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Cellular therapies are currently employed to treat a variety of
disease processes. For T cell–based therapies, success often re-
lies on the metabolic fitness of the T cell product, where cells
with enhanced metabolic capacity demonstrate improved
in vivo efficacy. AMP-activated protein kinase (AMPK) is a
cellular energy sensor which combines environmental signals
with cellular energy status to enforce efficient and flexible
metabolic programming. We hypothesized that increasing
AMPK activity in human T cells would augment their oxidative
capacity, creating an ideal product for adoptive cellular thera-
pies. Lentiviral transduction of the regulatory AMPKγ2 subunit
stably enhanced intrinsic AMPK signaling and promoted
mitochondrial respiration with increased basal oxygen con-
sumption rates, higher maximal oxygen consumption rate, and
augmented spare respiratory capacity. These changes were
accompanied by increased proliferation and inflammatory
cytokine production, particularly within restricted glucose en-
vironments. Introduction of AMPKγ2 into bulk CD4 T cells
decreased RNA expression of canonical Th2 genes, including
the cytokines interleukin (IL)-4 and IL-5, while introduction of
AMPKγ2 into individual Th subsets universally favored proin-
flammatory cytokine production and a downregulation of IL-4
production in Th2 cells. When AMPKγ2 was overexpressed in
regulatory T cells, both in vitro proliferation and suppressive
capacity increased. Together, these data suggest that augment-
ing intrinsic AMPK signaling via overexpression of AMPKγ2
can improve the expansion and functional potential of human T
cells for use in a variety of adoptive cellular therapies.

Recently, a clear link has emerged between T cell meta-
bolism and T cell fate and function (1–3). In particular,
adoptive cellular therapies for cancer, including chimeric an-
tigen receptor (CAR) T cells and tumor-infiltrating lympho-
cytes, demonstrate reduced efficacy when faced with the
constraints of the in vivo metabolic environment, which often
correlates with decreased persistence of the transferred cells
(4–6). In contrast, adoptive T cell therapies with increased
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oxidative capacity and preserved mitochondrial function
experience enhanced performance both in vitro and during
subsequent transfer in vivo (7, 8). For this reason, extensive
efforts have sought to improve the metabolic capacity of T
cells, with the goal of enhancing metabolic plasticity and long-
term survival in vivo. Several in vitro interventions to reduce T
cell differentiation and minimize metabolic exhaustion have
been reported, including nutrient restriction, inhibition of
protein synthesis, expansion in the presence of exogenous
cytokines (e.g., interleukin (IL)-7 or IL-15), blockade of mito-
chondrial fission, promotion of mitochondrial fusion, and
upregulation of mitochondrial biogenesis (9–15). While
various approaches can successfully enhance oxidative meta-
bolism, a major drawback to these methods is a sharp reduc-
tion in T cell proliferation, limiting their clinical applicability.
In addition, numerous pharmaceutical interventions are
operational only in vitro, which may not provide a long-term
functional benefit in vivo. For this reason, the search con-
tinues to identify and develop durable and effective approaches
to optimizing T cell metabolic capacity while preserving pro-
liferation and limiting in vitro differentiation. Modulating
immune cell metabolism through manipulation of the cellular
energy sensor, AMP-activated protein kinase (AMPK), offers
the potential to achieve this goal.

AMPK is traditionally recognized for detecting decreasing
intracellular energy stores through a rise in AMP and
concomitant decrease in ATP levels. When the overall AMP/
ATP ratio increases, AMPK becomes activated and then
phosphorylates downstream targets to block anabolic growth,
promote catabolic metabolism, and enhance mitochondrial
efficiency. AMPK achieves this mitochondrial efficiency by
driving mitophagy to clear dysfunctional mitochondria, stim-
ulating mitochondrial biogenesis to create new mitochondria,
and facilitating mitochondrial fusion to promote more efficient
mitochondria (16). Alongside these efforts, additional AMPK-
driven pathways scavenge reactive oxygen species and enhance
fatty acid oxidation. By incorporating environmental signals,
AMPK can specifically drive metabolic programming matched
to the nutritional milieu, promoting optimal function (17).
When energy stores are low, AMPK’s role in anabolic growth
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AMPKγ2 overexpression increases AMPK signaling
blockade centers on its negative regulation of mammalian
target of rapamycin (mTOR) signaling (18) and blockade of
fatty acid and cholesterol synthesis (16, 19–25). Together,
these efforts create more efficient cells with higher capacity to
withstand cellular stress, a combination which can facilitate
in vivo health and may potentiate antitumor activity of adop-
tive cellular therapies. In support of AMPK’s role in anticancer
immune responses, global knock out of AMPK in three
different mouse tumor models significantly decreased tumor
cell killing (26), while driving AMPK activity benefits anti-
tumor responses when combined with checkpoint blockade
(27). Together, these data highlight AMPK’s responsibility in
controlling pathways critical for maximal T cell function
in vivo.

AMPK is a heterotrimeric protein complex consisting of α,
β, and γ subunits, with each subunit having multiple isoforms
(α1, α2, β1, β2, and γ1, γ2, and γ3) (28). The α subunit, which
houses the kinase activity, is active when phosphorylated on
amino acid Thr172 by upstream activators of AMPK. These
activators include liver kinase B-1 and calcium influx, which
signals through calcium/calmodulin-dependent protein kinase
kina to drive AMPK activation following T cell receptor (TCR)
stimulation (29). Once phosphorylated, the α domain of AMPK
phosphorylates downstream targets, including Unc51-like ki-
nase 1 (ULK1), acetyl-CoA carboxylase, and peroxisome
proliferator–activated receptor-gamma coactivator-1 α (PGC1α)
(25, 30–32). In counterbalance, phosphatases, including the
protein phosphatase 2A heterotrimer, dephosphorylate AMPK
to downregulate its activity (33). Importantly, AMPKα dephos-
phorylation is hindered by actions of the regulatory γ subunit,
which preserves kinase activity and provides additional allosteric
activation of AMPK in response to AMP levels (34). Of note, the
different gamma isoforms (γ1, γ2, γ3)mediate differential effects,
with AMPKγ2 allowing for more prolonged AMPK signaling
via both improved protection of the AMPKα domain (thought to
be related to its longer N terminus) and a higher sensitivity for
sensing ADP in addition to AMP (28).

