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Ex vivo expansion conditions used to generate T cells for
immunotherapy are thought to adopt metabolic phenotypes
that impede therapeutic efficacy in vivo. The comparison of
five different culture media used for clinical T cell expansion re-
vealed unique optima based on different output variables,
including proliferation, differentiation, function, activation,
and mitochondrial phenotypes. The extent of proliferation
and function depended on the culture media rather than stim-
ulation conditions. Moreover, the expanded T cell end products
adapted their metabolism when switched to a different media
formulation, as shown by glucose and glutamine uptake and
patterns of glucose isotope labeling. However, adoption of
these metabolic phenotypes was uncoupled to T cell function.
Expanded T cell products cultured in ascites from ovarian can-
cer patients displayed suppressed mitochondrial activity and
function irrespective of the ex vivo expansion media. Thus,
ex vivo T cell expansion media have profound impacts on meta-
bolism and function.

INTRODUCTION

Cell-based immunotherapies are garnering considerable attention for
their promise in treating human cancers. These therapies involve
isolating and expanding autologous human tumor-infiltrating lym-
phocytes (TILs) or genetically modified chimeric antigen receptor
(CAR) T cells. In particular, CAR T cell therapy has achieved excep-
tional response rates in hematological cancers.”> However, there are
several barriers that impede the efficacy of cell-based therapies target-
ing solid tumors.”™ These include tumor antigen escape, restricted
intraepithelial trafficking, limited persistence, and an inhospitable tu-
mor microenvironment (TME).°™® Another contributing factor is a
complex cell-manufacturing process that can generate products
with undesirable metabolic phenotypes and ultimately hamper in vivo
functionality.”™'" Culture methods that maintain metabolic profiles
favoring central memory phenotypic subsets have been shown to
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highly correlate with improved clinical outcomes.'> A recent study
identified medium-dependent transcriptional responses in several
metabolic pathways during early activation, which may be crucial
in programming T cells to a committed phenotype.'”™'” At the pre-
sent time, there has yet to be a universally accepted formulation to
manufacture T cells, making it a major challenge not only to cross-
compare different clinical trials but also to understand the metabolic
parameters that may be responsible for the behavior of T cells post-
transfer.

The first synthetic complex medium used for in vitro expansion of
lymphocytes was RPMI 1640'® and is widely used in the rapid expan-
sion protocol (REP) of TILs."” Improvements in formulations that
incorporate defined serum components have led to media formula-
tions, such as X-VIVO 15 and AIM-V. However, recent evidence
has indicated that cells maintained under these non-physiological
conditions activate different signaling and metabolic pathways
compared with analogous cells generated in vivo.”" This has led to
the generation of culture media that better recapitulate the metabolic
composition of human plasma, such as Human Plasma-like Medium
(HPLM)*' and others.”> However, these formulations may not pro-
vide all environmental cues required to induce and sustain robust
expansion specific to T cells and thus necessitate further supplemen-
tation with human AB serum. In contrast, ImmunoCult-XF T cell
Expansion Medium (ICM) is a serum-free, xeno-free medium that
supports robust T cell expansion, while Physiologix XF hGFC
xeno-free serum replacement improves CAR T cell replicative capac-
ity and survival in vivo.”
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Table 1. List of culture formulations and expansion conditions

Condition Abbreviation Stimulation Medium Glucose (mM) Glutamine (mM)
id E i lubl D -1 i AIM-V Medi PMI164 TL:AIM-V
Rapid Expansion REP Soluble aCD3 and 50 Gy-irradiated edium and R 640 (C ) 12.40 (SD = 0.40) 375 (SD + 0.12)
Protocol PBMCs 5% human serum
StemCell ™ Imrnuno@ult Human CD3/CD28 ImmunoCult-XF T cell Expansion Medium 22 (SD + 2.21) 6.68 (SD + 0.29)
T cell Activators no human serum
TextMACS Medi
Miltenyi TAC T cell CD3/CD28 TransAct extMACS Medium 17 (SD  0.89) 2.19 (SD + 0.04)
3% human serum
. plate-bound aCD3 and soluble Corning 88-581-CM Medium
Corning CMM «CD28 3% human serum 27.25 (SD + 0.63) 3.68 (SD + 0.11)
Human Plasma-like HPLM plate-bound aCD3 and soluble Human Plasma-like Medium 592 (SD % 0.33) 0.76 (SD + 0.04)

Medium aCD28

3% human serum

Glucose and glutamine concentrations were measured using colorimetric assay.

