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Best known as energy storing molecules and core-components of cellular membranes, lipids are
also important regulators of cell signaling. They can compartmentalize signaling by organizing
membrane-topology into specialized sub-domains in the plasma membrane or into intracellular
microvesicles (1, 2). Covalent lipid-modification of proteins can direct their localization to partic-
ular membrane compartments. Non-covalent membrane lipid interactions control the mechanics
of T cell receptor (TCR) signal transduction (3, 4). Membrane lipids can also act as second-
messengers, as exemplified by the phosphoinositide-3-kinase (PI3K) lipid-product phosphatidyli-
nositol(3,4,5)trisphosphate (PIP3) in lymphocytes, the topic of several reviews here, and of a
recent dedicated Research Topic in Frontiers in Immunology (5). Other lipids can also act as
intracellular or extracellular messengers, or govern cell function at the level of metabolism. Not
surprisingly, lipid producing and metabolizing enzymes and lipid downstream-effectors have
gained considerable attention as potential therapeutic targets for immune disorders, blood can-
cer, and even aging (5, 6) (and this Research Topic), and certain lipids are being used as
therapeutics (7).

The 11 reviews in this Research Topic highlight some of the most important, or most recently
discovered lipid functions in T cells. So and Croft review evidence that besides the TCR and
costimulatory CD28, members of the Tumor-Necrosis-Factor (TNFR) superfamily contribute to
sustained PI3K-pathway activation in T cells and beyond (8). Based on their studies of the TNFR
OX40, the authors suggest a model where ligand-induced TNFR oligomerization concentrates PI3K
and Akt close to TCR/CD28 signalosomes. This may contribute to the well-established TNFR-
requirements for T cell clonal expansion, survival, and memory. The authors also review evidence
for TNFR-mediated PI3K control in other cells and discuss important open questions, such as
which precise molecular interactions link TNFRs to PI3K/Akt. Wang and colleagues review the
components and mechanisms of PI3K-signaling in lymphocytes (9). They discuss how PI3Ks are
activated to produce PIP3, the mechanisms limiting PIP3 production, and the role of PIP3 removal
by lipid-phosphatases. Next, the authors discuss how PIP3 specifically binds to effector proteins
such as Akt and Tec-kinases via their PH domains to control lymphocyte biology. They also discuss
a less well-appreciated mechanism of how soluble inositol-phosphates can control PI3K-signaling
by acting as PIP3-analogs. An increasing number of studies suggest that this non-canonical way of
controlling PI3K-function has broad importance in hematopoiesis (9–11). The authors conclude
by reviewing how protein-ligands of PIP3-binding domains provide yet another level of control as
exemplified by their recent work on calmodulin–PH domain interactions. A complementing review
by Srivastava and colleagues focuses on PIP3 metabolizing lipid-phosphatases in T cells (12). The
paramount tumor suppressor function of PTEN, critical functions in effector and regulatory T cells,
and recent efforts to target them pharmacologically underscore the importance of PIP3 removal by
lipid-phosphatases. Among them, PTEN reverses the PI3K-reaction, whereas SHIP1/2 also control
signaling by producing PI(3,4)P2, which recruits and controls effector proteins additional to Akt and
Tec-family kinases.
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But PIP3 and its immediate derivatives are not the only impor-
tant phosphoinositides in immune cells. Nunès and Guittard dis-
cuss recent evidence for functions of PI5P in TCR signaling (13).
They introduce the enzymes governing PI5P metabolism, review
PI5P-binding domains in effector proteins such as Dok, and dis-
cuss potential PI5P functions in T cells.While inositol-phosphates
are produced through hydrolysis of the phosphodiester-bond
between the glycerol and inositol-phosphate moieties of phos-
phatidylinositols, phosphatidylinositol-deacylation by phospho-
lipase A generates glycerophosphoinositols. Containing both
glycerol- and phosphoinositol-moieties, glycerophosphoinositols
are soluble and may have intracellular signaling roles. They
can also be excreted to potentially exert paracrine functions.
Patrussi et al. discuss metabolism and potential immunomodu-
latory roles for these little-studied messengers (14). In particu-
lar, glycerophosphoinositol(4)phosphate can augment TCR and
CXCR4 chemokine receptor signaling inT cells.Unknown cellular
receptors for, and physiological relevance of glycerophosphoinos-
itols indicate exciting research opportunities in this young field.

Other phosphoinositide derivatives with important func-
tions in T cells are the PI3K-substrate phosphatidylinosi-
tol(4,5)bisphosphate (PIP2), diacylglycerol (DAG) and phospha-
tidic acid (PA). Jun and colleagues review how these lipids orches-
trate intricate interactions of Ras guanine-nucleotide-exchange-
factors, Ca2+, adaptor- and effector proteins to control both kinet-
ics and topology of Ras-activation in T cells (15). The authors
discuss the roles of allosteric and feedback mechanisms, Ras-
acylation, and complex interactions between the Ras- and PI3K-
pathways. A complementing review by Krishna and Zhong dis-
cusses how diacylglycerol-kinases (DGK) phosphorylate DAG
into PA to control T cell development and function, in partic-
ular to maintain self-tolerance (16). The authors review roles
for known DAG-effectors and little-understood PA-effectors in T
cells, potential contributions of DAGor PAmetabolism, andDGK
functions in other immune cells. Improved antiviral and antitu-
mor activities of DGK-deficient T cells might indicate potential
translational relevance, but as the authors point out, more studies
are needed.