Many pharmacologic agents increase AMPK activity, met-
formin being the most well-known. However, many of these
interventions, including metformin, increase intracellular
AMP/ATP ratios by impairing mitochondrial respiration, in
effect starving the cell. One downside of this approach is the
creation of mitochondrial dysfunction, which is counterpro-
ductive to generating an optimal T cell response. This problem
is shared with other agonists, including 5-aminoimidazole-4-
carboxamide ribonucleotide, which functions as an AMP
mimetic. In addition to being nonspecific (reviewed in (17)),
mimetic treatment also relies on simulating cellular starvation,
a process which downregulates critical cellular pathways,
including cell growth and protein synthesis, which are needed
to generate effective immune responses. Altogether, these
studies suggest that forcing cells to increase AMPK signaling
through perceived or actual nutrient starvation may hinder
immune responses more than they help. In contrast, a method
to selectively increase AMPK activity in T cells, without
driving starvation-mediated growth blockade and with the
possibility of in vivo durability, would be ideal.
2 J. Biol. Chem. (2024) 300(1) 105488
To increase AMPK signaling in primary human T cells, we
elected to overexpress the regulatory subunit AMPKγ2, a
process we hypothesized would enhance and prolong kinase
activity by prolonging the phosphorylation of Thr172. Here,
we demonstrate that overexpression of AMPKγ2 stably in-
creases AMPK activity in human T cells, leading to enhanced
mitochondrial mass, heightened spare respiratory capacity,
and improved metabolic efficiency, alongside increased in vitro
expansion. In addition, introduction of AMPKγ2 universally
favored proinflammatory cytokine production in transduced
bulk T cells, with a notable reduction in the generation of a
Th2 phenotype. As such, AMPKγ2 overexpression, working
through multiple pathways, endows T cells with characteristics
ideal for subsequent use in adoptive cellular therapies.
Results

AMPKγ2 overexpression increases AMPK activity in primary
human T cells

To increase AMPK signaling in human T cells, we focused
our attention on modulating expression of the regulatory
subunit, AMPKγ2. We hypothesized that overexpression of
AMPKγ2 would enhance AMPK activity in T cells, both
through earlier AMPK activation due to its sensitivity to ADP
(35) as well as through prolonged activation once AMPK had
been phosphorylated due to its longer N terminus (36). To test
this idea, primary human T cells were stimulated with CD3/
CD28 Dynabeads, followed by transduction with lentiviral
constructs containing an AMPKγ2 sequence downstream
from an elongation factor 1 alpha promoter and upstream
from either a fluorescent or surface marker tag (37) separated
by a T2A linker (Fig. 1A). To note, AMPKγ2 exists in five
defined isoforms which differ in the length and composition of
their N terminus (https://www.ncbi.nlm.nih.gov/gene/51422)
but with no currently described differences in the functions of
these various γ2 isoforms. For these experiments, we elected to
overexpress isoform C, which has a slightly truncated N ter-
minus as compared to the more highly produced isoform A.
This selection incidentally allowed easy identification of
transduced cells by Western blot. Control cells were trans-
duced with “empty” constructs containing only the T2A
sequence and the matched tag. On day five posttransduction,
tag expression revealed efficient transduction of both plasmids
(Figs. 1B and S1) and RNA harvested on day 9 revealed a 5-fold
increase in AMPKγ2 levels compared to empty controls
(Fig. 1C). Due to its smaller size, our transduced AMPKγ2
protein could easily be separated from the more abundant
isoform A by immunoblot analysis, which confirmed increased
isoform C expression in AMPKγ2-transduced cells (Fig. 1D).
Interestingly, AMPKγ2 isoform C transduction also upregu-
lated isoform A expression, without impacting expression of
native AMPKγ1 (Fig. 1D). We then asked whether over-
expression of the regulatory γ domain was sufficient to in-
crease AMPK activity. Tag+ CD4+ and CD8+ T cells were flow
sorted after roughly 1 week of culture and Thr172 phos-
phorylation of the AMPKα subunit assessed by immunoblot.
Overexpression of AMPKγ2 increased phosphorylation of
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Figure 1. AMPKγ2 overexpression increases AMPK activity in human T cells. A, schematic of AMPKγ2 and tag only “empty” or “empty vector” control
vectors with an EF1α promoter and either GFP, tagBFP, or RQR8 expression tag. B–D, primary human T cells were mock transduced or transduced with
AMPKγ2 or empty plasmids. Expression was verified by flow cytometry for GFP or tagBFP tag (B), fold change in AMPKγ2 mRNA expression using qRT-PCR
(C), or immunoblot to detect protein expression of AMPKγ2c (the transduced isoform), as well as native AMPKγ2a and AMPKγ1 (D). Blot was cut at �50 kDa,
after which top half was developed for AMPKγ2 and bottom half probed for AMPKγ1, then stripped and reprobed for β-actin. The top of this same blot was
subsequently stripped and reprobed for PGC1α, optic atrophy gene 1, and mitofusin 1 (see Fig. 2). E, human T cells were transduced with AMPKγ2- versus
empty constructs, cells lysates collected on days 9 to 12, and phosphorylation of AMPKα on Thr172 (to detect AMPK activation), ACC Ser79, and ULK-1
Ser555 measured by immunoblot. The same β-actin control blot is displayed multiple times for purposes of comparison. Accompanying densitometry
was measured on immunoblots from multiple donors using ImageJ software, followed by normalization of AMPKγ2-transduced cells in each sample to
empty controls. All data represent three or more independent human donor samples. Protein size markers are shown in kDa. *p < 0.05, **p < 0.01, and
***p < 0.001 by paired Student’s t test. ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; EF1α, elongation factor 1 alpha; PGC1α,
peroxisome proliferator–activated receptor-gamma coactivator-1 α; ULK1, Unc51-like kinase 1.

AMPKγ2 overexpression increases AMPK signaling
AMPKα in both CD4 and CD8 T cells, with AMPK activity
further confirmed through phosphorylation of Ser79 on acetyl-
CoA carboxylase and Ser555 on ULK1 (Fig. 1E), two well-
known AMPK targets.

AMPKγ2 overexpression enhances metabolic capacity
We next sought to study the metabolic effects driven by

AMPKγ2 overexpression. AMPKγ2- or empty-transduced
cells were expanded in vitro in IL-2 through day 9, then
placed into a Seahorse metabolic analyzer to measure basal
oxygen consumption rates (OCRs), maximal respiration, and
spare respiratory capacity (SRC). AMPKγ2-transduced cells
modestly increased all three parameters compared to Empty-
transduced controls (Fig. 2A). To determine whether this
improvement was maintained with TCR activation, a subset of
day 9 cells were stimulated overnight with anti-CD3/CD28
Dynabeads followed by subsequent analysis of metabolic ac-
tivity. Following TCR stimulation, increases in basal OCR,
maximal OCR, and SRC were even more pronounced in
AMPKγ2-transduced cells (Fig. 2A). To investigate the etiol-
ogy of this increased respiratory capacity, mitochondrial den-
sity was assessed using MitoTracker Red, which showed a
reproducible and statistically significant increase in mito-
chondrial mass in AMPKγ2-transduced cells (Fig. 2B). To
examine pathways contributing to this result, we quantitated
expression of PGC1α, a known transcriptional coactivator of
mitochondrial biogenesis (30) in our transduced cells. With
increased AMPK activity, PGC1α becomes phosphorylated,
translocates to the nucleus, and induces expression of multiple
mitochondrial genes including PGC1α itself, as well as
mitofusin-1 and optic atrophy gene 1, two mediators of
mitochondrial fusion (38). Immunoblot analysis identified a
significant increase in total PGC1α protein in both CD4+ and
CD8+ T cells (Fig. 2C), in addition to increased expression of
mitofusin-1 and optic atrophy gene 1 (Fig. 2, D and E) in the
presence of additional AMPK signaling. Together, these data
suggest that increased mitochondrial density, as well as
enhanced mitochondrial fusion, contributes to the increase in
oxidative capacity in AMPKγ2-transduced T cells.