Here, we investigated the influence of five cell culture media condi-
tions on T cell metabolism, proliferation, differentiation, activation,
and function (Table 1). Although each condition supported cell pro-
liferation, the extent of expansion varied, as did differentiation, func-
tion, mitochondrial phenotypes, and metabolism. Many of these
phenotypes were dictated by the media at the time of activation rather
than the precise method used to activate the T cells. The medium that
supported the greatest proliferation and function (CTL:AIM-V)
showed a preference for glucose uptake over glutamine. Importantly,
T cells expanded for 11 days were able to adopt this preference for
glucose when switched to CTL:AIM-V for 24 h, irrespective of the
media that was used for the initial expansion. However, the change
in metabolism did not appear to be linked to increased function, as
the switch to CTL:AIM-V differentially impacted tumor necrosis fac-
tor alpha (TNF-a) and interferon y (IFNY) production. Carbon
tracing of labeled glucose revealed REP-expanded T cells having
increased labeled lactate, whereas ICM expanded T cells displayed
increased labeling of one-carbon metabolism and entry into the
tricarboxylic acid (TCA) cycle. These patterns of labeling were media
dependent, as switching ICM-expanded T cells into CTL:AIM-V me-
dium reverted T cells back to higher lactate labeling, which was asso-
ciated with an increase in CD25" and PD-1" populations. Notably, all
five T cell products, when exposed to the ascites derived from ovarian
cancer patients, manifested suppressed T cell function and mitochon-
drial activity. Thus, our studies highlight the multifaceted effects of
cell culture media on the metabolic programs, phenotypes, and func-
tion of human T cells. Collectively, these data further bolster the
notion that the choice of appropriate culture media requires careful
consideration depending on the preferred type of T cells required
for therapeutic intervention.

RESULTS

Expansion conditions skew proliferation, differentiation, and
activation

To examine the influence of cell culture media on T cell products, five
basal media were examined. A 1:1 mixture of RPMI 1640 and AIM-V
(CTL:AIM-V), which is typically used to expand TILs in a REP'* was
used as a control. As a comparison, we included ICM (STEMCELL
Technologies), TexMACS (TAC) (Miltenyi Biotec), 88-581-CM

Medium (CMM) (Corning Life Sciences), and HPLM (kindly pro-
vided by Dr. Jason Cantor), which has been developed specifically
to recapitulate the human plasma environment in vitro."”> With the
exception of ICM, all basal media were supplemented with human
AB serum (Table 1). Enriched CD3" T cells were isolated from apher-
esis products of six different healthy donors and expanded over the
course of 12 days following the manufacturers’ recommended proto-
cols using their respective cell culture media. Unlike the report by Le-
ney-Greene et al.,'> we were primarily interested in the longitudinal
changes after expansion and the T cell phenotypes produced after
12-14 days, a time course that is similar to most clinically approved
schemes used in manufacturing of T cells for cancer immunotherapy.

Given the clinical importance of maximizing the number of T cells in
the expansion product, the proliferative capacities of all five culture
medias were compared. Expansion differed significantly across all
of the conditions ranging from 40- to 860-fold (Figure 1A). This dif-
ference in expansion appeared as early as day 4 and was maintained
throughout the entire expansion, with the REP condition yielding the
largest number of T cells. While the CMM and HPLM expansion con-
ditions used the same stimulation method and differed only in
defined composition, CMM mediated a 2-fold-greater expansion
than HPLM. It has been reported that an equivalent ratio of CD4"
and CD8" T cells in the final infusion product is associated with better
clinical responses to CAR T cell therapy.**** Although each condition
resulted in a variable percentage of CD4" and CD8" T cells, the
CD4:CD8 T cell ratio within each condition was consistent across
different healthy donors (Figure 1B). For example, the REP promoted
a strong enrichment of CD4" T cells and a concomitant reduction in
CD8" T cells that was significantly different than the other conditions
(Figures 1B and S1A). Of note, the TAC and ICM expansion media
did not appear to significantly alter the percentage of CD4" and
CD8" T cells from day 0, whereas CMM and HPLM media generated
more CD8" T cells over the same 12-day period (Figure 1B).

The differentiation state of the post-expanded population correlates
with long-term persistence of both TIL and CAR T cells and, to a large
extent, tumor control.’®?” For instance, the skewing toward CD8*' T
effector (Tggg) cells limits anti-tumor responses after adoptive cell
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Figure 1. Expansion conditions skew proliferation, differentiation, and activation

(A-G) T cells from six healthy donors were expanded in five different conditions for 12 days: CTL:AIM-V (REP), ImmunoCult-XF (ICM), TexMACS (TAC), Complete Corning
media (CMM), and Human Plasma-like Medium (HPLM). (A) Log fold increase in cell number throughout the 11-day expansion is shown. (B) Proportion of CD4" and CD8*
T cells of live CD3" cells, pre- and post-expansion from six healthy donors, is shown. (C-E) Representative plot (C) and tabulated data for CD8" (D) and CD4" (E) T cells
following expansion are shown: naive (Ty), central memory (Tcw), effector (Terg), and effector memory (Te). (F and G) Percentage of (F) CD25" and (G) PD-1* CD4* and CD8*
T cells is shown. (H) Percentage of IFNy* and TNF-a." cells after CD3/CD28 reactivation following expansion is shown (n = 3). Bar graphs represent mean of n = 6 (A-G) and
(H) n = 3 + SEM from healthy donors. Statistical significance was calculated using a Student’s t test (B) or a one-way ANOVA (D-H); *p < 0.05, **p < 0.01, ***p < 0.001, and

