitro model mimicking an IAI-like scenario 
where bacteria-host and host-host cells interactions were studied. To support the 
design of a vaccine, in chapter 4 we compared the contribution of neutrophils and 
macrophages to the elimination of S. aureus under the same conditions in vitro.

The ultimate goal of this thesis is to identify the most effective strategy for 
preventing S. aureus infections and to integrate, for instance, coatings for orthopedic 
implants.

the nanocarriers must be able to release the encapsulated antibiotic and reach 
antibacterial concentrations intracellularly. Finally, the released drug should be able 
to diffuse from the intracellular vesicles to the cytoplasm to prevent bacterial escape 
from the phagosomes (108).
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Chapter 2

Abstract

Despite the extensive use of silver ions or nanoparticles in research related 
to preventing implant-associated infections (IAI), their use in clinical practice has 
been debated. This is because the strong antibacterial properties of silver are 
counterbalanced by adverse effects on host cells. One of the reasons for this may 
be the lack of comprehensive in vitro models that are capable of analyzing host-
bacteria and host-host interactions. In this study, we tested silver efficacy through 
multicellular in vitro models involving macrophages (immune system), mesenchymal 
stem cells (MSCs, bone cells), and S. aureus (pathogen). Our model showed to be 
capable of identifying each element of culture as well as tracking the intracellular 
survival of bacteria. Furthermore, the model enabled to find a therapeutic window for 
silver ions (AgNO3) and silver nanoparticles (AgNPs) where the viability of host cells 
was not compromised, and the antibacterial properties of silver were maintained. 
While AgNO3 between 0.00017 and 0.017 µg/mL retained antibacterial properties, 
host cell viability was not affected. The multicellular model, however, demonstrated 
that those concentrations had no effect on the survival of S. aureus, inside or outside 
host cells. Similarly, treatment with 20 nm AgNPs did not influence the phagocytic 
and killing capacity of macrophages or prevent S. aureus from invading MSCs. 
Moreover, exposure to 100 nm AgNPs elicited an inflammatory response by host 
cells as detected by the increased production of TNF-α and IL-6. This was visible 
only when macrophages and MSCs were cultured together. Multicellular in vitro 
models such as the one used here that simulate complex in vivo scenarios can be 
used to screen other therapeutic compounds or antibacterial biomaterials without 
the need to use animals.
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Introduction

Implant-related infections are one of the most frequent and severe complications 
associated with the use of biomaterials (1). Despite best practice in medical 
and surgical management, infection occurs in approximately 5% of all operated 
orthopedic patients (2). The majority of orthopedic implant-associated infections 
(IAI) are caused by Staphylococci, in particular by Staphyloccocus aureus (3,4). 
This pathogen evolved multiple strategies to evade recognition and killing by our 
immune system and has developed resistance to commonly used antibiotics (5–
8). Moreover, its ability to invade and survive within different host cells and tissues 
(9–11) and infiltrate within the osteocyte canaliculi network (12) further complicates 
treatment. Altogether, these features make S. aureus one of the most challenging 
causes of IAI to treat with traditional antibacterial therapies.

Metallic silver (Ag) is a known, broad-spectrum antibacterial agent that was 
already used to treat infections before the introduction of antibiotics (13). Over the 
years, numerous coating techniques have been developed to couple the antibacterial 
properties of silver to orthopedic implants (14,15). Such Ag-coated implants have 
already been implemented in the clinic to decrease the incidence of infection after 
primary and revision surgeries, especially in oncologic patients who are susceptible 
to infections (16–20). However, the favorable antibacterial properties of silver are 
counterbalanced by adverse effects such as the skin blue coloring called argyria 
(16). Although most clinical studies do not report significant side effects, there is 
no consensus around the concentration at which silver may cause serious local or 
systemic damage (16,17,21).

At a cellular level, many in vitro studies showed that silver exposure, both in free-
ion (AgNO3) and nanoparticle (AgNP) form, correlates with DNA damage, increased 
production of inflammatory stimuli and reactive oxygen species, eventually leading 
to cell death (22,23). However, whether AgNP effects are derived by the physical 
interaction with the nanoparticles, or the ions released from it is still under debate 
(24–26). Nonetheless, nanoparticles might release lower concentrations of silver 
ions compared to AgNO3  (27–29), therefore reducing silver toxicity. Moreover, as 
nanoparticles efficacy is shape-, size-, charge-, dose-, and time-dependent (26,30), 
multiple studies tried to identify a therapeutic window where silver could retain its 
antibacterial activity while losing its toxicity to the host. Specifically, the optimal 
condition should not affect bone tissue and immune cells, which are key players 
involved in the post-operative (bone) healing process and control of infection around 
the implant.

Although the only place to start, simple in vitro studies are limited in the scope 
of their findings. For example, previous studies have shown that osteoblast viability, 
mesenchymal stem cell (MSC) proliferation and osteogenic differentiation were not 
negatively affected after prolonged incubation with silver at concentrations that still 
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retain antibacterial properties (31–33). However, some signs of cell activation and 
toxicity were described at high silver concentrations (34–36), and other studies 
showed the negative impact of silver on osteoblast survival and MSCs osteogenic 
differentiation (37,38). In contrast to bone tissue, the viability of cells from the innate 
immune system is highly affected by silver. Micromolar concentrations of AgNO3 are 
already toxic to neutrophils (39), and macrophages could withstand exposure to silver 
for up to 24 h only at sub-antibacterial concentrations (40). However, even such short 
exposure to silver negatively affected the metabolic activity of macrophages (41) and 
their phagocytotic and bacterial killing properties did not improve (42,43). Although 
these studies provide useful insights into silver action against single types of host 
cells, they were incapable of verifying interactions between host cells and bacteria, 
and between host cell types that occur in the complex in vivo situation. Consequently, 
silver-coated implants with promising cytotoxicity and antibacterial properties in vitro 
generated contrasting results when tested in animal models (39,44).

Since the current in vitro models are not able to mimic a physiological environment, 
they consequently, cannot predict in vivo behavior very well (45). Therefore, forced 
by regulatory authorities, medical device companies tend to undertake a vast amount 
of animal testing (46). Not surprisingly, many of these animal trials are not conclusive 
due to variability between animals, highly scattered read-outs, and dead animals 
pre-/post-operation (47).

In order to better predict effectivity of antibacterial coating of implants and 
limit animal testing, we designed and built a multifaceted in vitro setup, primarily 
composed of a combination of host bone cells, bacteria, and immune cells. This 
model can precisely mimic the in vivo arena, test antibacterial properties and identify 
undesired foreign body responses to the developed implants. In our model, we 
chose to test the effectivity of two different forms of silver – AgNO3 or AgNP – due 
to their debatable effects on host-cell viability and bacterial survival. In our model, 
we co-cultured human bone marrow-derived MSCs, human monocyte-derived 
macrophages, and S. aureus in search of a therapeutic window for AgNO3 or AgNP 
that are used in implant coating, where neither the viability of bone nor immune 
cells was compromised. We here show that silver has its limitations as a therapeutic 
agent. This in vitro multicellular culture system represents a valid screening tool to 
predict the effects of various antibacterial compounds in an environment similar to 
the in vivo scenario without involving any animal testing.

Materials and Methods

Human monocyte-derive macrophage culture
Blood from healthy human donors was supplied by the Dutch blood bank (Sanquin, 

Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats using Ficoll-Paque (Pharmacia, Uppsala, Sweden) density 
centrifugation. Monocytes were positively selected by magnetic-activated cell sorting 
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(MACS) with anti-CD14 labelled microbeads (Miltenyi Biotec, 130050201) according 
to the manufacturer’s instructions.

Isolated monocytes were seeded in a 24-wells plate at a density of 3 x 105 cells/
well, except when stated otherwise. When monocytes were seeded on top of 13-mm 
diameter titanium disks (Alfa Aesar, 10385-HP), these were placed in the 24-wells 
plate before seeding. Monocytes were differentiated into macrophages by culturing 
for 7 days at 37°C, 5% CO2 in α-Minimum Essential Medium (α-MEM, Gibco Paisley, 
22561021) supplemented with 10% (v/v) hyFBSclone fetal bovine serum (hyFBS, 
Biowest, HYCLSV30160), 100 U/mL penicillin- streptomycin (1% p/s, Gibco, 
15140122), and 40 ng/mL human recombinant M-CSF (Peprotech, 300-25). Culture 
media was refreshed after 3-4 days.

Human mesenchymal stem cell culture
Mesenchymal stem cells (MSCs) were isolated from human bone marrow 

aspirates upon informed consent. The aspiration procedure was approved by the 
local medical research ethics committee, University Medical Center Utrecht, under 
the protocols METC 08-001/K and METC 07-125/C.

Aspirates were diluted in PBS, filtered through a 100 µm cell strainer and the 
mononuclear cell layer was collected after Ficoll-Paque density centrifugation. 
Approximately 2.5 x 105 mononuclear cells were plated per cm² in MSC expansion 
medium consisting of α-MEM supplemented with 10% (v/v) heat-inactivated FBS 
(FBS, Biowest, S181H), 1% p/s, 0,2 mM L-ascorbic acid-2-phosphate (ASAP, Sigma-
Aldrich, A8960) and incubated at 37°C, 5% CO2. Cells starting from passage 3 were 
used in the experimental setups.

Macrophage-MSC co-culture
To build the macrophage-MSC co-culture the following steps were adopted. 

Monocytes were seeded in 24-wells plates at a density of 3 x 105 cells/well and 
differentiated into macrophages by culturing for 7 days. Meanwhile, MSCs 
were cultured to reach ~70% confluency until monocytes fully differentiated 
into macrophages. Then, MSCs were fluorescently labelled with celltrace violet 
(Invitrogen, C34557) diluted in Hanks balanced salt solution (HBSS) according to the 
manufacturer’s instructions for labelling adherent cells. After staining, MSCs were 
detached with 0,25% trypsin/EDTA (Gibco, 25200056) and re-seeded together with 
macrophages at a density of 1 x 105 cells/well according to the experimental setup. 
Cells were allowed to adhere for about ~24 h before readouts started or bacteria 
were added, as explained below in the section “Multicellular infection model to study 
intracellular survival of bacteria”.

Cell seeding densities and culture plate format were adjusted according to the 
experimental setup. For instance, when measuring cytokine production, monocytes 
and MSCs were combined in a 96-well plate at a density of 1.5 and 0.5 x 105 cells/
well, respectively. Moreover, when the identification of single cell types was not 
relevant for the experimental setup, fluorescence labelling was omitted.
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Bacterial culture
All experiments used GFP-labelled Staphylococcus aureus (kind gift from Prof. 

Simon Foster) and Staphylococcus epidermidis (kind gift from Prof. Leo Koenderman) 
were transformed with a GFP-expressing plasmid pCM29 to constitutively express 
GFP, as previously described (48). Bacteria were grown overnight in Todd-Hewitt 
broth (THB) with 10 ng/mL chloramphenicol to reach stationary phase.

Silver ions and nanoparticles
A solution of silver ions (AgNO3) was prepared by dissolving silver nitrate (Sigma-

Aldrich, S6506) in ultrapure water. Commercially available 20 nm and 100 nm silver 
nanoparticles (AgNP) (Alfa Aesar, J67067 and J67099), were used. Before each 
experiment, both sizes of nanoparticles were pelleted by centrifugation for 30 min 
at 4°C with 17000 x g (20 nm AgNP) or 300 x g (100 nm AgNP). A stock solution of 
80 µg/mL was prepared for each type of nanoparticle in ultrapure water. AgNP and 
AgNO3 were diluted to various concentrations in α-MEM with 10% FBS or in THB to 
test their effects on host or bacterial cells.

Effect of silver on cell viability and cytokine production
Monocytes and MSCs were seeded in a 96-wells plate at a density of 1.5 and 

0.5 x 105 cells/well, respectively. The same numbers of cells were combined in the 
co-culture, where macrophages were combined with MSCs as previously described.

Macrophages, MSCs, and the co-culture were incubated with fresh media 
containing 10 ng/mL LPS O111:B4 from Escherichia coli (Sigma-Aldrich), or various 
concentration of AgNO3, 20 nm AgNP, and 100 nm AgNP. After 24 h stimulation, 
the culture medium was harvested to measure cytokine production and cells were 
processed for viability evaluation. When measuring cell viability, the culture medium 
was replaced by α-MEM with 10% FBS and 10% Alamar Blue solution prepared by 
dissolving Resazurin sodium salt (Sigma-Aldrich, R7017) in PBS.  Then cells were 
incubated at 37°C for 2-3 h, in the dark. Next, the supernatant was transferred to 
a new plate and fluorescence was measured at 530-10/580-10 nm (Ex/Em) with 
a Clariostar plate reader (BMG labtech). Background fluorescence values were 
subtracted, and metabolic activity was normalized to the control sample. Production 
of cytokine TNF-α and IL-6 was measured in the collected supernatant by ELISA 
(Duoset, R&D Systems, DY210 and DY217B), according to the manufacturer’s 
instructions. ELISA values are expressed as fold-change over non-stimulated 
controls. Samples were analyzed in triplicates and experiments repeated three times 
with different monocytes and MSCs donors.

Direct antimicrobial properties of silver
The direct antimicrobial properties of silver were determined by measuring OD 

(600nm), combined with the broth microdilution method. Overnight bacterial culture 
was diluted in THB to reach a final inoculum of 5 x 105 colony-forming units per mL 
(CFU/mL). In a flat-bottom 96-well plate, the bacterial suspension was mixed with 
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AgNO3, 20 nm AgNPs, or 100 nm AgNP in equal parts in triplicates, with a final volume 
of 200 μL. Bacterial growth was monitored at 37°C by measuring OD (600nm) every 
5 min, for a total time of 12 h, on a Clariostar plate reader with gentle shaking before 
each measurement. Then, bacterial suspensions were serially diluted and plated on 
Todd-Hewitt agar (THA), and colonies counted after overnight incubation at 37°C. 
Samples were analyzed in triplicates.

Multicellular infection model to study intracellular survival of bacteria
An overnight bacterial culture was diluted in α-MEM to reach a final concentration 

of 1 x 107 CFU/mL. To mimic the in vivo situation, bacteria were incubated with 5% 
normal human serum (NHS) for 15 min at 37°C, which coats them with antibodies 
and complement (opsonization) to enable their uptake by immune cells. Serum 
was collected from blood obtained from healthy donors after informed consent, 
as previously described (48). Approval from the Medical Ethics Committee of the 
University Medical Center Utrecht was obtained (METC protocol 07-125/C approved 
on March 1, 2010).

Opsonized bacteria were added to the co-culture at various multiplicity of infection 
(MOI). To synchronize bacterial uptake, plates were centrifuged for 5 min with 110 x 
g at RT, and then incubated at 37°C, 5% CO2. To study intracellular bacterial survival, 
the cells were washed twice after 30 min of infection to remove free bacteria and 
cultured in media supplemented with 100 µg/mL gentamicin (Serva, 22185.02, to 
kill the bacteria) and 20 µg/mL lysostaphin (Bioconnect, MBS635842, to lyse the 
bacteria and lose the GFP signal) for 1 h. Afterwards, cells were washed twice and 
incubated in media with only 5 µg/mL gentamicin. All washing steps were performed 
with warm α-MEM. This treatment allows only intracellular bacteria to survive, as both 
gentamicin and lysostaphin are unable to penetrate mammalian cell membranes 
within short time periods (49,50). To verify treatment efficacy in lysing bacteria, 
serum-opsonized S. aureus was incubated for 1 h at 37°C in α-MEM in presence 
of 100 µg/mL gentamicin and 20 µg/mL lysostaphin. Then, GFP expression was 
measured with a MACSquant VYB (Miltenyi Biotech) flow cytometer and data were 
analyzed with FlowJo (v.10.1., FlowJo LLC).

At the desired time points, co-culture samples were processed for flow cytometry 
analysis, microscopy observation, or quantification of intracellular bacteria via CFU 
count.

For flow cytometry, cells were detached by a combination of trypsin and eventually 
gentle scraping in 1 mM DPBS/EDTA if cells were still attached to the bottom of 
the culture plate. Cells were transferred to a 96-wells plate and stained with sytox 
orange dead cell stain for flow cytometry (Invitrogen, S34861) according to the 
manufacturer’s instructions. Samples were measured with a MACSquant VYB flow 
cytometer and data were analyzed with FlowJo. The gating strategy is summarized 
in Supplementary Figure 1. Briefly, a total of 10,000 events were collected for each 
sample gated based on forward scatter (FSC) and side scatter (SSC) parameters. 
The two cell types were selected based on the signal of CellTrace violet. Non-infected 
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samples from the sytox negative population were used to set GFP fluorescence 
baseline and define the proportion of infected, GFP-positive cells.

For confocal imaging, cells were collected as described for flow cytometry 
analysis and fixed in 1.5% paraformaldehyde. Cell membranes were stained with 
3 µg/mL Alexa Fluor 647-conjugated Wheat Germ Agglutinin (WGA, Invitrogen, 
W32466) for 10 min at RT, on a shaking plate. Then, samples were transferred 
to CELLview slide (Greiner Bio-One, 543079) previously coated with poly-L-lysine 
(Sigma-Aldrich, P4707), and imaged on a Leica TCS SP5 microscope with a HCX 
PL AP CS 63x/1.40-0.60 OIL objective (Leica Microsystems). Images were adjusted 
for publication using Image J Fiji.

Finally, to quantify the number of intracellular bacteria, cells were lysed with 0.1% 
Triton X-100 and plated on THA plates in serial dilutions. Plates were incubated 
overnight at 37°C after which colonies were counted.

Multicellular infection model to study the effects of silver
A variation of this model was used to study silver effects. Briefly, cells were 

incubated for 24 h with different concentrations of AgNO3 and 20 nm AgNP before 
adding S. aureus at a MOI=10. Samples were analyzed by flow cytometry and CFU 
counting at 30 min and 4 h after infection. In this setup, when cells were incubated 
with silver, gentamicin and lysostaphin treatment was not employed for the 4 h time 
point. Samples were analyzed in triplicates and experiments repeated three times 
with different monocytes and MSCs donors.

Statistical analysis and graphics
GraphPad Prism 9 (version 9.3) was used to create the graphs and determine 

statistical significance via a two-way or one-way ANOVA, or t-test. p<0.05 was 
considered statistically significant. Illustrations were created with BioRender.com.

Results

Establishing a tunable, multicellular, in vitro model to study IAI
To build a comprehensive, multicellular in vitro model that mimics the main players 

in IAI, we co-cultured primary MSC and monocyte-derived human macrophages as 
summarized in Figure 1. 
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Figure 1. Schematic representation of building the multicellular in vitro model mimicking an 
implant-associated infection environment (images created with Biorender.com). (A) Monocytes 
were seeded on the selected surface and differentiated to macrophages (B) for 7 days. 
(C) Differentiated macrophages were re-seeded together with MSCs (left). Representative 
microscopy image of the co-culture (right), where MSCs were previously stained with CellTrace 
Violet (in blue) and all cell membranes were stained with Alexa Fluor 647-conjugated WGA (in 
red). (D) S. aureus was added to the co-culture (left). Representative image of the co-culture 
with intracellular S. aureus (green dots) (right).
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First, monocytes were isolated from human blood and seeded on a surface to 
differentiate into macrophages (Figure 1A and 1B). Cells were seeded either on a 
cell culture plate or on any biomaterial mimicking an implant. When comparing plastic 
with titanium, the surface itself seemed to have minimal impact on the phagocytic 
capacity of the macrophages (Supplementary Figure 2A). After differentiation, 
macrophages were re-seeded together with MSCs, which can differentiate into 
osteoblasts, to create an IAI-like environment (Figure 1C). In order to distinguish 
each element in the co-culture, we labeled at least one cell type before mixing with 
the second one. The co-culture was viable for up to several days, enabling the 
verification of cytotoxicity, modulation of cell functions, and antibacterial effects over 
a relatively long-time span.

The co-culture of macrophages and MSCs was then exposed to GFP-expressing 
bacteria (Figure 1D). We verified that this model could be used to study infections 
caused by different bacterial species relevant in the orthopedic field, such as S. aureus 
and S. epidermidis. Although macrophages were equally capable of associating with 
both bacterial species, we observed that MSCs were more susceptible to S. aureus 
than S. epidermidis infection (Supplementary Figure 2B). To assess the efficiency 
of antibacterial treatments in both macrophages and MSCs, all further experiments 
were conducted with S. aureus.

At the desired time points, the co-culture was processed for (confocal) microscopy 
(Figure 1), flow cytometry (Supplementary Figure 2), or bacterial enumeration via 
CFU plating (Figure 4). Flow cytometry offered the possibility to track intracellular 
bacterial survival per host-cell type over time by including gentamicin and 
lysostaphin treatment. These two compounds are not membrane-permeable and 
therefore selectively kill and lyse extracellular bacteria (49,50). We confirmed by flow 
cytometry that the treatment efficiently lysed bacteria, as no GFP signal could be 
detected from S. aureus already after 1 h incubation with gentamicin and lysostaphin 
(Supplementary Figure 2C). Moreover, microscopy images confirmed that all GFP 
signal detected by the flow cytometer originated from intracellular bacteria and not 
from membrane-bound or extracellular S. aureus (Figure 1D). These results confirm 
the validity of the model we developed to study intracellular bacteria.

As expected, after 30 min of direct contact between bacteria and host cells, almost 
all macrophages had engulfed at least one S. aureus bacterium. In comparison, less 
than half of the MSCs population had engulfed bacteria. After 24 h, the proportion 
of infected macrophages was significantly reduced both when cultured alone, and in 
the co-culture. Interestingly, the proportion of infected MSCs was only reduced when 
cultured alone, but not in co-culture (Supplementary Figure 2D). This highlights 
distinct behaviors between cells cultured alone or together.

Finding a therapeutic window for silver treatment
We tested the validity of our co-culture model by using it to determine a possible 

therapeutic window for silver as an antibacterial treatment. For this purpose, silver 
must be at a concentration that is antibacterial, but not toxic to human cells. Therefore, 
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we incubated S. aureus, macrophages, and MSCs with several concentrations of 
AgNO3, 20 nm AgNP, and 100 nm AgNP.

We observed that at the lowest concentration tested, AgNO3 reduced bacterial 
growth and significantly decreased the number of viable S. aureus,while complete 
inhibition of growth and killing was achieved after exposure to AgNO3 concentrations 
higher than 0.0017 µg/mL (Figure 2A and 2B). Although bacterial growth speed 

Figure 2. Evaluation of the effects of silver on S. aureus, macrophages, and MSCs. Bacteria 
and host cells were incubated with several concentrations of AgNO3 (A-C), 20 nm AgNP (D-
F), and 100 nm AgNP (G-I). Bacterial growth (graphs on the left) was monitored by measuring 
OD (600 nm) continuously during 12 h and the number of surviving bacteria was quantified by 
CFU count (graphs on the center). (n=9, from 3 independent experiments). Data for bacterial 
growth were plotted with mean only, and data for CFU count were transformed into log10 and 
represented as mean +/- SD. Statistical significance compared to control was determined via 
one-way ANOVA. *p<0,05; ****p<0,0001 on the log-transformed data. The metabolic activity 
of macrophages and MSCs (graphs on the right) was determined by alamar blue assay after 
24 h incubation with silver formulations. Assay values were normalized to untreated control 
cells. (n=9, from 3 independent experiments). (n=9, from 3 independent experiments). Data 
were represented as mean +/- SD.
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was affected by increasing the concentrations of 20 nm AgNP (Figure 2D), no 
bacteriostatic or bactericidal effects were observed after incubation with 20 nm 
AgNP and 100 nm AgNP (Figure 2-D, -E, -G, -H).

On the other hand, AgNO3 completely abolished the metabolic activity of host 
cells starting at 0.17 µg/mL (Figure 2C), while exposure to AgNP, regardless of size 
or concentration, partially affected the metabolism of both cell types. For instance, 
concentrations of 20 nm AgNP higher than 1 µg/mL reduced the total metabolic 
activity of the macrophage population by up to ~25% (Figure 2F). Incubation with 
any concentration of 100 nm AgNP reduced the viability of macrophages, while the 
metabolic activity of MSCs was affected only at concentrations higher than 10 µg/
mL (Figure 2I). Nonetheless, we exclude a toxic effect derived from exposure to 
nanoparticles as more than 75% of the total metabolic activity remained for both the 
macrophages and MSCs populations.

