The understanding of how Tregs de-
velop can facilitate our ability to use them
as immune therapies against inflamma-
tion and autoimmune diseases. However,
as a result of plasticity of CD8" T cells,
naive CD8" T cells can give a potential
rise to effectors that are beneficial or det-
rimental, dependent on conditions. Zhao
and colleagues [4] have established an
experimental condition that specifically
induces IL-10-producing CD8™" Tregs
without eliciting the Tcl effector fate.
The discovery that Cdkn2a and Blimp-1
are master regulators in promoting IL-10-
producing CD8™" T cell differentiation
will lead to further exploration of those
pathways and enhance our understanding
of related cell-fate programs.
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he maintenance of cellular de-

fense systems and removal of

pathogens are energetically de-
manding processes that require integra-
tion of multiple metabolic checkpoints
to maintain immune cell energy homeo-

Abbreviations: HIF-1a=hypoxia-inducible factor
Ta, MTOCT=mammalian target of rapamycin
complex 1, SIRT1=sirtuin 1
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stasis [1]. The importance of this inter-
play between pathogen and host meta-
bolic function involves alterations to
multiple biological systems ranging from
the control of glucose homeostasis to
changes in electrolyte and amino acid
metabolism [2, 3]. Given the impor-
tance of energy metabolism in immu-
nity, it is not surprising that the AMP-
activated protein kinase (AMPK) has
emerged as an important regulator of
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inflammatory responses in immune cells
(for review, see refs. [4, 5]). AMPK is a
highly conserved serine/threonine ki-
nase that plays a crucial role in the reg-
ulation of energy metabolism. AMPK,
an afy heterotrimer (multiple isoforms
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Figure 1. Schematic representation of AMPK signaling in APCs (macrophages or DCs) and pos-
sibly T cells. AMPK limits NF-kB and MAPK-mediated transcription of proinflammatory cyto-
kines, potentially via SIRT1. In addition, AMPK inhibits mTORCI, which attenuates HIF-1o-me-
diated transcription of glycolytic genes, promoting oxidative metabolism. p, Phosphorylation.

of each subunit exist), phosphorylates
targets that switch off ATP-depleting
processes and turn on ATP-generating
pathways [6]. In times of energy depri-
vation, the concentration of AMP and
ADP rises, leading to increased, activating
phosphorylation of Thr172 of the a-catalytic
subunit. The tumor suppressor LKBI is
thought to be the main upstream kinase of
AMPK under conditions of energy depriva-
tion; however, calcium-dependent activation
via CaMKKp canalso phosphorylate and
activate AMPK in certain cell types [6]. In
addition to energy deficiency, pharmaceuti-
cal, small molecule, and endogenous,/hor-
monal activators of AMPK have been identi-
fied. The antidiabetic drug metformin, the
AMP analog aminoimidazole carboxamide
ribonucleotide (AICAR), and many xenobi-
otics, such as berberine, are all compounds
that alter or mimic alterations in the adenyl-
ate charge (AMP:ADP:ATP) and result in

indirect activation of AMPK [6]. A small

molecule, developed by Abbott Laboratories

(A769662; Abbott Park, IL, USA), activates
AMPK by inhibiting dephosphorylation—an
effect requiring Ser108 of the B1-subunit
[7]. Interestingly, the active component of
aspirin, which mediates its anti-inflamma-
tory effects—salicylic acid—also activates
AMPK directly via this mechanism [8].
Whereas previous studies had recog-
nized the intimate relationship between
inflammation and AMPK in endothelial
cells [9] and muscle [10], the first investi-
gation into the role of AMPK in immune
cells was by Sag et al. [11], who demon-
strated that the expression of a dominant-
negative or constitutively active AMPK
exacerbated or blunted LPS-induced in-
flammation in mouse macrophages, re-
spectively. Since this initial report, numer-
ous studies have continued to define an
important role for AMPK in macrophage-,
T cell, and DC-associated immune func-

1100 Journal of Leukocyte Biology Volume 94, December 2013

tion in response to classical inflammatory
agents or lipid-induced inflammation and
obesity [12-17]. In addition, AMPK has
been implicated in regulating the meta-
bolic switch between glycolysis (the pre-
dominant energy-generating pathway in
classically activated/proinflammatory im-
mune cells) and oxidative phosphoryla-
tion (the main energy-generating pathway
in alternatively/anti-inflammatory im-
mune cells) [5]. In this issue of JLB, Car-
roll et al. [18] add to the growing body of
evidence, indicating a critical role for
AMPK in mediating immune function by
modulating inflammatory responses in
Antigen Presenting Cells (APCs) such as
macrophages, DCs and T-cells.

