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Abstract: Therapeutic oligonucleotides have achieved great clinical interest since their approval as
drug agents by regulatory agencies but their access and distribution in blood cells are not completely
known. We evaluated by flow cytometry the ability of short fluorescent scramble oligonucleotides
(ON¥) to access human peripheral blood mononuclear cells (PBMC) after incubating with ON* dur-
ing 1 h and 7 days of culture follow-up ‘in vitro’. Blood samples were treated with chemically mod-
ified oligonucleotides (phosphorothioate backbone and 2’ O-Me ends) to resist nuclease digestion
under culture conditions. The ON* internalization was determined after discarding the membrane-
associated fluorescence by trypan blue quenching. Whereas the oligonucleotide accessed neutro-
phils and monocytes rapidly, achieving their maximum in 1 h and 24 h, respectively, lymphocytes
required 7 days to achieve the maximum (80% of cells) transfection. The ON*ability to access lym-
phocyte types (T, B, and NK) and T cell subtypes (CD4+, CD8+, and CD4-CD8-) were similar, with
T cells being more accessible. Regulatory CD4+ and CD8+ T cells were classified in low and high
Foxp3 expressers, whose expression proved not to alter the ON* internalization during the first
hour, achieving 53% of CD4+Foxp3+ and 40% of CD8+Foxp3+ cells. Our results contribute to under-
standing and improving the management of therapeutic ONs.

Keywords: flow cytometry; oligonucleotides; Treg; cell uptake; quenching; fluorescent labeling;
PBMC; FOXP3; CD8+ Treg

1. Introduction

The field of therapeutic oligonucleotides (ON) includes double-stranded small-inter-
fering RN A, CRISPR-Cas9 single-guide RNAs, self-replicating messenger RNA (mRNA),
and single-stranded antisense oligonucleotides (ASOs). Among these, ASOs are consid-
ered one of the most advanced oligonucleotide-based therapeutic modalities for person-
alized medicine, as evidenced by them having the highest number of New Drug Applica-
tion approvals [1,2]. So far, ten single-stranded ASOs and four double-stranded small in-
terfering RNAs (siRNAs) have received regulatory approval [3,4]. Although the greatest
advances in the clinical application of ASOs have been largely focused on the treatment
of certain rare genetic diseases, there is new research that pursues the extension of their
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clinical use in other important areas, including oncology, infectious and metabolic dis-
eases, and vaccines, amongst others [5-7].

ASOs are short (usually 13-25 mer ONs) synthetic single-stranded nucleotides of
DNA or RNA whose sequences are complementary to a target mRNA. They are designed
to silence specific genes by interfering with the mRNA translation process, thus blocking
protein synthesis [8]. ASO-DNA binding to target mRNA induces the activation of RNase
H endonuclease, which catalyzes the cleavage of RNA in the RNA/DNA heteroduplex,
and sterically blocks mRNA preventing its translation (both DNA and RNA ASOs). These
two effects result in gene expression silencing. Other ASO-mediated silencing mecha-
nisms include inhibition of 5' cap formation, alteration of splicing process (splice switch-
ing), and steric hindrance of ribosomal activity.

Despite the substantial progress in chemical modifications and understanding of the
molecular mechanisms of action, pharmacokinetics, cell uptake, and subcellular distribu-
tion of oligonucleotides (ONs), there is still a great deal to learn [9]. Aspects such as de-
livery, off-target effect, and safety, still need to be resolved. In this study, we evaluated
the cell access and distribution of short scramble fluorescent (Cy5 or FITC) labeled oligo-
nucleotides (ON*) in blood lymphocytes, neutrophils, and monocytes. To protect the oli-
gonucleotides from nuclease degradation and prolong their stability in blood, we em-
ployed a phosphorothioate-modified oligonucleotide backbone with 2" O-Me modifica-
tion in the three terminal nucleotides of the 5" and 3’ ends. We evaluated the ON uptake
by different lymphocyte types (T, B, and NK) and T cell subtypes (CD4+, CD8+, and CD4-
CD8-), including regulatory T cells (CD4+CD25+FOXP3+ and CD8+FOXP3+). Finally, ad-
ditional experiments were made to evaluate the effect of an oligonucleotide with the same
sequence as ON* but unlabeled on the regulatory T cells expression of Foxp3 along time
under the established experimental conditions. These results will be useful to understand
the dynamics of ONs capture during their transit through the bloodstream and to opti-
mize the study conditions when it is required to use long-term cultures of peripheral
blood mononuclear cells (PBMCs) as a model to evaluate the immune response [10].

