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Bacterial internalization is a strategy that non-intracellular microorganisms use to escape the host immune system and
survive inside the human body.

Keywords: human osteoblast ; MG-63 ; Staphylococcus aureus ; internalization mechanisms

| 1. Background

During the first steps of growth, remodeling and recovery of the bone, different cell types co-exist and cooperate to form
the extracellular bone matrix (EBM) [z, Among these, osteoblasts are the cells that form the bone and, together with
osteoclasts, preserve its physiological homeostasis El.

Pathological conditions, such as bacterial infections, are responsible for altered osteoblast activity. In detail, surgical
procedures, especially in the presence of medical (orthopedic) devices, are responsible for an increased susceptibility of
osteoblasts to osteomyelitis HIBIEIA and, in this context, Staphylococcus aureus represents a frequent intra- and
extracellular pathogen (&1,

The host—pathogen interaction between osteoblasts and S. aureus occurs through the recognition of pathogen-associated
molecular patterns (PAMPs) by the pattern recognition receptors (PRRs) exposed on the extracellular surface of the
osteoblasts. The consequent production of chemokines and cytokines is responsible for the recruitment and subsequent
activation of innate and adaptive immune cells, typical of the cellular inflammatory response 9. At the same time, the
overstimulation of osteoblasts by S. aureus causes an increase in osteoclastogenesis with consequent osteoblast death,
as well as an alteration of bone homeostasis (Figure 1) L0211,
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Figure 1. Host—pathogen interaction between osteoblasts and Staphylococcus aureus. After internalization, S. aureus
escapes from the vesicle and interacts with extracellular receptors TLR2 and TNFR-1, as well as with intracellular
receptors TLR9 and NODs through a5B1 integrin and actin filaments of the osteoblasts. This interaction increases the



expression of cytokines IL-1(3, IL-18, TNF-a, the production and release of IL-6, IL-12 and the expression and release of
chemokines CXCL2, CXCL8, CXCL10, CCL2, CCL3, CCL5 and growth factors G-CSF and GM-CSF. At the same time,
the expression and production of CD40 and MHC Il increase. lllustration by A. Costantino (co-author).

The presence of proteins and glycans—such as type | collagen, bone sialoprotein, osteopontin and fibronectin—make the
EBM a perfect niche for S. aureus that binds these EBM components through multiple adhesins known as microbial
surface components which recognize adhesive matrix molecules (MSCRAMMS) [Bl12 |ndeed, the S. aureus attachment
to the EBM represents a key step in the onset of osteomyelitis, where type | collagen represents approximately 90-95% of
the organic fraction of the EBM directly interacting with this pathogen (Figure 1).

Recently, it was demonstrated that the ability of S. aureus to internalize inside osteoblasts is a key strategy to protect itself
and maintain the infection. On the contrary, osteoblasts respond to S. aureus internalization by secreting inflammatory
factors—such as cytokines, chemokines and growth factors—which, in turn, activate and recruit immune cells from the
innate or adaptive immune systems (Eigure 1) (131,

The excessive formation and activation of osteoclasts is caused by an increase in RANK-L expression and production
through the COX-2/PGE2 pathway. This leads to severe bone resorption as well as to decreased production of
osteoprotegerin (OPG). Finally, through the release of membrane-damaging virulence factors such as phenol-soluble
modulins (PSMs), S. aureus can cause osteoblast necrosis and apoptosis through intrinsic and extrinsic caspase
pathways. These processes can lead to the release of intracellular S. aureus, which can re-infect other osteoblasts.

Consequently, the ability of S. aureus to survive in osteoblasts after internalization also results in effective escape from the
antibiotic therapy, which cannot penetrate inside the cells 14115,

The hypothesis that increasing our understanding of the immune response, as well as intensifying the host's defenses,
could be a valuable avenue for developing new anti-infectious strategies dates back several years 18],

The use of murine or human in vitro culture models—including primary cells, induced osteoblasts from pluripotent stem
cells and immortalized and malignant cell lines—has allowed a better understanding of osteoblast cell biology during
infection processes 14,

To date, the progress of research in the field of orthopedic engineering, as well as the development of new therapies and
biomaterials, increases the importance of these in vitro models. At the same time, a deeper knowledge of their phenotypic
and genotypic status and their differences in relation to primary human osteoblast cells is needed, especially in order to
choose the most appropriate experimental model.