***p < 0.0001.

therapy.”® On the other hand, adoptive transfer of CD8" T central
memory (Tcy) cells has been shown to have a superior anti-tumor
response than CD8" T effector memory (Tgy) cells.”’ Across all of
the conditions tested, expanded CD4" and CD8" T cells displayed a
predominant Tgrr and/or Tgy phenotype, with the REP condition
producing the highest percentage of Tgy; cells (Figures 1C-1E). Over-
all, the five media conditions generated few (<10%) CD4" or CD8"
T cells displaying a Tcy differentiated phenotype.

Clonal variation, marked by a diverse T cell receptor (TCR) V3 reper-
toire, enables T cells to recognize a wide array of epitopes, including
those from tumors. Selective expansion of tumor-reactive clones has
been reported to correlate with clinical responses.’® It is unclear

whether certain media conditions favor the outgrowth of specific clo-
notypes. Therefore, we profiled TCR VJ repertoires using flow cy-
tometry to assess population clonality for each condition. Overall,
the VB spectratyping revealed that TCR diversity is largely main-
tained across all conditions (Figures S1B and S1C).

To determine whether culture conditions influenced T cell activation,
we measured the expression of CD25 and CD137 by flow cytometry.
Expression of CD137 was generally higher on CD8" T cells than
CD4" T cells across all conditions (Figure S1D). Although the REP
produced the lowest frequency of CD8" T cells, it achieved the highest
percentage of CD8" CD137" cells compared with all other conditions
(Figure S1D). In contrast, CD25 expression was similar between
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Figure 2. T cell products exhibit different mitochondrial phenotypes

REP ICM TAC CMM  HPLM

MitoTracker Green

T cells from three healthy donors were expanded in five different conditions for 12 days. (A and B) Representative plot (left) and tabulated data (right) for median fluorescence
intensity (MFI) of mitochondrial activity (MitoTracker Deep Red) and (B) mitochondrial mass (MitoTracker Green) are shown. (C) Representative plot (left) and tabulated data
(right) for percentage of mitochondrial mass high and mitochondrial ROS high (MitoSOX Red) live populations are shown. Bar graphs represent mean of n = 3 + SEM from
healthy donors. Statistical significance was calculated by one-way ANOVA (*p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001).

CD4" and CD8" T cells, with the HPLM condition producing the
highest proportion of CD25" cells compared with other conditions
(Figure 1F). Since CD25 is also a marker of CD4" regulatory T
(Treg) cells,”’ we also measured the proportion of CD4* CD25"
FoxP3" T, cells in each condition. Ty, cells comprised <5% of the
expanded T cells in all conditions (Figure S1E), indicating that the
conditions used in this study do not support the proliferation of
FoxP3™* Theg cells. We also evaluated the expression of PD-1 as an in-
dicator of potential T cell exhaustion, since its expression on
expanded CAR T cells is correlated with poorer patient outcomes.*”
PD-1 expression was generally low on cells in all conditions except
for T cells maintained in REP medium, where 50% of the CD4"
T cell population expressed PD-1 (Figure 1G). Moreover, upon reac-
tivation, REP-expanded T cells displayed higher TNF-o. and IFNy
production (Figure 1H). Collectively, these results establish that
T cell products vary in proliferative capacity, differentiation (Tggp
and Tgy), function (TNF-a and IENY), and expression of exhaustion
markers (PD-1).

Mitochondria mass, activity, and ROS vary across all conditions

Mitochondrial activity and biomass have been recognized in both pre-
clinical and clinical models to be indicators of improved CAR T cell
therapeutic efficacy. Specifically, low mitochondrial activity and

Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022

increased mitochondrial biogenesis supports T cell persistence and
anti-tumor function in chronic lymphocyte leukemia patients.”” There-
fore, we assessed the impact of expansion conditions on mitochondrial
activity and mitochondrial mass as determined by flow cytometry anal-
ysis of cells stained with MitoTracker Deep Red and MitoTracker
Green, respectively. Overall, there was no consistent pattern that
emerged across conditions, although statistical differences were
observed depending on the pairwise comparisons (Figures 2A, 2B,
and S2A). We found that the REP-expanded T cells produced the high-
est cell number and also had the highest mitochondrial activity (Fig-
ure 2A). Notably, high mitochondrial activity is associated with a termi-
nal differentiation state and poor tumor killing capacity.” In contrast,
T cells maintained in ICM had the second largest expansion with lower
mitochondrial activity compared with the REP but had significantly
higher mitochondrial mass compared with all other conditions (Fig-
ure 2B). The substantial increase in mitochondrial biogenesis observed
in the ICM condition was not due to a difference in cell size (Figure S2B).

