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the stem-cell markers SSEA-4 and TRA-1-60(R) (Fig. 6).
The green fluorescence showed a more intense assay with
a higher number of stem cells.

Secretion of human vascular endothelial
growth factor from spheroids

The secretion of VEGF from the spheroids was noted
in groups 2, 3, 4, and 5 (Fig. 7), and it increased with the
increase in the number of stem cells. A statistically sig-
nificant increase in the secretion of VEGF was noted
in groups 2, 3, 4 and 5 when compared with the media-
only group (p < 0.05).
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Fig. 6. Evaluation of maintenance
of expression of stem cell markers
of cell spheroids (spheroids
containing stem cells were positive
for the stem-cell markers SSEA-4)
A-C—group 1; D-F — group 2;

G-I -group 3; J-L —group 4;

M-O - group 5.

Discussion

In this report, stem cell spheroids were fabricated using
microwells, and the paracrine effects of the stem cell spher-
oids were evaluated. This study showed that cell spheroids
formed with stem cells and osteoprecursor cells with dif-
ferent ratios, using microwells, had different paracrine
effects on the stem cells. It also proved that the secretion
of VEGF increased with the increase in stem cells.

More recently, it has been shown that the beneficial ef-
fects of stem cells were reported to come from both cell
restoration and paracrine effects.®> Mesenchymal stem cells
were reported to secrete a vast array of proteins, including
growth factors, cytokines, chemokines, and extracellular
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Fig. 7. Secretion of VEGF from cell spheroids

VEGF - vascular endothelial growth factor; differences between the
groups were evaluated using a one-way analysis of variance with Tukey's
post hoc test; * statistically significant differences were noted when
compared with the media-only group; ** significant differences were
seen when compared with group 2.

matrix metalloproteinases.® Various growth factors, e.g.,
vascular endothelial, fibroblast and hepatocyte growth
factors, were secreted from mesenchymal stem cells, and
previous reports showed that the growth of endothelial
cells was stimulated by a conditioned medium of mesen-
chymal stem cells in a dose-dependent manner.”®

Vascular endothelial growth factor is reported to be
an important angiogenesis factor that mesenchymal stem
cells release.® It also regulates endothelial cell survival,
differentiation and angiogenesis.!” The release of VEGF
was demonstrated by the analysis of the mesenchymal
stem cell-conditioned media.!* This study showed that
mesenchymal stem cell-conditioned media enhanced
the proliferation of endothelial stem cells in a dose-de-
pendent manner, and anti-vascular endothelial growth
factor antibodies partly attenuated this effect. This
study clearly proved that the secretion of VEGF from
3-dimensional stem cell spheroids increased with the
increase in stem cells. However, it should be noted that
the different method of culturing mesenchymal stem
cells and the variety of the paracrine factors may produce
different results.

The paracrine effects of stem cells may be applied for the
treatment of various diseases. Stem cells from the vertebral
body were reported to enhance the regeneration of the
intervertebral disc by paracrine interaction.!? In a previ-
ous report, the transplanted stem cells released soluble
factors that — acting in a paracrine fashion — contribut-
ed to cardiac repair and regeneration.!*> Another report
showed that adult neural stem cells exerted neuroprotec-
tive effects on cortical neurons following neurotoxic insult
by paracrine effects.* Adipose tissue-derived stem cells
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were applied for the treatment of erectile dysfunction due
to the paracrine effect on surrounding tissues.!® The im-
provements of glucose intolerance were achieved from the
factors secreted from dental pulp stem cells by increas-
ing pancreatic B-cell function in streptozotocin-induced
diabetic mice.!

This study applied a 3-dimensional culture system.
In a previous study, 3-dimensional stem cell spheroids were
generated from gingiva-derived stem cells with concave mi-
crowells.!” Recently, a 3-dimensional human stem cell con-
struct has been built by applying bioprinting.'® A 3-dimen-
sional stem cell system may extend the knowledge about the
structure—function relationship.!” It was suggested that the
3-dimensional system simulates reality more closely when
compared to the 2-dimensional one.?° Additionally, it was
suggested that 3-dimensional spheroids of mesenchymal
stem cells showed enhanced survival effects.?!

Stem cells may be obtained from bone marrow, periph-
eral blood, adipose tissue, and umbilical cord blood.?2-2°
Stem cells from bone marrow are widely applied, but this
may have limitations due to the low number of stem cells,
pain of extraction and morbidity.2%*” Umbilical cord blood
may be a good source, but the supply is very limited.?® Stem
cells can be also obtained from the oral and maxillofacial
area, including the maxilla and mandible.?” The gingiva
can be considered a favorable source of stem cells, because
the tissue can be obtained from daily dental procedures
under local anesthesia.?

This study showed that cell spheroids formed with stem
cells and osteoprecursor cells with different ratios, us-
ing microwells, had paracrine effects on the stem cells.
The secretion of VEGF increased with the increase in stem
cells. This stem cell spheroid may be applied for tissue
engineering purposes.
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Abstract

Background. Splenectomized patients are more prone to bacterial infections due to theirimmunocompro-
mised status. Little is known about the role of T helper 17 (Th17) and T requlatory cells (Treg) in the immune
system of patients after the removal of the spleen.

Objectives. The aim of the present study was to analyze possible changes in CD4+ lymphocyte T subsets,
especially Treg and Th17, in patients who had undergone splenectomy.

Material and methods. The study included a group of 67 male patients (41.74 16.22 years). All patients
had undergone splenectomy because of spleen injury. Mean time elapsed from splenectomy to analysis
was 9.1 +4.6 years. Control samples were obtained from 20 male healthy volunteers. The percentages and
absolute counts of Th17 and Treg were measured using the flow cytometry method.

Results. The analysis of the antibody titer against 23 serotypes of Streptococcus pneumoniae (S. pneu-
moniae) in the splenectomized patients revealed its elevated values compared to controls (p = 0.0016).
Higher percentages and absolute counts of Treg cells were found in the splenectomized group vs controls
(p < 0.000007). Lower percentages and absolute counts of the Th17 subset were found in the study group
vs controls (p < 0.000002 and p < 0.00006, respectively). The Treg cell percentage was positively correlated
with the antibody titer against . pneumoniae (p < 0.02). Th17 cells were reversely correlated with the antibody
titer (p < 0.004 and p < 0.001 for absolute counts and percentage values, respectively). The Th17 subset
values were significantly lower in the splenectomized patients who reported a higher frequency of upper
respiratory tract infections (URTI) (p < 0.0001). No correlations were found between the time elapsed since
splenectomy and the Treg or Th17 cell values in the study group.

Conclusions. Splenectomy results in an important deterioration of the Treg/Th17 cell balance with a pre-
dominance of immunoregulatory Tregs, which can contribute to insufficient immune response to infection.

Key words: immune response, T helper 17 cells, T requlatory cells, splenectomy
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Introduction

In 1919, Morris and Bullock reported on a preliminary
study indicating the importance of the spleen in resis-
tance to infection.! Further studies on animal models have
shown significant relationships between splenectomy and
the peripheral leukocyte count.?

After splenectomy, mechanisms that play important
roles in bacterial clearance are impaired, which leads
to an increased risk of severe infections. The absence of the
phagocytic function of the spleen and the long-term im-
pairment of humoral response to encapsulated bacteria are
the main reasons for the overwhelming postsplenectomy
infection (OPSI) syndrome. This severe infection occurs
at an estimated incidence of 0.23-0.42% per year, with
a lifetime risk of 5%.3* The course of OPSI can be life-
threatening, with a mortality rate of 38—69%.3>¢ Early
diagnosis and aggressive therapy can decrease the number
of fatal outcomes to 10-40%.” The highest risk of infection
occurs during the first 3 years after splenectomy, particu-
larly in children younger than 5 years.®° OPSI is most com-
monly induced by encapsulated bacteria and Streptococcus
pneumoniae (S. pneumoniae) is responsible for 50-90%
of all cases of OPSI.3” This has been attributed to the ab-
sence of marginal zone B cells in these patients.!® Each
patient should be vaccinated for S. pneumoniae both before
and after splenectomy to minimize the risk of infection.
According to the guidelines from the Centers for Disease
Control and Prevention (CDCs), it is recommended to vac-
cinate for S. pneumoniae and Haemophilus influenzae
type b (H. influenzae) at least 14 days before surgery, and
to vaccinate for S. pneumoniae, H. influenzae and Neis-
seria meningitidis after splenectomy. Vaccination for in-
fluenza is also recommended once a year in this group
of patients.!! In cases of urgent splenectomy, vaccination
before surgery is not applicable. In these cases, it is im-
portant to follow the guidelines for vaccination after sur-
gery. However, post-splenectomy vaccinations, especially
in urgent cases, seem to be less effective.® The lack of the
spleen causes significant disorders in humoral immune
response.!? Despite a significant amount of evidence on
B-lymphocyte function impairment, little is known about
the distribution of separate populations of T-lymphocytes
in splenectomized patients. CD4+ T cells are essential for
directing immune responses during host defense and for
the pathogenesis of inflammatory diseases. Recently, more
attention has been paid to T regulatory cells (Treg cells)
and the positive effects they exert by regulating immune
response to self-antigens. Treg cells are a subset of pheno-
typically and functionally specific T lymphocytes which
play an important role in the maintenance of immune
tolerance. Foxp3, a member of the forkhead/winged-helix
family of the transcription factor, has been identified as
the best marker of Treg cells.!* The dysfunction of Treg
cells is observed in a variety of autoimmune diseases such
as systemic lupus erythematosus (SLE) and rheumatoid

W. Zgodzinski, et al. Treg/Th17 lymphocytes after splenectomy

arthritis.!*!> T helper 17 (Th17) IL-17A+CD3+CD4+ cells
represent a subset of T helper cells that can play an active
role in several inflammatory and autoimmune diseases.®
It has been demonstrated that human Th17 cells express
IL-17A, IL-17F, IL-22, IL-26, IEN-y, the chemokine CCL20,
the transcription factor ROR-yt, and IL-23R.”” It has been
shown that the balance of Treg/Th17 controls immune
response as an important factor in regulating the Th cell
function relating to the Th1/Th2 shift in the graft vs host
disease.’® The Treg/Th17 imbalance contributes to the de-
velopment of autoimmune diseases, such as SLE,!? primary
nephrotic syndrome? and idiopathic thrombocytopenic
purpura.?!

The aim of the present study was to analyze possible
changes in the CD4+ lymphocyte T subsets, especially
Treg and Th17, in patients who had undergone splenec-
tomy, and to assess the relationships between increased
susceptibility to infections and the Treg/Th17 status
in this group.

Material and methods
Study and control groups

Between 2012 and 2013, a group of 67 male patients,
with an average age of 41.74 £16.22 years, was recruit-
ed. All patients enrolled were splenectomized because
of an abdominal trauma with spleen injury. Mean time
elapsed from splenectomy to analysis was 9.1 +4.6 years.
Control samples of peripheral blood were obtained from
20 healthy male volunteers (aged 42.95 +15.3 years). None
of the patients or controls had been receiving drugs affect-
ing the immune system; none showed any signs of infec-
tion (within the last 2 months before the study) or any
signs of autoimmune or allergic diseases, and none had
received blood transfusions. None had been receiving im-
munosuppressive or immunomodulative treatment within
the previous 3 months. To avoid hormonal changes during
menstrual cycles, only male patients and controls were
enrolled for the study. Fifty-nine patients (88.05%) reported
more frequent upper respiratory tract infections (URTI)
after splenectomy (4 or more cases of infection treated
with antibiotics per year) and 8 patients (11.94%) did not
observe any change in the prevalence of URTI. The periph-
eral blood (PB) samples were drawn from the basilic vein
for the following tests: 1. serum specific pneumococcal an-
tibody titers before vaccination (3 mL of peripheral blood
collected to tubes with a clotting activator); 2. frequencies
of selected lymphocyte subsets (5 mL of peripheral blood
collected to tubes with the anticoagulant ethylenediami-
netetraacetic acid — EDTA). Serum samples were stored
at -70°C until the time of specific pneumococcal anti-
body titer analysis. The percentages of lymphocyte subsets
were assessed on fresh peripheral blood samples from pa-
tients and healthy volunteers. This study was carried out
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in accordance with the Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) for experiments
involving humans. The Local Ethics Committee approved
the research and patients gave their prior written consent.

The isolation of peripheral blood
mononuclear cells and the detection
of Th17 and Treg cells

The isolation of peripheral blood mononuclear cells
(PBMCs) and the detection of Th17 and Treg cells were
performed as described previously.??

The peripheral blood was diluted 1:1 with a 0.9% phos-
phate-buffered saline (PBS) without calcium (Ca?*) or
magnesium (Mg?*) ions (Biochrome AG, Berlin, Germany).
The diluted material was then overlaid on 3 mL of Gradisol
L preparation (Aqua Medic, £.6dZ, Poland) with a specific
gravity of 1.077 g/mL and subjected to density gradient
centrifugation at 700 x g for 20 min. The obtained fraction
of PBMCs was collected with a Pasteur pipette and washed
twice in PBS without Ca? and Mg?* ions for 5 min. Next,
the cells were suspended in 1 mL of PBS without Ca?* and
Mg?*, and counted in the Neubauer chamber, and their vi-
ability was determined by a trypan blue dye exclusion assay
(0.4% Trypan Blue Solution; Sigma-Aldrich, St. Louis, USA).

For the detection of Th17 cells, PBMCs were resuspended
in RPMI-1640 culture medium (Sigma-Aldrich) containing
10% heat-inactivated fetal calf serum (FCS, Sigma-Aldrich),
2mM l-glutamine, 100 U/mL penicillin (Sigma-Aldrich),
and 100 pg/mL streptomycin (Sigma-Aldrich). Mononu-
clear cells were stimulated for 5h at 37°C in 5% CO, with
25ng/mL of phorbol 12-myristate 13-acetate (PMA, Sigma
Chemical, St. Louis, USA) and 1 pg/mL of ionomycin (Sig-
ma Aldrich) in the presence of 10 pg/mL of brefeldin A (Sig-
ma-Aldrich), which blocks the intracellular transport pro-
cesses resulting in the accumulation of cytokine proteins
on the Golgi complex. Next, PBMCs were collected, washed
with PBS solution and prepared at a final concentration
of 106 cells/mL. The number of viable leukocytes was de-
termined using a 1% trypan blue dye exclusion assay. Later,
the mononuclear cells were stained with anti-CD3 Cy-
Chrome and anti-CD4 fluorescein-isothiocyanate (FITC)
conjugated monoclonal antibodies (Becton Dickinson, San
Diego, USA). The permeabilization of cell membranes was
achieved with a Cytofix/Cytoperm Kit (BD Pharmingen,
San Jose, USA), which was added for 15min at a tempera-
ture of 4°C. Next, the cells were washed twice with PBS.
The permeabilized cells were stained with a phycoerythrin
(PE)-conjugated anti-human IL-17A monoclonal antibody
(eBioscience, San Diego, USA). Then, cells were washed
twice with PBS again.

For the detection of Treg CD4+CD25+Foxp3+ cells, the
cell surface and intracellular antigens were determined
on fresh cells at the time of sample submission by cell
staining according to the manufacturer’s protocols.
A total of 500 pL of cell suspensions were added to 5uL
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of an appropriate solution of anti-human CD25 PE and an-
ti-human CD4 PE-Cy5-conjugated antibodies (BioLegend,
San Diego, USA). Next, the mixture of cells and antibodies
was incubated for 30 min at 4°C in the dark, centrifuged,
washed twice by adding 1 mL of cold PBS to each tube
with 1% sodium azide and 1% FCS, and centrifuged again
at 400 x g for 10 min. After the standard incubation with
antibodies directed against surface markers, the incuba-
tion by fixation and permeabilization with FoxP3 Fix/Perm
Buffer and FoxP3 Perm Buffer (BioLegend) was performed.
Then, the incubation with antibodies directed against the
intracellular protein FoxP3 — anti-human FoxP3 (Pacific
Blue) monoclonal antibody (BioLegend) was carried out.
Later, the supernatant was separated and, after washing,
each sample was suspended in 200 pL of PBS.

