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METABOLIC REGULATION OF T CELL FUNCTION

Christoph Hess

Introduction

T cells are a key component of the adaptive immune system, acting
as both coordinators and effectors of immunity. As such, T cells are
instrumental in protecting the host from invading pathogens. The
different stages of T cell activation, expansion and contraction are
integrated with systemic inflammation and the control of micro-
bial growth. However, when activated inappropriately — due to
cell-intrinsic or cell-extrinsic factors — T cells contribute to a wide
spectrum of diseases (1-5).

T cell metabolic reprogramming is crucial for the differentiation, prolif-
eration and acquisition of effector functions. A key change in cellular
metabolism in activated T cells is the upregulation of aerobic glycolysis
(that is, the conversion of glucose-derived pyruvate into lactate under nor-
moxic conditions). Although this is an energetically inefficient process,
the engagement of aerobic glycolysis promotes the build-up of biochem-
ical intermediates that are necessary for nucleotide, amino acid and fatty
acid synthesis. Glycolytic metabolites and interlinked pathways, such as
the pentose phosphate pathway and glycerol and amino acid synthesis
pathways, as well as pyruvate usage, are essential for the proper func-
tioning of activated T cells. Concomitant with changes in glucose metab-
olism, T cell activation also enhances mitochondrial biogenesis and ox-
idative phosphorylation (OXPHOS) and drives mitochondrial membrane
hyper-polarization, amino acid uptake and glutaminolysis. Mitochondria,
in addition to their primary role in generating ATP, play further key met-
abolic roles, such as in calcium buffering, the generation of reactive ox-
ygen species (ROS), nitrogen metabolism or the fueling of cytoplasmic
acetyl-CoA synthesis and lipogenesis. Each of these mitochondrial pro-
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cesses is known — or is likely — to have links to T cell function. Metabolic
pathway usage is subject to regulation on multiple levels, both intrinsic
(for example, allosteric regulation of enzymes in a given pathway, such
as inhibition of phosphofructokinase by ATP), and extrinsic in nature (for
example, upregulation of glycolytic enzymes in proliferating cells receiv-
ing activating signals via stimulatory receptors). Key metabolic check-
point kinases, such as mechanistic target of rapamycin (mTOR) and
5'-AMP-activated kinase (AMPK), integrate extrinsic signals and intra-
cellular nutrient and energy abundance to initiate appropriate metabolic
reprogramming (Figure 1, from (6)):
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Figure 1. Metabolic changes that accompany effector T cell maturation. Abbreviations:
ETC, electron transport chain; GLUT, glucose transporter; TCA, tricarboxylic acid; TCR,
T cell receptor.
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The metabolic requirements that support the pivotal rapid memory func-
tionality have been a focus of our work. Here, I will summarize a few
contributions we made over the years to the now burgeoning field of
immunometabolism, covering basic, translational and clinical aspects.

Fundamental research into the metabolic regulation of T cells

Glucose and mitochondrial metabolism orchestrate effector T cell function

During acute viral infection, pathogen-specific naive CD8" T cells become
activated, followed by clonal expansion and differentiation into cytotoxic
effector cells (7). Resolution of infection triggers the contraction of effector
cell populations, accompanied by the formation of a long-lived memory pool
(8). In a highly coordinated process, memory CD8&* T cells subsequently en-
hance host protection after secondary infection (recall response) (8).

Naive and memory CD8* T cells are metabolically quiescent cells, which
depend mainly on OXPHOS as their energy source (9-11). Ligation of
the T cell antigen receptor (TCR) and subsequent costimulation of qui-
escent cells initiates substantial changes in cellular metabolic pathway
use (12). Upregulation of aerobic glycolysis (the Warburg effect) is an
important feature of this metabolic adaptation and is a prerequisite for
the growth and population expansion of CD8* T cells (13—15). Augmented
glycolysis by proliferating cells is linked to enhanced glucose uptake and
increased expression and activity of glycolytic enzymes, whereas glucose
use via OXPHOS is decreased (16, 17). This 'metabolic switch' satiates
higher energy demands and provides biochemical intermediates used in
the biosynthesis of macromolecules (18).