Cells with elevated levels of mitochondrial activity often result in
elevated mitochondrial reactive oxygen species (ROS) production
that can limit the cell’s functional capability in conditions of oxidative
stress, such as those found in the TME. Therefore, we investigated
how mitochondrial activity is associated with mitochondrial ROS
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for each expansion product. We determined that mitochondrial activ-
ity and mitochondrial ROS were positively correlated in all condi-
tions, although at varying degrees (Figure S2C). In accordance with
the elevated mitochondrial activity, REP-expanded T cells had the
highest ROS production, where approximately 70% of mitochondria
were positive for ROS (Figure 2C). In contrast to the REP, the ICM
condition displayed higher mitochondrial mass and low levels of
ROS (Figure 2C), while the conditions with the lowest proliferation
and mitochondrial activity, TAC and HPLM, appeared to produce
the lowest mitochondrial-specific ROS.

Cell culture media dictate T cell phenotypes

Although unique phenotypes emerged across the different expansion
conditions, it was unclear whether these were due to the specific way
by which T cells were activated or whether the culture media was
responsible for regulating these cellular programs. It should be noted
that T cells in the REP use soluble CD3 and allogenic irradiated feeder
cells for activation. In contrast, while the ICM uses CD3/CD28 soluble
tetrameric antibody complexes, the TAC uses a CD3/CD28 colloidal
polymeric nanomatrix. Therefore, we compared how these three
different T cell activators affect T cell phenotypes when cultured using
only CTL:AIM-V. Consistent with our previous findings, expansion
varied significantly across conditions, with the REP producing the great-
est fold expansion (Figure S3A). The increased proportion of CD4" to
CDS8" T cells in the REP was found to be unique to the REP stimulation
and not CTL:AIM-V medium (Figure S3B). However, in terms of T cell
phenotype, we found that all of the activation methods produced phe-
notypes with similar mitochondrial mass and TNF-a" populations
when cultured in CTL:AIM-V (Figures S3C and S3D).

Given these findings, we performed a reciprocal experiment where we
activated cells using the ICM or TAC stimulators and cultured the
cells in different media (CTL:AIM-V, ICM, and TAC). As early as
day 3 of expansion, we noticed considerable differences in the gross
size of lymphoblasts across media, but not between the activation
method used (Figure S3E). CTL:AIM-V displayed large lymphoblasts,
ICM displayed an intermediate size, and TAC medium had smaller
dispersed lymphoblasts. Proliferation was also found to be influenced
by the culture media, with the CTL:AIM-V and ICM media promot-
ing the greatest expansion, regardless of stimulation method used
(Figures S3F and S3G). Consistent with our previous findings, ICM
cells had increased mitochondrial mass, regardless of activation strat-
egy used (Figure S3H). Furthermore, upon reactivation, the propor-
tions of TNF-a." cells differed, depending on the media used. The
CTL:AIM-V medium produced the greatest percentage of functional
T cells, regardless of the activation strategy used (Figure S3I). Collec-
tively, these data imply that the cell culture media rather than the type
of T cell stimulator contributes to the distinct T cell phenotypes.

The culture medium dictates nutrient uptake but is uncoupled
from T cell function

Media conditions are often proprietary, so the precise composition of
basic nutrient levels is not available; however, certain components are
amenable to investigation. Two key nutrients, glucose and glutamine,

Molecular Therapy: Methods & Clinical Development

were assessed, as both are well studied in terms of their regulation of
T cells.”**° The concentrations of glucose and glutamine varied
significantly across media, ranging from 5.92 to 27.25 mM and 0.76
to 6.68 mM, respectively (Table 1). Next, we examined the effect of
different culture conditions on the uptake of these nutrients. All five
conditions supported varying levels of both glucose and glutamine up-
take (Figures 3A and 3B). Furthermore, glucose uptake appeared to be
independent of proliferation, as both the highest (REP, ICM, and
CMM) and lowest (HPLM) proliferative conditions had significant
changes in glucose concentration compared with their respective fresh
media condition (Figure 3A). The elevated nutrient uptake observed in
HPLM-expanded cells may be due to the differing proliferative state at
day 11 (Figure S4A). Despite containing supraphysiological level of
glucose and glutamine, the REP-expanded T cells resulted in no signif-
icant change in glutamine concentration in the media over 24 h of cul-
ture, indicative of low glutamine uptake and a preference for glucose as
a carbon source. In contrast, the CMM expansion condition produced
significant differences in both glucose and glutamine concentrations
in the media after 24 h (Figures 3A and 3B). To gain insight into
whether the dependence on glucose in the REP was mediated by the
cell culture media formulation, we expanded T cells using the respec-
tive four conditions and on day 11 replaced the media with the REP
medium (CTL:AIM-V) for 24 h. This switch resulted in a significant
change in glucose concentration in CTL:AIM-V with no concomitant
change in glutamine across almost all expansion products (Figures 3C
and 3D). Thus, this media replacement phenocopied the glucose meta-
bolism of the REP-expanded condition in the CTL:AIM-V. Although
there was a modest reduction in glutamine consumption by CMM-
expanded T cells that had been switched to CTL:AIM-V, the shift to
reduced glutamine uptake was the most dramatic of all conditions.
These findings imply that T cells exhibit metabolic flexibility and adapt
to their surrounding nutrient environments, regardless of their orig-
inal metabolic state at the time of activation and/or expansion.

