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ABSTRACT

People living with HIV (PLWH) who are immune non-responders (INR) to
therapy are unable to restore their CD4 T-cell count and remain at great risk
of morbidity and mortality. Here the mitochondrial defects that characterize
memory CD4 T-cells in INR and causes of this mitochondrial exhaustion are
reviewed. This review also describes the various reagents used to induce the
expression of the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCla), the master regulator of mitochondrial biogenesis,
which can restore mitochondria fitness and CD4 T-cell proliferation in INR.
Due to sustained heightened inflammation in INR, the mitochondrial network
is unable to be rejuvenated and requires attenuation of mediators of
inflammation to rescue mitochondria and CD4 T-cell counts in INR.
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INTRODUCTION

Despite effective control of HIV replication with antiretroviral therapy
(ART), a proportion of ART-treated persons are unable to reconstitute CD4 T-
cell counts to levels observed in uninfected individuals [1,2]. These immune
non-responders (INR) are at greater risk of morbidity and mortality than are
immune responders (IR) in whom CD4 T-cell counts are restored [3,4].
Bacterial translocation from the gut to the bloodstream is a hallmark of HIV
infection that leads to systemic immune activation [5] and INR plasma level
of bacterial translocation markers are elevated [1,6]. As reported by our
group [7], INR are characterized by memory CD4 T-cell mitochondrial
dysfunction and spontaneous death of cycling (Ki67*/CD71*) memory CD4 T-
cells in vitro. We also validated mitochondrial dysfunction of CD4 T-cells by
electron microscopy imaging (EMI) and by metabolic analysis [8]. The cause
of this mitochondrial dysfunction is attributed to heightened levels of
inflammatory mediators that prevents CD4 T-cell reconstitution by impeding
mitochondrial biogenesis discussed in the following section.
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INFLAMMATION IMPEDES MITOCHONDRIAL NETWORK AND
MEMORY CD4 T-CELL MAINTENANCE

Following viral or bacterial infection, naive T-cells get activated and
expanded robustly to generate effector cells that clear the infection. Effector
cells undergo a contraction phase and a small population of memory T-cells
persist and are responsible for the long-term immune memory and
protection [9]. Effector T-cells are metabolically active, with high rate of
glycolysis and oxidative phosphorylation (OXPHOS) essential to their highly
proliferative state [10]. Memory T cells however rewire to a more quiescent
metabolism and rely mainly on fatty acid oxidation (FAO) and OXPHOS
metabolic pathways [11]. A common feature of memory T-cells during
immune responses is the ability to respond rapidly and efficiently to a
previously encountered antigen, which results in rapid control of infections
[12]. In chronic infections and in inflammatory conditions memory T-cells
become exhausted as further discussed in this review.

Chronic immune inflammation is a hallmark of HIV-1 infection that
persists years after successful ART [13]. Inflammation induces aerobic
glycolysis (Warburg effect) which provides a quick energy source and rapid
access for processes linked to cellular proliferation [14]. Antigen persistence
and inflammation induce exhausted T-cells that upregulate immune
checkpoint inhibitors such as programmed cell death protein 1 (PD-1)
[15,16]. PD-1 ligation attenuates phosphoinositide 3-kinase (PI3K), Akt
(Protein Kinase B), and mammalian target of rapamycin (mTOR) signaling
leading to the inhibition of the T-cell receptor signaling, cell cycle arrest, and
cell exhaustion [17]. It has been shown recently that type I interferons,
essential for host defense against viruses [18,19], are major inducers of
checkpoint inhibitors on T-cells including PD-1 [18]. Using the mouse
chronic lymphocytic choriomeningitis virus (LCMV clone 13), it was shown
that PD-1 expression regulated early glycolytic and mitochondrial
alterations and repressed PGC-la [20], essential for mitochondrial
biogenesis. Prior and post ART intervention, INR patients have the highest
levels of PD-1 expression in memory CD4 T-cells [21,22].