In addition, we assessed whether silver triggered an inflammatory response by 
measuring the secretion of TNF-α and IL-6. Overall, non-toxic silver concentrations 

Figure 3. Evaluation of the inflammatory response caused by stimulation of host cells with 
non-toxic concentrations of silver. Macrophages, MSCs, and macrophages with MSCs (Co-
culture) were incubated for 24 h with several concentrations of AgNO3, 20 nm AgNP, 100 nm 
AgNP, and 10 ng/mL LPS as positive control. Then, TNF-α (A, B, C) and IL-6 (D, E, F) levels 
in the supernatant were quantified by cytokine-specific ELISA and expressed as fold-change 
compared to control samples. (n=9, from 3 independent experiments). Data were transformed 
into 2-log and represented as mean +/- SEM. Statistical significance compared to control was 
determined via two-way ANOVA. ****p<0.0001; ***p<0.001; **p≤ 0.005; *p<0,05.
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did not elicit any inflammatory response in monocultured cells compared to control 
samples (Figure 3). However, from this assay we could observe the added value of 
co-culturing different cell types. Addition of MSCs reduced LPS-mediated activation 
of macrophages, as observed by decreased production of TNF-α. In addition, 
including immune cells reduced IL-6 production by MSCs. Moreover, exposure to 
100 nm AgNP at 20 µg/mL and at concentrations higher than 5 µg/mL significantly 
increased TNF-α (Figure 3C) and IL-6 (Figure 3F) levels respectively in the co-
culture.

Evaluation of the effects of silver on the multicellular in vitro model
Once we established the effects of silver in simple in vitro models, we could 

further explore the consequences of its use in an IAI-like environment thanks to our 
multicellular model to study infection. Besides defining the antibacterial, non-toxic, 
and non-inflammatory concentrations of AgNO3 and AgNPs, we explored the impact 
of silver on the antibacterial functions of host cells (Figure 4A).

Due to their toxicity to host cells, we excluded AgNO3 at concentrations of 0.17 
µg/mL and 1.7 µg/mL from the assays. Only three representative concentrations of 
20 nm AgNP were selected, as similar cytotoxicity and antibacterial activity were 
observed. Analysis of samples by flow cytometry showed a remarkable shift in 
the side-scatter (SSC) values for macrophages in the co-culture when exposed to 
AgNP for 24 h (Supplementary Figure 3A). This increase in cellular granularity 
was concentration dependent and particularly evident in the presence of 100 nm 
AgNP. The effect was probably caused by the internalization of nanoparticles by 
macrophages, as shown by bright field microscopy (Supplementary Figure 3B). For 
this reason, 100 nm AgNPs were excluded from the analysis with the multicellular 
model.

Despite the previously observed antibacterial activity of AgNO3 (Figure 2A and 
2B), this was not strong enough to counteract bacterial growth within the time frame 
tested in the multicellular model. In spite of the presence of AgNO3 or 20 nm AgNP, 
after 4 h incubation, the bacteria had already overtaken and killed most macrophages 
and MSCs in culture as observed by the increased amount of cells positive for sytox 
staining (Supplementary Figure 4).

Following S. aureus introduction into the co-culture, silver treatment did not 
influence bacterial uptake by host cells. We confirmed the presence of intracellular 
S. aureus in both cell types. As observed before, macrophages phagocytosed more 
bacteria than MSCs (Figure 4B). Depending on the donor, silver treatment had 
either no impact on phagocytosis or eventually led to an increased uptake of bacteria 
by both cell types. Moreover, exposure to silver did not reduce the amount of S. 
aureus able to survive intracellularly compared to the control samples (Figure 4C). 
Confocal microscopy imaging confirmed the flow cytometry results. Higher numbers 
of intracellular S. aureus were observed within macrophages than MSCs, while 
exposure to AgNO3 or AgNP did not influence bacterial uptake (Figure 4D).
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Figure 4. Evaluation of the effects of AgNO3 and 20 nm AgNP on the multicellular in vitro 
model (A) Schematic representation of the protocol used (images created with Biorender.
com). Macrophages were combined with MSCs in culture and then incubated with AgNO3 and 
20 nm AgNP for 24 h before infection with S. aureus for 30 min. (B) The amount of bacteria 
taken up by macrophages and MSCs is represented as the geometric mean of the GFP 
signal. (C) The number of intracellular bacteria was determined by counting CFU after cells 
lysis. (n = 9, from a total of 3 independent experiments). Data were represented as mean +/- 
SD. (D) Confocal imaging confirms flow cytometry observations. Macrophages (red), MSCs 
(blue), and S. aureus (green dots).
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Discussion

Despite the long-known antibacterial efficacy of silver, its clinical use has lagged. 
One cause might be ascribed to the lack of reliable in vitro models to test silver’s 
efficacy. Another limitation might be related to the need to identify a therapeutic 
window where pathogens are killed without affecting the viability of host cells. In this 
work, we developed a multicellular in vitro model that mimics an IAI-like scenario to 
investigate the efficacy of silver as a therapeutic treatment. 

Traditionally, the effect of silver on bacteria or host cells was investigated 
separately, ignoring cell-cell interactions. This often rushed towards the identification 
of silver concentrations that were antibacterial and non-toxic for host cells (51–54) 
without addressing interactions between bacteria and host cells, and between host 
cell types. Although they did not address the antibacterial properties of silver, other 
research groups have shown that the effectiveness of novel treatments was different 
when assessed on cells cultured alone or in the presence of bacteria (55,56). 
Similarly, encouraging results have been achieved after tests run on monocultures 
in vitro, but generated opposite outcomes when these treatments were tested in 
animal models (44,57). In a previous study, we showed that AgNP-coated surfaces 
completely killed S. aureus in vitro, while they did not exert any bactericidal effect 
in vivo. Moreover, the presence of coated implants worsened the healing process. 
Afterward, we learnt that these side effects derived from previously undetected 
Ag toxic levels against immune cells (39). Therefore, to improve the reliability of 
our in vitro tests, we designed a comprehensive multicellular model where cell-cell 
interactions can be investigated.

The interaction between MSCs and macrophages have already been showed 
to improve osteogenic differentiation of MSCs (58,59), resolution of infection 
(60–62) and inflammation (63). We also assessed the additive value of culturing 
macrophages and MSCs together. In fact, in the presence of LPS, cells in co-culture 
secreted a lower amount of cytokines compared to single cells (Figure 3). On the 
other hand, although immune cells captured most of the invading pathogens, a small 
fraction of MSCs was still infiltrated by S. aureus, via a process that could have 
been either active or passive (9,64). In co-culture, 24 h after infection, we observed 
a reduction of intracellular bacteria only within macrophages, with no changes in 
MSCs (Supplementary Figure 2D). While this could be explained in immune cells 
by the activation of their bactericidal activity (65), further studies are needed to 
understand the antibacterial mechanisms activated in MSCs when seeded alone 
but not in co-culture. Nonetheless, we have shown that our multicellular model 
allows us to identify each element involved in culture as well as track the intracellular 
survival of bacteria over time. As cells could also be seeded on different surfaces 
(Supplementary Figure 2A), this model can be extended to study the impact of new 
biomaterials and/or coatings on host cells and bacteria. Here, we used the model as 
a preliminary screening tool for finding the optimal silver concentrations to include in 
antibacterial coatings for orthopedic implants.
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There are several reasons to favor silver formulations as nanoparticles rather 
than free ions. Use of higher-sized nanoparticles with a larger surface area is 
thought to reduce the amount of silver ions released, and therefore reduce AgNPs 
toxicity against host cells (27–29). Accordingly, nanoparticles with larger sizes need 
to be used at higher concentrations to achieve similar efficacy to AgNO3 (37,66–68). 
Besides a reduction in cytotoxicity, it should be considered that continuous uptake 
of non-degradable nanoparticles by host cells eventually leads to alterations in cell 
shape and morphology, as shown by our flow cytometry analysis (Supplementary 
Figure 3). Moreover, AshaRani et al., showed that nanoparticle uptake in vitro did not 
correlate with substantial cell death, even after incubation with higher concentrations 
of AgNP with a size distribution lower than 20 nm, but forced macrophages into 
a state of metabolic arrest (22). Instead, nanoparticle dimensions affected in vivo 
clearance and tissue accumulation, with the risk that particles larger than 40 nm 
reside indefinitely within the body (69). Furthermore, continuous exposure to 
nanoparticles might cause the onset of a local inflammatory response in the long 
term with detrimental consequences for implant-tissue integration (70). According to 
our results, AgNPs were less toxic to host cells and bacteria than AgNO3 (Figure 2). 
Although we observed only a slight reduction in metabolically active macrophages 
and MSCs after exposure to AgNPs, previous studies suggest that use of higher 
concentrations might have induced cytotoxic effects on host cells as well (40–
42,71). For instance, the onset of harmful effects on host cells was evident from the 
inflammatory response caused by 100 nm AgNP (Figure 3C and 3F). Interestingly, 
this side effect was detected only with the use of the co-culture model rather than 
with single cell assays. Furthermore, treatment with neither 20 nm AgNP or AgNO3 
reduced the number of intracellular bacteria found in macrophages and MSCs 
(Figure 4).

The multicellular model we used only allowed us to assess silver’s efficacy for 
a limited period of time due to the fact that bacteria grow faster than host cells. 
While AgNO3 displayed bacteriostatic and bactericidal effects after 12 h (Figure 2A 
and 2B), the same concentrations failed to inhibit S. aureus growth after 4 h in the 
multicellular model (Supplementary Figure 4). This limited our study to bacteria 
that survive intracellularly, while this multicellular model might be used to assess the 
efficacy of treatment on both extracellular and intracellular bacteria. The observed 
change in the efficacy of silver might be caused by the assay conditions in vitro. For 
instance, aerobic or anaerobic culture conditions (72), aggregation of nanoparticles 
(73) or binding of silver ions to serum proteins (74,75) could negatively impact the 
bio-functionality of silver. Our study might be affected by this, since different types of 
media were used to assess silver toxicity against S. aureus, macrophages, and MSCs. 
Moreover, silver exposure may even affect the response of macrophages to invading 
pathogens. For instance, Sarkar et al., showed that AgNP-treated macrophages had 
a reduced cytokine response and activation following Mycobacterium tuberculosis 
infection (40). On the other hand, other research groups did not observe any positive 
impact on phagocytosis or oxidative burst in innate immune cells after treatment with 
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silver (76–78).
Apart from testing the efficacy of silver as an antibacterial agent, this model could 

be used as an in vitro screening tool for several other therapeutic compounds (79) 
or antibacterial coatings. By developing culture models in which host-host and host-
bacteria cells interact, we may gain greater insight into how implant surface features 
influence these cells, which has been investigated only on single elements so far 
(80–84). In fact, this model could be adapted to study different scenarios of IAI. In 
accordance with the race for the surface theory (85), bacterial colonization of the 
implant surface may prevent host cells adhesion and subsequently implant-tissue 
integration. Accordingly, Luan et al., showed that variations in gold nanoparticle-
coatings were able to modulate macrophages functions and bone cells adhesion 
according to the presence or absence of bacteria on the coated surface (55). However, 
these and other studies, including ours, were performed under static conditions in 
vitro. By adding a flow system that simulates in vivo-like conditions such as shear 
stress and exchange of nutrients and molecules among cells in culture, outcomes 
can be closer to a real IAI scenario (86–88). Finally, these multicellular models could 
include different cell types involved in IAI, such as osteocytes, osteoclasts, or cells 
from the bone marrow. Neutrophils and macrophages, for example, form the first line 
of defense against invading pathogens (65,89,90). Despite previous reports about 
neutrophil interactions with single cell types and different biomaterials (91–95), little 
is known about their role in complex in vitro models that mimic the conditions of IAI.

Conclusion

Thanks to our multicellular model combining two host-cell types, bacteria, and an 
implant surface, we can predict the possible benefits and pitfalls derived from the use 
of silver as an antibacterial agent. Although our monoculture assays suggested the 
existence of a therapeutic window for the use of AgNO3 between 0.00017 and 0.017 
µg/mL, our multicellular model revealed that neither the extracellular nor intracellular 
survival of S. aureus was affected. Moreover, we found that uptake of 20 nm AgNP 
had no impact on metabolic activity, phagocytic and killing capacities of macrophages, 
whereas increasing the size of the nanoparticles caused an inflammatory response 
that was only detectable when macrophages and MSCs were cultured together. By 
developing a model that accounts for the interactions among host cells and bacteria, 
in vitro screening tests can better simulate the complexity of in vivo models and 
better predict treatment outcomes.
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Supplementary Figures

Supplementary Figure 1. Flow cytometry phagocytosis gating strategy. (A) Selection of the 
total cells population (total gate) in the linear FSC and SSC. (B) Selection of the two cell types 
in the linear FSC and fluorescence at 405 nm wavelength. (C) Selection of sytox negative 
cells within each cell type population. (D) Histogram setting GFP fluorescence baseline for 
non-infected cells. (E) Proportion of non-infected (left peak) and infected (right peak) cells.

Supplementary Figure 2. Different applications of the multicellular model according to the 
research question, analyzed by flow cytometry. (A) Monocytes were seeded either on a culture 
plate (plastic) or on a titanium disk and differentiated to macrophages. Next, cells were exposed 
to S. aureus for 30 min and the proportion of cells that had ingested at least 1 bacterium 
was determined. (B) MSCs and macrophages were seeded alone and then exposed for 30 
min at increasing MOIs of S. aureus and S. epidermidis to determine the strain dependent-
uptake for each cell type. Proportion of cells that ingested at least 1 bacterium is shown. (C) 
Serum-opsonized S. aureus was incubated at 37ºC in presence of 100 µg/mL gentamicin 
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Supplementary Figure 3. Influence of nanoparticles uptake in macrophages. (A) Dot plots 
from co-culture samples showing the distribution in the FSC and SSC axis of the macrophage 
population (blue) within all the events recorded by the flow cytometer (red). (B) Bright field 
images showing the change in morphology of macrophages before (upper image) and 
after (lower image) 24 h incubation with AgNP 20 nm at 20 µg/mL. White arrows pointing at 
intracellular nanoparticles.

Supplementary Figure 4. Selection of sytox negative macrophages (upper row) and MSCs 
(lower row) after incubation for 4 h with S. aureus.

and 20 µg/mL lysostaphin. After 1 h incubation, bacterial GFP signal was measured by flow 
cytometry and the histograms of control (red) and treated (blue) bacteria were compared. (D) 
Macrophages and MSCs were seeded alone or in combination with each other and infected 
with S. aureus. The proportion of cells with intracellular bacteria was calculated at 30 min and 
24 h after infection. Data were represented as mean +/- SD. Statistical significance compared 
to 30 min was determined via t-test, *p<0,01.





Published in: iScience. 2022. 25(10):105211

1 Department of Orthopedics, University Medical Center Utrecht, Utrecht, The 
Netherlands
2 Department of Medical Microbiology, University Medical Center Utrecht, Utrecht, 
The Netherlands
3 Department of Chemical Biology and Drug Discovery, Utrecht University, Utrecht, 
The Netherlands
4 Department of Biomechanical Engineering, Delft University of Technology, Delft, 
The Netherlands 
5 Regenerative Medicine Centre Utrecht, Utrecht University, Utrecht, The Nether-
lands

Leonardo Cecotto1,2, Kok P.M. van Kessel2, Margreet A. Wolfert3, 
H. Charles Vogely1, Bart C.H. van der Wal1, Harrie Weinans1,4,  
Jos A.G. van Strijp2, Saber Amin Yavari1,5

Antibacterial and anti-inflammatory 
properties of host defense peptides 

against Staphylococcus aureus



60

Chapter 3

Abstract

Cationic host defense peptides (HDPs) are a promising alternative to antibiotics 
in the fight against Staphylococcus aureus infections. In this study, we investigated 
the antibacterial and immunomodulatory properties of three HDPs namely IDR-
1018, CATH-2, and LL-37. While all three HDPs significantly inhibited LPS-induced 
activation of human macrophages, only CATH-2 prevented S. aureus growth. When 
applied to different infection models focused on intracellularly surviving bacteria, only 
IDR-1018 showed consistent reduction in macrophage bacterial uptake. However, 
this observation did not correlate to an increase in killing efficiency of intracellular S. 
aureus. Here, we conclude that despite promising antibacterial and anti-inflammatory 
properties of the selected HDPs, macrophages intrinsic antibacterial functions were 
not improved. Future studies should either focus on combining different HDPs or 
using them synergistically with other antibacterial agents to improve immune cells 
efficacy against S. aureus pathogenesis.
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Introduction

Bacterial infections are one of the most frequent and severe complications 
associated with the use of biomaterials (1). Despite the significant improvement 
in medical and surgical management, infection incidence still arise up to 5% 
after orthopedic surgeries (2). The majority of biomaterials infections are caused 
by Staphylococci, particularly by Staphylococcus aureus (3). Over the years, 
traditional antibacterial strategies became less and less effective against S. aureus 
infections due to  its ability to build resistance to antibiotics and evade immune 
system recognition and killing mechanisms (4–6). Moreover, S. aureus can invade, 
survive, and proliferate inside numerous cell types besides immune cells (6–8), even 
reaching the narrowest and deepest spaces of the osteocytes canaliculi network 
(9,10). Finally, S. aureus pathogenesis exacerbated in the presence of biomaterials 
because they offer an ideal substrate for bacterial adhesion and biofilm formation 
(11).

Despite the progress in treatment efficiency by releasing drugs locally (11–
13), yet therapeutic compounds able to completely overcome pathogens defense 
mechanisms and survival are still missing (14,15). As we have previously shown, 
to enhance the therapeutic outcome, implant bio-functionalization strategies should 
shift focus from antibiotics that eradicate bacteria to enhance host cell response, 
aiming to improve intrinsic immune cells functions against pathogens invasion (16).

Cationic host defense peptides (HDPs) are naturally occurring molecules 
participating in the innate immune response in almost all vertebrates. The cathelicidins 
family of HDPs is the one characterized by a conserved “cathelin” domain with high 
interspecies homology (17). These molecules are generally 10 to 50 amino acids 
long and positively charged with amphipathic properties. These features enhance 
peptides interactions with negatively charged membranes of both bacterial and 
host cells. Thereby, HDPs could control bacterial infections via two routes: direct 
antimicrobial activity and regulation of immune response (18). Moreover, use of 
HDPs as potential alternative to antibiotics gained interest thanks to their very low 
microbial resistance development (19).

Among the numerous natural and synthetic HDPs described in the literature, 
we narrowed down the selection to three well-known cathelicidins: human LL-37, 
chicken CATH-2, and bovine-derived IDR-1018. These peptides retain broad-
spectrum antibacterial activity by direct killing mechanisms, like CATH-2 (20), or 
by anti-biofilm and indirect bactericidal properties, as IDR-1018 and LL-37 (21–24). 
Several studies reported these peptides immunomodulatory functions as well. In 
fact, all three peptides modulate immune cells cytokines production by stimulating 
chemokine release and inhibiting LPS-mediated activation (20,25–28). LL-37 
promotes internalization and intracellular killing of pathogens via an increase in ROS 
production, both in neutrophils (29) and macrophages (30–32). IDR-1018 contributes 
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to neutrophils activation and production of HDPs, including LL-37 (33). Stimulation 
with IDR-1018 drives macrophages phenotype to an intermediate state, enhancing 
both pro-inflammatory stimuli against pathogens and pro-healing properties (34). 
Moreover, in vivo wound healing improvement have been reported for both IDR-
1018 and LL-37 (35,36).

Nevertheless, HDPs efficacy against bacterial infection turned out to be 
controversial among different research groups. Particularly, changes in testing 
conditions might yield different effects from the same peptide. For instance, peptides 
immunomodulatory properties have been described mainly on non-human cell lines, 
which can hide possible species- or cell-specific effects (20). At the same time, 
HDPs antibacterial properties have been mainly monitored in non-physiological 
conditions which are different compared to the in vivo scenarios (19,20,37). For 
this reason, we aimed to characterize and compare IDR-1018, CATH-2, and LL-37 
immunomodulatory and antibacterial properties under the same conditions in vitro. 
Furthermore, we tested the ability of single peptides to control S. aureus infection 
either by direct killing or modulating primary human macrophage functions, with 
particular focus on pathogens intracellular survival.

Materials and Methods

Human monocyte-derived macrophages culture
Blood from healthy human donors was supplied by the Dutch blood bank (Sanquin, 

Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats using Ficoll-Paque density centrifugation. Monocytes 
were positively selected by magnetic-activated cell sorting (MACS) with anti-CD14 
labelled microbeads according to manufacturer instructions.

Isolated monocytes were seeded in a 24-well plate at a density of 300,000 cells/
well, except where otherwise stated. Monocytes were differentiated to macrophages 
by culture for 7 days in α-Minimum Essential Medium (α-MEM) supplemented with 
10% (v/v) hyclone fetal bovine serum (hyFBS), 100 U/mL penicillin- streptomycin 
(1% p/s), and 40 ng/mL human recombinant M-CSF. Culture media was refreshed 
after 3-4 days.

Viability of the isolated cells was above 75% as determined by Sytox Orange dead 
cell stain for flow cytometry, before and after differentiation. Purity of the isolated 
monocytes was above 90% as checked by staining for CD14 and contamination by 
T-cells (CD3), B-cells (CD19), or granulocytes (CD15) (Supplementary Figure 1). 
Cells staining was performed as described in “Peptides influence on macrophage 
phenotype markers” section, having all fluorochrome-conjugated antibodies diluted 
1:30 in PBS with 0,1% BSA and 1 % (v/v) heat-inactivated human serum.

Human mesenchymal stem cells culture
Mesenchymal stem cells (MSCs) were isolated from human bone marrow 
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aspirates that were obtained from consenting patients. Aspiration procedure was 
approved by the local medical research ethics committee, University Medical Center 
Utrecht, under the protocols METC 08-001/K and METC 07-125/C.

Aspirates were diluted in PBS, filtered through a 100 µm cell strainer and the 
mononuclear cell layer was collected after Ficoll-Paque density centrifugation. 
Approximately 250,000 mononuclear cells were plated per cm² in MSCs expansion 
medium consisting of α-MEM supplemented with 10% (v/v) heat-inactivated FBS 
(FBS), 1% p/s, 0,2 mM L-ascorbic acid-2-phosphate (ASAP). Cells starting from 
passage 3 were used in the experimental setups.

Before culturing together with macrophages, MSCs were fluorescently labelled 
with CellTrace Violet diluted in Hanks Balanced Salt Solution (HBSS) according to 
the manufacturer’s instructions for labelling adherent cells. After staining, MSCs 
were detached with trypsin/EDTA 0,25% and re-seeded at a density of 100,000 cells/
well according to experimental setup.

Bacterial culture
All experiments used GFP-labelled Staphylococcus aureus strain SH1000, 

transformed with a GFP-expressing plasmid pCM29 to constitutively express GFP, 
as previously described  (38). Bacteria were grown overnight in Todd-Hewitt broth 
(THB) with 10 µg/mL chloramphenicol to reach stationary phase.

Peptides
IDR-1018 (sequence VRLIVAVRIWRR-NH2), CATH-2 (sequence 

RFGRFLRKIRRFRPKVTITIQGSARF-NH2), and LL-37 (sequence 
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) purity (>95%) was verified by 
the manufacturers via MS and HPLC.

Peptides were diluted at different concentrations in α-MEM supplemented 
with 10% FBS or in THB when testing their effects on macrophages or bacteria, 
respectively.

Peptides direct antibacterial properties
Peptides direct antibacterial properties were determined by broth micro-dilution 

method. Overnight bacterial suspension was diluted in THB to reach a final inoculum 
concentration of 5 x 105 colony-forming units per mL (CFU/mL). Bacterial suspension 
and peptides dilutions were mixed in equal parts in a flat-bottom 96-well plate in 
triplicates in a total volume of 200 µL and incubated at 37°C. Bacterial growth was 
monitored by measuring OD (600nm) continuously every 5 minutes for 12 h in 
Clariostar plate reader (BMG labtech) with gentle shaking before each measurement.

Peptides anti-inflammatory properties and cytotoxicity
Monocytes were seeded in a 96-well plate at a density of 150,000 cells/well. 

After 7 days differentiation, macrophages were incubated with fresh media 
containing a range of peptides concentrations alone or in combination with 10 ng/
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mL LPS O111:B4 from Escherichia coli. After 24 h stimulation, the supernatant was 
collected to measure LDH levels or TNF-α and IL-10 by ELISA, according to the 
manufacturer’s instructions. Both LDH and ELISA assays were performed in three 
independent experiments with measurements in triplicate.

Qualitative expression of various cytokines and chemokines was measured in 
duplicate for selected conditions by human cytokine array G5, according to the 
manufacturer’s instructions.

Peptides influence on macrophage phenotype markers
After 7 days differentiation, macrophages were incubated with fresh media with 

LPS, IL-4, and optimal concentrations of peptides alone or in combination with 
LPS. After 24 h stimulation, macrophages were detached from the culture plate 
and processed for staining into a 96-well plate. All washing steps were performed 
with cold 0,1% (w/v) bovine serum albumin (BSA)/PBS and centrifugation at 5 min, 
500 x g. A panel of surface molecules was selected, based on previous reports 
for human macrophage polarization (39). The staining solutions were prepared by 
diluting the following fluorochrome-conjugated antibodies in PBS with 0,1% BSA and 
1 % (v/v) heat-inactivated human serum: CD16 (1:50); CD80 (1:50); CD163 (1:50). 
As a negative control, staining solution without antibodies was used. Cells were 
incubated with staining solutions for 30 min on ice, in the dark. Markers expression 
was measured via flow cytometer (FACSVerse, BD) and data analyzed using FlowJo.

