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Article 

Investigation of the Activity of LNA-Modified 
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Aleksandr Agaphonov and Natalya Gashnikova 

State Research Center of Virology and Biotechnology VECTOR, Russia 
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Abstract: This study investigated the antiretroviral efficacy, toxicity profile, and cellular uptake of 

LNA-modified oligonucleotides within an in vitro HIV infection model. Phosphorothioate (PS) 

oligonucleotides, designed to bind conserved regions of the HIV-1 genome, were modified at the 3′ 

and/or 5′ ends with LNA nucleotides. The antiviral properties of oligonucleotides against HIV-1 

subtype A6 were evaluated using human MT-4 cell cultures. The antiretroviral activity of LNA-

oligonucleotides against HIV-1 has been established. Variations in the 50% inhibitory viral 

reproductive dose (IC50) values among the oligonucleotides were observed, depending upon both 

the target and the incorporated LNA modification. The optimal IC50 values (90 ± 10 nM) were 

achieved using a PS oligonucleotide lacking LNA modifications, which targeted the HIV-1 integrase-

encoding genomic region. Optimal IC50 values (90 ± 10 nM) were achieved using a PS oligonucleotide 

lacking LNA modifications, which targeted the HIV-1 integrase-encoding genomic region. Optimal 

HIV inhibitory action among LNA constructs was observed in an oligonucleotide with a 5′-end LNA 

modification targeting the HIV integrase region (IC50 = 1.12 ± 0.03 μM). The introduction of LNA 

modifications to PS oligonucleotides failed to enhance antiviral activity, as demonstrated by IC50 

values revealing significant in vitro HIV-1 inhibitory capacity. The internalization of oligonucleotides 

demonstrating optimal IC50 values was investigated via flow cytometry and imaging techniques. 

The PS modification has been demonstrated to exhibit the highest penetration efficiency. The 

characteristic features included low toxicity (maintaining >92% viable cells after 48 hours of culture), 

high cytoplasmic membrane sorption capacity (approximately 12% FAM+ cells after 48 hours), high 

penetration efficiency (approximately 98% FAM+ cells showing cytoplasmic signal), and elevated 

internalization and entropy ratios. 

Keywords: HIV infection; modified oligonucleotides; phosphothioate modification;  

LNA-modification; antiretroviral activity of modified oligonucleotides; cellular internalization 

 

1. Introduction 

The maximization of antiretroviral therapy (ART) treatment coverage for HIV-positive 

individuals has demonstrably enhanced both life expectancy and quality of life [1]. Although ART 

effectively reduces HIV-1 replication in humans to undetectable levels, viral latency necessitates 

continuous lifelong treatment [2,3]. An unavoidable consequence of this treatment is the emergence 

and dissemination of drug-resistant strains. For example, resistance to dolutegravir, specifically 

primary resistance, has been reported to range from 3.9% to 8.6%, increasing to 19.6% in individuals 

with a history of ART [4]. Another significant issue is the low rate of treatment adherence, especially 

within the youth population [5]. Resistance and low adherence, both independently and 

synergistically, may accelerate disease progression and restrict subsequent ART options [6]. 

Innovative therapeutic strategies could mitigate the adverse effects of ineffective treatment on disease 

progression in patients exhibiting primary resistance or poor adherence. Thus, the imperative is to 

research and develop drugs with new mechanisms of action against HIV. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2025 doi:10.20944/preprints202506.1545.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1545.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 18 

 

A potential therapeutic avenue for HIV infection involves the application of therapeutic 

oligonucleotides, a class of molecules with established efficacy in treating both hereditary and 

infectious diseases [7–12]. Antisense oligonucleotides continue to be investigated as a promising class 

of ARTs. Some of them have already been in the clinical trial phase. Illustrative examples include 

Gem92 (targeting the gag gene region), AR177 (a pol gene fragment encoding integrase), and GPs0193 

(targeting the tat gene region) [13]. 

The mechanism of action of antisense oligonucleotides is based on blocking the translation of 

key viral proteins or degradation of target RNA and DNA molecules through activation of cellular 

nucleases such as RNase H [14], blocking the stereochemical interaction between HIV reverse 

transcriptase and genomic RNA [15], and inhibiting the process of reading viral mRNA matrix by the 

ribosome during translation [16]. 

