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ABSTRACT

Background: Reactive oxygen species (ROS) are
generated at physiological levels as a result of cellular
metabolism and contribute to cellular interaction
and immune response. Elevated ROS may cause
cell stress, damage, and apoptosis, and have been
detected in different pathological states of infectious
and non-infectious etiology.

Aim: To evaluate the association betweenintracellular
ROS in T-cell subsets and HIV VL in chronic HIV
infection.

Material and methods: Whole blood samples (Li-
heparin, n=33) were analyzed during routine immune
monitoring in two groups of HIV+ patients: A (n=21),
on continuous cART for at least 2y, with sustained
viral suppression (HIV VL<40 copies/ml) and group
B (n=12) on cART for less than 2y, average HIV VL
92330 c/ml. Percentage and absolute counts (AC)
of CD4+ and CD8+T cells were determined by flow
cytometry (Multitest, BD Trucount™ tubes, FACS
Canto Il). Fluorometric ROS assay kit (Sigma-Aldrich)
was adapted for flow cytometry analysis to detect
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intracellular ROS in CD4+ and CD8+ T-cells (FACSDiva
6.1.2).

Results: The average CD4AC did not differ significantly
between group A and B (714 vs. 568, p>0.05), unlike
the CD4/CD8 ratio (1.2 vs. 0.6, p<0.01). The mean
fluorescence intensity (MFI) of CD4+T intracellular
ROS was significantly lower in group A (mean MFI
1744 vs. 2492, p<0.05), unlike the CD8+T cell ROS
content (1753 vs. 2129, p>0.05). Noteworthy, CD4+T
intracellular ROS correlated positively with HIV VL
(R=0.5, p<0.05), unlike CD8+T ROS. On the other
hand, positive correlations between CD8+T ROS and
cART duration, as well as age (R=0.5, p<0.05 for both)
were observed in group A.

Conclusions: CD4+T ROS production may be an
indicator of residual HIV activity in the settings of
undetectable HIV VL. The combined effects of ageing
and long-term cART affect mostly the CD8+T cell
compartment.

Key words: HIV, ROS, immune recovery, antiretroviral
therapy

INTRODUCTION:

The existence of free radicals and their essential role
in biological systems was suggested for the first time
in 1954 by Commoner et al. (1). The free radicals
are small molecules, which exist independently and
at the same time contain one or more unpaired
electrons (2, 3), which is the reason for their strong
reactivity and a wide range of intra- and intercellular
interactions.

Reactive oxygen species (ROS) include free oxygen
radical species such as the hydroxyl radical (-OH),
and
radical forms and hydrogen peroxide (H,0,), which
are less reactive (4, 5). The largest source of ROS
is oxidative phosphorylation in mitochondria (6,
7). ROS have pleiotropic effects, modifying a wide
range of cellular functions and signal-transduction
pathways (6, 8) and contributing in particular to the
innate and adaptive immune response: initiation of
macrophages activation, antigen cross-presentation,
regulation of T-cell activation and functions (5, 9,
10). On the other hand, the increased formation of

superoxide anion (O,-) as well as non-

various ROS or the reduction of cellular antioxidant
capacity leads to ,oxidative stress”, which ultimately
causes apoptosis. This phenomenon is observed
in various pathologies with infectious and non-
infectious etiology, such as carcinogenesis (11,




DETERMINATION OF INTRACELLULAR REACTIVE OXYGEN SPECIES IN T-CELL SUBSET...

12), neurodegeneration (13, 14), atherosclerosis,
diabetes (15, 16) and aging (4, 17) or due to
exogenous factors including ultraviolet and gamma
radiation, smoke and other air pollutants, as well as
several drugs and chemicals (5).

The role of oxidative stress in HIV pathogenesis
has been addressed by studies
with somewhat Reduced
antioxidant capacity due to depletion of glutathione
(GSH) in plasma, lymphocytes, monocytes and
lung epithelial cells was described in HIV-infection.
Thioredoxin (TRX) was found depleted in lymph
node dendritic cells but elevated in the plasma
of HIV-infected patients; reduced superoxide
dismutase (SOD) levels in plasma and monocytes
and H,0, production in monocytes were associated
with high HIV viral load (7). Indicators of elevated
oxidative stress were detected in neutrophils,
monocytes and astrocytes (18) in relation to TGF-
activation and induction of regulatory T cells
(Foxp3+CD4+CD25+) (19).