Peptides indirect antibacterial properties
To assess the peptides influence on macrophages antibacterial properties, three 

different infection models studying intracellular bacteria survival, as outlined in 
Figures 3A, 5A, and 5D, were adopted. In all models, selected concentrations of 
peptides were used: 65 µM IDR-1018; 10 µM CATH-2; 10 µM LL-37.

The first step concerned the “peptides during infection” model, where cells were 
washed twice before incubation with the peptides for 24 h and subsequently bacteria 
were directly added to the culture without any washing step. In a subsequent step 
we assessed the “peptides during differentiation”, where peptides were added to the 
differentiation media for the first 3 days and removed after the regular media change; 
cells were washed twice before infection. In the third step we tested “peptides with 
MSCs”, where macrophages were cultured in presence of MSCs and peptides for 
24 h; before infection cells were washed twice. All washing steps, before or after 
infection, were performed using warm α-MEM.

In all three models described, the same S. aureus infection protocol was 
applied. An overnight bacterial culture was diluted in α-MEM to reach a final 
inoculum concentration of 1 x 107 CFU/mL and opsonized in 5% human pooled 
serum (HPS) for 15 min at 37°C. Opsonized S. aureus was added to the culture 
at a multiplicity of infection (MOI) = 1, meaning 1 bacterium per eukaryotic cell. To 
synchronize bacterial uptake, plates were centrifuged for 5 min, 110 x g at RT, and 
then moved to the incubator at 37°C, 5% CO2 for additional 25 min or 24 h. To study 
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intracellular bacterial survival, after 30 min the cells were washed twice and cultured 
in media supplemented with 100 µg/mL gentamicin and 20 µg/mL lysostaphin for 
1 h. Afterwards, cells were washed twice and incubated in media with only 5 µg/
mL gentamicin. This treatment allows only intracellular bacteria to survive, as both 
gentamicin and lysostaphin are unable to penetrate mammalian cell membranes 
within short time periods (40,41).

Samples were analyzed by flow cytometry and CFU counting at 30 min and 
24 h after infection. Cells for flow cytometry were detached from the culture plate 
using 1mM DPBS/EDTA in combination with gentle scraping. When macrophages 
were cultured together with MSCs, samples were first trypsinzed and then scraped 
in DPBS/EDTA if cells were still attached to the bottom of the culture plate. Cells 
were moved to a 96-well plate and fixed in paraformaldehyde 4% before analysis. 
Samples were measured with MACSquant VYB (Miltenyi Biotech) flow cytometer 
and data analyzed with FlowJo. Gating strategy is summarized in Supplementary 
Figure 2. Briefly, a total of 10,000 events were collected for each sample gated on 
the macrophage population based on forward scatter (FSC) and side scatter (SSC) 
parameters. When cultured with fluorescently labelled MSCs, the macrophage 
population was further selected based on the signal of CellTrace Violet. Non-infected 
samples were used to set GFP fluorescence baseline and define the proportion of 
infected, GFP-positive cells.

To quantify the numbers of intracellular bacteria, cells were lysed with Triton X 
0,1% and then plated on Todd-Hewitt agar plates in serial dilutions. Plates were 
incubated overnight at 37 °C after which colonies were counted.

Confocal images
According to the “peptides during infection” model, after 30 min infection cells were 

harvested and fixed as described for flow cytometry analysis. Cells membranes were 
stained with 3 µg/mL Alexa Fluor 647-labelled Wheat Germ Agglutinin (WGA) for 10 
min at RT, on a shaking plate. Then, samples were transferred to CELLview slide 
previously coated with poly-L-lysine, and imaged on a Leica TCS SP5 microscope 
with a HCX PL AP CS 63x/1.40-0.60 OIL objective (Leica Microsystems). For each 
condition, the number of intracellular bacteria was counted in 50 randomly chosen 
cells. Images were adjusted for publication using Image J Fiji.

Quantification and statistical analysis
GraphPad Prism 9 was used to create the graphs and determine statistical 

significance via one-way ANOVA.
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Results

Only CATH-2 had direct antibacterial properties
To evaluate the antibacterial properties of each peptide, we continuously 

monitored growth of S. aureus in the presence of different peptide concentrations 
over a period of 12 h. Figure 1A shows that only CATH-2 had direct antibacterial 
properties. Interestingly, CATH-2 arrested S. aureus growth at concentrations 
10-times lower than those needed to inhibit macrophage LPS-mediated activation. 
Both IDR-1018 and LL-37 did not show antibacterial effects at any concentration 
tested (Figures 1B and 1C). However, IDR-1018 was able to delay the start of S. 
aureus exponential growth only at concentrations starting at 65 µM.

IDR-1018, CATH-2, and LL-37 inhibited macrophage LPS-mediated activation
To evaluate the potential anti-inflammatory action of each peptide, we measured 

the release of TNF-α and IL-10 after LPS stimulation of primary human macrophages. 
First, we tested a non-toxic concentration range of each peptide with LPS stimulated 
cells. All three peptides efficiently decreased TNF-α and IL-10 release in a dose-
dependent manner (Supplementary Figure 3A-F). Subsequently, the optimal 
concentration of each peptide was tested for both LPS stimulated and non-stimulated 
cells. As shown in Figure 2, all three peptides inhibited the LPS-induced release of 
IL-10 (Figure 2A) and TNF-α (Figure 2B) significantly.

At the same time, peptides alone did not trigger a pro-inflammatory response 
(Figures 2C and 2D). Also, none of these conditions affected the viability of the 
macrophages as determined by LDH release (Supplementary Figure 3G). This 
anti-inflammatory effect of the peptides did not correlate with a clear polarization 
of macrophages towards a M1 or M2 phenotype, defined by CD80 and CD163 
expression, respectively (Supplementary Figure S4).

To further characterize the potential anti-inflammatory profile of each peptide, 
expression levels of several cytokines, chemokines, and growth factors were 
measured after 24 h stimulation with LPS. Overall, it was found that all three peptides 

Figure 1. Only CATH-2 had direct antibacterial properties. S. aureus growth was monitored 
by measuring OD (600 nm) continuously during 12 h. Bacteria were incubated with a 
concentration range (given in µM) of peptides of CATH-2 (A), IDR-1018 (B), and LL-37 (C). 
(n=3). Data were plotted with mean only.



67

Antibacterial and anti-inflammatory properties of host defense peptides

altered LPS-induced expression of several other factors, besides TNF-α and IL-10 
(Figure 2E). Moreover, all the peptides limited the over-activation and recruitment 
of immune cells to the inflammation site by reducing the expression of macrophage 
inflammatory protein 1β (MIP-1β), RANTES, and monocyte chemoattractant proteins 
(MCP-1,2,3).

Figure 2. All peptides inhibited macrophage LPS-mediated activation. Macrophages were 
incubated for 24 h with LPS and peptides (A, B), or peptides alone (C, D) and TNF-α and 
IL-10 levels were quantified by ELISA. (n=9, from a total of 3 independent experiments). 
(E) Qualitative expression of several other cytokines was determined by cytokine array kit 
after 24 h stimulation with LPS and peptides. Fluorescence values are expressed as arbitrary 
units (AU). (n=2). Data were represented as +/- SD. One-way ANOVA was used to determine 
statistical significance. ****p<0,0001, ***p=0,0002.
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Use of different infection models to study HDPs contribution to bacteria 
phagocytosis

Once the anti-inflammatory and direct antibacterial profile for each peptide was 
defined, we aimed to explore HDPs ability to influence macrophage antibacterial 
functions via different infection models focusing on bacteria surviving intracellularly. 
Based on the anti-inflammatory effect of each peptide (Figure 2), macrophages 
were stimulated with 65 µM IDR-1018, 10 µM CATH-2, or 10 µM LL-37 before 
infecting them. In all infection models, the same time points after infection were 
selected: 30 min to determine S. aureus uptake by immune cells and 24 h to evaluate 
macrophage bactericidal activity against intracellular bacteria.

Figure 3. When used during infection, IDR-1018 reduced the number of bacteria phagocytosed 
by macrophages. Macrophages were first stimulated with the peptides and then infected with 
S. aureus as outlined in the “peptides during infection” model (A) (Created with BioRender.
com) where @ represents 2 washing steps. Results from the 30 min time point are shown. 
The percentage of macrophages that had taken up at least 1 bacterium is depicted as the 
fraction of infected cells (B). The bacterial load is represented as the geometric mean of the 
GFP signal (C). (n=9, from a total of 3 independent experiments). Data were represented as 
+/- SD. One-way ANOVA was used to determine statistical significance. **p<0,01, *p<0,02.
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Figure 4. Confocal images confirmed the flow cytometry observations. Macrophages were 
incubated without peptide (A), with IDR-1018 (B), CATH-2 (C), or LL-37 (D). After 30 min 
infection with S. aureus (green dots), cells were collected, and their membranes stained 
with Alexa Fluor 647-labelled WGA (in red) for confocal imaging. The number of intracellular 
bacteria in each macrophage was manually counted from 50 randomly chosen cells (E). Data 
were represented with violin plots, lines at mean.

As a first approach, macrophages were treated for 24 h with peptides and 
subsequently infected by S. aureus while peptides were kept in the culture media, 
hence named “peptides during infection” model (Figure 3A). Given the proportion 
of macrophages that phagocytosed at least 1 bacterial cell, IDR-1018 was the only 
peptide that significantly reduced the number of infected cells after 30 min (Figure 
3B). In addition, according to the geometric mean of GFP signal intensity that verifies 
the number of intracellular bacteria, only IDR-1018 was able to markedly decrease 
phagocytosis, while CATH-2 slightly reduced the bacterial load in macrophages 
(Figure 3C). After 24 h, a similar trend was observed with IDR-1018 as the only 
peptide that reduced the amount of phagocytosed S. aureus (Supplementary 
Figure 5).

Confocal microscopy imaging also confirmed the flow cytometry results. 
Particularly, manual counting of intracellular bacteria after 30 min infection showed 
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that IDR-1018 and CATH-2 reduced the bacterial uptake by macrophages, while LL-
37 did not provide such effect (Figure 4).

Pena and colleagues observed that monocyte differentiation to macrophage in 
the presence of host defense peptides influenced the mature cell functions (34). 
Here, this aspect was evaluated in the “peptides during differentiation” model 
(Figure 5A), and the differentiated macrophages were subsequently infected with S. 
aureus. According to Figures 5B and 5C, IDR-1018 significantly reduced both the 
proportion of infected macrophages and the number of internalized bacteria after 30 
min infection. In contrast with the previous “peptides during infection” model, CATH-

Figure 5. When the peptides were introduced during monocyte differentiation to macrophages, 
IDR-1018 reduced the number of bacteria phagocytosed by macrophages. Before infection, 
macrophages were differentiated in the presence of each peptide as outlined in the “peptides 
during differentiation” infection model (A) (Created with BioRender.com) where @ represents 
2 washing steps. Results from the 30 min time point showed the fraction of infected cells (B) 
and geometric mean of GFP signal (C). (n=6, from a total of 2 independent experiments). Data 
were represented as +/- SD. One-way ANOVA was used to determine statistical significance. 
*p<0,03, ****p<0,0001.
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2 lost its contribution to phagocytosis when it was introduced during the monocyte 
differentiation.

In addition to MSCs endogenous production of HDPs (i.e., LL-37), there are 
multiple examples of MSCs immunomodulatory and antibacterial properties (42–44). 
Therefore, a combination of different immunomodulatory stimuli was simulated in 
the “peptides with MSCs” model (Figure 6A), where macrophages were incubated 
together with MSCs and peptides before infection with S. aureus. However, in this 
scenario, the contribution of the peptides to macrophage phagocytosis was almost 
nullified, as reported in Figures 6B and 6C.

Figure 6. When used in combination with MSCs, none of the peptides influence macrophages 
phagocytosis. Macrophages were incubated with MSCs and peptides before infection, as 
schematized in the “peptides with MSCs” infection model (A) (Created with BioRender.com) 
where @ represents 2 washing steps. Results from the 30 min time point showed the fraction 
of infected cells (B) and geometric mean of GFP signal (C). (n=2). Data were represented as 
+/- SD.
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Use of different infection models to study HDPs contribution to intracellular 
bacteria killing

Furthermore, macrophage bactericidal activity after stimulation with the peptides 
was investigated. In fact, cells were lysed to quantify the number of viable intracellular 
bacteria after 30 min and 24 h. To be able to study the intracellular killing capacity of 
macrophages, all extracellular bacteria and peptides were removed by wash steps 
and treatment with gentamicin and lysostaphin after 30 min.

Regardless of the infection model used, non-stimulated macrophages showed 
intrinsic ability to kill bacteria surviving intracellularly (Figure 7). In the “peptides 
during infection” model, CATH-2 significantly reduced the numbers of S. aureus 
surviving intracellularly only after 30 min, while the reduction in CFU after 24 h was 
not statistically significant. However, no effects were observed for IDR-1018 and LL-
37 (Figure 7A).

No change in macrophage killing properties was observed for all the peptides in 
both “peptides during differentiation” (Figure 7B) and “peptides with MSCs” (Figure 
7C) infection models. On the contrary, in both models macrophage stimulation 
with peptides showed an increased amount of S. aureus surviving intracellularly  
compared to controls after 24 h.

Figure 7. Regardless of the infection models used, none of the peptides reduced the number 
of bacteria surviving intracellularly. Macrophages were stimulated with peptides and infected 
according to the previously described models. After 30 min and 24 h, cells were lysed and 
bacteria enumerated by CFU counting for each infection model. Representative data from 
peptides during infection (A) (n=9, from a total of 3 independent experiments), peptides 
during differentiation (B) (n=6, from a total of 2 independent experiments), and peptides with 
MSCs (C) (n=2). Data were plotted with mean only. One-way ANOVA was used to determine 
statistical significance. ****p<0,0001.
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Discussion

HDPs received attention as a promising alternative to antibiotics against bacterial 
infection thanks to their dual functionalities in controlling infection while modulating 
immune cells functions. It is foreseen that these peptides could be potentially 
implemented into orthopedic implants coatings to prevent implant-associated 
infections (IAI). So far, several HDPs with immunomodulatory and antibacterial 
properties have been described in the literature. However, lack of standardized 
methods to study their functionalities impedes the use of peptides for the next 
translational steps. Here, we aimed to directly compare the immunomodulatory and 
antibacterial functions of IDR-1018, CATH-2, and LL-37 through the same in vitro 
conditions.

Direct antibacterial effect
Although the mechanisms of antibacterial properties for several HDPs have been 

described (19,45–48), little is known on peptides interactions with Gram-positive 
bacteria, particularly with S. aureus. Schneider et al., showed that CATH-2 bound 
S. aureus membrane through ionic interactions, causing membrane ruffling and 
intracellular morphological changes (49). Similar cell shrinking and membrane 
permeabilization effects, but against a different Gram-positive bacterium, have been 
described for LL-37 (50). On the other hand, the molecular mechanisms leading to 
the immunomodulatory effects of HDPs are more complex and not properly verified 
yet (19,51,52).

In this study, only CATH-2 showed direct killing effect against S. aureus (Figure 1). 
According to different studies that provided examples of both IDR-1018 (27,47) and 
LL-37 (53,54) bactericidal action, yet the culture conditions highly influenced HDPs 
direct antibacterial activity (19,20,37). It should be noted that in all these studies, the 
peptides minimum inhibitory concentration (MIC) was reported differently. This clearly 
stemmed from the variation in the experimental setup and bacterial strain tested. In 
addition, Durr et al. showed that bacterial killing and immune cells cytotoxicity of LL-
37 were rendered at the same concentrations which undermined its broad-spectrum 
antimicrobial properties (53).

Anti-inflammatory effect
All the peptides showed a similar inhibitory action against LPS-mediated 

activation of macrophages, although higher concentrations of IDR-1018 were 
required as compared to CATH-2 and LL-37 (Figures 2A and 2B). In addition to 
TNF-α and IL-10, the peptides affected the expression of several other cytokines 
involved into immune cells activation and recruitment at the inflammation site 
(Figure 2E). To illustrate, expression of several pro-inflammatory cytokines, such 
as MIP-1β, RANTES, and MCP-1,2,3 was reduced, confirming a stronger inhibition 
of LPS activation of macrophages by LL-37 (46). Furthermore, IL-3 expression, a 
basophil growth factor also involved in infection-induced response of immune cells 
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(55), was up-regulated by all peptides stimulation. In conclusion, this suggests that 
the selected peptides from one side dampen excessive inflammatory stimuli, while 
in parallel provide immune cells tools to resolve inflammation. A similar concept was 
pointed out by Pena et al. where IDR-1018 stimulation did not correlate to polarization 
of macrophages towards a clear M1 or M2 phenotype (34). Similarly, we observed 
that also CATH-2 and LL-37 kept macrophages into an intermediate state, between 
a pro- and anti-inflammatory phenotype (Supplementary Figure 4).

Indirect antibacterial effect
S. aureus finds protection against most antibiotics and host defenses by hiding 

inside the host cells. At the same time, infected cells circulating in the bloodstream 
are used as a “Trojan horse” by the pathogens to spread throughout the body (56). 
Direct targeting of intracellular bacteria still remains a challenge (57,58), therefore 
we used HDPs to improve macrophage intrinsic ability to kill intracellular bacteria.

When immune cells were stimulated with the peptides right before and during 
infection, only IDR-1018 reduced the proportion of cells that phagocytosed bacteria 
(Figure 3B and 3C). Nevertheless, this did not correlate to a lower number of 
pathogens surviving within macrophages after 24 h (Figure 7A). Furthermore, 
CATH-2 only decreased the amount of intracellular S. aureus after 30 min, but not 
significantly after 24 h. Additionally, since bacteria and peptides were incubated 
together, it is more likely that decrease in the intracellular bacteria was caused by the 
direct killing effect of CATH-2 (Figure 1A). This could also explain the flow cytometry 
results (Figure 3C) which showed a decrease in the number of bacteria taken up 
by macrophages. Besides, the bactericidal capacity of CATH-2-stimulated immune 
cells was comparable to the non-stimulated group after 24 h (Figure 7A), which 
reflected no changes in the macrophages killing functions.

In line with the trained immunity theory introduced by Netea and colleagues (59), 
we studied the effect of peptides during monocyte differentiation. In this context, 
IDR-1018 immunomodulatory function was preserved by mature macrophages, 
which led to a reduced proportion of infected cells (Figures 5B and 5C). However, 
even in this case, IDR-1018 had no impact on immune cells killing efficiency (Figure 
7B). Similarly, monocytes differentiation in presence of CATH-2 and LL-37 had no 
impact on mature cells functions, neither on phagocytosis or intracellular killing.

In our multicellular in vitro model, consisting of macrophages cultured together 
with MSCs, we could not observe any indirect antibacterial effect derived from 
peptides stimulation. No difference among groups was observed both in terms of 
proportion of infected cells (Figures 6B and 6C) and S. aureus intracellular survival 
(Figure 7C). Despite the multiple advantages described by direct or indirect culture 
of macrophages and MSCs (42–44,60), one might speculate that MSCs interferes 
with peptides immunomodulatory effects, yet further studies are needed to validate 
this hypothesis.

As we aim to find valuable therapeutic agents in human treatment, we selected 
primary immune cells as benchmark for our experiments. Therefore, we could 
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not verify previous studies that showed LL-37 promoting clearance of intracellular 
S. aureus in a macrophage human cell line (32) and bacterial phagocytosis in a 
macrophage murine cell line (30). This discrepancy might be ascribed either to the 
cell-type specificity of peptides, or differences in behavior between primary cells and 
cell lines from different species (61–64). On the other hand, bactericidal properties of 
CATH-2 on the human macrophages, to our knowledge, has not been explored yet.

Together with macrophages, neutrophils play a central role into the first response 
against invading pathogens. However, neutrophils were not used in this study 
as their shorter life span make them a less favorable candidate for S. aureus 
intracellular survival compared to macrophages (56,65). Nonetheless, it has been 
shown that both IDR-1018 and LL-37 improved neutrophils antibacterial functions. 
For instance, while IDR-1018 enhanced killing of intracellular E. coli (33), LL-37 
improved neutrophils ROS production and S. aureus uptake (66). However, they 
have not studied a correlation between the higher ROS produced and intracellular 
killing.

Future outlook
Use of HDPs as one of the most promising alternatives to the antibiotics has 

been receiving many attentions recently thanks to their influence on both host and 
bacterial cells, as well as lower risk in developing bacterial resistance (67–69). 
Here, the anti-inflammatory and antibacterial properties of three HDPs were studied 
and reported, however their efficacy could be potentially improved. Particularly, 
they could be used in combinatorial or synergistic strategies with each other or 
other conventional antibacterial agents. For instance, combination of HDPs with 
antibiotics (70,71), other HDPs (72), or other immune cell components (73) already 
showed improved antibacterial efficiency compared to when the components were 
used alone. Alternatively, modification to HDPs sequence also showed improved 
immunomodulatory and antibacterial effects (74–77). On the other hand, loading 
HDPs into antibacterial coatings should be considered as new local drug delivery 
strategy to prevent IAI (16,78).

Conclusion

In this work the immunomodulatory and antibacterial properties of IDR-1018, 
CATH-2, and LL-37 peptides were studied on the same in vitro conditions. Although 
the strong anti-inflammatory properties of all peptides were verified, they did not 
improve macrophages antibacterial functions. In fact, only CATH-2 showed promising 
direct antibacterial properties against S. aureus. Furthermore, it was shown that 
IDR-1018 influenced macrophages phagocytosis ability by reducing the number of 
engulfed bacteria. However, none of the tested peptides enhanced macrophage’s 
ability to kill intracellular S. aureus.
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Limitations of the study
One may argue that the inhibition of LPS-mediated activation of macrophages 

was not caused by peptides direct interaction with the immune cells. It was shown 
via a mechanism named “silent killing” that CATH-2 and LL-37 bind LPS to inhibit 
macrophages receptors activation (79). On the contrary, IDR-1018 did not showed 
significant binding affinity to LPS (47).

As peptides decrease LPS-induced cytokines production in a dose-dependent 
manner, one should investigate the antibacterial properties of macrophages similarly. 
Any changes in the infection models, such as MOI, time points, presence of peptides 
during infection, etc., may alter the outcomes as well. At the same time, use of 
different monocytes isolation techniques and differentiating factors may influence 
phenotype and functions of mature macrophages (39,80).
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Supplementary Figure 1. Flow cytometry gating strategy to assess monocytes isolation 
quality. Same gating strategy was applied for monocytes (upper row) and macrophages (lower 
row). (A) Selection of total cells population (total) in the linear FSC and SSC. (B) Selection of 
sytox negative cells within the total population. (C) Distribution of sytox negative population 
(blue) within total cells population (red) recorded by the flow cytometer. (D) Cells within the 
sytox negative gate were further divided based on their combined expression of CD14 and 
CD3/CD19/CD15.

Supplementary Figure 2. Flow cytometry phagocytosis gating strategy. (A) Selection of 
macrophage population (live gate) in the linear FSC and SSC. (B) When cultured with MSCs, 
the macrophage population was further selected based on the signal of CellTrace Violet. (C) 
Histogram setting GFP fluorescence baseline for non-infected cells. (D) Proportion of non-
infected (left peak) and infected (right peak) cells.

Supplementary Figures



84

Chapter 3

Supplementary Figure 3. Identification of optimal peptide concentration needed to inhibit 
macrophages LPS-mediated activation. All peptides tested decreased LPS-induced production 
of TNF-α (A-C) and IL-10 (D-F) in a dose-dependent manner. (n=3). Any of the selected 
concentrations of each peptide, in presence or absence of LPS, affected macrophages 
viability as determined by the levels of LDH released in the culture media (G). (n=9, from a 
total of 3 independent experiments). Error bars represent SD.
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Supplementary Figure 5. IDR-1018 reduced the number of bacteria phagocytosed by 
macrophages after 24h. Proportion of infected cells (A) and geometric mean (B) after 24 h 
infection following the “peptides during infection” model protocol. *p<0,03. (n=9). Error bars 
represent SD.