The efficiency of antisense oligonucleotides is, in parallel, dependent on their ability to overcome 

various biological barriers, such as the cell membrane, endosomal retention, and nuclease activity 

(Figure 1) [17]. 

 

Figure 1. Membrane and intracellular transport of antisense oligonucleotides exhibiting thiophosphate and/or 

BNA/LNA modification. 

Oligonucleotide-target interaction efficiency is enhanced through the incorporation of several 

chemical modifications. 

Phosphorothioate (PS) modification is known to enhance oligonucleotide cellular uptake 

without exogenous agents or stimuli while simultaneously augmenting RNase H activity and 

exhibiting nuclease resistance [18,19]. Locked nucleic acid (LNA)-modifications are nucleotides in 

which the deoxyribose is modified by an additional bridge connecting a 2′-oxygen group to a carbon 

in the sugar moiety. The resulting fixed conformation leads to a higher melting point, thus enhancing 

resistance to denaturation and nuclease-mediated degradation [20]. LNA-modification of 

oligonucleotides has been reported to increase the efficiency of inhibition of virus reproduction due 

to increased stability of DNA duplexes and increased affinity to target sequences [16,21–25]. The 

nuclear and cytoplasmic accumulation of LNA-oligonucleotides mediates the degradation of HIV 

RNA and DNA, which incorporate complementary antisense oligonucleotide target sequences. 

This study aimed to comparatively assess cellular internalization and the in vitro ability of 

PS/LNA-modified or just PS oligonucleotides to inhibit HIV-1 replication. The antiviral properties of 

oligonucleotides were examined in human lymphoid cells infected with HIV-1 subtype A6, the 
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prevalent strain in the Russian HIV epidemic [26]. In addition, we evaluated the internalization 

efficiency of different chemical modifications of oligonucleotides in a comparative aspect. 

2. Materials and Methods 

Cell Culture 

This work used immortalized laboratory MT-4 cell culture representing T-cell leukemia cells 

sourced from the NIH-ARP program. The cultivation of MT-4 cells was conducted using RPMI-1640 

medium (Servicebio, China) supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-

glutamine, and 20 μg/mL gentamicin in a sealed culture dish within a 37 °C, 5% CO2 incubator. The 

seed concentration was 350,000 cells per 1 ml of medium. 

Viral Material 

The HIV-1 subtype A6 strain, characterized by a rapid/high replication phenotype and 

significant cytopathic effect, resulted in >90% cell death by day 5. The virus was pre-inoculated on 

MT-4 cell culture. The infectious virus was harvested on day five of cultivation. HIV p24 

concentration in viral fluids was quantified, and oligonucleotide activity was assessed using an 

ELISA method (HIV-1 p24-antigen-ELISA-BEST kit; Vector-Best, Russia), following the 

manufacturer’s protocol. Reed-Muench methodology [27] was used to determine the tissue culture 

infectious dose (TCID50) of the virus. 

Study of Antiviral Activity 

Immediately before the assay, oligonucleotides were serially diluted, starting at a concentration 

of 10 μM and progressing in threefold increments. Three independent oligonucleotide dilution series 

were added to a 96-well plate previously seeded with cells. Oligonucleotides were incubated with 

MT-4 cells for 2 hours before HIV-1 introduction. Post-incubation, a constant dose of virus equivalent 

to 300 TCID50 was administered to the cell culture. The incubation with the virus was performed for 

5 days in a CO2 incubator at 37 °C and 5% СО2. Upon completion of viral incubation with 

oligonucleotides, culture media samples were analyzed for p24 protein using enzyme-linked 

immunosorbent assay (ELISA). Three independent experimental runs yielded results that were 

subsequently compiled and analyzed. The values presented in the article are expressed as the mean 

± standard deviation. 

Imaging Flow Cytometry 

The incubation of MT-4 cells with oligonucleotides was performed by adding the preparations 

to the nutrient medium to the final concentration. Incubation proceeded continuously throughout the 

experiment, with flow cytometry sampling performed at 1, 4, 12, 24, 36, and 48 hours. The culture 

medium contained the indicated concentration of oligonucleotides throughout the incubation period. 

Cellular oligonucleotide uptake was assessed using flow cytometry on the Amnis FlowSight platform 

(Cytek® Biosciences, USA). 