To uncover whether the shift in metabolism in CTL:AIM-V was suf-
ficient to increase function as observed in cells originally expanded in
CTL:AIM-V, we reactivated all products in their respective media or
in CTL:AIM-V for 2 days. Unlike our expansion findings (Figure S3I),
T cell function was not universally influenced by the switch to
CTL:AIM-V medium (Figures 3E and 3F). Although all T cell prod-
ucts adopted similar glucose and glutamine uptake in CTL:AIM-V,
differences in IFNy and TNF-a production were observed. While
TAC significantly increased both IFNy and TNF-a production in
CTL:AIM-V, CMM cells displayed no change in either cytokine (Fig-
ures 3E and 3F). This demonstrates that, while metabolism adapts to
the change in extracellular conditions, the inherited impacts of the
initial expansion conditions on T cell function cannot be universally
overcome by switching T cells into another medium.

Glucose utilization and phenotype are influenced by the culture
medium

To gain further insight into the influence of media on T cell meta-
bolism, we investigated the difference in glucose utilization pathways
between the REP and ICM condition. These media produced the
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Figure 3. Cell culture media dictate nutrient uptake but are uncoupled to T cell function

(A-D) T cells from three healthy donors were expanded in five different conditions for 11 days. Glucose and glutamine concentrations in the media were measured between
days 11 and 12. (A and B) Extracellular (A) glucose and (B) glutamine concentrations in the fresh media (white bars) and spent media after culture for 24 h (solid bars) are
shown. (C and D) On day 11, expanded T cells from all five conditions were switched to the REP media (CTL:AIM-V) for 24 h. Extracellular (C) glucose and (D) glutamine
concentrations in fresh CTL:AIM-V (blue open), spent media after culture for 24 h with REP-expanded cells (blue closed) and the four other expansion products in CTL:AIM-V
(dashed open) are shown. (E and F) On day 12, T cells from all five conditions underwent CD3/CD28 reactivation for 2 days in their respective conditions (solid bars) or were
switched to CTL:AIM-V (blue dashed bars). Percentage of (E) IFNy* and (F) TNF-a* cells is shown. Bar graphs represent mean n = 3 + SEM from healthy donors. Statistical
significance was calculated by one-way ANOVA (A, B, E, and F) or Student’s t test (C and D); *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

largest cell expansions across different modes of activation and sup-
ported similar glucose uptake levels, regardless of glucose concentra-
tions in the media (Table 1; Figure S5A). Therefore, stable isotope
labeling was performed using [U-">C]glucose to delineate how car-
bon utilization differed in REP and ICM conditions (Figure 4A).
Current in vitro models suggest that the rate of glycolysis is matched
to the rate of proliferation. Indeed, we found that aerobic glycolysis
was active in both conditions, producing high extracellular and
intracellular lactate M+3 fractions in both CD4" and CD8" T cells
(Figures 4B and S5B). However, the REP condition produced signif-
icantly more extracellular lactate compared with ICM (Figure S5C),

consistent with a more glycolytic and activated phenotype (Figures
1F and 1G). Furthermore, the ICM condition produced approxi-
mately 30% less extracellular glucose-derived lactate M+3, indicating
that other carbon sources support lactate production (Figure 4B). To
assess whether glucose utilization was dependent on the culture me-
dium, the day 11 ICM-expanded T cell products were placed in
CTL:AIM-V. After 24 h in CTL:AIM-V, the ICM-expanded T cell
products did not increase in lactate production (Figure S5C); how-
ever, their carbon utilization pathways shifted, resulting in a signif-
icantly higher fraction of lactate M+3 that was similar to what was
observed in the REP condition (Figure 4B). A similar enrichment
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Figure 4. Culture media influences glucose utilization and the metabolic profile of T cells

