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Abstract

Therapeutic outcomes for adoptive cell transfer (ACT) therapy are constrained by the quality of the infused T cells. The rapid
expansion necessary to obtain large numbers of cells results in a more terminally differentiated phenotype with decreased
durability and functionality. N-acetyl cysteine (NAC) protects against activation-induced cell death (AICD) and improves
anti-tumor efficacy of Pmel-1 T cells in vivo. Here, we show that these benefits of NAC can be extended to engineered T
cells and significantly increases T-cell survival within the tumor microenvironment. The addition of NAC to the expansion
protocol of human TIL138381 TCR-transduced T cells that are under evaluation in a Phase I clinical trial, demonstrated that
findings in murine cells extend to human cells. Expansion of TIL138381 TCR-transduced T cells in NAC also increased
their ability to kill target cells in vitro. Interestingly, NAC did not affect memory subsets, but diminished up-regulation of
senescence (CD57) and exhaustion (PD-1) markers and significantly decreased expression of the transcription factors EOMES
and Foxol. Pharmacological inhibition of the PI3K/Akt pathway ablates the decrease in Foxol induced by NAC treatment of
activated T cells. This suggests a model in which NAC through PI3K/Akt activation suppresses Foxol expression, thereby
impacting its transcriptional targets EOMES, PD-1, and granzyme B. Taken together, our results indicate that NAC exerts
pleiotropic effects that impact the quality of TCR-transduced T cells and suggest that the addition of NAC to current clinical
protocols should be considered.
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7-AAD  7-Aminoactinomycin D TRP-1 Tyrosinase related protein 1
AICD Activation-induced cell death

EOMES Eomesodermin

NAC N-acetyl cysteine Introduction

The adoptive cell transfer (ACT) of tumor-infiltrating lym-
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5-year survival rate of metastatic melanoma patients from
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breast, lung, esophageal, ovarian, and bladder cancers as
well as neuroblastoma [3].

While adoptive transfer therapy is promising, the major-
ity of patients do not exhibit a durable complete response.
Transfer of cells that are younger and less differentiated
correlates with positive patient responses [4]. However, the
intense polyclonal stimulation during the rapid expansion
protocol (REP) drives cells to a more differentiated pheno-
type characterized by an increase in effector memory cells
over central-memory cells [5], a decline in the co-stimu-
latory receptor CD28, and shortening of telomeres [6]. In
addition, post-REP cells exhibit an increase in the exhaus-
tion marker PD-1 and the senescence marker CD57 [6] both
of which are associated with impaired T-cell functionality
[7]. Post-REP cells are also more susceptible to activation-
induced cell death (AICD) [8]. Therefore, strategies to coun-
teract these negative consequences of the REP may have the
potential to improve clinical outcomes.

Previously, we have shown that Pmel-1 cells expanded
in the glutathione pro-drug N-acetyl cysteine (NAC) were
more efficacious at controlling transplanted B16F10 murine
melanoma tumors and enhanced the survival of recipient
mice. Moreover, these cells were more resistant to ex vivo
peptide-induced AICD up to 6 days after transfer, suggest-
ing that NAC exerted a durable change in the cells that
persisted in the absence of the drug [9]. The goal of this
study was to determine whether NAC has a similar benefit
in TCR-engineered T cells. Our results show that the benefit
of improved tumor control extends to transduced murine T
cells. The addition of NAC to an expansion protocol used to
prepare TCR-transduced T cells in the clinic revealed pleio-
tropic effects of the drug on senescence, exhaustion, cyto-
lytic capacity, and levels of transcription factors EOMES
and Foxol.

Materials and methods
Cell lines

Melanoma cell lines were obtained from Drs. Michael
Nishimura (Loyola University, Maywood IL, USA) and
Mark Rubinstein (MUSC, Charleston SC, USA). All cells
were periodically verified to be free of mycoplasma contami-
nation. In addition, B16F10 cells were confirmed to be free
of rodent pathogens.

TRP-1 TCR transduction of murine T cells
Mouse splenocytes were enriched for CD3* T cells via col-
umn purification (R&D Systems) and activated with aCD3/

aCD28-coated beads (Dynabeads, Life Technologies). In
parallel, 5 10° Platinum-E ecotropic packaging cells (Cell
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Biolabs) were transfected with retroviral plasmid DNA
encoding the MSGV-1 TRP-1 TCR and the helper plasmid
pCL-Eco using Lipofectamine 2000 (Invitrogen). After 24 h,
medium was replaced and cells were incubated an additional
24 h. The viral supernatant was spun (2000 g, 2 h, 32 °C)
onto non-tissue-culture-treated 24-well plates (USA Scien-
tific) coated with Retronectin (Takara Bio). Following cen-
trifugation, the viral supernatant was removed and activated
T cells and fresh virus were added into the same well and
the plate was centrifuged again. Next, 1 ml of media was
replaced with fresh media containing 200 IU/mL IL-2, and
cells incubated overnight. The following day the cells were
collected, washed, and cultured for further expansion for
6 more days (—/+ 10 mM NAC). For restimulation of the
TCR, cells were exposed overnight to TRP-1 peptide (4 pg/
mL) pulsed onto irradiated splenocytes.