In this regard, the results obtained from in vitro infections of osteoblasts grown as two-dimensional (2D) monolayers
provided important information on the molecular mechanisms underlying bacterium—host cell interactions. Despite this,
these models do not reproduce the dynamic aspects of this interaction, such as the organization of osteoblasts in healthy
bone to provide strength and resistance and therefore to respond better to bacterial infections 289 To overcome these
limitations, animal models of osteomyelitis were considered the gold standard for the study of bone infections, but the
different responses to bacteria between the mouse model and other animal models made the use of these models not
exhaustive [2J[2112223]  From here, more relevant in vitro models that physiologically mimic the human bone
microenvironment have been developed and will be discussed in the last section of this review.

S. aureus vs. Mycobacterium tuberculosis

Before delving into different aspects of S. aureus internalization, a comparison between the behavior of S. aureus and that
of an obligate intracellular bacterium, such as Mycobacterium tuberculosis—the etiological agent of tuberculosis (TBC)—
could be useful.

While M. tuberculosis needs to replicate within human cells to disseminate to other individuals and cause disease,
internalization of S. aureus by osteoblasts is a key element in the spread of the infection, as it allows S. aureus to persist
inside osteoblasts protected from the immune system and it gives S. aureus the opportunity to sustain the infection &, but
it is not necessary for its replication.

M. tuberculosis spreads from person to person almost exclusively by aerosolized particles that can be trapped in the
upper airway or oropharynx. Once in the lower respiratory tract, M. tuberculosis is primarily phagocytosed by
macrophages and dendritic cells, but neutrophils are also infected [24. Although M. tuberculosis usually infects
macrophages, it was also found in non-myelocytic cells of TBC patient. As M. tuberculosis internalization in non-
phagocytic cells is an actin-dependent process involving heparin-binding hemagglutinin, toll-like receptors (TLRS),



surfactant proteins and complement and scavenger receptors 23, S. aureus internalization involves some cytoskeletal
elements too, particularly actin microfilaments. It has been demonstrated that the internalization process of S. aureus can
occur with dead bacteria but not with dead osteoblasts, suggesting that the internalization process is more of an active
cellular mechanism than an active bacterial mechanism (28],

After M. tuberculosis or S. aureus internalization, infected cells trigger a local inflammatory response that attracts immune
cells to the site of infection. Osteoblasts infected by S. aureus secrete inflammatory factors like cytokines, chemokines
and growth factors, all of which can activate and recruit immune cells from the innate or adaptive immune systems [24,
while M. tuberculosis promotes the buildup of cellular aggregates forming the granulomas, that represent a complex
environment constituted by macrophages, multinucleated giant cells, epithelioid and foamy cells, granulocytes and
lymphocytes [25],

We only reported the main common characteristics regarding the internalization process of both M. tuberculosis and S.
aureus, as M. tuberculosis internalization in phagocytic cells needs more tricks to allow the bacteria to escape the
phagosomal threat.

2. MG-63 Osteoblast-Like Cell Line as an Effective In Vitro Model to
Investigate Host-Pathogen Mechanisms during S. aureus Infection

Although preclinical models are known to offer an essential prescreening method for testing new biomaterials useful in the
treatment of orthopedic disorders, the increasingly restrictive regulations for the use of in vivo models and the ever-
increasing demand for primary cells from healthy or sick donors have led to the development of “continuous” osteoblast
cell models. Among these, human- and animal-derived primary cells [28I29B0B1I32]  jmmortalized cell lines (331341,
malignant cells B2I381371 and induced pluripotent stem cells (iPSs) are used not only in drug and biomaterial testing, but
also in bone biology investigations.

Certainly, primary cells, deriving directly from patients, better reproduce the behavior of the original cellular niche,
resulting in a preclinical model closer to clinical conditions. Over the years, however, researchers and physicians have
realized that the phenotypic and often genotypic differences of these cells isolated from different patients make it difficult
to study the disease under examination and consequently to establish the best therapeutic strategy.

An improvement in the knowledge of bone biology and, in particular, osteoblast cells has been achieved through the
development of stabilized osteoblast cell lines as models for in vitro investigation of cell differentiation, cytokines and
hormone regulation, matrix protein synthesis and secretion and molecular mechanisms of bone diseases. At the same
time, these models were found to be useful for the evaluation of the cytocompatibility and osteogenicity of new
biomaterials (17,

There is no evidence indicating the superiority of one model over the others; therefore, an evaluation of their respective
advantages and disadvantages, on the basis of studies to be conducted, is important.