Moving beyond phosphoinositides, Nicolaou and colleagues
(7) and Lone and colleagues (17) review the diverse func-
tions of polyunsaturated fatty acid (PUFA)-derivatives in T
cells. PUFA-lipids can modulate membrane-associated signalo-
somes by altering membrane composition, or act as precursors
of secreted signaling-lipids. Both reviews first discuss biosyn-
thesis and metabolism of eicosanoids, including prostanoids,
leukotrienes, fatty acid epoxides, and endocannabinoids, and then
review their diverse and often complex functions in T cell biology

and disease. They further discuss the therapeutic potential of
PUFA, a particularly interesting topic given the exploration of
dietary PUFA as antiinflammatory agents, and the interest in
targeting the prostanoid PGE2 to improve immunotherapies for
cancer or infections (7, 18).

Another lipid-derived messenger with important immune-
regulatory functions is the cholesterol-derivative vitamin D3.
Kongsbak and colleagues review how its binding to the
transcription-factor vitamin-D-receptor (VDR) controls T cell
development, differentiation, and function (19). They describe
the mechanisms controlling VDR expression and activity, and
discuss roles for VDR downregulation in promoting autoimmune
diseases or in dampening innate immunity during certain infec-
tions. Autoimmune disease-reversal by VDR-agonist/antibiotic
combinations suggests translational relevance and possible
contributions to the long-known but ill-understood links
betweenmicrobial infections and the etiology of autoimmmunity.
Available as nutrients, vitamin D3, the lipid-related vitamin A,
and short-chain fatty acids (20) all are potential lead-agents for
therapeutic immunomodulation.

Finally, Procaccini and colleagues discusses how adipokine-
hormones – produced by fat tissue and best known to influence
energy-homeostasis and neuroendocrine function – may link
metabolism with immunity (21). This area has recently gained
increasing attention because of reported links between obesity,
chronic inflammation, and various diseases, including cancer. The
authors introduce the cellular and molecular components linking
fat tissue and immune system and then review the often contro-
versial, potential immunoregulatory roles of leptins, adiponectins,
and other adipokines.

Altogether, the reviews in this Research Topic highlight how
recent progress has profoundly altered and expanded our under-
standing of lipid functions in T cell biology but also raised many
interesting questions. Rather than merely acting as membrane
components and energy stores, lipids have emerged as important
and multifaceted signaling molecules both inside and outside of
T cells. We believe that this Frontiers in Immunology Research
Topic provides its readers with a broad and stimulating basis to
follow these important developments. In this sense, we thank all
the authors for their outstanding contributions.

Acknowledgments

This work was supported by NIH grant GM100785 and The
Leukemia&Lymphoma Society ScholarAward 1440-11 toKS. KO
is funded by the Biotechnology and Biological Sciences Research
Council BBS/E/B/000C0409.

References
1. DustinML, Depoil D. New insights into the T cell synapse from single molecule

techniques. Nat Rev Immunol (2011) 11:672–84. doi:10.1038/nri3066
2. Choudhuri K, Llodra J, Roth EW, Tsai J, Gordo S, Wucherpfennig KW, et al.

Polarized release of T-cell-receptor-enriched microvesicles at the immunologi-
cal synapse. Nature (2014) 507:118–23. doi:10.1038/nature12951

3. van der Merwe PA, Dushek O. Mechanisms for T cell receptor triggering. Nat
Rev Immunol (2011) 11:47–55. doi:10.1038/nri2887

4. WuW, Yan C, Shi X, Li L, Liu W, Xu C. Lipid in T-cell receptor transmembrane
signaling. Prog Biophys Mol Biol (2015). doi:10.1016/j.pbiomolbio.2015.04.004

5. Okkenhaug K, Turner M, GoldMR. PI3K signalling in B cell and T cell biology.
Front Immunol (2014) 5:557. doi: 10.3389/fimmu.2014.00557

6. Blagosklonny MV. Rejuvenating immunity: “anti-aging drug today” eight years
later. Oncotarget (2015).

7. Nicolaou A, Mauro C, Urquhart P, Marelli-Berg F. Polyunsaturated fatty acid-
derived lipid mediators and T cell function. Front Immunol (2014) 5:75. doi:10.
3389/fimmu.2014.00075

Frontiers in Immunology | www.frontiersin.org August 2015 | Volume 6 | Article 4102

http://dx.doi.org/10.1038/nri3066
http://dx.doi.org/10.1038/nature12951
http://dx.doi.org/10.1038/nri2887
http://dx.doi.org/10.1016/j.pbiomolbio.2015.04.004
http://dx.doi.org/10.3389/fimmu.2014.00557
http://dx.doi.org/10.3389/fimmu.2014.00075
http://dx.doi.org/10.3389/fimmu.2014.00075
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Sauer and Okkenhaug Lipid signaling in T cells

