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IL-17-producing antigen-specific human T cells elicit potent
antitumor activity in mice. Yet, refinement of this approach
is needed to position it for clinical use. While activation signal
strength regulates IL-17 production by CD4+ T cells, the degree
to which T cell antigen receptor (TCR) and costimulation
signal strength influences Th17 immunity remains unknown.
We discovered that decreasing TCR/costimulation signal
strength by incremental reduction of aCD3/costimulation
beads progressively altered Th17 phenotype. Moreover, Th17
cells stimulated with aCD3/inducible costimulator (ICOS)
beads produced more IL-17A, IFNg, IL-2, and IL-22 than those
stimulated with aCD3/CD28 beads. Compared with Th17 cells
stimulated with the standard, strong signal strength (three
beads per T cell), Th17 cells propagated with 30-fold fewer
aCD3/ICOS beads were less reliant on glucose and favored
the central carbon pathway for bioenergetics, marked by abun-
dant intracellular phosphoenolpyruvate (PEP). Importantly,
Th17 cells stimulated with weak aCD3/ICOS beads and redir-
ected with a chimeric antigen receptor that recognizesmesothe-
lin were more effective at clearing human mesothelioma. Less
effective CAR Th17 cells generated with high aCD3/ICOS
beads were rescued by overexpressing phosphoenolpyruvate
carboxykinase 1 (PCK1), a PEP regulator. Thus, Th17 therapy
can be improved by using fewer activation beads during
manufacturing, a finding that is cost effective and directly
translatable to patients.

INTRODUCTION
T cells genetically redirected to express a chimeric or T cell antigen
receptor (CAR, TCR) can elicit potent efficacy in a subset of patients
with tumors harboring the antigenic target.1–3 While CD19-CAR
T cell products have demonstrated success for individuals with B
cell malignancies, CAR-based therapy approaches have been less
effective at treating patients with solid tumors.4 The reason adoptive
T cell transfer (ACT) therapy fails for patients with solid tumors is
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multifactorial, including inefficient trafficking of T cells into the tu-
mor,5 inability to overcome the oppressive tumor microenviron-
ment,6 and low persistence and response maintenance against aggres-
sive malignancies.4,7

One potential strategy to overcome limitations of ACT therapy is to
improve the quality of T cells generated ex vivo. Currently, standard
FDA-approved ACT protocols recommend logarithmic growth of
CAR T cells, which involves the selection of CD3+ T cells from the
patient’s blood and expansion with artificial antigen-presenting cells
(aAPCs). These aAPCs often consist of a magnetic bead coated with
aCD3 and aCD28 antibodies to mediate TCR stimulation and costi-
mulation, respectively. Three aCD3/CD28 beads are used per T cell in
the culture to ensure logarithmic activation and propagation.8,9 As
part of these protocols, T cells are genetically engineered to encode
an antigen receptor and expanded in the presence of cytokines,
such as IL-2, for 2 weeks before reinfusion into the lymphodepleted
patient.

We posited that cell therapy against solid tumors can be advanced by
generating human T helper (Th) 17 cell products in a less differenti-
ated state. Th17 cells are a helper CD4+ T cell subset originally re-
ported as pro-inflammatory and important in mediating defense
against self-tissue attack and infections via their production of IL-
17.10,11We and others reported that Th17 subsets elicit potent efficacy
against solid tumors in aggressive, pre-clinical tumor models,
compared with other helper subsets, including Th1 or Th2 cells.12–16
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Subsequent investigations revealed that Th17 cells possess hallmarks
of stemness, marked by enhanced self-renewal, function, and prolif-
erative potential, which make them particularly attractive as a novel
ACT approach.14,17,18 Yet, the ideal way to expand antitumor Th17
cells for ACT without losing these characteristics remains elusive
and a significant barrier to their implementation beyond the pre-clin-
ical setting.

Prior work has demonstrated that lowering activation signal strength
generates T cells with a younger memory phenotype and higher func-
tionality.19–21 We hypothesized that reducing the initial human Th17
activation strength by using fewer aCD3 beads coated with either
aCD28 or a-inducible costimulator (aICOS) in the culture would
improve their antitumor activity, even when the CD8+ CAR T cells
they are coinfused with are separately activated with the standard
3:1 aCD3/CD28 bead-to-T cell ratio condition. As signal strength
was weakened, fewer Th17 cells differentiated into a full effectormem-
ory phenotype. Weak ICOS-costimulated Th17 cells maintained a
more naive memory phenotype and cosecreted multiple cytokines.
Th17 cells stimulated with the standard, strong signal strength relied
more on glycolysis for growth and energy, while those stimulated
with weak ICOS signal strength had enhancedmitochondrial bioener-
getics. Global metabolomic analysis of these cells identified unique
metabolites associated with the central carbon pathway and gluconeo-
genesis that are elevated in Th17 cells generated with weak signal
strength ICOS bead preparations. In vivo, weak ICOS-costimulated
Th17 cells redirected with a mesothelin-specific CAR and cotrans-
fused with standard aCD3/CD28 strong-activated CD8+ mesoCAR
T cells persisted and effectively controlled the growth ofmesothelioma
tumors. To understand the importance of the observed metabolic dif-
ferences between ICOS strong and ICOS weak Th17 cells, we overex-
pressed phosphoenolpyruvate carboxykinase 1 (PCK1), a key enzy-
matic regulator of gluconeogenesis, in ICOS strong mesoCAR Th17
cells, which greatly improved their antitumor activity. Our work re-
veals that modulating metabolic pathways in Th17 cells is possible
by simply using fewer beads in a culture, which results in potentiated
CAR T cell immunity against solid tumors. These data enable further
refinement of ex vivo expansion protocols for human Th17 cells that
will accelerate the path to future clinical application.