Primary cultures represent an in vitro model that uses cells directly obtained from tissue biopsies (~1 c¢cm3) or organ
dissections. These cells have the unique characteristic of maintaining their genetic, morphological and functional features.
This makes them the best representative indicators of normal cell phenotype and early-stage disease progression, and as
such they are commonly used as in vitro tools for preclinical and investigative biological research and toxicological
studies, besides reducing the number of animals required for preclinical toxicology studies at an initial stage, making them
cost-saving.

Even though primary human osteoblasts tend to preserve their differentiated phenotype in vitro, after a certain number of
cell divisions, these cells have a limited lifespan and will stop dividing (or senesce) and may be more difficult to grow and
maintain than a continuous (immortalized) cell line. Induced variability in primary cells obtained from donors and in
subculture practices is one of the main challenges faced by researchers studying cell signaling pathways 2.

Specifically, it has been shown that the age of the donor influences the proliferative capacity of isolated cells, whose
proliferation times are doubled if derived from patients over the age of 65 281139,

Furthermore, bone aging, defined as a change in the degree and distribution of bone mineralization, is also age-
dependent. This is reflected in the physiology of isolated osteoblast cells, characterized not only by slower proliferation,
but also by phenotypic modification 2241l | jkewise, the expression of genes and the synthesis of proteins associated
with the osteoblast phenotype are also influenced by the age of the donor, as well as by the anatomical site of isolation.



For example, it is now known that FGFf and IGFIl gene expression is downregulated in osteoblast cells isolated from the
mandible, and the synthesis of type | collagen and osteonectin shows higher expression in cells isolated from fetal to 20-
year-old bone donors, while a 65% decrease in collagen levels was observed in cells from donors older than 20 years [42],

Moreover, when these cells are extracted ex vivo and transferred to a culture environment, they may lose their structural
and functional characteristics. In this regard, cells having completely different morphology in vivo at the tissue level may
show similar morphology in the culture environment 231441,

Thus, donor age, site of isolation and the gender differences that we have discussed so far are just some of the factors
that can influence the behavior of primary human osteoblast cells and, in turn, confer different times of phenotypic
modification in vitro. As a result, in the absence of a homogenous target of patients/donors, obtaining cultures of
osteoblasts suitable for the study of basic applied biology or particular mechanisms, such as infection, is not efficient.

The ease of obtaining results in experiments and their repeatability, as well as the ease of maintenance, the unlimited
number of cells without the need for isolation and the relative phenotypic stability of immortalized or continuous MG-63
cell lines has allowed researchers, in some respects, to overcome the limits imposed by cells primarily derived from the
bone (HObs). Although these cell models differ in some respects from primary osteoblast cells, Czekanska et al. showed
that MG-63 cells show some distinct similarities to HObs 43!,

According to Billiau et al., the MG-63 cell line is derived from a juxtacortical osteosarcoma diagnosed in the distal
diaphysis of the left femur of a 14-year-old male 2. When cultured, these cells appear as rapidly proliferating aggregates
without exhibiting contact inhibition (48],

The similarity between MG-63 and HObs was already studied several years ago, when Franceschi et al. observed the
response of these cells to 1,25-dihydroxyvitamin D3 (1,25 (OH) 2D3) as an effect on cell morphology and on the
phenotype comparable to normal osteoblasts 42,

More recent studies have shown that the cell growth kinetics of MG-63 were comparable to that of HObs as the
exponential growth phase was observed from day 2 to day 6, followed by a plateau phase from day 6 to day 10 22l This
result is confirmed by the ability of infinite proliferation typical of malignant cells, such as MG-63 cells, where the lack of
intrinsic cell cycle control contributes to tumor progression.

Czekanska et al. also observed that the activity of alkaline phosphatase, an enzyme identifying mature osteoblasts, was
lower in MG-63 cells than in primary cells #2. This result confirmed the different degree of differentiation of MG-63
towards a more immature phenotype, compared to HObs.

