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Abstract—A large body of evidence obtained during the last decade has demonstrated that neutrophils suppress T cell pro-
liferation in different models of inflammation and cell interaction. The commonly used method for assessing cell prolifera-
tion and proliferation inhibition is measuring [*H]thymidine incorporation into cells. Earlier, we observed inhibition of
[*H]thymidine uptake in experiments on neutrophil-mediated regulation of T cell response in tuberculosis immunity. Here,
we used different types of proliferating cells to analyze the nature of the soluble “neutrophil factor” by a variety of methods
(dialysis, HPLC, mass spectrometry, and NMR) and unambiguously demonstrated that neutrophils do not synthesize a spe-
cific factor inhibiting cell proliferation, but secrete high concentrations of extracellular thymidine that competitively inhib-
it [*H]thymidine incorporation. Although the physiological significance of thymidine secretion by neutrophils remains
unknown, this phenomenon should be carefully considered when designing test systems for studying cell—cell interactions.
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Until recently, neutrophils were not viewed as partici-
pants in the complex interactions between elements of
innate and adaptive immunity. This was due to their very
short lifetime, quick replenishment of the cell pool from
the bone marrow, and ability to nonspecifically engulf and
destroy all types of bacteria without noticeable interactions
with other immune cells. Neutrophils were believed to pri-
marily play an important role in antibacterial defense,
which sometimes can be unsafe because of the damaging
effect on host tissue. The role of neutrophils in the intricate
processes of immune response during chronic inflamma-
tion has not been considered important [1-3]. The lack of
data required for detailed interpretation of neutrophil
physiology has been mostly related to technical difficulties
of the experiments involving these short-lived cells.

Abbreviations: APCs, antigen-presenting cells; CFSE, carboxy-
fluorescein succinimidyl ester; *C-'H-HSQC, heteronuclear
single quantum correlation spectroscopy; DQF-COSY, dou-
ble-quantum filtered correlation spectroscopy; MHC, major
histocompatibility complex; PBS, phosphate buffered saline.

* To whom correspondence should be addressed.

Nevertheless, even this oversimplified view on the nature of
neutrophils has drastically changed during the last decade.

The understanding of the role of neutrophils in
immune response was greatly changed by two groups of
publications. The first group of published data suggested
an active role of neutrophils in long-term inflammatory
processes such as chronic obstructive pulmonary disease
(COPD) [4], lung tuberculosis [5, 6], arthritis [7], and
Crohn disease [8]. The second, and probably more
important pool of recent publications, directly demon-
strated that neutrophils are involved in interactions with
virtually all types of immune cells. In both mice and
humans, neutrophils regulate the inflow of mononuclear
cells into inflammation loci [9, 10] as well as the develop-
ment and functioning of natural killer (NK) cells [11]. We
showed that mouse B lymphocytes suppress migration of
neutrophils to the site of Bacillus Calmette—Guérin
(BCG) vaccine injection required for development of
antituberculosis immunity [12]. Later, it was shown that
IL-17A is also involved in this regulatory interaction [13].
In a noninfectious experimental system, neutrophils, on
the contrary, inhibited B cell response to the protein anti-

1284



SUPPRESSOR FACTOR OF NEUTROPHILS

gen [14]. The effect of neutrophils on the immune
response in experimental chronic infection caused by
infecting mice with Brucella abortus was even broader and
included regulation of B and T lymphocyte activation,
infiltration of monocytes and dendritic cells, and a bal-
ance between types 1 and 2 immune response [15].
Numerous types of interactions between neutrophils
and T lymphocytes are described in the review by Muller
et al. [16] that discusses, in particular, whether neu-
trophils can act as antigen-presenting cells (APCs) for
CD4" T lymphocytes by implicating class I MHC mole-
cules after acquiring them from “professional” APCs. In
addition, an interesting study by D’Avila et al. [17]
showed that after engulfment of BCG bacteria by neu-
trophils and subsequent phagocytosis of neutrophils by
macrophages, the latter secrete PGE, and TGF-f, both
compounds being strong suppressors of T lymphocyte
activation. These issues are closely related to our studies
on the role of neutrophils in immune response in tuber-
culosis [5, 12, 18]. In this work, we investigated the nature
of the proliferation-suppressing factor excreted by neu-
trophils. The results of this study are quite surprising.