RESULTS
Lowering signal strength improves human Th17 cell

polyfunctionality

Th17 subsets are more potent against solid tumors compared with
other helper subsets, including Th1 or Th2 cells.13,14,22 We theorized
that expanding human Th17 cells with fewer beads would generate
lymphocytes with a more functional phenotype, marked by their ca-
pacity to secrete multiple cytokines at once. To test our hypothesis
that reducing TCR/costimulation activation signal strength augments
Th17 cell functionality and memory phenotype, we serially diluted
the number of activation beads added to human Th17 cells to as
low as 30-fold less than that used in the clinic, to mimic reduced an-
tigen signaling. Specifically, CD4+ T cells were freshly isolated from
peripheral blood mononuclear cells (PBMCs) of deidentified healthy
human donors and cytokine-polarized toward a Th17 phenotype
while being activated with aCD3 magnetic beads coated with either
aCD28 or aICOS agonists, as depicted in Figure 1A. Th17-polarized
cells were expanded in the presence of IL-2 (100 IU/mL, added 2 days
post-polarization) for 10 days, and then the end-product cells were
assayed for their capacity to secrete cytokines after phorbol myristate
acetate (PMA) and ionomycin restimulation. We found that, as signal
strength decreased, IFNg and IL-17A production increased gradually
(Figure 1B). Th17 cells expanded with the fewest beads (1:10 bead:T
cell ratio) had the greatest percentage of cells that expressed both cy-
tokines, and we observed that this polyfunctionality was most pro-
nounced in cells activated with aCD3/ICOS beads (Figure 1C).
Note that Th17 cell numbers in cultures were held constant (�0.8
million/mL in a 24-well plate), while the aCD3/costimulatory bead
numbers were altered as a rheostat for activation strength. Our data
reveal that decreasing the activator beads profoundly bolsters Th17
polyfunctionality.

To uncover the ideal number of beads needed to optimize IL-17,
IFNg, IL-22, and IL-2 production by ICOS-costimulated Th17 cul-
tures, cells were activated with a more dynamic titration range of acti-
vator beads (aCD3/ICOS) and then assessed for their functional pro-
file (Figure 1D). Cytokine production of each peaked in T cells
stimulated at an intermediate T cell-to-bead ratio. The range of the
highest values containing the top three averages for each overlapped
at one ratio, 1:10.7 bead:T cell, although the only significant differ-
ences observed were within IFNg at the 1:10.7 to 1:42.7 bead:T cell
conditions compared with the 3:1 bead:T cell condition (p < 0.05).
Conversely, Th17 cells activated with strong signal strength using
the standard ratio (3:1 bead:T cell) produced significantly lower levels
of all cytokines tested except for IL-22, where one of the healthy do-
nors analyzed had 43% IL-22+ cells at this ratio, while the other five
donors had an average of 5% IL-22+ under this condition. Regardless,
the intersection of highest cytokine production for all four cytokines
analyzed occurs at �1:10 bead:T cell. At lower signal strengths of
�1:43 bead:T cell and below, cytokine production gradually tapered,
albeit the production of any four cytokines remained higher than that
of those expanded with high-signal-strength cells (i.e., �3:1–1:1
bead:T cell). Overall, our data reveal an optimal bead-to-T cell ratio
in which fewer beads can be used to manufacture Th17 cell products
with enhanced multifunctionality.

Lowering activation signal strength slows Th17 cell division but

sustains naive memory phenotypes

Current ACT protocols require expansion of large numbers of T cells
before they are infused back into patients. Proliferation assays using
carboxyfluoroscein succinimidyl ester (CFSE) were done to test if
reducing the number of beads added to Th17 cells would affect their
expansion and yield by culturing them with either a “Weak” (1 bead
per 10 T cells) or a “Strong” bead stimulus protocol (the standard 3
beads per T cell). In Th17 cultures activated with aCD3/CD28 beads,
we found that both the Strong and the Weak bead per T cell groups
divided within 2 days (Figure 2A). By day 4, all cells in the CD28
Strong and CD28 Weak groups divided at least once. One week later,
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Figure 1. Decreasing activation signal strength

results in increased functionality of Th17 cells

(A) CD4+ T cells from normal human donors were isolated

and expanded with either CD3/CD28 or CD3/ICOS

artificial APC beads and Th17 polarizing cytokines. (B)

Percentages of IFNg and IL-17A cytokine-producing Th17

cells expanded for 9 days after activation with either CD3/

CD28 (top) or CD3/ICOS (bottom) beads at indicated

bead:T cell ratios, as assessed by flow cytometry. (C)

Average percentage of IFNg+IL-17A+Th17 cells (±SEM) at

day 10 post-activation, n = 3. (D) Average percentages

(±SEM) of IL-17A, IL-22, IFNg, and IL-2 cytokine-

producing Th17 cells activated with a range of aCD3/

aICOS bead:T cell ratios as determined by flow

cytometry. Shaded area indicates the range of observed

optimal cytokine production containing the three highest

averages for each cytokine (n = 6 healthy donors).

