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DESCRIPTION

CD8" effector T (TE) cells play a critical role in immunity against
infections  [1]. After an infection, 90%95%  of
IL-7RlowCD62LIowKLRG1high  Short-Lived Effector Cells
(SLECs) undergo cell death in T cell contraction, and the
remaining 5%-10% of IL-7RhighCD62LhighKLRG1low memory
precursor effector cells (MPECs) differentiates into longlived
memory T (TM) cells that mediate immunity against infection via
[1].
development is to generate a larger pool of TM cells,
understanding the molecular mechanism that governs T cell
memory is of great importance to vaccine or immunotherapy
design.

recall responses Since the ultimate goal of vaccine

CD8* TM cells are characterized by two major traits; (a)
expression of memory markers [L-7R and CD62L for phenotype
differentiation and (b) Fatty Acid Oxidation (FAO) metabolism
for generating cell energy, which ensure TM cells with long-term
and functional responses [2]. These two
controlled by transcriptional FOXOI1
(forkhead O transcription factor-1) and metabolic AMP-activated
protein  kinase pathways (AMPK) [3]. The
“progressive linear differentiation” (LCD) model was originally
proposed by Sallust in 2000, and later referred to as the distinct
strengths of stimuli (antigen (Ag)/cytokine (CK) dose/duration,
etc)] model for T cell memory [4-7]. For example, high affinity Ag
or T cell receptor (TCR) and high IL-2 with long duration favor
TE cell stimulation, whereas low affinity of Ag or TCR and low-
dose IL-2 prefer T cell memory formation [6,7]. However, the

underlying molecular mechanism controlling T cell memory in
the “LCD-TM” model remains unknown.

survival recall

characteristics are

well-known

The mammalian Target of Rapamycin Complex-1 (mnTORCI) is
a well-known molecular sensor of (to) environmental signals
(immune stimuli (three signals: antigen, co-stimulation, and
cytokines), insulin, and growth factors) and plays an important
role in T cell growth, proliferation, metabolism, and
differentiation [8]. In CK-stimulated Phosphatidyllikositol-3-Kinase

(PI3K)-AKT-mTORC1 axis, PI3K activates AKT that
subsequently activates mTORC1’s Raptor [7]. In 2009, Ahmed’s
group provided the first evidence that inhibition of mTORCI by
Rapamycin (Rapa) treatment promotes CD8* TM cells [9]. This
finding was further supported by TM cell formation by either
shRNA-targeted Raptor silencing or Rapa treatment or depletion
of the mTORCI1 suppressor Tuberous Sclerosis Complex-2
(TSC2) [10-12]. However, the underlying pathway controlling
TM cells in the “Rapa inhibition of mTORC1” (“Rapa-TM”)

model is largely unknown.

It has long been known that three common y-chain (yc)family
CKs IL-2, IL-7, and IL-15 triggering the same PI3K-pAKT-
mTORCI wia the same signaling yc [13] distinctly induce short-
lived SLECs and longterm MPECs [14,15]. To elucidate the
underlying mechanism controlling T cell memory in the “yeTM”
model, we developed IL-2-stimulated TE (IL-2/TE) and IL-7-
stimulated TM (IL-7/TM) cells for characterization [16]. We
found that, post CK binding, IL-2 and IL-7 stimulate distinct
strengths of mTORCI signaling via persistent expression of the
IL-2 receptor (IL-2R), leading to IL-2-stimualed strong strength of
mTORCI1 (IL-2/mTORCI1Strong), and transient expression of
IL-7R (due to IL-7R internalization), leading to IL-7-stimulated
weak strength of mTORCI1 (IL-7/mTORCI1Weak)[16]. This
distinction further leads to forming IL-2/mTORCI1Strong
induced TE (IL-2-TE) and IL-7/mTORCIWeak-induced TM
(IL-7-TM) cells for our “IL-7-TM” model [16]. This conclusion is
supported by some previous evidence that IL-7-activated T cells
with constitutive IL-7R differentiated into TE cells rather than
TM cells [17,18], while IL-2-stimulated T cells with low
expression of IL-2R instead of being TE cells became TM cells
[19]. By wusing state-of-theart genetic tools, further
demonstrated our in vivo evidence that chicken ovalbumin
(OVA)specific CD8" T cells with IL-7R-/-derived from
engineered OVA-specific TCR transgenic OTI/IL-7R knockout
(KO) (OTI/IL-7TRKO) mice failed in differentiation into TM cells
post OVAsspecific recombinant Listeria ~monocytogenes
rLmOVA infection even though having comparable proliferation