AMPK is also known to promote glycolytic activity, for
example by increasing glucose uptake and mediating down-
stream effects on phosphofructokinase and phosphorylation of
6-phosphofructo-2-kinase (39, 40). Resting human T cells
transduced with AMPKγ2 increased their glycolytic activity
(measured indirectly as the extracellular acidification rate
(ECAR) on the Seahorse metabolic analyzer), which continued
upon restimulation (Fig. 2F). Given the link between upregu-
lated AMPK signaling and expression of glucose transporters
(GLUTs) (41), we stained restimulated cells for surface
expression of the GLUT1, noting an increase in both the
J. Biol. Chem. (2024) 300(1) 105488 3



Figure 2. AMPKγ2-transduced T cells enhance oxidative metabolism. A, human T cells were transduced with AMPKγ2 or empty lentiviral vectors and
expanded in interleukin-2. On day 9, a portion of cells were stimulated overnight with anti-CD3/CD28 Dynabeads and the next day both resting (left) and
activated (right) cells were assessed for oxidative capacity utilizing the Seahorse metabolic analyzer. Bar graphs represent data from three individual human
donors. B, AMPKγ2- and empty-transduced T cells were assessed for mitochondrial density utilizing MitoTracker Red (left), with fluorescence compared to
GFPneg controls within each sample to standardize staining between groups. Differences in median fluorescence intensity (MFI) between GFP+ and
GFPneg cells was normalized to the empty control (right). AMPKγ2- versus empty-transduced T cells were sorted into CD4+ and CD8+ subsets on day 9
poststimulation and expression of the transcriptional coactivator PGC1α (C) or mitochondrial fusion proteins MFN1 (D) and OPA1 (E) assessed by immu-
noblot. As noted above, blot was cut at �50 kDa and top half was first developed for AMPKγ2 (Fig. 1D), then stripped and reprobed for PGC1α, OPA1, and
MFN1 as shown in (C–E). Bar graphs represent data from 3 to 4 human donors. F, extracellular acidification rates (ECAR) were assessed in day 9 resting (left)
or 24 h activated (right) transduced human T cells using the Seahorse metabolic analyzer. G, transduced human T cells were activated overnight and stained
for GLUT1 expression. Data represent the percentage (left bar graph) and positive population MFI (right bar graph) of transduced cells. Protein size markers
are shown in kDa. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by paired Student’s t test. AMPK, AMP-activated protein kinase; GLUT, glucose
transporter; MFN1, mitofusin 1; OPA1, optic atrophy 1; PGC1α, peroxisome proliferator–activated receptor-gamma coactivator-1 α.

AMPKγ2 overexpression increases AMPK signaling
percentage and median fluorescence intensity of GLUT1+ T
cells (Fig. 2G). Together, these data suggest that AMPKγ2-
overexpression reprograms both oxidative capacity and
glycolytic flux (42).

AMPK signaling boosts in vitro T cell proliferation

Many methods to increase oxidative metabolism result in
restricted glycolysis, which negatively impacts cell expansion
(12) and limits the clinical utility of such protocols. However,
because AMPKγ2 transduction enhances both oxidative and
glycolytic metabolism, it may instead boost proliferation. We
first assessed cell expansion by quantitating cell numbers on
days 5 and 7 of in vitro culture, which revealed a statistically
significant increase in the doubling rate of the AMPKγ2-
transduced cells per 24-h period (Fig. 3A). We next assessed
cell cycling via BrdU uptake on day 9 of culture, followed by
counterstaining with 7-amino actinomycin D. Both CD4 and
CD8 T cells transduced with AMPKγ2 had fewer resting G0/
G1 cells and more cells in the S/G2/M phases of the cell cycle
(Fig. 3B). This increase in cell cycling was accompanied by
increased expression of CD25, the α chain of the IL-2 receptor,
suggesting that AMPKγ2-transduced cells may be more sen-
sitive to extracellular levels of IL-2 (Fig. 3C).
4 J. Biol. Chem. (2024) 300(1) 105488
Highly proliferative cells also increase signaling through
mTOR to provide the necessary building blocks for continued
cell division. Given the known antagonism between AMPK
and mTOR pathways, we questioned whether mTOR activity
was affected by AMPKγ2 overexpression. We found that
mTOR signaling, as assessed by phosphorylation of down-
stream targets S6 and 4EBP1, increased in day 9 AMPKγ2-
transduced cells, correlating with their ongoing proliferation.
However, 24 h after restimulation (day 1), there was a slight
but consistent decrease in mTOR signaling in AMPK-
transduced cells (Fig. 3, D and E), consistent with an acute
role of AMPK in decreasing mTOR signaling (43). In sum,
AMPK-transduced cells maintained increased cell cycling after
1 week in culture, which correlated with increased CD25
expression and a relative increase in mTOR signaling.

Increased AMPK signaling does not accelerate exhaustion

Given the increased proliferation, enhanced glycolysis, and
prolonged activation of AMPKγ2-transduced cells, we worried
about potential exhaustion. Reassuringly, there was no signif-
icant difference in the expression of exhaustion markers PD1,
Tim3, or LAG3 in AMPKγ2-transduced on day 9, nor did
AMPK-transduced cells demonstrate an inability to upregulate



Figure 3. AMPK activation increases T cell expansion, cell cycling, and mTOR activity. A, AMPKγ2-transduced human T cells (GFP+) were manually
counted between day 5 and 7 to calculate the doubling rate per 24 h, which was then normalized to the empty-transduced control for each donor. Graph
represents data from six independent human donors. B, AMPK- and empty-transduced T cells were expanded in vitro for 7 to 9 days, incubated with BrdU
for the final 2 h, and costained with 7-AAD. Plots are divided into resting (G0/G1) and cycling (S, G2/M) phases. Graphs represent data from three human
donors. C, transduced cells were harvested on day 9 of culture and stained for CD25 and MFI values compared between multiple donors (bottom). D and E,
empty- and AMPKγ2-transduced T cells were expanded until day 9, followed by assessment of mTOR activity using antibodies against phosphorylated S6
(D) and 4EBP1 (E). Cells were assessed either at rest (day 9) or following 24 h of CD3/CD28 stimulation (day 1). The MFI for *P-S6 or *P-4EBP1 from each
donor was normalized to empty-transduced controls and then compared between donors. Bar graphs represent data from four human donors. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001 by paired Student’s t test. 7-AAD, 7-amino actinomycin D; AMPK, AMP-activated protein kinase; MFI, median
fluorescence intensity; mTOR, mammalian target of rapamycin.