INFLAMMATION PREVENTS REGULATORY CD4 T-CELL
DEVELOPMENT

Regulatory CD4 T-cells (Tregs) reduce inflammation and are essential
components in the regulation of T-cell homeostasis by the expression of the
transcriptional factor foxp3 and the production of the transforming growth
factor B (TGF-B) [23-25]. Tregs are produced in the thymus and in the
periphery mainly in gut mesenteric lymph nodes (MLN) [26]. The thymus of
PLWH is dysfunctional [27,28] which renders the MLN the main source of
Treg generation detected in peripheral blood. We have performed
transcriptomic analysis on cycling-proliferating (CD71*) and non-cycling
(CD71°) CD45RO* CD4 T-cells from healthy participants, IR, and INR [7]. We
have found downregulations of genes implicated in Treg signature, in Foxp3
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target genes essential for Treg function, in TGF-B-signaling, and in OXPHOS.
INF-a response genes, however, were significantly upregulated in CD71*
memory CD4 T-cell population in which ~50% of the cells are Tregs [7].
Genes implicated in mitochondria function such as mitochondrial
transcriptional factor A (mTFA) and PGC-1a were also downregulated in
CD71" Tregs in INR patients [7]. Although we have focused our study on
Tregs and cycling Tregs, the defects described above were also found in
memory CD4 T-cells of INR (SAY, unpublished data). The study of Zhao et al.
[29] have confirmed our finding in a separate INR cohort as the study
focused on total memory CD4 T-cells. In addition, the mitochondrial defect
was validated by seahorse assay that showed lower oxygen consumption
rate (OCR) in CD4 T-cells from PLWH in general compared to healthy
controls while INR have the lowest basal and after-stimulation OCR among
the studied groups [29,30].

LYMPHOPENIA AND TREGS DEPLETION

It is well documented that during the initial phase of HIV-1 infection
there is a massive depletion of gut-resident CD4 T-cells in HIV-1 [31] and SIV
[32] infections. Although reports claimed that Tregs are spared from HIV-1
depletion [33], Treg cells are highly proliferative in vivo ([34-36] and
potentially highly susceptible to HIV-1 depletion. The finding [33] claiming
that high frequencies of Treg persisted during the initial phase of HIV-1
infection may be due to the methods used to identify Tregs which are based
on Foxp3 and CD25 expression both induced as well following CD4 T-cell
activation [37-39]. In mouse model, naive CD4 T-cells transferred into the
lymphopenic Recombination Activating gene 1 Knock-out (Rag-KO) mice
massively proliferated and caused colitis in the transferred mice. When
Tregs were transferred with naive CD4 T-cells colitis did not occur [40]. By
analogy, in HIV-1 infection the massive depletion of proliferative cells such
as Tregs would render CD4 T-cell proliferation out of control. Indeed, it was
reported that memory CD4 T-cells in INR have the highest levels of
Ki67/CD71" among PLWH [1,2], yet sorted CD71*CD4 T-cells from INR were
unable to divide in vitro and displayed gene signatures associated to
apoptosis [7]. As discussed above and elsewhere [41] inflammatory milieu
characteristic of INR impedes Treg development.

GUT BACTERIAL TRANSLOCATION AND ROLE IN THE HEIGHTENED
INFLAMMATION IN INR

Emerging evidence highlight the role of gut microbiota in modulating
Immune cells [42,43]. PLWH have gut microbiome flora containing more pro-
inflammatory bacteria than individuals without HIV infection [44-46]. It was
suggested that the shift in the microbiome contributed to the heightened levels
of microbial translocation from the gut to the bloodstream, and this was
associated with systemic inflammation and immune activation that
characterize all stages of HIV disease [44-46]. Elevated levels of bacterial
Serratia genera detected by DNA/RNA deep-sequencing technology (PathSeq)

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

40f13

Massive depletion of CD4 T-cells
and Tregs

[

Legend:
P-cresol sulfate (PCS)

w ¢ Bacterial products
# (endotoxins, DNA, RNA)

Proteolytic bacteria
Stool:Bifidobacterium,
Ruminococcus, Lactobacillus.
Plasma:Serratia

was found in plasma from INR demonstrating that the translocation of Serratia
to the bloodstream was accompanied by elevated levels of inflammatory
plasma cytokines (IL-1, IL-6, and IL-8) possibly as a consequence of monocytes
and macrophage activation by Serratia products [47]. Thus, bacterial
translocation contributes to the heightened inflammation detected in INR.