2. Results

2.1. Dose Selection of Different Sized Cy5-Oligonucleotide (ON*) Uptake by Leukocytes from
Human Whole Blood

The cell uptake of fluorescent oligonucleotides (ON*) with three different sizes (13-,
17-, and 20-mer) were administered at distinct concentrations (0.2, 0.5, 1, 2, 4, and 10 uM)
was evaluated along time during 90 min. As shown in Figure 1, a similar pattern was
observed in the four incubation times (10, 20, 40, and 90 min) evaluated. ON* concentra-
tions lower than 1 uM mediated undetectable ON* uptake by leukocytes. However, there-
after, there was a sustained increase in ON* uptake in a similar manner with all three sizes.
At 10 uM, size-depending differential uptake of ON* was observed. Higher concentra-
tions were not tested since they provoke cell toxicity. Based on this study to select the
optimal ON size and concentration, we decided to continue evaluating the ON* uptake
kinetics in blood leukocytes employing a 4 uM concentration of a 20-mer ON*. This size
is frequently used in gene silencing studies, mainly due to the favorable balance between
cell accessibility and low off-target probability.
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Figure 1. Dose-response fluorescent Cy5-ON (ON*) and size. Kinetics of Cy5 labeled oligonucleo-
tide (ON*) on PBMC. Labeled 13-, 17- or 20-mer ONs were incubated at concentrations of 0.2, 0.5, 1,
2, 4 and 10 uM at 37 °C during 10, 20, 40, and 90 min. At each time point, the leukocytes (CD45+)
were analyzed by flow cytometry to measure the ON* uptake and the emitted fluorescence, ex-
pressed as fluorescence intensity per cell (FI/cell). Lines through experimental points fit a sigmoidal
dose-response model and were drawn with Graphpad Prism software.

2.2. Culture Medium Selection Based on Leukocytes Viability along Time

After the blood treatment conditions with ON* were defined, the viability of the dif-
ferent cell subtypes in DMEM and RPMI (containing 25% of own plasma) was evaluated
over time (0, 15 min, 30 min, 45 min, 60 min, 1 day, 2 days, 3 days, 4 days, 7 days) in order
to determine which culture medium offers advantages for neutrophils, lymphocytes, and
monocytes survival. As can be observed in Figure 2, greater cell viability was achieved in
DMEM culture. Whereas lymphocytes showed a longer survival rate (up to 7 days) with
a similar viability rate with either DMEM or RPMI mediums, neutrophils and monocytes
presented shorter viability (up to 4 and 3 days, respectively), especially with RPMI that
offered shorter cell viability, particularly for monocytes (only 1 day).
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Figure 2. Comparison between RPMI and DMEM culture media in leukocytes cell viability for 7
days. 2.5 mL of blood samples were centrifuged and plasma was substituted with either DMEM or
RPMI containing 25% of its own plasma and antibiotics. The viability of neutrophils, monocytes,
and lymphocytes was determined by the 7AAD test in flow cytometry.

2.3. Leukocyte Nuclear Access of Fluorescent FITC-ON

In order to study the ON*distribution inside different cell types, intracellular fluores-
cence was observed by fluorescence microscopy (Figure 3). ON* was dyed with green
FITC fluorophore and this fluorescence could be observed co-localized with DAPI inside
the nucleus of lymphocytes, neutrophils, and monocytes, suggesting that ON can access
and concentrate within the nuclear compartment.
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Figure 3. Location of fluorescent ON* in peripheral blood leukocytes treated with FITC-labeled ON*
and incubated for 0.5 h at 0.5 uM. Then, the oligonucleotide was removed and PBMC in phosphate-
buffered saline (PBS) solution was extended on a slide and dried. Cells were marked with DAPI and
analyzed using a fluorescence microscope to observe the uptake of ON* by neutrophils, monocytes,
and lymphocytes.

2.4. Kinetics of FITC-ON Internalization in Leukocytes

To monitor the internalization of FITC-labeled ON in different leukocyte popula-
tions, we exploited the ability of the non-penetrating trypan blue (IB) dye to quench the
green fluorescence of the FITC-labeled ONs attached to the cell surface to detect only that
of the internalized compound [11-14]. In an attempt to evaluate the ON* distribution
among the different subpopulations of lymphocytes, we evaluated CD3+ cells (T cells),
CD19+ cells (B cells), and CD56+ cells (NK cells), and CD4+, CD8+, and CD4-CD8- T cells
subpopulations. As seen in Figure 4, we differentiate two populations: ON+ (fluorescent
cells, without considering dye location) and ON+ plus quenching (fluorescent cells even
after TB quenching, indicating an intracellular location of ON*, since membrane fluores-
cence is quenched). It is shown that most of the ON* was internalized and remained de-
tectable inside the cells throughout the period of study. Interestingly, it was observed that
most of the viable lymphocytes were ON+ after 7 days. CD4+ T lymphocytes proved the
highest survival rate at 7 days of incubation (above 70% on average) in the presence of
ON¥, whose internalization along time greatly differed among cell populations.

The most rapid uptake of ON* occurred in neutrophils, in which, 100% of cells had
internalized the ON* after 30 min of incubation. Monocytes also uptook the ON* very
quickly and only required 1 h to achieve 100% of cell positive for ON* after quenching.
On the contrary, lymphocytes showed slower kinetics of ON* internalization, not achiev-
ing its maximum (90% of cells) until day 7, and only 50% of cells had internalized the ON*
on day 4. This behavior was also observed in T cells, with similar results in CD4+ and
CD4-CD8- T cells subtypes, whereas the internalization of ON* in CD8+ did not reach
more than 80% of cells.

On the other side, B and NK cells achieved their maximum internalization (60% and
nearly 100%, respectively) on day 3, and afterward, the proportion of fluorescent cells
after quenching decayed, maybe due to the loss of viability.
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Figure 4. Fluorescent leukocytes (%) after 20-mer ON* treatment at 4 uM with DMEM incubation
before and after Quenching. The bar graphics represent the percentage of viable cells positive for
green fluorescence provided by ON*. Percentage of viable cells with fluorescence before and after
TB membrane fluorescence quenching were compared. Different leukocyte cells (lymphocytes, neu-
trophils, and monocytes), lymphocyte types (T cells, B cells, and NK cells), and T cells subtypes
(CD4+, CD8+, and CD4-CD8-) are depicted.