The early recall phase of an immune response relies on antigen-expe-
rienced T cells that are able to acquire effector function with rapid
kinetics (19). Effector memory (EM) CD8* T cells are specialized
antigen-experienced lymphocytes that traffic between blood and non-
lymphoid tissues (20-23). EM CD8* T cells are ideally positioned to
rapidly respond and execute effector functions at sites of infection. We
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found that EM CD8* T cells have an immediate-early ability to take up
and metabolize glucose in a sustained manner. Additionally, we demon-
strated that co-stimulation via CD28 signaling was critical for sustaining
the immediate-early glycolytic switch of EM CD8* T cells (Figure 2).

Figure 2. Memory CD8" T cells are equipped with a preformed capacity to rapidly engage
glycolytic activity. (a) Extracellular acidification rate (ECAR; a measure of glycolysis) of
naive and EM CD8* T cells before and after 'in-Seahorse' activation with anti-CD3 (a-
CD3) and anti-CD28 (a-CD28); boxes outline ECAR values used for calculation of means
before and after injection. (b,c) Mean ECAR values before and after injection of anti-CD3
plus anti-CD28 onto plated naive CDS8* T cells (b) or EM CD8* T cells (c). (d) ECAR of
EM CD8* T cells activated with anti-CD3 or anti-CD28 alone or the mAbs together (key).
(e) ECAR of bulk CD8* T cells activated with anti-CD3 and anti-CD28 in the presence of
10 mM glucose (+ glucose) or glucose-free medium (No glucose). (f) ECAR of bulk CD8*
T cells pretreated with dimethyl sulfoxide (DMSO) or the inhibitor (Inh) iodoacetate (I0ODO;
inhibitor of the glycolytic enzyme Glyceraldehyde 3-phosphate dehydrogenase; GAPDH),
heptelidic acid (HA; GAPDH inhibitor) or R-(—)-deprenyl hydrochloride (R-dep; MAO
inhibitor, used as a control) before activation as in e. (g) Quantification of lactate in the
medium of naive and EM CD8* T cells (n = 5 donors) left nonactivated (—) or activated
(+) with anti-CD3 plus anti-CD28 with or without glucose (bottom row). (h) Linear-
regression analysis of the lactate concentrations in (g), presented as lactate in activated
cells/lactate in nonactivated cells. (i) Microscopy of naive and EM CD8* T cells left non-
activated (No act) or activated (Act) for 2 h with anti-CD3 and anti-CD28: green, GAPDH;
blue, DAPI. Scale bars, 3 um. (j) Fluorescence intensity of cytoplasmic GAPDH in naive
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and EM CDS8* T cells left nonactivated (—) or stimulated (+) for 2 h with anti-CD3 plus
anti-CD28; total cells: n = 30 (nonactivated naive), 43 (activated naive), 47 (nonactivated
EM) or 70 (activated EM). Each symbol (b,c,g) represents an individual donor; small hori-
zontal lines indicate the mean. *P < 0.05 and **P < 0.001 (paired two-tailed Student's
t-test (b,c,g), linear-regression analysis (h) or Mann-Whitney U-test (j)). Data are repre-
sentative of three experiments (a-d,i,j), one experiment (e), four experiments (f) or five ex-

periments (g,h; all one experiment per donor; mean and s.e.m. in a,d-f,h,j).

The rapid production of IFN-y by EM naive CD8* T cells but not by
naive CD8* T cells suggested differences in epigenetic regulation of
the IFNG promoter. Increased glycolytic activity in proliferating cells
decreases the cellular ratio of NAD* to NADH, which can affect
epigenetic modifications, such as deacetylation mediated by NAD*-
sensitive class IIT histone deacetylases (17, 24). To determine the effect
of immediate-early glycolysis on NAD*/NADH, we assessed the concen-
tration of NAD* and NADH in unstimulated EM CD8* T cells and those
activated with anti-CD3 plus anti-CD28. At 6 h after activation, there was
only a small yet significant increase in NAD* concentration in EM CD8*
T cells (Figure 2a). Notably, NADH concentrations were very low or un-
detectable under nonactivating and immediate-early—activating condi-
tions (Figure 3a). We detected substantial changes in the total NADH
concentration and in NAD*/NADH only in actively proliferating CD8*
T cells (Figure 2a) and in proliferating Jurkat human T lymphocytes (data
not shown). Despite the small increase in NAD* early after activation,
EM CD8" T cells rapidly produced IFN-vy in a glycolysis-dependent man-
ner (data not shown). Hence, the small increase in NAD* did not seem to
have a functionally relevant effect on /FNG transcription. These findings
also demonstrated that NAD*/NADH in resting and nascently activated
EM CD8* T cells favored NAD*, which emphasized a difference in the
bioenergetic status of immediate-early activated CD8* T cells and that of
proliferating CD8" T cells.