Supplementary Figure 4. Anti-inflammatory effect of peptides did not correlate to 
macrophage phenotype polarization. Macrophages were stimulated 24 h with LPS, IL-4, and 
selected concentrations of each peptide alone (A, B) or in combination with LPS (C, D). Then, 
macrophage marker expression was measured by flow cytometry to determine macrophage 
polarization towards a M1 (CD80) or M2 (CD163) phenotype. (n=3). Error bars represent SD.
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Abstract

Staphylococcus aureus is known for its resistance against antibiotic treatment 
and its host immune evasion strategies. A valid therapeutic alternative aims to 
enhance the effectiveness of our phagocytes against S. aureus via pathogen-specific 
monoclonal antibodies. Before screening different antibodies for their efficacy, we 
set out to characterize the relative role of different professional phagocytes in the 
elimination of S. aureus. Neutrophils are short-lived cells with high microbicidal 
activity, while macrophages have a longer life span but slower antibacterial 
mechanisms. Classically, neutrophils functions are studied in suspension assays, 
while macrophages are adherent cells. These differences hinder a fair comparison 
on the functions of these two phagocytes in vitro. We showed that neutrophils can be 
studied as adherent cells and vice versa macrophages in suspension conditions. This 
did not affect their expression of Fcγ and complement receptors, and consequently 
their capacity to recognize and engulf bacteria. In suspension, phagocytosis by 
neutrophils and macrophages was exclusively dependent on bacterial opsonization 
with serum factors. Moreover, neutrophils engulfed and killed more bacteria than 
macrophages. On the other hand, opsonin-independent uptake of S. aureus was 
observed by both phagocytes when studied in adhering conditions. The differences 
in bacterial uptake between neutrophils and macrophages were less evident, 
and no activation of their microbicidal activity was detected within the time frame 
examined. In conclusion, we showed that the antibacterial functions of neutrophils 
and macrophages changed according to the in vitro setup adopted. This should be 
considered when screening for the efficacy of antibodies against S. aureus.
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Introduction

The first description of macrophages’ and neutrophils’ antibacterial properties 
dates back to 1883 when Elie Metchnikoff observed the phagocytosis ability of 
these two cell types (1,2). Over the years, the contribution of these two types of 
immune cells in the fight against bacterial infections has been more appreciated. 
After pathogens invade into the body, neutrophils and macrophages are rapidly 
recruited to control the infection by removing the bulk of invading bacteria. Besides, 
these phagocytes secrete cytokines and chemokines to mobilize more immune cells 
(3). A cooperative interaction between neutrophils and macrophages is essential 
in clearing both intracellular and extracellular pathogens (3,4). It has been often 
stated that absence of one or the other cell type would negatively impact infection 
resolution (5–7).

Neutrophils are the most abundant leukocytes present in the bloodstream, with 
around 1011 new cells produced daily from the bone marrow (8), while monocytes/
macrophages represent around the 10% of circulating immune cells (9). This 
imbalance in numbers is compensated by their different life span. While neutrophils 
survive in the bloodstream from few hours up to 5 days, although the exact range 
is still under debate (10), macrophages live from a few days to even years, i.e. 
tissue resident macrophages, depending on their location (11). Neutrophils have a 
higher microbicidal activity via rapid generation of reactive oxygen species (ROS) 
and release of granule-derived mediators, like proteases and antimicrobial peptides, 
eventually leading to the death of the cell itself with the formation of neutrophils 
extracellular traps (NETs) (12). On the other hand, macrophages have a slower 
bactericidal activity, and their killing mechanisms mostly rely on the acidification 
of the phagolysosome, following activation of several proteases, enzymes, and 
production of reactive nitrogen species (RNS) (9).

Despite the numerous antibacterial strategies employed by the human immune 
system, Staphylococcus aureus is known for its ability to survive antibiotic treatment. 
In addition, this pathogen can escape from immune cells recognition and killing, often 
by hiding within the host cells (13–19). Therefore, S. aureus causes severe infections 
to the skin, soft tissues, and biomaterials, particularly after orthopedic surgery using 
implants (15,20). This necessitates finding alternative treatments to fight against S. 
aureus infections. Using and/or enhancing the effectiveness of our innate immune 
system, especially our phagocytes is an attractive option that was coined over a 
century ago. George Bernard Shaw in The Doctor’s Dilemma stated that “There 
is at bottom only one genuinely scientific treatment for all diseases, and that is to 
stimulate the phagocytes, drugs are a delusion” (21). The proposed treatment option 
is to enhance opsonization. Now, after numerous successes in cancer treatment in 
the last decades, we can manipulate opsonization by using therapeutic monoclonal 
antibodies to directly and indirectly (via complement activation) enhance phagocytosis 
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(22–24). Furthermore, pathogen-specific vaccines represent a promising solution to 
reduce the risk of resistance development while boosting our own immune system 
resources.

Despite a significant progress in the development of monoclonal antibodies 
(mAbs) and a wide variety of antigens to stimulate specific cellular immunity against 
S. aureus, yet none of these treatments have been successfully translated into 
clinical practice (25). The efficacy of both mAbs administration and antibody induction 
through vaccination relies upon the functional properties of the introduced antibodies. 
One critical obstacle in the advancement of an effective therapeutic compound could 
be the lack of adequate or accurate preclinical models recapitulating the human 
immune system. For instance, majority of in vivo experiments use mice in their 
infection models which fall short due to differences between the human and murine 
immune system and its response against S. aureus infection. As a consequence, 
vaccine’s efficacy or side effects might be overlooked (25–27). Not surprisingly, in 
vitro assay conditions could change immune cells phagocytosis dynamics (28), or use 
of cell lines instead of primary cells might change antibody effects when the research 
shifts towards in vivo studies (29,30). But, before we can screen different antibodies 
for their efficacy, we should characterize the relative role of innate immune cells in 
the elimination of S. aureus. To do so, we compared under the same conditions 
in vitro the response of primary human neutrophils and macrophages towards S. 
aureus. The results might shed light towards the role of these phagocytes in the fight 
against S. aureus, and therefore advise future strategies towards the development 
of a vaccine therapy.

Materials and Methods
Isolation of monocyte-derived macrophages

Blood from healthy human donors was supplied by the Dutch blood bank 
(Sanquin, Amsterdam, The Netherlands). Peripheral blood mononuclear cells 
(PBMCs) were isolated from buffy coats using Ficoll-Paque (Cytiva, 17544203) 
density centrifugation. Monocytes were positively selected by magnetic-activated 
cell sorting (MACS) with anti-CD14 labelled microbeads (Miltenyi Biotec, 130050201) 
according to manufacturer instructions.

Isolated monocytes were seeded in a 24-well plate at a density of 3 x 105 cells/
well when performing the assays in adhesion, or in a 6 cm cell culture-treated petri 
dish at a density of 5 x 105 cells/well when performing the assays in suspension. 
Monocytes were differentiated to macrophages by culture for 7 days at 37°C, 5% 
CO2 in RPMI (Gibco, 52400) supplemented with 10% hyclone fetal bovine serum 
(FBS, Biowest, HYCLSV30160), 100 U/mL penicillin and 100 µg/mL streptomycin 
(1% p/s, Gibco), and 40 ng/mL human recombinant M-CSF (Peprotech, 300-25). 
Culture media was refreshed after 3-4 days.

Viability of the isolated cells was determined by sytox orange dead cell stain for 
flow cytometry (ThermoFisher, S34861), before and after differentiation. Purity of 
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the isolated monocytes was checked by staining for CD14-APC (BD, 555399) and 
contamination by T-cells (CD3-FITC, BioLegend, 300440), B-cells (CD19-FITC, BD, 
555412), or granulocytes (CD15-FITC, BD, 332778). Cells staining was performed 
as described in section “Immune cells receptor expression”, having all fluorochrome-
conjugated antibodies diluted 1:30 in phosphate-buffered saline buffer (PBS) with 
0,1% bovine serum albumin (BSA) and 1% heat-inactivated human serum.

Isolation of human neutrophils
Neutrophils isolation was performed as previously described by Surewaard et al. 

(31). Briefly, blood from healthy human donors was collected by venipuncture and 
collected in sodium heparin tubes after informed consent. Approval from the Medical 
Ethics Committee of the University Medical Center Utrecht was obtained (METC 
protocol 07-125/C approved on March 1, 2010). Neutrophils were isolated from 
whole blood using a dual Ficoll/Histopaque (Sigma, 11191) density centrifugation and 
residual erythrocytes were lysed by hyper osmotic shock with cold deionized water. 
Isolated neutrophils were kept in suspension in RPMI supplemented with 0,05% 
human serum albumin (©, Sanquin) when performing the assays in suspension. On 
the other hand, when performing the assays in adhesion, neutrophils were seeded in 
a 24-well plate at a density of 3 x 105 cells/well in RPMI with 10% FBS and let adhere 
to the plastic bottom for >1 h before performing the experiment.

Viability and purity of the isolated neutrophils was verified as previously described 
for monocytes.

Bacterial culture
All experiments used GFP-labelled Staphylococcus aureus strain Newman, 

transformed with a GFP-expressing plasmid pCM29 to constitutively express GFP, 
as previously described (32). Bacteria were grown overnight in Todd-Hewitt broth 
(THB) with 10 µg/mL chloramphenicol to reach stationary phase.

Phagocytosis assays in adhesion and suspension
Neutrophils and macrophages phagocytosis ability was assessed with cells in 

suspension or adhering to the culture plate, as schematized in Figures 3A and 3C. 
Cells were incubated with RPMI + 0,05% HSA for assays in suspension or RPMI + 
10% FBS for assays in adhesion. Every experiment was performed with immune 
cells isolated from different donors.

In both conditions, 500 µL of overnight bacterial culture was centrifuged for 2 min, 
17000 x g at RT, and resuspended in RPMI + 0,05% HSA (assay in suspension) or 
RPMI (assay in adhesion) to reach a final inoculum concentration of 1 x 107 colony 
forming units (CFU)/mL. Then bacteria were opsonized for 15 min at 37°C with a 
range of concentrations of normal human serum (NHS), immunoglobulins of class G- 
and M- (IgG-/IgM-) depleted NHS (ΔNHS), and heat-inactivated ΔNHS (HI ΔNHS). 
The IgG/IgM components were removed from NHS as previously described by our 
group (33), while HI ΔNHS was prepared by heating serum for 30 min at 56°C. 
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Subsequently, bacteria were combined with cells at a cell-to-bacterium ratio of 1-10, 
meaning 10 bacteria per phagocyte. When measuring phagocytosis in suspension, 
plates were incubated on a shaking plateau at 37°C until the end of the experiment. 
Differently, to synchronize bacterial uptake with adhering cells, the plates were 
centrifuged for 5 min, 110 x g at RT, and then moved to the incubator at 37°C, 5% 
CO2 for the remaining time of the assay.

To analyze samples by flow cytometry, phagocytosis in suspension was stopped 
by adding ice-cold 1,5% paraformaldehyde to the wells without washing steps. 
Then, plates were kept at 4°C for about 15 min before analysis. On the other hand, 
adhering cells were detached from the culture plate using ice-cold 10 mM DPBS/
EDTA in combination with gentle scraping. Then, samples were moved to a 96-well 
plate and fixed in 1,5% paraformaldehyde before analysis.

Samples were measured with MACSquant VYB (Miltenyi Biotech) flow cytometer 
and data analyzed with FlowJo (v.10.1., FlowJo LLC). Gating strategy is summarized 
in Supplementary figure 1. Briefly, a total of 10000 events were collected for each 
sample gated on the total cells population based on forward scatter (FSC) and side 
scatter (SSC) parameters. Non-infected samples were used to set GFP fluorescence 
baseline and define the proportion of GFP-positive (GFP+) cells, meaning cells that 
took up at least 1 bacterium. The same FSC, SSC, and GFP settings were used to 
measure phagocytosis by both neutrophils and macrophages. Finally, to allow a fair 
comparison between neutrophils and macrophages’ phagocytic ability, the values 
derived from the geometric mean of the GFP signal were normalized according to 
the formula adapted from (34,35):

where X represents the values recorded for each condition in presence of S. aureus 
and X0 represents the background value of cells without bacteria.

Phagocytosis by microscopy
To study neutrophils and macrophages phagocytosis by microscopy, the assays 

in suspension and adhesion were performed as previously described with few 
variations. Instead of using a range of different sera concentrations, S. aureus 
was opsonized only with 5% NHS. At the end of the assay, samples were not fixed 
in paraformaldehyde but re-suspended in PBS with 1% HSA and immediately 
centrifuged into glass slides using a cytospin-3 (Shandon), air dried and subsequently 
stained with the rapid Diff-Quick (Dade Behring) procedure. Pictures were taken with 
a Sony Nex-5 camera mounted without lens on an Olympus BX50 microscope.

Quantification of non-phagocytosed bacteria
The assay was performed as described for the phagocytosis in suspension, but the 

reaction was stopped by addition of 0,3 µg/mL LDS-751 nuclear stain (Thermofisher, 
L7595) diluted in 1,5% paraformaldehyde. Then, plates were kept at 4°C for about 
15 min before analysis, as previously described. 
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Samples were measured with MACSquant VYB flow cytometer and data analyzed 
with FlowJo. Gating strategy is summarized in Supplementary figure 2. Briefly, 30 
µL from each sample were collected for analysis and visualized in a logarithmic scale 
of the FSC and SSC parameters to display both bacteria and phagocytes populations. 
As previously described (32), phagocytes were distinguished from bacteria based on 
the LDS-751 fluorescence (Supplementary figure 2B). A separate gate was based 
on the GFP signal of S. aureus without phagocytes (Supplementary figure 2C). 
Only events within the LDS+ or GFP+ gates were displayed based on SSC and GFP 
parameters. Then, the number of events were counted in each quadrant: phagocytes 
without intracellular bacteria (Q1, LDS+/GFP-); phagocytes with intracellular bacteria 
(Q2, LDS+/GFP+); non-phagocytosed bacteria (Q3, LDS-/GFP+). The fraction of 
cells without intracellular bacteria was calculated dividing the events counted in Q1 
by the total number of cells (Q1+Q2). The fraction of non-phagocytosed bacteria 
was calculated dividing the events counted in Q3 by those counted in Q3 at 0% NHS 
(total number of bacteria introduced in the assay).

Phagocytes receptor expression
Cells kept in suspension or in adhesion could differ in their basal Fcγ and 

complement (CR) receptors expression and thereby influence their phagocytic 
capacity. Therefore, cells were analyzed for their surface expression of FcγRI with 
CD64-FITC (BD, 555527), FcγRII with CD32-APC (BD, 559769), FcγRIIIb with CD16-
FITC (BioLegend, 360716), CR1 with CD35-PE (BD, 559872), CR2 with CD21-FITC 
(Abcam, ab65809), CR3 with CD11b-APC (BD, 550019), CR4 with CD11c-PE/Cy7 
(BioLegend, 337215), and CD14-APC as control antigen.

All washing steps were performed with cold 0,1% BSA/PBS and centrifugation 
at 5 min, 500 x g. The staining solutions were prepared by diluting 1:30 the above-
mentioned fluorochrome-conjugated antibodies in PBS with 0,1% BSA and 1% heat-
inactivated human serum. As a negative control, staining solution without antibodies 
was used. Cells were incubated with staining solutions for 30 min on ice, in the 
dark. Markers expression was measured via flow cytometer (FACSVerse, BD) and 
data analyzed using FlowJo. To fairly compare receptors expression in neutrophils 
and macrophages, the values derived from the geometric mean of the fluorescent 
signal for each antibody were normalized according to the formula described in the 
phagocytosis assays.

Killing assay in suspension and adhesion
To study the ability of neutrophils and macrophages to kill intracellular S. aureus, 

the assays were performed similarly to the phagocytosis experiments in suspension 
and adhesion, with few variations. In suspension, samples were added into 2 mL 
non-siliconized tubes (Sigma) instead of a 96-well plate, while in adhesion the 
experiments were performed in a 24-well plate. S. aureus was opsonized with 5% 
NHS and combined with cells at a cell-to-bacterium ratio of 1-1. Samples were 
incubated on a shaking plateau at 37°C, 5% CO2 for 15 min and 1 h for the suspension 
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assay, or 1 and 2 h for the adhesion assay. At each time point, the cell membranes of 
the phagocytes were lysed by addition of ice-cold 0,3% saponin (Sigma, 47036) in 
deionized water. Samples were lysed for 5-10 min in ice, serially diluted in PBS and 
plated in duplicates. The next day, the number of colonies was counted.

When measuring bacterial killing in suspension, saponin was directly added to 
the samples without any washing step. Therefore, both extracellular and engulfed 
bacteria were counted. Although with this low cell to bacteria ratio, very few bacteria 
remain on the outside. On the contrary, when killing was measured with phagocytes 
in adhesion, the supernatant with non-phagocytosed bacteria was removed before 
incubation with saponin, thus only intracellular bacteria were collected and counted. 
To equally compare the killing efficacy of the two phagocytes in both assays, the 
number of viable bacteria was normalized by the CFU/mL counted after 15 min in 
suspension and 1 h in adhesion. Data are expressed as percentage of bacteria that 
survived killing by neutrophils and macrophages.

Graphs, illustrations, and statistical analysis
GraphPad Prism 9 was used to create the graphs and determine statistical 

significance using two-way ANOVA or t-test. p<0.05 was considered statistically 
significant. Illustrations were created in Biorender.com.

Results
Innate immune cells selection and culture conditions to study phagocytosis

Human monocyte-derived macrophages were isolated from whole blood following 
Ficoll density centrifugation and positive selection by anti-CD14 microbeads. The 
isolation protocol yielded more than 75% viable cells. Although CD14-positive cells 
represented the majority of the population, B- and T-cells, and neutrophils were 
still detected in the cell suspension. However, after 7 days culture in presence of 
M-CSF only monocyte-derived macrophages survived, as observed by a population 
with more than 90% viable cells expressing only CD14. Human neutrophils were 
isolated from whole blood using a dual Ficoll/Histopaque density centrifugation. 
The isolation protocol yielded a population of viable cells that expressed CD15 but 
not CD14, selected as commonly accepted markers to identify human neutrophils 
(36,37). Therefore, in our assays we could study the phagocytosis of primary human 
monocyte-derived macrophages (CD14+) and neutrophils (CD15+) (Figure 1A-D).

Next, we defined the optimal assay conditions to study the phagocytic ability of 
both cell types in suspension and in adhesion. While neutrophils assays are typically 
performed in suspension (38), monocytes-derived macrophages are differentiated 
and studied in adherent conditions (39). We observed that macrophages could be 
detached and incubated in suspension with the same buffer (RPMI + 0.05% HSA) 
normally used to study neutrophils. On the contrary, when RPMI +10% FBS was 
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used to incubate cells in suspension the flow cytometer detected non-homogeneous 
populations of neutrophils and almost no events for macrophages. Neutrophils could 
be studied in adhering conditions by letting the cells adhere to the culture plate for 
at least 1 h in presence of the same buffer (RPMI + 10% FBS) normally used for 
macrophages. Instead, non-homogeneous or scattered events were detected when 
phagocytes were incubated in adhesion in presence of RPMI + 0.05% HSA (Figure 
1E).

Figure 1. Isolation and culture conditions of neutrophils and macrophages. (A) Representative 
image at light microscopy of cell type. Scale bar is 20 µm. (B) Selection of cells of interest 
(total) in the linear FSC and SSC. (C) Distribution of sytox negative population (blue) within all 
events (red) recorded by flow cytometer. (D) Cells within the sytox negative gate were further 
divided based on their combined expression of CD14 and CD3/CD19/CD15. Same gating 
strategy was applied for monocytes (upper row), macrophages (middle row), and neutrophils 
(lower row). (E) Selection of events of interest in the linear FSC and SSC when assays were 
performed in suspension (first box) or in adhesion (second box). Cells were incubated with 
RPMI + 10% FBS (first row) or with RPMI + 0,05% HSA (second row).
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Change in assay conditions did not affect the expression of Fcγ- and complement-
receptors (FcγR and CR) in neutrophils and macrophages (Figure 2 and Table 1). 
FcγRI expression was only observed in macrophages, as in neutrophils this receptor 
is expressed at very low levels in physiological conditions (40), increasing only 
during inflammation (41). In line with literature, we showed that both cell types did 
not express CR2 (42).

Figure 2. Expression of FcγR and CR in neutrophils and macrophages according to assay 
conditions. Overlay of the histograms of control with no antibody (red) and antibody-stained 
(blue) cells. Data are representative of three independent experiments.

Table 1. Fluorescence values normalized relative to the control for the expression of FcγR 
and CR in neutrophils and macrophages in different assay conditions. Values are derived from 
histograms shown in Figure 2.
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To compare the phagocytic ability of neutrophils and macrophages we determined 
the time necessary to observe serum-mediated uptake of bacteria. To do so, we 
looked at the number of S. aureus phagocytosed by immune cells described by 
the increase in intensity of the GFP signal. However, the different autofluorescence 
properties of neutrophils and macrophages complicated the gating strategy and 
analysis (43–45). Regardless of the fluorescence channel considered, macrophages 
always displayed higher fluorescence values compared to neutrophils (Figure 3A). 
Therefore, to fairly compare the number of bacteria phagocytosed by neutrophils 
and macrophages, the fluorescence values recorded in presence of S. aureus were 
compensated by the autofluorescence of each cell type.

Figure 3. Parameters to study the phagocytosis of S. aureus by neutrophils and macropha-
ges. (A) Overlay of histograms showing the background fluorescence signal of neutrophils 
(red) and macrophages (blue) measured at different wavelengths. Phagocytosis of serum-op-
sonized, or non-opsonized S. aureus was studied in neutrophils and macrophages in su-
spension (B) or adhering (C) conditions. Schematic representation of the assays on the left. 
Bacterial uptake over time was represented as the geometric mean of the GFP signal. Data 
are representative of two independent experiments.
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When the assay was performed in suspension, after 15 min it was already 
possible to observe a clear serum-dependent phagocytosis of S. aureus by both 
neutrophils and macrophages (Figure 3B). In contrast, when phagocytosis was 
studied with cells incubated in adhesion, a higher difference between serum-
dependent and -independent uptake of bacteria was observed after 60 min in both 
cell types (Figure 3C). Moreover, both phagocytes engulfed more bacteria when the 
assay were performed in suspension than in adhesion.

Comparison of the phagocytic ability of neutrophils and macrophages
Based on the previous results, the phagocytic ability of neutrophils and 

macrophages was studied for 15 min in suspension and 60 min in adhesion. 
Bacterial recognition and uptake by phagocytes can be induced both directly by 
binding of complement-derived opsonins and IgG class of antibodies to the bacterial 
membrane, and indirectly by IgG/IgM-mediated activation of the complement 
cascade (46). Therefore, S. aureus was opsonized with increasing concentrations 
of NHS (serum with both antibodies, and complement components), ΔNHS (serum 
depleted of IgG and IgM antibodies, but active complement), or HI ΔNHS (serum 
depleted of IgG and IgM antibodies, and inactivated complement components).

In suspension, a similar proportion of neutrophils and macrophages took up at 
least 1 bacterium in a NHS-concentration dependent way, although at concentrations 
lower than 2,5% NHS we could observe more GFP+ macrophages than neutrophils. 
On the contrary, none or limited phagocytosis was mediated by ΔNHS and HI 
ΔNHS opsonization even if we could detect higher percentages of macrophages 
with intracellular bacteria than neutrophils (Figure 4A). Nonetheless, in presence of 
2,5% and 5% NHS we could observe a significantly higher number of intracellular 
bacteria in neutrophils compared to macrophages (Figure 4B).

In adhesion, we observed phagocytosis by both cell types regardless of the 
serum components used to opsonize bacteria. Almost all macrophages and ˜30% of 
neutrophils ingested at least 1 bacterium already in absence of serum. The number 
of neutrophils taking up S. aureus increased in a serum-concentration dependent 
way, which was pronounced in presence of NHS (Figure 4C). In absence of serum, 
macrophages phagocytosed more bacteria than neutrophils. However, combination 
of antibodies and complement proteins to opsonize S. aureus, increased neutrophils’ 
phagocytic ability leading to a comparable number of intracellular bacteria between 
neutrophils and macrophages at 5% NHS (Figure 4D).

To verify a correct interpretation of the flow cytometry data, the phagocytic ability 
of neutrophils and macrophages was studied by light microscopy. The assays were 
performed both in suspension and adhesion in presence of S. aureus opsonized 
with 5% NHS. In suspension, we could confirm that neutrophils phagocytosed more 
bacteria than macrophages (Figure 5A). On the contrary, in adhesion we counted 
slightly more intracellular bacteria in macrophages compared to neutrophils (Figure 
5B).
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To bypass data normalization to compensate for differences in cell type’s 
autofluorescence, we studied phagocytosis via quantification by flow cytometry of 
the number of bacteria that were not taken up by neutrophils and macrophages. 
With this method, we could confirm that by increasing NHS concentrations, the 
number of neutrophils and macrophages without intracellular bacteria decreased 
in similar proportions. Consequently, by increasing the pathogens recognition 
and uptake capacity of the two phagocytes, the number of extracellular bacteria 
decreased. With this method we observed that the proportions of non-phagocytosed 
bacteria by neutrophils were constantly lower than those of macrophages (Figure 
6A). Therefore, we could confirm that neutrophils phagocytosed more bacteria 
than macrophages when the assay was performed in suspension. As previously 
observed (Figure 4A and 4B), in suspension both neutrophils and macrophages did 
not phagocytose bacteria opsonized with ΔNHS and HI ΔNHS (Figure 6B and 6C).