The amount (cells/uL) of ON*-, ON*+, and ON*+ plus quenching cells of each subtype
after treatment with 20-mer ON* at 4 uM concentration and 7 days DMEM incubation, are
shown in Table 1.
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Table 1. Absolute values (cells/uL) of leukocytes, lymphocyte types, and T cells subtypes after treat-
ment with fluorescent 20-mer ON* at 4 uM and DMEM incubation at each evaluated time. Three
different groups (ON-, ON+, and ON+ after quenching) are shown. Avg.: average; m: minutes; h:
hours; d: days.

ON-

Lymphocyte Neutrophi-

D4+ T ce-CD8+ T ce- CD4-CDS8- T
Monocytesr ON- T cells B cells NKcells ON- CD4+ T ce-CD8* T ce- CDA-CD8

s les 1Is 11s cells
Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD
0 7593 40.02 51.58 57.50 1.89 094 0 51.5324.2510.33 7.32 13.67 856 0 36.0719.5411.93 480 3.51 1.25
15m 105.18 69.69 7.16 834 1.06 1.87 15m 73.34 44.39 13.32 10.92 18.60 14.75 15m 49.00 31.16 20.97 12.71 3.36 3.24
30m 80.50 3895 2.44 285 0.4 028 30m 58.9023.97 8.41 6.36 13.37 8.90 30m 39.9519.04 15.47 455 3.45 1.14
45m 66.18 28.18 1.24 2.08 0.00 0.00 45m 49.0517.74 6.38 4.34 10.94 6.36 45m 33.14 14.03 13.08 3.57 2.89 1.50
60m 39.37 13.68 0.41 0.78 0.05 0.10 60m 37.46 5.07 3.83 244 6.10 3.10 60m 26.25 561 9.51 2.64 1.72 047
24h 23.38 2055 0.04 0.08 0.00 0.00 24h 18.46 15.47 3.16 3.23 1.83 2.02 24h 13.10 11.65 4.65 3.45 0.57 0.54
48h 26.70 23.99 0.00 0.00 0.00 0.00 48h 22.5019.48 2.99 3.18 226 3.03 48h 15.4214.08 6.07 4.64 0.60 0.52
72h 14.07 10.72 0.00 0.00 0.00 0.00 72h 13.2310.35 0.45 0.53 0.84 1.01 72h 10.63 9.92 219 258 0.47 0.61
9%6h 18.30 21.75 0.00 0.00 0.00 0.00 96h 16.4620.80 0.22 0.43 0.43 0.86 96h 11.9513.64 573 6.77 0.43 0.86
7d 3.38 391 0.00 0.00 0.00 000 7d 3.23 4.00 0.00 0.00 0.00 0.00 7d 218 298 0.93 094 0.13 0.15
ON+ Lymphocyte Neutrophi- Monocytes ON+ T cells Beells NK cells  ON+ CD4+ T ce-CD8+ T ce- CD4-CD8- T

s les 1ls 11s cells
Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD
0 7.86 713 93.13 62.77 1050 6.50 0 8.12 443 1.80 1.08 143 080 0 517 323 239 124 056 0.39
15m 39.32 23.47 183.54 75.35 22.30 13.98 15m 26.37 14.38 8.51 7.01 4.70 2.85 15m 18.07 10.96 7.14 4.07 115 0.96
30m 4259 24.28 172.56 73.61 15.96 9.97 30m 29.6117.16 7.19 3.97 7.09 4.88 30m 19.79 12.50 6.61 3.18 1.78 041
45m 46.38 19.16 166.69 35.81 17.65 8.51 45m 29.87 11.35 8.42 3.52 8.09 4.64 45m 19.48 10.37 8.28 2.18 227 0.5
60m 45.52 14.17 130.28 20.84 14.02 574 60m 29.94 8.11 7.38 2.75 6.15 4.88 60m 18.89 7.12 8.43 1.67 264 1.05
24h 27.29 20.03 5296 22.72 3.14 223 24h 16.08 872 3.60 3.65 7.57 7.87 24h 992 749 423 181 193 0.70
48h 33.79 29.94 43.43 46.27 0.94 125 48h 19.56 16.94 3.69 3.69 10.04 11.18 48h 14.7413.13 4.38 2.69 276 2.28
72h 35.97 15.66 33.78 38.40 0.00 0.00 72h 27.8512.55 252 2.10 6.86 3.31 72h 19.3410.43 8.99 7.12 119 1.52
96h 27.16 18.81 7.06 2.12 0.00 0.00 96h 22.7214.60 1.77 154 4.75 543 96h 16.1311.30 5.82 3.01 2.05 1.33
7d 1827 7.07 0.00 0.00 0.00 000 7d 17.72 6.16 0.12 0.24 044 071 7d 12.80 533 4.04 2.17 0.88 0.73
ON+/ Lymphocyte Neutrophi- Monocytes ON+/ T cells Beells NK cells ON+/ CD4+ T ce-CD8+ T ce- CD4-CDS8- T