AMPKγ2 overexpression increases AMPK signaling
activation markers upon restimulation, supporting the idea
that AMPK-transduced cells were neither exhausted nor
functionally impaired (Fig. 4A). We next assessed the function
of AMPKγ2- versus empty-transduced cells, following an
in vitro exhaustion protocol (44, 45). In this setting, expanded
cells were restimulated with CD3/CD28 Dynabeads every 48 h
over 6 days, with cell counts, IL-2, and interferon gamma
(IFNγ) measured at each timepoint (Fig. 4B). After three serial
stimulations, cells were placed into a mixed leukocyte reaction
(MLR) against allogeneic antigen-presenting cells, harvested
after 72 h, and cells examined for cell cycling by BRDU uptake
and supernatant cytokine production as measured by Leg-
endPlex analysis. During CD3/CD28 restimulation, AMPK-
transduced cells showed no deficiency in cell counts
(Fig. 4C) or cytokine production, initially making more IFNγ
(Fig. 4D) and equivalent levels of IL-2 (Fig. S2). In the MLR,
AMPK-transduced cells enhanced their proliferative capacity
and mediated increased release of inflammatory cytokines IL-8
and IL-6 into the media (Fig. 4, E and F). Thus, despite
increased proliferation and enhanced glycolytic activity,
AMPK-activated cells were not more prone to exhaustion,
instead demonstrating increased inflammatory capacity
following repeat stimulation.
AMPKγ2 overexpression enhances memory T cell yield

We next sought to characterize whether changes driven by
AMPKγ2 transduction impacted T cell differentiation. This
feature was of particular interest given that adoptively trans-
ferred T cells with a memory-like phenotype function more
effectively in vivo (13, 14, 46, 47). AMPK transduction
increased the percentage of central memory-like T cells on day
9 of culture with increased coexpression of CD62L/CCR
(chemokine receptor)7 (Fig. 5, A and B). Further, to assess
whether this AMPK effect was additive in the presence of
“memory-inducing” cytokines, we transduced T cells in IL-2,
then cultured them in IL-7 and IL-15, a process shown to
promote central memory cells (14, 48, 49). AMPK trans-
duction again increased the yield of central memory-like T
cells on day 9 of culture (Fig. 5, C and D).
J. Biol. Chem. (2024) 300(1) 105488 5



Figure 4. AMPK transduction does not accelerate exhaustion. A, AMPKγ2- and empty-transduced cells were expanded in vitro in the presence of IL-2 and
assessed on day 9 for cell surface expression of PD-1, Tim-3, and Lag-3 (resting) or restimulated with CD3/CD28 Dynabeads for 24 h and reassessed for PD-1,
Tim-3, and Lag-3 expression (activated). B–D, a timeline of the in vitro exhaustion protocol (B), with cell counts at each timepoint (C) and IFNγ production
measured by ELISA (D). E and F, after three consecutive restimulations, T cells were placed with allogeneic APCs for 72 h, incubated with BrdU for two
additional hours, counterstained with 7-AAD, and measured for cell cycle analysis by flow cytometry (E). Media was also harvested from MLR cultures at 72 h
and assessed for differences in cytokine expression between AMPK- and empty-transduced T cell cultures using LegendPlex analysis (F). Data represent
three human donors. *p < 0.05 by paired Student’s t test. 7-AAD, 7-amino actinomycin D; AMPK, AMP-activated protein kinase; APC, antigen-presenting cell;
IFNγ, interferon gamma; MLR, mixed leukocyte reaction.

AMPKγ2 overexpression increases AMPK signaling
Increased AMPK activity improves T cell function during
glucose restriction

We then asked whether the metabolic changes enforced by
AMPK modified T cell function. To start, we assessed prolif-
eration (via BrdU incorporation) after 72 h of stimulation with
T cell TransACT (Miltenyi). Interestingly, while there was no
Figure 5. AMPKγ2 transduction enhances yield of CD4 and CD8 memory T
in the presence of IL-2 and assessed on day 9 for cell surface expression of CD6
of cells were stimulated in IL-2 through day 5, and then expanded in IL-7 and IL
graphs for B and D represent data from 2 to 4 individual human donors. *p <
kinase; CCR7, chemokine receptor 7; IL, interleukin.
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significant proliferative difference between groups in complete
media (11 mM glucose) (Fig. S3A), there was a significant
increase in cell cycling in AMPK-transduced cells under
increasing glucose restriction (5 mM and 2.5 mM) (Fig. 6A).
To evaluate inflammatory capacity, AMPK- and empty vector
(EV)-transduced cells were activated via MLR for 72 h, media
cells. A and B, AMPKγ2- and empty-transduced cells were expanded in vitro
2L and CCR7 to identify central memory-like T cells. C and D, a second group
-15 until day 9, when they were stained for CD62L and CCR7 expression. Bar
0.05 and **p < 0.01 by paired Student’s t test. AMPK, AMP-activated protein



Figure 6. AMPKγ2-transduced cells exhibit improved function during nutrient restriction. A and B, AMPK- and empty-transduced T cells were cultured
for up to 12 days and then restimulated in 5.5 mM (physiologic) or 2.25 mM (low) glucose for 72 h. To measure cell cycling, cells were restimulated with
TRANSACT for 72 h, cultured with BrdU for an additional 2 h, counter-stained with 7-amino actinomycin D, and assessed for cell cycling (A). To measure
cytokine production, cells were plated 1:1 with allogeneic APCs and media harvested at 24 h for LegendPlex cytokine analysis (B). C–E, cells were
restimulated overnight in the presence of brefeldin for 16 h, followed by staining for IFNγ (C), TNF (D), or CD107a (E). Representative flow plots are shown.
Bar graphs represent data from 3 to 4 independent donors. *p < 0.05 and **p < 0.01 by paired Student’s t test. AMPK, AMP-activated protein kinase; APC,
antigen-presenting cell; IFNγ, interferon gamma; TNF, tumor necrosis factor.

AMPKγ2 overexpression increases AMPK signaling
harvested, and cytokines measured by LegendPlex analysis.
Again, cytokine production was similar in the 11 mM glucose
cultures (Fig. S3B), but significantly increased for IL-8, IFNγ,
and tumor necrosis factor (TNF) when glucose was restricted
(Fig. 6B). In addition, when cytokine production was compared
between 11 mM and 5.5 mM groups, AMPK-transduced cells
either demonstrated increased cytokine production when
glucose was restricted (Fig. S3C) or maintained cytokine pro-
duction in situations where levels from EV-transduced cells
diminished (Fig. S3D).

Importantly, cell counts did not differ between AMPKγ2-
and EV-transduced cells after 72 h of MLR culturing, sug-
gesting that cytokine production increased on a per cell basis
(Fig. S3E). To corroborate these findings, AMPKγ2- and EV-
transduced T cells were activated overnight with TransACT
in the presence of brefeldin A, followed by intracellular cyto-
kine analysis. AMPKγ2 overexpression increased the per-
centage of IFNγ+ cells in both CD4+ and CD8+ populations
(Fig. 6C). While TNF+ percentages did not differ between
groups, the TNF median fluorescence intensity was signifi-
cantly upregaulted in CD4+ cells, suggesting higher total TNF
production per cell (Fig. 6D). Finally, AMPKγ2-transduced
CD4+ T cells also stained more brightly for the degranula-
tion marker CD107a, with a trend towards increased CD107a
staining in the CD8+ population (Fig. 6E). Together, these data
highlight the increased capacity of AMPK-transduced cells to
maintain or increase in function, in particular their inflam-
matory capacity, under conditions of glucose restriction.