Statistical analysis was performed using two-way ANOVA

with Tukey’s multiple comparisons test (*p < 0.05,

**p < 0.01, ****p < 0.001).
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most cells in both groups had divided. In contrast, aCD3/ICOS-stim-
ulated Th17 cells lagged in proliferation compared with those stimu-
lated with aCD3/CD28 beads at the same ratios. In fact, by day 7
post-activation, a small percentage of ICOSWeak cells did not divide.
These data suggest a difference in ICOS and CD28 signaling cues in
promoting T cell proliferation, potentially due to the constitutive
presence of CD28 on the T cell surface, while ICOS upregulates after
TCR stimulation.23 However, the expansion rates and ultimate cell
yield were not significantly different between Th17 cells undergoing
either CD28 or ICOS costimulation, nor between the ICOS Strong
and ICOS Weak conditions (Figure 2B). The CD28 Weak condition
did significantly lower the yield of Th17 cells by day 10 post-activa-
tion, compared with the CD28 Strong condition (p = 0.0035).

T cell differentiation and senescence are factors that limit the
longevity of T cells used for ACT and hence its success. Thus, it is
often a goal of novel manufacturing protocols to produce fewer differ-
2122 Molecular Therapy Vol. 31 No 7 July 2023
entiated T cell products for infusion. Because
T cell expansion drives differentiation, we next
assessed the memory profile of Th17 cells
expanded with these different stimulation proto-
cols, hypothesizing that higher signal strength
(i.e., more beads to T cells) would foster greater
effector memory differentiation. As expected, at
day 10 post-activation, Strong, 3 beads per
T cell, stimulatory conditions promoted the gen-
eration of differentiated cells, while Weak, 10
beads per T cell, signal strength supported more
naive-like memory cells, as indicated by the per-
centages of CD45RA+CD45RO� cells (Figure 2C)
and CD45RA+CD62L+ cells (Figure 2D). CCR7
and CD27, additional markers expressed on naive
T cells, were also most elevated in Th17 cells
given fewer beads (Figure 2E). Expression of T cell exhaustion and
the coinhibitory markers CD39, Tim3, and PD-1 was elevated on
Strong-stimulated cells (Figure 2F). Thus, we found that weaker
signal strength-generated Th17 cells were ultimately those with a
less differentiated memory phenotype.

Low signal strength improves Th17 mitochondrial function and

reduces utilization of glucose

Mitochondrial health and metabolism are essential to T cell survival,
function, and immunity.24–27 Consequentially, generating a metabol-
ically fit T cell product is critical for durable antitumor immunity, as it
enables resistance to the harsh andnutritionally restrictive tumor envi-
ronment. Proliferation and T cell differentiation are tightly tied to the
commitment to glycolysis,28 so we hypothesized that weaker signal
strength promoted less glucose reliance in Th17 cells. We assayed
the expression of glucose transporter 1 (GLUT1) and the cellular
glucose uptake (using 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
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Figure 2. Lower activating signal strength programs an optimal T cell memory phenotype

(A) Cell division over 1 week of culture. CFSE-labeled cells were activated with either CD3/CD28 (black and blue) or CD3/ICOS (purple and red) beads at two different ratios:

3:1 bead:T cell and 1:10 bead:T cell. Cells from each culture were collected and fixed each day after activation, up to 7 days. After 7 days, all cells were analyzed via flow

(legend continued on next page)
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amino)-2-deoxyglucose [2-NBDG], a fluorescent glucose analog) in
Th17 cells expanded with titrated aCD3 magnetic beads decorated
with aCD28 or aICOS agonist antibodies at Strong (3 beads per
T cell) and Weak (1 bead per 10 T cells) levels of signal strength
over the course of in vitro expansion. GLUT1was consistently elevated
in the Strong CD28-activated Th17 cells, with a spike in expression on
days 5–6 of culture (Figure 3A). All other activation treatments ex-
pressed less surface GLUT1 throughout culture compared with the
Strong CD28-activated Th17 cells. Concomitantly, Th17 cells were
measured for glucose uptake using 2-NBDG. Cells stimulated with a
Weak signal strength consumed glucose at a slower rate than those
cells activated at the Strong signal strength, regardless of ICOS or
CD28 costimulatory signaling (Figure 3B). Th17 cells stimulated
with the Strong concentration of aCD3/ICOS beads consumed less
2-NBDG than cells expanded with the Strong aCD3/CD28 beads after
a week of expansion, suggesting that ICOS costimulation decreases
T cell glucose utilization. Due to the observed differences in glucose
reliance between the groups, we next probed the relative mitochon-
drial profile of Weak- vs. Strong-activated Th17 cells.

T cells possessing mitochondria with low mitochondrial membrane
potential (DѰm) retain enriched markers of stemness and are
capable of enhanced tumor ablation in vivo.29 We hypothesized
that weakening signal strength would increase the abundance
of Th17 cells with a low DѰm signature, based on our findings
regarding their memory and polyfunctionality. Th17 cells
were profiled for their relative abundance of mitochondria, mito-
chondrial phenotype, and metabolic capacity. Mitochondrial mass
(MitoTracker deep red; Thermo Fisher) and DѰm (tetramethyl
rhodamine methyl ester [TMRM]) were analyzed by flow cytometry.
As predicted, whether costimulated by aCD28 or aICOS agonists,
lowering the activation signal strength expanded Th17 cells with
more of their mitochondrial mass exhibiting lower DѰm
(Figures 3C and 3D), potentially indicating that Weak signal
strength preserves high mitochondrial function and mass. We theo-
rized that the capacity for mitochondrial energy generation in Th17
cells would retain more spare respiratory capacity (SRC) when
stressed following cell expansion with fewer activator beads. Using
a Seahorse XF assay (Agilent), the percentage SRC increased when
the activation signal strength was decreased, although not signifi-
cantly (Figure 3E). Our data imply that mitochondria in Th17 cells
activated with a weaker TCR signal strength and receiving ICOS
costimulatory signaling are less differentiated, proliferate at lower
rates, and are less reliant on glycolysis in vitro. Therefore, Th17 cells
stimulated with 30-fold fewer activation beads have altered meta-
bolic requirements compared with those expanded with more beads
commonly used to generate clinical CAR products. Because of the
marked decrease in glucose uptake, the ability to proliferate, and
subtle changes in mitochondrial function, we hypothesized that
cytometry. (B) Cell growth rate was also observed. Cells from each culture were coun