MATERIALS AND METHODS

Animals. CBA mice (2-4-month-old) of both sexes
were used in the study. The animals were kept under stan-
dard conditions with ad libitum access to food and water
at the Animal Facility of the Central Research Institute
for Tuberculosis.

Peritoneal macrophages, neutrophils, and cell super-
natants were obtained as described previously [19]. To
isolate peritoneal macrophages and neutrophils, mice
were injected intraperitoneally with 2 ml of 3% peptone
(Sigma, USA) 5 days and 16-18 h, respectively, prior to
the experiment. Peritoneal exudate cells were obtained by
rinsing the peritoneal cavity with 5 ml of Hanks’ balanced
salt solution (Institute for Poliomyelitis and Viral
Encephalitides, Russia) containing 2% fetal calf serum
(FCS) and 10 U/ml heparin (Moscow Endocrine Plant,
Russia). To remove heparin, the cells were then cen-
trifuged and resuspended in complete RPMI 1640 medi-
um (HyClone, USA) supplemented with 5% FCS, 5 mM
HEPES, and 2 mM glutamine (further referred to as
complete medium wunless indicated otherwise).
Macrophages were separated from other types of cells by
adhesion to cell culture dishes in RPMI 1640 containing
10% FCS in a CO, incubator for 60 min. The unabsorbed
cells were washed off the monolayer with Versene solu-
tion. To obtain neutrophils, macrophages were removed
from the peritoneal exudate by adsorption on the cell cul-
ture dish. Unabsorbed neutrophils were collected and
used in experiments. The viability of cells in the suspen-
sion was estimated by Trypan Blue staining (HyClone)
and comprised over 95%.
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To obtain cell supernatants, isolated macrophages
and/or neutrophils were incubated in 24-well plates
(8-10° cells/ml per well) for 6, 24, or 48 h in complete
RPMI 1640 medium containing 5% FCS, 5 mM HEPES,
2 mM glutamine, 1 mM pyruvate, 1% nonessential amino
acids, 50 uM 2-mercaptoethanol, 100 pg/ml strepto-
mycin, and 100 U/ml penicillin at 37°C in 5% CO,.

Naive lymphocytes and specific T cell lines. Naive
lymphocytes were isolated from popliteal, axillary, and
mesenteric lymph nodes of intact animals by the homo-
genization method. The cells were washed by centrifuga-
tion, transferred into complete medium, and used in the
experiments on nonspecific activation of lymphocyte
proliferation.

Mycobacterial antigen-specific T cell lines were
obtained as described in [20]. Immune cells from
popliteal lymph nodes of CBA mice were obtained 14
days after subcutaneous footpad injection of M. tubercu-
losis H37Rv sonicate (20 pg/mouse) in incomplete
Freund’s adjuvant. The immune cells were washed with
the medium, transferred to complete medium (2-10°
cells/ml), and incubated in the presence of sonicated M.
tuberculosis H37Rv bacteria (10 pg/ml) in a 24-well flat-
bottom plate for 10-14 days at 37°C in 5% CO,. Transition
of cells from proliferation to resting phase (usually, on
days 10-12) was monitored visually from the cell shape
using an inverted microscope. In the next stimulation
cycle, the cells (2:10° cells/ml) were cultured for 9-11
days in the presence of spleen APCs (1.5:10° cells/ml)
treated with mitomycin C (Kyowa, Japan) and mycobac-
terial sonicate (10 pg/ml). The stimulation/resting cycles
were repeated until the cells either died or formed stable
T cell line.

Inducers of T lymphocyte proliferation. Mycobacteri-
al sonicate (10 pg/ml) was used for proliferation induc-
tion in specific T cell lines (2:10* cells/well); 2.5 pg/ml
concanavalin A (Sigma-Aldrich, USA) or anti-CD3 anti-
bodies (5 pg/ml, preabsorbed overnight at 4°C; R&D
Systems, USA) were used for naive lymphocytes from
lymph nodes (2.5:10° cells/well). All reactions were per-
formed in 96-well flat-bottom plates in complete medium
at 37°Cin 5% CO,.