we
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activity compared to CD8" T cells derived from wild-type OTI
mice [16]. We also performed in vitro and in vivo experiments
using IL-2/TE and IL-7/TM cells for systematic analysis by
Western blotting, multi-colour flow cytometry, confocal and
electron microscopy, adoptive T cell transfer, and Seahorse assays
[16]. We, for the first time, demonstrated that IL-7/
mTORC1Weak signal promotes TM cells wvia coupled
transcriptional FOXO1-TCF1 (T cell factor-1-Eomes (for TM
cell phenotypic formation) and metabolic AMPK-ULK1 (Unc-51-
like autophagy-activating kinase}-ATG7 (autophagy-related
gene-7) for FAO-provided cell energy pathways, whereas 1L-2/
mTORCI1Strong signal induces TE cells wvia activation of
transcriptional T-bet (for TE cell phenotypic and functional
differentiation) and metabolic hypoxia-inducible factor-la
(HIF-1o for glycolysis-generated cell energy) pathways (Figure 1)
[16].
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Figure 1: Schematic diagram of distinct strengths of mTORCI1
signaling controlling T cell differentiation. Note: ( === ) IL-2
stimulates strong strength signaling of mTORC1 (mTORCI Strong),
leading to effector T cell differentiation wvia activation of
transcriptional T-bet and metabolic HIF-1la pathways; ( — ) In
contrast, IL-7, IL-15, and IL-2*rapamycin [IL-2(Rapa)] stimulate weak
strength signaling of mTORC1 (mTORCI1 Weak), leading to
memory T cell formation via activation of transcriptional FOXO1-

TCF1-Eomes and metabolic AMPK-ULK1-ATG?7 pathways.

Given that the transcription factor FOXO1 is indispensable in
Rictor KO-induced T cell memory [19,20], it is also important to
investigate the critical role of e metabolic regulator AMPKal in
IL-7-stimulated T cell memory. Therefore, we repeated above
experiments by using genetically engineered IL-7-stimulated
OVA:specific CD8" T cells derived from OVA-specific OTI/
AMPKa1KO mice. We demonstrated that AMPKal deficiency
abolishes the metabolic AMPKal pathway and mitochondrial
biogenesis, triggers a metabolic switch from FAO to glycolysis
and halts its longterm survival and recall responses upon
secondary challenge of rLmOVA, even though the
transcriptional FOXO1 pathway and TM cell phenotype
maintained in IL-7/T(AMPKo./-) cells derived from OTL/
AMPKa1KO mice [16]. Our data thus indicate that the metabolic
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AMPKal pathway is also indispensable for T cell memory.
Interestingly, we also found down-regulation of TSC2 and up-
regulation of mTORCI1 and HIF-1a in IL-7/T (AMPKa1-/-) cells.
Therefore, the metabolic switch from FAO to glycolysis in IL-7/T
(AMPKal-/-) cells may be derived from AMPKal deficiency-
induced loss of TSC2 (an mTORCI inhibitor), leading to
activation of mTORC1 and mTORCl-controlled the
transcription factor HIF-1a regulating glycolysis metabolism [21].

To confirm our finding derived from our “IL-7/TM” model, we
similarly developed our “IL-15/TM” model for characterization.
Interestingly, we observed that IL-15 transient
expression of IL-15R on T cells due to IL-15R internalization
post CK binding, leading to IL-15-stimulated 1L-15/mTORCI1
weak signal-induced IL-15/TM cells [22]. We further
demonstrated that IL-15/mTORC1 Weak signal regulates TM
cell formation wia transcriptional FOXO1 and metabolic AMPK
pathways, confirming our above finding in the “IL-7/TM”
model (Figure 1) [22]. Lastly, to explore the underlying
mechanism of the “Rapa-TM” model, we developed our “IL-2/
Rapa-TM” model through Rapa treatment to down-regulate
mTORCI [23] for characterization. We found that Rapa-treated
mTORCI1 weak (IL-2 (Rapa)/mTORC1 Weak) signaling induces
TM cell formation wia activation of FOXOl and AMPK
pathways [23,24].

stimulates

CONCLUSION

Altogether, our data elucidate the molecular mechanism that
distinct strengths of mTORCI1 signaling control TE and TM cell
differentiation, respectively, via activation of transcriptional T-bet
and metabolic HIF-1a pathways and activation of transcriptional
FOXOI1-TCFl-Eomes and metabolic ~AMPK-ULKI-TAG7
pathways. In summary, our new finding not only provides the
molecular basis of TM cell formation for both “yc’TM” and
“LCD-TM” models, but impact on the

development of efficient immunotherapies and vaccines for

also has great

cancer and infectious diseases.

REFERENCES
1. Plumlee CR, Sheridan BS, Cicek BB, Lefrancois L.