Histones are modified differently in the JFNG promoter in naive versus
memory CD8* T cells (25). Specifically, hyperacetylation of histone H3
Lys9 (H3K9) in the IFNG promoter of memory CD8* T cells reflects an
active chromatin conformation state (25). Additionally, in mouse CD8*
T cells, substantial chromatin remodeling (i.e., histone loss) takes place
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in the promoters of Gzmb (which encodes granzyme B) and Ifng after ac-
tivation, which facilitates binding of RNA polymerase II and gene ex-
pression (26, 27). It is well established that glycolysis provides substrates
for histone acetylation (28); however, its effect on chromatin remodeling
remains undefined. To determine the effect of immediate-early glyco-
lysis on histone loss and modification in the JFNG promoter of nascently
activated memory CD8" T cells, we assessed total histone H3 and
acetylated H3K9 in proximal and distal regions of the promoter (posi-
tions -7, -382 and -4179 relative to the transcription start site) after acti-
vation. We observed a substantial loss of histone H3, indicative of rapid
chromatin remodeling, in all three regions of the IFNG promoter in both
naive and EM CD8* T cells after 6 h of stimulation with anti-CD3 plus
anti-CD28 (Figure 3b). In the presence of 2-DG, loss of histone H3 at
the IFNG promoter was abrogated in activated EM CD8* T cells (Figure
3b), which indicated a role for immediate-early glycolysis in chromatin
remodeling. Under non-activating conditions, there was a greater abun-
dance of acetylated H3K9 in all three JFNG promoter regions in EM CD8*
T cells than in naive CD8* T cells (Figure 3b), reflective of the active
state of IFNG promoters in memory CD8* T cells (25).

After activation, there was a marked decrease in detectable acetylated
H3K9 in the /FNG promoter of both subpopulations (Figure 3b). The
observed loss of acetylated histone H3 was in agreement with the lower
total histone H3 content at the JFNG promoter of activated CD8* T cells.
Notably, the abundance of acetylated H3K9 remained higher in activated
EM CD8* T cells than in their activated naive counterparts (Figure 2b),
which indicated that the IFNG promoter of activated EM CD8* T cells
maintained an active chromatin conformation state. Finally, similar to the
effect of 2-DG on histone H3 content, the abundance of acetylated H3K9
in EM CD8" T cells activated in the presence of 2-DG was similar to that
of nonactivated control cells (Figure 3b), which again indicated the
importance of immediate-early glycolysis in regulating the positioning
of histone H3 in the JFNG promoter of activated memory CD8" T cells.
Together these findings established that the diminished IFN-vy synthesis
in EM CD8* T cells after blockade of immediate-early glycolysis was
linked to the abrogation of chromatin remodeling in the /FNG promoter
region and not to lower abundance of acetylated H3K9.
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Figure 3. Metabolism interlinks with epigenetic remodeling in activated memory CD8*
T cells. (a) NAD* and NADH in EM CD8* T cells (n = 5 donors) cultured for 6 h under
nonstimulating conditions (left) or stimulated with anti-CD3 plus anti-CD28 (middle) or
inbulk CD8* T cells activated for 72 h (right). *P < 0.05 (paired two-tailed Student's t-test).
(b) Chromatin-immunoprecipitation analysis of naive and EM CD8* T cells left unstimu-
lated or activated for 6 h with anti-CD3 plus anti-CD28 in the presence or absence of 2-DG,
assessing the binding of histone H3 (top) or acetylated H3K9 (bottom) to the various
regions of the IFNG promoter (vertical axes). Data are representative of five experiments
(a; one donor per experiment; error bars, s.e.m.) or one experiment with cells pooled from

three donors (b; error bars, s.d.).

Together these data identified CD8* memory T cells to have an 'im-
printed' glycolytic potential required for efficient immediate-early
IFN-v recall responses. Conceptually the report was the first to link en-
vironmental signals, metabolic reprogramming and epigenetic adapta-
tion in T cells (29).