Increased AMPK activity differentially impacts CD4+ T cell
subsets

To gain a more comprehensive characterization of gene
expression in CD4+ T helper subsets that might be impacted
by AMPKγ2 overexpression, we pursued RT2 profiler analysis
using the Human T Helper Cell Differentiation Array from
Qiagen. RNA was recovered from day 9 bulk CD4+ AMPKγ2-
and EV-transduced T cells, converted to cDNA, and evaluated
via profiler array. Analysis of the ten most downregulated
genes across two individual donors demonstrated a striking
decrease in expression of T helper type 2 (Th2) genes,
including IL-4, IL-5, and IL-13 (Fig. 7A). This drop in cytokine
expression was independently confirmed by quantitative RT-
J. Biol. Chem. (2024) 300(1) 105488 7



Figure 7. Increased AMPK activity differentially impacts different CD4+ T cell subsets. AMPKγ2- and empty-transduced CD4+ T cells were flow sorted
and expanded to day 12, followed by RNA isolation and expression analysis using the Qiagen RT2 profiler array. Top ten differentially expressed genes
between AMPKγ2- and empty-transduced CD4+ T cells from two independent donors are shown (A). Profiler results were independently verified for IL-4 and
IL-5 expression using qRT-PCR and RNA from three human donors (B). C–F, fresh human CD4+ T cells were flow sorted into Th1, Th2, and Th17 populations
based on chemokine receptor expression, separately transduced with either AMPKγ2 or EV controls, and expanded in IL-2 until day 10. Cells were then
treated for 4 h with PMA and ionomycin, with monensin added for the final 3 h of incubation (C). Th1 cytokines IFNγ, TNF, and IL-2 were measured in each
Th subset as well as bulk CD4+ T cells (D), while IL-4 was measured in Th2 as well as bulk CD4+ T cells (E), and IL17A was measured in Th17 and bulk CD4+ T
cells (F). G–I, human Treg cells were flow sorted, transduced with AMPKg2 or EV control, and expanded in IL-2 (G). Expansion was calculated between days 3
and 5 of culture (left), with CD25 MFI measured by flow cytometry on day 5 (H). Treg suppression was measured by coculture with anti-CD3 stimulated
CFSE+ PBMC at noted Treg:PBMC ratios on day 7, with suppression calculated 4 days later using the division index (I). *p < 0.05, **p < 0.01, and ****p <
0.0001 by paired Student’s t test. AMPK, AMP-activated protein kinase; CFSE, carboxyfluorescein succinimidyl ester; EV, empty vector; IFNγ, interferon
gamma; MFI, median fluorescence intensity; PBMC, peripheral blood mononuclear cell; TNF, tumor necrosis factor.
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PCR, where transcripts for both IL-4 and IL-5 were reduced in
AMPKγ2-transduced cells (Fig. 7B).

Overexpression of AMPKγ2 in bulk T cells would most
closely reflect augmenting cellular therapies in the clinic.
However, we also wished to determine the impact of AMPKγ2
overexpression on lineage committed T cell subsets. To this
end, human T cells were flow sorted into traditional Th1/Th2/
Th17 subsets based upon a combination of CCR4, CCR6, and
CXC chemokine receptor 3 expression (Fig. 7C) as described
by others (50). Each individual subset was then stimulated with
Dynabeads, transduced with AMPKγ2 or an EV, and expanded
in IL-2 until day 10, followed by evaluation of intracellular
cytokine production. Once again, bulk CD4+ T cells increased
production of Th1 cytokines IFNγ, TNF, and IL2, an effect
similarly enhanced in Th1 and Th17 subsets and for TNF and
IL-2 in Th2 cells (Fig. 7D). Consistent with the array data, IL-4
protein expression decreased in both bulk CD4s and the Th2
subgroup, with half as many T cells producing IL-4 in
AMPKγ2 compared to EV control cells (Fig. 7E). Meanwhile,
bulk CD4 T cells had minimal IL-17 expression, while
8 J. Biol. Chem. (2024) 300(1) 105488
Th17 cells had elevated but equivalent levels of this lineage-
defining cytokine between AMPKγ2- and EV-transduced
groups (Fig. 7F).

To investigate whether AMPKγ2 overexpression differen-
tially impacted Tregs, naïve human thymic Treg (tTreg) were
purified from peripheral blood mononuclear cells (PBMCs) by
first column sorting on CD25+ cells, followed by flow-sorting
for CD4+, CD8−, CD25 high, CD127−, CD45RA+ cells. Puri-
fied tTreg were then stimulated with a K562 cell line engi-
neered to express CD86 and the high-affinity Fc receptor
(CD64) (37) and cultured with recombinant IL-2 (Fig. 7, G).
Expanded tTreg cells were transduced with AMPKγ2 by len-
tiviral transduction and assessed for proliferation/expansion,
FoxP3 expression, CD25 positivity, and suppressive capacity.
FoxP3 levels were maintained in all cultured tTreg indepen-
dent of AMPKγ2 transduction (Fig. S4). In contrast, both
expansion and CD25 expression increased in Treg transduced
with AMPKγ2 (Fig. 7H), similar to AMPKγ2 transduction of
bulk T cells. Finally, Treg suppressive capacity was assessed by
plating tTreg ± AMPKγ2 with varying concentrations of
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conventional T cells (Tcon) labeled with carboxyfluorescein
succinimidyl ester (CFSE). Regulatory cells overexpressing
AMPKγ2 had increased suppressive capacity across a range of
Treg/Tcon ratios (Fig. 7I). Together, these data demonstrate
that AMPKγ2 transduction, with its attendant increase in
AMPK signaling, diminishes Th2 phenotypes, directs a more
inflammatory response in bulk as well as Th1 and Th17 T
cells, and promotes a more suppressive phenotype when
transduced specifically into Treg.
Discussion

Adoptive cellular therapies, including CAR-T cells, are often
limited by terminal differentiation of the cellular product and
metabolic exhaustion of the transferred cells. These less
desirable phenotypes result from a number of secondary
causes including in vitro expansion protocols driving meta-
bolic exhaustion, the immunosuppressive and nutrient-deplete
in vivo tumor environment, and the exhausted status of
patient-derived cells. Methods to ameliorate this metabolic
and functional insufficiency are needed to improve and expand
the use of adoptive cellular therapies. One unique advantage of
in vitro expansion is the opportunity to alter T cell phenotypes
and thereby improve their subsequent function upon return to
patients. Manipulating a variety of metabolic pathways has
been attempted, but these alterations have seen limited clinical
application to date; due, in part, to the restricted expansion
that comes as a byproduct of the methods used to promote
oxidative metabolism (12).

In our model, lentiviral transduction of the regulatory
AMPKγ2 subunit increased AMPK activity, a major regulator
of cellular metabolism and guardian of mitochondrial function.
Our data suggest that increased AMPK signaling through
AMPKγ2-containing heterotrimers enhances both oxidative
metabolism and glycolysis, allowing increased in vitro expan-
sion of transduced cells without driving exhaustion. Impor-
tantly, the enhanced respiration seen in AMPKγ2-transduced
cells increased further following TCR activation. This powerful
finding suggests that our method of metabolically reprog-
ramming the AMPK pathway is likely to provide benefit when
underperforming cells need it most (i.e., during T cell stimu-
lation). We further found that this method of activating AMPK
increased the yield of central memory T cells, even in the
presence of “memory-inducing” cytokines IL-7 and IL-15,
consistent with a more active role for AMPK in memory
versus effector T cells (51). This finding is of particular interest
given recent data in leukemia patients undergoing CART
therapy, which suggests a correlation between long-term cures
and the pool of CD4+ memory T cells (52).