The cells were immediately analyzed with a Becton
Dickinson Canto II flow cytometer and analyzed by us-
ing FACSDiva™ software (Becton Dickinson). The results
were presented as the percentage of CD45+ cells stained
with the antibody. The percentage of positive cells was
calculated via a comparison with the control. Background
fluorescence was determined using isotype-matched, di-
rectly conjugated mouse anti IgG1/IgG2a monoclonal an-
tibodies. The samples were gated on forward scatter vs side
scatter to exclude debris and cell aggregates.??> An example
of a cytometric analysis is presented in Fig. 1.

The assessment of basic
lymphocyte subsets

Three-color immunofluorescence analyzes were per-
formed using a FACS Calibur flow cytometer (Becton
Dickinson) equipped with a 488 nm argon laser. A mini-
mum of 10,000 events were acquired and analyzed using
CellQuest software (Becton Dickinson). The percentage
of cells expressing surface markers was analyzed. The cells
were phenotypically characterized by incubation (20 min
in the dark at room temperature) with a combination of rel-
evant FITC- PE- and CyChrome-labeled monoclonal anti-
bodies. Immunofluorescence studies were performed using
a combination of the following mAbs: CD3 FITC/CD19 PE
and CD8 FITC/CD4 PE (Becton Dickinson).??

Serum pneumococcal antibody
assessment

The serum pneumococcal antibody assessment was
performed on all subjects. The amount of anti-capsular
polysaccharide antibody specific to 23 pneumococcal se-
rotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14,
15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, 33F) was determined
using a commercial ELISA test (ELIZEN Pneumococcus
IgG Assay; Zentech, Liege, Belgium). Each of the serum
samples was pre-adsorbed with 10 pg/mL polysaccharide C
(C-PS; Statens Serum Institut, Copenhagen, Denmark) for
1 h at 37°C before quantification to increase the specificity
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Fig. 1. An example of a 3-color flow cytometry analysis of lymphocytes from a splenectomized patient

The upper dot-plot shows the forward scatter/side scatter (FSC/SSC) distribution and the gate used to select lymphocytes for analysis. The lower left flow
cytometry dot-plot shows the analysis of the percentage of Treg cells; the analysis was based on gating a subpopulation of FoxP3-positive Treg cells among
T CD4-positive lymphocytes. The lower right flow cytometry dot-plot shows the analysis of the percentage of Th17 cells; the analysis was based on gating

a subpopulation of Th17 cells among T CD4-positive lymphocytes. The number in the upper right quadrant in the dot-plots represents the percentage

of Treg cells (bottom left dot-plot) and the percentage of Th17 cells (bottom right dot-plot).

of the test. The evaluation procedure was followed accord-
ing to the manufacturer’s instructions and an automatic
VICTORS3 reader (Perkin Elmer, San Diego, USA) was used
for result interpretation.?*

Statistical analysis

The normal distribution of continuous variables was veri-
fied with the Shapiro-Wilk test. Categorical variables were
presented as percentages and were compared using the ¥ test.
Continuous variables were presented as means and standard
deviations (SD). The U Mann-Whitney test and the Student’s
t-test were applied for intergroup comparisons of the vari-
ables, according to the distribution. Pearson’s linear correla-
tion coefficient (r) was calculated to disclose relationships
between the variables. All calculations were conducted using
STATISTICA v. 10 software (StatSoft, Tulsa, USA). A p-value
<0.05 was considered statistically significant.

Results

The analysis of the blood samples taken from the sple-
nectomized patients revealed elevated antibody titer
against S. pneumoniae compared to the healthy control
group (833.68 +535.98 vs 284.6 £182.02; p = 0.0016) (Fig. 2).
In the study group, a lower percentage of CD4+ cells
was noted compared to the controls (median 37.89% vs
44.43%; p < 0.00128) and a higher percentage and quantity
of CD19+ cells compared to the controls (median 11.6% vs
8.79%, p < 0.00001 and mean 0.328 +0.156 vs 0.274 +0.241,
p < 0.006, respectively). In the Treg subset, a significantly
higher percentage (median 9.85%) and total amount (mean
0.285 x 103/mm?®+0.133) were noted in the study group vs
controls (5.22%, p < 0.000001 and 0.128 x 103/mm? +0.057,
p < 0.000007, respectively) (Fig. 3). In the Th17 subset,
a significantly lower percentage (median 0.85%) and to-
tal amount (mean 0.027 x 103/mm? +0.021) were found
in the study group vs controls (2.64%, p < 0.000002 and
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0.072 x 103/mm?+0.058, p < 0.00006, respectively) (Fig. 4).
Mean percentage values and mean quantity values of lym-
phocyte subsets in the study (splenectomized) population
and the control group are presented in Table 1.

In the study group, the Treg cell percentage was positively
correlated with antibody titer (r = 0.467595, p < 0.02) (Fig.5 A).
Conversely, there was a negative correlation between Th17
cells and antibody titer (r = —0.628008, p < 0.001 and
r =-0.580325, p < 0.004 for percentage and total quantity
values, respectively) (Fig. 5 B,C).

In the study group, among patients who reported
a higher incidence of URTT, in the Th17 subset, the quan-
tity (mean 0.019 x 103/mm?® +0.0099) and percentage val-
ues (median 0.69%) were significantly lower compared
to those of the patients who did not report a higher URTI
frequency (0.064 x 103/mm? +0.021, p < 0.000001 and
1.81%, p < 0.00005, respectively) (Fig. 6). The patients with
a higher incidence of URTT also had a significantly higher
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Fig. 3. The differences in the percentage of the Treg subset between splenectomized patients (study group) and controls (*** p < 0.000001) (A);
the differences in the total amount of the Treg subset between splenectomized patients (study group) and controls (*** p < 0.000007) (B)
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Fig. 4. The differences in the total amount of the Th17 subset between splenectomized patients (study group) and controls. (*** p < 0.00006) (A);
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antibody titer

antibody titer (955.94 +514.13 vs 235.85 +49.94; p < 0.0007)
(Fig. 7). No statistically significant correlation was found
between the time elapsed since splenectomy and the Treg
or Th17 cell values in the study group.
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(***p < 0.00005) (A) and quantity (*** p < 0.000001) (B) - between
splenectomized patients who reported a higher incidence of upper
respiratory tract infections (URTI) and those who did not report a higher
URTI frequency

Discussion

The aim of the present study was to assess the relationship
between the lack of the spleen and the quantity of separate
subpopulations of T lymphocytes as well as the number
of specific antibodies against S. pneumoniae. Our study
facilitates an understanding of the mechanisms which are
behind weakened immune response in patients after sple-
nectomy. The higher levels of specific antibodies against
S. pneumoniae and values of CD19+ cells in the splenecto-
mized patients compared to the control group suggest an in-
creased exposure to antigens in bacterial capsules. It can
be assumed that these patients reveal a higher exposure
to bacterial antigens; thus, they are more susceptible to in-
fections induced by this pathogen. This is in accordance with
the results of previous studies indicating higher morbidity
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Table 1. Mean percentage and quantity values of lymphocyte subsets in the study population (splenectomized) and healthy control group

Study group Control group
n=67 n=20

Lymphocyte subsets
standard deviation standard deviation
T CD3+ [%] 66.18727 8482736 65.74850 13.25141 ns.
T CD3+ [10/mm?] 1.70540 0.610206 1.60591 0.52374 n.s.
B CD19+ [%] 12.74493 3589680 1133450 8.94963 0.00001
B CD19+ [103/mm?] 0.32872 0.156565 0.27496 0.24151 0.006
T CD4+ [%] 3705227 9.676037 44.04050 3.40697 0.00128
T CD4+ [10¥/mm?] 093664 0360878 1.07664 0.27880 ns.
Treg [%] 9.817632 3.006509 5.230500 1.692536 0.000001
Treg [10%/mm?] 0.285388 0.133895 0.128761 0.057754 0.00026
Th17 [%] 1018684 0656494 2833500 1836078 0.000001
Th17 [103/mm?] 0.027888 0.021533 0.072838 0.058360 0.00006
T CD8+ [%)] 26.08621 9.130860 3043050 718799 n.s.
T CD8+ [10%/mm?] 0.68469 0381220 073060 021428 ns.
n.s. — non-significant.
2200 response. There is a search for the reasons of the disrup-
5000 * %k @ mean tion of this balance to the benefit of Th17 lymphocytes, as
[0 mean +SD this is one of the causes of autoimmune diseases or chronic
1800 inflammatory disorders.?” The prevalence of regulatory
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9 500 . role in the development of an effective inflammatory re-
= sponse.?” Changes observed in this relation in patients after
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200 response from the immune system. These conclusions seem
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Fig. 7. The difference in antibody titer against S. pneumoniae between
splenectomized patients who reported a higher incidence of upper
respiratory tract infections (URTI) and those who did not report a higher
URTI frequency (***p < 0.0007)

in splenectomized patients for S. pneumoniae-related in-
fections.” In unvaccinated patients, the increase in the per-
centage of Treg lymphocytes, which also correlates with
high levels of specific antibodies, seems to be distressing.
The association with low levels of pro-inflammatory Th17
lymphocytes and higher antibody titer in splenectomized
patients suggests that inflammatory response to S. pneu-
moniae capsule antigens is suppressed, and thus ineffective
in this group.?>2¢ In healthy, immunocompetent patients, the
preservation of an appropriate balance between Th17 and
Treg cells is one of the conditions for the best inflammatory

to be confirmed by the results of the quantity and percent-
age assessment of Th17 cells in the group of splenectomized
patients reporting a higher incidence of URTI. Previous
observations have demonstrated a positive correlation be-
tween the time elapsed since splenectomy and the percent-
age of peripheral blood CD4+ cells in the group of patients
splenectomized because of an abdominal trauma.? Findings
observed in the present study show that CD4+ cells com-
prise a smaller subset of lymphocytes compared to controls,
but there is a tendency to rebuild this population over time.
In the present research, we only enrolled patients splenecto-
mized due to spleen injury. Elective splenectomy is generally
performed on patients with idiopathic thrombocytopenic
purpura; however, these patients are referred to pre-surgery
vaccination that may influence the status of lymphocyte
subsets. This study group is homogenous and vaccination-
naive, and the results are free of any possible impact from
the vaccine. Future studies are needed to assess the possible
effects of vaccination on CD4+ cell frequency in splenec-
tomized patients.
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Conclusions

This research shows for the first time that substantial

changes are occurring in the immunological system after
splenectomy. Splenectomy has a significant effect on the
quantitative distribution of lymphocyte subsets. Patients
who undergo splenectomy reveal a strong reverse balance
between Treg and Th17 lymphocytes. Certainly, this is one
of the factors leading to a deterioration in the immunity
response of the body against bacterial antigens. The high
level of specific antibodies in these patients does not cor-
relate with effective immunity.
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Abstract

Background. Chronic lymphocytic leukemia (CLL) is a condition characterized by the accumulation of mor-
phologically mature monoclonal lymphocytes B with the CD19+/CD5+/CD23+ phenotype in lymphoid
tissue, peripheral blood and bone marrow. The clinical course of patients with CLLis heterogeneous, ranging
from indolent to aggressive. The role of lymphocyte activation in the natural history of CLL is still a matter
of discussion.

Objectives. The aim of this study was to determine the percentages and absolute numbers of lymphocytes
Band Tin peripheral blood and bone marrow of CLL patients. Moreover, we analyzed the relationship between
the number of (D25-positive and CD69-positive lymphocytes and the established prognostic factorsin CLL.

Material and methods. The study included 80 untreated patients with CLL and 20 healthy subjects.
The immunophenotype of peripheral blood mononuclear cells (in both groups) and bone marrow cells (solely
in the CLL group) was determined by means of flow cytometry.

Results. Patients with CLL showed a higher absolute number of activated lymphocytes B with phenotypes
(D19+(D25+ and (D19+CD69+, as well as a higher absolute number of (D3+(D25+ lymphocytes T than
the controls. The enhanced activation of peripheral blood and bone marrow lymphocytes was associated
with higher Rai stages, an increased concentration of lactate dehydrogenase and beta-2 microglobulin and
the progression of the disease. The number of lymphocytes B (D19+ZAP-70+- correlated positively with the
number of (D19+(D25+ B cells and (D3+CD69+ T cells.

Conclusions. The study confirmed the association between an unfavorable prognosis and a high expres-
sion of activation markers in CLL patients. The determination of (D25+ and CD69+ lymphocytes T and
B constitutes a valuable diagnostic tool, completing the cytometric evaluation of CLL.

Key words: flow cytometry, chronic lymphocytic leukemia, prognostic marker, lymphocyte count



988

Introduction

Chronic lymphocytic leukemia (CLL) is a condition char-
acterized by the accumulation of morphologically mature
monoclonal lymphocytes B with the CD19+/CD5+/CD23+
phenotype in lymphoid tissue, peripheral blood and bone
marrow. It is estimated that CLL constitutes 25—-30% of all
diagnosed leukemia cases, making it the most frequent ma-
lignancy of this type amongst adults from North America
and Europe.!

The course of CLL is chronic by default. Of note, how-
ever, is its heterogeneity. Only 30% of the patients sur-
vive 10-20 years following the diagnosis. The remain-
ing patients enter the terminal phase within the initial
5-10 years, despite an indolent onset of the condition.
Individuals with the aggressive form of CLL survive only
2-3 years upon establishing the diagnosis. Spontaneous
regression of CLL is of rare evidence.? Treatment with
various combinations of cytostatics and biological agents
can induce remission, but a relapse occurs in most of the
patients, making CLL an incurable condition.

Criteria allowing for distinguishing between low and
high risk groups of CLL patients did not exist prior to the
mid-1970s; subsequently, Rai et al., followed by Binet et al.,
proposed independent classification systems that are used
to the present.>* According to Rai et al., patients are clas-
sified into 1 of 4 clinical stages?; in contrast, the classifica-
tion by Binet et al. is comprised of 3 stages.*

The survival time of CLL patients differs across age
categories. The younger the age at diagnosis, the more
aggressive is the course of the leukemia. The proportion
of CLL patients with Rai stage 2 or higher is larger in pa-
tients younger than 65 years and the loss of life expectancy
in younger patients is more than twice as high as in older
individuals.®

Amongst other prognostic factors, lymphocyte doubling
time (LDT) in untreated patients deserves special atten-
tion. Lymphocyte doubling time longer than 12 months
is usually associated with a mild course of CLL; however,
the shorter the LDT, the more aggressive is the phenotype
of the disease.® The concentration of beta-2 microglobu-
lin is another established prognostic factor: the higher the
value of this parameter, the worse is the prognosis.'°

Chronic lymphocytic leukemia cells differ in terms
of the mutational status of genes encoding immunoglobu-
lin heavy chain variable (IgVH), which is correlated with
the intracellular expression of {-associated protein-70
(ZAP-70), the presence of the CD38 antigen and the de-
gree of activation and susceptibility to apoptosis.!! Some
of these cellular markers are the established prognostic
factors in CLL. The prognosis is better in patients with mu-
tated IgVH genes than in those without the mutation.1213
A high expression of CD38 and ZAP-70 constitute a nega-
tive prognostic factor.***> Disorders of apoptosis are also
postulated to play an important role in CLL, and the in-
duction of programmed cell death by some medications

E. Grywalska, et al. Prognosis in CLL and activation markers

is a determinant of successful therapy.'®-!® However, the
role of lymphocyte activation in the natural history of CLL
is still a matter of discussion.

Most CLL patients develop hypogammaglobulinemia
along with the disease progression.!*?° The detectable defi-
cit can refer to both immunoglobulin G class, and to M and
A classes. The deficiency develops irrespectively of the
status of the established prognostic factors, such as the
mutational status of [gVH.?!

The role of chronic immunological stimulation and the
resultant activation of lymphocytes B in the pathogenesis
of CLL has not been explained thus far. The in vivo ac-
tivation of the lymphocytes is known to result from the
presence of various antigens, including pathogens.

In a study of more than 77,000 initially healthy indi-
viduals, 129 participants developed CLL during an aver-
age period of 9.8 years. The authors studied the presence
of monoclonal protein and immunoglobulin light chains
in the blood samples of these patients, obtained prior to es-
tablishing the diagnosis.?® Amongst 61 individuals with
a normal ratio of free light chains (FLC) k/\ and with-
out monoclonal protein, 17 individuals showed elevated
levels of FLC «/\, which suggests a polyclonal activation
of lymphocytes B. These findings support the hypothesis
involving chronic immunological stimulation in the patho-
genesis of CLL.