Q s les Q Q 1Is 1ls cells
Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD Time Avg. SD Avg. SD Avg. SD
0 47.44 2679 3350 23.11 799 655 0 4.89 3.06 032 026 071 046 0 267 174 153 135 0.70 0.78
15m 170.35 98.82 139.75 79.88 18.59 14.90 15m 10.09 4.39 0.98 0.72 1.40 098 15m 7.23 540 231 083 1.18 1.06
30 m 231.13 168.53 175.59 110.83 24.97 30.07 30 m 24.19 23.75 3.34 4.17 4.56 3.68 30m 16.84 19.94 4.81 395 252 1.08
45m 262.29 166.86 198.16 108.45 32.74 40.20 45m 15.72 1594 3.37 3.01 6.00 4.55 45m 13.03 8.50 6.01 4.66 2.66 1.82
60 m 156.96 38.35 110.90 24.16 14.95 9.42 60m 22.03 8.08 5.27 7.22 3.90 235 60m 12.65 6.09 6.40 2.16 3.00 0.98
24h 74.35 25.85 41.22 10.62 6.55 3.67 24h 17.77 13.65 3.44 448 5.52 6.15 24h 9.61 890 539 340 2.83 1.64
48h 57.24 8.07 3414 0.16 1.37 194 48h 17.33 580 0.83 0.47 3.58 096 48h 896 3.69 6.08 122 229 0.88
72h 2321 430 9.73 151 0.00 0.00 72h 9.75 496 1.07 0.74 2.81 139 72h 526 3.67 3.68 1.69 0.82 0.40
96h 25.77 1344 526 276 0.00 0.00 96h 17.71 898 0.20 0.35 2.84 246 96h 12.85 812 3.86 147 118 1.08
7d 1499 295 0.00 0.00 0.00 000 7d 14.99 295 0.00 0.00 0.00 000 7d 9.95 329 331 0.80 172 1.84

2.5. Fluorescence Intensity of FITC-ON in Leukocytes

The fluorescence intensity per cell of the internalized ON* (fluorescence after quench-
ing) was also analyzed. Figure 5 shows different kinetics of ON* access to the cells de-
pending on their type. Cells were incubated for 2, 15, 30, 45, and 60 min, and then, the
ON* was removed and cells were maintained for 7 days in culture with DMEM plus
plasma. It was observed that ON* uptake occurred very rapidly in monocytes, achieving
a maximum fluorescence plateau after one hour of incubation. Neutrophils showed a
gradual increase of ON* fluorescence along the whole period of the study, being faster
during the first hour and slower onwards until day 4. Lymphocytes exhibited lower and
slower uptake of fluorescent ON* compared to monocytes (p < 0.001) and neutrophils (p <
0.01). Their fluorescence began to rise on the first day of cell culture and increased slightly
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orescence than CD4-CD8- T cells on the last days. Lymphocyte types and T cell subtypes
did not show statistically significant differences among them.
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Figure 5. Fluorescence intensity per cell in blood cells treated with fluorescent 20-mer ON leuko-
cytes at 4 uM and DMEM incubation + Quenching. Monocytes vs neutrophils p < 0.05; monocytes
vs lymphocytes p < 0.001; neutrophils vs lymphocytes p < 0.01.

2.6. Access of FITC-ON to Regulatory T Cells

To confirm the access of the ON* into regulatory T (CD4+ and CD8+) cells, we evalu-
ated the proportion of CD4+CD25+Foxp3+ and CD8+Foxp3+ T cells that presented FITC
fluorescence after incubating whole blood cells with ON* at 4 uM concentration for 1 h
(Figure 6) by flow cytometry. ON- vs ON+ populations of both CD4+ and CD8+ T cells
were differentiated (left and right of the vertical blue line, respectively) and, depending
on the level of Foxp3 protein expression, we also identified low and high expression sub-
populations (below and above the horizontal blue line, respectively). It can be observed
that ON* could access both CD4+ and CD8+ regulatory T cells, with a slightly higher abil-
ity to enter CD4+CD25+Foxp3+ cells (53% vs 40%). We observed that the Foxp3 level of
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expression did not alter the ON* access efficacy either in CD4 or CDS8 regulatory T cells
populations, showing both low and high Foxp3 expressers the same level of ON internal-

ization.
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Figure 6. The panel shows representative cytometry plot of fluorescence intensity of ON:FITC vs
Foxp3:PE of CD3+CD4+CD25+Foxp3+ and CD3+CD8+Foxp3+ cells population. Cells were divided
into ON-/ON+ depending on their FITC fluorescence (ON- < 1E3; ON+ > 1E3) and classified them
upon their Foxp3 expression (low: fluorescence < 1E3; high: fluorescence > 1E3).

The distribution of regulatory T cells according to their Foxp3 expression level along
time (Figure 7) proved the existence of two differentiated populations (low Foxp3 express-
ers, in red; and high Foxp3 expressers, in blue), confirming the threshold employed to
differentiate these subpopulations within Figure 6. It was observed that the high expresser
population increased on day 2 up to 30% of cells and it decreased hereon, being 0% on
day 7. The complete data of this analysis are presented in Table 2.
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Figure 7. The figure shows representative plot of cell distribution according to their level of Foxp3
expression. CD3+CD4+CD25+Foxp3+ (upper panel) and CD3+CD8+Foxp3+ (lower panel) cells are
represented. In each case, two different populations can be clearly differentiated upon their Foxp3
expression (low: fluorescence < 1E3; high: fluorescence > 1E3).