(A) Schematic of [U-"°C]glucose metabolism; circles represent the carbons for each metabolite. CoA, coenzyme A. (B-K) Three healthy donors were expanded in REP and
ICM for 11 days. Onday 11, CD4" and CD8* cells were isolated and incubated in the following [U-"*C]glucose conditions for 24 h: REP cells in CTL:AIM-V (blue bar), ICM cells
in ImmunoCult-XF (red bar), and ICM cells cultured in CTL:AIM-V (red and blue dashes). (B) Extracellular lactate M+3 relative to extracellular glucose M+6 enrichment is
shown. (C) Intracellular alanine M+3 relative to intracellular glucose M+6 enrichment is shown. (D and E) CD8* intracellular enrichment of (D) serine M+3 and (E) glycine M+2
relative to intracellular glucose M+6 enrichment is shown. (F and G) Pyruvate carboxylase activity (F; citrate M+3/pyruvate M+3) and pyruvate dehydrogenase activity
(G; citrate M+2/pyruvate M+3) are shown. (H) Proportion of intracellular a-ketoglutarate M+2 to citrate M+2 enrichment is shown. (I) Glutamine uptake (mM) from days 11 to
12in CD4* and CD8* T cells is shown. (J and K) Percentage of PD-1* (J) and CD25* (K) cells is shown. Data are shown as mean of n = 3 + SEM from healthy donors. Statistical
significance was calculated by Student’s t tests (*p < 0.05, **p < 0.01, and ***p < 0.001).

in the ">C labeling pattern was observed for alanine M+3. There was
a higher level of alanine M+3 enrichment in the REP and ICM
switched to CTL:AIM-V compared with ICM cells in their respective
condition (Figure 4C). Interestingly, ICM contains approximately
seven times more alanine than CTL:AIM-V (Figure S5D), which
was associated with higher intracellular alanine levels (Figure S5E).
Therefore, the reduced fraction of alanine M+3 in the ICM condition
could be due to a combination of increased de novo production and/
or uptake.

Due to the decrease in lactate and alanine labeling in ICM condi-
tions, we interrogated other upstream glucose-derived metabolites.
Serine is a non-essential amino acid that contributes to nucleotide
biosynthesis. Recent evidence indicates that serine is necessary to
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support CD8" T cell expansion and effector function.””*® The
[U-"*C]glucose metabolite isotope analysis revealed a greater frac-
tional enrichment of labeled serine and glycine in ICM-expanded
T cells compared with REP-expanded T cells. More specifically,
CD8" T cells from the ICM expansion had significant enrichment
of serine M+1 and M+3 and glycine M+2 compared with CD8"
T cells from the REP expansion (Figures 4D, 4E, and S5F). Although
the relative serine labeling was reduced in ICM-expanded T cells
that were switched to the CTL:AIM-V, there were detectable levels
of serine M+3 enrichment. This suggests that, relative to the REP
expansion conditions, ICM expansion conditions promote one-car-
bon metabolism pathways in CD8" T cells and that changes in one-
carbon metabolism may be less susceptible to fluctuations in the
levels of extracellular nutrients.
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At the peak of an effector response, T cells undergo a metabolic switch
from glycolysis to oxidative phosphorylation (OXPHOS), supporting
mitochondrial biogenesis and T cell memory development. There-
fore, we assessed the fate of the [U-13C]g1ucose carbons into the mito-
chondria (Figure 4A). Citrate M+2/pyruvate M+3 and citrate M+3/
pyruvate M+3 ratios serve as surrogates for pyruvate dehydrogenase
(PDH) and pyruvate carboxylase (PC) activity, respectively.3 940 Be.
tween conditions, both CD4" and CD8" T cells from the ICM expan-
sion had higher PC and PDH activity than CD4" and CD8" T cells
from the REP expansion (Figures 4F and 4G). The ICM-mediated
contribution of glucose-derived carbons into the TCA cycle is consis-
tent with the observed increase in mitochondrial biogenesis (Fig-
ure 2B). However, CD4" T cells seem to be more influenced by the
switch to CTL:AIM-V condition than the CD8" T cells that main-
tained the PDH and PC labeling patterns regardless of condition.
Furthermore, the ICM-expanded T cells produced roughly 50% of
a-ketoglutarate M+2 from citrate M+2 (Figure 4H). This reduction
in a-ketoglutarate M+2 was corroborated by the reduction in gluta-
mate M+2 and malate M+2 fractional enrichment in the ICM expan-
sion condition (Figures S5G and S5H). The loss in a-ketoglutarate
M+2 enrichment was likely due to entry of unlabeled carbons from
glutamine catabolism, both of which were reversed in CTL:AIM-V
conditions (Figures 4H and 4I). These results imply that REP and
ICM expansion conditions differentially control the source of carbons
entering the TCA cycle. ICM-expanded T cells direct glucose-derived
carbons preferentially into citrate via PC and PDH and likely use glu-
taminolysis as an alternative carbon source to support synthesis of
TCA cycle metabolites.

CTL:AIM-V medium supports increased glycolysis, glucose depen-
dence, elevated mitochondrial activity, and ROS generation, charac-
teristic hallmarks associated with T cell exhaustion. Indeed, the
REP cells resulted in greater than 50% of the expanded T cells express-
ing PD-1 (Figure 1G). Therefore, we investigated whether condition-
ing ICM-expanded T cells in CTL:AIM-V would also influence
exhaustion. On day 12, REP- and ICM-expanded T cells were reacti-
vated in their respective conditions or in CTL:AIM-V for an addi-
tional 2 days. The REP-expanded T cells showed a significantly higher
proportion of cells that were PD-1* and CD25" compared with ICM-
expanded T cells (Figures 4] and 4K). However, the ICM-expanded
cells that were reactivated in CTL:AIM-V conditions also significantly
increased in activation and exhaustion markers, resembling the
exhaustion state of the REP-expanded T cells (Figures 4] and 4K).
This suggests that, while ICM-expanded T cells do not increase
glycolysis when switched to CTL:AIM-V, the nutrient conditions in
the CTL:AIM-V medium resulted in changes to both glucose and
glutamine metabolism that were sufficient to impart alterations in
activation and exhaustion phenotypes.