8. So T, Croft M. Regulation of PI-3-kinase and Akt signaling in T lymphocytes
and other cells by TNFR family molecules. Front Immunol (2013) 4:139. doi:10.
3389/fimmu.2013.00139

9. Wang X, Hills LB, Huang YH. Lipid and protein co-regulation of PI3K effectors
Akt and Itk in lymphocytes. Front Immunol (2015) 6:117. doi:10.3389/fimmu.
2015.00117

10. Sauer K, Cooke MP. Regulation of immune cell development through soluble
inositol-1,3,4,5-tetrakisphosphate. Nat Rev Immunol (2010) 10:257–71. doi:10.
1038/nri2745

11. Siegemund S, Rigaud S, Conche C, Broaten B, Schaffer L, Westernberg L, et al.
IP3 3-kinase B controls hematopoietic stem cell homeostasis and prevents lethal
hematopoietic failure in mice. Blood (2015) 125:2786–97. doi:10.1182/blood-
2014-06-583187

12. Srivastava N, Sudan R, Kerr WG. Role of inositol poly-phosphatases and their
targets in T cell biology. Front Immunol (2013) 4:288. doi:10.3389/fimmu.2013.
00288

13. Nunès JA, Guittard G. An emerging role for PI5P in T cell biology. Front
Immunol (2013) 4:80. doi:10.3389/fimmu.2013.00080

14. Patrussi L,Mariggiò S, CordaD, Baldari CT. The glycerophosphoinositols: from
lipidmetabolites tomodulators of T-cell signaling. Front Immunol (2013) 4:213.
doi:10.3389/fimmu.2013.00213

15. Jun JE, Rubio I, Roose JP. Regulation of Ras exchange factors and cellular
localization of Ras activation by lipid messengers in T cells. Front Immunol
(2013) 4:239. doi:10.3389/fimmu.2013.00239

16. Krishna S, Zhong XP. Regulation of lipid signaling by diacylglycerol kinases
during T cell development and function. Front Immunol (2013) 4:178. doi:10.
3389/fimmu.2013.00178

17. Lone AM, Taskén K. Proinflammatory and immunoregulatory role of
eicosanoids in T cells. Front Immunol (2013) 4:130. doi:10.3389/fimmu.2013.
00130

18. Chen JH, Perry CJ, Tsui YC, Staron MM, Parish IA, Dominguez CX, et al.
Prostaglandin E2 and programmed cell death 1 signaling coordinately impair
CTL function and survival during chronic viral infection. Nat Med (2015)
21:327–34. doi:10.1038/nm.3831

19. Kongsbak M, Levring TB, Geisler C, Von Essen MR. The vitamin D receptor
and T cell function. Front Immunol (2013) 4:148. doi:10.3389/fimmu.2013.
00148

20. Veldhoen M, Ferreira C. Influence of nutrient-derived metabolites on lympho-
cyte immunity. Nat Med (2015) 21(7):709–18. doi:10.1038/nm.3894

21. Procaccini C, De Rosa V, Galgani M, Carbone F, La Rocca C, Formisano L,
et al. Role of adipokines signaling in the modulation of T cells function. Front
Immunol (2013) 4:332. doi:10.3389/fimmu.2013.00332

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Sauer and Okkenhaug. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org August 2015 | Volume 6 | Article 4103

http://dx.doi.org/10.3389/fimmu.2013.00139
http://dx.doi.org/10.3389/fimmu.2013.00139
http://dx.doi.org/10.3389/fimmu.2015.00117
http://dx.doi.org/10.3389/fimmu.2015.00117
http://dx.doi.org/10.1038/nri2745
http://dx.doi.org/10.1038/nri2745
http://dx.doi.org/10.1182/blood-2014-06-583187
http://dx.doi.org/10.1182/blood-2014-06-583187
http://dx.doi.org/10.3389/fimmu.2013.00288
http://dx.doi.org/10.3389/fimmu.2013.00288
http://dx.doi.org/10.3389/fimmu.2013.00080
http://dx.doi.org/10.3389/fimmu.2013.00213
http://dx.doi.org/10.3389/fimmu.2013.00239
http://dx.doi.org/10.3389/fimmu.2013.00178
http://dx.doi.org/10.3389/fimmu.2013.00178
http://dx.doi.org/10.3389/fimmu.2013.00130
http://dx.doi.org/10.3389/fimmu.2013.00130
http://dx.doi.org/10.1038/nm.3831
http://dx.doi.org/10.3389/fimmu.2013.00148
http://dx.doi.org/10.3389/fimmu.2013.00148
http://dx.doi.org/10.1038/nm.3894
http://dx.doi.org/10.3389/fimmu.2013.00332
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

	Editorial: Lipid signaling in T cell development and function
	Acknowledgments
	References