GUT-BACTERIAL DERIVED SOLUTES AND ROLE IN MITOCHONDRIAL
DYSFUNCTION OF CD4-T CELLS IN INR

Gut-bacterial derived solutes (GBDS) such as P-cresol sulfate (PCS) and
Indoxyl-sulfate (IS) are the most studied so called “uremic toxins” that
accumulated in the plasma of patients with chronic kidney disease (CKD) and
are associated with cardiovascular and kidney disease [48-50]. PCS and IS are
generated following protein degradation by the proteolytic gut-bacterial flora
[51]. We have found significant enrichment of PCS and IS concentrations in the
INR plasma of multiple cohorts, and CD4 T-cell counts were negatively
associated with plasma concentrations of PCS and IS [8]. In vitro, incubation of
CD4 T-cells with PCS or IS from healthy donors blocked cell proliferation,
reduced the expression of mitochondrial proteins such as COXIV and mTFA,
and induced cell exhaustion [8]. Stool sample analysis of bacterial diversity
revealed enrichment of bacterial species capable of PCS production in INR
samples [8]. Figure 1 recapitulates the mechanisms implicated in CD4 T-cell
exhaustion in INR patients.
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Figure 1. Following HIV-1 infection, a massive depletion of gut-CD4 T and Tregs occurs in INR; following ART,
the heightened levels of proteolytic bacteria producing toxins (e.g., PCS) impedes CD4 T-cell reconstitution and
promotes CD4 T-cell exhaustion. Bacterial translocation to the bloodstream (e.g., Serratia) induces
inflammatory milieu that impedes Treg differentiation and function rendering CD4 T-cell proliferation out of
control. CD4 T-cells become exhausted and loose the capacity to regenerate mitochondria by diminishing the
expression of mTFA and PGCla both essential for mitochondrial biogenesis.
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RESTORATION OF MITOCHONDRIAL DYSFUNCTION

Recent reports suggest that restoration of mitochondrial biogenesis
rescues T lymphocytes from exhaustion. Correcting mitochondrial
dysfunction has been shown to restore the activity of exhausted HBV-
specific CD8 T cells in chronic human hepatitis B infection [52]. Exhausted
HBV-specific CD8 T cells showed signs of mitochondrial alterations.
Improvement of mitochondrial and antiviral CD8 functions was reached
by the usage of antioxidants suggesting a central role for reactive oxygen
species (ROS) in T cell exhaustion. The authors used antioxidants
mitoquinone and the piperidine-nitroxide MitoTempo to attenuate ROS
production and that resulted in better mitochondrial function and
restoration of CD8 T cell function [52]. In mice infected with LCMV clonel3,
which generates persistent viral infection and continuous antigen
exposure, CD8 T cells specific for the virus become exhausted and are
unable to effectively clear the virus. Exhausted CD8 T cells were rescued
upon overexpression of PGC1la, which restored mitochondrial and CD8 T
cell function [20]. Similar approach was used for CD8 T cells that infiltrated
tumors in which overexpression of PGCla restored mitochondrial and CD8
T cell function [53]. We have shown that memory CD4-T cells of INR have
low mitochondrial function and low PGCla expression [7]; we also showed
that interleukin 15 (IL-15) restored PGCla and mitochondrial
transcriptional factor A (mTFA) expression in exhausted CD4 T-cells in
INR. In addition, the ablation of mTFA by CRISPR/Cas9 attenuated
mitochondrial function as measured by Seahorse assay [29] suggesting
that mTFA, which is under the control of PGCla, is essential for
mitochondrial DNA replication and function.

We have used several strategies to induce the induction of PGCla,
followed by monitoring CD4 T-cell proliferation in vitro upon stimulation
with anti-CD3/CD28. We have employed the reagents described in Figure
2 to monitor PGCla expression as well as cell proliferation rescuing.

During caloric excess PGCla is in an inactive form [54]. In times of
caloric restriction, energy becomes limited causing increases in the
AMP/ATP ratio and NAD*/NADH ratio. The elevated levels of AMP and
NAD* have a direct impact on the activation of AMP kinase (AMPK) as
binding of AMP (or ADP) facilitates phosphorylation of AMPK by upstream
kinases. Activated AMPK induces the phosphorylation of PGCla directly,
or prime PGCla for activation via deacetylation by Sirtuin 1 (SIRT1). This
leads to mitochondrial proliferation and increased mitochondrial mass
[54]. Resveratrol is an activator of SIRT1 [55]. 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), an AMP mimetic, can directly
activate AMPK by phosphorylation of AMPK through upstream kinases
[56]. Activation of AMPK causes phosphorylation of PGCla, and SIRT1
activation via AMPK-induced increases in the NAD*/NADH ratio [56].
Bezafibrate is a peroxisome proliferator-activated receptor (PPAR) pan-
agonist that induces the expression of PGCla via the PPAR-responsive
element in its promoter region [57,58]. GW7647 and pioglitozone are
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PPARa and PPARy agonists respectively [58]. bezafibrate, GW7647, and
pioglitozone were all being tested on CD4 T-cells and were able to induce
foxp3 gene in regulatory CD4 T-cells [57] that rely on OXPHOS and
mitochondria biogenesis for function [59-61]. Finally, we also used
antioxidants mitoquinone and MitoTempo to address whether quenching
ROS production may induce PGC1la and restore cell proliferation.