The tumor microenvironment imposes different metabolic
constraints on T cell products

Given the observed changes in T cell metabolism and phenotypes
when expanded T cells are placed into different media, it is possible
that T cells manufactured under these parameters may also be

affected by the TME. There is a growing appreciation that ex vivo clin-
ical manufacturing conditions used to expand T cells for adoptive cell
therapies may impact the effectiveness of the final T cell product when
the infused T cells encounter the nutrient-depleted TME.*"*** To test
this possibility, patient-derived ovarian cancer ascites fluid was used
as a proxy due to its known immunosuppressive features. We
expanded T cells in all five conditions and, on day 12 of the expansion,
T cell products were cultured and reactivated in 100% ascites fluid for
2 days (Figure 5A). Four of the five expanded T cell conditions main-
tained their viability in the presence of ascites (Figure 5B). However,
the REP-expanded T cells showed a consistent and noticeable
decrease in viability compared with the remaining four conditions.
This decrease in viability was not due to the environment, as reacti-
vation of REP-expanded T cells in CTL:AIM-V also resulted in
decreased viability (Figure S6A).

The ascites environment has been reported to be immune suppres-
sive, owing to reduced levels of critical nutrients, such as glucose
and glutamine.**** Consistent with this, analysis of the ascites super-
natant revealed significantly lower levels of both glucose and gluta-
mine compared with levels in all of the media formulations, except
for HPLM (Table 1; Figures S6B and S6C). We found that, despite
containing physiological levels of glucose and glutamine, mitochon-
drial metabolism was lower in all of the expanded T cell products
in ascites fluid (Figure S6D). However, similar to what was seen in
the media conditions, the REP had the highest mitochondrial activity
in ascites fluid compared with the other conditions (Figure 5C).
Although the REP condition had high levels of PD-1 expression in
the ascites across all conditions (Figure 5D), the expression of PD-1
was reduced in the ascites (Figure S6E). Since PD-1 is also a marker
of activation, reduced PD-1 expression could be a reflection of the
suppressed activation state of T cells in ascites. Indeed, the T cell acti-
vation marker CD25 was also reduced across conditions in the ascites,
further supporting the contention that ascites is an immune-suppres-
sive environment (Figure S6F). Consistent with the reduction in
mitochondrial activity, expanded T cells cultured in ascites resulted
in a decrease in IFN'y and TNF-a production, regardless of the expan-
sion condition (Figures S6G and S6H). While the REP-expanded
T cells produced the largest proportion of IFNy™ cells, there was no
significant difference in TNF-a expression across conditions in ascites
fluid (Figure 5E).

DISCUSSION

Clinical grade T cells are manufactured under stringent and defined
conditions, yet to date, there is no universal media formulation or
standardized protocols in the field. Moreover, the release criteria do
not take into account how different expansion conditions alter
T cell metabolism or how these conditions may impact T cell function
post-infusion. Recent work has highlighted important differences in
how T cells metabolize glucose in vitro versus in vivo.”" During
CD8" T cell responses to physiological infection, T cells adopt an
oxidative metabolic phenotype with greater flux of glucose-derived
carbons into serine and other biosynthetic pathways. This is consis-
tent with another study showing that glucose pre-conditioning can
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Figure 5. T cell products exhibit different metabolic
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metabolically enhance adoptive T cell anti-tumor immunity poten-
tially by shifting cells into a temporary oxidative state.*” These studies
suggest that the nutrient conditions during the ex vivo manufacturing
could be tailored to enhance the fitness of T cells following infusion
into patients.

We evaluated how five commonly used ex vivo expansion culturing
conditions alter the metabolic state and phenotypes of CD4" and
CD8" T cells. Across these conditions, there were pervasive differ-
ences in metabolism that resulted in shifts in differentiation and func-
tion. Although all conditions resulted in T cell proliferation, the
extent of expansion was markedly different and ranged from 40- to
860-fold. However, above a certain threshold, the size of the CAR
T cell product has not been shown to correlate with in vivo expansion
or therapeutic success;>” thus, T cell phenotypes may be a better pre-
19 Nonetheless, we found that certain
media formulations supported superior proliferation following the
same activation and expansion protocol. However, the baseline con-
centration of glucose present in each media did not correlate with the

dictor of therapeutic efficacy.

degree of expansion. For example, under the same activation proto-
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significance was calculated by one-way ANOVA
(*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001).