We then interrogated the molecular and subcellular structural elements
enabling enhanced glucose metabolism in nascent activated memory
CD8* T cells, and the molecular metabolic link between glycolysis and
epigenetic remodeling. Glucose metabolism is tightly interlinked with
mitochondrial function. How mitochondrial respiration in memory
CD8* T cells is altered early following activation remained largely un-
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explored. Thus, we first examined respiration in non-activated versus
nascent activated naive and EM human CD8* T cells, in vitro. As pre-
viously demonstrated, both maximal and spare respiratory capacities
were greater in EM than in naive CD8* T cells under non-activated con-
ditions (Figure 4a) Following activation, a noticeable increase in
mitochondrial respiration was observed in activated EM CD8* T cells
but not in naive counterparts (Figure 4a). Glycolysis was elevated
in both activated CD8* T cell subsets, with EM cells displaying, as
expected, a more prominent increase than naive cells (29).
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Figure 4. Effector memory CD8* T cells selectively increase respiration upon activa-
tion and possess abundant mitochondria-associated ER membranes. (a) Left, repre-
sentative mitochondrial perturbation assays of naive (NV) and EM human CD8* T cells
left non-activated (non) or activated for 12 h with plate-bound a-CD3 and soluble
a-CD28 mAb (3-28). Mitochondrial perturbation was performed by sequential treat-
ment with oligomycin (Oligo), FCCP, and rotenone (Rot). Oxygen consumption rate
(OCR) was measured by metabolic flux analysis. Right, summary bar graphs showing
calculated basal respiration, maximal respiration (max), and spare respiratory capacity
(SRC) in non-activated (-) or activated (+) NV and EM human CD8* T cells. (b) Trans-
mission electron microscopy images of NV (top) and EM (middle and bottom) human
CDS8* T cells. Arrowheads mark mitochondria and ER contact sites that were digitally
magnified in the bottom panel. Arrows show electron-dense regions of mitochondria-ER
Junctions. Scale bars, 1,000 nm. (c) Percentage of mitochondria-ER contact sites per cell
in NV and EM human CD8* T cells. (d) Top, representative proximity ligation assay
(PLA) images of freshly sorted NV (left) and EM (right) human CD8* T cells probed with
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a-IP3R1 and a-VDACI antibodies. Red spots indicate contact sites between mitochondria
(a-VDAC) and ER (a-IP3R). Cells were counterstained with DAPI (blue). Bottom, quanti-
tative analysis of PLA from 3 donors. Data are presented as mean * s.e.m. Two-tailed
paired Wilcoxon signed rank tests (a) and two-tailed unpaired Student’s t test (¢ and d)
were used to compare groups. *P < 0.05, ****P < 0.0001, ns, not significant.

Mitochondria-ER interactions have been shown to modulate mitochon-
drial respiration and bioenergetics in non-immune cells (30), although
the molecular composition of mitochondria-ER tethering complexes in
metazoans is not fully defined (31). In search of additional ultra-struc-
tural features that may offer a biologic basis for the contrasting activa-
tion-induced respiration phenotypes of naive versus EM CD8" T cells,
we evaluated the abundance of mitochondria-ER contact sites in both
subsets. We observed that in naive cells, mitochondria in close associ-
ation to the ER were sparse (Figure 4b, top panel, and Figure 4c). In
EM cells, by contrast, the frequency of mitochondria-ER contacts per
cell was higher (Figure 4b, middle panels, and Figure 4c). The aver-
age distance between apposed ER and mitochondrial membranes in
EM CD8* T cells was 21 nm (data not shown). Electron-dense zones
between the mitochondrial outer membrane and ER at contact sites in-
dicated that these organellar appositions were distinct subcellular struc-
tures (Figure 4b, bottom panel). To further elaborate on these findings,
we performed proximity ligation assays (PLA) to quantify the abun-
dance of mitochondria-ER junctions in naive and EM CD8* T cell sub-
sets. Mitochondria-ER contacts were detected and enumerated by using
a-VDACI (mitochondria) and o-IP3R1 (inositol triphosphate receptor
1, ER) antibodies as probes (32). Once again, the abundance of mito-
chondria-ER contact sites was found to be lower in naive cells com-
pared to EM CD&" T cells (Figure 4d). In all, these data identified
(a) arapid increase in mitochondrial respiration as a distinct functional
feature of EM CD8* T cells and (b) increased abundance of mitochon-
drial-ER contacts as a defining structural characteristic of EM CD8*
T cells.
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Downstream interrogation of the functional relevance and molecular com-
position of mitochondrial-ER contacts demonstrated that:

(i) mitochondrial respiration in newly activated

memory T cells was intricately tied to their

e . o

{ELen physical association with the ER

(e (ii) stable mitochondria-ER contacts support
:___ mTORC2-Akt-GSK3p signaling, which in turn

J
rr /‘ e allows recruitment of HK-I to mitochondria.

g’/ (iii) HK-1 binding to VDAC in memory CD8*
- T cells altered VDAC conductance, enabling

metabolism of glucose-derived pyruvate

in the mitochondria

(iv) pyruvate-derived citrate was key for generating
acetyl-CoA by ACLY and subsequent histone
acetylation (Figure 5) from (33).

Figure 5. Graphical summary of the structural and molecular underpinnings enabling
rapid CD8+ T cell effector function.

Integration of organismal- and T cell intrinsic metabolism

Whether acutely altered organismal metabolism during acute infections
impacts immune cell function by altering cell-intrinsic metabolism has
not been explored. Systemic acetate release occurs in catabolic and
metabolic stress conditions (34). Pathogen invasion triggers a series of
defined innate defensive mechanisms and concurrent systemic cata-
bolic metabolism (35). The hypothesis that catabolism per se, and the
consequent availability of free acetate, might serve a specific function
for host resistance to infection has not been experimentally explored.
We found that acetate accumulates in the serum within hours of sys-
temic bacterial infections (Figure 6).
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Figure 6. Acetate is an acute-phase metabolite. Serum acetate concentrations following
i.v. infection with 5,000 CFU Listeria monocytogenes. Each dot represents one mouse,
bars indicate means of pooled data. One-way ANOVA was used to compare groups.
##xP < 0.001, **¥¥*P < 0.0001.

We thus went on and tested how raising acetate-levels from homeo-
static to stress levels affected production of IFN-y and interlinked
glycolytic capacity in memory CD8* T cells. A notable increase in
both glycolytic reserve and production of IFN-y was observed in these
experiments (Figure 7).
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Figure 7. Acetate regulates glycolysis and interlinked effector function of memory CD8*
T cells. (a) Left panel: Representative ECAR-measurements of control (filled symbols) and
3-day acetate-exposed (open-symbols) OT-1 memory T cells, after injection of medium con-
trol (black) or OVA peptide (green) directly into metabolic flux analyzer (dashed line). Right
panel: Glycolytic switch (mpH/min) was calculated by subtracting maximal ECAR from
baseline ECAR-measurements in control (black dots) and 3 day acetate-exposed (blue
triangles) OT-1 memory T cells. (b) Percentage of IFN-y positive OT-1 memory T cells 4 h
after re-stimulation with medium control (Ctr), or the APLs G4 and R7, or OVA peptide,
determined by ICS. Cells were cultured in control medium (black dots) or acetate medium
(5 mM) (filled blue triangles) for 3 days, and then switched back to control medium (open
blue triangles) for 24 h. Each dot represents data obtained from cells isolated from one
mouse, and bars indicate means of pooled data. Unpaired t test (a) and two-way ANOVA
(b) were used to compare groups. *P < 0.05, ***P < 0.001.