expression of memory markers and coinhibitory receptors was analyzed by flow cyto

percentage of positive lymphocytes. Bar graphs represent the mean ± SEM. Statistical

test (n = 7, *p < 0.05, **p < 0.01).
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these Th17 cultures expanded with a reduced signal strength and
ICOS costimulatory signaling may be altering their metabolic needs
to promote their survival and function, so we further probed the
metabolic profile of these cells.

Gluconeogenesis is used by Weak TCR-activated/ICOS-

costimulated Th17 cells

To interrogate the metabolic profile of human Th17 cells activated
with a Strong vs. a Weak TCR signal, human CD4+ T cells from
seven healthy PBMC donors were programmed toward a Th17
phenotype and then activated, or not, with a Strong (3 beads per
T cell) or Weak (1 bead per 10 T cells) number of aCD3/ICOS
beads for 4 days, to optimally capture the differences between treat-
ments based on our metabolic phenotype time-course data
(Figures 3A and 3B). Metabolomic analysis of the cells and corre-
sponding media was done via mass spectrometry (Metabolon),
and the fold changes in analyzed intracellular metabolites were
calculated between treatment groups and grouped by metabolic
pathway (Figure 4A). Increased glycolysis intermediates glucose-6-
phosphate (G6P; p = 0.0001) and fructose-6-phosphate (F6P;
p < 0.0001) were detected intracellularly in ICOS Strong-activated
Th17 cells compared with ICOS Weak-activated Th17 cells (Fig-
ure 4B). Concordantly, Strong ICOS stimulation depleted glucose
levels extracellularly (p < 0.0001) and increased lactate secretion
(p < 0.0001) compared with Weak ICOS stimulation, suggesting
high levels of glycolytic activity with that stimulation (Figure 4C).
In contrast, Weak ICOS stimulation enriched isocitrate, phospho-
enolpyruvate (PEP), and 3-phosphoglycerate intracellularly
(p < 0.05; Figure 4B). Furthermore, Weak ICOS stimulation did
not induce overt extracellular uptake of glucose, pyruvate, or glycer-
ate (Figure 4C) or induce intracellular levels of G6P or F6P (Fig-
ure 4B), suggesting the direction of metabolic flux to favor that of
gluconeogenesis instead of glycolysis.

Comparison of ICOSWeak- vs. ICOS Strong-activated Th17 intracel-
lular metabolites revealed further differences in their use of the central
carbon pathway, shown by increased abundance of metabolites
involved in gluconeogenesis (PEP and 3-phosphoglycerate) as well
as the pentose phosphate pathway (6-phosphogluconate), suggestive
of active gluconeogenesis and shunting of carbon sources to the
pentose phosphate pathway. An important rate-limiting step of
gluconeogenesis is the formation of PEP from oxaloacetate (OAA)
catalyzed by the enzyme PCK1.30 Importantly, we found that PEP
was 14-fold higher in Weak ICOS-stimulated vs. Strong ICOS-stim-
ulated Th17 cells (p = 0.0003; Figure 4B). This metabolic profile
coupled with the proliferation, differentiation, and mitochondrial
phenotype led us to hypothesize that Weak ICOS-stimulated cells
may be more efficacious when infused into mice bearing a human
solid tumor.
ted every other day, up to day 10 of culture (n = 3). (C–F) After 10 days of growth,

metry. Numbers in the fluorescence-activated cell sorting (FACS) plots represent

analysis was performed using one-way ANOVA with Tukey’s multiple comparisons
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Figure 3. Glucose uptake and mitochondrial dynamics are affected by signal strength and costimulatory signal

Flow cytometry was used to evaluate (A) the presence of the GLUT1 receptor on aCD3/CD28 or aCD3/ICOS activated cells as well as to assess (B) their ability to take up

glucose using the fluorescent glucose reporter 2-NDGB over 7 days of culture. (C) At 10 days post-activation, markers of mitochondrial mass (MitoTracker deep red) and

membrane potential (TMRM) were used to characterize the cells by flow cytometry. (D) The percentage of cells with lowmitochondrial membrane potential is represented. (E)

At the same time point, a Seahorse mitochondria stress test was used to calculate percentage spare respiratory capacity (SRC). For each assay, n = 4–6 healthy donors.

Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05). Data are represented as mean ± SEM.
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Weak ICOS signal strength augments Th17 cell engraftment and