Figure 4. Comparison of the phagocytosis of S. aureus by neutrophils and macrophages, 
measured by flow cytometry. Bacteria were opsonized with several concentrations of NHS, 
ΔNHS, and HI ΔNHS, and added to phagocytes at a cell-to-bacterium ratio of 1-10. Bacterial 
uptake was evaluated after 15 min in suspension and 60 min in adhesion assays. (A, C) 
The percentage of cells that had taken up at least 1 bacterium is depicted as the fraction of 
infected cells. (B, D) The amount of bacteria engulfed by phagocytes is measured by the 
intensity of fluorescence of the GFP signal, expressed in arbitrary units (AU) as values were 
compensated for cell type’s autofluorescence. (n=3). Error bars represent SEM. Statistical 
significance between phagocytes at each serum concentration was determined via two-way 
ANOVA. ****p<0.0001.
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Figure 5. Comparison of the phagocytosis of S. aureus by neutrophils and macrophages, me-
asured Comparison of the phagocytosis of S. aureus by neutrophils and macrophages, mea-
sured by light microscopy. Bacteria were opsonized with 5% NHS and added to phagocytes 
at a cell-to-bacterium ratio of 1-10. Bacterial uptake was evaluated after 15 min in suspension 
(A) and 60 min in adhesion (B) assays. The number of phagocytosed bacteria by neutrophils 
(left) and macrophages (right) was manually counted from 50 randomly chosen cells. Scale 
bar is 20 µm. Violin plot, lines at mean. Statistical significance between phagocytes was de-
termined via t-test. *p<0.05; ****p<0.0001.

Comparison of neutrophils and macrophages microbicidal activity
Once we defined the phagocytic capacity of neutrophils and macrophages, we 

investigated the ability of the two cell types to kill the internalized Staphylococci. 
When phagocytosis was studied in suspension, we could observe a faster activation 
of the microbicidal activity in neutrophils compared to macrophages. Already after 1 
h, we could observe a 40% reduction of the proportion of live S. aureus in presence 
of neutrophils, while macrophages had no impact on bacterial survival (Figure 7A). In 
adhesion, no reduction in the proportion of intracellular bacteria was recorded in both 
phagocytes within the time point considered. On the contrary, the number of bacteria 
counted after 2 h increased in both neutrophils and macrophages (Figure 7B).
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Figure 6. Comparison of neutrophils and macrophages phagocytosis, measured by quantifi-
cation of non-phagocytosed bacteria. S. aureus was opsonized with several concentrations 
of NHS (A), ΔNHS (B), and HI ΔNHS (C) and added to the phagocytes at a cell-to-bacterium 
ratio of 1-10. Phagocytosis was studied after 15 min incubation of bacteria and phagocytes 
in suspension. The percentage of cells without intracellular bacteria and the percentage of 
free bacteria that had not been taken up by cells are depicted as the fraction of total cell po-
pulation. (n=3). Error bars represent SEM. No statistical significance between phagocytosed 
or non-phagocytosed bacteria at each serum concentration was found via two-way ANOVA.

Figure 7. Comparison of the killing activity of S. aureus by neutrophils and macrophages. 
Cells were incubated with S. aureus opsonized with 5% NHS for 15 min and 1 h in suspension 
(A) and 1 h and 2 h in adhesion (B). After lyisis of the cell membranes of the phagocytes, the 
number of viable bacteria was normalized by the CFU/mL counted after 15 min in suspension 
and 1 h in adhesion. Dara are depicted as percentage of bacterial survival. (n=3). Error bars 
represent SEM. Statistical significance between phagocytes was determined via two-way 
ANOVA. *p<0.05.
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Discussion 

In this study we set out to compare the interaction between macrophages or 
neutrophils with Staphylococcus aureus bacteria. Phagocytosis assay conditions for 
neutrophils and macrophages in literature are very different for these two cell types 
(28,38,39). We decided to use both a suspension assay as well as adherence assay 
in order to be able to compare both cell types. By flow cytometry analysis, both 
phagocytes engulfed a higher number of bacteria when the assay was performed 
in suspension rather than in adhesion. Moreover, bacterial recognition and uptake 
by cells in suspension was exclusively dependent on the opsonization with serum 
factors. In contrast, other non-opsonic mechanisms were also involved when 
phagocytosis was studied in adhesion. Neutrophils engulfed and killed more bacteria 
than macrophages in suspension assays, while the difference between the two cell 
types was less evident in adhesion assays.

In general, the phagocytic and microbicidal activity of neutrophils and 
macrophages in vitro is determined with cells under suspension or adherent 
conditions, respectively. However, in vivo both pathogens and immune cells adhere, 
interact, and move through the extracellular matrix (ECM) network which constant 
modifications in mechanical properties correlate to changes in cells behavior (47). 
This means that the in vivo reality is not exactly mirrored in either of these in vitro 
assays. We showed that we could study the role of neutrophils and macrophages 
against S. aureus both in suspension and in adhesion (Figure 1). In both conditions, 
the expression of FcγRs or CRs and therefore bacterial antibody- and complement-
mediated uptake capacity of the two phagocytes did not change (Figure 2 and Table 
1). However, this affected the phagocytosis kinetics. During assays in suspension, 
human cells and bacteria were incubated on a shaking plateau which promoted the 
frequency of interaction between the two, resulting in faster phagocytic uptake. In 
the adherence assays, a longer incubation time was needed for the pathogen to 
make contact with the adherent cells on the surface of the culture plate despite the 
initial centrifugation step (Figure 3).

Both neutrophils and macrophages showed a serum-concentration dependent 
phagocytosis of S. aureus. The highest bacterial uptake was achieved in presence 
of both an active complement system and IgG/IgM antibodies (Figure 4). Absence 
of these two components resulted in limited or no bacterial uptake when cells 
were in suspension. In contrast, in adhesion already at low serum concentrations 
intracellular bacteria were present in both cell types regardless of the serum 
components used to opsonize S. aureus. Besides opsonic receptors, phagocytosis 
by adhering cells also involved a mechanism that was independent of opsonization 
and might be associated to non-opsonic receptors, like C-type lectins, selectins, or 
scavenger receptors (28,48–51). For instance, expression of adhesion molecules 
in neutrophils increases to favor cells movements on surfaces. At the same time, 
these receptors also play a role in the first steps of the phagocytosis process (52). 
Although macrophages showed a higher expression of CR4/CD11c, the main 
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receptor involved in cells adhesion (53–55), change in assay conditions did not 
affect its expression in both phagocytes (Figure 2). It should also be noted that cells 
were detached before assessing receptor expression, therefore our results might 
not be fully representative of an adherent cell. On the other hand, macrophages 
are known for their opsonin-independent phagocytosis of particles (9,48,56), which 
might explain their higher bacterial uptake observed in absence of serum. 

As previously described by our group, the values derived from the geometric 
mean of the GFP signal rather than the proportion of GFP+ cells better describe the 
phagocytic capacity of neutrophils and macrophages (32). For instance, cells with 
1 or 10 intracellular bacteria would equally count as GFP+ events but they would 
generate different fluorescence intensities. However, because of the great difference 
in autofluorescence we had to normalize the data, according to the formula adapted 
from (34,35), to allow a fair comparison between the two phagocytes (Figure 3A). 
Nonetheless, overlaying the histograms derived by the GFP signal at each condition 
we could observe that increase in the NHS concentrations used to opsonize bacteria 
correlates to a shift of events from the left (GFP-) to the right (GFP+) side of the 
axis, and therefore to an increase of the intensity of the GFP signal (Supplementary 
figure 3). This serum concentration-dependent uptake of S. aureus was more 
evident in neutrophils than macrophages, as these last ones showed an higher non-
opsonic uptake of bacteria in assays in adhesion. Therefore, interpretation of the 
results via histograms representation confirmed the validity of the formula used to 
compensate for cell type’s autofluorescence.

To further validate our results, we measured the phagocytic capacity of the two cell 
types with different methods that did not rely on fluorescence parameters. Firstly, we 
determined phagocytosis by light microscopy and counted the number of intracellular 
bacteria within each cell. Secondly, we shifted the flow cytometry analysis from the 
proportion of cells taking up bacteria to the analysis of free remaining extracellular 
bacteria and counted the number of non-phagocytosed bacteria in flow cytometry. 
Due to assay limitation, this last method could not be used with cells in adhesion as 
extracellular bacteria were removed to detach cells before analysis.

When the assays were performed in suspension, all three methods consistently 
showed that neutrophils engulfed more bacteria than macrophages. According to the 
method used, the difference in bacterial uptake was 2 to 5 times higher in neutrophils 
than macrophages (Figure 4B, 5A, and 6A). Instead, when the assays were 
performed in adhesion, the difference in phagocytosis between the two cell types 
was less evident. While flow cytometry analysis showed a comparable number of 
intracellular bacteria between neutrophils and macrophages, a slightly higher number 
of intracellular S. aureus was counted in macrophages after microscopy observations 
(Figures 4D, 5B). Discrepancy in results might be ascribed to limitations of flow 
cytometry in detecting only engulfed bacteria. Both extracellular bacteria in contact 
with the cell membrane and intracellular bacteria are recognized as GFP+ events. 
However, light microscopy images showed only cells with intracellular bacteria. 
Similar conclusions were drawn in previous studies where phagocytosis of S. 
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aureus by neutrophils (32) and macrophages (57) was studied by flow cytometry and 
confirmed by confocal microscopy. Alternative methods can be used to discriminate 
phagocytosed from adherent or extracellular particles. For example, pHrodo 
labelling relies on acidification of phagosomes/endosomes to detect phagocytosis 
(58). With this analysis method, Lea et al. observed that neutrophils phagocytosed 
more bacteria than macrophages when cultured in adhesion (59).

Besides a higher bacterial uptake in suspension, neutrophils showed a faster 
and stronger activation of the microbicidal mechanisms compared to macrophages. 
Differently, in adhesion no killing activity could be observed in both cell types in the 
time frame tested (Figure 7). As non-opsonic receptors are also involved in bacterial 
recognition, we might speculate that their activation is not closely associated with the 
activation of antibacterial mechanisms in immune cells (60,61). This might delay the 
activation of the killing process in adhering cells. For instance, in previous work, we 
observed killing of intracellular S. aureus by macrophages after 24 h (57).Therefore 
we, and others, conclude that neutrophils are fast killers and macrophages take far 
more time to achieve this, but also live longer (9,13,59).

All above conclusions are based on experiments after bacteria were opsonized 
with complement proteins and polyclonal antibodies normally found in the serum of 
healthy individuals. However, use of monoclonal antibodies (mAb) as a therapeutic 
treatment for S. aureus might further improve bacterial recognition and phagocytosis 
by immune cells, as previously demonstrated by Zwarthoff et al., (62). This could 
eventually lead to the development of long-term immunity (63). As we showed that 
assay conditions in vitro affect the antibacterial response of phagocytes, this might 
be true also when testing the efficacy of mAbs against S. aureus. Use of more reliable 
in vitro tests, involving primary human neutrophils and macrophages, might correlate 
with an higher success rate in vaccines development. So far, despite numerous mAb 
targeting different S. aureus’ surface antigens, secreted toxins, and immune evasion 
proteins are currently under investigation in clinical trials (64–67), yet none received 
regulatory approval (25).
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Supplementary Figures

Supplementary Figure 1. Gating strategy to compare neutrophils (upper row) and 
macrophages (lower row) phagocytosis by flow cytometry. (A) Selection of cells population 
(Total gate) in the linear FSC and SSC. (B) Histogram setting GFP fluorescence baseline for 
cells incubated without bacteria. (C) Proportion of GFP-negative (left peak) and GFP-positive 
(right peak) cells, with and without intracellular bacteria respectively. Same gating strategy 
was applied for both neutrophils and macrophages.
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Supplementary Figure 2. Gating strategy to compare neutrophils and macrophages 
phagocytosis by quantification of non-phagocytosed bacteria. (A) Acquisition of events by flow 
cytometer in the logarithmic FSC and SSC. (B) Histogram defining LDS-positive cells. (C) 
Histogram setting GFP fluorescence baseline for cells incubated without bacteria or bacteria 
only. (D) Gating selection of GFP-positive or LDS-positive events visualized based on the 
logarithmic SSC and GFP parameters. Gating shows: cells without intracellular bacteria (Q1); 
Cells with intracellular bacteria (Q2); Non-phagocytosed bacteria (Q3). Same gating strategy 
was applied for neutrophils (upper row), macrophages (middle row), and S. aureus only (lower 
row).
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Supplementary figure 3. Representative histograms of a phagocytosis assay in adhesion 
showing the variation of GFP signal after bacterial opsonization with NHS.
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Abstract

Staphylococcus aureus is known for its antibiotic resistance, immune evasion 
strategies, and ability to survive within host cells. Pathogen-specific monoclonal 
antibodies (mAb) have been proposed as a potential therapeutic strategy to enhance 
the antibacterial functions of phagocytes against S. aureus. In this study, IgG1- and 
IgG3-mAbs targeting different cell-wall structures were generated and tested on 
phagocytes under different in vitro conditions. When phagocytosis was studied in 
adhesion, no clear difference was observed between neutrophils and macrophages 
or IgG1- and IgG3-mediated uptake. On the contrary, assays in suspension clearly 
demonstrated the distinct roles of opsonins in promoting bacterial uptake. Expression 
of virulence factors SpA and Sbi by S. aureus inhibited IgG1- but not IgG3-mediated 
phagocytosis. Consequently, bacterial opsonization with IgG3 mAbs improved 
phagocytosis, ROS production, and partially killing of S. aureus by both neutrophils 
and macrophages. Overall, neutrophils showed stronger antibacterial properties than 
macrophages, which may represent an ideal environment for S. aureus intracellular 
survival and persistence. To prevent this, we designed bispecific antibodies (bAbs) 
aiming to specifically deliver bacteria to neutrophils or macrophages. Unfortunately, 
the current choices failed to drive phagocyte-specific uptake of S. aureus. In 
conclusion, we showed that in vitro assay conditions affect the antibacterial functions 
of phagocytes, and suspension assays better reflect the antibacterial role of mAb-
mediated phagocytosis than adhesion assays. These findings provide insight into 
the potential therapeutic applications of mAbs for S. aureus infections and highlight 
the distinct roles of neutrophils and macrophages in infection resolution.
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Introduction

Staphylococcus aureus is a Gram-positive bacterium that belongs to the ESKAPE 
family of pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter 
species) known for their high virulence and antibiotic resistance, posing a global 
threat to human health (1). S. aureus is responsible for various infections in the skin, 
soft tissues, and biomaterials, particularly following orthopedic surgeries involving 
implants (2,3). In the pursuit of alternatives to traditional antibacterial treatments, 
pathogen-specific antibodies represent a promising solution to reduce the risk of 
resistance development while boosting our own immune system functions. This 
is exemplified by the successful vaccines against Neisseria meningitidis or 
Haemophilus influenzae B and many other viral vaccines that are now adopted in 
common medical practice to prevent and control infectious diseases (4). Hence, it is 
possible that monoclonal antibodies (mAb) against S. aureus may lead to long-term 
immunity (5).

Immunoglobulin G (IgG) is one of the most abundant proteins in human serum 
(6). Upon binding to the bacterial surface, circulating IgGs can directly stimulate 
phagocytosis via interaction with Fcγ receptors (FcγR) on phagocytes. Furthermore, 
this class of antibodies can activate the classical pathway of the complement system, 
leading to deposition of C3b (and iC3b) on the bacterial surface to favor complement 
receptors (CR)-mediated uptake by phagocytes (7). Development of IgG monoclonal 
antibodies (mAb) that specifically target epitopes on the surface of pathogens has 
been shown to enhance bacterial recognition by phagocytes and therefore clearance 
of the infection (8–10). To successfully improve the antibacterial functions of the 
immune system while avoiding resistance mechanisms, mAbs should be designed 
to target epitopes on the bacterial surface that are less prone to modifications.

Previous studies identified mAbs targeting the glycosyl modifications on cell-
wall anchored teichoic acids (WTA, mAb 4461 and 4497) (11,12) and the serine-
aspartate dipeptide repeat portion of proteins (SDR, mAb rF1) (13) on the surface 
of S. aureus. Both targets play an essential role in S. aureus survival and virulence. 
Almost 60% of the dry weight of the pathogen is represented by the cell wall, made 
of a peptidoglycan layer and teichoic acids (14). Although the composition of teichoic 
acids varies according to the bacterial strain (15), WTA showed limited structural 
variation among different S. aureus strains (16). WTA consists of a polymerized 
ribitol phosphate (RboP) backbone that can be modified by the addition of positively 
charged D-alanine and N-acetylglucosamine (GlcNAc) residues as a defense 
mechanism against host-mediated immune detection and clearance (17). On the 
other hand, microbial surface components recognizing adhesive matrix molecules 
(MSCRAMMs) represent a family of cell wall-anchored proteins used by S. aureus 
to adhere to host extracellular matrix (ECM) components, leading to invasion of host 
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cells and tissue colonization. Among the MSCRAMMs group, S. aureus expresses 
several proteins, such as clumping factor A (ClfA), ClfB, SdrC, SdrD, and SdrE 
characterized by a large portion of SDR repeats (18,19). These SDR domains are 
heavily glycosylated to protect the proteins from host proteases, like cathepsin G, 
preserving bacterial host tissue interactions (13).

Use of mAbs to opsonize S. aureus have been shown to enhance bacterial uptake 
and killing by neutrophils (8,20,21). Nonetheless, the innate immune response against 
S. aureus involves collaboration between neutrophils and macrophages (22,23). 
Neutrophils have a short life span but a strong and fast activation of microbicidal 
mechanisms, enabling them to drastically reduce most invading pathogens. In 
contrast, macrophages with a longer life span and weaker antibacterial functions 
fight bacteria that survived neutrophils attacks (24,25). For the same reasons, 
neutrophils are less susceptible than macrophages to S. aureus intracellular survival 
and associated risk of recalcitrant infections. Consequently, an ideal antibacterial 
therapy may start with mAb targeting S. aureus and evolve towards the development 
of bispecific antibodies (bAbs), able to induce the uptake of opsonized pathogens 
preferentially by the cell type with the strongest capacity to clear the infection.

In this study we aimed to characterize and compare the enhancement in the 
antibacterial functions of neutrophils and macrophages after opsonization of S. 
aureus with the mAbs rF1, 4461, and 4497. As we previously showed (26), human 
neutrophils and macrophages’ antibacterial functions change according to the in 
vitro setup adopted. Therefore, in this study, we evaluated the mAb-contribution to 
elimination of S. aureus by neutrophils and macrophages, studied in suspension and 
adherent assays. Finally, as a proof of concept, we tested the ability of bAbs targeting 
S. aureus and neutrophils or S. aureus and macrophages to drive phagocyte-specific 
bacterial uptake.

Materials and Methods
Isolation of monocyte-derived macrophages

Blood from healthy human donors was supplied by the Dutch blood bank (Sanquin, 
Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) 
were isolated from buffy coats using Ficoll-Paque (Cytiva, 17544203) density 
centrifugation. Monocytes were positively selected by magnetic-activated cell sorting 
(MACS) with anti-CD14 labelled microbeads (Miltenyi Biotec, 130050201) according 
to manufacturer instructions.

Isolated monocytes were seeded in a 24-well plate at a density of 3 x 105 cells/
well when performing the assays in adhesion. They were also seeded in a 6 cm 
cell culture-treated petri dish at a density of 5 x 105 cells/well when performing the 
assays in suspension. Monocytes were differentiated to macrophages by culture for 
7 days at 37°C, 5% CO2 in RPMI (Gibco, 52400) supplemented with 10% hyclone 
fetal bovine serum (FBS, Biowest, HYCLSV30160), 100 U/mL penicillin and 100 
µg/mL streptomycin (1% p/s, Gibco), and 40 ng/mL human recombinant M-CSF 
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(Peprotech, 300-25). Culture media was refreshed on days 3 and 5 of differentiation.
After 7 days of differentiation, when performing assays in adhesion, macrophages 

were left on the same culture plate in RPMI + 10% FBS (RPMI-FBS). Differently, 
when performing assays in suspension, macrophages were detached using ice-cold 
10 mM DPBS/EDTA combined with gentle scraping. Cells were pelleted for 5 min, 
500 x g, resuspended in RPMI with 0,05% human serum albumin (RPMI-HSA, ©, 
Sanquin), and counted before performing the experiment.

Isolation of human neutrophils
Neutrophils isolation was performed as previously described by Surewaard et al. 

(27). Briefly, blood from healthy human donors was collected by venipuncture and 
collected in sodium heparin tubes after informed consent. Approval from the Medical 
Ethics Committee of the University Medical Center Utrecht was obtained (METC 
protocol 07-125/C approved on March 1, 2010). Neutrophils were isolated from 
whole blood using a dual Ficoll/Histopaque (Sigma, 11191) density centrifugation 
and residual erythrocytes were lysed by hyper osmotic shock with cold deionized 
water. Isolated neutrophils were kept in suspension in RPMI-HSA when performing 
the assays in suspension. On the other hand, when performing the assays in 
adhesion, neutrophils were seeded in a 24-well plate at a density of 3 x 105 cells/well 
in RPMI-FBS and allowed to adhere to the plastic bottom for >1 h before performing 
the experiment.

Bacterial culture
The majority of experiments were run using Staphylococcus aureus strain 

Newman, transformed with a GFP-expressing plasmid pCM29 to constitutively 
express GFP, as previously described (28). Alternatively, we used mCherry-
expressing S. aureus Newman for reactive oxygen species (ROS) assays, gamma-
irradiated S. aureus Newman to verify the markers expression on cells, or GFP-
expressing S. aureus Newman with genes coding for protein A (SpA) and S. aureus 
binder of IgG (Sbi) knocked-out (29) to assess IgG1-mediated phagocytosis by 
neutrophils and macrophages.

All bacterial strains were grown overnight in Todd-Hewitt broth (THB) with 10 µg/
mL chloramphenicol to reach stationary phase, except gamma-irradiated bacteria 
that were stored at OD=0,96 at -20°C and thawed on the day of the experiment. The 
day after, 500 µL of overnight bacterial culture was centrifuged for 2 min, 17000 x 
g at RT, and resuspended in RPMI-HSA (assay in suspension) or RPMI (assay in 
adhesion) to reach a final inoculum concentration of 1 x 107 colony-forming units 
(CFU)/mL.

Production of human monoclonal antibodies binding to S. aureus
IgG1 and IgG3 mAbs rF1, 4461, and 4497 were produced as described previously 

(20,21). As a negative control for antibody specificity, one antibody recognizing the 
hapten dinitrophenol (DNP) was produced (30).
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To verify binding of mAbs to S. aureus, 1,5 x 105 bacteria were resuspended 
in RPMI-HSA in a round-bottom 96-well plate and combined with 7 nM of each 
antibody. Samples were incubated for 30 min at 4°C, shaking. After washing with 
buffer, mAbs binding to bacteria was verified by addition of a secondary antibody, 
AlexaFluor647 (AF647)-conjugated goat anti-human kappa F(ab)2, diluted 1:1000 
(Southern Biotech, 2062-31). Samples were incubated with the secondary antibody 
for 30 min at 4°C, shaking. Then, samples were washed with buffer and fixed in 
1,5% paraformaldehyde (PFA) in PBS. Samples were measured via flow cytometer 
(FACSVerse, BD) and data were analyzed with FlowJo (v.10.1., FlowJo LLC). 
Bacteria were selected based on logarithmic forward scatter (FSC) and side scatter 
(SSC) parameters and GFP expression. Binding affinity was determined based on 
the geometric mean of AF647.

Phagocytosis of S. aureus by neutrophils and macrophages
Neutrophils and macrophages phagocytosis ability was assessed with cells in 

suspension or adhering to the culture plate as previously described (26). Briefly, 
phagocytes were incubated with previously opsonized S. aureus at a cell-to-
bacterium ratio of 1-10, meaning 10 bacteria per phagocyte. To study mAb-
mediated phagocytosis, bacteria were opsonized for 15 min at 37°C with a range 
of concentrations expressed in nM of IgG1 and IgG3 mAbs. To study the role of 
complement- and antibody-mediated phagocytosis, mAbs were incubated with 1% of 
IgG- and IgM-depleted normal human serum (ΔNHS). As a positive control, bacteria 
were opsonized with 1% NHS, containing non-specific antibodies for S. aureus and 
active complement system. Phagocytes and bacteria were incubated at 37°C for 15 
min in suspension assays, and 1 h in adhesion assays. Then, samples were fixed in 
1,5% PFA and phagocytosis was measured with MACSquant VYB (Miltenyi Biotech) 
flow cytometer and data were analyzed with FlowJo. Gating strategy is summarized 
in Supplementary figure 1. Briefly, a total of 10000 events were collected for each 
sample gated on the total cell population based on forward scatter (FSC) and side 
scatter (SSC) parameters (Supplementary figure 1A). Samples without bacteria 
were used to set the GFP fluorescence baseline, while the geometric mean of the GFP 
signal was used to define the number of bacteria phagocytosed (Supplementary 
figure 1C). Due to intrinsic differences in autofluorescence between neutrophils and 
macrophages, the values derived from the geometric mean of the GFP signal were 
normalized according to the formula adapted from (31,32):

where X represents the values recorded for each condition in the presence of S. 
aureus and X0 represents the background value of cells without bacteria. This data 
normalization allowed a fair comparison of the phagocytic ability of neutrophils and 
macrophages.
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Activation markers in neutrophils and macrophages
Pathogen-presentation via mAbs might play a role in priming and activation of 

phagocytes, and thereby influence their response to clearing the infection. Therefore, 
neutrophils were analyzed for their surface expression of CD11b-APC (BD, 550019) 
and CD62L-FITC (BD, 555543), and macrophages for their expression of CD38-
FITC (BD, 560982), CD64-PE (Biolegend, 399503), and CD206-APC (Biolegend, 
321110).