The expression analysis of key osteoblast-specific genes 45 showed that the transcription factor Runx2—which regulates
gene expression of the all-important bone matrix proteins (including ALP, OC, BSP and type | collagen)—is expressed
more in MG-63 than in HObs, except on day 2 48149,

As previously introduced, type | collagen is essential for the function of osteoblast cells 24 and is overexpressed in the
phase preceding matrix mineralization B152 in order to allow the formation of fibrils and a subsequent physiological
maturation of the matrix. On the contrary, MG-63 cells show a low expression of type | collagen as well as of osteocalcin
451 consequently, the reported studies highlight the limitations of these cells as a model for the phenotypic development
of osteoblasts as well as for the evaluation of the mineralization of the matrix and the properties of new biomaterials [43],

On the other hand, the MG-63 cell line proved to be a valid in vitro model for the study of bacterial infection mechanisms,
especially during S. aureus internalization LAIS3I54I58IS6157] | 2010, Schroder and Tschopp demonstrated that the innate
immune response against pathogens involves the activation of an inflammatory pathway known as the inflammasome
activation pathway 8. Inflammasomes are multiprotein signaling complexes that are assembled following the recognition
of stress/pathogenic signals; among these, caspase-1 is the most involved B2, Upon stimulation by pathogens, caspase-1
binds to an adapter molecule known as apoptosis- associated speck-like protein (ASC) €4, This binding leads to the
autocatalytic cleavage of caspase-1, the processing of pro-IL-13 and pro-IL-18 and the secretion of mature IL-1p and IL-
18, triggering in some cases even an inflammatory form of cell death (pyroptosis) ). Recent studies have shown that
this also applies to S. aureus and MG-63 cells B2163],

Finally, in previously published works, we demonstrated that internalization, using MG-63 cells, is a pathophysiological
pathway of some methicillin-resistant S. aureus (MRSA) which depends on the total number of cells infected and not on
the number of bacterial cells that enter each osteoblast. Furthermore, even if our strains were not homogeneous in terms
of genetic backgrounds and virulence factors, ST22-IVh and ST239-ll S. aureus showed higher intracellular persistence



in host cells, making them more prone to developing chronic and recurrent infections, and the different genetic

background was also accompanied by a different modulation of inflammatory phenomena, metabolism and antioxidant
machinery [B4163],

Take home message: We can conclude that although primary cell lines, and in particular HObs, have the advantage of
maintaining their genetic, morphological and physiological features, they also have a limited life span and are difficult to
grow and maintain in continuous cultures. MG-63, in our experience, is also a valid in vitro model for the study of S.
aureus internalization and persistence, both as regards the mechanisms underlying the ability of S. aureus to adhere,
invade and persist within osteoblasts and the host cell response to infection.

3. Multiplicity of Infection (MOI) and Invasiveness of Different Bacterial
Strains

In the presence of prosthetic devices, complete eradication of bacterial infection is often a challenging task. Internalization
in non-professional phagocytes is an important pathogenic mechanism actuated by bacteria to elude host defenses and
medical therapies. The efficiency of invasion differs across bacterial species and adjustments to the titer of the microbial
inocula used in the assay are often needed to enumerate intracellular bacteria.

There is a precise relation between the inoculum, in terms of multiplicity of infection (MOI), and the internalized bacteria.
Furthermore, there is a relationship between MOI, internalized bacterium ratio and medical therapies [eelie7],

Intracellular invasion occurs through a variety of pathogenic species. Some bacteria are obligate intracellular pathogens,
while other only become intracellular to escape the host immune system. Among these, the following genera are the most
representative: Mycobacterium; Escherichia; Salmonella; Listeria; Shigella; Legionella; Chlamydia; Yersinia;
Streptococcus; Staphylococcus and Enterococcus (in particular E. faecalis). S. aureus is the only one capable of causing
the onset of clinically relevant pathogenic mechanisms and consistently invades osteoblast cells [€8],

Different MOIs have been adopted depending on the bacterial species tested. For example, an MOI of 100:1
(bacteria:host cells) is the inoculum titer most frequently used to test S. aureus. The inoculum level increases to 500:1 for
S. epidermidis B389 and 1000:1 for S. lugdunensis 9. The different MOIs used showed rapid and efficient internalization
of S. aureus at low inoculum levels and inefficient internalization of other species at high inoculum levels.