Resveratrol AICAR
\4 mTOR GW7647 /
SIRT1 | | AMPK
. v v /
PGC-1

Pioglitazone Bezafibrate
a CD28

IL-15

Figure 2. Overview of the possible induction of PGCla-mediated mitochondrial biogenesis by resveratrol,
bezafibrate, AICAR, GW7647, and Pioglitozone. Resveratrol: activator of SIRT1. AICAR: activate AMPK.
Bezafibrate: PPAR pan-agonist. Pioglitazone and GW7647: PPARa and PPARy agonists. IL-15: Activator of
mTOR.

The reagents displayed above were neither able to induce PGCla
expression nor cell proliferation in CD4 T-cells from INR (SAY unpublished
data). IL-15, however, was able to induce the expression of PGCla via the
activation of mTOR pathway in some but not all INR participants (SAY
unpublished data). Indeed, it was shown that IL-15 induced mTOR
activation [62-66] and the latter promoted PGCla expression via the
transcription factor yin-yang 1 (YY1) [67]. The data suggest that IL-15
induced PGCla and rescued CD4 T-cell proliferation in CD4 T-cells, which
were still able to rejuvenate their mitochondrial pool as discussed in the
next section.

IS THE MITOCHONDRIAL NETWORK EXHAUSTED IN INR CD4 T-
CELLS?

Recent reports highlighted the impact of asymmetric mitochondrial
distribution during cell division in which cells that received old
mitochondria would be effector/short-lived compared to cells that had
newly synthesized mitochondria which are endowed with stemness and
memory ability [68-71]. In a recent report using human mammary
epithelial cells (HMECs) as an in vitro model, old mitochondria supported
OXPHOS whereas the electron transport chain of new mitochondria was
immature with limited respiration capacity [71]. It was also shown that
cells that inherited old mitochondria after mitosis displayed heightened
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OXPHOS and differentiated. Cells that inherited newly synthesized
mitochondria had a higher pentose phosphate pathway activity. This
promoted de novo purine hiosynthesis and redox balance and was
required to stemness and maintenance during early fate determination
after cell division [71]. A similar mechanism of asymmetric mitochondrial
distribution and long-term memory cells maintenance was described in
CD8, CD4, and B lymphocytes [68,69]. Due to the inflammatory mediators
exposed above (Figure 1), it is likely that INR CD4 T-cells are incapable of
generating memory long lived CD4 T-cells due to the inability to
asymmetrically distribute mitochondria in dividing cells. In fact, we have
shown that sorted CD71*(Ki67*) memory CD4 T-cells from INR did not
divide in vitro and had significant reduction of genes implicated in
mitochondrial fitness [7].

CONCLUSIONS

Strategies to reduce immune activation and inflammation have been
employed in INR patients such as antibiotic treatment [72,73], fecal
microbiota transplantation, or probiotic interventions [74,75] with mixed
success [75]. Dietary approaches [76-78] however, appear to have a
positive impact on lowering inflammation in INR. It is still unknown
whether INR can generate CD4 T-cell compartment following the
interventions exposed above. Attenuation of inflammation may be the key
strategy to rejuvenate mitochondrial network and restore CD4 T-cell count
in INR.

ACKNOWLEDGMENTS

This work was supported by NIA R21AG062386 (SAY), Fasenmyer
Foundation, and the Case Western Reserve University Center for AIDS
Research (CFAR) (AI-036219).

REFERENCES

1. Lederman MM, Calabrese L, Funderburg NT, Clagett B, Medvik K, Bonilla H,
et al. Immunologic failure despite suppressive antiretroviral therapy is
related to activation and turnover of memory CD4 cells. ] Infect Dis.
2011;204(8):1217-26.

2. Piconi S, Trabattoni D, Gori A, Parisotto S, Magni C, Meraviglia P, et al.
Immune activation, apoptosis, and Treg activity are associated with
persistently reduced CD4(+) T-cell counts during antiretroviral therapy. Aids.
2010;24(13):1991-2000.

3. Baker ]V, Peng G, Rapkin J, Abrams DI, Silverberg MJ], MacArthur RD, et al.
CD4" count and risk of non-AIDS diseases following initial treatment for HIV
infection. AIDS. 2008;22(7):841-8.

4. Lewden C, Chene G, Morlat P, Raffi F, Dupon M, Dellamonica P, et al. HIV-
infected adults with a CD4 cell count greater than 500 cells/mm3 on long-term

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

80f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

combination antiretroviral therapy reach same mortality rates as the general
population. ] Acquir Immune Defic Syndr. 2007;46(1):72-7.

Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al.
Microbial translocation is a cause of systemic immune activation in chronic
HIV infection. Nat Med. 2006;12(12):1365-71.

Jiang W, Lederman MM, Hunt P, Sieg SF, Haley K, Rodriguez B, et al. Plasma
levels of bacterial DNA correlate with immune activation and the magnitude
of immune restoration in persons with antiretroviral-treated HIV infection. ]
Infect Dis. 2009;199(8):1177-85.

Younes SA, Talla A, Pereira Ribeiro S, Saidakova EV, Korolevskaya LB,
Shmagel KV, et al. Cycling CD4" T cells in HIV-infected immune nonresponders
have mitochondrial dysfunction. J Clin Invest. 2018;128(11):5083-94.

Ferrari B, Da Silva AC, Liu KH, Saidakova EV, Korolevskaya LB, Shmagel KV,
et al. Gut-derived bacterial toxins impair memory CD4 T-cell
mitochondrialfunction in HIV-linfection. J Clin Invest. 2022 Mar 22;e149571.
doi: 10.1172/JCI149571

Williams MA, Bevan M]J. Effector and memory CTL differentiation. Annu Rev
Immunol. 2007;25:171-92.

Geltink RIK, Kyle RL, Pearce EL. Unraveling the Complex Interplay Between T
Cell Metabolism and Function. Annu Rev Immunol. 2018;36:461-88.
O’Sullivan D. The metabolic spectrum of memory T cells. Immunol Cell Biol.
2019;97(7):636-46.

Wherry EJ, Ahmed R. Memory CD8 T-cell differentiation during viral
infection. J Virol. 2004;78(11):5535-45.

Douek D. HIV disease progression: immune activation, microbes, and a leaky
gut. Top HIV Med. 2007;15(4):114-7.

Kominsky DJ, Campbell EL, Colgan SP. Metabolic shifts in immunity and
inflammation. ] Immunol. 2010;184(8):4062-8.

Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature. 2006;439(7077):682-7.

Trautmann L, Said EA, Halwani R, Janbazian L, Chomont N, El-Far M, et al.
Programmed death 1: a critical regulator of T-cell function and a strong target
for immunotherapies for chronic viral infections. Current opinion in HIV and
AIDS. 2007;2(3):219-27.

Patsoukis N, Sari D, Boussiotis VA. PD-1 inhibits T cell proliferation by
upregulating p27 and pl5 and suppressing Cdc25A. Cell Cycle.
2012;11(23):4305-9.

Sumida TS, Dulberg S, Schupp JC, Lincoln MR, Stillwell HA, Axisa PP, et al.
Type I interferon transcriptional network regulates expression of
coinhibitory receptors in human T cells. Nat Immunol. 2022;23:632-42.
McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A. Type I interferons in
infectious disease. Nat Rev Immunol. 2015;15(2):87-103.

Bengsch B, Johnson AL, Kurachi M, Odorizzi PM, Pauken KE, Attanasio J, et al.
Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

90f13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Inhibitory Receptor PD-1 Are an Early Driver of CD8(+) T Cell Exhaustion.
Immunity. 2016;45(2):358-73.

Pino M, Pereira Ribeiro S, Pagliuzza A, Ghneim K, Khan A, Ryan E, et al.
Increased homeostatic cytokines and stability of HIV-infected memory CD4 T-
cells identify individuals with suboptimal CD4 T-cell recovery on-ART. PLoS
Pathog. 2021;17(8):e1009825.

Shive CL, Freeman ML, Younes SA, Kowal CM, Canaday DH, Rodriguez B, et al.
Markers of T Cell Exhaustion and Senescence and Their Relationship to
Plasma TGF-beta Levels in Treated HIV* Immune Non-responders. Front
Immunol. 2021;12:638010.

Sakaguchi S, Mikami N, Wing JB, Tanaka A, Ichiyama K, Ohkura N. Regulatory
T Cells and Human Disease. Annu Rev Immunol. 2020;38:541-66.

Wong HS, Park K, Gola A, Baptista AP, Miller CH, Deep D, et al. A local
regulatory T cell feedback circuit maintains immune homeostasis by pruning
self-activated T cells. Cell. 2021;184(15):3981-97.e22.

Hu W, Wang ZM, Feng Y, Schizas M, Hoyos BE, van der Veeken ], et al.
Regulatory T cells function in established systemic inflammation and reverse
fatal autoimmunity. Nat Immunol. 2021;22(9):1163-74.