De Fanis et al. analyzed the expression of CD95, the best-
described cell surface antigen associated with apoptotic
pathways, on lymphocyte B before and after the in vitro
induction of leukemia with phorbol-12-myristate 13-ace-
tate (PMA), ionomycin, phytohemagglutinin, or myogen.??
The degree of activation was monitored on the basis of the
early activation marker (CD69) expression. Chronic lym-
phocytic leukemia cells were revealed to be characterized
by a markedly lower expression of CD95 than normal lym-
phocytes. Additionally, the leukemia cells were incapable
of enhancing the expression of this molecule upon activa-
tion; although, it must be mentioned that such phenom-
enon was documented in the case of normal lymphocytes.
Both CLL cells and normal lymphocytes showed a higher
expression of CD69 after stimulation. Consequently, these
findings suggest that CLL cells express the early activa-
tion marker to a similar extent as normal cells, but their
activation-induced apoptosis is impaired.??

Compared to CD25-negative cells, lymphocytes
B CD25+ release larger amounts of interleukin (IL)-6, IL-10
and interferon gamma (IFNY) in response to the agonists
of Toll-like receptors, are superior at presenting antigens
to CD4+ cells, and are capable of a spontaneous synthesis
of immunoglobulin classes A, G and M. Therefore, this
subpopulation of lymphocytes B is postulated to corre-
spond to mature, activated memory cells.® Furthermore,
Hassanein et al. revealed that the proportion of CLL cells
expressing CD25, a marker of lymphocyte activation, was
significantly higher in the ZAP70+ group compared with
the ZAP70- group.?
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The activation of lymphocytes B results from the syn-
thesis of cytokines by activated T cells. Rossmann et al.
analyzed the lymphocyte synthesis of cytokines, both
spontaneous and induced by polyclonal activation.?* They
observed that patients with the progressive form of CLL
had significantly higher counts of T cells that spontane-
ously released IL-2, IL-4 and granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) as compared to healthy
subjects and individuals with mild-course CLL. Also,
an in vitro polyclonal activation of peripheral blood T lym-
phocytes was reflected by an increased fraction of the cells
releasing the aforementioned cytokines, as well as tumor
necrosis factor (TNF) and IFN-y, both in patients with any
form of CLL and in the controls. These findings suggest
that lymphocytes T of individuals with CLL show rela-
tively high functional efficiency. Therefore, the enhanced
synthesis of cytokines in vivo is likely to result from the
stimulation of lymphocytes T, especially in the progressive
form of the disease. In turn, the abovementioned cytokines
are involved in processes of maintaining the growth of leu-
kemic lymphocytes B.>

The aim of this study was to determine the percent-
ages and absolute numbers of lymphocytes B and T in the

Table 1. Characteristics of the study participants

Parameter
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peripheral blood and bone marrow of untreated CLL pa-
tients. We analyzed the relationship between the number
of CD25- and CD69-positive lymphocytes and the estab-
lished prognostic factors in CLL.

Material and methods
Participants

The study included 80 untreated patients with CLL
diagnosed on the basis of clinical examination, morpho-
logical evaluation and immunophenotyping of peripheral
blood and bone marrow lymphocytes. The control group
comprised 20 healthy subjects (13 women and 7 men)
in whom the immunophenotype of lymphocytes was de-
termined in 10 mL samples of peripheral blood. The char-
acteristics of the study participants are summarized
in Table 1.

None of the participants used immunomodulating
agents, showed signs of infection within 1 month prior
to the study, underwent blood transfusion, or was diag-
nosed with an autoimmune condition or allergy.

Controls
(n=20)

Study group

(n=80)

Gender women, n (%) 38 (47.5%) 13 (65%) B
men, n (%) 42 (52.5%) 7 (35%)
0 29 (36.25%)
| 20 (25%)
Rai stage, n (%) I 20 (25%) - -
Il 7 (8.75%)
\% 4 (5%)
Early stage Rai stage 0-1, n (%) 49 (61.25%) - -
Late stage Rai stage -1V, n (%) 31 (38.75%) - -
Age [years] median (range) 65 (32-85) 62.5 (34-73) NS*
Leukocytes [1 x 10%L] median (range) 32.2 (12-110) 702 (4.23-9.63) 0.0000000001
Lymphocytes [1 X 10%L] median (range) 26.13 (6.71-98.49) 2.62 (1.39-4.96) 0.0000000001
: yes, n (%) 19 (23.75%) - -
Doubled lymphocyte count on follow-up no, 1 (%) 61 (76.25%) B B
Lymphocyte doubling time [months] median (range) 10 (1-20) - -
) ) yes, n (% of those with doubling) 15 (78.95%) - -
Lymphocyte doubling time <12 months no, n (% of those without doubling) 4 (21.05%) - -
Hemoglobin concentration [g/dL] median (range) 12.90 (7.80-15.40) 14.35 (12.5-16.9) 0.00064
Thrombocytes [1 x 10%/L] median (range) 188 (62.67-447) 281.5 (186-403) 0.00051
Beta-2-microglobulin [mg/dL] median (range) 2.72 (0.19-11.60) 1.58 (0.13-2.12) 0.00037
Lactate dehydrogenase [IU/L] median (range) 368 (228-938) 147 (83-198) 0.000026
) ) yes, n (%) 33 (41.25%) - -
Implementation of treatment on follow-up no, n (%) 47 (58.75%) B B
Time between diagnosis and treatment [months] median (range) 3(0-73) - -
complete/partial remission 12 (36.36%) - -
Response, n (% of the treated patients) progression/death 15 (45.45%) - -
ongoing treatment 6 (18.18%) - -

* not statistically significant (NS).
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The protocol of the study was approved by the Local
Bioethics Committee of the Medical University in Lublin.
All participants gave their written informed consent prior
to the start of any procedures.

Blood and bone marrow samples

Samples of peripheral blood (20 mL) were obtained from
the basilic vein of all the CLL patients. Moreover, a bone
marrow aspirate (5 mL) was obtained from the iliac crest
during routine diagnostic procedures. Additionally, pe-
ripheral blood samples (10 mL) of the controls were ex-
amined. The material was collected into ethylenediami-
netetraacetic acid (EDTA) tubes (aspiration and vacuum
systems, Sarstedt AG & Co. KG, Niimbrecht, Germany)
and analyzed shortly thereafter.

Isolation of mononuclear cells

Peripheral blood and a bone marrow aspirate were dilut-
ed with 0.9% phosphate-buffered saline (PBS) without cal-
cium (Ca?*) or magnesium (Mg?*) (Biochrom AG, Berlin,
Germany) at a 1:1 and 1:2 ratio, respectively. The diluted
material was built up with 3 mL of Gradisol L (specific
gravity 1.077 g/mL; Aqua Medica, Bialystok, Poland) and
centrifuged in a density gradient at 700 x g for 20 min.
The obtained fraction of mononuclear cells of peripheral
blood and bone marrow was collected with Pasteur pi-
pettes and washed twice in PBS without Ca?* or Mg?* for
5 min. Subsequently, the cells were suspended in 1 mL
of PBS without calcium or magnesium, and counted in the
Neubauer chamber or tested for viability in trypan blue
solution (0.4% Trypan Blue Solution, Sigma Pharmaceuti-
cals, Croydon, UK).

Flow cytometry

FACSCalibur flow cytometer (Becton Dickinson, Frank-
lin Lakes, USA) equipped with an argon laser emitting at
488 nm was used to determine the immunophenotype
of the mononuclear cells of peripheral blood and bone mar-
row. The results were analyzed with CellQuest software
(Becton Dickinson) and a CaliBRITE calibration set (Bec-
ton Dickinson) was used to optimize the flow cytometer
settings. A total of 10,000 cells were acquired from each
sample based on the lymphocytic gate forward-scattered
light (FSC)/side-scattered light (SSC). “Purity” of the lym-
phocytic gate was verified on the basis of the cellular dis-
tribution in a CD45/CD14 coordinate system.

Preparation of cells for cytometry

Peripheral blood mononuclear cells were suspended
in PBS at a concentration equal to 2 x 107 cells per mL,
and 50 pL of the solution were placed in 5 mL Falcon tubes
(Becton Dickinson). Subsequently, the cells were subjected

E. Grywalska, et al. Prognosis in CLL and activation markers

Table 2. Characteristics of fluorochrome-conjugated monoclonal
antibodies used in the study

Specificity | Fluorochrome | Manufacturer

. BD Biosciences,
anti-CD3 FITC/PE/PE-Cy5 G L VS
anti-CD19 FITC/PE/PE-Cy5 BD Biosciences, USA
anti-CD25 PE/PE-Cy5 BD Biosciences, USA
anti-CD38 FITC BD Biosciences, USA
anti-CD69 PE/PE-Cy5 BD Biosciences, USA
anti-CD5/CD19 FITC/PE BD Biosciences, USA
anti-CD45/CD14 FITC/PE BD Biosciences, USA
anti-CD3/CD19 FITC/PE BD Biosciences, USA

to 2- or 3-chrome labeling with monoclonal antibodies,
according to the manufacturer’s protocols (Table 2).

Following 30-min incubation with monoclonal antibod-
ies at 4°C, the cells were washed with PBS containing 0.1%
sodium azide and 1% fetal bovine serum, centrifuged at
700 x g for 5 min, and fixed in 0.5 mL of 1% paraformal-
dehyde solution (Sigma Pharmaceuticals).

The results of the cytometric analysis were presented as
a fraction of cells labeled with fluorochrome-conjugated
monoclonal antibodies or as a mean fluorescence intensity
(MFTI), corresponding to the expression of a given antigen
on a cellular surface.

Intracellular ZAP-70 kinase detection

The BD Perm/Wash buffer (Becton-Dickinson) and anti-
ZAP-70 PE (Becton Dickinson) were added to the appropri-
ate tubes and incubated for 15 min at room temperature
in darkness. Finally, the cells were washed and analyzed
by flow cytometry. For each analysis, 20,000 events were
acquired and analyzed using CellQuest software (Becton
Dickinson).

Statistical analysis

Normal distribution of continuous variables was tested
using the Shapiro-Wilk test, and the homogeneity of their
variances was verified with Levene’s test and the F-test.
Depending on their distribution, the statistical charac-
teristics of continuous variables were presented as arith-
metic means and standard deviations (SD), or as medians
and ranges (min-max). The Mann-Whitney U-test or the
Kruskal-Wallis test were used for intergroup comparisons
of continuous variables. The power and direction of rela-
tionships between 2 continuous variables was determined
using Pearson’s coefficient of linear correlation (r). All cal-
culations were carried out with STATISTICA v. 9 (StatSoft,
Tulsa, USA) package, with the level of significance set at
p < 0.05. To present the survival function, the Kaplan-
Meier estimator (survival curve) was used.
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Results
Number of activated lymphocytes T and B

The immunophenotypes of basic subpopulations of pe-
ripheral blood lymphocytes in patients and healthy controls
are presented in Table 3. Compared to healthy individuals,
patients with CLL showed a higher absolute number of lym-
phocytes B with phenotypes CD19+CD25+ (p = 0.000016)
and CD19+CD69+ (p = 0.0003). Moreover, they had a high-
er absolute number of CD3+CD25+ (p = 0.00047) as well
as CD3+CD69+ lymphocytes T (p = 0.07), although this
latter difference lacked statistical significance.

Relationship between the fraction

of activated cells in peripheral blood
and bone marrow and the established
prognostic factors in CLL

We revealed that higher Rai stages of CLL were associ-
ated with the enhanced activation of B cells in peripheral
blood (p = 0.018). Specifically, patients with stage 0 CLL
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showed a significantly lower percentage of CD19+CD25+
lymphocytes B in peripheral blood than those in Rai stage 3
(31.24% vs 78.67%, p = 0.003), and patients with stage 2 CLL
showed a significantly lower percentage of CD19+CD25+
lymphocytes B in peripheral blood than those in Rai stage 3
(50.24% vs 78.67%, p = 0.021) (Fig. 1A). Moreover, there was
asignificant association between the percentage of CD19+ B
cells in peripheral blood and the expression of the early
marker of activation, CD69 (p = 0.005). Specifically, patients
with Rai stage 3 showed a significantly higher percentage
of CD19+CD69+ B cells (47.16%) than those with CLL stages
0 (18.13%, p = 0.009) and 2 (19.09%, p = 0.019) (Fig. 1B).

Furthermore, the number of CD19+CD69+ lymphocytes B
in bone marrow was significantly associated with the CLL
stage (p = 0.023). Specifically, patients with Rai stage 3 showed
a higher fraction of activated lymphocytes in bone marrow
than those with Rai stage 0 (51.07% vs 19.34%, p = 0.018) and 2
(51.07% vs 19.74%, p = 0.006) (Fig. 1C). Finally, there was a sig-
nificant association between the fraction of CD3+CD25+ T
cells and the stage of the disease (p = 0.029). The difference
was particularly evident in the case of Rai stages 3 and 1
(36.78% vs 13.01%, p = 0.003) (Fig. 1D).

100

p=0.009
80
60
40
20
a
0 -
O median
0 ! 2 3 4 [025-75%
stage according to Rai et al. classification T min-max
80
- D
p=0.013
|
70 | l b=0.003 i ”le =0.032 }_1
60
50
40
30
20
10
0
10 o median
0 1 2 3 4 025-75%
stage according to Rai et al. classification T min-max

Fig. 1. Assessment of the frequencies of CD19+CD25+ cells in the peripheral blood of CLL patients with stage 0—-4 according to Rai et al.s classification (A);
assessment of the frequencies of CD19+CD69+ cells in the peripheral blood of CLL patients with stage 0—4 according to Rai et al.'s classification (B);
assessment of the frequencies of CD19+CD69+ cells in the bone marrow of CLL patients with stage 0-4 according to Rai et al.s classification (C);
assessment of the frequencies of CD3+CD25+ cells in the peripheral blood of CLL patients with stage 0-4 according to Rai et al.'s classification (D)
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Table 3. The immunophenotype of peripheral blood lymphocytes in the CLL patients and the controls;

data presented as an absolute number of cells (103/mm?3)

Parameter

Controls

CD19+/ZAP-70+ [103/mm?]
ZAP-70+ (patients with >20% or <20% of ZAP-70+ B cells)
CD19+/CD38+ [103/mm?]

CD38+ (patients with >20% or <20% of CD38+ B cells)

median (min-max)

>20% of B cells
<20% of B cells

median (min—max)

>20% of B cells
<20% of B cells

CLL patients
12.28 (0.91-64.19)

22 (27.5%)
58 (72.5%)

4.61 (0.06-91.00)

27 (33.75%)
53 (66.25%)

CD3+ [10°/mm?3] median (min-max) 2.25(0.16-17.31) 1.69 (0.96-3.27) NS*
CD19+ [10°/mm?] median (min—-max) 21.84 (4.90-90.68) 0.33 (0.11-0.50) 0.000000003
CD5+/CD19+ [10°%/mm?] median (min—max) 20.80 (1.67-89.56) 0.10 (0.03-0.25) 0.0000000001
CD19+/CD25+ [10°/mm?] median (min-max) 11.50 (0.05-63.84) 0.08 (0.01-0.20) 0.000016
CD19+/CD69+ [103/mm?] median (min—max) 6.09 (0.04-64.81) 0.02 (0.01-0.08) 0.0003
CD3+/CD25+ [103/mm?] median (min—-max) 5.12(0.10-45.53) 0.18 (0.04-0.48) 0.00047
CD3+/CD69+ [103/mm?] median (min—-max) 0.70 (0.03-25.28) 0.05 (0.01-0.10) NS*
* not statistically significant (NS).
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Fig. 3. Assessment of the CD25 MFI values on CD3+ cells in the bone marrow of CLL patients in correlation with LDT (A); assessment of the frequencies

of CD19+CD25+ cells in the peripheral blood among 2 groups of CLL patients: those who received a treatment or the untreated individuals (B); assessment
of the frequencies of CD19+CD69+ cells in the peripheral blood among 2 groups of CLL patients: those who received a treatment or the untreated
individuals (C); assessment of the CD69 MFI values on CD3+ cells in the peripheral blood among the 2 groups of CLL patients: those who received

a treatment or the untreated individuals (D)

The concentration of lactate dehydrogenase (LDH)
correlated positively with the percentage of lymphocyte
B CD19+CD25+ (r = 0.248; p = 0.035) and CD19+CD69+
(r = 0.243; p = 0.033), and lymphocyte T CD3+CD69+
(r = 0.308; p = 0.008) of peripheral blood, as well as with
lymphocyte B CD19+CD69+ of bone marrow (r=0.298;
p = 0.011). Moreover, the concentration of LDH was cor-
related positively with MFI of CD69 on lymphocyte B
(r = 0.391; p = 0.0004), and MFI of CD25 (r = 0.537;
p = 0.0001) and CD69 (r = 0.349; p = 0.002) on lympho-
cyte T in peripheral blood, as well as with MIF of CD25
on lymphocyte T in bone marrow (r = 0.382; p = 0.001).