Following the protocol for assays in suspension, gamma-irradiated S. aureus was 
opsonized with 10 nM IgG1- and IgG3-mAbs, in the presence or absence of 5% 
ΔNHS, and incubated at a cell-to-bacteria ratio of 1-10 for 30 min with neutrophils 
and 4 h with macrophages at 37°C, shaking. As controls, cells were incubated 
without bacteria or with 5% NHS-opsonized bacteria. The expression of surface 
markers on macrophages is greatly affected by the stimulation time used, therefore 
4 h represents the earliest time point useful to observe an effect (33).

All washing steps were performed with cold 0,1% BSA/PBS and centrifugation 
at 5 min, 500 x g. The staining solutions were prepared by diluting 1:30 the above-
mentioned fluorochrome-conjugated antibodies in PBS with 0,1% BSA and 1% 
heat-inactivated NHS. As a negative control, a staining solution without antibodies 
was used. Cells were incubated with staining solutions for 30 min on ice, in the 
dark. Markers expression was measured via flow cytometer (FACSVerse, BD) and 
data analyzed using FlowJo. The values derived from the geometric mean of the 
fluorescent signal for each antibody were normalized by the control group without 
bacteria. Data were represented as a -fold change compared to control.

ROS production by neutrophils and macrophages
Besides priming phagocytes, we investigated the influence of mAbs on the 

activation of killing mechanisms by phagocytes by measuring the ROS production. 
Following the protocol for assays in suspension, mCherry-expressing S. aureus 
was opsonized with 10 nM IgG1- and IgG3-mAbs, in presence or absence of 5% 
ΔNHS, or with 5% NHS as a control. Then, bacteria were combined with phagocytes 
at a cell-to-bacteria ratio of 1-10, together with 625 ng/mL Dihydrorhodamine 123 
(DHR123, Invitrogen, D23806). Samples were incubated for 30 min, at 37°C, 5% 
CO2. As controls, cells were incubated without bacteria, with 5% NHS-opsonized 
bacteria, or without bacteria and without DHR123. ROS production was determined 
based on the geometric mean of the GFP signal measured via MACSquant VYB 
(Miltenyi Biotech) flow cytometer and data analyzed with FlowJo. To fairly compare 
ROS production between the two phagocytes, the fluorescent signal was normalized 
on the values of the control without bacteria and DHR123, which defines cell’s 
autofluorescence, according to the formula described for the phagocytosis assays.

Killing of S. aureus by neutrophils and macrophages
Neutrophils and macrophages’ ability to kill intracellular S. aureus was only tested 

with cells in suspension. Bacteria were opsonized for 15 min at 37°C with 10 nM 



Chapter 5

122

IgG1 and IgG3 mAbs, in the presence or absence of 5% ΔNHS, and with 5% NHS 
as a positive control. Then, phagocytes and opsonized bacteria were combined in 
1.5 mL siliconized tubes at a cell-to-bacterium ratio of 1-1 and incubated for 90 min 
at 37°C in the presence of 5% CO2. To quantify the number of bacteria killed, the 
cell membranes of the phagocytes were lysed by addition of ice-cold 0.3% saponin 
(Sigma, 47036) in deionized water. Samples were lysed for 5-10 min in ice, serially 
diluted in PBS and plated in duplicates. The next day, the number of colonies was 
counted. Data were normalized by the CFU/mL counted from the initial bacterial 
inoculum. They were expressed as the percentage of bacteria that survived killing 
by neutrophils and macrophages.

Production of bispecific antibodies targeting S. aureus and neutrophils or S. 
aureus and macrophages

The sequences to produce antibodies targeting neutrophils and macrophages 
were derived from the patents EP0585570A1 (CD66b) and US20080025913A1 
(DC-SIGN). We used the duobody technology as developed by Genmab (34). 
Bispecific antibodies (bAbs) were generated by combining brF1 (S. aureus), bCD66b 
(neutrophils), and bDC-SIGN (macrophages). The antibodies were produced from a 
IgG1 backbone modified to prevent binding of SpA and Sbi and to allow the formation 
of the bispecific antibody. Two-point mutations, H435R and Y436F, were introduced 
in the VH region to prevent SpA and Sbi binding (35,36). To favor bAb formation, 
mutations 409R in brF1 and 405L in bCD66b and bDC-SIGN were introduced in the 
CH3 domain of the Fc region of the antibodies. Once the disulfide bonds in the hinge 
region are broken, the Fc chain of brF1 prefers to pair with the Fc chain of bCD66b 
or bDC-SIGN, rather than with itself (37).

bAbs were generated after incubation for 5 h at 31°C with 75 mM cysteamine 
hydrochloride (2-MEA, Sigma, M6500), a mild reducing agent used to break the 
disulfide bonds and allow antibodies recombination. The reaction resulted in the 
formation of two bAbs, brF1+bCD66b targeting S. aureus and neutrophils and 
brF1+bDC-SIGN targeting S. aureus and macrophages. As a control to verify efficient 
bAb formation, antibodies were incubated without 2-MEA to generate brF1 / bCD66b 
and brF1 / bDC-SIGN.

Finally, each bAb was incubated with 1 µg/mL Immunoglobulin G-degrading 
enzyme of Streptococcus pyogenes (IdeS) for 1 h at 37°C, to cleave the Fc region 
and generate F(ab)2 fragments of each bAb (38). Next, the solution was purified by 
removing IdeS via His Mag Sepharose excel magnetic beads (Cytiva, 17371221) 
according to manufacturer’s instructions.

Binding of bAbs was verified as previously described in the section “Production of 
human monoclonal antibodies binding to S. aureus”.

Phagocytosis mediated by bAbs was verified with phagocytes in suspension as 
previously described in the section “Phagocytosis of S. aureus by neutrophils and 
macrophages” with few changes to the protocol. To distinguish neutrophils from 
macrophages once combined in the same well with S. aureus, neutrophils were 
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fluorescently labelled with Celltrace Violet (Invitrogen, C34557) and macrophages 
with Celltrace Yellow (Invitrogen, C34573) cell proliferation kit for flow cytometry 
diluted in Hanks balanced salt solution (HBSS) according to the manufacturer’s 
instructions for labelling cells in suspension. Phagocytes and bacteria were combined 
at a cell-to-bacterium ratio of 1-10 and samples were measured with MACSquant 
VYB flow cytometer and data analyzed with FlowJo. Gating strategy is summarized 
in Supplementary figure 1 as previously described for the phagocytosis assays with 
the additional selection from the total population of the two phagocytes based on 
their fluorescence on the violet (neutrophils) and yellow (macrophages) channels 
(Supplementary figure 1B).

Figure 1. mAbs binding to S. aureus Newman strain. Bacteria were incubated with 7 nM of 
IgG1- and IgG3-mAbs rF1, 4461, and 4497 for 30 min at 4°C. Antibody binding was verified 
by incubation for 30 min at 4°C with a secondary antibody AF647-conjugated goat anti-human 
kappa F(ab)2. Control is bacteria incubated with only the secondary antibody, and control 
mAb is IgG1- or IgG3-DNP. Data are represented as geometric mean of AF647 in a log10 
scale. (n=3).

Results

mAb-mediated phagocytosis of S. aureus by neutrophils and macrophages
We produced three full-length human IgG1 and IgG3 antibodies targeting different 

epitopes on S. aureus cell wall. These subclasses of antibodies were selected based 
on their high binding affinity to FcγRs and efficient activation of the complement system 
via the classical pathway (6), essential steps driving bacterial opsonophagocytosis 
by neutrophils and macrophages. Previous studies determined the binding affinity of 
these antibodies towards different staphylococcal strains (10,20,39). We confirmed 
that all mAbs efficiently recognized S. aureus Newman strain with similar binding 
levels, regardless of antibody subclass or epitope (Figure 1).
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We previously showed that the antibacterial functions of neutrophils and 
macrophages change according to in vitro conditions (26). When phagocytosis was 
studied with cells in suspension, bacterial recognition and uptake by phagocytes 
was exclusively dependent on the combined opsonization with complement proteins 
and polyclonal antibodies present in NHS. Lack of one of these components resulted 
in limited or no phagocytosis. On the contrary, when phagocytosis was studied in 
adhesion assays, opsonin-independent mechanisms were also involved in bacterial 
uptake by both phagocytes.

Here, we showed that the use of mAbs alone was sufficient to drive bacterial 
recognition and uptake by both phagocytes in suspension assays, even without 
the complement system (Figure 2A). Regardless of the specific antibody subclass, 
phagocytes recognized mainly S. aureus osponized with rF1 rather than 4461 or 
4497. Almost 30-times lower IgG3 concentrations were needed to induce stronger 
phagocytosis than IgG1 by both neutrophils and macrophages. Addition of serum 
further enhanced the contribution of IgG3 but not IgG1 to S. aureus recognition 
and uptake by neutrophils. On the contrary, macrophages phagocytosis was not 
influenced using IgG3 alone or in combination with 1% ΔNHS (Figure 2B). In all 
conditions tested, neutrophils phagocytosed more bacteria than macrophages.

Figure 2. mAb-mediated phagocytosis of S. aureus by neutrophils and macrophages in 
suspension. Phagocytes were incubated with bacteria opsonized with several concentrations 
of IgG1- and IgG3-mAbs alone (A) or in combination with 1% ΔNHS (B) at a cell-to-bacterium 
ratio of 1-10. As a positive control, bacteria were opsonized with 1% NHS. Phagocytosis of S. 
aureus by neutrophils and macrophages was evaluated after 15 min incubation. The number of 
bacteria engulfed by phagocytes was measured by the intensity of the GFP signal, expressed 
in arbitrary units (AU) as values were compensated for cell type’s autofluorescence. (n=2). 
Error bars represent SEM. 
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When antibody-mediated phagocytosis was studied with cells in adhesion, 
we could detect an enhancement of the phagocytic capacities of neutrophils and 
macrophages only after opsonization with IgG3 (Figure 3A). Compared to suspension 
assays, higher antibody concentrations were necessary to induce phagocytosis by 
adhering cells. In the presence of the complement system, both IgG1 and IgG3 
increased bacterial uptake in comparison to NHS in both phagocytes (Figure 3B). 
Combined with complement proteins, 3-times lower antibody concentrations were 
required to induce phagocytosis than mAbs alone. In contrast to suspension assays, 
the difference in bacterial uptake between adhering phagocytes was less noticeable. 
Macrophages seemed to uptake slightly more pathogens than neutrophils, however a 
similar contribution to phagocytosis was observed by IgG1 and IgG3 in the presence 
of serum. Stronger bacterial uptake was observed after opsonization with rF1 and 
4497 in neutrophils, and rF1 and 4461 in macrophages.

Figure 3. mAb-mediated phagocytosis of S. aureus by neutrophils and macrophages in 
adhesion. Phagocytes were incubated with bacteria opsonized with several concentrations of 
IgG1- and IgG3-mAbs alone (A) or in combination with 1% ΔNHS (B) at a cell-to-bacterium 
ratio of 1-10. As a positive control, bacteria were opsonized with 1% NHS. Phagocytosis of S. 
aureus by neutrophils and macrophages was evaluated after 1 hour incubation. The number of 
bacteria engulfed by phagocytes was measured by the intensity of the GFP signal, expressed 
in arbitrary units (AU) as values were compensated for cell type’s autofluorescence. (n=2). 
Error bars represent SEM.

Despite similar binding affinities to S. aureus, IgG1 mAbs did not induce 
phagocytosis as efficiently as IgG3. This is caused by the expression on the surface 
of S. aureus of staphylococcal protein A (SpA) and S. aureus binder of IgG (Sbi). The 
binding of both proteins to the Fc region of IgG1 inhibited FcγR-mediated uptake by 
phagocytes (36). This effect was not observed when bacteria were opsonized with 
IgG3, as this antibody subclass does is not bound by SpA and Sbi (8,40,41). 



Chapter 5

126

Although expression of SpA and Sbi does not interfere with the mAbs binding 
levels (Supplementary Figure 2A), the absence of these virulence factors restored 
IgG1-mediated phagocytosis of S. aureus KO by both phagocytes (Supplementary 
Figure 2B). Even so, we could confirm that opsonization with rF1 induced stronger 
phagocytosis by neutrophils and macrophages than 4461 and 4497.

We could observe that mAbs enhanced bacterial recognition and uptake 
by phagocytes in suspension and adherent to the cell-culture plate. However, in 
adhesion assays it was not possible to clearly define differences in bacterial uptake 
between the two phagocytes. Moreover, we previously described an opsonin-
independent uptake of bacteria by both phagocytes in adhesion (26), which might 
explain the similar contribution to phagocytosis of IgG1 and IgG3 in the presence of 
the complement system, regardless of expression of SpA and Sbi by S. aureus. For 
these reasons, the characterization of mAbs contribution to the antibacterial functions 
of phagocytes was continued only with assays in suspension where phagocytosis 
was exclusively opsonin-dependent.

mAb-mediated activation of neutrophils and macrophages.
Pathogen-presentation via mAbs did not induce a stronger activation of 

phagocytes as indicated by their expression of surface markers. Higher surface 
expression of CD11b and reduced levels of CD62L are considered typical features 
of primed neutrophils (42). Here, we observed that S. aureus opsonization with NHS, 
IgG1, or IgG3, alone or in combination with complement proteins, exert a similar 
priming action on neutrophils (Figure 4A). Activation of macrophages towards a pro-
inflammatory phenotype is characterized by an increased expression of CD38 and 
CD64, while CD206 is usually upregulated within macrophages polarized toward 
an anti-inflammatory phenotype (43,44). Here, we observed a slightly increased 
expression of CD38 after opsonization of S. aureus with IgG3 alone or all mAbs in 
the presence of complement. In contrast, all conditions downregulated CD206. On 
the other hand, pathogen presentation via mAbs strongly reduced CD64 surface 
expression (Figure 4B). However, this surface marker codes for FcγRI, which plays 
an essential role in antibody-mediated phagocytosis. The lower signal detected 
might be due to internalization of the receptor after binding to the Fc tail of mAbs. 
This leaves a lower number of proteins exposed for detection.

While the use of mAb did not appear to enhance phagocytes activation against 
pathogens, it improved their antibacterial activity as measured by ROS release. 
When assessing the contribution to phagocytosis, opsonization with IgG3 led to the 
uptake of more bacteria than IgG1. Here, we showed that the higher IgG3-mediated 
bacterial load in neutrophils correlated with an increased release of ROS. Use of IgG3 
alone induced ROS production similar to NHS, which was increased by complement 
proteins. Instead, lower IgG1-mediated uptake of pathogens resulted in no ROS 
generation by neutrophils, with or without complement (Figure 4C). Although rapid 
ROS generation is a distinctive feature of neutrophils bactericidal activity, we could 
observe a smaller mAb-mediated ROS release also by macrophages. Production 
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of ROS by macrophages was induced at slightly higher levels than NHS only in the 
presence of IgG1 or IgG3 and complement. No effect was observed using mAbs 
alone (Figure 4D). 

Finally, in contrast to the phagocytosis assays, we did not observe any relevant 
difference among rF1, 4461, and 4497 in priming phagocytes or enhancing their 
ROS production.

Figure 4. mAb-mediated priming against pathogens of neutrophils and macrophages. 
Phagocytes were incubated with mCherry (ROS) or gamma-irradiated (markers expression) 
S. aureus opsonized with 10 nM of IgG1- and IgG3-mAbs alone or in combination with 5% 
ΔNHS, at a cell-to-bacterium ratio of 1-10. In neutrophils (A), expression of CD11b and CD62L 
was verified after 30 min incubation with bacteria. In macrophages (B), expression of CD38, 
CD64, and CD206 was verified after 4 h incubation with bacteria. Values are represented 
as fold change of the geometric mean of the antibody-conjugated signal compared to 
control cells incubated without bacteria. In both neutrophils (C) and macrophages (D), ROS 
production was determined after 30 min incubation with bacteria by measuring the geometric 
mean of the DHR123 signal. Fluorescence values were normalized based on the values of the 
control group without bacteria and DHR123, which defines cell type’s autofluorescence, and 
expressed in arbitrary units (AU). (n=2). Error bars represent SEM.
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mAb-mediated killing of S. aureus by neutrophils and macrophages.
Although pathogen-presentation via mAbs increased bacterial uptake and ROS 

generation of phagocytes, this did not correlate with enhanced bactericidal functions.
Without mAbs, neutrophils killed about half of the bacteria internalized while 

almost no reduction in intracellular bacteria was observed in macrophages. Use 
of IgG1 alone or in combination with complement resulted in higher proportions 
of bacteria surviving within neutrophils but slightly lower within macrophages 
(Figure 5A). Similarly, the use of IgG3 did not improve the bactericidal functions 
of phagocytes, except under a few conditions. In the presence of IgG3-rF1, with 
or without complement, and IgG3-4497 with complement a similar proportion of 
bacteria surviving inside neutrophils was observed compared to the control group 
with NHS (Figure 5B). While only IgG3 greatly enhanced the phagocytic capacities 
of phagocytes, both subclasses of antibodies had a similar impact on the killing 
ability of neutrophils and macrophages.

Figure 5. mAb-mediated killing of S. aureus by neutrophils and macrophages. Phagocytes 
were incubated with bacteria opsonized with 10 nM IgG1 (A) and IgG3 (B) mAbs alone or in 
combination with 5% ΔNHS at a cell-to-bacterium ratio of 1-1. As a positive control, bacteria 
were opsonized with 5% NHS. Killing of S. aureus by neutrophils and macrophages was 
evaluated after 90 min incubation at 37°C, 5% CO2. After lysis of the cell membranes of the 
phagocytes, the number of viable bacteria per each condition was normalized by the number 
of the bacteria counted at time 0. Data are depicted as percentage of bacterial survival. (n=2). 
Error bars represent SEM.
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Selective bAb-mediated phagocytosis of S. aureus by neutrophils or 
macrophages.

We showed that mAb successfully enhanced the antibacterial functions against 
S. aureus of neutrophils and macrophages. However, in a realistic scenario, the 
two phagocytes coexist at the infection site and collaborate in the elimination of 
invading pathogens (22,45). As a proof of concept, we investigated the use of bAbs 
to selectively manipulate the phagocytic capacities of neutrophils and macrophages 
in the presence of S. aureus.

For this purpose, we generated IgG1 antibodies modified to prevent SpA and 
Sbi binding and allow recombination into bispecific antibodies. The targets selected 
were SDR proteins for S. aureus (brF1), CD66b for neutrophils (bCD66b) (46), 
and DC-SIGN for macrophages (bDC-SIGN) (47). Finally, we generated two bAbs, 
bCD66b+brF1 against neutrophils and S. aureus; and bDC-SIGN+brF1 against 
macrophages and S. aureus, plus the F(ab)2 portions of each bAb (Figure 6A). To 
verify the feasibility of our strategy, bAbs alone must influence bacterial uptake by 
phagocytes. Therefore, the experiments were run at high bAbs concentrations and 
without complement.

Both bAbs efficiently recognized S. aureus via the brF1 portion. Although bAbs 
recognized bacteria only via one arm, their binding levels were similar to those of 
the mAbs IgG1- and IgG3-rF1. However, limited or no binding to phagocytes was 
detected by both bAbs produced (Figure 6B). Despite their lack of specific binding 
to phagocytes, we investigated whether the bAbs could still influence the phagocytic 
capacities of neutrophils and macrophages. 

We measured the number of bacteria phagocytosed after incubation with 
neutrophils, macrophages, and antibody-opsonized S. aureus (Figure 6C). In the 
presence of 1% NHS, neutrophils and macrophages engulfed a similar number of 
bacteria. Among the three antibodies employed in constructing the bAbs, only brF1 
induced phagocytosis by both neutrophils and macrophages. As these antibodies 
were modified to not bind SpA and Sbi, they exhibited phagocytosis levels comparable 
to the mAb IgG3-rF1. Similarly, only brF1 contributed to bacterial uptake as observed 
when S. aureus was incubated with the control reactions bCD66b / brF1 and bDC-
SIGN / brF1, where antibodies did not react to form a bAb. The bAb specific for 
neutrophils (bCD66b+brF1) did not prevent macrophages from taking up S. aureus. 
Similarly, phagocytosis by neutrophils was not inhibited by the bAb specific for 
macrophages (bDC-SIGN+brF1). However, a similar number of intracellular bacteria 
was detected in both phagocytes, suggesting a weaker interaction of neutrophils 
with bDC-SIGN+brF1.

To increase bAbs-mediated specific uptake, we isolated from each bAb the F(ab)2 
region that determines the binding affinity of the antibodies. However, the use of the 
F(ab)2 fragments of the two bAbs did not induce bacterial uptake by neutrophils or 
macrophages. This might suggest that a functional Fc tail of the antibody is required 
for phagocytosis to occur.
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Figure 6. Selective bAb-mediated phagocytosis of S. aureus by neutrophils or macrophages. 
(A) Schematic representation of generation of bAbs. Antibodies targeting S. aureus and 
neutrophils, or S. aureus and macrophages were incubated with 2-MEA. This reducing 
agent broke the disulfide bonds the antibodies to allow generation of dCD66b+drF1 targeting 
neutrophils and S. aureus, dDC-SIGN+drF1 targeting macrophages and S. aureus. Next, 
the Fc portion of each bAb was cleaved by IdeS and F(ab)2 fragments of dCD66b+drF1 
and dDC-SIGN+drF1 were isolated. Images created with Biorender.com. (B) Antibody 
binding to S. aureus, neutrophils, and macrophages was verified by incubation with 7 nM 
of each antibody followed by the secondary antibody AF647-conjugated goat anti-human 
kappa F(ab)2. Control is bacteria or phagocytes incubated with only the secondary antibody. 
Data are represented as geometric mean of AF647 in a logarithmic scale. (C) To assess the 
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Discussion
In this study we compared the contribution of mAbs to the elimination of S. 

aureus by neutrophils and macrophages. When phagocytosis was studied in 
suspension, phagocytes without complement and polyclonal antibodies found in 
NHS were not capable to uptake S. aureus (26). On the contrary, the presence of 
mAbs alone was already sufficient to observe bacterial uptake by both neutrophils 
and macrophages. Addition of the complement system further enhanced mAb-
mediated phagocytosis of S. aureus. However, this effect was more pronounced 
in neutrophils than macrophages. These findings suggest that phagocytosis by 
macrophages is mostly FcγR-dependent, while activation of both FcγRs and CRs 
drives bacterial uptake by neutrophils. While neutrophils do not express FcγRI, both 
phagocytes share the same type of CRs (26), which complicates the explanation 
for the negligible role covered by CR-mediated phagocytosis in macrophages. 
From one side, FcγR-mediated phagocytosis might induce a stronger macrophages 
activation (48). Conversely, macrophages might exhibit on their membranes a lower 
number of copies of CR3, the main receptor involved in the uptake of complement-
opsonized bacteria (49,50). Nevertheless, further studies are required to investigate 
and validate these hypotheses.

Among the mAbs studied, rF1 provided a stronger phagocytosis and killing effect 
than 4461 and 4497. We hypothesize that the higher abundance of GlcNac residues 
on SDR proteins might increase the binding sites for rF1 (13), while the combined 
presence of GlcNac and D-alanine residues on the WTA backbone may disrupt 
protein charge and affect the binding of 4461 and 4497 (51,52). Nevertheless, further 
studies are needed to verify the interaction between mAbs and their targets.

All three mAbs equally promoted phagocytes activation and ROS production. By 
comparison with IgG1, IgG3 induced stronger phagocytosis (Figure 2 and 3), ROS 
production (Figure 4C and 4D), and partially killing (Figure 5). In fact, IgG3 has 
higher affinity for FcγRs and induce a stronger activation of the complement system 
via the classical pathway than IgG1 (6). Moreover, expression of SpA and Sbi by S. 
aureus inhibits IgG1- but not IgG3-mediated phagocytosis, thanks to an amino acid 
substitution in the Fc region that prevents binding of these virulence factors to IgG3 
(8,40,41). However, from a therapeutic perspective, IgG1 offers several advantages 
compared to IgG3, such as a longer half-life (6), easier production and purification 
(53), and its safety for clinical use has already been established for oncological and 
immunological diseases (54).

contribution to phagocytosis, bacteria were opsonized with 70 nM of antibodies and added 
in the same well with neutrophils and macrophages at a cell-to-bacterium ratio of 1-10. Each 
phagocyte was identified based on the fluorescence in the PE channel (neutrophils) and 
Violet channel (macrophages). The amount of bacteria engulfed by each phagocyte, was 
measured by the intensity of the GFP signal, expressed in arbitrary units (AU) as values were 
compensated for cell type’s autofluorescence. (n=2). Error bars represent SEM.
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Use of mAbs enhanced the functions of both phagocytes, but neutrophils always 
showed stronger phagocytic and killing abilities than macrophages. Due to their 
longer life span and weaker bactericidal functions, macrophages might represent an 
ideal hub for the intracellular survival of S. aureus, entailing a higher risk of recalcitrant 
infections. To prevent this, a possible therapeutic approach might exploit the stronger 
antibacterial functions of neutrophils, rerouting bacterial uptake exclusively towards 
those phagocytes. This strategy was explored as a proof of concept via generation of 
bAbs targeting both pathogens and phagocytes. To improve their therapeutic value, 
these antibodies were generated from a IgG1 backbone modified to prevent binding 
of SpA and Sbi. According to a “piggyback” approach (55), one arm of the bAb binds 
S. aureus while the other arm presents the opsonized pathogen exclusively to one 
phagocyte via the specificity of the second arm. 