Campbell C, McKenney PT, Konstantinovsky D, Isaeva OI, Schizas M, Verter J,
et al. Bacterial metabolism of bile acids promotes generation of peripheral
regulatory T cells. Nature. 2020;581(7809):475-9.

Dion ML, Poulin JF, Bordi R, Sylvestre M, Corsini R, Kettaf N, et al. HIV
infection rapidly induces and maintains a substantial suppression of
thymocyte proliferation. Immunity. 2004;21(6):757-68.

Furler RL, Newcombe KL, Del Rio Estrada PM, Reyes-Teran G, Uittenbogaart
CH, Nixon DF. Histoarchitectural Deterioration of Lymphoid Tissues in HIV-1
Infection and in Aging. AIDS Res Hum Retroviruses. 2019;35(11-12):1148-59.
Zhao ], Schank M, Wang L, Li Z, Nguyen LN, Dang X, et al. Mitochondrial
Functions Are Compromised in CD4 T Cells From ART-Controlled PLHIV. Front
Immunol. 2021;12:658420.

Vlasova VV, Saidakova EV, Korolevskaya LB, Shmagel NG, Chereshnev VA,
Shmagel KV. Metabolic Features of Activated Memory CD4(+) T-Cells Derived
from HIV-Infected Immunological Non-responders to Highly Active
Antiretroviral Therapy. Dokl Biol Sci. 2021;501(1):206-9.

Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, Beilman G]J, et al.
CD4" T cell depletion during all stages of HIV disease occurs predominantly in
the gastrointestinal tract. ] Exp Med. 2004;200(6):749-59.

Mattapallil J], Douek DC, Hill B, Nishimura Y, Martin M, Roederer M. Massive
infection and loss of memory CD4* T cells in multiple tissues during acute SIV
infection. Nature. 2005;434(7037):1093-7.

Kleinman A], Sivanandham R, Pandrea I, Chougnet CA, Apetrei C. Regulatory
T Cells As Potential Targets for HIV Cure Research. Front Immunol.
2018;9:734.

Vukmanovic-Stejic M, Zhang Y, Cook JE, Fletcher JM, McQuaid A, Masters JE,
et al. Human CD4" CD25hi Foxp3* regulatory T cells are derived by rapid
turnover of memory populations in vivo. J Clin Invest. 2006;116(9):2423-33.

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

10 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Booth NJ, McQuaid AJ, Sobande T, Kissane S, Agius E, Jackson SE, et al.
Different proliferative potential and migratory characteristics of human CD4"*
regulatory T cells that express either CD45RA or CD45RO. J Immunol.
2010;184(8):4317-26.

Younes SA, Punkosdy G, Caucheteux S, Chen T, Grossman Z, Paul WE. Memory
phenotype CD4 T cells undergoing rapid, nonburst-like, cytokine-driven
proliferation can be distinguished from antigen-experienced memory cells.
PLoS Biol. 2011;9(10):e1001171.

Roncarolo MG, Gregori S. Is FOXP3 a bona fide marker for human regulatory
T cells? Eur ] Immunol. 2008;38(4):925-7.

Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Landeghen M, Buckner
JH, et al. Induction of FoxP3 and acquisition of T regulatory activity by
stimulated human CD4*CD25" T cells. J Clin Invest. 2003;112(9):1437-43.

Allan SE, Passerini L, Bacchetta R, Crellin N, Dai M, Orban PC, et al. The role
of 2 FOXP3 isoforms in the generation of human CD4" Tregs. J Clin Invest.
2005;115(11):3276-84.

Paul WE, Milner JD, Grossman Z. Pathogen-sensing, regulatory T cells, and
responsiveness-tuning collectively regulate foreign- and self-antigen
mediated T-cell responses. Cold Spring Harb Symp Quant Biol. 2013;78:265-
76.

Pandiyan P, Younes SA, Ribeiro SP, Talla A, McDonald D, Bhaskaran N, et al.
Mucosal Regulatory T Cells and T Helper 17 Cells in HIV-Associated Immune
Activation. Front Immunol. 2016;7:228.

de Jong SE, Olin A, Pulendran B. The Impact of the Microbiome on Immunity
to Vaccination in Humans. Cell Host Microbe. 2020;28(2):169-79.

Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease.
Nat Rev Microbiol. 2021;19(1):55-71.

Dillon SM, Lee EJ, Kotter CV, Austin GL, Dong Z, Hecht DK, et al. An altered
intestinal mucosal microbiome in HIV-1 infection is associated with mucosal
and systemic immune activation and endotoxemia. Mucosal Immunol.
2014;7(4):983-94.