It is well known that ROS production is induced
by HIV proteins located on the viral envelope,
such as transactivator of transcription (Tat), viral
protein r (Vpr), negative regulatory factor (Nef)
and glycoprotein 120 (gp120) (3, 20, 21, 22, 23).
Nevertheless, ROS accumulation at the level of
CD4+ and CD8+T cell subsets at different stages of
HIV infection and during long-term combination
antiretroviral therapy (cART) is poorly investigated.
Contemporary cART is able to induce sustained
viral suppression and immune restoration, though
without complete viral elimination, bringing
forward the problems of latent HIV reservoirs, low-
level immune activation and accelerated ageing
(24, 25, 26). ROS may increase HIV replication
by reactivating LTR (long terminal repeats) in the
latently infected cells through NF-kB —dependent
mechanism (7). Clarifying the possible role of
ROS for the activation of latent HIV in cART+
patients and understanding the mechanisms and
the pathways that HIV uses to generate oxidative
stress are of great importance for the successful
monitoring and personalization of cART in long-
term treated patients (10, 18).

Our current study aims to evaluate intracellular ROS
in CD4+ and CD8+ T-cell subsets in relation to HIV VL
and the residual immune activation in HIV+ patients
on successful cART.

numerous

inconsistent results.

MATERIAL AND METHODS

Study design and participants

Peripheral blood samples (Lithium heparin, n=33)
were obtained during routine immune monitoring of
HIV+ patients registered at the Specialized Hospital
for Active Treatment of Infectious and Parasitic
Diseases, Sofia. Two groups were defined to evaluate
the early and long-term effects of cART: Group A,
patients on continuous cART for a minimum of two
years, with undetectable viral load, and group B,
treated less than two years, respectively (Table 1).
Viral load determination

HIV viral load was determined in plasma by reverse
transcription polymerase chain reaction (Abbott
Real-Time HIV-1), over the range of 40 to 10,000,000
copies/ml.

Cell isolation and flow cytometric analysis:

The percentage and absolute counts (AC) of CD4+
and CD8+T lymphocytes were determined by direct
multiparameter flow cytometry (Multitest CD3/CD8/
CD45/CD4/TRUCount, FACS Canto Il, BD Biosciences),
(Fig.1A).

Peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll Paque Plus (Sigma-Aldrich). For
determination of intracellular ROS in living T-cells, a
cell-permeable green fluorescent sensor (Aex = 490/
Aem = 520 nm, Sigma-Aldrich) was used, forming with
intracellular ROS a fluorometric complex proportional to
their quantity. Briefly, freshly isolated 5x10* PBMCs were
incubated for 60 min at 37°C with ROS sensor, stained
with CD3APC/CD4-CF-Blue/CD8-PerCP and analysed
by flow cytometry (FACSDiva 6.1.2). The same cells,
not incubated with the sensor were used as negative
control. ROS levels were characterized by the mean
fluorescence intensity (MFI ) of the stained sample
in the FITC-channel after subtracting the background
fluorescence of the negative control (Fig. 1B).
Statistical analysis: Parametric data are presented
as mean * SD. Comparisons between groups were
performed with one-tail unpaired T-test,
relationships between two variables were analyzed
by Spearman’s rank correlation coefficient. P values
less than 0.05, at Cl 0.95 were considered significant
(SPSS Statistics v.21.0). Graphpad Prism v.9.0 was
used for the graphical representation of the results.

and

RESULTS AND DISCUSSION:
The  demographic laboratory
characteristics of the study groups are given in

and basic
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Table 1 Demographic, clinical and laboratory characteristics of study participants. All data is represented

as meanSD.