Bulk AMPKγ2-transduced T cells outperformed control
cells in both proliferation and proinflammatory cytokine pro-
duction when activated under physiologic and low glucose
conditions, suggesting that transduced cells may have an
advantage in glucose-restricted settings in vivo (53). The fact
that these changes were not seen in 11 mM high glucose media
resonates with other studies in which AMPK specifically res-
cues cells only in the setting of cellular stress (54). In
evaluating the mechanism underlying these functional im-
provements, we found increases in proteins related to both
mitochondrial biogenesis and fusion, consistent with known
effects of AMPK signaling (1, 16). This combination of mito-
chondrially-centered changes also likely contributes to the
notable increase in SRC, which has been a hallmark of T cells
capable of improved functional ability in vivo (1, 7). In addi-
tion, upregulation of ULK1 and its effect on mitophagy may
further contribute to overall mitochondrial health and
improved oxidative efficiency (16, 55), while the notable in-
crease in GLUT1 expression explains improved functionality
under low glucose conditions.

When the functionality of different CD4+ subsets was
probed following AMPKγ2 transduction, we were intrigued to
find that AMPK amplified inflammatory function in con-
ventional Th subsets but also increased suppressive function
in Treg. These findings suggest that AMPK may not inde-
pendently reprogram CD4 T cell function (56), but rather
provides the metabolic capacity to reinforce existing pro-
gramming (inflammation in Tcon, suppression in Treg). It is
notable that increased AMPK signaling specifically counter-
acts Th2 specific programming, both in bulk CD4s and within
the purified Th2 subset. This finding is supported by reports
in the literature where AMPK specifically downregulates Th2
programming through its impact on Mtorc2 (57). However, a
portion of this influence may also be secondary to the culture
conditions used in these experiments, which naturally pro-
mote a Th1 over Th2 expansion and phenotype. Future
studies examining the impact of AMPKγ2 expression spe-
cifically on Th2 differentiation, using cells grown in Th2
culture conditions, may better delineate AMPK’s role in this
process.

In addition to the expected changes in oxidative meta-
bolism, AMPK-overexpressing T cells also enhanced extra-
cellular acidification, suggesting increased glycolysis. This
effect is consistent with previous reports on AMPK signaling
in which increased glycolysis occurred alongside increased
expression of GLUT transporters (58) and enhanced phos-
phorylation of 6-phosphofructo-2-kinase (21, 39). Increased
flux through the proximal steps of glycolysis could also feed an
increase in oxidative metabolism by shuttling more pyruvate to
the tricarboxylic acid cycle (53). Elevated glycolysis aligns with
the increased growth and proliferation of AMPKγ2-transduced
cells, where more cells are found within active phases of the
cell cycle. At least a portion of this increased proliferation may
be secondary to a heightened ability of cells to respond to IL2,
as suggested by our data on increased CD25 expression.
Reassuringly, other models have noted a similar link between
AMPK and upregulation of CD25-mediated IL2 signaling (59).
Notably, despite increased in vitro expansion, there was no
evidence of impending exhaustion in AMPKγ2-transduced
cells as measured by PD1, TIM3, and LAG3 expression and
no impairment in upregulation of these markers upon further
TCR stimulation. Further, AMPK-transduced cells out-
performed controls following a program of in vitro exhaustion,
supporting the view that AMPKγ2-transduced cells are
capable of full activation despite prolonged activity in vitro.
J. Biol. Chem. (2024) 300(1) 105488 9
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Increased cell proliferation also correlated with an increase
in mTOR activity, a finding contradictory to the traditionally
accepted antagonism between AMPK and mTOR signaling
(18, 60). Two potential hypotheses may explain these findings:
First, it is possible that persistently increased AMPK signaling
creates a more metabolically efficient cell through promotion
of mitochondrial health. Because of this ongoing efficiency,
AMPKγ2-transduced cells maintain a higher level of prolifer-
ation as they expand in culture, which requires a subsequent
compensatory increase in mTOR signaling. Another possible
hypothesis involves the role of AMPKγ2 versus AMPKγ1-
containing heterotrimers. Other systems have demonstrated
differences in activation and pathway targeting dependent
upon AMPKγ isoform usage (61, 62). In the present case,
AMPKγ2-heterotrimers may simply be less involved with
mTOR regulation, allowing mTOR signaling to increase as
AMPKγ2-signaling simultaneously creates more metabolically
efficient cells. Indeed, ours is not the only model where AMPK
and mTOR activity are concurrently upregulated (18, 63, 64),
but additional work will be required to understand signaling
differences enabled by γ1 versus γ2 regulatory isoforms. What
is clear from the present study is that AMPKγ2 overexpression
does not impact AMPKγ1 expression in human T cells.
However, whether the role of AMPKγ1 is impacted by
AMPKγ2 overexpression remains the focus for further
investigations.

Another advantage of using AMPKγ2 overexpression to
increase AMPK signaling involves the ability to augment
AMPK without enacting cellular starvation signals. Given that
AMPK is also activated downstream of the TCR, where it
tailors T cell responses to energy availability (21), we hy-
pothesize that AMPK activation in replete nutrients engages
different downstream targets than cells experiencing nutrient
starvation. Because AMPKγ2 transduction does not rely on
cellular starvation, but likely augments endogenous TCR-
linked AMPK signaling, this approach may allow for deeper
understanding of the connection between AMPK and TCR-
driven activation and growth. Indeed, such a connection may
help explain why memory T cells, which have increased AMPK
activity, also show enhanced proliferation and cytokine gen-
eration upon reactivation (65).

Based on a wealth of data from the literature, T cells with
increased oxidative metabolism and limited in vitro differen-
tiation are expected to persist longer and perform better
in vivo (10, 12, 14, 15). Thus, the next step will be to trial
transduction of AMPKγ2 in T cells in a variety of animal
models to assess the positive effects of enhanced AMPK ac-
tivity on in vivo cellular functions. Indeed, it could be envi-
sioned that multiple cell-based therapies, including the
metabolic reprogramming of tumor-infiltrating lymphocytes
or the reshaping of an antiviral immune response, may benefit
from improved T cell expansion in vitro and potently
enhanced inflammatory functions in nutrient-deplete micro-
environments in vivo. In addition, AMPK’s ability to augment
Treg suppressive capacity, enhance CD25 expression, and
promote Treg expansion, could improve cellular therapies
where the goal is to downregulate inflammation, including in
10 J. Biol. Chem. (2024) 300(1) 105488
cases of autoimmunity or solid organ transplantation. Fortu-
itously, many adoptive cellular therapies already require len-
tiviral or retroviral transduction, coupling nicely with our
genetic manipulation of AMPK to potentially enhance T cell
efficacy in vivo long after transfer.

In summary, increasing AMPK activity in primary human T
cells, through lentiviral-driven overexpression of AMPKγ2,
upregulates oxidative metabolism, decreases cellular differen-
tiation, and improves in vitro expansion. Further, the resulting
T cells demonstrate a decreased likelihood of developing into
Th2 cells, with promotion of an inflammatory phenotype in
bulk and conventional Th subsets and increased suppressive
capacity when activity is driven specifically in Treg. Together,
these characteristics provide an attractive method to improve
the function of current adoptive cellular therapies and work is
ongoing to assess the potential contribution of this modifica-
tion to multiple T cell–based approaches in vivo.