Dinh DM, Volpe GE, Duffalo C, Bhalchandra S, Tai AK, Kane AV, et al. Intestinal
microbiota, microbial translocation, and systemic inflammation in chronic
HIV infection. ] Infect Dis. 2015;211(1):19-27.

Mutlu EA, Keshavarzian A, Losurdo ], Swanson G, Siewe B, Forsyth C, et al. A
compositional look at the human gastrointestinal microbiome and immune
activation parameters in HIV infected subjects. PLoS Pathog.
2014;10(2):e1003829.

Nganou-Makamdop K, Talla A, Sharma AA, Darko S, Ransier A, Laboune F, et
al. Translocated microbiome composition determines immunological
outcome in treated HIV infection. Cell. 2021;184(15):3899-914.e16.

Han H,Zhu],ZhuZ,NiJ, DuR, DaiY, et al. p-Cresyl sulfate aggravates cardiac
dysfunction associated with chronic kidney disease by enhancing apoptosis
of cardiomyocytes. ] Am Heart Assoc. 2015;4(6):e001852.

Gryp T, Vanholder R, Vaneechoutte M, Glorieux G. p-Cresyl Sulfate. Toxins
(Basel). 2017 Jan 29;9(2):52. doi: 10.3390/toxins9020052

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

11 0f13

50.

51.

52.

53.

54.

55.

56.

37.

58.

59.

60.

61.

62.

63.

64.

Watanabe H, Miyamoto Y, Honda D, Tanaka H, Wu Q, Endo M, et al. p-Cresyl
sulfate causes renal tubular cell damage by inducing oxidative stress by
activation of NADPH oxidase. Kidney Int. 2013;83(4):582-92.

Mair RD, Sirich TL, Meyer TW. Uremic Toxin Clearance and Cardiovascular
Toxicities. Toxins (Basel). 2018 Jun 2;10(6):226. doi: 10.3390/toxins10060226
Fisicaro P, Barili V, Montanini B, Acerbi G, Ferracin M, Guerrieri F, et al.
Targeting mitochondrial dysfunction can restore antiviral activity of
exhausted HBV-specific CD8 T cells in chronic hepatitis B. Nat Med.
2017;23(3):327-36.

Scharping NE, Menk AV, Moreci RS, Whetstone RD, Dadey RE, Watkins SC, et
al. The Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis
to Drive Intratumoral T Cell Metabolic Insufficiency and Dysfunction.
Immunity. 2016;45(3):701-3.

Jornayvaz FR, Shulman GI. Regulation of mitochondrial biogenesis. Essays
Biochem. 2010;47:69-84.

Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F, et al.
Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1alpha. Cell. 2006;127(6):1109-22.
Visnjic D, Lalic H, Dembitz V, Tomic B, Smoljo T. AICAr, a Widely Used AMPK
Activator with Important AMPK-Independent Effects: A Systematic Review.
Cells. 2021 May 4;10(5):1095. doi: 10.3390/cells10051095

Lei J, Hasegawa H, Matsumoto T, Yasukawa M. Peroxisome proliferator-
activated receptor alpha and gamma agonists together with TGF-beta convert
human CD4'CD25" T cells into functional Foxp3* regulatory T cells. ] Immunol.
2010;185(12):7186-98.

Komen JC, Thorburn DR. Turn up the power -pharmacological activation of
mitochondrial biogenesis in mouse models. Br ] Pharmacol. 2014;171(8):1818-
36.

Beier U, Angelin A, Jiao ], Xiao H, Wang L, Dahiya S, et al. Foxp3 Controls
Oxidative Phosphorylation in Regulatory T Cells. Am ] Transplant.
2016;16:291.

Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, MaclIsaac
KD, et al. Foxp3 occupancy and regulation of key target genes during T-cell
stimulation. Nature. 2007;445(7130):931-5.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and
function of CD4'CD25" regulatory T cells. Nat Immunol. 2003;4(4):330-6.
Morris SR, Chen B, Mudd JC, Panigrahi S, Shive CL, Sieg SF, et al
Inflammescent CX3CR1*CD57*CD8" T cells are generated and expanded by IL-
15. JCI Insight. 2020;5(11):e132963. doi: 10.1172/jci.insight.132963

Wang F, Meng M, Mo B, Yang Y, Ji Y, Huang P, et al. Crosstalks between
mTORC1 and mTORC2 variagate cytokine signaling to control NK maturation
and effector function. Nat Commun. 2018;9(1):4874.