HIV+ participants Group A Group B Unpaired T-test
Number (n) 21 13 N/A
Age (years) 43 +8 33 16 p<0.001***
Time after diagnosis of HIV+ (years) 10.7 £7.6 5.815.1 p<0.05*
Time between diagnosis and start of 15.9+39.5 12.6+£25.9 p>0.05
cART (months)
cART duration (months) 103 £73 13 9 p<0.001***
Viral load (copies/ml) 35.8 +9.0 92330 +£2390 p>0.05
Baseline* CD4 AC (cells/pul) 358 +243 394 +360 p>0.05
Baseline CD4/CDS8 (ratio) 0.54 +0.59 0.53 +0.54 p>0.05
Last CD4 AC (cells/pl) 714 +313 568 +383 p>0.05
Last CD4/CDS8 (ratio) 1.16 £0.80 0.61 £0.42 p<0.01**
*At start of CART
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Fig.1 Flow cytometry analysis of ROS in T cells. (A) Gating strategy for CD4+ and CD8+ T-cell subsets.
Lymphocytes were initially gated on side scatter properties and CD45 expression (upper left panel), T cells
were then gated on the expression of CD3 (left panel), and further subdivided into CD4+ and CD8+ T cells
(middle panel). (B) Determination of intracellular ROS in CD8+ and CD4+ T cells using a ROS sensor. MFI
was measured in the FITC-channel. A Fluorescence Minus One (FMO) control was used to set markers for the

ROS-positive population.

Table 1. As expected, long term-treated patients
(group A) differed significantly in age, presumed
disease duration (time since HIV diagnosis), and
time on cART as compared to group B. Importantly,
baseline CD4 AC and CD4/CD8 in group A and
B (358+242 vs. 394+360 and 0.54+0.59 vs.
0.53%0.54), as well as the time interval between
diagnosis and the start of cART (15.9439.5vs. 12.6+
25.9) were similar (p>0.05 for all comparisons)
giving the grounds to compare the effect of cART
with different duration. There were no significant

differences between the groups regarding HIV VL,
though in four patients from group B the virus was
still detectable. Moreover, the last measured CD4
AC were similar (7144313 vs. 568+384, p>0.05).
The only parameter which differentiated between
the groups was a higher mean CD4/CD8 ratio
in long-term treated patients (A) (1.16%0.8 vs.
0.61%0.42, p<0.05). In fact, 67% of patients who
had recently started ART (B), and 41% of those
on long-term treatment (group A) had suboptimal
CD4/CD8 ratio (<0.9).
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The mean fluorescence intensity of CD4+T ROS
(MFI ) in group A was significantly lower as
compared to group B: (mean +SD) 1744+ 396
vs. 249241239, p<0.05. At the same time, CD8+

CD4+

T MFI_ in group A was also lower than in group
B (17531542 vs. 21291989, respectively), but the
difference did not reach statistical significance

(p>0.05) (Fig. 2).
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Fig. 2 Comparison of MFI___in CD4+ and CD8+ T cells between groups A and B. The difference was statistically
significant for CD4+T cells p<0.05 (*), unlike CD8+ T cells, (p>0.05).

Noteworthy, CD4+T MFI__correlated with HIV VL (R=0.5,
p<0.05) unlike CD8+T MFI_
found a positive correlation between CD8+T MFI_ . and
age, as well as cART duration (R=0.5, p<0.05 for both)
(Fig. 3C, D). Finally, CD4/CD8 ratio in group A correlated
negatively with CD4+T MFI_ (p<0.05, R=-0.47) (Fig. 3B).
Contemporary cART suppresses plasma HIV RNA

(Fig. 3A). In group A, we

below detection limit of laboratory assaysand restores
CD4 T cell pool of infected patients by preventing
new rounds of productive infection, depending on its
baseline state. Usually, most HIV+ individuals achieve
viral suppression (less than 50 copies/ml) in a couple
of months after initiation of cART (27). According to
accepted criteria, both studied groups demonstrated

a virological and immunological response to cART.
The quick restoration of CD4 AC was probably
associated with the comparatively high baseline
CD4AC in both groups, as observed by others as well
(28). However, a number of studies have shown that
neither HIV VL, nor CD4 AC are exhaustive correlates
of immune restoration. The subset ratio CD4/CDS8 is a
more sensitive marker of ongoing low-level immune
activation of variable origin in the settings of cART,
involving mostly the CD8 T cell compartment and
ultimately leading to its exhaustion (29). In our hands,
67% of patients who had recently started cART, and —
remarkably, 41% of those on long-term treatment had
a pathologically decreased CD4/CDS8 ratio (<0.9) that
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Fig. 3 Correlations of intracellular ROS: CD4+MFI_ . correlated positively with viral load (A), and inversely
- with CD4/CDS8 ratio (B); Intracellular CD8+T MFI__ correlated positively with age (C), as well as with cART

duration (D).