The concentration of beta-2 microglobulin showed
a positive correlation with MFI of CD25 and CD69 on lym-
phocyte T in peripheral blood (r = 0.289; p = 0.014 and
r = 0.286; p = 0.015, respectively), as well as with MFI
of CD25 on lymphocyte T in bone marrow (r = 0.393;
p = 0.001).

We observed a significant negative correlation between
the fraction of CD3+CD69+ lymphocyte T in peripheral
blood and LDT (r = —0.558; p = 0.016). The mean fluores-
cence intensity of CD69 on CD19+ cells of peripheral blood
was inversely correlated with LDT (r = -0.494; p = 0.032).
Additionally, LDT correlated inversely with MFI of CD25
onlymphocytes B (r = -0.654; p = 0.002) and T (r = -0.680;
p = 0.002) in peripheral blood, as well as on lymphocyte T
in bone marrow (r = -0.636; p = 0.005). Patients who expe-
rienced lymphocyte doubling in less than 12 months had
a higher percentage of CD3+CD69+ lymphocyte T than
those who did not (7.31% vs 2.49%, p = 0.005) (Fig. 2A),
a higher MFI value of CD69 on the surface of B CD19+
lymphocytes (79.35 vs 54.17, p = 0.044) (Fig. 2B), a higher
MFI value of CD25 on the surface of B CD19+ lympho-
cytes (52.02 vs 39.91, p = 0.017) (Fig. 2C), and a higher
MFI value of CD25 on the surface of T CD3+ lymphocytes
(61.47 vs 43.16, p = 0.021) (Fig. 2D) in peripheral blood.
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Fig. 4. Assessment of the frequencies of CD19+CD25+ cells in the peripheral blood of CLL patients with disease progression or remission reflected by the
treatment (A); assessment of the CD25 MFl values on CD19+ cells in the peripheral blood of CLL patients with disease progression or remission reflected
by the treatment (B); assessment of the frequencies of CD19+CD25+ cells in the peripheral blood of CLL patients with ZAP-70 positive or negative
immunophenotype (C); assessment of the frequencies of CD19+CD25+ cells in the bone marrow of CLL patients with ZAP-70 positive or negative

immunophenotype (D)

Patients who experienced lymphocyte doubling in less than
12 months had a higher MFI value of CD25 on the surface
of T CD3+ lymphocytes in bone marrow than those who
did not (60.04 vs 41.83, p = 0.004) (Fig. 3A).

We observed that patients who started therapy due
to rapid progression of the disease had a significantly
higher percentage of CD19+CD25+ B cells in periph-
eral blood compared to untreated individuals (67.46%
vs 33.91%, p = 0.014) (Fig. 3B). Moreover, these patients
showed a higher percentage of lymphocyte B CD19+CD69+
(34.03% vs 20.15%, p = 0.03) (Fig. 3C) and a higher MFI
of CD25 on lymphocyte T (51.46 vs 38.97, p = 0.021) in pe-
ripheral blood (Fig. 3D).

Individuals in whom treatment was reflected by remis-
sion were characterized by a lower percentage of lympho-
cyte B CD19+CD25+ in peripheral blood than those who
experienced progression and/or died (34.18% vs 75.03%,
p = 0.00013) (Fig. 4A). The mean fluorescence intensity
of CD25 on the surface of lymphocyte B of peripheral blood

was significantly higher in patients in whom treatment
was reflected by progression and/or death than in those
who showed remission (52.19 vs 32.07, p = 0.001) (Fig. 4B).
The individuals whose lymphocyte B showed the expres-
sion of ZAP-70+ had higher frequencies of CD19+CD25+
B cells in peripheral blood (71.12% vs 36.98%, p = 0.013)
(Fig. 4C) and bone marrow (53.24% vs 32.16%, p = 0.046)
compared to ZAP-70- individuals (Fig. 4D).

The number of lymphocytes B CD19+ZAP-70+ corre-
lated positively with the number of CD19+CD25+ B cells
(r =0.386; p = 0.001) and CD3+CD69+ T cells (r = 0.323;
p = 0.005) in peripheral blood, as well as with the num-
ber of CD19+CD25+ B cells in bone marrow (r = 0.307;
p = 0.007).

The mean fluorescence intensity of CD25 on lymphocyte
T of peripheral blood (r = 0.314; p = 0.006) and bone mar-
row (r = 0.298; p = 0.012), and MFI of CD25 on the surface
of lymphocyte B of bone marrow (r = 0.244; p = 0.036)
increased proportionally to the fraction of CD19+ZAP-70+



Adv Clin Exp Med. 2018;27(7):987-999

200 A
p=0.005
180 L

160
140

120

100

80

60

40

MFI value of CD25 on CD3+ cells in the peripheral blood

20 —

MFI value of CD25 on CD3+ cells in the bone marrow

1 2 O median
[25-75%
ZAP-70 immunophenotype (negative - 1; positive - 2) I min-max
220 C
200 p=0.009
— |

180

160

140

120

100

80

60

40

MFI value of CD25 on CD19+ cells in the bone marrow

20 —1

1 2

ZAP-70 immunophenotype (negative - 1; positive - 2)

O median
[25-75%
T min-max

995
160 B
p=0.000
| RN |
140
120 -
100
80
60
o
40 o
20 _—
0 ) > O median
[025-75%
ZAP-70 immunophenotype (negative - 1; positive - 2) T min-max

Fig. 5. Assessment of the CD25 MFI values on CD3+ cells in the peripheral blood of CLL patients with ZAP-70 positive or negative immunophenotype (A);
assessment of the CD25 MFI values on CD3+ cells in the bone marrow of CLL patients with ZAP-70 positive or negative immunophenotype (B); assessment
of the CD25 MFI values on CD19+ cells in the bone marrow of CLL patients with ZAP-70 positive or negative immunophenotype (C)

B cells. The mean fluorescence intensity of CD25 on the
surface of lymphocyte T in peripheral blood (71.01 vs 42.14,
p = 0.005) (Fig. 5A) and lymphocyte T in bone marrow
(56.11 vs 41.63, p = 0.00012) (Fig. 5B), and on the surface
of B cells in bone marrow (44.17 vs 32.81, p = 0.009) was
higher in patients with ZAP-70+ lymphocyte B (Fig. 5C).

Relationship between the fraction
of activated cells in peripheral blood
and the probability of survival

after the diagnosis of CLL

We revealed factors that significantly increase the prob-
ability of survival after the diagnosis of the disease in the
study group. The patients with the percentage of CD19+/
CD25+ lymphocytes <56% (p = 0.0002) (Fig. 6A) and the ab-
solute number of CD19+/CD25+ lymphocytes <12.5 x 10
cells/uL (p = 0.0295) (Fig. 6B), as well as the absolute num-
ber of CD19+/CD69+ lymphocytes <7.7 x 10% cells/pL

(p =0.0047) (Fig. 6C) and the percentage of CD19+/CD69+
lymphocytes <29.65% (p = 0.0001) (Fig. 6D) demonstrated
increased survival.

Additionally, an absolute count of CD3+/CD69+ lym-
phocytes <0.65 x 10? cells/uL (p = 0.0205) constituted
a positive survival factor (Fig. 7A).

A major factor that increased the probability of dou-
bling the lymphocyte count was a percentage of CD19+/
CD25+ cells >29.65% (p = 0.0191) (Fig. 7B). An absolute
count of CD19+/CD25+ lymphocytes >12.5 x 10? cells/uL
was also a factor that increased the likelihood of doubling
of the lymphocytosis (p = 0.0246) (Fig. 7C).

Discussion

Chronic lymphocytic leukemia results from the expan-
sion of mature lymphocytes B CD5+. Probably, these cells
proliferate in bone marrow and in the lymph nodes, while
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the leukemic lymphocytes of peripheral blood remain at
the GO/G1 phase. The expression of genes in leukemic cells
resembles that of memory B lymphocytes; moreover, they
express cell surface antigens specific to lymphocyte B
which had contact with an antigen (CD23, CD27, IgM,
and IgD).2>=?” The aim of the research, which has already
continued for a significant number of years, is to identify
subgroups of CLL patients with a similar clinical course
of the disease.?® A high expression of ZAP-70 and CD38
was revealed to be associated with a more aggressive course
of CLL.%

CD25, i.e., the alpha chain of the IL-2 receptor, is pres-
ent on the surface of leukemic cells in 30-50% of CLL
patients. The density of the expression of this molecule
on leukemic cells is higher than on normal lymphocyte B,
as well as on lymphocyte B during the so-called mono-
clonal B-cell lymphocytosis of undetermined significance
(B-MLUS).20-34 CD25 is postulated to be associated with
the activation status of cells expressing this antigen.

Probably, it also serves as a growth factor receptor and
regulates the proliferation of lymphocyte B.3%3¢ Aside
from CLL, a high expression of this molecule was also
detected on the surface of B cells in promyelocytic and
hair-cell leukemia.?”3® The expression of CD25 on the
surface of lymphocytes and an elevated serum concen-
tration of soluble CD25 are associated with a negative
prognosis in acute lymphoblastic leukemia and diffuse
large B-cell lymphoma.?*4° The data on the role of CD25
as a prognostic factor in CLL is inconclusive. Although ac-
cording to some authors, the prognosis is worse in patients
showing a high expression of CD25, other researchers
observed that the CD25+ phenotype is associated with
a milder course of CLL.3"33 The most recently published
data from a retrospective study of 281 individuals with
CLL followed-up for 8 years did not confirm a relationship
between the expression of CD25 and the survival time or
the time elapsed between diagnosis and the implementa-
tion of treatment.?® This study revealed that the expression
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of CD-25 on lymphocyte B of leukemia patients is many
times higher than in the controls. Moreover, an associa-
tion between the established prognostic factors in CLL
and the CD25 expression was analyzed. The previously
mentioned studies revealed a relationship between the
number of lymphocytes B with the CD19+CD25+ phe-
notype and Rai clinical stage. The percentage of lym-
phocyte B CD19+CD25+ was higher in more advanced
stages. Moreover, there was an inverse correlation be-
tween LDT and MFI of CD25 on lymphocyte B in pe-
ripheral blood, and a positive correlation between the
concentration of LDH and the percentage of lymphocyte
B CD19+CD25+ in peripheral blood. We revealed that the
number CD19+CD25+ B cells in the peripheral blood of in-
dividuals who required treatment due to rapid progression
of the disease was significantly higher than in untreated
patients, which is contradictory to findings reported
by Shvidel et al.2® Moreover, the patients who showed re-
mission after the treatment were characterized by a higher

percentage of lymphocyte B CD19+CD25+ in peripheral
blood than individuals who experienced progression and/
or died. The mean fluorescence intensity of CD25 on the
surface of lymphocyte B of peripheral blood was higher
in individuals who showed progression and/or died after
the treatment than in those with remission. Our analysis
of the relationship between documented prognostic fac-
tors and the markers of activation revealed that the num-
ber of lymphocytes B CD19+ZAP-70+ correlated positively
with the number of CD19+CD25+ B cells in peripheral
blood and bone marrow. Moreover, MFI of CD25 on the
surface of lymphocyte B in bone marrow also increased
proportionally to the number of CD19+ZAP-70+ cells.
Individuals in whom the phenotype of lymphocytes B was
determined as ZAP-70+ had more CD19+CD25+ B cells
in peripheral blood and bone marrow than patients whose
lymphocytes did not show the expression of this marker.
Also, MFI of CD25 on the surface of lymphocyte B in bone
marrow was higher in individuals whose lymphocytes were
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classified as ZAP-70+. Similarly to Shvidel et al., our study
did not reveal significant differences in the prevalence
of anemia, thrombocytopenia and an elevated concentra-
tion of beta-2 microglobulin between patients with a high
and low number of CD25+ lymphocytes.?® Although our
studied group was smaller than that analyzed by previ-
ously mentioned authors, the number of studied param-
eters was markedly higher. Plausibly, further extensive
studies are needed to eventually verify the significance
of the CD25 expression on leukemic lymphocytes in CLL.

Furthermore, our study also revealed that the expres-
sion of CD25 on lymphocyte T is higher in patients with
CLL than in healthy individuals. Activated lymphocytes
T of patients with CLL are known to stimulate the prolif-
eration and promote the survival of leukemic cell clones,
despite qualitative and quantitative disorders of their pop-
ulation.! However, we did not find any literature evidence
of the relationship between the lymphocyte T expression
of CD25 and the prognostic factors in CLL. We revealed
that a higher prevalence of CD3+CD25+ T cells was associ-
ated with higher Rai stages of CLL. Moreover, we observed
an inverse correlation between LDT and MFI of CD25
on lymphocyte T of peripheral blood and bone marrow.
Furthermore, the concentration of LDH and beta-2 mi-
croglobulin also correlated positively with MFI of CD25
on lymphocyte T of peripheral blood and bone marrow.
The mean fluorescence intensity of CD25 on lymphocyte
T of peripheral blood and bone marrow increased pro-
portionally to the percentage of CD19+ZAP-70+ B cells.
We revealed that ZAP-70+ patients showed a significantly
higher MFI of CD25 on lymphocyte T of peripheral blood
and bone marrow. Moreover, MFI of CD25 was also signifi-
cantly higher in individuals who required the implementa-
tion of treatment than in those who did not.

The expression of CD69 on activated cells can be ob-
served early; namely, within 4 h of stimulation. As early as
in 2002, Damle et al. revealed a significantly higher frac-
tion of CD19+CD69+ lymphocytes in individuals without
amutation in IgVH genes and with the CD38+ phenotype
of B cells.?® Similarly to normal lymphocytes, CLL cells
can undergo activation, which can be determined on the
basis of the CD69 expression.?? Our study of the expression
of CD69 on leukemic cells revealed that higher Rai stages
are associated with a higher prevalence of CD19+CD69+
lymphocyte B, both in peripheral blood and in bone mar-
row. The mean intensity of fluorescence of CD69 on lym-
phocyte B of peripheral blood was inversely correlated
with LDT. Moreover, we observed a positive correlation
between the concentration of LDH and the percentage
of CD19+CD69+ lymphocyte B of peripheral blood and
bone marrow. Additionally, the concentration of LDH cor-
related positively with MFI of CD69 on lymphocyte B.
Individuals in whom rapid progression of the disease
required the implementation of treatment had a higher
fraction of CD19+CD69+ lymphocyte B than untreated
individuals. Aside from the expression of CD69 on B cells,
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we analyzed the relationship between the expression
of this molecule on lymphocyte T and the established
prognostic factors in CLL. We revealed an inverse corre-
lation between the fraction of CD3+CD69+ lymphocyte T
in peripheral blood and LDT. The density of the CD69
expression on lymphocyte T of peripheral blood was also
inversely correlated with LDT. Moreover, we observed
a positive correlation between the serum concentration
of LDH and the percentage of CD3+CD69+ lymphocyte
T in peripheral blood. A higher fraction of CD3+CD69+
lymphocytes was documented in patients with lympho-
cyte doubling. Also, the serum concentration of LDH
and beta-2 microglobulin correlated positively with MFI
of CD69 on lymphocyte T of peripheral blood. The number
of CD19+ZAP-70+ lymphocytes B was associated with the
number of CD3+CD69+ T cells in peripheral blood.