Two other parameters are used to express the potential of invasiveness of bacterial strains: (i) the number of internalized
bacteria (NIB) at an established MOI, expressed in term of Colony-Forming Units (CFUs) per number of eukaryotic cells,
influenced by the MOI used; and (ii) the percentage of internalized bacteria (PIB), which represents the percent fraction of
the inoculum taken up by eukaryotic cells; this value is not affected by the MOI and can be used to express the degree of
invasiveness of prokaryotic cells into eukaryotic cells.

Examining the correlation between MOI values and PIB values, it emerged that—over a broad range of inoculum levels—
the MOI did not appear to affect PIB values /4. PIB values can be used to compare strain invasiveness without fearing
major effects resulting from varying MOls.

However, a new parameter was proposed to express the invasiveness of bacterial strains: the internalization minimal
inoculum (IMI), corresponding to the lowest MOI required for the internalization of a single bacterium. This value is
inversely related to invasiveness and corresponds to the lowest concentration at which internalization occurs under the
test condition used. Internalization at a 1:1 MOI inoculum (I1M) corresponds to the number of bacteria internalized when
hypothetically exposing each eukaryotic cell to a single bacterium (i.e., using a 1:1 MOI). Its value is proportional to the
degree of invasiveness of the strain given by the log10 of the IMI value (LIMI), obtained from the regression curve of log
MOI vs. log (CFU).

In conclusion, the most used parameters to express the intracellular invasiveness of bacterial strains are the NIB and PIB
values. PIB values can be used across a broad range of MOIs without fearing the influence of the inoculum size.
Ultimately, PIB values do not depend on the MOI, whereas NIB values are strongly MOI-dependent.

Therefore, we can speculate that the internalization process can be influenced by several factors, such as: (i) bacterial
sedimentation rate, influenced by the microbe size, shape and tendency to agglomerate and by the viscosity of the
medium; (i) composition of the culture medium; (iii) cell line used in the assay, considering its histological origin,
phagocytic activity (professional or non-professional phagocytic cells in primary or secondary cultures), level of expression
of integrins capable of interacting with adhesins; (iv) bacterial strain type (bacterial species and genes encoding for
invasiveness).



As already mentioned, different MOIs have been used in several studies depending on the strains tested. These include
e.g., S. aureus, S. epidermidis and S. lugdunensis, opportunistic pathogens causing implant-related infections.

These species can survive antibiotic therapies through different mechanisms related to genetic determinants, biofilm
production and penetration into eukaryotic cells as the main causes of chronic infections. Furthermore, eukaryotic cells
are impermeable to many antibiotics, such as rifampin, that are able to pass through the prokaryotic cell membrane [Z2IZ3],

Many staphylococcal species, other than S. aureus, are emerging as opportunistic pathogens capable of causing serious
and persistent implant-associated infections. According to some authors, S. epidermidis is the foremost isolated
staphylococcal species responsible for orthopedic infections and is able to internalize into osteoblasts, whilst others report
S. epidermidis as the second staphylococcal species isolated during orthopedic infections (Khalil et al. 2007; Valour et al.
2013), but its antimicrobial resistance profile is usually not as severe as that of S. aureus. S. lugdunensis is an emergent
pathogen responsible for periprosthetic infections (41,

The invasive potential of different bacterial species and their ability to internalize into the MG-63 cell line was evaluated
using a method based on microtiter plates, where they were challenged with osteoblasts.

Campocia et al., in 2016, used different MOIs for each Staphylococcus species tested. The MOI value was always
recorded in order to know the inoculum levels actually reached: MOI 560:1 for S. epidermidis and MOI 1844:1 for S.
lugdunensis.

S. epidermidis has an extremely low rate of internalization, not comparable with that observed for S. aureus. Furthermore,
the bacterial survival rate appeared rather marginal. Most S. epidermidis tested with MOI 500:1 showed a relatively low
internalization (<50 CFUs), while other strains showed high internalization (>50 CFUs).

Some groups of bacteria appear homogeneous in terms of CFUs internalized regardless of the inoculum level, while
others exhibit some heterogeneity in spite of similar inoculum levels. S. lugdunensis showed very low levels of
internalization regardless of the level of inoculum, even though it was tested with a relatively high MOI (1000:1).

The species considered exhibited marginal rates of internalization compared to S. aureus, since S. aureus showed a
higher rate of internalization at a lower MOI (100:1).