could reflect any immune activation, including one
caused by the slowly replicating virus and affecting
CD4 T cells, or one due to opportunistic infections,
involving mostly the CD8 T cell compartment. In this
aspect, it was interesting whether ROS content of
CD4 and CD8 T cells could clarify this issue.
According to our results, it was CD4+T ROS content
that differentiated between group A and B, and
correlated with HIV VL. Moreover, within the group
with undetectable HIV VL (A), CD4 T ROS correlated
nicely and inversely with CD4/CD8 ratio, suggesting
that the low level immune activation in patients with
suboptimal ratio might actually reflect reactivation of
latent HIV reservoirs. On the other hand, CD8 T cell ROS
while not significantly differentiating between groups A
and B, correlated directly with age and cART duration.
Oxidative stress has been implicated in many
aspects of HIV pathogenesis, such as increased viral
replication, CD4+ T-cell damage, altered immune
response, and antiretroviral drug toxicity (3, 23). Most

of the conflicting evidences on oxidative stress in HIV
infection were reported in conditions without cART
(20). A few studies reported on ROS levels in CD4 and
CD8T cell subsets of HIV+cART-treated patients. Yu et
al. found that ROS accumulation in CD4+T cells was
increased in HIV+ patients as compared to HIV- control
subjects, while HIV infection seemed to have no effect
on ROS accumulation in CD8+T cells. Further on, they
did not observe any difference between CD4+ T ROS
levels after 0.5-1- 2 and 3 years of cART. Interestingly
though, the introduction of cART led to the abnormal
accumulation of ROS in CD8+T cells as compared to
healthy controls. In fact, these results are in line with
ours, strengthening the idea that HIV infection mainly
influences ROS accumulation in CD4+T cells, while
long-term ART affects mostly the CD8 compartment
(30). Unlike Yu et al. we demonstrate that long term
cART significantly reduces CD4 ROS levels. Upon this
background a slight increase of CD4+MFI ROS may be
a sensitive early sign of HIV reactivation.
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HIV replicates in highly oxidized environment. CD4+
cells shift from their resting state into an active
state of immune response via a cascade of internal
oxidative reactions, which stimulate HIV genes to
reproduce in infected cells, while the increased
metabolism of these cells provides the cellular
factors that are useful for production of new viral
particles (31).

The association between CD8+ ROS content and
CART duration, as well as the age of patients from
group A is also in line with the observations of
others. Functionally exhausted CD8+ T cells in the
settings of some cancers and chronic infections
were shown to have signs of a broadly dysregulated
metabolic state and evidence of oxidative stress as
measured by the accumulation of ROS. Also, cART
suppressed HIV+ patients tend to have a higher
ROS content across most CD8+ T cell subsets,
either related to the effects of residual infection
and/or the impact of antiretroviral therapy on
T cell metabolism (32). Unlike CD4+ RQOS, and in
line with our results, ROS content of HIV-specific
CD8+ T cells in the study of Deguit et al. did not
vary according to the extent or mechanism of viral
control (32).

Our study has some First of all,
participants in the two groups were not age-
matched. This might have influenced the difference
between the amount of oxygen radicals in group
A (older) and group B, having in mind that ROS
significantly increase with age. Second, the small
number of participants and the absence of control
HIV- volunteers as well as ART-naive HIV+ patients
have also limited the interpretation of the severity
of oxidative stress.

limitations.

CONCLUSIONS:

Our data suggest that elevated CD4+ ROS level in
virally suppressed long-term treated HIV+ patients
can be an indicator of residual viral activity. On the
other hand, the combined effects of aging and long-
term therapy predominantly affect CD8+ T cells and
their ROS content might serve as an indicator of
advancing functional exhaustion.