In conclusion, this study confirmed earlier findings
on the association between a negative prognosis and
a high expression of activation markers in CLL patients.
The determination of CD25+ and CD69+ lymphocytes
T and B constitutes a valuable diagnostic tool, complet-
ing the cytometric evaluation of CLL. Perhaps, aside from
the established markers, such as CD38 and ZAP-70, the
number of activated lymphocytes should also be deter-
mined in CLL patients, as this parameter supplements
their prognosis. Further research is required in order
to identify antigen(s) causing the activation of leukemic
cells and normal lymphocytes T.
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Abstract

Background. Validation of three-dimensional (3D) reconstructions of full dental arches with crowns and
roots based on cone beam computed tomography (CBCT) imaging represents a key issue in 3D digital dentistry.

Objectives. The aim of the study was to search for the most accurate in vivo windowing-based manual tooth
segmentation using (BCT. The null hypothesis was that all applied windowing protocols were equivalent
in terms of in vivo tooth volume measurement using CBCT.

Material and methods. This retrospective study was based on preoperative CBCT images from patients
who underwent further tooth extractions for reasons independent of this study. Written informed consent
was obtained from all the participants, and the study was approved by the Ethics Committee of Cliniques
Universitaires Saint-Luc (Brussels, Belgium). The radiological protocol was I-CAT (BCT, 0.3 mm slice thick-
ness, 8 cm x 16 cm field of view, 120 kVp, and 18 mAs. A total of 36 teeth were extracted from 14 patients
between the ages of 18 and 68 years. Using 3D Slicer software, segmentations were performed twice by
2 independent observers, with a 1-month time period between the 2 segmentations to study intra- and
inter-observer repeatability and reproducibility. Four windowing protocols (level/window) were applied:
1. 113171858, 2. 222474095, 3. 1131/4095, and 4. AUTO, an automatic protocol provided by default by the
software. A total of 576 segmentations were performed. Tooth volumes were automatically calculated using
the software. To compare the volumes obtained from CBCT segmentations with a gold-standard method,
we laser-scanned the extracted teeth.

Results. Excellent intra- and inter-observer intraclass correlations were found for all of the protocols used.
The best windowing protocol was 1131/1858 for both observers. Tooth volumes were obtained by manual
segmentation of the CBCT images and using windowing protocol 1131/1858. No significantly different tooth
volumes were found by laser scanning.

Conclusions. Our null hypothesis was rejected. Only windowing protocol 1131/1858 allowed for significantly
closer 3D in vivo segmentation of a tooth compared to [-CAT CBCT, with excellent intra-observer repeatability
and inter-observer reproducibility.

Key words: cone-beam computed tomography, grey levels, segmentation, 3-dimensional
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Validation of 3-dimensional (3D) reconstruction of full
dental arches with crowns and roots based on cone beam
computed tomography (CBCT) imaging represents a key
issue for 3D digital dentistry. Accurate 3D tooth recon-
struction allows the construction of individual virtual
orthodontic set-ups, roots resorption analysis, virtual
planning for mini-implants, and mini-screw insertion.!™*
Accurate 3D tooth reconstruction is important when us-
ing 3D printed tooth replicas during autotransplantation
procedures, and in custom-made anatomic implantology.>~8
Moreover, in forensic odontology accurate tooth volume
measurements are important for calculating the tooth/pulp
volume ratio, which is strongly correlated with age estima-
tion.” A few studies have already tried to determine and
validate in vivo tooth volumes from available 3D CBCT
using manual segmentation, which still represents the gold
standard for obtaining volume measurements from medical
images 101113716 The first was a 2010 article by Liu et al., who
described a feasibility study of in vivo tooth volume deter-
mination from CBCT imaging. However, that article had
various methodological issues. The authors compared the
volume of teeth before extraction (on CBCT), and after ex-
traction (with water displacement as the reference method)
on 24 premolars (which represented limited complexity
of root anatomy) from 9 patients, using 2 different CBCT
devices and 4 different radiological protocols.!’ Two inde-
pendent observers manually segmented the 24 premolars
twice with Amira 3D software (FEI Visualization Sciences
Group, Hillsboro, USA), applying subjective modifications
of the windowing of CBCT images during the segmenta-
tion process. The reference method was based on water
displacement: A subjective visual assessment of the lower
level of meniscus (0.1 mL gradation) was performed when
the tooth was placed in a graduated cylinder.!® Liu et al. con-
cluded that there was a significant difference between the
physical volume measurements of the extracted teeth and
the CBCT measurements (—4% to +7%; p < 0.05). The au-
thors also stated that surface smoothing reduced the vol-
ume by 3-12%, and that no specifications could be given
at that time regarding how to accurately segment teeth
from CBCT." In a 2011 study by Wang et al., 27 premolars
from 15 patients were CBCT-scanned before extraction and
micro-CT-scanned after extraction as a comparative refer-
ence system.!! A unique threshold (1673 to 2000 HU) was
employed using Mimics software (Materialise NV, Leuven,
Belgium) for tooth segmentation. Intra-observer repeat-
ability was high for both observers (intraclass correlation
coefficient [ICC] = 0.999 and 0.998), while inter-observer
reproducibility was less impressive (ICC = 0.740).1! The ICC
is used for quantitative measurements of units organized
into groups. It describes how strongly units in the same
group resemble each other.!? The effect of the threshold
on segmentation was not the purpose of that study.!! Forst
et al. proposed to test the intra-and inter-observer repro-
ducibility of 3 types of in vivo segmentation on 10 maxillary
upper molars from CBCT: 1. manual human segmentation
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on a repeated 2-dimensional (2D) basis, 2. automated seg-
mentation without human refinement, and 3. automated
segmentation with manual human refinement on a repeat-
ed 2D basis.!® The results of automated segmentation with
human refinement corresponded to the results of manual
segmentation by Liu et al.'® However, because the teeth
were not extracted after CBCT in that study, it was impos-
sible to determine the true tooth volume using any of the
existing reference methods (micro-CT scan, laser scan-
ning, water displacement method, etc.).!* The segmentation
method proposed by Forst et al. still needs to be validated.
The windowing protocol for manual segmentation was
not described or tested in that article.!* Moreover, some
windowing protocols (center level/band width) have been
cited in the literature as providing the best tooth visual-
ization in CBCT. Spin-Neto et al. suggested a 1131/1858
protocol for the best tooth visualization.!” Lee et al. used
a2224/4095 protocol to generate 3D virtual surface models
of the maxillary and mandibular dental arches that include
whole with the roots.'® However, the protocols by Spin-Neto
et al. and Lee et al. have not been validated. Therefore, we
proposed to search for the potentially most accurate in vivo
windowing-based tooth segmentation protocol from CBCT.
We wanted to compare the 2 protocols found in the litera-
ture with 2 proposed by our research team: 1. automatic
adjustment of the windowing by the 3D Slicer software
AUTO protocol, and 2. a mixed approach based on the
protocols found in the literature: 1131/4095.1”!® The null
hypothesis was that all 4 windowing protocols were equiva-
lent for in vivo tooth volume measurement from CBCT.

Material and methods

This retrospective study was conducted between 2010
and 2014, on the basis of preoperative CBCT examina-
tions of patients who underwent further tooth extractions
for reasons independent of the present study. Preopera-
tive CBCTs were also performed independently of this
study. Written informed consent was obtained from all
the participants in the study, which was approved by the
Ethics Committee of Cliniques Universitaires Saint-Luc
(Brussels, Belgium; no. B40320096961). The radiologi-
cal protocol was I-CAT (Imaging Sciences International
Inc., Hatfield, USA), with 0.3 mm slice thickness, field
of view 8 cm in height x 16 cm in diameter, 120 kVp and
18 mAs. The main reasons for performing CBCT were:
1. to evaluate the distance between the roots of the wis-
dom teeth and the inferior alveolar nerve when a close
relationship was seen on previously obtained panoramic
X-rays; 2. to evaluate the positioning of supranumerary
teeth when 2D X-rays failed to provide a final diagnosis;
and 3. to evaluate cystic involvement in the maxillary sinus
region associated with maxillary tooth extraction. For the
purpose of our study, we used all the extracted teeth that
were fully present in the CBCT field of view. For example,
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if CBCT was performed to evaluate the distance between
the lower wisdom teeth roots and the inferior alveolar
nerve, and simultaneously, the upper wisdom teeth were
present in the same CBCT field of view, and were extracted
at the same time as the lower wisdom teeth, then the upper
wisdom teeth were also used in our study. The inclusion
criteria were: adult patients, teeth without demineraliza-
tion (without decay and without immature roots), teeth
without metallic fillings or crowns, and teeth that were not
sectioned or damaged during oral surgery. The 36 teeth
included were extracted from 14 patients, aged between
18-68 years old. Ten females and 4 males participated
in this study. Out of the 36 teeth, 23 were wisdom teeth.
Each extracted tooth was first cleaned of blood, soft tissue
and bone fragments, and brushed under running water.
Next, each tooth was separately conserved in a closed stor-
age box, fully immersed in 0.1% chloramine.

To study intra- and inter-observer reproducibility, man-
ual segmentations were performed twice for each of the 36
teeth from CBCT imaging by 2 independent observers, with
a 1-month time period between the 2 segmentations. Both
observers were dentists, and a calibration session was pro-
vided by the senior researcher prior to the start of the study
to explain how the software worked, how to save the data,
how to use different segmentation tools and how to modify
the windowing protocols. Prior to the start of the study,
the two observers had trained with manual segmentation
on 10 other teeth that were then excluded from the main
study. The segmentations were performed using 3D Slicer
3.6.1 open source software (SPL, Harvard Medical School,
Boston, USA).!? Each segmentation consisted of a contour
of the tooth image (enamel, dentin, crown and roots), slice-
by-slice, by looking at the slices on the computer screen,
using a mouse, and using the Editor module of the 3D Slicer
software tools, with such functions as: 1. “paint”, 2. “level
tracing” and 3. “draw”. The segmentations were mainly
performed on axial slices, and some adjustments were then
performed on sagittal and coronal views (Fig. 1). Four dif-
ferent windowing protocols (level/window) were applied:
1. 1131/1858,1¢ 2. 2224/4095,'® 3. a mixed protocol based
on protocols 1 and 2: 1131/4095, and 4. AUTO, an automatic
protocol provided by default by the software (Fig. 2). In to-
tal, 576 segmentations were performed. Three-dimensional
reconstruction of each tooth was automatically performed
using 3D Slicer software, and the tooth volume was auto-
matically calculated by the software. No smoothing func-
tion was used, as smoothing may modify the entire volume
of the tooth.!° The volume was also automatically measured
in mm?3 using the Statistics module of the 3D Slicer soft-
ware. To compare the volumes obtained from CBCT seg-
mentations with a gold-standard method, we used the laser
scanning method (Ceramill Map300, Amann Girrbach AG,
Koblach, Austria), which is based on structural light. The 36
teeth were laser-scanned according to the manufacturer’s
instructions, within an error of 20 pm (Tables 1-4). Prior
to the start of the measurements with the laser scanner,
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Fig. 1. Manual segmentation of tooth number 11 with 3D Slicer software

A - segmentation on axial slice; B — segmentation on sagittal slice;
C - three-dimensional reconstruction and automatic volume
measurement.

Fig. 2. Four windowing
protocols applied to the
same single axial slice from
|-CAT cone beam computed
tomography

A - AUTO; B - 1131/1858;
C-1131/4095; D - 2224/4095.

the device was calibrated using a 3D model provided by the
manufacturer. A plaster custom-made support was created
for each tooth. The tooth was attached to the support using
dental wax. All the surfaces of the tooth were covered with
a very thin layer of talc used in the spray for laser scan-
ning purposes (Lava™, 3M ESPE AG, Seefeld, Germany).
The volume was automatically measured by the software
included with the laser scanner, and was rechecked with
Netfabb basic software (Netfabb GmbH, Parsburg, Ger-
many). Laser scanning one tooth took approx. 40—80 min.

Statistical analysis

To compare the 1%t and 2"! measurements for each win-
dowing protocol, we used multiple paired Student’s t-tests
with the Bonferroni correction; the level of significance
was set at p < 0.00625 for intra-observer correlations
(p < 0.05/8, because there were 8 tests) and p < 0.0125
for inter-observer correlations (p < 0.05/4, because there
were 4 tests). To determine the reproducibility of measure-
ments, we used the intraclass correlation coefficient ICC2.1
(single measurement, absolute agreement, 2-way random
effect analysis of variance model). To compare manually
segmented volumes from CBCT and the true volume ob-
tained by laser scanner, we again used multiple paired
Student’s t-tests with the Bonferroni correction; the level
of significance was again set at p < 0.00625. The correlation
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Table 1. Comparisons between the true volumes of teeth measured
by laser scanner and the volumes obtained by 2 observers using the
AUTO windowing protocol twice. The measurements are in mm?

True

volume

Table 2. Comparisons between the true volumes of teeth measured
by laser scanner and the volumes obtained by 2 observers using the
1131/1858 windowing protocol twice. The measurements are in mm?

1131/1858
Typeof | True

Wit tooth | volume

1 18 830 876.71 888.20 = 964.83 76743 1 18 830 812.84 821.35 781.71 861.07
2 18 490 520.83 539.17 524.61 513.65 2 18 490 49580 49239 | 44075 474.01
3 28 770 | 80637 | 79806 | 85810 | 85021 3 28 770 | 70314 | 75656 | 72661 | 86306
4 18 630 639.32 645.30 659.11 63840 4 18 630 639.32 645.30 659.11 63840
5 28 580 | 59107 | 621.53 | 63805 | 649.50 5 28 580 | 56507 | 59651 | 45957 | 57792
6 18 590 612.21 618.81 643.48 647.39 6 18 590 57413 56744 526.16 591.53
7 28 710 767.08 751.30 803.21 807.74 7 28 710 668.17 698.85 654.44 742.38
8 28 910 908.09 915.27 910.61 920.92 8 28 910 91244 868.10 828.26 926.59
9 18 820 | 74422 | 91488 | 83974 | 84657 9 18 820 | 78881 | 80879 | 77418 | 83733
10 18 560 579.78 599.07 610.78 612.10 10 18 560 519.74 524.69 558.18 550.14
il 46 860 | 87249 | 87536 | 98675 | 102474 1 46 860 | 72998 | 77371 | 74040 | 81246
12 28 850 960.04 932.26 973.20 980.92 12 28 850 875.04 886.71 865.41 848.32
13 18 150 | 120730 | 118700 | 121436 | 1194.70 13 18 1150 | 110330 | 113206 | 113068 | 116284
14 18 510 | 54926 53261 | 54865 & 53672 14 18 510 | 51496 52146 = 48755 = 53937
15 12 320 | 34691 | 37251 | 39503 | 412.20 15 12 320 | 32527 | 32359 | 35067 | 288.00
16 13 590 600.49 714.89 64242 719.89 16 13 590 579.35 558.31 561.12 487.28
17 14 420 | 44481 | 50192 | 45321 | 49762 17 14 40 | 41970 | 40573 | 38947 | 33141
18 34 350 380.96 401.26 411.98 41344 18 34 350 356.47 356.85 37964 | 304.25
19 44 350 37294 396.94 395.59 374.23 19 44 350 358.53 342.88 359.34 294.78
20 45 300 297.59 293.46 303.31 320.64 20 45 300 279.74 26746 29636 | 203.36
21 18 500 | 66271 | 62304 | 69510 | 68576 21 18 500 | 59067 | 58795 | 58284 | 60357
22 28 680 762.59 75648 803.96 765.38 22 28 680 702.10 673.09 | 66894 @ 669.21
23 11 490 | 65584 | 606.86 | 65907 | 65499 23 1 490 | 56034 | 54617 | 48559 | 55995
24 12 350 458.88 37492 452.74 430.08 24 12 350 381.72 345.23 313.66 378.75
25 13 460 | 59674 | 52892 | 65659 | 626.83 25 13 460 | 44054 | 47665 | 44771 | 52920
26 21 530 625.24 580.27 629.51 623.97 26 21 530 53249 556.71 503.87 57448
27 by) 270 | 30621 | 29736 | 31053 | 29384 27 2 270 | 26344 | 26786 | 23606 | 28949
28 23 630 750.39 703.54 747.25 744.55 28 23 630 671.54 642.07 568.92 689.99
29 28 790 | 83556 | 76292 | 83876 | 79707 29 28 790 | 67078 | 66375 | 74817 | 67541
30 38 900 1045.50 = 839.63 997.55 975.00 30 38 900 933.11 781.05 76445 787.67
31 38 930 101450 | 1050.50 | 1032.22 | 1013.61 31 38 930 97714 | 104890 = 948.00 963.12
32 28 750 826.42 847.08 895.81 872.49 32 28 750 77410 741.15 684.84  756.60
33 28 710 | 79970 | 81223 | 83033 | 84254 33 28 710 | 62250 | 64784 | 60942 | 78492
34 38 830 87843 903.59 901.48 890.90 34 38 830 77491 783.32 753.76 819.21
35 48 720 | 77917 | 78413 | 79002 | 80571 35 48 720 | 68124 | 70402 | 64425 | 76308
36 18 560 579.01 584.98 583.19 570.20 36 18 560 54597 502.08 51941 593.07
was calculated between the volume obtained by manual Results

segmentation according to the type of windowing protocol
and the true volume measured by the laser scan. A correla-
tion was described as strong if the ICC was greater than
0.8. All the tests were performed using SPSS® for Windows,
v. 16.0 (SPSS Inc., Chicago, USA).