antitumor activity in vivo

Using an established human mesothelioma tumor model, we tested
our hypothesis that decreasing the number of activation beads used
to generate mesothelin-specific CAR-modified Th17 cells in vitro
would improve their antitumor activity in vivo. To do so, bulk hu-
man CD4+ T cells were programmed toward a Th17 phenotype
while being activated with one of four treatments, using either
aCD3/CD28 or aCD3/ICOS beads at either a 3 bead per T cell
(Strong) or 1 bead per 10 T cells (Weak) ratio. As shown in the di-
agram in Figure 5A, NOD/scid gamma chain knockout (NSG) mice
bearing a human mesothelioma tumor were infused with the meso-
CAR Th17 cell products. Human mesoCAR CD8+ T cells, expanded
with aCD3/CD28 beads at the Strong signal strength (3 beads per
T cell), were cotransferred into mice. As anticipated, tumor growth
was only slightly and transiently halted in mice treated with CD28
Strong-activated Th17 cells compared with untreated animals. Tu-
mor growth was controlled for 10 days post-cell infusion in mice
treated with CD28 Weak-activated Th17 cells, after which their tu-
mors rapidly expanded (Figure 5B). Mice infused with ICOS-costi-
mulated Th17 cells showed superior antitumor responses compared
with animals treated with CD28-costimulated Th17 cells, consistent
with prior reports.31,32 Interestingly, ICOS Strong-activated Th17
cells prevented tumor growth for greater than 1 month until relapse,
while ICOS Weak-activated Th17 cells imparted durable immunity,
marked by sustained control of tumors post-ACT. This striking
improvement in Th17 cell response was also reflected by the
enhanced survival of ICOS Weak-activated Th17-treated mice (Fig-
ure 5C). Donor T cells (%CD45+) persisted in the blood of mice
2 weeks after infusion, revealing that ICOS Weak activation
enhanced Th17 engraftment and persistence to the greatest extent
compared with other groups (Figure 5D).

PCK1 overexpression rescues ineffective CAR T cell therapy

Murine tumor-specific T cells reprogrammed to produce more PEP
via overexpression of PCK1, the rate-limiting enzyme of gluconeo-
genesis responsible for catalyzing the conversion of OAA into PEP,
were previously reported to secrete more cytokines and lyse tumors
more effectively in mice.33,34 Given the heightened PEP and other
metabolites involved in gluconeogenesis detected in ICOS Weak-
activated Th17 cells, we hypothesized that overexpression of
PCK1 in less effective CAR T cells (i.e., ICOS Strong-activated
Molecular Therapy Vol. 31 No 7 July 2023 2125
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Figure 4. Changes in metabolic states of ICOS low vs. high activated T cells, compared with no activation, are revealed by metabolomics

(A) Metabolic analysis by mass spectrometry was performed on Th17 cells from healthy donors (n = 7) that were activated (or not, “None”) with aCD3/ICOS beads at the

indicated bead per T cell ratio and cultured for 4 days before collection. Resulting values were normalized and fold changes were calculated and log2 transformed. Normalized

values for selected metabolites measured intracellularly (B) and from theextracellular medium (C) were averaged. Statistical analysis was performed using paired t tests

(*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). Data are represented as mean ± SEM.
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Th17 cells) would bolster their in vivo ACT therapy potency to the
extent mediated by ICOS Weak-activated Th17 cells. We cotrans-
duced ICOS Strong-activated Th17 cells with a vector that contains
PCK1 along with the mesoCAR vector and then infused them into
M108-tumor-bearing mice along with CD28 Strong-activated CD8+

T cells. Compared with traditional ICOS Strong-activated mesoCAR
Th17 cells, the PCK1-overexpressed (OE) ICOS Strong-activated
mesoCAR Th17 cells were able to control tumor growth to a signif-
icantly greater extent, and this outcome was similar to that achieved
with ICOS Weak-activated mesoCAR Th17 cells (Figure 5E). This
result was also reflected in the survival of mice given ACT therapy
(Figure 5F). A control group, in which mice received PCK1-OE
ICOS Strong-activated Th17 cells that were not cotransduced with
2126 Molecular Therapy Vol. 31 No 7 July 2023
the mesoCAR vector, but still received the CD8+ mesoCAR cells,
demonstrated no control over the tumor, highlighting the important
contribution of the antigen specificity of the Th17 cells. Additional
investigation revealed that hCD45+ cells isolated from the spleens of
ICOS Strong-treated mice were unable to respond efficiently to an-
tigen restimulation, as the production of IFNg by these cells was not
significantly higher than in cells from mice treated with non-trans-
duced control ICOS Strong + PCK1-OE cells (Figure 5G). In com-
parison, cells from ICOS Weak-activated Th17-treated mice were
able to produce more IFNg when reactivated with antigen ex vivo
compared with ICOS Strong-activated Th17 cells (p < 0.0001).
Finally, we found that Strong-activated Th17 cells overexpressing
PCK1 produced significantly more IFNg than ICOS Strong-
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Figure 5. ICOS low-activated Th17 cells persist in vivo

and mediate a durable antitumor response

(A) Experimental schematic. Th17 cells activated with either

aCD3/28 or aCD3/ICOS beads at a 3:1 (Strong) or 1:10

(Weak) bead:T cell ratio and transduced with the 4-1BB

mesothelin CAR were expanded for 10 days prior to

infusion into M108 tumor-bearing NSG mice. 4-1BB

mesothelin CAR CD8 T cells from the same donor were

coinfused. Tumor size was measured until mice reached

the endpoint. (B) Tumor area (mm2) averages ± SEM as

well as (C) survival to 200 mm2 tumor area are reported.

(D) Blood from mice on day 7 post-ACT was processed

and analyzed by FACS for presence of human CD45+

cells, n = 10 mice/group. (E) Th17 cells were activated

with CD3/ICOS beads at a 3:1 (Strong) or 1:10 (Weak)

bead:T cell ratio and transduced with the 4-1BB

mesothelin CAR. A subset of ICOS Strong-activated cells

was cotransduced with a PCK1 overexpression vector.

Cells were expanded for 10 days prior to infusion into

M108 tumor-bearing NSG mice (n = 5–11 mice/group).