col, CTL:AIM-V and ICM media yielded the
highest fold expansion despite the TAC con-
taining a similar concentration of glucose
(Table 1). Although REP and ICM T cells sup-
port a high degree of expansion, [U-">C]glucose
isotope-tracing studies revealed that T cells
expanded in the ICM culture medium had
lower levels of extracellular lactate and lactate
M+3 enrichment, suggesting that glycolysis
was less engaged in these cells. The reduction
in lactate was associated with a greater propor-
tion of CD8" Tgpr cells and decreased the
proportion of Tgyy. This observation was unex-
pected given that Tggg cells have been shown to
be highly glycolytic and the transition to Tgy
cells is associated with a switch to oxidative
metabolism. These results suggest that, during
ex vivo expansion, metabolites other than glucose that are found in
the ICM medium play a role supporting Tggr cell differentiation. It
is also possible that the specific TCR stimulation method activates
unique signaling programs that could contribute to the different
metabolic responses. However, this was not observed in the CMM
and HPLM conditions. Furthermore, this is independent from the
TCR clonality, as no major biases were seen in the outgrowth of
TCR diversity.

HPLM

Due to the implications of mitochondrial metabolism in the context
of CAR and TIL therapy, we assessed the mitochondrial phenotype
produced from all five conditions. ICM-expanded T cells had signif-
icantly higher mitochondrial mass compared with all other condi-
tions. This was surprising, as the majority of ICM cells had a Tggg
phenotype and increases in mitochondrial biogenesis are commonly
associated with T memory subsets. This may be due to the compari-
sons of Tgrr and Tgy; within the same media, rather than comparing
across media as performed here. In fact, we found that the ICM me-
dium was responsible for the higher mitochondrial mass. The REP-
expanded T cells also showed high mitochondrial activity, which
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correlated with increased production of mitochondrial-specific ROS.
Although ROS production is required for T cell activation, elevated
production of free radicals can induce mitochondrial stress and
trigger cell apoptosis. This mitochondrial phenotype may explain
the poor persistence in vivo and poor survival and cytotoxic efficacy
under oxidative stress, an observation that has been previously re-
ported for T cells expanded using the REP formulation.*” In contrast,
the ICM medium produced cells with increased mitochondrial mass
and reduced activity and ROS production compared with cells
cultured under REP conditions. Based on previous clinical findings,
a product with this mitochondrial profile may be most advantageous
for cell-based therapies.”” However, in our immune-suppressive TME
model used here, no expansion condition supported sustained mito-
chondrial activity in the presence of ascites fluid.

At present, REP expansions are largely restricted to the generation of
expanded TIL products, while the use of CD3/CD28 activators are
widely used for the manufacturing of CAR T cells. The majority of
the expansions tested here incorporated CD3/CD28-based stimula-
tion using different delivery methods: soluble tetrameric antibody
complexes (ICM), colloidal polymeric nanomatrix (TAC), and
plate-bound CD3 soluble CD28 (CMM and HPLM). In contrast,
the REP involves stimulation with soluble CD3 and allogenic irradi-
ated feeder cells as a source of co-stimulatory molecules. While CD3/
CD28-based activation strategies have been suggested to produce
comparable products,*™*” cell-to-cell interactions in the REP may
contribute to the skewing of T cell differentiation.*® Indeed, our study
found that the REP activation method uniquely produces a higher
proportion of CD4" T cells versus CD8" T cells in the same culture.
We also found variations in proliferation across activation methods.
It should be mentioned that each expansion protocol requires users
to subculture cells according to recommended manufacturers’ proto-
cols. The timing of subculturing varies depending on the protocol and
represents an important factor when considering the type of expan-
sion for user applications.

To further understand how culture media influences T cell meta-
bolism, we traced [U-13C]glucose utilization in T cells that were
expanded using the REP and ICM condition, as well as ICM-
expanded T cells, and subsequently switched into CTL:AIM-V. These
results revealed that the elevated glycolysis labeling and reduction of
TCA cycle intermediate labeling was media dependent. Of note, >C
enrichment was reduced in metabolites downstream of citrate M+2
in ICM-expanded T cells compared with REP T cells and ICM
T cells switched in CTL:AIM-V for 24 h. This is likely due to the
increased uptake of glutamine in ICM conditions, while REP and
T cells switched to CTL:AIM-V medium preferentially utilize glucose
over glutamine as a carbon source. These patterns were also associ-
ated with a corresponding increase in both intracellular and extracel-
lular alanine M+3. Alanine has been shown to be essential for T cell
activation and can be produced from a transamination reaction with
pyruvate and glutamate via alanine aminotransferase. However, this
increased proportion of fractional enrichment of alanine M+3 is
also a reflection of the lower proportions of unlabeled extracellular

and intracellular alanine in T cells expanded under CTL:AIM-V
compared with T cells expanded under ICM medium. When ICM-
expan