A 488 nm laser with a wavelength of 60 mW was used to excite the oligonucleotide-conjugated 

fluorescent tag FAM, the viable PI dye, and light-field imaging (optical filters 532/55, 610/30, and 

457/45, respectively). Images were acquired at a total magnification of 20× (numerical lens aperture = 

0.6) and a pixel size of 1 × 1 μm. A 488 nm laser with a wavelength of 60 mW was used to excite the 

oligonucleotide-conjugated fluorescent tag FAM, the viable PI dye, and light-field imaging (optical 

filters 532/55, 610/30, and 457/45, respectively). The images were captured at 20x magnification 

(numerical aperture, 0.6) and a pixel resolution of 1 μm x 1 μm. 

Fluorescence intensity measurements, both intra- and extra-cytoplasmic, were facilitated by the 

creation of cytoplasmic and membrane masks. The cytoplasmic mask was generated from a light-

field image using the Adaptive Erode parameter (M01, BF, 67). The membrane mask comprised the 
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parameters of the complete object mask derived from the light-field imaging channel, excluding the 

cytoplasm mask (Object(M01, BF, Tight) And Not AdaptiveErode(M01, BF, 67)). 

Several new parameters, based on pre-existing and user-specified masks, have been introduced 

in the IDEAS 6.2 software. An Internalization parameter derived from the “Internalization” algorithm 

facilitated the determination of the internalization coefficient (IC). The second custom parameter, 

Entropy_1, incorporated a base Shannon entropy parameter with a granularity of 1 within the 

cytoplasm mask. 

Statictical Analysis 

The normality of data distribution was evaluated using the Shapiro-Wilk test. The homogeneity 

of variance was evaluated using the Levene’s test. Quantitative data (most parameters) were 

summarized using the mean and standard deviation, while qualitative parameters (% viable cells) 

were described by the median and 95% confidence interval (95% CI). 

The significance of variations between comparison groups was determined using ANOVA, with 

Fisher’s criterion (F-criterion) indicated. Differences between individual oligonucleotide 

modifications were analyzed using a one-way analysis of variance, with subsequent pairwise 

comparisons employing the Tukey honestly significant difference (HSD) test to adjust for multiple 

comparisons. The effect size was calculated using omega-squared (ω²), which denotes the proportion 

of trait variability accounted for by differences between modifications. 

Within each modification, the influence of incubation time on the measured characteristics was 

evaluated using repeated-measures analysis of variance. 

Pairwise comparisons of time points were conducted using paired t-tests, with the Benjamin-

Hochberg correction applied to adjust for multiple comparisons. To determine the effect of time, a 

generalized eta-squared (η²G) analysis was conducted. This metric represents the proportion of trait 

variance attributable to the time factor while controlling for both intra-group and inter-individual 

replicate variation. 

Across all the comparisons, a p-value of less than 0.05 indicated statistical significance. 

Statistical analysis was performed using the R programming language (v. 4.3.0, R Development 

Core Team, 2012; Vienna, Austria). The data were visualized using GraphPad Prism software version 

10.0.0 (GraphPad Software, Boston, Massachusetts, USA). 

3. Results 

3.1. Oligonucleotide Design 

For oligonucleotide targeting, we selected highly conserved sequences in the HIV-1 genome that 

are vital for the virus replication. These sequences are located in the primer-binding site region (PbS, 

involved in cDNA synthesis during reverse transcription), in the pol gene (Int, a gene fragment 

encoding a virus integrase that is responsible for integrating proviral DNA into the host cell genome), 

and in the HIV-1 gag gene (Gag, encoding capsid proteins; Figure 2). 
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Figure 2. Scheme of the HIV-1 HXB2 genome showing custom oligonucleotide target sites. 

Our earlier work examining the internalization of oligonucleotides, modified and unmodified, 

showed phosphorothioate modification to be advantageous, a conclusion consistent with 

independent research [28–30]. Additionally, oligonucleotides containing LNA at both ends of the 

sequence have been previously shown to function as potent inhibitors of HIV-1 expression in cell 

culture [16], and this modification has been suggested to be highly promising [31]. 

This study evaluated the antiviral properties of phosphorothioate-modified (PS) 

oligonucleotides, incorporating locked nucleic acid (LNA) modifications at either or both the 3′ and 

5′ ends. PS oligonucleotides similar to the target oligonucleotides without the LNA modification were 

used as controls. Table 1 presents a summary of the oligonucleotide derivative structures utilized in 

this study. Each compound underwent an evaluation of its antiretroviral activity, determining the 

half-maximal inhibitory concentration (IC50). 