SP2/0 mouse myeloma cells were used as sponta-
neously proliferating cells.

Suppressors of major proliferation inhibitors. Each of
the suppressors of major proliferation inhibitors was
added to the culture of proliferating cells simultaneously
with the neutrophil supernatant for subsequent estima-
tion of [*H|thymidine incorporation. The following sup-
pressors were used: anti-IL-10 antibodies (0.1 pg/ml;
R&D Systems) to neutralize 1L-10; anti-TGF-f antibod-
ies (3 pg/ml; R&D Systems) to neutralize transforming
growth factor-f; nor-NOHA (100 pM; Cayman
Chemical, USA) to neutralize arginase; and indo-
methacin (2 pg/ml; Sigma-Aldrich) to neutralize prosta-
glandins.
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Transwell experiments. To determine the necessity
for cell—cell contacts and to estimate the effect of medi-
um depletion on [*H]thymidine incorporation, we used a
Transwell unit with a pore diameter of 0.4 um. The lower
chamber of the 24-well plate contained APCs (mitomycin
C-treated splenocytes, 6-10° cells/well), specific T cell
lines (5-10* cells/well), and mycobacterial sonicate
(10 pg/ml). The upper chamber contained either
macrophages, neutrophils, or splenocytes (all types of
cells, 4103 cells/well). After 24 h, methyl-[*H|thymidine
(0.5 uCi) was added to the lower chamber, and thymidine
incorporation into T cell lines was determined as
described below.

[*H]Thymidine incorporation was tested in 96-well
flat-bottom plates. Twenty-four hours after plating the
cells, methyl-[*H]thymidine (0.5 pCi) was added. The
cells were incubated for another 18 h; the contents of the
wells were then transferred to glass filters using a semiau-
tomatic cell harvester (Scarton, Norway). Label incorpo-
ration was measured with a liquid scintillation counter
(Wallac, Finland).

Proliferation assay based on CFSE incorporation.
Myeloma cells (10%) were incubated in 1 ml of PBS con-
taining 5 pM carboxyfluorescein succinimidyl ester
(CESE) for 8 min in the dark at room temperature. The
reaction was stopped by addition of 10 ml of cold PBS.
Labeled cells were washed two times by centrifugation in
PBS and used for proliferation assay. The fluorescence of
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a cell aliquot was recorded immediately (time, 0); the rest
of the cells were plated in a 24-well plate (3-10° cells/ml
per well) in complete medium with or without addition of
the neutrophil supernatant. Cell proliferation was esti-
mated after 24 and 40 h of incubation from a decrease in
fluorescence using a FACS Calibur flow cytometer (BD
Bioscience, USA).