Table 2. Distribution of regulatory T cell populations according to Foxp3 expression along time.

CD4+CD25+Foxp3+
Low High
. Cells/ul £ | Cells (% of Cells (% of
Time — o % of CD4 Foxp3+) FI Foxp3+) FI
1h 77.8+40.3 3.3 84.6 513.2+27.7 154 15324+
182.5
594.4 + 1442.2 +
2d 52+24 1.5 70.1 1477 29.9 468.1
4d 43+29 1.0 92.6 438 +89.6 7.4 434.8 +595.5
7d 1.6+1.4 1.7 100.0 522.7+92.5 0.0 0.0+£0.0
CD8+Foxp3+
Low High
Time Cells/ul+ % of Cells (% of FI Cells (% of FI
SD CD8+ Foxp3+) foxp3+)
1h 43.7+63.4 5.03 85.27 485.5+31.5 14.73 12634+
776.7
346.0 +
2d 45+50 2.20 74.38 25.62 520.6 £ 761.2
205.3
4d 6.6+8.6 242 78.26 327fé01i 21.74 286.4 + 640.4
7d  20.5+17.6 33.0 98.13 404.0 + 8.5 1.9 312.3+541.0
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3. Discussion

In the present study, FITC-conjugated oligonucleotides (ON*) uptake by PBMC and
their internalization during 7-day culture in DMEM or RPMI containing 25% of own
plasma has been evaluated by flow cytometry. With this analysis, we aimed to shed some
light on the process occurring immediately after the intravenous administration of ONs
and elucidate its pattern of distribution among the blood cells. The ON* was incubated
for 1 h in complete blood and then removed, and cells were cultured for an additional
period of 7 days in a culture medium and own plasma. DMEM medium offered ad-
vantages in the survival study, permitting lymphocytes to survive for at least 7 days,
whereas monocytes and neutrophils died after 3 and 4 days of culture, respectively. In
these conditions, cells were analyzed in the presence and absence of trypan blue, which
suppresses the fluorescence associated with ON* molecules attached to the cell membrane
by quenching. Results show that ON* accessed the cells very rapidly in neutrophils and
monocytes, achieving 100% of cells before 1 h of incubation. However, lymphocytes
showed slower internalization of the ON¥, requiring 7 days to achieve 80% of positive
cells. The kinetics of fluorescence intensity was also different among the different cell
types. In addition, flow cytometry permitted us to identify the regulatory CD4+ and CD8+
T cells as low and high expressers of Foxp3, and their distribution along time and we
observed that our ON* could also access these regulatory T cells.

The ONs employed in the present work harbor chemical modifications that guaran-
tee plasma stability and permit the maintenance of their RNAse H activity when the ON
interacts with its target. These chemical modifications consist of both phosphorothioated
(PS) bonds (where sulfur substitutes for one non-bridging phosphate oxygen) within the
ON backbone, and 2" O-Me modification within the first 3 nucleotides of both upstream
and downstream of the ON sequence. Besides, PS-modified ONs offer the advantage that
can also access the cells without the use of transfection or electroporation [15]. Cellular
uptake and trafficking of ONs depend on their structure (mainly length of the oligonucle-
otide and chemical modifications), concentration, and exposure conditions, and can vary
among cell types [16]. The length of the ON determines its target selectivity and affects its
ability to access cells. The optimal length as an antisense molecule has been established in
20-mer since it is believed that offers the best risk/benefit ratio, considering that can access
most of the cells and permits specifically identifying its target with a very low risk of off-
target events. ‘In vitro’ studies using ONs are often performed in established cell line cul-
tures or in purified cells [17,18]. We decided to use human complete blood to study their
behavior in the milieu where they are administered. At the optimal concentration of 4 uM,
the ONs accessed the cells efficiently and we did not observe differences in their uptake
due to their sizes (13, 17, and 20-mer). For this reason, all the other experiments were per-
formed with 20-mer ON since could offer a better safety profile without apparent limita-
tions in target accessibility. The ability of ONs to access the cells of interest and their sub-
sequent cell location determine their biological activity. Different membrane-associated
proteins that bind ONs and mediate their cellular uptake have been identified, including
cell surface receptors, such as integrins (e.g., Mac-1/CD18), G-protein-coupled receptors,
Stabilin, a scavenger receptor and epidermal growth factor receptor (EGFR) [14,16]. Alt-
hough it has been observed that 35-mer, or larger, single-stranded ON inhibits clathrin-
mediated endocytosis or blocks the entry receptor nucleolin [19,20] regardless of their se-
quence, the mechanisms that mediate intracellular uptake and productive target engage-
ment by ONs are not fully understood yet. Therefore, determining the extent and mecha-
nism of ONs uptake by cells, as well as their subcellular distribution, is important for
evaluating their therapeutic potential [13].