Table 1. Sequences of oligonucleotides investigated in this work. 

Oligonucleotide Sequence (5′–3′) 

Oligonucleotide derivatives targeting a conserved region of the HIV-1 genome in the primer-

binding site region 

PbS GSTSCSCSCSTSGSTSTSCSGSGSGSCSGSCSCSASCST 

PbS_3′-LNA GSTSCSCSCSTSGSTSTSCSGSGSGSCSGLCLCLALCLT 

PbS_5′-LNA LGLTLCLCLCTSGSTSTSCSGSGSGSCSGSCSCSASCST 

PbS_5′/3′-LNA LGLTLCLCLCTSGSTSTSCSGSGSGSCSGLCLCLALCLT 

Oligonucleotide derivatives targeting a conserved region encoding HIV-1 integrase 

Int CSTSTSGSASCSTSTSTSGSGSGSGSASTSTSGSTSASGSGSG 

Int_3′-LNA CSTSTSGSASCSTSTSTSGSGSGSGSASTSTSGLTLALGLGLG 

Int_5′-LNA LCLTLTLGLACSTSTSTSGSGSGSGSASTSTSGSTSASGSGSG 

Int_5′/3′-LNA LCLTLTLGLACSTSTSTSGSGSGSGSASTSTSG+T+A+G+G+G 

Oligonucleotide derivatives targeting a conserved region of the HIV-1 gag gene 

Gag TSCSGSCSASCSCSCSASTSCSTSCSTSCSTSCSCSTST 

Gag_3′-LNA TSCSGSCSASCSCSCSASTSCSTSCSTSCLTLCLCLTLT 

Gag_5′-LNA LTLCLGLCLACSCSCSASTSCSTSCSTSCSTSCSCSTST 

Gag_5′/3′-LNA LTLCLGLCLACSCSCSASTSCSTSCSTSCLTLCLCLTLT 

Oligonucleotide derivatives used for the investigation of cellular internalization capacity 

FAM-Int [FAM]-CSTSTSGSASCSTSTSTSGSGSGSGSASTSTSGSTSASGSGSG 

FAM-Int_3′-LNA [FAM]-CSTSTSGSASCSTSTSTSGSGSGSGSASTSTSGLTLALGLGLG 

FAM-Int_5′-LNA [FAM]-LCLTLTLGLACSTSTSTSGSGSGSGSASTSTSGSTSASGSGSG 

FAM-Int_5′/3′-LNA 
[FAM]-

LCLTLTLGLACSTSTSTSGSGSGSGSASTSTSG+T+A+G+G+G 

Notes: S indicates the PS modification; L indicates the LNA modification; [FAM] indicates the fluorochrome tag, 

6-carboxyfluorescein dye residue. 

3.2. Study of Antiretroviral Activity 

The antiviral efficacy of the oligonucleotides against HIV-1 strain subtype A6 was assessed using 

MT-4 cell suspension cultures, as detailed in the methodology section. Table 2 summarizes the 

specific oligonucleotide concentration at which there is a 50% suppression of HIV-1 reproduction in 

MT-4 cells. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 June 2025 doi:10.20944/preprints202506.1545.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1545.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 18 

 

Table 2. Data on the 50% concentration (IC50) determined for oligonucleotides inhibiting HIV-1 reproduction 5 

days after infection of human cells with MT-4 . 

Oligonucleotide IC50, μM 

PbS 0,45 ± 0,05 

PbS_3′-LNA 3,27 ± 0,14 

PbS_5′-LNA 3,37 ± 0,14 

PbS_5′/3′-LNA 13,98 ± 0,93 

Int 0,09 ± 0,01 

Int_3′-LNA 1,30 ± 0,03 

Int_5′-LNA 1,12 ± 0,03 

Int_5′/3′-LNA 11,75 ± 0,64 

Gag 0,15 ± 0,02 

Gag_3′-LNA 2,34 ± 0,07 

Gag_5′-LNA 2,11 ± 0,07 

Gag_5′/3′-LNA 15,80 ± 0,84 

The optimal IC50 values were achieved using a PS oligonucleotide targeting the HIV-1 pol gene 

region that encodes the viral integrase, with the IC50 determined to be 90 ± 1 nM. 