Table 5 shows the intra-observer correlations for the
2 observers in relation to the 4 different windowing proto-
cols. There were no significant differences between the 1°*
and 2"! measurements. There was a good intraclass correla-
tion for all of the protocols used. The means of the 1%t and
2"d measurements were then used for further tests.
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Table 3. Comparisons between the true volumes of teeth measured
by laser scanner and the volumes obtained by 2 observers using the
2224/4095 windowing protocol twice. The measurements are in mm?

2224/4095

Typeof | True

T tooth | volume

1 18 830 781.02 815.64 76743 821.67
2 18 490 47770 | 46026 | 39660 | 43057
3 28 770 701.50 716.47 703.66 752.53
4 18 630 596.34 = 58047 579.27 595.71
5 28 580 559.58 52992 545.74 565.42
6 18 590 55645 54312 52317 54447
7 28 710 662.02 661.58 681.73 679.55
8 28 910 846.81 787.04 788.13 828.42
9 18 820 778.60 | 776.70 766.54 74518
10 18 560 507.03 519.70 521.79 51917
1 46 860 786.28 776.82 768.61 720.64
12 28 850 876.79 835.67 859.63 79440
13 18 1150 108780 | 1096.10 | 112550 | 1071.26
14 18 510 47858 | 49405 | 479.80 467.87
15 12 320 31444 302.51 28549 | 258.89
16 13 590 58247 54513 501.67 464.14
17 14 420 406.77 | 388.00 | 354.66 336.11
18 34 350 313.70 32941 315.64 253.12
19 44 350 336.86 33132 33549 263.86
20 45 300 260.19 254.73 23949 190.75
21 18 590 58050 | 57066 | 56577 | 564.80
22 28 680 648.11 652.61 652.68 632.51
23 n 490 58223 | 493.28 | 470.77 502.55
24 12 350 35487 | 32298 = 309.80 331.83
25 13 460 43618 | 48834 | 461.86 | 464.29
26 21 530 500.24 52738 499.61 526.88
27 22 270 236.80 | 262.04 231.31 262.33
28 23 630 595.12 593.16 54473 | 60099
29 28 790 690.23 | 700.29 | 67649 675.87
30 38 900 851.05 73093 793.53 754.25
31 38 930 991.08 974.34 91773 838.27
32 28 750 750.85 74715 672.99 742.86
33 28 710 612.83 633.57 | 60529 | 661.20
34 38 830 745.58 74893 736.21 75147
35 48 720 652.53 674.17 654.16 674.65
36 18 560 513.32 461.85 501.89 53143

Table 4. Comparisons between the true volumes of teeth measured
by laser scanner and the volumes obtained by 2 observers using the
1131/4095 windowing protocol twice. The measurements are in mm?

1131/4095
Typeof | True

T tooth | volume

1 18 830 76940 | 824.60 753.72 868.49
2 18 490 485.01 473.10 44156 | 43535
3 28 770 709.14 751.61 70544 | 835.79
4 18 630 59290 @ 596.51 570.28 58140
5 28 580 563.01 545.85 538.99 559.99
6 18 590 551.58 553.29 51893 600.36
7 28 710 68346 | 68694 | 64286 | 762.87
8 28 910 87742 82092 816.70 889.79
9 18 820 770.56 788.76 742.89 815.90
10 18 560 484.13 516.45 52886 | 529.86
il 46 860 748.23 74390 | 665.04 | 823.15
12 28 850 86741 846.44 | 86512 855.07
13 18 1150 112470 | 1116.50 | 110298 | 112248
14 18 510 497.86 512.51 463.71 553.51
15 12 320 315.35 332.07 34539 | 25385
16 13 590 53599 | 530.88 | 536.24 @ 44462
17 14 420 404.35 387.22 37414 33212
18 34 350 336.04 377.02 341.26 275.77
19 44 350 337.06 23299 | 35647 | 256.38
20 45 300 253.50 26799 269.34 183.59
21 18 590 58579 | 566.60 | 565.69 | 564.61
22 28 680 671.81 65848 | 642.02 703.36
23 1 490 57148 519.61 467.67 537.27
24 12 350 375.25 327.25 291.17 34811
25 13 460 431.31 47240 | 43937 | 499.80
26 21 530 541.04 541.26 467.75 546.89
27 22 270 24997 256.29 | 246.75 295.24
28 23 630 642.55 61597 62448 | 64279
29 28 790 644.69 | 690.69 667.52 612.60
30 38 900 894.85 761.80 77849 771.69
31 38 930 964.89 | 997.30 951.00 953.70
32 28 750 786.99 747.79 677.68 738.14
33 28 710 587.19 672.03 589.65 745.66
34 38 830 761.49 762.65 7197 786.27
35 48 720 670.95 689.62 | 64922 | 693.04
36 18 560 53338 517.29 49746 57117

Table 6 shows the inter-observer correlations for the
2 observers in relation to the 4 different windowing pro-
tocols. The inter-observer correlation was excellent for all
4 windowing protocols. There was a significant difference
between the 2 observers for the AUTO and 2224/4095
protocols. However, this error is small compared to the
measured volume (excellent ICC).

Table 7 shows the measurements of the correlation coef-
ficient between the measurement of volume obtained from
the different windowing protocols and the true volume.
The best windowing protocol was 1131/1858 for both ob-
servers. Tooth volumes obtained with manual segmenta-
tion of CBCT images and using the 1131/1858 windowing
protocol were not significantly different from tooth vol-
umes obtained by laser scan.
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Table 5. Intra-observer correlations for the 2 observers, in relation to the 4
different types of windowing protocols

Windowing p-value (paired Student’s
Observer protocol ICC t-test between first and
(level/width) second measurements)
AUTO 0964 0.56
1131/1858 0.983 0.53
Observer 1
2224/4095 0.985 0.15
1131/4095 0979 0.37
AUTO 0.983 0.23
1131/1858 0934 0.0073
Observer 2
2224/4095 0.981 0.82
1131/4095 0936 0.015

ICC — two-way random, absolute agreement; p-value is significant
if p < 0.05/8 (because there were 8 tests) = p < 0.00625.

Table 6. Inter-observer correlations for the 2 observers, in relation to the
4 different types of windowing protocols

Windowing p-value (paired Student’s t-test between
ICC
protocol measurements by observers 1 and 2)
AUTO 0.986 <0.0001*
1131/1858 0.986 0.24
2224/4095 0.986 0.0004*
1131/4095 0.991 0.04

* p-value is significant if p < 0.05/4 (because there were 4 tests)
=p < 00125.

Table 7. Measurements of correlation coefficients between the
measurements of volume obtained using different windowing protocols
and the true volume from the laser scanner

Correlation of

Windowing Mean

OISEERES protocol difference PRI coefficient r
AUTO -50.7 <0.0001 0.988
1131/1858 13.3 0.048 0.983
Observer 1
2224/4095 35.85 <0.0001 0.986
1131/4095 28.29 <0.0001 0.983
AUTO —74.491 <0.001 0.979
1131/1858 19.95 0.0012 0.987
Observer 2
2224/4095 54.23 <0.0001 0.989
1131/4095 37.694 <0.0001 0.982
Discussion

Pauwels et al. stated in 2015 that the quantitative use
of grey values should be avoided in CBCT imaging, as grey
values are unreliable.?’ Grey values measured on CBCT
are dependent on the type of CBCT device, the exposure
parameters, the position of the measurement inside the
field of view, and the amount of mass inside and outside
the field of view.2° The lack of consistent grey values means
that a threshold value for bone and other tissues cannot be
established for CBCT images.?’ However, a modified grey-
value approach has also been investigated, with positive

Babak Rastegar, et al. 3D (BCT in vivo tooth segmentation

results in vitro and in vivo in terms of bone quality mea-
surements and implant planning.?-2* In this study we did
not measure grey values in CBCT; we only tested different
windowing protocols for CBCT images to find the best
contrast between teeth and the surrounding structures.
We found that a protocol proposed (but not validated)
by Spin-Neto for I-CAT (1131/1858) was significantly the
best for obtaining accurate tooth volumes from in vivo
[-CAT CBCT images (Fig. 2).!” Moreover, during manual
segmentation, we encountered various parameters that
may directly affect the qualitative and quantitative as-
pects of manual segmentation. These parameters may
explain why the measurements were different between
the 2 observers, and why the measurements were different
when using different windowing protocols. These param-
eters could be categorized as: 1. parameters specific to the
volume to be segmented, 2. parameters specific to the
observer, and 3. parameters associated with the segmenta-
tion software. Parameters that were specific to the volume
to be segmented were 1. the anatomy of the tooth and
of adjacent periodontal structures, 2. the position of the
tooth in the surrounding bone, 3. the level of mineral-
ization of the tooth, 4. the presence of metallic artifacts,
and 5. contact between adjacent teeth. The anatomy and
density of a tooth is heterogeneous from the crown to the
apex. A tooth crown is easier to segment due to its min-
eralized enamel and because the enamel presents a clear
contrast with the adjacent air. The root and especially
the apex are areas that are more complex to delineate
by segmentation, due to the less clear difference between
root tissue and the surrounding alveolar bone. Moreover,
a disease-free periodontal ligament (lamina dura) cannot
be distinguished on CBCT images with the field of view
we used in our study, and may be mistaken for the tooth,
in which case the final volume would be overestimated
(Fig. 3). When we consider the position of the tooth in re-
lation to the surrounding bone, segmentation between the
tooth and bone becomes more difficult when the roots
are closer to the cortical bone. This occurs more often
on the mandible, where the teeth are positioned between
the thin internal and external cortical bone, compared
to the maxilla (Fig. 4).

Problems inherent to the mineralization of the tooth,
such as the presence of decay and immature roots, may
also complicate segmentation. For this reason, one of the
initial exclusion criteria was the presence of major decay

Fig. 3. The impossibility of discerning
between the periodontal ligament
and tooth (arrow). Windowing protocol
2224/4095
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Fig. 4. AUTO
windowing protocol.
Fusion of the image
of the tooth with
the adjacent cortical
bone (arrows)

Fig. 5. Manual segmentation (green) of tooth number 18. Level tracing
tool errors in selecting surrounding bony structures independent of the
tooth (arrows)

that was clinically diagnosed prior the tooth removal. Im-
mature roots present with low density in the apex region,
and the limits of the apex in relation to the surrounding
bone become difficult to determine.?” Metallic crowns and
dental fillings create major artifacts in 3D tooth recon-
struction and prevent accurate segmentation of crowns
(Fig. 1). For this reason, we also excluded all teeth with
crowns and metallic fillings from our study. Inter-dental
contact makes segmentation and the interpretation of the
external limits of dental crowns difficult. The teeth appear
to be merged together on 2D slices.

Parameters specific to the observer that may affect the
results of segmentation include: 1. the observer’s experi-
ence using segmentation software; 2. his/her knowledge
of dental anatomy, which is important when the observer
needs to contour the apex region with complex root anat-
omy; and 3. any tiredness on the observer’s part during
the manual segmentation process, which may decrease the
accuracy of segmentation, particularly with complex root
anatomy, and when the time spent on one segmentation
is excessively long.

Parameters specific to the software used (3D Slicer)
are 1. the tools used for manual segmentation, and 2. the
contrast/windowing control. We mainly used the “paint”,
“draw” and “level tracing” tools in the 3D Slicer software.
The “level tracing” tool is well suited for tooth segmenta-
tion with clear limits, but if the limits are not precise or
if there is a structure with a density close to that of the
tooth, the “level tracing” tool is not the best option (Fig. 5).
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Other parameters that may modify the results of manual
segmentation are related to the CBCT radiological protocol,
such as mAs, kVp, slice thickness, field of view and voxel size,
and also due to movement artifacts in the CBCT device.26%

The limitations of this study are related to the CBCT
radiological protocol. We tested the windowing proto-
cols in only one type of radiological protocol, without
modification of the type of CBCT device, mAs, kVp, slice
thickness, field of view or voxel size. We also did not com-
pare windowing protocol results between different types
of CBCT devices. Therefore, our findings are strictly lim-
ited to the use of 3D Slicer software and to I-CAT CBCT,
with a 0.3 mm slice thickness, 8 cm x 16 cm field of view,
120 kVp and 18 mAs. Also, we used only manual segmen-
tation, as this technique still represents a gold standard.
However, other in vitro teeth segmentation methods that
have already been tested, provide much faster segmenta-
tion and are useful in clinical practice.?8-30

In conclusion, the null hypothesis was rejected. Com-
pared with the other windowing protocols we investigated,
the 1131/1858 windowing protocol allows for significant-
ly closer 3D in vivo segmentation of a tooth from I-CAT
CBCT, with excellent intra-observer repeatability and
inter-observer reproducibility.
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Abstract

Resulting in a high economic and biological cost, the traditional therapeutic approach to carious lesion
management is still largely restorative. Minimally invasive (MI) treatment offers an attractive alternative
to managing carious lesions in a more conservative and effective manner, resulting in enhanced preservation
of tooth structure. The aim of this review was to summarize the evidence behind several Ml alternatives for
carious lesion management, including the use of sealants, infiltration, atraumatic restorative treatment (ART),
and selective carious tissue removal (e.g., indirect pulp capping, stepwise removal, or selective removal to soft
dentine). Relevant literature was screened, and articles reporting randomized controlled trials or systematic
reviews of strategies to manage non-cavitated or cavitated carious lesions in adults and children were in-
cluded. Fifty six articles met the inclusion criteria. For non-cavitated lesions, the use of sealants is supported
by strong evidence, while the evidence for infiltration of proximal lesions is moderate. For deep cavitated
lesions, selective removal to soft dentin and/or stepwise excavation is supported by strong evidence. The use
of the ART technique to restore cavitated lesions is also supported by strong evidence as a suitable strategy
that has been used extensively in the literature concerning non-dental settings. Preservation of tooth structure
through the use of Ml treatment for both non-cavitated and cavitated lesions is supported by moderate-
strong evidence, which supports the paradigm shift towards routine use of more conservative strategies
in the treatment of carious lesions.

Key words: dental caries, minimally invasive treatment, partial caries removal, stepwise technique, atrau-
matic restorative treatment
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Introduction

Dental caries is a sugar and biofilm dependent disease,
where frequent sugars exposure leads to an ecologic imbal-
ance in the environment of the dental biofilm. The eco-
logical shift turns the otherwise commensal bacteria
to a cariogenic condition with increased production of de-
mineralizing acids and the subsequent carious lesion for-
mation on the dental hard tissues. Minimally invasive (MI)
treatment of dental caries is an approach that considers
handling carious lesions with conservative techniques
to preserve maximum tooth structure.! The MI treatment
is also a conceptual framework that ranges from primary
prevention and management of the caries disease pro-
cess, to the management of carious lesions by surgical and
non-surgical means. Besides considering the type of lesion,
the selection of a treatment technique based on the MI
philosophy must be the result of a personalized risk analy-
sis of each patient.? Personalized medicine is being in-
creasingly used in medicine and is expected to be included
within the dental field, as well. In fact, caries risk-based
care is an essential component of targeted health care de-
livery and is of paramount importance within the context
of high healthcare costs and resource constraints.?

