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In a recent article published in
Molecular Cell, Dai et al. demon-
strate that energy stress induced
by a ketogenic diet or fasting
can enhance checkpoint blockade
therapy. Energy stress promotes
lysosome-mediated degradation of
the immunoinhibitory ligand pro-
grammed death-ligand 1 (PDL1)
and upregulation of tumor inter-
feron (IFN) responses.
Immunotherapy has revolutionized the
treatment of many cancers. Immunothera-
peutic approaches include the use of
monoclonal antibodies against major
immune checkpoints, such as cytotoxic
T-lymphocyte antigen 4 (CTLA4) and
PDL1. However, only a subset of patients
respond to these treatments, highlighting
the urgent need to discover new treatment
regimens [1]. One strategy to overcome
resistance is to combine multiple modali-
ties that will simultaneously target different
hallmarks of tumor development and
result in enhanced clinical benefit.

Dietary interventions are being rigorously
explored as a potential therapeutic avenue
in cancer treatment [2]. Most preclinical
research studies have focused on fasting-
based approaches [fasting, fasting-
mimicking diets (FMDs), and caloric
restriction] and ketogenic diets. Fasting-
based approaches involve a reduction in
total caloric intake, while a ketogenic diet
comprises a high-fat, low-carbohydrate,
and adequate protein content [2].

Preclinical studies have shown that FMD
and ketogenic diets can have an antitumor
effect, enhancing responses to standard-
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of-care treatment regimens. Most of this
work focuses on how these interventions
directly affect tumor cell-intrinsic signal
transduction andmetabolism. For example,
FMD enhanced the antitumor effects of
estrogen therapy in a hormone receptor-
positive breast cancer model via lowering
circulating growth factors and inhibiting
tumor-intrinsic AKT-mTOR signaling, a
pathway critical for tumor cell proliferation
and survival [3]. In another study, a keto-
genic diet rescued resistance to PI3K
inhibitors by preventing hyperinsulinemia
and unwanted feedback activation of PI3K
signaling in the presence of the inhibitor [4].

In their study, Dai et al. [5] asked a different
question: can a ketogenic diet or fasting
alter tumor-intrinsic immunoregulatory
pathways to impact immune surveillance
and response to immunotherapy? They
showed that these dietary interventions
cause energy stress within the tumor and
activation of AMP-activated protein kinase
(AMPK), an energy sensor that promotes
anabolic or catabolic metabolism depend-
ing on nutrient availability. This triggers
downregulation of the immunoinhibitory
ligand PDL1, along with simultaneous
upregulation of the type I IFN response
and antigen-presenting molecules, thereby
enhancing CTLA4 checkpoint blockade
responses (Figure 1).

The authors began their study by asking
whether energy stress induced by glucose
starvation in vitro impacts PDL1 expres-
sion. Using multiple cancer cell lines, they
demonstrated that energy stress de-
creases PDL1 protein levels and that this
correlates with increased AMPK activa-
tion. To dissect the role of AMPK in driving
these changes, the authors utilized ge-
netic knockouts of Ampka1/a2 as well as
AMPK agonists or inhibitors. Abolishing
AMPK signaling in vitro rescued PDL1
protein levels and promoted the down-
regulation of IFN response-associated
genes, while activating AMPK had the
opposite effect. To show that this is relevant
in vivo, mice bearing subcutaneous tumors
were fed a ketogenic diet, which led to
reduced PDL1 levels in the tumors and
increased gene expression of type I IFNs,
IFN-stimulated genes, and genes involved
in antigen processing and presentation: all
of which are essential for mounting a suc-
cessful antitumor immune response.

After establishing the role of AMPK in the
regulation of PDL1 expression and IFN
response, the authors characterized the
AMPK-dependent mechanism that im-
pacts immune surveillance.

Using biochemical approaches, they
showed that energy stress drives AMPK-
mediated phosphorylation of CMTM4, a
transmembrane protein that has been
shown to bind and protect PDL1 from
degradation. Phosphorylation disrupts
the PDL1-CMTM4 interaction, promoting
lysosome-mediated degradation of PDL1.
Interestingly, the authors excluded a
proteasome-dependent degradation of
PDL1, which has been shown to be
important in other settings [5].

To investigate how AMPK impacts IFN
signaling and antigen presentation, the
authors turned their focus to EZH2, a
histonemethyltransferase. They suspected
EZH2 because it has been shown pre-
viously to drive immune evasion via inhibition
of IFN signaling and antigen presentation
[6] and the same group had also shown
that AMPK can phosphorylate EZH2 and in-
hibit its function [5]. The authors depleted
EZH2 in human breast cancer cells and
showed that energy stress failed to fur-
ther increase the expression of antigen-
presentation genes in the absence of
EZH2, while re-introduction of wild-type
EZH2 or an EZH2 mutant that cannot
be phosphorylated by AMPK resulted
in suppression of antigen-presentation
genes.

Having defined the AMPK-dependent reg-
ulation of PDL1 via CMTM4, the authors
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Figure 1. Schematic representation of the impact of a ketogenic diet on immunotherapy responses.
Energy stress induced by a ketogenic diet drives CD8 T cell immune surveillance and immunotherapy responses
by promoting the downregulation of the immunoinhibitory ligand programmed death ligand 1 (PDL1),
upregulation of the interferon (IFN) response and increased levels of the antigen-presenting molecule MHCI).
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wanted to leverage this new mechanism
to overcome immunotherapy resistance.
They reasoned that, since a ketogenic
diet or AMPK activation has such a pro-
found impact on PDL1 levels and IFN
response, this nexus could be exploited to
improve checkpoint blockade responses.
To answer this question, mice with sub-
cutaneous tumors were fed a ketogenic
diet or treated with AMPK activator agent
alone or combined with CTLA4 blockade.
Although a ketogenic diet or AMPK acti-
vation alone did not significantly impact
tumor growth, they slowed down the
growth in the majority of mice when com-
bined with anti-CTLA4 antibody treat-
ment. Treatment combination resulted in
increased CD8 T cell numbers and effec-
tor functions, but did not impact the num-
bers of regulatory T cells, which have
been shown in prior studies to be
altered by a ketogenic diet [7]. Impor-
tantly, there was no survival benefit of
the treatment combination when the au-
thors used nude mice lacking mature T
cells, clearly demonstrating that the
impact of these interventions requires an
intact adaptive immune system.

Dai et al. [5] clearly demonstrate that a
ketogenic diet can influence tumor-intrinsic
immunoregulatory mechanisms and pro-
motes immune surveillance by activation
of the AMPKpathway. LKB1, a positive up-
stream regulator of AMPK, is frequently
mutated in lung cancer and patients with
LKB1 mutations respond poorly to immu-
notherapy [8]. Interestingly, the authors
showed that LKB1-mutant cell lines have
decreased AMPK signaling and display
increased levels of PDL1. In light of person-
alized medicine efforts, could a ketogenic
diet be a viable intervention to address
resistance in patients who carry LKB1
mutations? To answer this question, we
will also need to account for the unique
metabolic programs of immune cells in
the tumor microenvironment [9] and for
the potential modulation of the microbiota
by a ketogenic diet, recently shown to be
the case in preclinical models of neurologi-
cal diseases [10].
Dai et al. suggest a potentially safe,
inexpensive, and novel way to enhance
immunotherapy responses. Further work
is needed to allow us to assess the poten-
tial clinical impact of these interventions.
We also need to understand how a keto-
genic diet or fasting impacts the microbiota
and themetabolic status immune cells, and
how tumor heterogeneity may influence
such treatments.
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