S. aureus requires a very low inoculum to reach a high internalization rate, whereas S. epidermidis cell invasiveness
remains low and marginal. This finding suggests that the active mechanisms of invasion exhibited by S. aureus are either
absent or much less efficient in S. epidermidis. Similarly, the clinical isolates of S. lugdunensis showed a low level of
internalization (Figure 2) /9,

100,000

10,000
1000

100

10 .

5 aureus (MO1 163:1) 5. epidermidis (MOI 560:1) 5 lugdunensis (MO 1844:1)

INTERNALIZATION (CFU/10,000 cells)

Figure 2. Bar graph illustrating the internalization of S. aureus, S. epidermidis and S. lugdunensis at different multiplicities
of infection (MOIs) on a logarithmic scale (modified from Campocia et al., 2016).

To confirm the use of diverse MOIs in the internalization process, studies performed by Valour et al. (2013) compared the
different behavior of S. aureus and S. epidermidis during internalization. As previously shown, S. epidermidis has a low
rate of internalization, being an innocuous commensal of the human skin and mucous membranes, but it is considered a
leading opportunistic pathogen 79,



The contrast between the low incidence of S. epidermidis orthopedic device infection and the highly prevalent S.
epidermidis carriage suggests that S. epidermidis bone and joint infections may either correspond to accidental events
due to colonizing strains or to a specific, more virulent sub-population of commensal isolates.

Two predominant mechanisms have been proposed to be involved in orthopedic device infections, i.e., bacterial invasion
and persistence in non-professional phagocytes, such as osteoblasts Z2; and the bacterial ability to form biofilm [Z8IZZ,

To verify the ability of internalization of S. epidermidis into the MG-63 cell line, an invasion assay of S. epidermidis was
carried out using an MOI of 500:1 for S. epidermidis and an MOI of 100:1 for S. aureus (used as a control strain).

The results of this assay demonstrated that the number of internalized bacteria was MOI-dependent. There was a
difference in bone cell invasion rates between S. epidermidis and S. aureus strains. S. epidermidis showed a lower rate of
internalization. This could be due to several factors, such as the “cell line effect”—i.e., the use of the MG-63 cell line—and
the acquisition of some phenotypic characteristics that may not reflect the in vivo reality [Z8],

To exclude a bias due to a “cell line effect”, the low internalization rate of S. epidermidis was confirmed using primary
bone cells. For this reason, all assays were repeated using primary human osteoblasts €9,

Fibronectin-binding protein-like molecules are absent in S. epidermidis, therefore, the process of invasion is different from
that of S. aureus.

Finally, the internalization of S. epidermidis in human osteoblasts is not a common pathophysiological mechanism in
orthopedic device infections, contrary to what was observed in other clinical situations or with other strains (e.g., S.
aureus).

MOI Values Were Selected Depending on the Strain Used and Several other Factors

In general, the best choice is to use as few bacteria as possible to reduce cell damage, as important strain-dependent
differences may be missed if extended incubation periods or large inocula are used 2,

Hamza et al. (2014) performed an infection experiment using rat osteoblasts and S. aureus at different MOls over different
incubation times. They found that intracellular CFUs increased from MOI 100 to MOI 500 and that MOls greater than 500
did not result in an increase in intracellular CFUs. Osteoblast viability did not change significantly in an MOI range of 100—
1000. As a result, high intracellular CFUs and high osteoblast viability were reached at MOI 500 (89,

In the study carried out by Bongiorno et al. (2020), the frequency of internalization was evaluated in a cell culture model of
infection using S. aureus and MG-63 osteoblasts at an MOI of 100:1. In order to assess this MOI, they first tested MG-63
infection with S. aureus ATCC 12598 at the following MOls: 12:1, 50:1, 100:1 and 200:1. It was observed that, at MOI 12
and 50, the ability of S. aureus to internalize into non-specialized cells, such as the osteoblasts, was very limited, while
with an MOI of 200, MG-63 cultured cells showed phenomena of cytotoxicity B4!.

Take home message: Taken together, this information suggests that researchers should choose the right MOI carefully
when designing an internalization experiment, strictly depending on the bacterial species (sometimes even the clone) and
the cell line. Higher is not always better. It is critical to know if the bacteria are obligate or opportunistic intracellular
species and if the cells are professional phagocytes. Furthermore, internalization experiments should consider other, less
used, parameters, i.e., number of internalized bacteria (NIB), percentage of internalized bacteria (PIB) and internalization
minimal inoculum (IMI), as these can help researchers to better describe and compare their results.
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