In our study, extended survival of blood cells was required and, since there is evi-
dence that culture medium can influence cell proliferation and cell viability [21], we de-
cided to evaluate which of the two most used culture media, RPMI or DMEM, was more
appropriate to culture leukocytes from peripheral blood. Although both media, widely
used for cell cultures of the immune system, did not significantly alter the survival of



Int. . Mol. Sci. 2022, 23, 5839

12 of 17

lymphocytes, DMEM mediated higher neutrophils and monocytes viability rate in our
study, supporting the results reported by other authors [21-24]. We detected that lympho-
cytes showed the highest survival rate, reaching day 7 with approximately 10 viable cells
per pL. Neither neutrophils nor monocytes survived on day 7, but they exhibited a higher
rate of survival in DMEM throughout their four days of survival. On day 4 of culture,
more than 100 viable neutrophils/uL could be detected with DMEM whereas less than 10
could be quantified with RPMI. Regarding monocytes, DMEM prolonged their survival
until day 3 while all cells died on day 1 with RPMI medium.

The presence of ONs inside the cells and their persistence for 7 days of culture under
the previously established conditions was determined, incubating the cells with 4 uM 20-
mer ON* for 1 h and then removing it and culturing cells in DMEM+P. We studied the
ON fluorescence within the three main blood cell types under fluorescence microscopy.
We could observe that ON accessed lymphocytes, neutrophils, and monocytes since the
FITC fluorescence of ON* was localized both in membrane/cytoplasm and within the nu-
cleus, as demonstrated by its co-localization with nuclear DAPI staining. The number of
cells that internalized the ON* was also determined by flow cytometry. To eliminate the
fluorescence emitted by the ON* attached to the cell surface, we quenched it with trypan
blue, which absorbs green-yellow light with a maximum absorbance wavelength of
around 590 nm emitted by fluorescent molecules thus quenching FITC in flow cytometry
[25,26]. This permitted differentiating the cells that had internalized the fluorescent oligo-
nucleotide from those that had it attached to the cell membrane. Whereas in neutrophils
and monocytes, practically 100% of the cells internalized ON* very early (in less than 1 h),
only 40% of lymphocytes resulted positive for ON* fluorescence, which achieved their
maximum ON* internalization (near 80%) on day 7. This limitation in ON* access to lym-
phocytes was also observed when evaluating the kinetics of fluorescence intensity in the
different cell types. Clear differences were observed when compared to monocytes, which
reached their fluorescence peak during the first hour (11-fold higher than lymphocytes),
and neutrophils, whose fluorescence rapidly increased during the first hour (5-fold higher
than lymphocytes), and the peak was reached on day 4 after stabilizing since day 1. Lym-
phocytes exhibited lower and slower uptake of fluorescent ON*. Their fluorescence did
not rise until day 1 of culture and then increased slightly until day 7 (with a peak of fluo-
rescence on day 3, as also observed with T, B, and NK cells). CD4+ and CD8+ T cells
showed greater intracellular fluorescence than CD4-CD8- T cells on the last days. Alt-
hough it has been suggested that serum nucleases could detach the fluorescent dye from
unmodified oligonucleotides and facilitate its free access to cells [27], this effect must be
very limited in our experiments since the chemically modified ONs employed present
high nuclease resistance.

After observing the possibility of studying the kinetics of ON access to lymphocytes
in long periods of culture and the ability of these molecules to be internalized and reach
the nuclei of immune cells, we evaluated the ON internalization in the reduced population
of regulatory T cells. We observed that ON* could also access both CD4+CD25+Foxp3+
and CD8+Foxp3+ regulatory T cells (53% and 40%, respectively). Furthermore, the Foxp3
expression analysis permitted differentiation into two subtypes of these cells (low and
high expressers), which showed no difference in oligonucleotide access rate. When the
regulatory T cells were plotted in a graph distributing the population, according to their
Foxp3 level of expression (anti-Foxp3 antibody fluorescence), the low and high expresser
subpopulations were clearly defined and their evolution along time could be evaluated.
Thus, approximately 15% of CD4+CD25+Foxp3+ cells were high Foxp3 expressers 1 h after
treatment with scramble ON. This ratio increased to 30% on day 2, decreased to basal
levels on day 4, and completely disappeared on day 7 of culture. In CD8+Foxp3+ cells, we
observed the same behavior, high expressers’ proportion being always slightly lower,
though. These results arouse the interest in developing strategies based on antisense oli-
gonucleotides targeting FOXP3 with the aim of modulating its expression to minimize
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immune tolerance responses. This could present great translational application of oligo-
nucleotides in immune activation treatments, such as vaccines and antitumor drugs. In
this sense, whereas preventive antitumor vaccines have proved to be very efficacious, the
therapeutic ones (administered post-tumor) have not. Recently, our group has reported
[17] in a murine melanoma model that the antitumor efficacy of these vaccines can be
partially recovered (approximately 50%) when the FOXP3 gene was silenced with anti-
sense oligonucleotides before the vaccine administration. These data also suggest the rel-
evance of knowing the Foxp3 expression level to support the clinical management in dif-
ferent scenarios with imbalanced immunity function, as well as helping to evaluate ‘in
vitro” pharmacological responses in immune cells using whole blood or unfractionated
PBMCs as a model [10].

Finally, we observed a general pattern, but especially in lymphocytes, that exist a
proportion of cells refractory to ON access could be due to the co-existence of naive and
differentiated T cells in the blood. Cell differentiation is a dynamic process that has been
more minutely studied in exhaust T cells [28,29], whose phenotype is not fully defined. In
this sense, the progression to terminal stages must be correlated with the cell differentia-
tion phases, where the processes related to response capacity and exchange with the ex-
tracellular microenvironment must play an important role. We suggest that naive T cells
could be associated with facilitated access to ON but not the differentiated T cells. In our
case, most surviving cells are ON positive and this could indicate that elder terminal cells,
with limited ON access, die earlier than naive lymphocytes.