HPLC. Neutrophil supernatants were filtered on an
Amicon Ultra-4 centrifuge filter (membrane cut-off,
10 kDa). The filtrate was loaded on a Symmetry 300C,
5 um column (4.6 x 250 mm) using a 1-ml loop and frac-
tionated in a 0-60% linear gradient of acetonitrile (gradient
grade for HPLC; Merck, Germany) in 0.1% TFA (HPLC
grade; Sigma) in water (Milli-Q purified; resistance,
>18 MQ/cm) for 15 min at a flow rate of 1 ml/min.
Fractions were monitored at 280 and 214 nm at 20°C and
collected manually every 2 min. Each fraction was evapo-
rated on a centrifuge concentrator at 30°C, dissolved in
complete medium, and tested for biological activity (inhibi-
tion of thymidine incorporation). The fraction with biolog-
ical activity was rechromatographed on the same column in
a 10-30% gradient of acetonitrile in 0.1% TFA for 15 min.
Fractions were collected every 60 s and tested for biological
activity. The fraction with biological activity was purified in
isocratic regime (4% acetonitrile in 0.1% TFA) on a
Symmetry C,s 5 um column (4.6 x 250 mm). The purity of
the preparations was tested by HPLC on a Symmetry C,g
5 um column (4.6 x 250 mm) in the same isocratic regime.
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Fig. 1. Neutrophil-secreted factor suppresses label incorporation by T lymphocytes. a) Addition of neutrophil supernatant (NeuS) to the cell
culture of specific T lymphocytes proliferating in the presence of an antigen and APCs decreases [°H]thymidine incorporation; the effect is
dose-dependent (12.5, 25, or 50% of NeusS in the medium); control, T lymphocyte proliferation in complete medium in the presence (med +
AG) or absence (med — AG) of antigen. b) “Neutrophil factor” appears in the medium after 6 h of cultivation, its concentration increasing
with the increase in the culturing time. Proliferation of T lymphocytes in the presence of NeuS collected after 6, 24, and 48 h of neutrophil
culturing. ¢) Suppression of label incorporation is observed due to diffusion of the “neutrophil factor” through the membrane in the Transwell
plate, but not due to the media depletion. Cells in the upper chamber: Neu, neutrophils. M/Neu, a mixture of neutrophils and
macrophages; M, macrophages; spl, intact splenocytes. Data were obtained in 2-6 independent experiments; the results are presented as

mean + SD; * p < 0.05; ** p <0.001; NS, no significant difference.
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The collected active fraction was analyzed by electrospray
ionization time-of-flight (ESI-TOF) mass spectrometry.

NMR spectra were registered with a Bruker Avance
600 MHz NMR spectrometer (Bruker, Germany)
equipped with a 5-mm TXI Cryoprobe and a system of
magnetic field pulse gradients. The 3.1.1 fraction con-
taining the “neutrophil factor” was frozen and
lyophilized to remove water and acetonitrile. Dry residue
(~15 pg) was dissolved in 320 pl of D,O with a high deu-
terium content (99.99%) (Cambridge Isotope
Laboratories, Inc., USA) and transferred to a Shigemi
ampule with a magnetic susceptibility matched to D,0.
To determine the structure of the identified compound,
double-quantum filtered correlation (DQF-COSY) and
heteronuclear single quantum correlation ('3C-'H-
HSQC) spectra were recorded.

RESULTS AND DISCUSSION

Neutrophils secrete soluble inhibitor of [°H]thymidine
incorporation by T lymphocytes. First, we attempted to
reproduce the results of D’Avila et al. [17] and, indeed,
found that cocultivation of peritoneal exudate
macrophages with immune T lymphocytes in the pres-
ence of the antigen induced a pronounced response and
[*H]thymidine incorporation into T lymphocytes.
Addition of neutrophils to the culture considerably
reduced label incorporation (data not shown). We
checked whether this inhibitory effect resulted from
direct cell—cell contacts or was mediated by a soluble fac-
tor. For this purpose, the cultural medium in which neu-
trophils had been incubated was added to a coculture of
macrophages and T lymphocytes, and the label incorpo-
ration was assayed. We found that the after incubation of
neutrophils for 48 h, their cultural fluid suppressed label
incorporation into T lymphocytes in a dose-dependent
manner (Fig. 1a). Since the lifetime of neutrophils in a
culture is only 24-48 h [5], we studied whether the
inhibitory factor is actively secreted by the cells or is
released into the medium after neutrophil death at the
second day of culturing. Figure 1b shows that even after
6 h of neutrophil culturing, their cultural fluid signifi-
cantly decreased label incorporation. The number of dead
cells has not changed within 6 to 24 h of culturing and
comprised less than 8% of total number of cells (data not
shown). At the same time, the concentration of the “neu-
trophil factor” in the medium rapidly increased during
this period, as follows from the inhibition of label incor-
poration, due probably to the activation of the “neu-
trophil factor” secretion by neutrophils.