The LNA-modified oligonucleotides were found to exhibit antiretroviral activity in vitro at 

micromolar concentrations. The discrepancies in the activity between the target oligonucleotides with 

identical modifications are likely attributable to variations in target accessibility within the viral 

genome. Our results corroborate the observations of Jakobsen et al. [16] and Takahashi et al. [29], 

demonstrating comparable antiviral oligonucleotide efficacy against analogous targets in conserved 

HIV-1 regions at micromolar concentrations (IC50). 

The data analysis demonstrated that the observed differences in IC50 values were specific to 

oligonucleotides featuring LNA modifications. Regardless of 3′- or 5′-terminal LNA modification 

placement within the nucleotide sequence, antiviral activity among the tested oligonucleotides 

remained largely unaffected, with unmodified PS oligonucleotides demonstrating the highest HIV 

suppression. 

An in-depth analysis of oligonucleotide cellular internalization was performed to determine the 

ability of the construct to enter cells. 

3.3. Study of Oligonucleotide Internalization 

When performing fluorescence analysis of cell populations, viable and necrotic cells were 

differentiated since damage to the cytoplasmic membrane in dead cells leads to nonspecific binding 

of fluorescent probes and may also be accompanied by an increased level of autofluorescence. 

The issue mentioned above was addressed using propidium iodide, a viability marker with the 

property of penetrating only cells with compromised membranes to stain their DNA. Figure 3 

illustrates the cell viability assessment results as a function of oligonucleotide modification. 
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Figure 3. Cell viability of MT-4 culture cells upon the addition of oligonucleotides. (A) a graph showing cell 

viability as a function of added oligonucleotide modification or lack thereof (control) and time; (B) the 

population of live and dead cells in the control sample after one hour of culturing; (C) the population of live cells 
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in the sample containing 5′-LNA oligonucleotide; (D) the population of live cells in the sample containing the 3′-

LNA oligonucleotide; (E) the images of live cells with no signal in the PI channel; (F) the images of dead cells 

with the fluorescent signal from PI. The images used in this analysis were obtained from MT4 fixed cells using 

imaging flow cytometry (Cytek® Amnis® Flow Sight). The cells were stained with AOS-FAM and PI to assess 

cell viability. Fluorescence was excited using a 488 nm laser with a power of 60 mW. The green fluorescence 

from FAM was detected in the second channel using a 532/55 nm filter, while the red fluorescence from PI was 

detected in the third channel using a 577/35 nm filter. The images were captured at a total magnification of 20× 

(lens numerical aperture = 0.6), with a pixel size of 1 × 1 µm. 

In most of the samples containing modified oligonucleotides, cell viability values did not show 

statistically significant deviations from the control group during most of the experimental period. A 

notable exception was the 5′-LNA modification, which significantly impaired viability. Following a 

60-minute incubation period, viability was measured at 88.6 ± 1.74% (Figure 1C), subsequently 

declining to 83.27 ± 3.16% after 4 hours (η² = 0.84) and partially recovering to 89.8 ± 0.54% by 48 hours 

(p = 0.338). No statistically significant variations (p>0.05) were observed in the 5′-LNA-modified 

group, with viability decreasing steadily, unlike the control (p<0.001) and other modified samples 

(p<0.001 for all pairwise comparisons). The absence of full viability restoration by 48 hours could 

indicate a potential effect of this modification on cellular metabolism. 

Cell viability following single-end 3′-LNA modification exhibited no significant difference from 

the control. At the one-hour mark, viability measured 95.39 ± 0.53% (Figure 3D), declining to 92.44 ± 

0.41% by 48 hours. Although statistically significant temporal changes were observed (p = 0.004), the 

reduction in viability was not significantly greater than that of the control group (p = 0.393), 

suggesting a lack of specific cytotoxic effects from the 3′-LNA modification. 

The penetration study determined the percentage of cells that internalized oligonucleotides, 

both at the membrane and within the cytoplasm (Figure 4), and the proportion of events exhibiting 

cytoplasmic signal from labeled nucleotides (sample internalization, see Figure 5) [32,33]. 
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Figure 4. Absorption of antisense oligonucleotides by MT-4 cells: (A) a graph of the dependence of the number 

of viable cells on the used modification and cultivation time, with the median value indicated; tendrils show the 

error range of the mean; (B) the demonstration of the cells from populations with and without FAM+ signal. The 

images used in this analysis were obtained from MT4 fixed cells using imaging flow cytometry (Cytek® Amnis® 