4. Materials and Methods
4.1. Antibodies

All antibodies were purchased at Becton-Dickinson Inmunocytometry Systems, San
Jose, CA 95131- USA. We employed the following: CD45 V500-C, REF: 653806; CD19
(SJ25C1) PeCy7, REF: 341113; CD20 (L27) V450, REF: 655872; CD56 (MY31) PE, REF: 34109;
CD3 (SK7) APC, REF: 345767, CD4 (RPA-T4) V450, REF: 560345; CD8 (SK1) FITC, REF:
345772; CD25 (M-A251) APC. REF: 555434; FoxP3 (259D/C7) PE. REF: 560046. Other prod-
ucts required for cell staining were: BD Via-Probe, REF: 555816; VersaLyse. Lising solu-
tion, REF: A09777; Buffer Human FoxP3 Buffer A (10x), REF: 51-9005450; Buffer Human
FoxP3uffer B (50x), REF: 51-9005450; Fixable Viability Stain 510 (FVS510). BV-510, REF:
564406; Lysing Buffer, REF: 555899; PharmingenStain Buffer (BSA), REF: 554657. BD
TRUCOUNT TUBES (REF: 342447, Becton-Dickinson) was used for cell counting.

4.2. Oligonucleotides (ONs)

All the oligonucleotides were purchased from Integrated DNA Technologies (Coral-
ville, IA USA) and modified as 2'-OMe-PS-ASO to increase their resistance to exo- and
endonucleases. For the first ON dose-response studies, we employed 3 different ONs (13-
, 17- and 20-mer) dyed with Cy5 with the following sequences: 13-mer, 5-TCGAAC-
GGACTCT-3"; 17-mer, 5-TCGAATCCGAGGACTCT-3"; 20-mer, 5-TCGAATTGAC-
CGAGGACTCT-3". The long-term study of ON access into cells was carried out with a
FITC dyed 20-mer scrambled ON with the following sequence: 5-TCGAATTGACCGAG-
GACTCT-3". To study the Foxp3 expression activity, ON sequences were the same as FITC
labeled scramble ON but without dye: scramble ON: 5-TCGAATTGACCGAGGACTCT-
3" (20 bp).

4.3. ON Dose-Response Study in Human Whole Blood

Three oligonucleotides (ONs) of 13-, 17- and 20-mer length 2'-OMe-PS-ASOs, labeled
with cyanine-5 (Cy-5) were employed to determine the optimal ON size and concentration
mediating the highest fluorescence without toxicity. Labeled ONs of either 13-, 17- or 20-
mer were incubated independently at concentrations of 0.2, 0.5, 1, 2, 4, and 10 pM at 37 °C
for 10, 20, 40, and 90 min in human whole blood (n: 6). At each time and for each cell
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concentration, 50 uL cell suspension was taken, properly dissolved in phosphate buffer
saline (PBS pH 7.4), and analyzed by means of flow cytometry to measure the relative
fluorescence (as Fl/cell) in CD45+ cells. A Gallios cytometer (Beckman Coulter, Brea, CA,
USA) was used in these analyses.

4.4. Comparative Study of Culture Medium Survival

Blood samples were collected from healthy donors for 2 h prior to beginning the pro-
tocol in heparin-lithium tubes. 2.5 mL blood was centrifuged at 1500x g for 10 min. 750 pL
of plasma was collected and blood cells were resuspended with 2.5 mL of DMEM (n: 3;
Dulbecco’s Modified Eagle Medium, Lonza, Morristown, NJ, USA) or RPMI (n: 3; Roswell
Park Memorial Institute Medium, Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
medium containing 25% of own plasma and 1% penicillin-streptomycin mix (Lonza, NJ,
USA). The first analysis of cell viability was performed on a 200 uL sample at time 0 by
flow cytometry. The remaining blood with DMEM or RPMI was maintained in culture at
37 °C and 5% CO2 for 7 days. Samples were collected at 1 h, 1 day, 2 days, 3 days, 4 days,
and 7 days and washed twice, then the viability of CD45+ (leukocytes) cells was deter-
mined by flow cytometry employing the 7 AAD test. Cell types were identified by size
and morphology with Side and Forward Scattering analyses in a BD FACS Canto II Flow
Cytometer (Becton-Dickinson Immunocytometry Systems, CA, USA) and BD FACS Diva
software (Becton Dickinson, CA, USA) as follows: Collect 100 pL of the sample, add mon-
oclonal antibodies, vortex briefly and incubate for 20 min in darkness. Then, 1 mL of
Versalyse lysing buffer was added, vortexed immediately for 1 s, and incubated for 10
min at room temperature in darkness. The sample was washed with PBS twice, resus-
pended with 500 uL of PBS, and 100 pL was added to a Tru Count tube, and analyzed.

4.5. Intracellular Location of FITC-ON Fluorescence by Fluorescence Microscopy

FITC-dyed 20-mer ON was added to two independent 3 mL blood samples from a
0.5 uM final concentration. It was incubated for 30 min at 37 °C. Then, it was centrifuged
at 1500x g for 10 min, the plasma was removed and we collected the leucocyte white layer,
which was added to a microscope slide and extended. After it dried, a drop of DAPI so-
lution (1 mg/mL, Thermo Fisher Scientific, MA, USA) was added and it was observed
under a Nikon Eclipse 50i fluorescence microscope (Nikon Instruments, Melville, NY,
USA).