One of the reasons for the decreased T cell prolifera-
tion (as estimated from the inhibition of [*H]thymidine
incorporation) in the presence of the cultural fluid might
be partial substitution of complete medium by the medi-
um depleted as a result of neutrophil culturing. To test

BIOCHEMISTRY (Moscow) Vol. 81 No. 11 2016

1287

this suggestion, antigen-responding cells were placed in a
lower chamber of a Transwell unit that was separated from
the upper chamber by a cell-impermeable membrane.
Cells producing the studied factor were placed in the
upper chamber. Figure 1¢ shows that neutrophils, but not
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Fig. 2. The factor that suppresses label incorporation is a heat-
resistant low molecular weight compound. a) Effect of “neutrophil
factor” (neutrophil supernatant, NeuS) is not abolished by sup-
pression of major inhibitors of T cell proliferation, such as
prostaglandin E2 (indomethacin, ind), arginase (norNOHA), IL-
10 (anti-IL-10 antibodies, a/IL-10), and TGF-f (anti-TGF-3
antibodies, a/TGF-p). b) The “neutrophil factor” does not lose its
effect after boiling: NeuS-t, boiled NeuS. ¢) Molecular mass of the
“neutrophil factor” does not exceed 10 kDa (according to dialy-
sis). NeuS-D, dialyzed NeuS. Data were obtained in 2-3 inde-
pendent experiments; the results are presented as mean * SD;
** p <0.001; NS, no significant difference.
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macrophages or nonfractionated splenocytes, produced
the inhibitory factor, although medium depletion took
place for all types of the tested cells.

Standard approaches did not eliminate the inhibitory
effect of the “neutrophil factor”. Prostaglandin E2,
arginase, 1L-10, and TGF-f are major soluble mediators
that suppress activation of T cells according to numerous
studies on the interactions (including suppression)
between neutrophils and T cells [16, 21]. The cultural
fluid of neutrophils contained physiologically significant
concentrations of arginase, IL-10, and TGF-§ (data not
shown). We conducted a series of experiments in which
the activity of these molecules was inhibited to elucidate
whether suppression of T cell proliferation resulted from
the activity of these compounds. We found (Fig. 2a) that
selective inhibition of any of these factors did not abolish
suppression of label incorporation into T lymphocytes.
Moreover, the inhibitory effect of the cultural fluid
remained even after its boiling (Fig. 2b), which usually
eliminates the effects of most proteins and relatively large
nucleic acid fragments. Dialysis of the cultural fluid
revealed that the molecular mass of the active factor is
below 10 kDa (Fig. 2¢).

In the next series of experiments, we studied whether
inhibition of label incorporation by proliferating cells
depends on the character of proliferation-inducing stim-
ulus, since all previous experiments were conducted using
a classical system of specific antigen recognition by CD4*
T cells in the context of type II MHC. The low molecular
weight “neutrophil factor” inhibited label incorporation
not only after T cell stimulation by the antigen, but also in
response to concanavalin A (stimulation via lectin recep-
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tor) or plastic-attached anti-CD3 antibodies (nonspecif-
ic activation via T cell receptors) (Fig. 3). The “neu-
trophil factor” also suppressed label incorporation into
dividing myeloma cells (Fig. 3) (tumor growth in vitro was
confirmed by visual monitoring under a microscope).
These results led us to the conclusion that the observed
phenomenon was not suppression of proliferation, but
rather inhibition of [*H]thymidine incorporation during
DNA biosynthesis. This suggestion was also confirmed by
the fact that no proliferation suppression was observed
when proliferation was estimated from CFSE incorpora-
tion by the flow cytometry method (Fig. 3b) and also by
the absence of any influence of the “neutrophil factor” on
the antigen-induced IFN-y production by T cells (effec-
tor phase) (data not shown).

The facts that boiling did not affect the activity of the
“neutrophil factor” and that the factor displayed its activ-
ity in a simple proliferation system in response to con-
canavalin A allowed us to considerably simplify the test
system. Samples were also analyzed by HPLC, mass spec-
trometry, and NMR methods.