To gain a more detailed understanding of acetate metabolism in OT-I
memory T cells, we performed tracing studies. These experiments
showed that acetate contributed substantially to citrate and acetyl-CoA
production and suggested the conversion of citrate to acetyl-CoA by
ATP citrate lyase (ACLY). Inhibiting ACLY in OT-I memory T cells
during acetate exposure using two different inhibitors blocked the ac-
etate-mediated augmentation of IFN-y production. In line with this,
knockdown of Acly also reduced the capacity of OT-I cells to produce
IFN-vy. Together these data indicated that acetyl-CoA, derived from the
enzymatic conversion of citrate by ACLY, was key in mediating ace-
tate-induced enhancement of memory T cell function (data not shown).
In addition to co-regulating gene transcription via acetylation of his-
tones, acetylation of most of the enzymes of the glycolytic pathway
and the TCA cycle has been shown to occur, influencing enzymatic
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activities via several proposed mechanisms (36). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) is among the most abundantly
expressed glycolytic enzymes across multiple tissues and a rate-limit-
ing step of aerobic glycolysis (37, 38). In memory T cells, GAPDH
regulates rapid IFN-y production — as discussed above (29). We there-
fore aimed to assess whether GAPDH played a role in linking the in-
creased cellular acetyl-CoA pool and IFN-y production after acetate
exposure. First, expression of GAPDH was re-assessed both at the
mRNA and the protein level in OT-I memory T cells cultured for 3 days
in acetate versus controls and confirmed to be similar (Figure 8a). Next
we explored the possibility that exogenous acetate exerted a regulatory
function on OT-I memory T cells by acetylation of GAPDH, thus in-
creasing its catalytic activity (36, 39) Indeed, GAPDH functional ac-
tivity was significantly increased in acetate-exposed cells (Figure 8b).
This gain of function was not observed when garcinol, an inhibitor of
acetyltransferases (40), was added to the cell culture during acetate ex-
posure (Figure 8b). Lysates of acetate-exposed and acetate-deprived
OT-I memory T cells were next probed by Western blot, using an
acetylated-lysine-specific antibody. The most prominent band detected
in OT-I memory T cells after 3 days of exposure to acetate was at the
size of GAPDH (37 kDa) (Figure 8c). To formally test whether exposure
of OT-I memory T cells to acetate resulted in acetylation of GAPDH,
we analyzed immunoprecipitated GAPDH by mass-spectrometry.
GAPDH was acetylated at lysine K217, a previously described acetyl-
ation site of murine GAPDH (41), in acetate-exposed OT-I memory
T cells, but not in control cells (Figure 8d). In order to directly define
the functional importance of acetylation at K217 for GAPDH function,
we investigated enzymatic activity of GAPDH mutated at K217 (K—A).
Despite providing non-limiting amounts of glucose and acetate, GAPDH
functional activity was significantly lower in fibroblasts transfected
with the GAPDH K217 mutant (Figure 8e). This reduced activity was
also recapitulated in metabolic flux studies (data not shown). The re-
quirement for acetylation to support GAPDH enzymatic activity was
confirmed by deacetylation assays, using the bacterial de-acetylase
CobB (Figure 8e).
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Figure 8. Acetylation of GAPDH regulates the enzymatic activity. (a) Representative West-
ern blot from whole-protein extracts of control (Ctr, black dots) and 3 day acetate-exposed
(Ac, blue triangles) OT-1 memory T cells, probed for GAPDH and Actin. GAPDH protein con-
centration was quantified and normalized to Actin (middle). Gapdh mRNA normalized to 18S
and control memory cells, determined by RT PCR, are shown in the right panel. (b)) GAPDH
activity measured in cell lysates of control (Ctr, black dots) and 3-day acetate-exposed (Ac,
blue triangles) OT-1 memory T cells in the presence (open symbols) or absence (filled sym-
bols) of 5 uM garcinol for 3 days. (c) Western blot analysis of whole-protein extracts of con-
trol and 3 day acetate-exposed OT-1 memory T cells probed for acetylated-lysine. Left panel:
representative blot; right panel: pooled data (Ctr, black dots; Ac, blue triangles). Bands were
quantified and normalized to Actin and fold-change over control OT-1 memory T cells deter-
mined. (d) GAPDH was immunoprecipitated in control and OT-1 memory T cells exposed to
acetate for 3 d, each. The figure represents detection of an acetylated peptide (K217) (green)
in GAPDH among acetate-exposed but not control OT-1 memory T cells. Yellow indicates cov-
erage. () GAPDH activity in mouse fibroblasts transfected with wild-type (blue triangles) or
K—A 217 mutated (black dots) GAPDH for 48-96 h. To test for overall acetylation-depend-
ency of GAPDH activity, we treated cell lysates with the bacterial de-acetylase CobB (open
symbols) or buffer control (filled symbols) for 1 h. Each dot represents data obtained from
cells isolated from one mouse, bars indicate means of pooled data. One-way ANOVA (b) and
(e), unpaired t test (a, protein), and Wilcoxon matched-pairs signed rank test (a, mRNA) and
(c) were used to compare groups. **P < 0.01, ****P < 0.0001, ns = not significant.
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Lastly, building on these detailed molecular data we also investigated
how T cell memory function related to the acetate-driven augmentation
of GAPDH and the overall glycolytic activity in these cells. Both
in vitro and in vivo acetate-augmented memory T cells were functionally
superior to acetate-deprived counterparts (data not shown). A summary
of the findings in this report are provided below (Figure 9) (42).