Successful caries management for an individual patient
must include strategies to manage the caries disease pro-
cess at the patient level, as well as strategies to manage the
existing lesions at the tooth level.** Yet, there is a tendency
in many places, either private practice or public oral care
services, to prioritize caries treatment primarily by means
of traditional operative dentistry. In many countries, finan-
cial and/or reimbursement models for caries management,
either in the private or public domain, are built primarily
around traditional “restorative” procedures for the man-
agement of cavitated caries lesions. Reimbursement for
more conservative strategies, either at the patient or tooth
level, is much more difficult and varied, which hinders
implementation. New studies show that when appropri-
ately trained in MI techniques, dentists and patients have
a favorable opinion, and in many instances they prefer
more conservative therapies for caries management.®

Many strategies for the MI management of caries le-
sions have been developed and evaluated in the literature
throughout the last 50 years. For example, in the early 1970s
silver diamine fluoride was developed in Japan as a conser-
vative alternative for the management of cavitated lesions
without the need of tissue removal or subsequent resto-
ration.” This topic is not reviewed here, as this is a non-
invasive approach, but the reader is referred to an updated
review.® The development of dental sealants opened the
door to prevention and conservative management of non-
cavitated lesions.’ Over time, other techniques have been
developed having the same MI-based philosophy. For ex-
ample, the idea of a “Preventive Resin Restoration” was first
reported in 1977 as a way to call attention to a shift in phi-
losophy, away from the traditional GV Black’s “extension
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for prevention”, to a more conservative approach, made
possible with the use of resin-composite materials for the
management of cavitated carious lesions.*> Atraumatic
restorative treatment (ART) was developed as an alterna-
tive treatment for the management of cavitated lesions,
in which demineralized tissue is removed with hand instru-
ments only, and thus pain is kept to a minimum. Originally,
ART was developed for use in rural developing countries,
because it does not require local anesthesia or electricity,
but more recently, ART has become increasingly accepted
in developed countries because of its “atraumatic” approach
in relation to stress and pain, and because it conserves tooth
structure.!” More recently, infiltration was developed as an al-
ternative to the management of interproximal non-cavitated
carious lesions.!! Furthermore, regarding caries removal
prior to restorative procedures, current recommendations
focus on preserving the tooth structure, and guidelines have
evolved to currently include, for example, that in deep cavi-
tated carious lesions, selective removal to soft dentine and/
or stepwise removal should be performed to maintain the
health of the pulp.®

The aim of this review is to examine the scientific evi-
dence behind some of the most commonly MI alterna-
tives for caries lesion management used today, including
sealants, infiltration, ART and selective and/or stepwise
removal for the management of deep carious lesions.

Methods

Relevant literature was retrieved by searching several
databases, including MEDLINE (EBSCO), ProQuest, Co-
chrane Library (Wiley), and PubMed. The following search
terms were used either alone or in combination: “minimally
invasive treatment”, “caries management”, “partial caries
removal”, “stepwise technique”, “incomplete caries removal”,

“atraumatic restorative treatment”, “indirect pulp treatment”,
“resin infiltration”, “proximal sealing” and “caries arrest”.
Only studies published between 1966 and 2016 in English
language were considered.

To be included, studies must be conducted in human sub-
jects, including randomized controlled trials (RCT), sys-
tematic reviews, and meta-analyses. References used in the
cited systematic reviews were included by means of a manual
search. Studies that considered surrogate outcomes, such
as bacterial counts or marginal staining, were not included,
leaving only those that reported carious lesion progression,
restoration survival, pulp exposure, or symptoms derived
from caries activity. A total of 297 articles dealing with the
subject were found, but only 56 articles fulfilled the inclu-
sion criteria and were finally included in this revision of the
literature. All the articles were searched by one of the authors
(CMS) and then revised by a second researcher to confirm
the pertinence of the selection criteria (RAG). When there
were discrepancies in article selection, discussions were un-
dertaken until an agreement was reached.
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Results and discussion

Despite a reported decrease in prevalence, dental car-
ies remains a major public health problem worldwide, as
it remains the leading cause of tooth loss and the most
common human condition, affecting 35% of the world
population at all ages.!? Unfortunately, the disease is not
being treated in most developing countries due to the high
economic and social costs associated with its treatment
by conventional restorative-focused methods.!> New cost-
effective strategies to treat the disease and its resulting
caries lesions are, therefore, required. In this context,
MI treatment allows increased access with reduced cost
and complexity. By using targeted disease prevention and
management, based on the best available evidence, and
using simpler techniques in the management of carious
lesions, a better distribution of resources may be imple-
mented directing them to the population groups with the
highest caries needs.

Carious lesion diagnosis
and minimally invasive therapies

Before discussing the use of MI strategies for caries
management, a brief mention about lesion detection and
monitoring is needed. Despite the undeniable usefulness
of WHO criteria in portraying the epidemiological burden
of the disease worldwide for many years, more inclusive
methods for caries detection and diagnosis have been es-
tablished during the last few decades.!* The WHO criteria
count caries only when there is a cavitation in dentine, but
they disregard less extensive lesions. Thus, treatment deci-
sions based primarily on WHO criteria are mostly restor-
ative. Hence, the need for improved diagnostic accuracy
has resulted in the development of further refined caries
detection systems. Currently, perhaps the most interna-
tionally recognized and used visual caries detection sys-
tem, including clinical research, is the International Caries
Detection and Assessment System (ICDAS).!> The main
aim of the ICDAS methodology is to detect and classify
the small variations in visual signs that occur at the tooth
level throughout the progression of caries disease. Besides
the extent of the disease, the activity status of the lesions
must also be taken into account, as different clinical be-
havior is expected for 2 lesions of the same ICDAS code,
but different activity status. Nyvad’s activity criteria are
a reasonable way to assess lesion activity, which permits
the implementation of MI therapies.!®

Non-invasive management
of non-cavitated lesions

The treatment of choice for non-cavitated lesions
should be based on the diagnosis of the lesions, both its
extension and the status of active or inactive, the caries
risk at the patient level, and the best evidence available
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to support the treatment decision. In the case of active
non-cavitated lesions (ICDAS codes 1 and 2), it is essen-
tial to ensure that any selected treatment arrests pro-
gression, thus preventing cavitation. Since these lesions
maintain tooth surface integrity, at least at the clinical
level, it is possible to induce remineralization to revert the
process.? Although this review focuses on sealants and
infiltration, this approach must be taken in the context
of proper exposure to fluoride and dietary counselling.
The effect of non-invasive treatment relies on an eco-
logical change in the oral environment that will favor
remineralization.l” With vast evidence available, fluoride
is the most effective caries preventive measure.’® Topical
fluorides in the form of toothpastes, mouthwashes, gels,
and varnishes are effective interventions in preventing
dental caries in children and adolescents.’® Although
most of the available evidence derives from fluoride-based
products, other substances have also been proposed as
remineralizing agents, such as casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP), but clinical
evidence is still limited and prevents us from drawing
definitive conclusions.?®

Sealing and infiltration;
minimally invasive treatment
of non-cavitated carious lesions

Along with the strong evidence on the use of sealants
to prevent dental caries in children at different risk levels,
this simple dental procedure is also effective in halting
lesion progression.'%?! Sealant-treated teeth show a mean
annual progression of non-cavitated lesions of 2.6% com-
pared to 12.6% for unsealed lesions.?? Robust evidence
indicates that caries lesions do not progress under well
retained sealants.?® In a further step, a recent study
in a high-caries population in the US showed that even
caries lesions without frank cavitation (ICDAS codes 1-4)
showed very small progression rate at a follow-up of
44 months.?* Sealants impair nutrient acquisition from
the oral environment by invading bacteria, which results
in a reduction in the number and viability of microor-
ganisms under the material over time, thus arresting the
lesion.?® In the case of non-cavitated proximal lesions,
the use of resin sealants has shown to be more effective
in reducing progression than the use of dental floss.?® Re-
cently, a new system of lesion infiltration has been devel-
oped to seal proximal lesions in a tri-dimensional fashion
using a low-viscosity light-curing resin.!! A clinical study
of non-cavitated interproximal lesions radiographically
extending into the inner half of the enamel (E2) or in the
outer third of the dentine (D1) showed a progression rate
of 7% in the infiltrated lesions compared to 37% in un-
treated lesions.?” Another randomized controlled clinical
trial showed a progression rate of 4% in infiltrated lesions
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compared to 42% in untreated lesions at a 3-year follow-up.!!
Unlike occlusal lesions, it is not possible to conclude that
sealing or infiltrating proximal lesions is superior to con-
trolling lesions by stabilizing the oral ecosystem with good
hygiene, dietary control and appropriate fluoride use.?®

Caries lesions may be treated using resin or glass iono-
mer (GI) sealants. It is uncertain whether one type of seal-
ant performs better than the other. It has been suggested
that conventional GI sealants used as therapy for non-
cavitated occlusal lesions may be not effective enough
to prevent lesion progression.?’ In contrast, one clinical
trial showed that non-cavitated occlusal carious lesions
sealed with a high-viscosity GI sealant in a non-clinical
setting was effective in avoiding lesion progression over
a period of 6 years.3® It has been claimed that resin-based
sealants are highly sensitive technique, requiring strict
moisture control during placement with the use of rub-
ber dam. This technical requirement is not always easy
to achieve in children. Under those conditions, the hydro-
philic properties of GI make them an attractive alternative
material, but still with limited evidence.

In summary, there is consistent and strong good quality
evidence to support non-invasive or MI treatment of non-
cavitated lesions using sealants. Infiltration of proximal
lesions shows consistent positive results for management
of non-cavitated caries lesions, but the amount of good
quality studies is still limited (moderate evidence). Individ-
ual risk assessment and a comprehensive clinical judgment
should be considered when choosing the most appropriate
therapeutic procedure for these caries lesions.

Minimally invasive therapy
for cavitated carious lesions

The management of deep dentine carious lesions im-
poses several challenges for the clinician. Besides the
technical complexity in removing compromised tissues
in more extensive lesions, these procedures may result
in pulp exposure and loss of vitality, which implies the
need for even more complex restorative treatments.
In an effort to preserve tooth structure as much as pos-
sible and prevent irreversible pulp damage, conserva-
tive techniques have been proposed for carious dentine
removal.*~>3! Unlike the traditional and, unfortunately,
still more popular complete excavation method or non-
selective removal to hard dentine, techniques for carious
dentine removal based on the MI philosophy are similar
in that they are conservative and aimed at removing only
a portion of the compromised tissues.*32 There are several
techniques for the MI approach to deep dentine caries
treatment (selective removal of carious tissue, stepwise
removal or nonselective removal to hard dentine),*> but
only techniques with broader support of external evidence
will be discussed; atraumatic restorative treatment (ART),
stepwise removal (SW), and selective removal to soft den-
tine (also known as partial caries removal) (Table 1).
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Atraumatic restorative treatment

Atraumatic restorative treatment (ART) is the MI treat-
ment technique aimed at arresting caries progression of ex-
tensive cavitated lesions through the partial removal of the
involved tissues with hand instruments and their subse-
quent restoration with high viscosity GL.!° Several stud-
ies with ART suggest that this therapy has a comparable
success rate than traditional complete removal technique
and the subsequent restoration with composite resin or
amalgam.3*3* A meta-analysis on the survival of ART res-
torations found survival rates on one surface and multiple
surfaces in primary teeth for more than 2 years of 93% and
62%, respectively.®* In permanent teeth, ART restorations
on one surface exhibited survival at 3 and 5 years of 85%
and 80%, respectively. Similarly, another systematic re-
view showed a survival of ART restorations on one surface
of 95% and 86% at 1 and 3 years, respectively and of 72% at
6 years after placement.3¢ The available evidence suggests
that ART is a scientifically-supported MI treatment. Since
this technique allows treatment in non-clinical settings
at low cost, it may enhance access to care for the com-
munity, especially in developing countries. Importantly,
ART restorations on multiple surfaces appear to be less
successful and would require more complex restorations
to ensure greater longevity.>”

Stepwise removal

Besides ART, other MI therapies have been devised for
deep dentine caries, such as indirect pulp capping (IPC),
excavation in 2 stages, or SW excavation or removal, and
more recently, the partial caries removal technique, or
selective removal to soft or to firm dentine (Table 1).3839404
IPC is a form of selective caries removal which involves
leaving a thin layer of demineralized tissue over the pulp
which is covered by a protective liner. Final restoration
is made in the same session. The material used for pulp
protection does not appear to influence treatment suc-
cess, according to a Cochrane review.*! Lesion arrest was
reported in primary teeth with a success rate of 78% at
4 years, with no difference between an adhesive system
and calcium hydroxide used as liners.*?

The main disadvantage of IPC is that it involves proce-
dures that are quite close to the pulp, thereby increasing
the chances of pulp exposure. A less invasive approach
for lesion removal without reaching the proximity of the
pulp, is the SW technique, which involves lesion removal in
2 stages.*34* Stepwise removal technique consists of a first
step involving partial carious tissue removal, leaving soft
carious tissue on the pulpal cavity floor of a deep carious
lesion, in a vital tooth. Teeth are temporarily restored for
a period of up to 12 months. A re-entry is then neces-
sary to remove the carious tissue to firm dentine, followed
by a permanent final restoration.?! During the temporary
sealing, the soft carious dentine, which was intentionally
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Table 1. Evaluation of the effectiveness of the removal of cavitated carious lesions with minimally invasive techniques; stepwise (SW) and selective removal

to soft dentine (SRSD) or partial caries removal

Age Follow-up

Source Technique Control Number of evaluated teeth Main results
[years] [years]
(Magnusson and ) nonselectn{e o 110 primary teeth (55 SW no follow- pulp exposure: stepwise 11%
= stepwise hard dentine 5-10
Sundell, 1977) (complete removal) and 55 complete removal) up vs complete removal 53%

o . ) pulp exposure: stepwise 15%
;Hna %;’Z};Telst stepwise mﬁ;:sljggtviieto 125 primary teeth (52 SW 67 13 vs complete removal 31%;
19914 ' P (complete removal) and 52 complete removal) ' pulp symptoms: stepwise 8%

P vs complete removal 18%
nonselective to
5 @y 0,
(LEkSSLI ciel, stepwise hard dentine 134 permanent teeth 6-16 3 plpexpestissispilse: 17559
1996) L —— vs complete removal 40%
6—7 months: 31 of 32 without
symptoms: 97%;
14-18 months: 22 of 22 without
. /-
(Maltz et al., symptoms: 100%; )
2007)5 SRSD _— 32 permanent teeth 12-23 3.75 36-45 months: 24 of 24 without
symptoms: 100%;
between 14-18 36-45 months:
2 patients restoration and
endodontics
(Bjgrndal et al,, stepwise nﬁ;sdeljé::;;ieto 314 permanent teeth 518 . pulp exposure: stepwise 17.5%
2010)* P feeriplein vl (156 SW and 158 control) vs complete removal 28.9%
(Alves et al., 92.3% no change or decrease in depth;
2010)>° SRSD o 32 permanent teeth 12-13 10 76.9% tertiary dentin formation
(Orhan, Oz, and |ndl|Jr|ect nonselective to 154 pulp exposure: indirect pulp capping:
Orhan ’201’0)49 cap iFrjw hard dentine (94 primary and 60 4-15 1 8%;
! SpRpSDg, (complete removal) permanent) SRSD: 6%; complete removal: 22%
(Maltz et al 299 permanent teeth (152
2012)% N SRSD stepwise partial caries removal and 6-53 3 pulp vitality: SRSD 91% vs SW 69%
147 SW)
(Maltz et al 299 permanent teeth (153
20122 ! SRSD stepwise partial caries removal and 6-53 1.5 pulp vitality: SRSD 99% vs 89% SW
146 SW)
a0 ! )
(Franzon et al nonselective to 120 primary teeth (66 partial renaﬂvpa(\eés(;g‘;cch)mpi:ettlz‘rg:rr\lgxs/al'
2014 ! SRSD hard dentine caries removal and 54 3-8 2 ul vitalit' . ;20/ Srtial caries '
(complete removal) complete removal) pulp Y. 2270 P
removal vs 96% complete removal
(Oliveira et al,, partial caries 100% no clinical symptoms and
2006)% removal - 32 permanent teeth 12723 15 positive cold test

left remaining, becomes harder and drier, both characteris-
tics of inactive lesions, exhibiting a low level of bacterial in-
fection.?! The objective of this procedure is to facilitate the
physiological reaction of the pulp-dentine complex, includ-
ing dentinal sclerosis and tertiary dentine formation. Thus,
a 2-step process ensures pulp protection by minimizing the
risk of exposure. Several studies have indicated that SW
is a highly successful procedure.*>® A recent meta-analysis
has revealed a 56% reduction in the incidence of pulp ex-
posure in SW excavation compared to complete caries
removal or non-selective to hard dentine, as it is the most
recently agreed term.** The main problems of the SW
technique are the risk of pulp exposure during re-entry, the
failure of the temporary restoration, and increased costs
resulting from the 2 sessions that are required to complete

treatment. Furthermore, it has been observed that one
of the causes of failure is that some patients do not return
for the final restoration due to the absence of symptoms.*$