Flow Sight). The cells were stained with AOS-FAM and PI to assess cell viability. Fluorescence was excited using 

a 488 nm laser with a power of 60 mW. The green fluorescence from FAM was detected in the second channel 

using a 532/55 nm filter, while the red fluorescence from PI was detected in the third channel using a 577/35 nm 

filter. The images were captured at a total magnification of 20× (lens numerical aperture = 0.6), with a pixel size 

of 1 × 1 µm. 
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The experimental data obtained demonstrate the ability of all the chemical modifications of 

oligonucleotides under study to interact with the cell surface. However, their efficiency was found to 

be significantly different depending on the place of modification introduction. The statistical analysis 

using the F-criterion revealed significant differences between groups (p <0.001), and the effect size 

(ω² = 0.95 –0.99) confirms that the chemical structure of oligonucleotides is a key factor determining 

their ability for cellular uptake. 

The PS-modified sample (Int) exhibited the greatest absorption efficiency. Following a 1-hour 

incubation period, no statistically significant difference in absorbance was observed between the 

unmodified oligonucleotide (Int) and the symmetrically 5′-3′ LNA-modified oligonucleotide (p = 

0.53). However, statistically significant differences (p <0.001) were detected when comparing the 

unmodified oligonucleotide (Int) with the terminally modified LNA variants (5′-LNA and 3′-LNA). 

During this period, the proportion of cells binding Int was 2.72 ± 0.243%, while the corresponding 

values for 5′3′-LNA, 3′-LNA, and 5′-LNA were 2.44 ± 0.374%, 1.3 ± 0.051%, and 1.62 ± 0.163%, 

respectively. 

A four-hour incubation period revealed a statistically significant enhancement of the effects of 

thiophosphate modification (p < 0.001 for all comparisons). The observed hierarchy of uptake 

efficiency was Int > 5′3′LNA > 5′LNA > 3′LNA, indicating that the position of the LNA modification 

plays a critical role. The symmetrical arrangement (5′3′-LNA) may provide superior interaction 

stability within the cytoplasmic membrane and/or increased intracellular stability. 

Nonetheless, the paramount metric for evaluating oligonucleotide efficacy is their capacity for 

cytoplasmic penetration, namely, internalization. Figure 5 presents the quantification of cytoplasm-

localized, oligonucleotide-signaling cells. 
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Figure 5. Evaluation of the penetration of antisense oligonucleotides of different modifications into the 

cytoplasm of MT-4 cells over time: (A) the fraction of cells with intracellular FAM signal; (B) visualization of 

cellular populations exhibiting FAM signal both at the cell membrane and within the cytoplasm. The images 

used in this analysis were obtained from MT4 fixed cells using imaging flow cytometry (Cytek® Amnis® Flow 

Sight). The cells were stained with AOS-FAM and PI to assess cell viability. Fluorescence was excited using a 

488 nm laser with a power of 60 mW. The green fluorescence from FAM was detected in the second channel 

using a 532/55 nm filter, while the red fluorescence from PI was detected in the third channel using a 577/35 nm 

filter. The images were captured at a total magnification of 20× (lens numerical aperture = 0.6), with a pixel size 

of 1 × 1 µm; C – the value of the internalization coefficient depends on the modification used and the time. 

The data obtained demonstrate that all the tested oligonucleotide modifications, phosphothioate 

(Int) and LNA modification (5′3′-LNA, 5′-LNA, 3′-LNA), efficiently penetrated into the cell 

cytoplasm, as evidenced by the proportion of FAM+ cells exceeding 90% at the sampling time points. 

However, the statistical analysis revealed significant intergroup differences (p < 0.05), confirming the 

influence of chemical structure on uptake efficiency and intracellular stability. 

Optimal results were observed with PS modification (Int), demonstrating FAM+ cell proportions 

between 92.41 ± 0.252% and 95.53 ± 0.719% throughout the incubation period (1–24 hours), with 

negligible variation between replicates. This observation suggests substantial resistance to 

degradation and stable interaction with cellular membranes. 

No statistically significant difference (p > 0.05) in efficacy was observed between the symmetric 

LNA modification (5′3′-LNA) and Int within the first 12 hours of cultivation. However, by 24 hours, 

the difference reached statistical significance (p < 0.05), although the absolute difference was only 2–

5%. A similar dynamics was observed for the LNA modification at the 5′-end. 