Although bAbs efficiently enhanced the phagocytic capacities of both neutrophils 
and macrophages, they failed in driving phagocyte-specific uptake of S. aureus 
(Figure 6). The use of either of the bAbs did not prevent the other phagocyte 
from engulfing bacteria. Antibody-mediated phagocytosis relies on the interaction 
between FcγRs and the Fc region of antibodies, which is common in both generated 
bAbs. Therefore, we generated F(ab)2 fragments of the bAbs. With no Fc part of the 
antibody, only the crosslinking of opposite antigens on bacteria and white blood cells 
can be responsible for the observed phagocytosis. Unfortunately for these bAbs-
constructs it was evident that this mechanis was insufficient to elicit phagocytosis.

Despite the undesired outcome of our results, the bispecific antibody strategy 
might still hold therapeutic value after some improvements in its design (55). Extra 
attention should be paid to the selection of the targets on phagocytes. Besides 
expression levels on the cell surface, the size, mobility in the membrane, and distance 
of the antigen from the target surface play a critical role in antibody efficacy (56–58). 
For example, Bakalar et al., showed that distances longer than 10 nm between the 
antibody-opsonized antigen and the cell membrane negatively impact phagocytosis 
by macrophages (59). Alternatively, pathogens presentation to phagocytes might 
be enhanced by using bAbs binding two different virulence factors on the bacterial 
membrane (60), or generating high affinity F(ab)2 fragments against two epitopes 
on the same antigen (61). This approach might improve antibody therapy efficacy 
against a broad range of bacterial strains. On the other hand, our strategy of 
directing all pathogens against one cell type might be counterproductive for infection 
resolution. For instance, in a septic in vitro model, substantial exposure to S. aureus 
supernatant led to reduced phagocytic and killing capacities of neutrophils (46). As 
a solution, bAbs might be designed to bind intracellular targets, such as CD63 (or 
LAMP3) involved in lysosomal trafficking (62), to enhance the antibacterial functions 
of both phagocytes instead of only one. 

As a different option from bAbs, phagocytes might be selectively stimulated 
based on their distinct response to opsonins. As previously described (63), we 
showed that macrophages primarily rely on antibodies for bacterial uptake, whereas 
the introduction of complement enhances phagocytosis in neutrophils. Therefore, 
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mAbs might be used to enhance complement activation and consequently stimulate 
primarily the antibacterial functions of neutrophils. For example, the IgG1 Fc 
domain can be modified to enhance Fc-dependent hexamerization of target-bound 
antibodies, resulting in stronger complement activation and deposition on the 
bacterial surface (9,10). Similarly, complement-mediated phagocytosis might be 
enhanced by switching the antibody subclass to IgM, which induces more efficient 
complement activation (64).

Conclusion

In conclusion, we confirmed that in vitro assay conditions affect the antibacterial 
functions of neutrophils and macrophages. When phagocytosis was studied in 
adhesion, no clear difference was observed between neutrophils and macrophages. 
In the presence of complement we could observe a similar contribution of IgG1- and 
IgG3-mediated phagocytosis, despite the expression of SpA and Sbi by S. aureus. 
On the contrary, assays in suspension clearly demonstrated the distinct roles of 
opsonins in promoting bacterial uptake, revealing a marked difference in phagocytic 
capabilities between neutrophils and macrophages. For instance, the addition of 
complement besides mAbs further enhanced bacterial uptake by neutrophils but not 
macrophages. Based on these observations, future in vitro tests aimed at screening 
and investigating the role of mAb should be run with phagocytes in suspension. 
Finally, our findings suggest that targeting SDR proteins, rather than WTA, on S. 
aureus may serve as a successful mAb therapeutic strategy.
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Supplementary Figure 2. Expression of Spa and Sbi on the surface of S. aureus inhibits 
phagocytosis by neutrophils and macrophages. (A) IgG1 and IgG3 mAb binding to S. aureus 
WT (full bars) and S. aureus KO (empty bars). Data are represented as geometric mean 
of AF647 in a log10 scale. (n=3). (B) Bacteria WT and KO were opsonized with 10 nM of 
Ig1-mAbs. Then, opsonized bacteria were incubated at a cell-to-bacterium ratio of 1-10 with 
phagocytes in suspension. Phagocytosis of S. aureus WT and KO was evaluated after 15 min 
and expressed as fluorescence in arbitrary units (AU) of the GFP signal.

Supplementary Figure 1. Gating strategy to compare neutrophils (upper row) and 
macrophages (lower row) phagocytosis by flow cytometry. (A) Selection of cells population 
(Total gate) in the linear FSC and SSC. (B) Selection of the two phagocytes within the total 
population based on their fluorescence in the violet (neutrophils) and yellow (macrophages) 
channel. (C) Histogram setting GFP fluorescence baseline for cells incubated without bacteria 
(left) or with bacteria (right). Same gating strategy was applied for both neutrophils and 
macrophages.

Supplementary Figures
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Need for reliable in vitro models

Numerous studies, including this thesis, emphasize the ongoing challenges 
posed by S. aureus which consistently manages to outpace and outsmart our efforts 
to protect orthopedic implants from bacterial colonization. Despite limited success 
in therapeutic approaches, bacterial mutation rate surpasses scientific progress. On 
average, it takes approximately 13-14 years to discover and bring a new therapeutic 
compound to the market (1). Under optimal conditions, a single S. aureus cell can 
accumulate 30 different mutations in every single base pair of its genome within 30 
hours (2). Historically, bacterial resistance emerged shortly after the introduction of 
new antibiotics in clinical applications, resulting in a notable decline in the discovery 
and development of antibiotic-based compounds over the past three decades (3). 
Nonetheless, improvements in the use of available resources still provide effective 
relief from S. aureus infections. One example consists of switching the administration 
of a combination of antibiotics to effectively clear infections and prevent resistance. 
For instance, strains resistant to an antibiotic become susceptible to a second class 
of drugs (4). Another approach is to use the implant itself as a vehicle to deliver 
locally antibacterial agents at higher concentrations. To further improve the efficiency 
of this strategy, considerable efforts have been devoted to modifying the surface 
of implants with antibacterial coatings capable of delivering a diverse range of 
compounds. These coatings may involve various elements, including antibiotics, 
low-molecular proteins, metal ions and nanoparticles, up to natural and synthetic 
polymers (5). Despite the wide range of strategies employed, antibacterial coatings 
have achieved limited success in preclinical and clinical studies and none of these 
coating strategies have been successfully implemented in clinical care yet.

One possible factor contributing to this failure is the unavailability of reliable in vitro 
models. Most studies have assessed the efficacy of newly developed modifications 
to implant surface primarily through simple in vitro assays. These tests typically 
focus on separately evaluating the antibacterial efficiency on bacterial cultures, 
and toxicity on host cells, without combining pathogens and host cells in the same 
assay. From those studies, host-host or host-pathogen interactions mimicking the 
complexity of the in vivo scenario were often ignored. However, this was not without 
consequences. Chen et al., demonstrated the pro-osteogenic properties of a coating 
after in vitro tests with only MSCs, but the implant yielded opposite results in vivo, 
causing inflammation and bone destruction. Afterwards, the research group showed 
that a preliminary in vitro evaluation of the response of macrophages to the coating 
might have anticipated negative outcomes without sacrificing any animals (6). 
Similarly, coatings with significant bactericidal effects in vitro turned out to be toxic 
and not antibacterial in vivo. Once more, the use of more comprehensive in vitro 
models could have predicted the side effects of the implant (7). In fact, complex in 
vitro models involving multiple cell types can help assessing treatment effects. Luan 
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et al., showed that without the presence of a contaminated surface, macrophages 
assumed a pro-inflammatory phenotype resulting in a reaction against the implant. 
On the contrary, in the presence of a contaminated surface, macrophages adopted 
an anti-inflammatory phenotype which favored osteoblasts adhesion to the implant (8).

Furthermore, in vitro tests can be further improved by selection of appropriate 
cell models. Numerous studies employed cell lines, often derived from non-human 
sources, or combined cell types from different species in culture. However, these 
approaches fail to consider the potential variations in behavior between primary cells 
and cell lines from different species (9–12). Additionally, both in vitro and in vivo 
studies overlooked S. aureus host-specificity. In fact, the coevolution of pathogen 
and host has led to the development of highly host-specific virulence factors. This 
made S. aureus strains specialized to infect specific host species rather than all 
hosts equally. Therefore, animal studies, particularly those run in murine models, 
may inadequately predict the pathogenicity of S. aureus or the therapeutic efficacy 
of novel antibacterial compounds (13–15).

As we aim to define new alternative antibacterial compounds for the prevention 
of S. aureus implant-associated infections (IAI) in humans, to enhance the clinical 
relevance and applicability of our findings all studies presented in this thesis 
employed human tissue-derived cells.

In Chapter 2 we designed a multicellular in vitro model that mimics the implant-
associated infection (IAI) environment in vivo, with macrophages (immune system), 
MSCs (bone tissue), and S. aureus (pathogen) interacting with each other on the 
surface of an implant. This setup allowed us to study host-host interactions, such 
as the anti-inflammatory effect generated by culturing MSCs with macrophages, 
host-pathogen interactions, including the ability of S. aureus to survive intracellularly 
in both cell types over time, and host-implant interactions, including the influence 
of biomaterials on immune cells antibacterial functions. Moreover, to enhance the 
accuracy and clinical relevance of our results, we used primary human cells isolated 
from tissues. This is in contrast to other studies that employed non-human cell 
lines to evaluate antibacterial coatings efficacy. Our model represents a valuable 
screening tool to predict the possible benefits and pitfalls derived from the use of 
therapeutic compounds or antibacterial coatings, as we did in chapter 2 for silver 
and in chapter 3 for host defense peptides.

The use of metallic silver as an antibacterial agent in clinical practice is 
controversial. While silver-coated implants have been successfully introduced in 
clinical settings to reduce infection rates among oncologic patients, their use has 
also raised concerns due to alarming side effects reported. With our multicellular 
model we could exclude the existence of a therapeutic window where silver, both in 
free-ion (AgNO3) and nanoparticle (AgNP) form, retained its antibacterial properties 
while not compromising the viability and functions of host cells. For instance, all 
silver formulations that were non-toxic to host cells failed to kill both extracellular 
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and intracellular S. aureus. Moreover, to reduce silver-associated toxicity, larger 
nanoparticles are generally preferred over free silver ions (AgNO3). However, our 
multicellular model showed that 100 nm but not 20 nm silver nanoparticles (AgNP) 
triggered an inflammatory response when macrophages and MSCs were cultured 
together. Interestingly, this side effect would have been missed using monoculture 
assays.

Our results support the idea that increasing the complexity of in vitro models 
may provide deeper insights into the therapeutic efficacy of novel compounds. 
Nonetheless, different in vitro models have been proposed to approach a more 
accurate representation of an in vivo scenario. For example, addition of a flow 
system could simulate in vivo-like conditions such as shear stress and exchange 
of nutrients and molecules among cells in culture (16,17). Likewise, organ-on-chip 
microfluidic devices provide a viable alternative to animal models by reproducing 
pathophysiological features of human microbial infections (18). For example, 
Deinhardt-Emmer et al., could monitor the spatiotemporal spread of S. aureus 
in a human alveolus-on-chip consisting of vascular and epithelial cell structures 
with tissue-resident macrophages (19). The same research group advanced the 
hypothesis to further expand the use of this model to study the role of staphylococcal 
toxins in immune cells. Regrettably, this technology still falls short on accurately 
replicating the intricate complexity of various cell types and the structural composition 
of the bone environment (20).

While organ-on-chips could mimic the spreading of bacterial infections to different 
tissues, organoids provide a more patient-specific screening and prediction model 
for treatment response. Although multiple methods have been established to study 
infectious diseases using organoids, the inclusion of components from the innate 
immune system has not yet been incorporated into these models (21–23).

Nature provided means to combat pathogenic bacteria before antibiotic discovery. 
For example, several plants and insects evolved specific patterns on their surfaces to 
protect themselves against bacteria. By reproducing similar patterns into the surface 
of implants, several researchers developed nanostructured bactericidal surfaces 
that could kill bacteria through physico-mechanical rupture of the cell wall (24). Fungi 
naturally produce a bactericidal molecule from which we extract penicillin. Through 
thousands of years of evolution, our organism evolved a complex immune system 
that efficiently protects us from external threats quite well, without modern drugs. 
Therefore, if we enhance the intrinsic antibacterial functions of our immune system, 
we might be able to replace antibiotics as an antibacterial treatment. Accordingly, in 
chapter 3 and chapter 5 we tried to enhance the antibacterial functions of macrophages 
via host defense peptides (HDPs) and human monoclonal antibodies (mAbs).
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HDPs are naturally occurring molecules expressed by a diverse range of 
species, from plants to mammals, and employed as a defense mechanism by 
several cell types. Thanks to their positive charge, cationic HDPs can interact with 
negatively charged membranes of both pathogens and host cells. This characteristic 
confers them the therapeutic potential to address bacterial infections through two 
mechanisms: direct antimicrobial activity and modulation of the immune response. 
Among the numerous natural and synthetic HDPs described in literature, three stood 
out for their antibacterial and immunomodulatory properties. CATH-2 exhibited broad-
spectrum antibacterial activity (25), while IDR-1018 and LL-37 demonstrated potent 
anti-biofilm effects (26,27). Additionally, IDR-1018 and LL-37 promoted neutrophils 
activation and enhanced phagocytes bactericidal functions (28,29).

In Chapter 3 we aimed to characterize and compare the antibacterial and 
immunomodulatory properties of these three peptides under the same in vitro 
conditions. It is important to note that variations in culture conditions across studies 
significantly impact HDPs functions, thereby generating contrasting data. In line with 
previous findings in literature, we found that all three peptides exhibited a strong 
anti-inflammatory action on macrophages, and no toxic effects were observed at 
the concentrations examined. However, contrary to previous studies, only CATH-2 
demonstrated a direct antibacterial effect in our assays. Additionally, only IDR-1018 
inhibited phagocytosis, while none of the HDPs enhanced the bactericidal functions 
of human macrophages. 

Although HDPs have shown superior performances compared to silver, 
their application in clinical settings is still far. On the one hand, their non-specific 
interaction with bacterial membranes suggests that insurgence of resistance is 
unlikely (30). However, this interaction also raises concerns regarding their potential 
toxicity towards host cells (31). To avoid safety issues and bypass their instability in 
vitro and in vivo, the majority of HDPs currently undergoing preclinical and clinical 
development are formulated for topical administration (32,33), with ongoing research 
to apply HDPs as coatings for medical devices (34).

In contrast to HDPs, mAbs are characterized by high target specificity, long 
half-life, and low immunogenicity, making them particularly suitable for systemic 
administration (35). However, HDPs highlighted the importance of the in vitro 
conditions when testing new compounds. Therefore, before screening different 
mAbs for their efficacy, we optimized in Chapter 4 the optimal in vitro conditions to 
study and compare the role of neutrophils and macrophages in the fight against S. 
aureus. 

Classically, neutrophils functions are studied in suspension assays, while 
macrophages are adherent cells. We showed that neutrophils can be studied as 
adherent cells and vice versa macrophages under suspension conditions. However, 
this change in in vitro setups affected their response to S. aureus. Both phagocytes 
engulfed a higher number of bacteria when the assay was performed in suspension 
rather than in adhesion. Moreover, bacterial recognition and uptake in suspension 
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was exclusively dependent on the opsonization with serum factors. In contrast, other 
non-opsonic mechanisms were also involved when phagocytosis was studied in 
adhesion. Plus, neutrophils engulfed and killed more bacteria than macrophages in 
suspension assays, while the difference between the two cell types was less evident 
in adhesion assays.

In Chapter 5 we confirmed that suspension assays represent the ideal in vitro 
platform to study the role of mAbs against S. aureus on phagocytes. We observed 
that mAbs targeting proteins on the cell wall of S. aureus improved bacterial 
recognition, uptake, and partially killing by both phagocytes, with neutrophils 
outperforming macrophages. However, expression of the virulence factors SpA 
and Sbi by S. aureus inhibited IgG1-mediated phagocytosis, while IgG3 strongly 
enhanced phagocytes’ functions. From a therapeutic perspective, IgG1 offers several 
advantages over IgG3, such as longer half-life, easier production, and purification. 
Fortunately, antibody engineering technology provides solutions to enhance IgG1 
functionalities to levels comparable to IgG3. For instance, the Fc tail of IgG1 can 
be modified to prevent binding by SpA and Sbi (36), and increase Fc-dependent 
hexamerization of target-bound antibodies to enhance complement activation and 
deposition on the bacterial surface (37,38).

Among the antibodies tested, the best performances were recorded in the 
presence of antibodies directed against SDR proteins (mAb rF1) rather than WTA 
(mAbs 4461 and 4497). One possible explanation could be attributed to a higher 
abundance of N-acetylglucosamine (GlcNac) residues on the SDR proteins, thereby 
increasing the binding sites for rF1 (39). On the other hand, the WTA backbone 
can be modified with GlcNac and D-alanine residues. However, D-alanylation might 
interfere with the protein charge given by the addition of glycosyl groups, thereby 
affecting 4461 and 4497 binding (40,41). Nonetheless, further studies are needed to 
verify antibodies interaction with their targets.

Considering the longer life span but weaker bactericidal functions highlighted 
in chapters 4 and 5, macrophages might represent an ideal hub for S. aureus 
intracellular survival, entailing a higher risk of recalcitrant infections. As a possible 
solution, in Chapter 5 we suggested the use of bispecific antibodies (bAbs) targeting 
both pathogens and phagocytes. Once bound to the bacterial surface, these bAbs are 
expected to selectively drive phagocytosis by either one of the phagocytes. Ideally, 
due to their stronger antibacterial functions, bacterial uptake should be redirected 
towards neutrophils. Unfortunately, the bAbs designed failed to induce phagocyte-
specific uptake of S. aureus.
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Overall, we showed that a one-for-all approach is not sufficient to prevent S. 
aureus-mediated IAI. While the therapeutic compounds investigated in this thesis 
offered some support, none proved capable of eliminating S. aureus on their own. 
A combinatorial approach could potentially hold the key to the future of antibacterial 
therapies to prevent IAI.

The combination of HDPs with antibiotics (42,43) or other HDPs (44) already 
showed improved antibacterial efficiency compared to the compounds used alone. 
Alternatively, HDPs can be immobilized on the implant surface and released locally 
to promote tissue regeneration (34). Likewise, to enhance therapeutic efficacy, mAbs 
should be engineered to target epitopes that are less susceptible to alterations or 
modifications by the pathogen. Additionally, they should also be capable of binding 
to epitopes shared by various strains within a single species or across several 
species of interest. Therefore, administration of a cocktail of multiple mAbs might 
ensure a broader coverage of the therapy while minimizing the risk of resistance 
development (45). As an alternative to our concept, multiple bispecific antibodies 
have been designed for various applications other than infectious diseases (46,47). 
For example, bAbs might be designed to bind intracellular targets of phagocytes 
to enhance their antibacterial functions (48), or conjugated to antibiotics or other 
antibacterial compounds to directly target and kill pathogens, both intracellular and 
extracellular.

In our hands, a possible therapeutic approach to preventing IAI might involve a 
combination of different antibacterial compounds (Figure 1).

On the one hand, the implant surface can be coated with different HDPs. Their 
release into the environment can attract and modulate macrophage functions, 
polarizing them towards an anti-inflammatory phenotype. This promotes bone 
regeneration via interaction with MSCs and osteoblasts. On the other hand, the 
administration of different antibodies prompts the presence of invading pathogens to 
immune cells, enhancing their antibacterial functions. Antibody-opsonized bacteria 
should be phagocytosed and killed mainly by neutrophils. This might effectively 
reduce the risk of intracellular survival of S. aureus within host cells, especially 
macrophages that can focus on the coordination of the healing process. Furthermore, 
the systemic administration of antibiotics or their release from the coated surface of 
the implant provides additional support to the immune system. This helps to prevent 
bacterial colonization of the implant.

Future directions to prevent implant-associated infections
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In conclusion, IAI constitutes a complex environment where multiple factors are 
involved. Finding the therapeutic Holy Grail, one single compound able to prevent 
bacterial colonization of the implant while supporting tissue healing seems not 
possible at this stage. Likewise, despite their key role in protection against invading 
pathogens and coordination of the healing process, macrophages alone cannot 
completely resolve such a complicated clinical scenario. Nonetheless, to paraphrase 
the title of chapter 6 taken from the movie “Saving Private Ryan” (49), rescuing 
at least one cell type could bring us one step closer to victory in this ongoing war 
against S. aureus.

Figure 1. Concept of combining multiple antibacterial compounds to prevent IAI. This 
therapeutic strategy includes: (A) release of HDPs from the surface of the implant to enhance 
macrophage-mediated healing; (B) administration of mAb to enhance bacterial recognition 
and elimination by immune cells, specifically neutrophils; (C) use of antibiotics to support 
immune system protection of the surface of the implant.
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Summary in English

We are at war! From the patient’s point of view, orthopedic surgeries might be 
challenging, particularly when implants are involved. Although their presence is 
crucial to restoring tissue functionality, implants are perceived as foreign bodies by 
our organism, and therefore they are considered enemies that are being attacked 
by our immune system. On top of that, most orthopedic surgeries employ non-
biodegradable implants (e.g., made in titanium) designed to stay in our body for 
the long-term or permanently, resulting in stronger and prolonged immune system 
activation. Although stressful for the patient and the organism, this reaction is an 
essential component of the healing process, ultimately leading to proper integration 
of bone and implant.

In this context, macrophages play a key role. This type of white blood cells, from 
one side coordinate the activity of bone cells to deposit new bone around the newly 
inserted implant. On the other hand, macrophages defend our organism from external 
threats, such as foreign substances, dead cells, or microbes, by eating and digesting 
them in a process called phagocytosis. During and after surgery, macrophages work 
tirelessly to clean the area around the implant surface to favor healing and new bone 
deposition. However, this leaves little to no energy available to fulfill their other tasks, 
such as protecting the organism from invading pathogens. In 1 to 5% of patients 
undergoing joint replacement surgeries, pathogens present in the operating theatre, 
e.g., on surgical staff or patients themselves, can find their way through the open 
wound and proliferate undisturbed on the surface of the implant.

As traditional treatments with systemic antibiotics administration are not always 
effective against orthopedic implant-associated infections, new approaches have 
been suggested to improve the therapeutic outcome. According to orthopedic 
surgeons, a promising therapeutic approach involves the modification of the implants 
surface to deliver drugs locally. For example, antibiotic-loaded implants may create 
at the surgical site an inhospitable environment for bacterial growth, so that the 
immune system can efficiently clear the infection while coordinating the wound 
healing process. However, the success of these strategies depends on the pathogen 
causing the infection. 

Orthopedic implant-associated infections are mostly caused by Staphylococcus 
aureus. This pathogen represents a worldwide threat to human health due to its 
remarkable efficacy in surviving human drugs and clinical treatments, while sustaining 
the attacks from our immune system. Historically, bacterial resistance to antibiotics 
emerged shortly after the introduction of new drugs in clinical applications, resulting 
in a notable decline in the discovery and development of antibiotic-based compounds 
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over the past three decades. On average, it takes approximately 13-14 years to 
discover and bring a new therapeutic compound to the market, while under optimal 
conditions, it takes only a few hours for a single S. aureus cell to completely change 
its genome and characteristics. Moreover, S. aureus evolved multiple strategies to 
counteract the activation, recognition, and elimination by the immune system. One 
such strategy includes the ability to invade, survive, and proliferate inside host cells, 
including macrophages, which are supposedly responsible for killing pathogens. In 
fact, S. aureus can even use immune cells as a “Trojan horse” to survive and spread 
infection. Once inside our bodies, traditional antibacterial treatments and host 
defense mechanisms fail to solve the infection, making S. aureus able to prolong, 
almost indefinitely, its stay within the host.

With this thesis we aim to characterize the therapeutic potential of alternative 
compounds to antibiotics for preventing implant-associated infections. As S. aureus 
survival within host cells, especially macrophages, has been identified as a risk factor 
for recalcitrant infections, we have investigated the efficacy of several therapeutic 
compounds in reducing the number of intracellular pathogens, either by direct killing 
or modulation of immune cells’ functions.