Acknowledgements: The study is supported by
the the European Fund for regional development
through Operational Program Science and Education
for Smart Growth, Grant BGO5M20P001-1.002-

0001-C04 “Fundamental, Translational and Clinical
Investigations on Infections and Immunity” and the
National Program for Prevention and Control of HIV
and STl in Bulgaria 2021 - 2025

REFERENCES:

1. Commoner B, Townsend, J, Pake G. Free Radicals in
Biological Materials. Nature. 1954; 174: 689-691. doi:
10.1038/174689a0

2. Halliwell B, Gutteridge JMC. Oxigen-boonyetbaneintroducing
oxygen toxicity and reactive species. In Free radicals in
biology and medicine. Oxford University Press, 2015, 1-29.
doi:10.1093/acprof: 0s0/9780198717478.001.0001

3. Ivanov AV, Valuev-Elliston VT, lvanova ON, Kochetkov SN,
Starodubova ES, Bartosch B, Isaguliants MG. Oxidative Stress
during HIV Infection: Mechanisms and Consequences. Oxid
Med Cell Longev. 2016;8910396.doi:10.1155/2016/8910396.

4. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species
(ROS) homeostasis and redox regulation in cellular
signaling. Cell Signal. 2012; 24(5):981-90. doi: 10.1016/].
cellsig.2012.01.008.

5. Belikov AV, Schraven B, Simeoni L. T cells and reactive oxygen
species. J Biomed Sci. 2015; 15-22:85. doi: 10.1186/s12929-
015-0194-3.

6. Di Meo S, Reed TT, Venditti P, Victor VM. Role of ROS and
RNS Sources in Physiological and Pathological Conditions.
Oxid Med Cell Longev. 2016; 2016:1245049. doi:
10.1155/2016/1245049.

7. Couret J, Chang TL. Reactive Oxygen Species in HIV Infection.
EC Microbiol. 2016; 3(6):597-604.

8. Anelli, T, Sannino, S. & Sitia, R. Proteostasis and “redoxtasis”
in the secretory pathway: tales of tails from ERp44 and
immunoglobulins. Free Radic. Biol. Med. 2015; 83, 323-330.

9. Garaude, J. Reprogramming of mitochondrial metabolism by
innate immunity. Curr. Opin. Immunol. 2018; 56, 17-23.

10. Sies H, Jones DP, Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat Rev Mol Cell Biol. 2020;
21, 363-383 https://doi.org/10.1038/s41580-020-0230-3

11. Trachootham D, Alexandre J, Huang P. Targeting cancer
cells by ROS-mediated mechanisms: a radical therapeutic
approach? Nat Rev Drug Discov. 2009; 8(7):579-91. doi:
10.1038/nrd2803.

12. Shukla Y, George J. Combinatorial strategies employing
nutraceuticals for cancer development. Nutrition and
Physical Activity in Aging, Obesity, and Cancer. 2011; 1229,
162-175. https://doi.org/10.1111/j.1749-6632.2011.06104.x

13. Andersen JK. Oxidative stress in neurodegeneration: cause
or consequence? Nat Med. 2004; 10 Suppl: S18-25. doi:
10.1038/nrn1434.

14. Szeto H.H. Mitochondria-targeted peptide antioxidants:
novel neuroprotective agents. AAPS J. 2006; 8(3): E521-
E531. http://dx.doi.org/10.1208/aapsj080362.

15. Paravicini TM, Touyz RM. Redox signaling in hypertension.
Cardiovasc Res. 2006; 71(2):247-58. doi: 10.1016/j.
cardiores.2006.05.001.

16. Giacco F, Brownlee M. Oxidative stress and diabetic
complications. Circ Res. 2010; 107(9):1058-70. doi: 10.1161/
CIRCRESAHA.110.223545.

17. Haigis MC, Yankner BA. The aging stress response. Mol Cell.
2010; 40(2):333-44. doi: 10.1016/j.molcel.2010.10.002.

18. Salmen S, Berrueta L: Immune modulators of HIV infection:
The role of reactive oxygen species. J Clin Cell Immunol.
2012; 3:121. doi: 10.4172/2155-9899.1000121

19. Amarnath S, Dong L, LiJ, Wu Y, Chen W. Endogenous TGF-beta
activation by reactive oxygen species is key to Foxp3 induction
in TCR-stimulated and HIV-1-infected human CD4+CD25- T
cells. Retrovirology. 2007; 9; 4:57. doi: 10.1186/1742-4690-
4-57.