Experimental procedures

Virus production

The AMPKγ2 sequence was amplified from a commercially
available plasmid (Addgene #23689) and cloned into either a
pSICO (Addgene #31847) or pHR (similar to Addgene #14858,
kind gift from Jason Lohmueller, UPMC Hillman Cancer
Center) backbone, followed by addition of a T2A linker and
either GFP, tagBFP, or RQR8 tag (37). Transformed bacterial
cultures were grown overnight in Terrific Broth (Sigma-
Aldrich) and plasmids isolated using QIAGEN QIAmp Mini-
prep Plasmid Isolation Kit 250. HEK293Ts (American Type
Culture Collection) were cultured in Dulbecco’s modified Ea-
gle’s medium (Gibco #11966-025) containing 10% fetal bovine
serum (FBS), Pen Strep, 2 mM L-Glutamine, and nonessential
amino acids. Early passage cells were transfected using an
Invitrogen Lipofectamine 3000 Transfection kit with 2500 ng
of RSV-REV, PMD-2G, and PRRE plasmid and 10,000 ng of
either AMPKγ2-t2a-GFP/RQR8 or t2a-GFP/RQR8 “empty”
plasmid. After 24 h, supernatant was replaced with Iscove’s
Modified Dulbecco’s Medium (Gibco #12440-053) containing
10% FBS. Supernatant containing viral particles was harvested
at 48 and 72 h, combined with Lenti-Pac (GeneCopoeia), and
incubated at 4 �C overnight. Viral supernatants were then
centrifuged at 3500g for 25 min at 4 �C, resuspended in Dul-
becco’s modified Eagle’s medium, and either frozen at −80 �C
or used immediately.

T cell isolation, transduction, and culture

De-identified buffy coats were obtained from healthy human
donors (Vitalant), diluted with PBS, layered over lymphocyte
separation medium (MPbio), and centrifuged at 400×g and 25�

for 20 min with no brake. The PBMC layer was removed and T
cells isolated using the Miltenyi Biotec Human Pan T cell
isolation kit. Purified T cells were resuspended in AIM-V +5%
serum replacement (SR; Gibco #A25961-01) and plated with
Dynabeads human T-activator CD3/CD28 for T cell expansion
and activation (Thermo Fisher Scientific) at a 2:1 ratio for 48 h.
Transduction was then performed per manufacturer’s
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instructions utilizing retronectin-coated plates (Takara). Cells
were removed from Dynabeads by magnetic separation on day
5 poststimulation and expanded in AIM-V media with 5% SR
containing IL-2 at 100 IU/ml, or with IL-7 and IL15 at 20 ng/
ml. Further assessments were performed between day 9 and 12
of culture. For restimulation experiments, cells were replated
with Dynabeads at a 1:1 ratio for up to 72 h. Transduced T
cells used in bulk assays (such as the Seahorse), were flow
sorted on a BD FACs Aria to enrich for the transduced target
population prior to assay analysis.

Treg purification, culture, and transduction

Naïve human tTreg were purified, expanded, and banked as
described previously (66). Briefly, naïve human PB tTreg
(CD4+25 + 127–45RA+) were sort-purified from PBMCs
(Ficoll-Hypaque, Amersham Biosciences) in a two-step pro-
cedure in which CD25+ cells were first enriched from PBMCs
by AutoMACS (PosselD2) with GMP grade anti-CD25
microbeads (Miltenyi Biotec). CD25 high cells were stained
with CD4, CD8, CD25, CD127, and CD45RA and sorted via
FACSAria as CD4+, CD8−, CD25 high, CD127−, and
CD45RA+. Purified naïve tTreg were incubated with anti-CD3
mAb (Miltenyi Biotec) and further stimulated (1:1) with a
K562 cell line engineered to express CD86 and the high-
affinity Fc receptor (CD64) and which had been irradiated
with 10,000 cGy. Naive tTreg were cultured in X-Vivo-15
media (BioWhittaker) supplemented with 10% human AB
serum (Valley Biomedical). Recombinant IL-2 (300 IU/ml,
Chiron) was added on day 2 and maintained for culture
duration. Cultures were maintained at 0.25 to 0.5× 10e6 viable
nucleated cells/ml, being split every 2 to 3 days as needed.
Aliquots were frozen down on day 14. When needed, aliquots
of expanded tTreg where thawed, incubated overnight in
complete media + IL-2, and transduced the following day with
high-titer AMPKγ2 lentivirus. On day 2, transduced tTreg
were restimulated with KT64/86 and expanded an additional
7 days. Flow phenotyping was performed 5 days after restim-
ulation to assess transduction efficiency and again on d7.

The in vitro suppressive capacity of expanded tTregs was
assessed on day 7 using a CFSE inhibition assay as previously
published (66). Briefly, PBMCs were labeled with CFSE (Invi-
trogen) and stimulated with anti-CD3 mAb-coated beads
(Dynal) ± cultured tTreg (ratios of tTregs/PBMNCs, 1:2–1:32).
On day 4, cells were stained with antibodies to CD4 and CD8
and suppression was determined by measuring the Division
Index (FlowJo, https://www.flowjo.com, TreeStar) ± tTregs. To
note, tTregs suppressed CD4 and CD8 T cell responses
equivalently, with representative CD4 data presented.

Protein isolation and immunoblot

CD8+ and CD4+ T cells were first separated on day 9 uti-
lizing the STEMCELL CD8 positive selection kit according to
manufacturer’s instructions (Stemcell Technologies) and
plated overnight in AIM-V + 5% SR. The following day, GFP+
cells were flow sorted directly into 10% trichloroacetic acid and
lysates centrifuged at 16000g at 4 �C for 10 min, washed twice
in ice cold acetone, resuspended in solubilization buffer (9 M
urea containing 1% DTT and 2% Triton X and NuPAGE
lithium dodecyl sulfate sample buffer 4× (Invitrogen) at a 3:1
ratio), and heated at 70 �C for 10 min (67). Protein gel elec-
trophoresis was performed on ice using NuPAGE 4 to 12% Bis-
Tris Protein Gels (Invitrogen) at 135 V. In some cases, protein
samples were heated to 95 �C for 5 min prior to gel loading.
Protein was transferred to Invitrolon 0.45 μm polyvinylidene
difluoride membranes (Invitrogen) at 30 V on ice for 1 h.
Membranes were blocked in Tris-buffered saline–Triton
containing 5% nonfat milk and immunoblotting performed
according to the Cell Signaling Technologies Western Blot
Protocol. Blots were stripped for 10 min (Restore PLUS
Western Blot Stripping Buffer, Thermo Fisher Scientific) prior
to reprobing. Antibodies used for immunoblotting are listed in
Table S1. Blots were developed with Super Signal West Femto
chemiluminescence reagents (Thermo Fisher Scientific),
detected by CL-XPosure Film (Thermo Fisher Scientific), and
scanned in grayscale with an Epson V600 scanner. Images
were cropped using ImageJ Software (https://imagej.net/ij/
download.html; version 1.47 T), inverted, and densitometry
quantitated in an area encompassing the largest band, followed
by quantitation of all subsequent bands using the same two-
dimensional area.