4-1BB mesothelin CAR CD8 T cells from the same donor

were coinfused. Tumor size was measured until mice

reached the endpoint. Tumor area (mm2) averages ± SEM

and (F) survival to 200 mm2 tumor area are reported. (G)

Human CD45+ cells isolated from splenocytes obtained

from mice 45 days post-ACT were activated overnight

with K562-meso cells to assess reactivity potential, and

the resulting IFNg response was measured in the culture

medium by ELISA, n = 3 mice/group. Statistical analysis

was performed using one-way ANOVA with Tukey’s

multiple comparisons test and survival log-rank Mantel-

Cox test (*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001). Data are represented as mean ± SEM.
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activated cells alone in vivo, although not as much IFNg as medi-
ated by ICOS Weak-activated Th17 cells. Taken together, our data
implicate the alternative usages of the central carbon pathway by
ICOS Weak-activated Th17 cells, leading to their superior response.

DISCUSSION
T cells can be manipulated in various ways to yield an optimal anti-
tumor cell product for therapy. Th17 cells have particularly demon-
strated powerful antitumor prowess12–14,16; yet the optimal way to
expand them has not been determined. In the present study, we found
that the combination of lower TCR signaling and ICOS costimulation
generated a far superior CAR Th17 cell product, with enhanced
in vitro polyfunctionality, a stem-like memory phenotype, and
improved antitumor activity. At a mechanistic level, this superior
phenotype was mediated by a metabolic switch to oxidative phos-
phorylation. The concept of decreasing TCR signal strength to
improve ACT has been reported previously, whereby decreasing the
length of costimulation along with the addition of the cytokine IL-
M

21 expanded stem-like memory T cells.19 Simi-
larly, expanding bulk T cells with an equal
bead-to-T cell ratio can promote optimal expan-
sion while maintaining a younger memory
phenotype.20 Further studies specifically focusing on Th17 cells found
that either decreasing the length of time aCD3/28 beads are present in
the Th17 culture or decreasing the number of aCD3/28 beads
bolstered their capacity to secrete Th17-associated cytokines, and
further elucidated that lowered aCD3/CD28 signal strength pro-
moted Th17 cell responses through the binding of nuclear factor of
activated T cells (NFAT) to the proximal region of the IL-17 promo-
tor in low-stimulated cells only.21 However, modulating the strength
of the TCR signal and the costimulatory effects of these cells’ ability to
influence immunity against tumors was not tested.

ICOS costimulation, compared with CD28 costimulatory signaling,
enhances Th17 cell generation and antitumor effectiveness.31,32 Here-
in, we are the first to correlate the concept of reduced TCR signal
strength in concert with ICOS signaling to potentiate Th17 cells’ anti-
tumor immunity. CD28 costimulatory signaling impairs Th17 func-
tion and development, which may impair their therapeutic poten-
tial.33 Pre-clinical studies of Th17 cells have characterized their
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advantages, including increased resistance to apoptosis and senes-
cence and robust antitumor activity, compared with traditional
bulk T cells, Th1 cells, or Th2 cells.13,14 By optimizing their produc-
tion for use in CAR T cell therapy, we present a way to optimize this
therapy for patients with solid tumors.

We found that decreasing the TCR activation signal modulated T cell
metabolism in several ways. Metabolically fit Weak aCD3/ICOS-acti-
vated cells had lower mitochondrial membrane potential, greater
SRC, and decreased glucose uptake, without any loss in cell yield.
These data indicate an enhanced usage of oxidative phosphorylation
(OXPHOS), which has been associated with long-lived memory
T cells that have the capacity to produce energy under stressful meta-
bolic conditions, as is often the case in hypoxic tumor microenviron-
ments.24,25,34 In addition, OXPHOS has been implicated in bolstering
Th17 pathogenicity by supporting mTOR and the BATF transcrip-
tion factor, which lead to Th17 commitment over regulatory T cell
(Treg) development in CD4+ T cells.35 In contrast, Strong aCD3/
28-activated cells sustained high levels of glucose uptake, indicating
that they may be more reliant on glucose and glycolysis than
Weak-activated cells in vivo, which could be one detriment to their
full functionality in the solid tumor microenvironment.