4.6. ON Uptake Kinetics in Human Whole Blood

During the two hours prior to beginning the experiment, 5 mL blood samples from
healthy donors (n: 4) were collected in heparin-lithium tubes. Each sample was centri-
fuged at 1500x g for 5 min and plasma was separated from cells and preserved. Cells pellet
was resuspended with 1 mL DMEM with 25% human plasma (DMEM+P) obtained after
blood centrifugation. This blood with DMEM was treated with the 20-mer FITC-fluores-
cent oligonucleotide at a 4 pM final concentration. The mix was incubated at 37 °C and 20
uL and samples were collected at different time points (0, 15/, 30, 45’ and 1 h), diluted in
280 uL DMEM solution containing 7A AD and the pool of antibodies required for cell sub-
type differentiation. Samples were incubated for 5 min in darkness, and red cells were
lysed and washed. Cells were resuspended in PBS, added to a Tru Count tube, and ana-
lyzed by flow cytometry. After 1 h, the remaining sample was washed twice with DMEM
to remove the oligonucleotide. The cell pellet was resuspended with DMEM + human
plasma (25%) and antibiotics (penicillin-streptomycin, 1%) and incubated at 37 °C and 5%
CO2 to repeat the antibody-staining and flow cytometry in 20 uL samples collected 1, 2, 3,
4 and 7 days after the treatment with the oligonucleotide, as previously described. To dis-
card the ON fluorescence that could be present within its membrane outside the cell, it
was quenched with Trypan blue 0.4% (Thermo Fisher Scientific, MA, USA). Trypan blue
0.4% was added to the sample to a final 1:3 ratio (TB:sample) to quench the extracellular
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green fluorescence and be able to identify the FITC-positive cells that had internalized the
ON¥. Their intracellular fluorescence intensity per cell (n: 4) was also quantified by flow
cytometry as above described.

4.7. Determination of ON* Access to CD4 and CD8 T Cells According to Their Foxp3
Expression

CD4 and CD8 regulatory T cells expression of Foxp3 and the access of FITC-ON to
these cells were analyzed by flow cytometry. Samples (n: 2) were treated with scramble
FITC-oligonucleotide at 4 uM as above described. These samples were incubated for 1 h
at 37 °C and 5% COxz. Then, a 20 pL sample was collected and diluted with 280 uL. DMEM.
Red cells were lysed and the mixture was washed twice. Then cells were stained with FVS
dye to determine their viability and washed twice again. After that, cells were stained
with CD3, CD4, CD8, and CD25 antibodies and incubated for 20 min at room temperature
in darkness. Since foxp3 is expressed intracellularly, cells had to be fixed and permea-
bilized. Thus, after washing, the cells were resuspended in wash buffer and specific fixa-
tive buffer (Human Foxp3 Buffer A) and incubated for 10 min at room temperature in the
dark. Then, after a new wash step, cells were permeabilized with buffer and incubated for
30 min at RT in darkness. After new washes, the anti-Foxp3 antibody was added at rec-
ommended concentration and incubated for 30 min at RT in the dark. After a new wash
step, cells were resuspended with buffer and added to Tru Count Tube to be analyzed by
flow cytometry to observe the distribution of cells population regarding their expression
of Foxp3 and its effect on ON* access to cells. Other 5 blood samples were treated with
scramble not labeled ON for 1 h, then, were washed twice with DMEM and after that, the
cell pellet was resuspended with DMEM + plasma (25%) + antibiotics (penicillin-strepto-
mycin, 1%) and incubated under the same conditions. Samples were collected 2, 4, and 7
days after ON treatment and analyzed following the same protocol as 1 h sample to eval-
uate the population distribution according to their expression of Foxp3 and the evolution
of this process along time.

4.8. Statistical Analysis

Cells transfection and fluorescence intensities of different types of PBMCs were com-
pared by ONE-WAY ANOVA and Bonferroni post-test, performed on Graphpad Prism
v.05 software.

5. Conclusions

Our results contribute to increasing the knowledge about ON access to PBMCs aim-
ing to optimize their use as therapeutic agents and modulate their application based on
their cellular and molecular targets. The access of scramble oligonucleotides with similar
characteristics to those employed in therapeutics to PBMCs show different kinetics among
the types of leukocytes (monocytes = neutrophils > lymphocytes) and their maximum en-
try levels (% of ON+ cells after quenching) were achieved at markedly different time
points: 1 h and 7 days, respectively. The fluorescence intensity per cell showed the same
behavior during the study period, being the maximum achieved in neutrophils (4d) and
monocytes (1d) up to 5- and 11-fold higher than the observed in lymphocytes (7d), respec-
tively. Although ON* could access most of PBMCs, there was a subpopulation (20%) of
lymphocytes that appeared as refractory to their entry during the entire period of study.
The population of regulatory CD4+ and CD8+ T cells presented an equivalent rate of ON*
uptake and could be classified by flow cytometry as low and high Foxp3 expressers. The
evaluation of this nuclear factor expression could have diagnostic value and serve to mon-
itor the therapeutic target.
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