Environmental cues dictate the fate of individual CD8* T cells

responding to infection. Immunity. 2013;39(2):347-56.

2. Martin MD, Badovinac VP. Defining memory CD8 T cell.
Front Immunol. 2018;9(1):2692-2692.

3. Ma EH, Poffenberger MC, Wong AH, Jones RG. The role of
AMPK in T cell metabolism and function. Curr Opin Immunol.
2017;46(1):45-52.

4. Lanzavecchia A, Sallusto F. Dynamics of T lymphocyte responses:

intermediates, effectors, and cells. Science.

2000;290(5489):92-97.

5. Lanzavecchia A, Sallusto F. Progressive differentiation and

memory

selection of the fittest in the immune response. Nat Rev Immunol.
2002;2(12):982-7.

6. Kalia V, Sarkar S. Regulation of effector and memory CD8
T cell differentiation by IL-2-a balancing act. Front
Immunol. 2018;9:2987-2987.


https://www.sciencedirect.com/science/article/pii/S1074761313003221?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1074761313003221?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02692/full
https://www.sciencedirect.com/science/article/abs/pii/S0952791517300420?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0952791517300420?via%3Dihub
https://www.science.org/doi/10.1126/science.290.5489.92
https://www.science.org/doi/10.1126/science.290.5489.92
https://www.nature.com/articles/nri959
https://www.nature.com/articles/nri959
superscript


YuM, et al.

10.

11.

12.

13.

14.

15.

16.

Solouki S, Huang W, Elmore ], Limper C, Huang F, August
A. TCR signal strength and antigen affinity regulate CD8+ memory T
cells. ] Immunol. 2020;205(5):1217-1227.

Powell JD, Delgoffe GM. The mammalian target of rapamycin:
linking T cell differentiation, function, and metabolism. Immunity.
2010;33(3):301-311.

Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA,
Bachmann MF, et al. mTOR regulates memory CD8 Tecell
differentiation. Nature. 2009;460(7251):108-112.

Berezhnoy A, Castro I, Levay A, Malek TR, Gilboa E.
Aptamer-targeted inhibition of mTOR in T cells enhances antitumor
immunity. ] Clin Invest. 2014;124(1):188-197.

Rao RR, Li Q, Bupp MR, Shrikant PA. Transcription factor
Foxol represses T-bet-mediated effector functions and promotes
memory CD8+ T cell differentiation. Immunity. 2012 Mar
23;36(3):374-3817.

Pollizzi KN, Patel CH, Sun IH, Oh MH, Waickman AT,
Wen J, et al. mTORCI and mTORC2 selectively regulate CD8+ T
cell differentiation. J Clin Invest. 2015;125(5):2090-108.

Dwyer CJ, Knochelmann HM, Smith AS, Wyatt MM,
Rangel Rivera GO, Arhontoulis DC, et al. Fueling cancer

immunotherapy with common gamma chain cytokines. Front

Immunol. 2019;10(1):263-263.

Cieri N, Camisa B, Cocchiarella F, Forcato M, Oliveira G,
Provasi E, et al. IL-7 and IL-15 instruct the generation of human
memory stem T cells from naive precursors. Blood. 2013;121(4):
573-584.

Cui G, Staron MM, Gray SM, Ho PC, Amezquita RA, Wu
J, et al. IL-7-induced glycerol transport and TAG synthesis promotes
memory CD8+ T cell longevity. Cell. 2015;161(4):750-761.

Xu A, Leary SC, Islam MF, Wu Z, Bhanumathy KK, Ara A,
et al. Prosurvival IL-7-Stimulated Weak Strength of mTORCI1-S6K
controls T cell memory wia transcriptional FOXO1-TCFI1-Id3 and

J Cell Signal, Vol.8 Iss.03 No:1000343

17.

18.

19.

20.

21.

22.

23.

24.

OPEN 8 ACCESS Freely available online

metabolic ~ AMPKal-ULK1-ATG7
2022;208(1):155-168.

Peng Y. Forced expression of IL-7TR promotes CD8 T cell cytotoxicity
to self antigen. PLoS One. 2017;12(12):e0188112.

Shum T, Omer B, Tashiro H, Kruse RL, Wagner DL, Parikh

K, et al. Constitutive signaling from an engineered IL7 receptor

Pathways. ]  Immunol.

promotes durable tumor elimination by tumorredirected T cells.
Cancer Discov. 2017;7(11):1238-1247.

Kalia V, Sarkar S, Subramaniam S, Haining WN, Smith
KA, Ahmed R. Prolonged interleukin-2Ra expression on virus-
specific CD8+ T cells favors terminal-effector differentiation in-vivo.
Immunity. 2010;32(1):91-103.