Weak stimulation of Th17 cells with a 1:10 aCD3/ICOS bead:T cell ra-
tio promoted enhanced levels of metabolites involved in gluconeogen-
esis (PEP and 3-phosophoglycerate) and the pentose phosphate
pathway (6-phosphogluconate). Our metabolite abundance data sug-
gest that compared with ICOS high Th17 cells, which consume extra-
cellular glucose and secrete lactate through glycolysis, ICOS low Th17
likely shunt glutamine or other amino acids toward isocitrate conver-
sion toOAA andPEP through gluconeogenesis. The lack of abundance
of G6P or F6P and the increase in 3-phosphoglycerate and
6-phosphogluconate suggest the flux of gluconeogenesis toward the
pentose phosphate pathway to produce other carbon intermediates
and theproduction of reducing potential, such asNADPHand reduced
glutathione, to decrease levels of reactive oxygen species. Recent work
has demonstrated that alternative fuels for the central carbon pathway
such as inosine can be shunted through thepentose phosphate pathway
as a substitute for glucose to improve T cell bioenergetics and tumor
immunity.36 Thus, Weak ICOS stimulation could alter how T cells
use gluconeogenesis for the synthesis of pentose phosphate pathway in-
termediates such as 6-phosphogluconate, which is a key intermediate
for the generation of both carbon metabolite precursors and reducing
potential molecules such as NADPH. Our data suggest that alternative
usage of the central carbon pathwaymay be critical in themetabolic re-
wiring of ICOSWeak-activated Th17 cells andmay contribute to their
immune potency by providing them with an alternative pathway to
supplement glucose in the tumor microenvironment. Our data com-
plement other reports that PEP sustains NFAT and Ca2+ signaling,
which results in enhanced effector functions inCD4+T cells.37 By over-
expressing the rate-limiting enzyme for PEP production and gluconeo-
genesis, PCK1, in cells stimulated with the ICOS Strong 3:1 bead:T cell
ratio, we could partially rescue ineffective CART cell therapy, support-
ing our hypothesis that the observed differences in the metabolic
2128 Molecular Therapy Vol. 31 No 7 July 2023
phenotype of ICOS Weak cells are important to their improved
response. Complementary work described upregulated PCK1 inmem-
oryCD8+ T cells, which supported the pentose phosphate pathway and
reduced reactive oxygen species (ROS), which ultimately supported
memory formation and maintenance.38 These data may explain why
decreased TCR-stimulated cells have increased cytokine functionwhile
limiting glucose uptake, asNFAThas also been linked to IL-17 produc-
tion in low-stimulated cells via its binding to the proximal region of the
IL-17 promoter following its translocation to the nucleus.21 Further-
more, our Weak ICOS stimulation data and PCK1 overexpression
data highlight an intriguing alternative rewiring of the central carbon
pathway to increase gluconeogenesis and the pentose phosphate
pathway to improve the metabolic capacity of Th17 cells. Although
the mitochondrial bioenergetic changes observed with Weak ICOS
stimulation were subtle compared with Weak CD28 stimulation, this
alternative usage of gluconeogenesis seems to be enough to promote
their potent antitumor response. Our data support recent reports
showing that supplementation of alternative carbon sources, such as
inosine,methionine, or L-arginine, can be sufficient to bolster T cell re-
sponses against solid tumors.36,39

We present a novel method to produce human CAR T cells by
combining a weak TCR activation signal with ICOS costimulation
to polarized Th17 cells. This finding has important clinical implica-
tions, not only to enhance antitumor response, but also to lower the
cost of this expensive therapy by drastically reducing the number of
antibody-coated beads necessary to generate the cell product with
no impact on cell yield. An unknown concern may be that these
potent cells may induce associated toxicities, such as cytokine
release syndrome (CRS), in CAR-treated patients, as has occurred
in other potent CAR T cell therapies,40 although we did not observe
any evidence of this in our mouse models. Future studies will
address whether combining ICOS Weak-activated Th17s with a
similar activation strategy for the CD8+ CAR T cells to be coinfused
into the patient is helpful or necessary, although any improvement
may be only incremental to an already significantly improved
response. Based on these studies, we believe this expansion method
could improve the cell product and thus the outcome of patients
with solid tumor malignancies, leading to long-term, durable
responses.

MATERIALS AND METHODS
Isolation and expansion of human CAR Th17 cells

Peripheral blood buffy coats were obtained from deidentified
healthy donors through the Oklahoma Blood Institute (Oklahoma
City, OK). PBMCs were isolated via gradient separation using
lymphocyte separation medium (Corning), and CD4+ and CD8+

T cells were further isolated with Dynabeads human CD4+ or
CD8+ isolation kits (Thermo Fisher), following the manufacturer’s
instructions. Cells were activated using Dynabeads M-280 Tosylac-
tivated magnetic beads coated with aCD3 (clone OKT3; Biolegend)
and either aCD28 (clone CD28.2; Biolegend) or aICOS (clone ISA-
3; eBioscience). CD4+ cells were polarized toward a Th17 phenotype
at the time of activation under the following conditions: IL-1b,
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10 ng/mL; IL-6, 10 ng/mL; IL-23, 20 ng/mL; a-hIFN-g, 5 mg/mL;
and a-hIL-4, 5 mg/mL. Then they were cultured for up to 10 days
in culture medium (CM; RPMI 1640 with L-glutamine containing
10% heat-inactivated FBS, 1% penicillin/streptomycin, 1% non-
essential amino acids, 1% sodium pyruvate, 0.1% HEPES, and
0.1% b-mercaptoethanol) at 37�C, 5% CO2. IL-2 (100 IU/mL) and
IL-23 (20 ng/mL) were added on day 2 of culture and any time
the culture was split thereafter. Cells were debeaded on day 5
post-activation. CD8+ cells were activated with aCD3/28 beads (3
beads per T cell) and cultured in CM with IL-2 (100 IU/mL) for
up to 10 days. T cells were transduced with lentivirus containing
the second-generation mesothelin CAR with a CD3z signaling
domain and a 4-1BB costimulatory domain (mesoCAR) vector as
previously described.41