With the use of bone marrow-derived
macrophages from mice lacking AMPK o,
Carroll et al. [18] first confirm their previ-
ous findings using dominantnegative ad-
enoviruses [11], in which in response to
LPS, AMPK deficiency potentiates proin-
flammatory responses. The authors next
looked to extend these findings and test the
hypothesis that AMPK is critical for proper
T cell response to antigen presentation.
The surveillance and ingestion of foreign
pathogens via phagocytosis are important
functions of macrophages and DCs. Once
internalized, APCs migrate into the lym-
phatic circulation, pathogens are enzymati-
cally digested, and the antigens are pre-
sented to effector T cells. The presence of
AMPK a1 in macrophages and DCs attenu-
ated antigen-induced Th1 and Th17 (IFN-y
and I1-17, respectively) responses in isolated
CD4" T cells. Moreover, in the absence of
AMPK «l in APCs and T cells, Th1 and
Th17 responses were increased further. To
probe the APC-T cell interaction, Carroll et
al. sought to determine if AMPK was impor-
tant in regulating CD40 signal transduction.
Similar to findings with LPS stimulation, the
CDA40 ligand (soluble CD154) increased
proinflammatory and inhibited anti-inflam-
matory responses in APCs. Interestingly,
unlike LPS, which is known to decrease
AMPK activity [11, 12], CD154 did not re-
duce AMPK Thr172 phosphorylation. Fi-
nally, the authors demonstrate that in re-
sponse to CD40 signaling, NF-kB and
MAPK phosphorylation is transiently ele-
vated, where markers of the Akt signaling
pathway are modestly inhibited downstream
of CD154.

There have been several recent reports
implicating a role for T cell AMPK in
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modulating metabolic flux as well as cyto-
kine responses [15-17]. However, that
there may be a common, synergistic func-
tion for AMPK that span branches of
adaptive and innate immunity is novel. In
an in vitro setting, Carroll et al. [18] dem-
onstrated that the presence of AMPK in
APGCs and T cells lessens the resultant in-
flammatory responses. As with all new
concepts, many questions remain. First
and foremost is how AMPK might be me-
diating its anti-inflammatory effects. Acti-
vation of AMPK has been shown to re-
duce NF-kB activation via SIRT1-mediated
deacetylation of p65 at Lys310 in macro-
phages [14] (Fig. 1). The results shown
here by Carroll et al. [18] in DCs are in
keeping with this notion, although direct
mechanistic evidence for inhibition of
NF-kB is not presented. In addition, there
remains the possibility that there are
novel downstream (direct) targets of
AMPK that dampen inflammation, al-
though this has yet to be shown.

Naive and memory T cells, as well as anti-
inflammatory (alternatively activated) mac-
rophages and DC populations, are metabol-
ically tuned to efficiently derive ATP via
oxidative phosphorylation, where there are
low basal levels of glucose uptake and pro-
tein synthesis. Differentiation to effector T
cells confers the opposite metabolic pro-
gramming, with high rates of glycolysis and
protein synthesis. This process, known as
the Warburg effect, has been shown to be
regulated via AMPK and its coordination of
mTORCI and subsequent inhibition of pro-
tein synthesis through HIF-1« [5, 15] (Fig.
1). The results of Carroll et al. [18] demon-
strate that AMPK limits proinflammatory
responses in macrophages, DCs, and T cells
under various stimuli. However, these re-
sults to do not address whether AMPK is
critical for the regulation of oxidative versus
glycolytic metabolism and if so, whether this
is the mechanism that influences inflamma-
tory responses. As the authors speculate, it
will be interesting to assess whether CD154
(in addition to other APC-T cell stimuli)
induces a switch toward glycolysis, similar to
that observed upon LPS and IFN-y stimula-
tion, and whether AMPK signaling limits
this phenomenon. In keeping with AMPK
dictating metabolic programming, macro-
phage AMPK directs increases in fatty acid
oxidation, which is essential for suppressing
lipid-induced inflammation and the devel-
opment of obesity-induced insulin resistance
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[12]. Taken together, evidence in the mac-
rophage, T cell, and possibly now DCs pro-
vides support for AMPK in regulating meta-
bolic processes that direct immune func-
tion.

Whereas previous studies have estab-
lished a critical role of AMPK in macro-
phages (12) and T cells (15, 16) in intact
organisms, it will also be interesting to ascer-
tain whether the pronounced inflammatory
responses observed in AMPK al-deficient
APCGs in vitro will translate in the in vivo
systems. Given the sequential coordination
of inflammatory responses to acute infec-
tion, perhaps reduced or limited AMPK
signaling is necessary to initiate effector re-
sponses for pathogen disposal (by promot-
ing the Warburg effect); although it should
be noted that Carroll et al. [18] do not de-
scribe differences in the phagocytic capacity
of APCs in vitro. As the resolution of inflam-
mation is achieved, AMPK signaling would
then be essential to transition back to a qui-
escent and more oxidative state. Impor-
tantly, CD40 is not exclusive to APCs but is
found on other tissue types (endothelial
and smooth muscle). Therefore, the results
described here should direct new investiga-
tions into the interactions of AMPK and
CDA40 signaling in chronic inflammatory
conditions, such as atherosclerosis, inflam-
matory bowel disease, and obesity-induced
metabolic dysfunction.
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