Zhang L, Tschumi BO, LopezMejia IC, Oberle SG, Meyer
M, Samson G, et al. Mammalian target of rapamycin complex 2
controls CD8 T cell memory differentiation in a Foxol-dependent
manner. Cell Rep. 2016;14(5):1206-1217.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM,
Mery A, Vasquez DS, et al. AMPK phosphorylation of raptor
mediates a metabolic checkpoint. Mol Cell. 2008;30(2):214-226.

Ara A, Wu Z, Xu A, Ahmed KA, Leary SC, Islam MF, et al.

The Critical Role of AMPKal
mitochondrial respiration in IL-15-stimulated mTORClweak signal-

in regulating autophagy and

induced T cell memory: An interplay between Yin (AMPKal) and
Yang (mTORCI1) energy sensors in T cell differentiation. Int ] Mol
Sci. 2022;23(17):9534.

Ara A, Xu A, Ahmed KA, Leary SC, Islam MF, Wu Z, et al.

The energy sensor AMPKal is critical in rapamycin-inhibition of
mTORCI1-S6K-induced T-cell memory. Int ] Mol Sci. 2021;23(1):
37.

Huang ], Leary S, Xiang ]. Distinct strengths of mTORCI1 control
T-cell memory wia transcriptional FOXO1 and metabolic AMPKo.l

pathways in linear cell differentiation and asymmetric cell division

models. Cell Mol Immunol. 2022;19(10):1073-1076.


https://journals.aai.org/jimmunol/article/205/5/1217/107909/TCR-Signal-Strength-and-Antigen-Affinity-Regulate
https://journals.aai.org/jimmunol/article/205/5/1217/107909/TCR-Signal-Strength-and-Antigen-Affinity-Regulate
https://www.sciencedirect.com/science/article/pii/S1074761310003250?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1074761310003250?via%3Dihub
https://www.nature.com/articles/nature08155
https://www.nature.com/articles/nature08155
https://www.jci.org/articles/view/69856
https://www.jci.org/articles/view/69856
https://www.cell.com/immunity/fulltext/S1074-7613(12)00088-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS107476131200088X%3Fshowall%3Dtrue
https://www.cell.com/immunity/fulltext/S1074-7613(12)00088-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS107476131200088X%3Fshowall%3Dtrue
https://www.cell.com/immunity/fulltext/S1074-7613(12)00088-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS107476131200088X%3Fshowall%3Dtrue
https://www.jci.org/articles/view/77746
https://www.jci.org/articles/view/77746
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00263/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00263/full
https://ashpublications.org/blood/article/121/4/573/31229/IL-7-and-IL-15-instruct-the-generation-of-human
https://ashpublications.org/blood/article/121/4/573/31229/IL-7-and-IL-15-instruct-the-generation-of-human
https://www.cell.com/cell/fulltext/S0092-8674(15)00308-6?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867415003086%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(15)00308-6?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867415003086%3Fshowall%3Dtrue
https://journals.aai.org/jimmunol/article/208/1/155/234112/Prosurvival-IL-7-Stimulated-Weak-Strength-of
https://journals.aai.org/jimmunol/article/208/1/155/234112/Prosurvival-IL-7-Stimulated-Weak-Strength-of
https://journals.aai.org/jimmunol/article/208/1/155/234112/Prosurvival-IL-7-Stimulated-Weak-Strength-of
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0188112
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0188112
https://aacrjournals.org/cancerdiscovery/article/7/11/1238/6513/Constitutive-Signaling-from-an-Engineered-IL7
https://aacrjournals.org/cancerdiscovery/article/7/11/1238/6513/Constitutive-Signaling-from-an-Engineered-IL7
https://www.sciencedirect.com/science/article/pii/S1074761310000087?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1074761310000087?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S221112471501551X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S221112471501551X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S221112471501551X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S109727650800169X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S109727650800169X?via%3Dihub
https://www.mdpi.com/1422-0067/23/17/9534
https://www.mdpi.com/1422-0067/23/17/9534
https://www.mdpi.com/1422-0067/23/17/9534
https://www.mdpi.com/1422-0067/23/17/9534
https://www.mdpi.com/1422-0067/23/1/37
https://www.mdpi.com/1422-0067/23/1/37
https://www.nature.com/articles/s41423-022-00879-w
https://www.nature.com/articles/s41423-022-00879-w
https://www.nature.com/articles/s41423-022-00879-w
https://www.nature.com/articles/s41423-022-00879-w

	Contents
	Weak mTORC1 Signaling Strength Controlling T Cell Memory via Coupled Transcriptional FOXO1-TCF1-Eomes and Metabolic AMPK-ULK1-ATG7 Pathways
	DESCRIPTION
	CONCLUSION