Metallic silver has been used as an antibacterial agent even before the introduction 
of antibiotics. However, its use in clinical practice is controversial. Despite its strong 
antibacterial action, the use of silver is counterbalanced by equally strong toxic 
effects on the organism. In chapter 2, we excluded the existence of a therapeutic 
window where silver retained its antibacterial properties while not compromising the 
viability and functions of macrophages. To support this conclusion, we developed 
a new multicellular in vitro model that mimics implant-associated infections. In 
other words, we were able to replicate the complex interactions at the implant-bone 
interface in the laboratory using different cell types such as macrophages and bone 
marrow mesenchymal stem cells (the precursors of osteoblasts).

Moving on from the use of silver, nature provided means to combat pathogenic 
bacteria before antibiotic discovery. Through thousands of years of evolution, our 
organism evolved a complex immune system that efficiently protects us from external 
threats, without modern drugs. Therefore, if we enhance the intrinsic antibacterial 
functions of our immune system, we might be able to replace antibiotics as an 
antibacterial treatment. In chapter 3, we explored the use of host defense peptides 
which are naturally occurring molecules employed as a defense mechanism by 
several cell types. Thanks to their chemical properties, these molecules can tackle 
bacterial infections via two mechanisms: direct antibacterial activity and modulation 
of the immune response. Although one host defense peptide did efficiently kill S. 
aureus, all other two peptides that were tested failed to enhance the antibacterial 
functions of macrophages.
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Nonetheless, macrophages are not the only immune cells responsible for the 
protection against S. aureus. Close collaboration between macrophages and 
neutrophils, one of the most abundant types of immune cell, is essential in clearing 
bacterial infections. Absence of one or the other cell type would negatively impact 
our organism defenses against invading pathogens. Therefore, in chapter 4 we 
compared the contribution of neutrophils and macrophages to S. aureus elimination 
of. We observed that change in the in vitro testing conditions affected immune cells 
response to pathogens. Specifically, when assays were performed with cells floating, 
their recognition and phagocytosis of bacteria required the presence of antibodies 
and complement proteins normally circulating in our bloodstream. Absence of one of 
these elements, involved the loss of phagocytic capacity by both immune cells when 
in a floating state, but not when adhering to a surface. In both assay conditions, 
neutrophils could eat and kill more bacteria than macrophages. These observations 
were further expanded in chapter 5. There, as a basis for the development of a 
vaccine therapy against S. aureus, we observed that pathogen-specific monoclonal 
antibodies enhanced the ability of both neutrophils and macrophages to recognize, 
eat, and kill pathogens. Once more, neutrophils outperformed macrophages in 
terms of ability to clear the infection. Based on these results, we suggested as a 
possible therapeutic strategy the use bispecific antibodies. These are antibodies 
able to bind two targets at the same time. We hypothesized that antibodies bound to 
the bacterial surface could force pathogen’s phagocytosis only by neutrophils, given 
their stronger antibacterial functions, and not by macrophages. Unfortunately, the 
bispecific antibodies designed failed to induce immune cell-specific phagocytosis of 
S. aureus.

In conclusion, we showed that a one-for-all approach is not sufficient to eradicate 
S. aureus infections. The single compounds studied in this thesis were not sufficient 
by themselves to kill bacteria or enhance macrophages antibacterial functions. 
However, a combination of multiple molecules might help preventing infection 
while promoting the bone healing process. Likewise, although playing a crucial 
role, macrophages alone are unable to fully resolve intricate clinical scenarios like 
implant-associated infections. S. aureus can negatively affect multiple cell types and 
tissues surrounding the implant. To effectively overcome this challenge, therapeutic 
compounds must offer comprehensive protection to all the elements involved in the 
process. Nevertheless, even rescuing one cell type could lead us one step closer to 
victory in the ongoing war against S. aureus.
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We zijn in oorlog! Vanuit het oogpunt van de patiënt zijn orthopedische operaties 
uitdagend, vooral wanneer er implantaten bij betrokken zijn. Hoewel hun aanwezigheid 
cruciaal is voor het herstel van de weefselfunctionaliteit, worden implantaten door 
ons organisme gezien als vreemde lichamen en daarom worden ze beschouwd als 
vijanden die worden aangevallen door ons immuunsysteem. Bovendien gebruiken 
de meeste orthopedische operaties niet-biologisch afbreekbare implantaten 
(bijvoorbeeld gemaakt van titanium) die zijn ontworpen om langdurig of permanent in 
ons lichaam te blijven, wat resulteert in een sterkere en langdurige immuunsysteem 
activatie. Hoewel stressvol voor de patiënt en het organisme, is deze reactie een 
essentieel onderdeel van het genezingsproces, dat uiteindelijk leidt tot een goede 
integratie van bot en implantaat.

Hierbij spelen macrofagen een sleutelrol. Dit type witte bloedcel coördineert aan 
de ene kant de activiteit van botcellen om nieuw bot af te zetten rond het nieuw 
ingebrachte implantaat. Aan de andere kant verdedigen macrofagen ons organisme 
tegen externe bedreigingen, zoals vreemde stoffen, dode cellen of microben, 
door ze op te eten en te verteren in een proces dat fagocytose wordt genoemd. 
Tijdens en na de operatie werken macrofagen onvermoeibaar om het gebied rond 
het implantaatoppervlak schoon te maken om genezing en nieuwe botafzetting te 
bevorderen. Hierdoor blijft er echter weinig tot geen energie over om hun andere 
taken te vervullen, zoals het beschermen van het organisme tegen binnendringende 
ziekteverwekkers. Bij 1 tot 5% van de patiënten die gewrichtsvervangingsoperaties 
ondergaan, kunnen ziekteverwekkers die aanwezig zijn in de operatiekamer, 
bijvoorbeeld bij chirurgisch personeel of patiënten zelf, hun weg vinden door de open 
wond en zich ongestoord vermenigvuldigen op het oppervlak van het implantaat.

Aangezien traditionele behandelingen met systemische toediening van antibiotica 
niet altijd effectief zijn tegen orthopedische implantaatgerelateerde infecties, zijn 
nieuwe behandelingen voorgesteld om de therapeutische uitkomst te verbeteren. 
Volgens orthopedisch chirurgen houdt een veelbelovende therapeutische 
benadering in dat het oppervlak van het implantaat wordt aangepast om lokaal 
medicijnen af te geven. Antibiotica geladen implantaten kunnen bijvoorbeeld op de 
plaats van de operatie een onherbergzame omgeving voor bacteriegroei creëren, 
zodat het immuunsysteem de infectie efficiënt kan opruimen en tegelijkertijd het 
wondgenezingsproces coördineert. Het succes van deze strategieën hangt echter 
af van de ziekteverwekker die de infectie veroorzaakt.

Orthopedisch implantaatgerelateerde infecties worden meestal veroorzaakt door 
Staphylococcus aureus. Deze ziekteverwekker vormt een wereldwijde bedreiging 
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voor de menselijke gezondheid vanwege zijn opmerkelijke vaardigheid om menselijke 
medicijnen en klinische behandelingen te overleven, terwijl het de aanvallen van 
ons immuunsysteem verdraagt. Historisch gezien ontstond bacteriële resistentie 
tegen antibiotica kort na de introductie van nieuwe geneesmiddelen in klinische 
toepassingen, wat resulteerde in een opmerkelijke afname in de ontdekking en 
ontwikkeling van nieuwe antibiotica in de afgelopen drie decennia. Gemiddeld duurt 
het ongeveer 13-14 jaar om een nieuw geneesmiddel te ontdekken en op de markt 
te brengen, terwijl het onder optimale omstandigheden slechts enkele uren kost voor 
een enkele S. aureus-cel om zijn genoom en kenmerken volledig te veranderen. 
Bovendien ontwikkelde S. aureus meerdere strategieën om de activering, herkenning 
en eliminatie door het immuunsysteem tegen te gaan. Eén zo’n strategie omvat 
het vermogen om gastheercellen binnen te dringen, daar te overleven en zich te 
vermenigvuldigen, inclusief in macrofagen, die zogenaamd verantwoordelijk zijn voor 
het doden van pathogenen. S. aureus kan zelfs immuuncellen gebruiken als een 
“Trojaans paard” om te overleven en de infectiete verspreiden. Eenmaal in ons lichaam 
kunnen traditionele antibacteriële behandelingen en verdedigingsmechanismen van 
de gastheer de infectie niet oplossen, waardoor S. aureus zijn verblijf in de gastheer 
voor bijna onbepaalde tijd kan verlengen.

Met dit proefschrift willen we het therapeutisch potentieel karakteriseren 
van alternatieve middelen voor antibiotica voor het voorkomen van implantaat-
geassocieerde infecties. Aangezien de overleving van S. aureus in gastheercellen, 
met name macrofagen, is geïdentificeerd als een risicofactor voor chronisch 
infecties, hebben we de werkzaamheid onderzocht van verschillende therapeutische 
verbindingen bij het verminderen van het aantal intracellulaire pathogenen, hetzij 
door directe doding of modulatie van de functies van immuuncellen.

Metaalzilver werd al vóór de introductie van antibiotica als antibacterieel middel 
gebruikt. Het gebruik ervan in de klinische praktijk is echter controversieel. Ondanks 
zijn sterke antibacteriële werking wordt het gebruik van zilver gecompenseerd door 
even sterke toxische effecten op het organisme. In hoofdstuk 2 hebben we het 
bestaan van een therapeutisch venster uitgesloten waar zilver zijn antibacteriële 
eigenschappen behield zonder de levensvatbaarheid en functies van macrofagen 
in gevaar te brengen. Om deze conclusie te ondersteunen, ontwikkelden we een 
nieuw meercellig in vitro model dat implantaat-geassocieerde infecties nabootst. 
In andere woorden, we konden de complexe interacties van het implantaat-bot 
grensvlak repliceren in het laboratorium door middel van verschillende celtypen 
zoals macrofagen en mesenchymale stamcellen van het beenmerg (de voorlopers 
van osteoblasten).

Voortbouwend op het gebruik van zilver, bood de natuur middelen om pathogene 
bacteriën te bestrijden voordat antibiotica werden ontdekt. Door duizenden jaren 
van evolutie heeft ons organisme een complex immuunsysteem ontwikkeld dat ons 
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beschermt tegen bedreigingen van buitenaf, zonder moderne medicijnen. Daarom, 
als we de intrinsieke antibacteriële functies van ons immuunsysteem versterken, 
kunnen we misschien antibiotica als antibacteriële behandeling vervangen. In 
hoofdstuk 3 onderzochten we het gebruik van afweerpeptiden van de gastheer. 
Dit zijn van nature voorkomende moleculen die door verschillende celtypen als 
verdedigingsmechanisme worden gebruikt. Dankzij hun chemische eigenschappen 
kunnen deze moleculen bacteriële infecties aanpakken via twee mechanismen: 
directe antibacteriële activiteit en modulatie van de immuunrespons. Hoewel één 
gastheerverdedigingspeptide S. aureus efficiënt doodde, konden alle andere drie 
geteste peptiden de antibacteriële functies van macrofagen niet versterken.

Toch zijn macrofagen niet de enige immuuncellen die verantwoordelijk zijn voor 
de bescherming tegen S. aureus. Nauwe samenwerking tussen macrofagen en 
neutrofielen, een van de meest voorkomende soorten immuuncellen, is essentieel 
bij het opruimen van bacteriële infecties. Afwezigheid van het ene of het andere 
celtype zou een negatieve invloed hebben op de afweer van ons organisme tegen 
binnendringende ziekteverwekkers. Daarom hebben we in hoofdstuk 4 de bijdrage 
van neutrofielen en macrofagen aan S. aureus eliminatie vergeleken. We zagen 
dat verandering in de in vitro testomstandigheden de reactie van immuuncellen 
op ziekteverwekkers beïnvloedde. Specifiek, wanneer assays werden uitgevoerd 
met drijvende cellen, hun herkenning en fagocytose van bacteriën vereisten 
de aanwezigheid van antilichamen en complementeiwitten die normaal in onze 
bloedbaan circuleren. Afwezigheid van een van deze elementen betekende het 
verlies van fagocytische capaciteit door beide immuuncellen wanneer ze in een 
drijvende toestand waren, maar niet wanneer ze zich aan een oppervlak hechtten. 
In beide testomstandigheden konden neutrofielen meer bacteriën eten en doden 
dan macrofagen. Deze observaties werden verder uitgebreid in hoofdstuk 5. Daar, 
als basis voor de ontwikkeling van een vaccintherapie tegen S. aureus, zagen 
we dat pathogeen-specifieke monoklonale antilichamen het vermogen van zowel 
neutrofielen als macrofagen verbeterden om ziekteverwekkers te herkennen, op te 
eten en te doden. Eens te meer presteerden neutrofielen beter dan macrofagen 
wat betreft het vermogen om de infectie op te ruimen. Op basis van deze resultaten 
stelden we als mogelijke therapeutische strategie het gebruik van bispecifieke 
antilichamen voor. Dit zijn antilichamen die twee doelwitten tegelijkertijd kunnen 
binden. Onze hypothese was dat antilichamen gebonden aan het bacteriële oppervlak 
de fagocytose van de ziekteverwekker alleen door neutrofielen zouden kunnen 
forceren, gezien hun sterkere antibacteriële functies, en niet door macrofagen. 
Helaas konden de ontworpen bispecifieke antilichamen geen immuuncel-specifieke 
fagocytose van S. aureus induceren.

We hebben aangetoond dat een “one-for-all”-aanpak niet voldoende is om S. 
aureus-infecties uit te roeien. De afzonderlijke medicijnen die in dit proefschrift zijn 
bestudeerd, waren op zichzelf niet voldoende om bacteriën te doden of antibacteriële 
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functies van macrofagen te versterken. Een combinatie van meerdere moleculen 
kan echter infectie helpen voorkomen en tegelijkertijd het botgenezingsproces 
bevorderen. Evenzo, hoewel macrofagen een cruciale rol spelen, zijn ze niet in 
staat om ingewikkelde klinische scenario’s zoals implantaat-geassocieerde infecties 
volledig op te lossen. S. aureus kan meerdere celtypen en weefsels rond het 
implantaat negatief beïnvloeden. Om deze uitdaging effectief te overwinnen, moeten 
therapeutische medicijnen uitgebreide bescherming bieden aan alle elementen die 
bij het proces betrokken zijn. Niettemin kan zelfs het redden van één celtype ons een 
stap dichter bij de overwinning brengen in de voortdurende oorlog tegen S. aureus.
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Siamo in guerra! Dal punto di vista del paziente, sottoporsi a interventi chirurgici 
ortopedici potrebbe essere un’esperienza difficoltosa, soprattutto quando coinvolge 
l’uso di un impianto. Sebbene la sua presenza sia cruciale per ripristinare la 
funzionalità dei tessuti, qualsiasi impianto viene prima percepito come un corpo 
estraneo dal nostro organismo e perciò considerato nemico e attaccato dal nostro 
sistema immunitario. Inoltre, la maggior parte delle operazioni ortopediche utilizza 
impianti non biodegradabili (realizzati ad esempio in titanio) progettati per rimanere 
nel nostro corpo a lungo termine o permanentemente, provocando una forte e 
prolungata attivazione del sistema immunitario. Anche se stressante per il paziente 
e l’organismo, questa reazione è una fase essenziale del processo di guarigione, 
che alla fine porta a una corretta integrazione tra osso e impianto.

In questo contesto, i macrofagi giocano un ruolo chiave. Questo tipo di globuli 
bianchi, da un lato, coordina l’attività delle cellule ossee per depositare nuovo 
osso attorno all’impianto appena inserito. Dall’altro lato, i macrofagi difendono il 
nostro organismo da minacce esterne, quali sostanze estranee, cellule morte o 
microbi, mangiandoli e digerendoli in un processo chiamato fagocitosi. Durante e 
dopo l’intervento chirurgico, i macrofagi lavorano instancabilmente per pulire l’area 
intorno alla superficie dell’impianto per favorire la guarigione e la deposizione di 
nuovo osso. Tuttavia, questo lascia molta poca energia disponibile per svolgere 
gli altri loro compiti, come proteggere l’organismo dagli agenti patogeni. I microbi 
presenti in sala operatoria, ad esempio sul personale chirurgico o sui pazienti stessi, 
possono trovare una via di accesso al nostro organismo attraverso la ferita aperta, 
e proliferare indisturbati sulla superficie dell’impianto nell’1% fino al 5% dei casi di 
pazienti sottoposti a interventi chirurgici di sostituzione.

La pratica comune per il trattamento di infezioni associate agli impianti ortopedici 
prevede la somministrazione sistemica di antibiotici. Tuttavia, questa pratica 
non è sempre efficace. Per questo motivo, sono state suggerite nuove pratiche 
per migliorare l’esito terapeutico. Secondo i chirurghi ortopedici, un approccio 
promettente comporta la modifica della superficie degli impianti per somministrare i 
farmaci localmente. Ad esempio, l’uso di impianti ricoperti con antibiotici può creare 
nel sito chirurgico un ambiente inospitale per la crescita batterica, così da favorire il 
lavoro del sistema immunitario nell’eliminare efficacemente l’infezione e allo stesso 
tempo coordinare il processo di guarigione della ferita. Tuttavia, il successo di queste 
strategie terapeutiche dipende dall’agente patogeno che causa l’infezione.

La maggior parte delle infezioni associate agli impianti ortopedici è causata 
da Staphylococcus aureus. Questo patogeno rappresenta una minaccia a livello 
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globale per la salute dell’uomo. S. aureus è noto per la sua incredibile resistenza a 
trattamenti farmacologici e clinici dell’uomo, sopravvivendo allo stesso tempo agli 
attacchi del nostro sistema immunitario. Storicamente, la resistenza batterica agli 
antibiotici è emersa poco dopo l’introduzione di nuovi farmaci nella pratica medica, 
determinando un notevole declino nella scoperta e nello sviluppo di nuovi farmaci 
negli ultimi tre decenni. In media, occorrono circa 13-14 anni per scoprire e portare 
sul mercato un nuovo farmaco, mentre in condizioni ottimali, bastano poche ore a 
una singola cellula di S. aureus per cambiare completamente il suo genoma e le sue 
caratteristiche. Inoltre, S. aureus ha sviluppato molteplici strategie per contrastare 
l’attivazione, il riconoscimento e l’eliminazione da parte del sistema immunitario. 
Una di queste strategie include la capacità di invadere, sopravvivere e proliferare 
all’interno delle cellule del nostro organismo, inclusi i macrofagi, il cui ruolo sarebbe 
proprio quello di eliminare i patogeni. Inoltre, S. aureus può persino utilizzare le cellule 
immunitarie come un “cavallo di Troia” per sopravvivere e diffondere l’infezione nel 
nostro organismo. Una volta all’interno del nostro corpo, i tradizionali trattamenti 
antibatterici e i meccanismi di difesa del nostro organismo non riescono a risolvere 
l’infezione, rendendo S. aureus in grado di prolungare, quasi indefinitamente, la sua 
permanenza all’interno del nostro corpo.

Con questa tesi ci proponiamo di caratterizzare il potenziale terapeutico di composti 
diversi dagli antibiotici per la prevenzione delle infezioni associate all’impianto. La 
sopravvivenza di S. aureus all’interno delle cellule del nostro organismo, soprattutto 
nei macrofagi, è stata identificata come un fattore di rischio per le infezioni persistenti. 
Per questo motivo, ci proponiamo di studiare l’efficacia di diversi composti terapeutici 
nel ridurre il numero di batteri sia uccidendoli direttamente, sia tramite stimolazione 
delle cellule immunitarie.

L’argento metallico è stato utilizzato come agente antibatterico anche prima 
dell’introduzione degli antibiotici. Tuttavia, il suo utilizzo clinico è controverso. 
Nonostante una forte azione antibatterica, l’uso dell’argento è controbilanciato 
da altrettanto forti effetti tossici per l’organismo. Nel capitolo 2, abbiamo escluso 
l’esistenza di una finestra terapeutica in cui l’argento mantenesse le sue proprietà 
antibatteriche senza compromettere la vitalità e le funzioni dei macrofagi. Per 
supportare questa conclusione, abbiamo sviluppato un nuovo modello multicellulare 
in vitro che imita l’ambiente delle infezioni associate all’impianto. In altre parole, 
abbiamo replicato le complesse interazioni all’interfaccia tra impianto e osso in 
laboratorio, usando macrofagi e cellule staminali mesenchimali del midollo osseo (i 
precursori degli osteoblasti).

Lasciando da parte l’uso dell’argento, la natura ci ha fornito di mezzi per combattere 
le infezioni batteriche ancora prima della scoperta degli antibiotici. Attraverso migliaia 
di anni di evoluzione, il nostro organismo ha sviluppato un complesso sistema 
immunitario che ci protegge efficacemente dalle minacce esterne, senza ricorrere 
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ai farmaci moderni. Pertanto, potremmo trovare un’alternativa agli antibiotici se 
riuscissimo ad aumentare le intrinseche funzioni antibatteriche del nostro sistema 
immunitario. Nel capitolo 3, abbiamo studiato l’uso di peptidi antibatterici: molecole 
presenti in natura impiegate come meccanismo di difesa da diversi tipi di cellule. 
Grazie alle loro proprietà chimiche, queste molecole possono contrastare le infezioni 
batteriche attraverso due meccanismi: diretta attività antibatterica e modulazione 
della risposta immunitaria. Un solo peptide antibatterico è risultato efficace contro S. 
aureus, mentre gli altri 2 peptidi testati non hanno potenziato le funzioni antibatteriche 
dei macrofagi.

Tuttavia, i macrofagi non sono le uniche cellule immunitarie responsabili della 
protezione contro S. aureus. Una stretta collaborazione tra macrofagi e neutrofili, 
uno dei tipi più abbondanti di cellule immunitarie presenti nel nostro organismo, è 
essenziale per contrastare le infezioni batteriche. L’assenza di uno o dell’altro tipo 
cellulare avrebbe un impatto negativo sulle difese del nostro organismo contro i 
batteri. Nel capitolo 4 abbiamo confrontato il contributo di neutrofili e macrofagi 
all’eliminazione di S. aureus. Abbiamo osservato che il cambiamento delle condizioni 
di esperimenti in vitro influenza la risposta antibatterica delle cellule immunitarie. Nello 
specifico, quando i test sono stati eseguiti con cellule fluttuanti, il loro riconoscimento 
e la fagocitosi dei batteri richiedevano la presenza di anticorpi e proteine del 
complemento normalmente presenti nel nostro sangue. L’assenza di uno di questi 
elementi comportava la perdita della capacità di fagocitosi da parte di entrambe 
le cellule immunitarie. Evento non registrato se invece le cellule aderivano a una 
superficie. In entrambe le condizioni testate, i neutrofili hanno mangiato e ucciso più 
batteri rispetto ai macrofagi. Queste osservazioni sono state ulteriormente ampliate 
nel capitolo 5. Qui, come base per lo sviluppo di un vaccino contro S. aureus, 
abbiamo osservato che gli anticorpi monoclonali specifici per il batterio miglioravano 
la capacità sia dei neutrofili che dei macrofagi di riconoscere, mangiare e uccidere gli 
agenti patogeni. Ancora una volta, i neutrofili hanno superato i macrofagi in termini di 
capacità di risolvere l’infezione. Sulla base di questi risultati, come possibile strategia 
terapeutica abbiamo suggerito l’utilizzo di anticorpi bispecifici. Si tratta di anticorpi 
in grado di legare due bersagli contemporaneamente. Abbiamo ipotizzato che gli 
anticorpi legati alla superficie batterica potessero forzare la fagocitosi del batterio 
solo da parte dei neutrofili, date le loro migliori prestazioni antibatteriche, e non dai 
macrofagi. Sfortunatamente, gli anticorpi bispecifici progettati non sono riusciti a 
indurre la fagocitosi di S. aureus specificamente da una delle cellule immunitarie.

In conclusione, abbiamo dimostrato che un approccio “uno per tutti” non è 
sufficiente per debellare le infezioni provocate da S. aureus. I singoli composti 
studiati in questa tesi non erano sufficienti da soli né per uccidere i batteri né per 
potenziare le funzioni antibatteriche dei macrofagi. Tuttavia, una combinazione 
di più agenti terapeutici potrebbe aiutare a prevenire l’infezione e promuovere al 
contempo il processo di guarigione ossea. Allo stesso modo, pur ricoprendo un ruolo 
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molto importante, i macrofagi da soli non sono in grado di risolvere completamente 
scenari clinici complicati come le infezioni associate all’impianto. S. aureus può 
colpire e danneggiare diversi tipi di cellule e tessuti che circondano l’impianto. Per 
superare questa sfida, i trattamenti dovrebbero offrire una protezione completa a 
tutti gli elementi coinvolti nel processo. Tuttavia, anche salvare un solo tipo di cellula 
potrebbe portarci un passo avanti verso la vittoria nella guerra in corso contro S. 
aureus.
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