Figure 9. Graphical summary of how the organismal acute-phase acetate response is
integrated at the cellular level in memory CD8* T cells (from (42).

A path to clinical translation

Similar to acetate, also magnesium (Mg?*) is an understudied compo-
nent of the extracellular environment. Low dietary Mg?* intake and hypo-
magnesemia have been implicated in the pathophysiology of various
diseases, including infection and cancer (43—46). Only limited experi-
mental data are available exploring how organismal Mg** abundance
may affect the immune system. We recently found that the co-stimula-
tory cell-surface molecule LFA-1 requires Mg** to adopt its active con-
formation on CD8* T cells, thereby augmenting calcium flux, signal
transduction, metabolic reprogramming, immune synapse formation
and, as a consequence, specific cytotoxicity. Accordingly, magnesium-
sufficiency sensed via LFA-1 translated to the superior performance
of pathogen- and tumor-specific T cells and improved CAR T cell
function (47) (Figure 10):
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Figure 10. Graphical summary: mechanism of Mg** sensing by CD8* T cells and func-
tional relevance of Mg** sufficiency (from (47).

This prompted us to retrospectively assess the relationship between
serum Mg?* levels and clinical outcomes in a CAR T cell trial and
in an immune checkpoint inhibitor study. The CAR trial included a
cohort of 100 patients with refractory B cell lymphoma treated with
CD19-directed CAR T cells (Axicabtagene Ciloleucel), of which four
had to be excluded from the retrospective analysis due to incomplete
Mg?*-serum testing. Patients were classified into two strata according
to the mean Mg?* level between days —5 and +3 of treatment (n = 5
measurements available for each patient). An arbitrary cut-off was set
at 1.7 mg dl-1 for assigning patients into normo- versus hypomagne-
semia groups (Figure 11a, left panel). Baseline characteristics of these
retrospectively assigned study populations were similar, including age,
ECOG performance status, and disease stage (data not shown). Al-
though the number of patients with a mean Mg** level of <1.7 mg dl-1
was low, overall survival and median progression-free survival for these
patients were reduced as compared with patients with normal serum
Mg?* levels (Figure 11a, right panel). We next explored how organis-
mal Mg?* abundance was associated with outcome in a cohort of non-
small cell lung cancer (NSCLC) patients enrolled in an immune check-
point inhibitor trial (SAKK16/14) (48). From a total of 67 initially

74



enrolled patients, two had to be excluded, leaving 65 that were treated
with an anti-PD-L1 mAb (Durvalumab) in addition to neoadjuvant
chemotherapy. Any detection of hypomagnesemia during the course of
the trial assigned an individual to the hypomagnesemia group. This
stratification strategy well discriminated the mean Mg>* levels across
all available measurements (Figure 11b, left panel). Also in this clin-
ical trial, baseline characteristics were similar between the two retro-
spectively assigned groups (data not shown). Pathological complete re-
sponse and overall survival (Figure 11b, middle and right panels), as
well as radiographic response and event-free survival (data not shown)
were all reduced in patients with hypomagnesemia. While these retro-
spective analyses have many limitations, in the context of our experi-
mental data, the findings aligned with the concept that Mg*, by in-
creasing LFA-1 outside-in signaling activity, may contribute to the
clinical efficacy of CAR T cells and endogenous cancer-directed T cells
in human patients. A prospective clinical trial is now being conducted.
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Figure 11. Serum magnesium levels and outcome in patients with cancer. (a) Stratifica-
tion of patients according to mean serum magnesium levels > 1.7 mg dl~' versus <1.7 mg dl-'
between day —5 and day +3 of adoptive cell therapy, n = 5 measurements per patient (left
panel). Each symbol represents one individual. Overall survival of patients stratified
according to normal and low Mg** levels (right panel). (b) Comparison of mean serum
magnesium levels after stratification according to occurrence of 21 hypomagnesemia-meas-
urement during the trial (left panel). Complete pathological response (middle panel), and
overall survival (right panel) according to this stratification. NSCLC, non-small cell lung
cancer. Data are presented as median + 95% CI left panel of (L and M). Statistical signifi-
cance was assessed by unpaired Student’s t test left panel of (a) and (b), and log-rank
Mantel-Cox test in right panels of (a) and (b). **P < 0.01, **** P < 0.0001.
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