20. Alimonti JB, Blake BT, Fowke KR. Mechanism of CD4+ T
lymphocyte cell death in human immunodeficiency virus
infection and AIDS. J Gen Virol. 2003; 7: 1649-1661.

10



21.

22.

23.

24,

25.

26.

27.

DETERMINATION OF INTRACELLULAR REACTIVE OXYGEN SPECIES IN T-CELL SUBSET...

Cummins NW, Badley AD. Mechanisms of HIV-associated
lymphocyte apoptosis: 2010. Cell Death Dis. 2010; 1(11):
€99. doi: 10.1038/cddis.2010.77.

lbeh BO, Eze SE, Habu JB. Discordant Levels of Superoxide
Dismutase and Catalase Observed in ART Naive and
Experienced HIV Patients in South Eastern Nigeria. J Infect
Dis Ther. 2013; 1: 8-16.

Masida M, Padilla S, Fernandez M, Barber X, Moreno S,
Iribarren JA, et al. Contribution of Oxidative Stress to Non-
AIDS Events in HIV-Infected Patients. J Acquir Immune Defic
Syndr. 2017; 75(2): e36-44

Vance DE. Aging with HIV: clinical considerations for an
emerging population. The American Journal of Nursing.
2010; 110(3):42-7.

Eisele E, Siliciano RF. Redefining the viral reservoirs that
prevent HIV-1 eradication. Immunity. 2012; 37(3): 377-388.
doi: 10.1016/j.immuni.2012.08.010.

Vieillard V, Gharakhanian S, Lucar O, Katlama C, Launay O,
Autran B, Ho Tsong Fang R, Crouzet J, Murphy RL, Debré
P. Perspectives for immunotherapy: which applications
might achieve an HIV functional cure? Oncotarget. 2016;
21;7(25):38946-38958. doi: 10.18632/oncotarget.7793.
Antela A, Rivero A, Llibore JM, Moreno S. Redefining
therapeutic success in HIV patients: an expert view. Journal
of Antimicrobial Chemotherapy. 2021; 76:10, 2501-2518,
https://doi.org/10.1093/jac/dkab168

28.

29.

30.

31.

32.

Sun Y, Fu Y, Zhang Z, Tang T, Liu J, Ding H, Han X, Xu J, Chu
Z, Shang H, Jiang Y. The investigation of CD4+T-cell functions
in primary HIV infection with antiretroviral therapy.
Medicine (Baltimore). 2017; 96(28): e7430. doi: 10.1097/
MD.0000000000007430.

Serrano-Villar S, Sainz T, Lee SA, Hunt PW, Sinclair E, Shacklett
BL, et al. HIV-infected individuals with low CD4/CD8 ratio
despite effective antiretroviral therapy exhibit altered T cell
subsets, heightened CD8+ T cell activation, and increased
risk of non-AIDS morbidity and mortality. PLoS Pathog. 2014;
10(5): e1004078.

Yu F, Hao Y, Zhao H, Xiao J, Han N, Zhang Y, Dai G, Chong
X, Zeng H, Zhang F. Distinct Mitochondrial Disturbance in
CD4+T and CD8+T Cells from HIV-Infected Patients. J Acquir
Immune Defic Syndr. 2017; 74(2):206-212. doi: 10.1097/
QAI.0000000000001175.

Aquaro S, Scopelliti F, Pollicita M, Perno CF. Oxidative
stress and HIV infection: Target pathways for novel
therapies? Future HIV Therapy. 2008; 2(4):327-338. doi.
org/10.2217/17469600.2.4.327

Deguit CDT, Hough M, Hoh R, Krone M, Pilcher CD, Martin
IN, Deeks SG, McCune JM, Hunt PW, Rutishauser RL. Some
Aspects of CD8+ T-Cell Exhaustion Are Associated with
Altered T-Cell Mitochondrial Features and ROS Content in HIV
Infection. J Acquir Immune Defic Syndr. 2019; 82(2):211-219.
doi: 10.1097/QA1.0000000000002121.

11