Flow cytometry

Cells were collected from culture and washed twice with fluorescence-
activated cell sorting (FACS) buffer (PBS containing 2% heat-inacti-
vated FBS) and then stained with the appropriate extracellular anti-
bodies (anti-CD45, clone H130, Biolegend; anti-CD3, clone HIT3a,
Biolegend; anti-CD4, clone RPA-T4, Biolegend; anti-CD45RA, clone
HI100, Biolegend; anti-CD45RO, clone UCHL1, Biolegend; anti-
CD62L, clone DREG-56, Biolegend; anti-CCR7, clone G043H7, Bio-
legend; anti-CD27, clone LG.7F9, eBioscience; anti-CD39, clone A1,
Biolegend; anti-Tim3, clone F38-2E2, Biolegend; anti-PD-1, clone
EH12.2H7, Biolegend; anti-Glut1, clone 202915, R&D Systems)
diluted in FACS buffer for 30 min at 4�C. For intracellular cytokine
staining, cells were restimulated for 4 h with PMA/ionomycin and
monensin at 37�C, 5% CO2 prior to FACS washes and extracellular
antibody incubation. After extracellular staining, intracellular stain-
ing was performed in fixation and permeabilization buffers (Bio-
legend) and antibodies at a 1:200 dilution (anti-IFNg, clone B27, Bio-
legend; anti-IL-17A, clone N49-653, BD Bioscience; anti-IL-22, clone
2G12A41, Biolegend; anti-IL-2, clone MQ1-17H12 BD Bioscience).
Cells were washed and resuspended in FACS buffer and then analyzed
on either an Accuri C6 flow cytometer (BD Biosciences) or a
FACSVerse flow cytometer (BD Biosciences). CFSE (Thermo Fisher)
staining was performed according to the manufacturer’s instructions.
For mitochondrial stains, cells were resuspended in PBS containing
20 nM MitoTracker deep red (Thermo Fisher) and 250 nM TMRM
(Thermo Fisher) for 30 min at 37�C prior to extracellular staining
and flow cytometry. For glucose uptake, cells were resuspended in
glucose-free medium containing 150 mM 2-NBDG (Thermo Fisher)
and incubated for 45 min at 37�C.

Seahorse assay

Seahorse extracellular flux analyses were conducted using day 7 cells
with the Seahorse XF (Agilent) reagents and XF24 or XF96 instru-
ment, according to the manufacturer’s instructions. Briefly, the mito-
chondrial stress test injected oligomycin (1 mM), carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP,500 nM), antimycin
(2 mM), and rotenone (2 mM) while the instrument measured the ox-
ygen consumption rate (OCR). Percentage SRC was calculated using
the manufacturer’s spreadsheet macros.
Mice and tumor models

NSG mice were obtained from The Jackson Laboratory and main-
tained in the animal facilities of the University of Pennsylvania School
of Medicine, in accordance with IACUC regulations. The human me-
sothelioma cell line M108 was cultured in E medium (RPMI 1640
containing L-glutamine with 0.5% human serum, 1� insulin-trans-
ferrin-ethanolamine-selenium (ITES), 10 mM HEPES, 0.5 mM so-
dium pyruvate, 0.1 mM non-essential amino acids, 1� Pen/Strep,
1 ng/mL recombinant human epithelial growth factor, 18 ng/mL hy-
drocortisone, and 0.1 nM triiodothyronine) for up to two passages.
M108 cells (5 � 106) in a 1:1 mixture of PBS and Matrigel (Corning)
were subcutaneously injected into NSGmice. Tumors were allowed to
establish for 43 days, and then Th17 CAR T cells combined with
CD8+ CAR T cells were adoptively transferred into tumor-bearing
mice via tail vein injection. Prior to therapy, the mice were assigned
randomly to groups based on tumor size, and L � W measurements
via calipers were collected by personnel blinded to treatment group.
Experimental endpoints were determined prior to study execution.
Tumor control animal experiments were conducted over �60–
70 days. Animals were excluded only if tumors were very small or
immeasurable prior to therapy initiation. Outliers were reported.
The tumor endpoint was established at 400 mm2.

Metabolomic analysis

Th17 cells from seven normal healthy donors were activated with
either Strong ICOS bead stimulation (3 beads per T cell) or Weak
ICOS bead stimulation (1 bead per 10 T cells) or were left inactivated
(no beads). Cells were cultured for 4 days and then harvested. The
cells were removed from their cell medium by centrifugation and
then frozen at �80�C along with the separated cell medium. Metab-
olon (Morrisville, NC) performed metabolomic analysis using mass
spectrometry and bioinformatic analysis.

PCK1 overexpression and IFNg ELISA

Th17 cells activated with high ICOS were cotransduced 72 h after bead
activation, similar to previously described, with a lentivirus containing a
PCK1 overexpression vector37,42 (coding sequence of GenBank: NM-
002591) and a lentivirus containing the mesoCAR vector encoding
4-1BB and CD3z.41 These cells, along with ICOS Weak-activated
Th17 cells and non-transduced ICOS standard-activated Th17 cells,
were cultured and cotransferred with CD28 Strong-activated CD8+

Meso4-1BB/CD3z-CAR T cells into M108-tumor-bearing NSG mice
at day 10 of culture as described above. On day 45 post-ACT, three
mice per group were euthanized and spleens were harvested. hCD45+

cells were enriched using human CD45MicroBeads (Miltenyi) accord-
ing to the manufacturer’s instructions. Isolated cells were rested over-
night and then cocultured with 100-Gy-irradiated mesothelin-express-
ing K562 cells for 24 h. Following this incubation period, cell culture
supernatant was collected and assayed for IFNg with a DuoSet ELISA
kit (R&D Systems) according to the manufacturer’s instructions.

Statistical analysis

For in vitro experiments, a sample size ofR3 was chosen. For in vivo
experiments, a sample size ofR5 was chosen. Statistical analysis was
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performed using GraphPad Prism software v.9 (GraphPad Software).
Experiments comparing two groups were analyzed using a Student’s t
test. For experiments comparing three or more groups, a one-way
analysis of variance (ANOVA) was performed with a post-compari-
son of each group using Tukey’s multiple comparisons test. Graphs
utilizing error bars display the mean as the center value, and the error
bars indicate SEM. For tumor curve experiments, a one-way ANOVA
with Tukey’s multiple comparisons test was performed at the final
dates on which all mice from the compared groups remained alive.
Survival curve analysis was performed using a log-rank Mantel-Cox
test. For the metabolomics study, fold changes were calculated and
log2 transformed and reported in the heatmap.
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