The 3′-LNA modification exhibited the lowest efficiency, demonstrating a significantly reduced 

proportion of FAM+ cells and increased inter-replicate variability. This may result from the expedited 

degradation of oligonucleotides within endosomes, a process mediated by exonucleases. 

Oligonucleotide penetration efficiency in MT-4 cells was assessed using two parameters: the 

median internalization coefficient (IC), representing the intracellular oligonucleotide fraction relative 

to surface-bound molecules, and entropy, reflecting uniform intracellular distribution (Figure 4С). 

Statistical comparisons excluded control samples exhibiting a minimal FAM+ cell population 

(≤0.003%). 

The PS modification (Int) yielded maximal intercellular communication values at all cultivation 

phases. Within the initial 24-hour period, no statistically significant differences (p > 0.05) were 

observed between Int, 5′-LNA, and 5′3′-LNA, with the exception of the 12-hour mark. At this point, 

the IC for Int (2.59 ± 0.01) exhibited significantly higher values than that of 5′-LNA (2.22 ± 0.105; p = 

0.009). Within 48 hours, the Int advantage had become clearly evident. The effect size (ω² = 0.6-0.96) 

confirmed that it was the type of modification that caused the differences. 

A comparative study of LNA variants demonstrated a correlation between internalization and 

the location of modification. Following up to 36 hours of cell culture, no statistically significant 

difference was observed between 3’ LNA and 5’ LNA or 5’/3’ LNA (p > 0.05). Nevertheless, a 

significant decrease in IC was observed by 48 hours (p < 0.001), while 5′3′-LNA and 5′-LNA exhibited 

stable ratios of 2.42 ± 0.072 and 2.61 ± 0.039, respectively. 

Cellular uptake of oligonucleotides is a necessary, yet insufficient, prerequisite for functional 

efficacy. To bind to viral nucleic acids, oligonucleotides must evade degradation within endosomes, 

subsequently traversing the cytoplasm and karyoplasm to reach their primary targets (Figure 2). A 

key factor in their effectiveness is their ability to be uniformly distributed intracellularly, which 

determines their availability for interaction with target nucleic acids. 

The spatial distribution of compounds was quantified using the Shannon entropy parameter, 

derived from FAM fluorescence intensities within a composite mask encompassing both cytoplasmic 

and FAM fluorescence channel regions (Figure 6). The degree of molecular dispersal is reflected by 
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entropy, with higher values signifying uniform diffusion and lower values indicating aggregation or 

localized accumulation. 

 

Figure 6. Results of the study of the entropy of antisense oligonucleotides in the cell cytoplasm: (A) average 

entropy value with average error depending on modification and cultivation time; (B) demonstration of the 

distribution of the FAM signal conjugated with oligonucleotides in the cytoplasm of cells with high and low 

entropy. The images used in this analysis were obtained from MT4 fixed cells using imaging flow cytometry 

(Cytek® Amnis® Flow Sight). The cells were stained with AOS-FAM and PI to assess cell viability. Fluorescence 

was excited using a 488 nm laser with a power of 60 mW. The green fluorescence from FAM was detected in the 

second channel using a 532/55 nm filter, while the red fluorescence from PI was detected in the third channel 
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using a 577/35 nm filter. The images were captured at a total magnification of 20× (lens numerical aperture = 0.6), 

with a pixel size of 1 × 1 µm. 

The findings indicate a consistent cytoplasmic distribution of all oligonucleotides within the 

cells, with mean values being in the range of ≥5 throughout the cultivation period. The sample 

modified with 5′3′-LNA displayed peak entropy within the 1- to 36-hour cultivation timeframe. 

Following a 48-hour culture period, thiophosphate and 5′-LNA modification levels exceeded those 

observed in the sample with 5′3′-LNA modification (5.18 ± 0.008 and 5.16 ± 0.006, respectively). 

However, these discrepancies were not statistically significant (p = 0.948 and p = 0.841). 

4. Discussion 

This study assessed the antiretroviral efficacy and cellular uptake of phosphorothioate 

oligonucleotides incorporating LNA modifications at the 3′- and/or 5′-ends of the nucleotide 

sequence. The rationale for these modifications was based on their established properties: enhanced 

resistance to nucleolytic degradation owing to the substitution of oxygen by sulfur within the 

phosphodiester bond [16], improved target hybridization attributable to the conformational rigidity 

of LNA [34], and diminished negative charge, thereby promoting interaction with the cell membrane 

and endocytosis [30]. 