Flow cytometry

Cells were washed with PBS + 2% FBS before staining with
antibodies at 1:100 dilution for 30 min. For intracellular stains,
cells were fixed per manufacturer’s instructions using Fix/
Perm kit (Cat #:88-8824-00, Invitrogen) and then stained with
antibodies at 1:100 dilution. Antibodies and other flow
cytometry reagents are listed in Table S2. MitoTracker Red
(Invitrogen) staining was performed at 1 nM in PBS with in-
cubation at 37� for 15 min. BrdU analysis was performed
utilizing the Phase-Flow kit per manufacturer’s instructions
(BioLegend), with cells cultured in BrdU for 2 h prior to
staining. Flow data was captured on a BD Fortessa analyzer
(BD Biosciences) and evaluated using FlowJo software (version
10.1, Tree Star). Cells were gated by forward and side scatter to
identify lymphocyte population, and then gated on GFP+ or
CD34+ (RQR8 marker) cells for downstream analysis.

Seahorse Mito stress assay

The Seahorse XF Cell Mito Stress Test Kit (Agilent; Catalog
#103015-100) was run on a Seahorse XFe96 Bioanalyzer
(Agilent) to determine basal and maximal OCR, SRC, and
ECAR for transduced T cells. T cells were plated in assay
media (XF Base media (Agilent) with glucose (25 mM), sodium
pyruvate (2 mM) and L-glutamine (4 mM) (Gibco), pH 7.4 at
37 �C) on a Seahorse cell culture plate coated with Cell-Tak
(Corning) at 1 × 105 cells/well. After adherence and equili-
bration, basal ECAR and OCR readings were taken for 30 min.
Cells were then stimulated with oligomycin (2 μM), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (1 μM), and
rotenone/antimycin A (0.5 μM) to obtain maximal respiratory
and control values. Assay parameters were as follows: 3 min
J. Biol. Chem. (2024) 300(1) 105488 11
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mix, no wait, 3 min measurement, repeated for three cycles at
baseline and after each injection. SRC was calculated as the
difference between basal and maximal OCR values obtained
after trifluoromethoxy) phenylhydrazone uncoupling. The XF
Mito Stress Test report generator and Agilent Seahorse ana-
lytics were used to calculate parameters from Wave software
(https://www.waveapps.com; Agilent, Version 2.6.1.53).

Cytokine multiplex and ELISA analysis

Supernatants were assessed for cytokine production using
the LegendPlex Human Inflammation Panel 1 (13-plex) in a
V-bottom plate per the manufacturer’s instructions (Bio-
Legend). Flow cytometry data were acquired on a BD Fortessa
analyzer (BD Biosciences) and assessed using FlowJo software
(version 10.7, Tree Star). Where indicated, ELISA to detect
human IL-8 was done using culture supernatants at 1:100
dilution in a Quantikine ELISA kit (R&D Systems) per man-
ufacturer’s instructions. One sample run by LegendPlex did
not have sufficient volume to be further assessed by ELISA.

Mixed leukocyte reaction

On day 9 of culture, cells were flow sorted for GFP posi-
tivity, labeled with CellTrace Violet (Invitrogen), and placed at
3 × 105/well in culture with 3 × 105 allogeneic non-T cell
antigen-presenting cells irradiated at 20 Gy. MLRs were per-
formed in 96-well round-bottom plates in Roswell Park Me-
morial Institute media (RPMI) with varying levels of glucose.
Physiologic glucose media was obtained by mixing no glucose
RPMI (Gibco Cat #11879-020) 1:1 with standard RPMI media
(Gibco Cat #11875-085) for a final glucose concentration of
1 g/L (5.5 mM). Low glucose RPMI was obtained by mixing no
glucose RPMI 1:3 with standard RPMI media for a final
glucose concentration of 0.5 g/L (2.25 mM). After 3 to 4 days,
media was collected for cytokine analysis and cells were
assessed by flow cytometry, with responding cells identified by
decreased levels of CellTrace Violet. Cell counts were assessed
by flow cytometry using CountBright beads (Thermo Fisher
Scientific) as per manufacturer’s instructions.

RT2 profiler array and RT-PCR

Cell lysates from 5e6 CD4 T cells on day 9 of culture were
suspended in RLT buffer and processed through a QiaShred-
der (Qiagen) prior to being frozen at –80 �C. Total RNA was
later isolated from homogenized lysates using the Qiagen
RNeasy Plus Mini Kit according to manufacturer’s in-
structions. The RNA was quantified by Nanodrop, and 500 ng
of total RNA was synthesized into cDNA using the Qiagen RT2

First Strand Kit following the recommended protocol.
Real-time PCR was then carried out using the Qiagen RT2

Profiler PCR Human T Helper Cell Differentiation Array
(Format C, for use with the Applied Biosystems StepOnePlus
real-time cycler) in combination with the corresponding Qia-
gen RT2 SYBR Green ROX qPCRMastermix materials. For 96-
wells, 1485ul of RT2 SYBR Green Mastermix, 1373 ul of
nuclease-free water, and 102 ul of cDNA were combined.
Twenty-five microliters was dispensed per well, changing the
12 J. Biol. Chem. (2024) 300(1) 105488
tips between rows to prevent cross contamination. The plate
was run under standard qPCR default protocol settings
(cycling stage 60C 1 min; Melting Curve stage: during ramp
from 60C to 95C; 40 cycles).

For quantitative RT-PCR confirmation, 5e6 T cells were
lysed in RLT buffer (Qiagen RNeasy Plus Mini Kit) and lysates
homogenized using the Qiagen QIAshredders per manufac-
turer’s directions. RNA was isolated from homogenized lysates
using the RNeasy Plus Mini Kit according to manufacturer’s
recommended protocol and RNA quantitated by NanoDrop.
One microgram of RNA was reverse transcribed to cDNA
using the Bio-Rad iScript cDNA Reaction Kit (per kit’s in-
structions). Using Bio-Rad’s SYBR Green Master Mix reagent,
4 ul of cDNA was placed into 36 ul of water, master mix, and
primers and quantitative PCR reactions run in triplicate of 10
ul each on an Applied Biosystem QuantStudio3 cycler with the
standard protocol of 95C and 60C over 40× cycles. RT-PCR
primer sequences are listed in Table S3.

Statistics

Graphing and statistical analysis was performed using
GraphPad Prism for Windows (version 9.0.1, www.graphpad.
com). Paired two-tailed Student’s t test or one-way ANOVA
were used to determine statistical significance. All samples
with variability between data points were run through a two-
sided Grubbs’ test for outliers using GraphPad Prism soft-
ware. After Grubbs’ analysis, one monocyte chemoattractant
protein-1 sample and one IFNγ sample, each from the 11
mM and 5.5 mM MLRs were eliminated as outliers (making
three independent donors instead of four). Unless noted
otherwise, data are displayed as mean ± SEM. In all cases *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Study approval

All studies on human cells were designated Exempt status
by the University of Pittsburgh Institutional Review Board.

Data availability

RT2 Profiler array data is available via the Gene Expression
Omnibus online database at https://www.ncbi.nlm.nih.gov/
geo/ under accession number GSE252375. All remaining
data are contained within the manuscript.
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