Selective removal to soft dentine
or partial caries removal

As a way to improve the effectiveness of the SW and
IPC techniques, it has been proposed that selective re-
moval of the carious tissue to soft dentine in deep cavi-
tated lesions, with vital teeth, be performed.**° A recently
published consensus paper has named this procedure as
selective removal to soft dentine, formerly known as par-
tial caries removal.? In this strategy the final restoration
should be performed during the same session, completing
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the procedure in a single appointment.>">? In fact, it has
been suggested that re-entering the cavity after partial or
selective removal in the SW technique is unnecessary.>®
In the selective removal of soft dentine technique, selective
removal to firm dentine from the lateral walls of the lesion
is necessary, removing gently and without pressure only
the most outer layer of softened dentine from the pulp wall
with manual or rotary instrumentation, and placing the fi-
nal restoration in the same session.”* A study that followed
a cohort of patients treated with selective removal to soft
dentine showed that 12 of 13 teeth with lesions remained
unchanged for 10 years.>® Radiographic analysis showed
tertiary dentine in 77% of cases. Likewise, another study
checked the arrest of selective removal to soft dentine-
treated lesions by radiographic follow-up with subtraction
imaging techniques.*® The number of microorganisms was
also reduced after sealing the cavity, reaching similar re-
covery levels to those found in nonselective to hard dentine
or complete removal.>” Considering that selective removal
to soft dentine is even more MI and conservative than IPC
or SW, the risk of pulp exposure was expected to be even
lower. Recently, a multicenter clinical study has evaluated
the efficacy of selective removal to soft dentine and resto-
ration in a single session compared to SW for the treatment
of deep caries lesions.® The results showed a success rate
of 91% with selective removal to soft dentine compared
with 69% for the SW technique. The accumulated evidence
from clinical trials confirms that this is an appropriate and
helpful MI approach to treat lesions in close proximity
to the pulp (strong evidence), reducing the risk of exposure
and postoperative symptoms compared with non-selective
to hard dentine or complete removal.* Additionally, this
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technique has a lower economic cost and lower long-term
risk of pulp complications.*® The evidence supporting
these MI procedures is still limited. Thus, further re-
search is needed before more definitive conclusions can
be drawn.” In fact, a recently published meta-analysis
states that the evidence remains insufficient to determine
which technique is most effective for the management
of deep dentine lesions and emphasizes the need for more
studies to generate evidence.®®

Conclusions

Minimally invasive techniques for carious lesion treat-
ment reviewed here offer an attractive alternative for im-
proving dental care coverage at the individual and the com-
munity level. It is important to remark that before making
decisions on the therapies for the lesions, clinicians must
evaluate caries risk at the patient level and also assess the
lesions. Preventive measures must always be considered
and implemented to control the onset of new lesions on un-
affected tissues. After treating current lesions, a perma-
nent follow-up regime must be implemented to reinforce
prevention and to monitor lesions over time (Fig. 1).

The use of sealants as MI treatment for active non-
cavitated lesions is supported by strong evidence and
it is, therefore, a reasonable strategy for the management
of non-cavitated lesions at a very low cost. Sealants and
infiltration appear to be effective alternatives for manage-
ment on interproximal active carious lesions. The abil-
ity to treat non-cavitated lesions with even less expensive
methods, such as tooth brushing with fluorides, remains

Fig. 1. Article content
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caries lesion treatment
requires different
steps before making

a therapeutic decision.
Preventive strategies
must be included

in order to control the
disease and to avoid
the onset of new
lesions. Depending

on whether lesions
are categorized as
non- or cavitated,
clinicians must choose
among the different
Ml techniques. As
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treatment itself,
patients must be
incorporated into

a systematic follow-up
plan, with a preventive
focus and lesions
monitored over time
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a potential solution, but the studies in occlusal surfaces
are still insufficient for their recommendation compared
to sealants. Selective removal to soft dentine in cavitated
deep dentine lesions allows fast and inexpensive proce-
dures that generate very little discomfort to the patient,
greatly reducing the possibility of pulp exposure and,
consequently, the need for complex treatments. Evidence
appears to support the idea that selective removal to soft
dentine is a safe technique, although the need for further
studies is suggested. Similarly, ART is a good alternative
in situations where there is a need to provide care in com-
munities lacking a traditional dental clinic. Minimally
invasive treatment of both cavitated and non-cavitated
carious lesions constitutes a rational strategy for the man-
agement of dental caries and should be encouraged at the
public, private, and educational level in universities. Despite
the obvious advantages of these techniques compared with
the more traditional approaches, there is a natural resistance
to change in many professionals. It is, therefore, necessary
to confront the clinicians with the available evidence to en-
gage them into a more MI treatment philosophy.
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Among all malignant gynecological tumors, ovarian can-
cer represents the leading cause of death. The majority
of patients are diagnosed with advanced stages. Standard
treatment for ovarian cancer is primary maximum cyto-
reductive surgery followed by chemotherapy with carbo-
platin and paclitaxel. After initial debulking and first line
chemotherapy, around 50-70% of patients reach full clini-
cal response. However, in 80% of patients this is followed
by a relapse of the disease, the cause of therapeutic failure.?

According to numerous studies, the principal cause
of the cancer relapse and metastases stems from a small
cell population resistant to chemo- and radiotherapy,
comprising less than 2—5% of tumor mass and involving
cancer stem cells (CSCs). Most probably, this specific cell
subpopulation is also linked to the initiation of the tumor
(cancer initiating cells — CICs).13-¢

Cancer stem cells manifest the capacity of self-renewal,
DNA repair, persisting in the G1 or GO cell cycle phases
as inactive dormant cells and asymmetric cell division.
They do not undergo apoptosis and they manifest overex-
pression of ABC genes, which is linked to their resistance
to cytostatic drugs. Control of their self-replacement is as-
sociated in principle with numerous signaling pathways,
including Notch, Sonic hedgehog (Shh) and Wnt.>”8

Cancer stem cells can be identified and isolated due
to their specific markers, such as CD44, CD133 (prom-
inin-1), CD117 (c-Kit), ALDH1 (aldehyde dehydrogenase),
and OCT3/4 (POU5F1), the transcription factor of the POU
family.>1!

In 2010, CSCs were isolated and identified in ovarian
cancer.’’ In 2014, in in vivo and in vitro conditions, cis-
platin was demonstrated to inhibit both the formation
of metastases and the invasion of CICs manifesting the
marker of CD/44+/CD117, but only those with overexpres-
sion of CXCR4. Thus, cisplatin inhibited the activity of the
SDF-1/CXCR4 axis (the factor originating from stromal
cells and its ligand).!?

Using an animal model, Abubaker et al. demonstrated
that short-term application of chemotherapy (cisplatin
and paclitaxel) enriched the cell population with high ex-
pression of Oct-4 and CD117.'2 Similar experiments were
performed by Zhou et al.!* Following the administration
of cisplatin, the dormant cells of human ovarian cancer
manifested an augmented expression of cells with Oct-4,
nestin, CD-117, and CD44 markers, proving the resistance
of this stem cell fraction to cisplatin.

A. Markowska, et al. Ovarian cancer stem cells

Both the CSC population with its typical markers and
the signaling pathways that CSCs take advantage of are
thought to provide potential targets for therapy.”313

According to Massard et al., there are 2 options for
eradicating CSCs: one involves the induction of their dif-
ferentiation, upon which they lose their capacity of self-
replacement (retinoic acid demonstrated such an ability);
the other one involves the elimination of CSCs by targeted
inhibitors of signaling pathways.>

Below, we outline the manners of CSC eradication us-
ing salinomycin, metformin and enterotoxin of Clostrid-
ium perfringens, and we discuss the controversial effects
of anti-angiogenic factors.

Salinomycin

Isolated in Japan in 1974 from Streptomyces albus, sali-
nomycin represents a carboxylic polyether ionophore an-
tibiotic, leading to disturbances in Na*/K* ion equilibrium
in biological membranes and, due to reduced K* concen-
tration, in mitochondria and cytoplasm, resulting in cell
apoptosis.'>!® Salinomycin is also active through several
other mechanisms in tumors of various locations. It inhib-
its the conserved Wnt pathway, providing CSCs with the
ability to self-replace and resist radiotherapy. Salinomycin
also reduces the resistance of CSCs to chemotherapy as
it affects the activity of ABC transporters. It seems that
several mechanisms of salinomycin action are currently
discussed.>~1

Studies by Zhang et al. in in vivo and in vitro condi-
tions demonstrated that salinomycin induces apoptosis
in the cells of ovarian cancer resistant to cisplatin, apop-
tosis linked to the pathway of mitogen-activated protein
kinase (MAPK).?° Studies by Kaplan and Teksen on the
stable ovarian cancer cell line (OVCAR-3) demonstrated
the activity of salinomycin: 40% of cells underwent apopto-
sis within 24 h of exposure.?! A decrease was noted in the
expression of the anti-apoptotic gene Bc/2.

Chung etal., using the OVCAR-3 ovarian cancer cell line,
isolated stem cells of markers CD44* and CD117+, linked
to chemoresistance.?? They used paclitaxel + salinomycin.
Supplementation with salinomycin significantly inhibited
the growth of the cells. Another mechanism of salinomy-
cin activity is linked to the activity of death receptor 5
(DR5) and the activation of apoptosis-initiating caspase 8.

Fig. 1. The structure of salinomycin and
metformin
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Binding of DR5 to its ligand leads to alterations in death
domain (DD, part of the caspase), mobilizing the enzymatic
cascade which results in the death of the cell.?

Another mechanism of apoptosis in the ovarian cancer
cells resistant to cisplatin involves the inhibitory effect
of salinomycin on the nuclear transcription factor NF-kB,
which affects the control of several other genes.?*

In practice, salinomycin is also being used by prof. Cord
Naujokat in Heidelberg, Germany, obtaining good results
among invasive carcinoma in screening studies. The ad-
ministration of salinomycin has resulted in the inhibi-
tion of disease progress over an extended period of time.
It is worth noting that acute side effects were rare and
serious long-term adverse side effects were not observed.!”

It has also been demonstrated that salinomycin is able
to kill CSCs, regular tumor cells and highly indolent tumor
cells displaying resistance to cytotoxic drugs, radiation and
the induction of apoptosis.'®

Up to now, the results obtained from in vivo studies
on human xenograft mice and also clinical studies have
revealed that salinomycin is able to effectively eliminate
CSCs and to induce partial clinical regression in therapy-
resistant cancers.'”

Metformin

Metformin represents a drug of the biguanide group,
used orally in patients with diabetes type II, particularly
in overweight/obese patients. Population studies have
proved that metformin-treated patients manifested a low-
ered risk of malignant tumors in several locations, includ-
ing the preventive effect of the drug in ovarian cancer.
In comparison to patients not using metformin, women
who develop ovarian cancer and being treated with this
drug are older and diagnosed more frequently at earlier
International Federation of Gynecology and Obstetrics
(FIGO) clinical stages. In the course of the disease, these
women manifest longer duration to progression and dis-
play a higher 5-year survival percentage.?>2

Numerous studies have shown that the favorable effect
of metformin in the development and course of malignant
tumors, including ovarian cancer, may be linked to its in-
hibitory effect on CSCs.2?-3!

Studies on the SKOV3 and A2780 cell lines of ovarian
cancers conducted by Zhang et al. demonstrated that low
doses of metformin selectively inhibit CSCs with markers
CD44+ and CD117+, and inhibit epithelial mesenchymal
transition (EMT).3? Epithelial mesenchymal transition
is linked to the activity of transcription factors and the
activation of several genes, resulting in the inhibition
of apoptosis and an increased mobility of cells, linked
to metastases.

Shank et al. confirmed better prognosis in ovarian
cancer patients treated with metformin.?® The authors
expressed the opinion that the mechanism of its action
involved a reduction in the CSC population with ALDH1+
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marker, reduced cell proliferation and inhibited angio-
genesis. They argued that the results provided rationale
for the application of metformin in patients treated due
to ovarian cancer.

Clostridium perfringens
enterotoxin

Natural receptors for Clostridium perfringens entero-
toxin (CPE) involve claudins 3 and 4. Claudins 3 and 4
represent the family of tight junction proteins responsible
for the integrity of the cell membrane and for its func-
tions. In ovarian cancer, overexpression of claudins 3 and 4
is noted; they play a critical role in invasion and metastases
as well as in resistance to chemotherapy. They may provide
an attractive target in the treatment of cancer resistant
to platins.3?

Casagrande et al. described the mechanism through
which CPE becomes activated in ovarian cancer.?* They
examined a small number of ovarian CSCs in vitro and
in vivo, carrying the marker of CD44+. They exhibited
a high expression of claudin 4. Following the exposure
to CPE, the cells underwent apoptosis. Following a sub-
lethal dose of CPE, ovarian cancer xenografts to mice re-
gressed, resulting in a long survival of the animals. Simi-
lar results were described by other authors conducting
research on ovarian CSCs, CD44+, resistant to paclitaxel
and carboplatin. Clostridium perfringens enterotoxin may
represent an unconventional therapy eradicating ovarian
cancer CSCs.?®

How about an anti-angiogenic
therapy?

Bevacizumab, an anti-angiogenic humanized mono-
clonal antibody, is used in first line therapy in advanced
ovarian cancer. According to Rauh-Hain et al., relapses
of ovarian cancer in patients treated with bevacizumab
were located in other body parts than in patients not treat-
ed with the antibody.3® Those receiving bevacizumab more
frequently developed relapses in the pleura, lungs, brain,
liver, and lymph nodes than patients on the anti-angiogenic
treatment.

Since relapses, as presented above, were linked to CSC
metastases, one can speculate on a link between anti-an-
giogenic therapy and CSC activity. Kaplan et al. found that
CSCs with expression of VEGFR1+ promote chemotaxis
and adherence of circulating tumor cells.?” VEGFR1+ cells
establish specific “premetastatic” niches, forming cellular
clusters there before the inflow of tumor cells. The applica-
tion of the antibody specific to VEGFR1+ or the removal
of the cells prevents metastases. In addition, VEGFR1+
cells manifest expression of VLA4 (known as integrin o),
the ligand of which involves fibronectin taking part in cell
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interaction with the matrix. According to Chau et al., the
identification of factors targeted at CSCs and associating
them with angiogenesis inhibitors might warrant their
better clinical efficacy.?® The authors also suggest that anti-
angiogenic therapy leads to tumor hypoxia, resulting in the
growth of the CSC population. In their study, Conley etal. pre-
sented a similar hypothesis.?* The problem of anti-angiogenic
therapy in ovarian cancer and, in particular, its relationship
with CSCs, is extremely intriguing. Anti-angiogenic ac-
tion based on immunotherapy (vaccine) might uncover
another relationship with CSCs.*? Regarding future direc-
tions in the treatment of ovarian cancer, it would seem
that combined therapy — cytostatics, anti-angiogenics and
anti-CSCs — is a very promising option.
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