The assessment of antiretroviral activity was conducted using infectious HIV-1 subtype A6 

strains, with IC50 values determined. The most effective IC50 values were determined for a PS 

oligonucleotide directed against the integrase-coding sequence within the HIV-1 pol gene. This 

modification was previously studied as an inhibitor of HIV-1 gp41-mediated fusion and viral entry 

[35], yet a comprehensive evaluation of its cellular penetration was lacking. In an analogous study 

[36], the authors employed thiophosphate oligonucleotides containing imidazole and an amine 

group. Although several sequence variants exhibited activity, cytoplasmic uptake was not examined. 

The LNA modification, however, failed to improve oligonucleotide-mediated inhibition of HIV 

replication. The antiviral activity of oligonucleotides was most significantly reduced by incorporating 

LNAs at both ends of the sequence, compared to PS modification. This may reflect a reduced capacity 

for cellular uptake. Juliano et al. (2016) reported similar findings, attributing the reduced 

transmembrane permeability of excessively modified molecules to steric hindrance and 

compromised ligand function [30]. Alternatively, some studies indicate a greater efficacy of LNA-

modified oligonucleotides when compared to unmodified antisense oligonucleotides and 

DNAzymes. Those studies, however, utilized a plasmid vector that included portions of the HIV 

genome instead of an infectious, competent isolate [16]. 

We investigated oligonucleotide cellular uptake via flow cytometry and imaging, quantifying 

absorption and penetration. Intracellular oligonucleotide distribution was characterized using the 

internalization coefficient (intracellular/membrane signal ratio) and entropy. 

Given the characteristics investigated, the PS modification (Int) proved to be the most effective, 

exhibiting low toxicity (cell viability >92% at 48 h), substantial cytoplasmic membrane sorption (≈12% 

FAM+ cells at 48 h), significant penetration (≈98% FAM+ cells with cytoplasmic signal), and high 

internalization and entropy ratios. 

When considering the LNA modification group, it is worth noting the advantages of single-end 

modification at the 5′-end and at both ends of the molecule, with similar characteristics to the PS 

modification in terms of internalization and entropy up to 24 hours of cultivation. However, they had 

fewer cells that absorbed oligonucleotides (3–6%) at the 48-hour culturing time point compared with 

PS (≈12%). The 3′-LNA modification exhibited enhanced toxicity and markedly reduced absorption 

and cellular penetration. The observed effect is likely due to the complex interaction with the cell 

membrane and decreased susceptibility to exonucleases initiating degradation from the 5′ end of the 

DNA molecule. Similar works investigating the antiretroviral activity of LNA-modified 

oligonucleotides have generally utilized modification at both ends of the molecule [37,38]. 
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5. Conclusions 

A comprehensive study of phosphorothioate oligonucleotides and PS oligonucleotides with 

additional introduction of LNA modification at the 3′- and/or 5′-ends of the nucleotide sequence in 

an in vitro model of HIV infection confirmed the ability of oligonucleotides at nanomolar 

concentrations to inhibit HIV-1 reproduction. This study demonstrated that LNA modifications in PS 

oligonucleotides did not enhance antiviral activity, providing a partial explanation for the observed 

intracellular oligonucleotide uptake patterns across various modifications. 

All the oligonucleotides under study were found to display minimal toxicity and significant 

cytoplasmic membrane permeability in human lymphoid cells. Furthermore, the internalization 

factor of the fluorescent signal from all oligonucleotides was demonstrated to exceed 2, indicating 

substantial intracellular penetration beyond adsorption to the cytoplasmic membrane surface. The 

uniform distribution of oligonucleotides within the cell cytoplasm, as described, confirms their ability 

to diffuse freely within cellular compartments, exhibiting marked resistance to endosomal nucleases 

and a uniform distribution throughout the cell’s interior, improving the probability of encountering 

their target HIV-1 RNA. 

The improved antiviral efficacy of phosphorothioate-modified oligonucleotides against HIV-1 

is likely attributable to their advantageous characteristics, as demonstrated across most aspects of our 

investigation. 

Our comparative analysis of modified oligonucleotide sets indicates that phosphorothioate 

oligonucleotides represent a highly promising approach to HIV-1 therapy, characterized by efficient 

cellular internalization and resistance to intracellular degradation. 
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