Viel S, Besson L, Marotel M, Walzer T, Marcais A. Regulation of mTOR,
Metabolic Fitness, and Effector Functions by Cytokines in Natural Killer Cells.
Cancers (Basel). 2017 Sep 28;9(10):132. doi: 10.3390/cancers9100132

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism

12 of 13

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Liu Z, Liang G, Gui L, LiY, Liu M, Bai Y, et al. Weakened IL-15 Production and
Impaired mTOR Activation Alter Dendritic Epidermal T Cell Homeostasis in
Diabetic Mice. Sci Rep. 2017;7(1):6028.

Mao Y, van Hoef V, Zhang X, Wennerberg E, Lorent J, Witt K, et al. IL-15
activates mTOR and primes stress-activated gene expression leading to
prolonged antitumor capacity of NK cells. Blood. 2016;128(11):1475-89.
Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver P.
mTOR controls mitochondrial oxidative function through a YY1-PGC-1alpha
transcriptional complex. Nature. 2007;450(7170):736-40.

Adams WC, Chen YH, Kratchmarov R, Yen B, Nish SA, Lin WW, et al.
Anabolism-Associated ~ Mitochondrial  Stasis  Driving Lymphocyte
Differentiation over Self-Renewal. Cell Rep. 2016;17(12):3142-52.

Sukumar M, Liu J, Mehta GU, Patel S], Roychoudhuri R, Crompton ]G, et al.
Mitochondrial Membrane Potential Identifies Cells with Enhanced Stemness
for Cellular Therapy. Cell Metab. 2016;23(1):63-76.

Katajisto P, Dohla ], Chaffer CL, Pentinmikko N, Marjanovic N, Igbal S, et al.
Stem cells. Asymmetric apportioning of aged mitochondria between daughter
cells is required for stemness. Science. 2015;348(6232):340-3.

Dohla J, Kuuluvainen E, Gebert N, Amaral A, Englund JI, Gopalakrishnan S, et
al. Metabolic determination of cell fate through selective inheritance of
mitochondria. Nat Cell Biol. 2022;24(2):148-54.

Vujkovic-Cvijin I, Rutishauser RL, Pao M, Hunt PW, Lynch SV, McCune JM, et
al. Limited engraftment of donor microbiome via one-time fecal microbial
transplantation in treated HIV-infected individuals. Gut Microbes.
2017;8(5):440-50.

Serrano-Villar S, Talavera-Rodriguez A, Gosalbes M], Madrid N, Perez-Molina
JA, Elliott R], et al. Fecal microbiota transplantation in HIV: A pilot placebo-
controlled study. Nat Commun. 2021;12(1):1139.

d'Ettorre G, Ceccarelli G, Giustini N, Serafino S, Calantone N, De Girolamo G,
et al. Probiotics Reduce Inflammation in Antiretroviral Treated, HIV-Infected
Individuals: Results of the “Probio-HIV” Clinical Trial. PLoS One.
2015;10(9):€0137200.

Presti RM, Yeh E, Williams B, Landay A, Jacobson JM, Wilson C, et al. A
Randomized, Placebo-Controlled Trial Assessing the Effect of VISBIOME ES
Probiotic in People With HIV on Antiretroviral Therapy. Open Forum Infect
Dis. 2021;8(12):0fab550.

Geng ST, Zhang JB, Wang YX, Xu Y, Lu D, Zhang Z, et al. Pre-Digested Protein
Enteral Nutritional Supplementation Enhances Recovery of CD4(+) T Cells and
Repair of Intestinal Barrier in HIV-Infected Immunological Non-Responders.
Front Immunol. 2021;12:757935.

Olalla J, Garcia de Lomas JM, Chueca N, Perez-Stachowski X, De Salazar A, Del
Arco A, et al. Effect of daily consumption of extra virgin olive oil on the lipid
profile and microbiota of HIV-infected patients over 50 years of age. Medicine
(Baltimore). 2019;98(42):e17528.

Pastor-Ibanez R, Blanco-Heredia ], Etcheverry F, Sanchez-Palomino S, Diez-
Fuertes F, Casas R, et al. Adherence to a Supplemented Mediterranean Diet

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013

Immunometabolism 13 0f 13

Drives Changes in the Gut Microbiota of HIV-1-Infected Individuals. Nutrients.
2021 Mar 30;13(4):1141. doi: 10.3390/nu13041141

How to cite this article:
Younes S-A. Mitochondrial Exhaustion of Memory CD4 T-Cells in Treated HIV-1 Infection. Immunometabolism.
2022;4(2):e220013. https://doi.org/10.20900/immunometab20220013

Immunometabolism. 2022;4(2):e220013. https://doi.org/10.20900/immunometabh20220013



https://doi.org/10.20900/immunometab20220013
https://doi.org/10.20900/immunometab20220013