Thymidine is a factor that suppresses [°H]thymidine
incorporation. Figure 4 shows subsequent fractionation of
the dialyzed “neutrophil factor” by HPLC (left panel)
and the effect of the resulting fractions on [*H]thymidine
incorporation by stimulated T cells (right panel). The
fraction with biological activity was 3.1.1. Its main peak
corresponded to 242 Da, as determined by mass spec-
trometry. The fraction was then analyzed by the NMR
method to identify the chemical structure of its major
compound. The proton resonance spectrum (Fig. 5a) and
two-dimensional DQF-COSY (Fig. 5b) and "“C-'H-
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Fig. 3. “Neutrophil factor” suppresses [*H]thymidine incorporation, but not cell proliferation. a) Suppression of [*H]thymidine incorpora-
tion in various types of dividing cells after addition of neutrophil supernatant (NeuS): LN + a/CD3, naive lymph node cells stimulated with
anti-CD3 antibodies; LN + ConA, naive lymph node cells stimulated with concanavalin A; spl + T + AG, response of specific T cells to anti-
gen; myeloma, tumor spontaneous growth. b) NeuS addition to the myeloma cell culture (red) does not suppress proliferation 24 and 40 h
after addition as compared to proliferation of control cells (blue) in complete cell culture medium. Cell proliferation was estimated from a
decrease in CFSE fluorescence using a flow cytometer; 0 h, fluorescence measured immediately after myeloma labeling with CFSE. The data
were obtained in 2-3 independent experiments; the results are presented as mean + SD, * p < 0.0005.
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fractions; b) the fractions were tested for their ability to suppress [*’H]thymidine incorporation into concanavalin A (conA)-stimulated prolif-
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HSQC (Fig. 5¢) spectra indicated that this compound
was thymidine. Its molecular mass and spectral parame-

ters coincided with those described earlier [22]. Addition

of the “neutrophil factor” to the culture of mouse EL4
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thymoma caused rapid cell death (data not shown), since
thymidine is highly toxic for this type of tumor cells [23].

Therefore, the factor that suppresses incorporation

of labeled thymidine by dividing cell turned out to be
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excessive amounts of unlabeled thymidine spontaneously
secreted into the cultural fluid by neutrophils. This dis-
covery, which required almost three years of research
efforts and considerable expenses, although disappoint-
ing, still is of considerable importance. First, it illustrates
the necessity for using more than one commonly accept-
ed method when studying biological phenomena (most
immunologists a priori associate thymidine incorporation
with proliferation), especially when numerous “hinting”
publications on the topic exist. Besides, estimation of
proliferation from [*H]thymidine incorporation into
DNA still remains the most widely used approach,
although new methods have been developed that include
estimation of CFSE fluorescence, staining of nuclear
markers of proliferation (ki67, PCNA, p53), and various
colorimetry methods [24-26]. In our case, production by
phagocytes of factors suppressing activation of T cells is a
topic that has been widely studied during the last decade
in different areas of immunology. Second, the biological
meaning and the mechanistic explanation of the phe-
nomenon of thymidine secretion by neutrophils remain
obscure.

Similar phenomena are very poorly described in the
literature. For the first time, thymidine secretion was
found in studies of macrophages, but no reasonable bio-
logical explanation for this fact has been suggested [27,
28]. Thirty years later, active secretion of thymidine was
demonstrated for some (but not all) hybridomas and
myelomas [29], and it was emphasized that such secretion
is uncharacteristic for non-tumor cells. Again, no
hypothesis on the biological significance of this phenom-
enon has been proposed. After another 10 years, we added
neutrophils to the list of cells actively secreting thymi-
dine, but, similarly to our predecessors, we can only sug-
gest a very broad explanation on the importance of this
activity for cell functioning. In addition to the earlier sug-
gestions that neutrophils secrete thymidine to suppress
the growth of neighboring cells (indeed, extracellular
thymidine is cytotoxic in relatively low concentrations),
we propose a new hypothesis based on the specific prop-
erties of neutrophil physiology. Namely, neutrophils
demonstrate a high level of DNA usage outside of the
cell — they form the famous neutrophil extracellular traps
(NETs) [30]. It remains unknown whether neutrophils
synthesize the three other nitrogenous bases that form
DNA, but extracellular secretion of at least one of the
four bases gives reasons to consider possible relation
between this process and formation and/or degradation of
DNA traps.
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