Adoptive cell transfer and biodistribution

Experiments were performed as previously described [9].
Briefly, 8-week-old female C57BL/6 wild-type mice were
injected subcutaneously with 3 x 10° B16-F10 murine mela-
noma cells. Mice were randomized into treatment groups
and lymphodepleted through total body irradiation (5 Gy,)
1 day prior to ACT. TRP-1 TCR-transduced T cells (2 x 10°)
cultured —/4+ 10 mM NAC were adoptively transferred via
retro-orbital injection and tumor size recorded until end-
points were reached. For ex vivo analysis of transferred
cells, a subset of mice was sacrificed 9 days after adoptive
transfer. Spleens and tumors were processed into single cell
suspensions by mechanical dissociation. Tumors were fur-
ther digested in 1 mg/mL Collagenase II (Sigma) for 30 min
and TILs were isolated by density gradient separation with
Histopaque 1083 (Sigma). Cells were restimulated overnight
with TRP-1 peptide (4 pg/mL) to assess basal and peptide-
induced cell death and YH2AX staining.

Activation and culture of human PBMC (and
transduction of TIL1383I)

Normal healthy donor apheresis cells were purchased from
Key Biologics, Inc. or Research Blood Components. Apher-
esis and cells from melanoma patients were obtained as part
of a clinical trial (NCT01586403). Cell cultures were main-
tained in either AIM-V (Life Technologies) supplemented
with 5% human AB Serum (Gemini Bio) or RPMI 1640
(Mediatech) supplemented with 10% FBS (Rocky Moun-
tain Bio). All cell cultures contained 300 IU/ml rh-IL2 and
100 ng/ml rh-IL15. The transduction of TIL1383I TCR into
human T cells has been previously described [10]. The viral
construct co-expressed a truncated CD34 as a marker of
expression [11]. Following transductions, cells were divided
and expanded in the absence or the presence of 2 mM NAC.
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On day 6, transduced cells were purified by magnetic selec-
tion on the CliniMACs based on CD34 staining. On day
10, enriched transduced T cells underwent an REP by co-
culturing at a 1:200 ratio with irradiated feeder cells supple-
mented with 30 ng/mL anti-CD3 until day 20. Experiments
with AktX (Cayman Chemical), LY294002 (Calbiochem)
or CAL-101 (Selleckchem) were performed with TIL13831
TCR-transduced cells that had been REPed in the absence
of NAC.

Flow cytometry

Cells were surface stained with fluorochrome-conjugated
antibodies to allow for gating of specific populations.
TIL13831 TCR-transduced cells were gated on CD34 and
TRP-1 TCR-transduced murine cells were gated on VP14
prior to subsequent gating on CD8 and CD4 populations
as indicated in figure legends. Annexin V, surface thiol,
and intracellular staining was performed as described [9].
The following reagents were used: Annexin V-Cy5 (Bio-
Vision), Alexa Fluor 488-conjugated C,Maleimide reagent
(Anaspec), PD-1, and CD57 (BioLegend), and Foxol-PE
(Cell Signal), T-Bet, Eomes (eBioscience), and YH2AX
(EMD Millipore). TRP-1 TCR-transduced mouse cells were
stained with anti-mouse YH2AX obtained from BioLegend.
Samples were acquired using the BD LSRFortessa cell ana-
lyzer (BD Biosciences) and analyzed using the FlowJo soft-
ware (Tree Star Inc.).

In vitro cytotoxicity

MELG624 and MEL624-28 cells were labeled with 0.1 and
0.01 uM CFSE (BioLegend), respectively, according to ven-
dor protocol. Labeled melanoma cells (2 X 10* each) were
co-cultured with TIL1383I TCR-transduced T cells at vari-
ous effector:target ratios achieved through serial dilution of
the T cells. Cells were incubated overnight, stained with
Annexin V & 7AAD, and acquired via flow cytometry. Pop-
ulations within these co-culture experiments were identified
as follows: CFSE™ CD34" for TIL13831I-transduced T cells,
CFSE™ for MEL624, and CFSE"C for MEL624-28 cells.
Within each cell population, cell death was quantified as the
percentage of Annexin VT/7AAD? cells.

Statistical methods

Graphical displays are used to demonstrate empirical means
and standard errors for in vivo data. Analysis of in vivo data
was performed using longitudinal linear regression to model
tumor size over time with log of tumor size as the outcome
and a quadratic model for time. Interactions between time
and group were included to evaluate differences in growth
trajectories. The log-likelihoods of nested models (one

model assuming different slopes per group and the other
model assuming that the two groups being compared have
the same slope coefficients) were tested using a likelihood
ratio test with 2 degrees of freedom. A simpler approach
(e.g., a Wald test) is not possible due to the quadratic model.
Differences in time of survival were analyzed using a log
rank test and displayed using Kaplan—Meier curves. In vitro
data were compared using two-sample 7 tests assuming une-
qual variances. For comparison of patient samples cultured
with or without NAC, a paired ¢ test was used.

Results

NAC increases the antioxidant capacity
of TCR-engineered T cells and improves in vivo
tumor control and survival

We recently reported that NAC inhibits AICD and improves
the ability of Pmel-1 T cells to control tumor growth in vivo
[9]. While T cells from Pmel-1 mice express a native TCR
[12], many clinical trials are performed with TCR-engi-
neered cells, which prompted us to investigate the effect
of NAC in splenocytes that had been transduced with the
TRP-1 TCR [13]. In vitro analysis prior to ACT showed that
expansion in the presence of NAC increased surface thiols of
TRP-1 TCR-transduced T cells and reduced YH2AX staining
(Suppl. Figure 1a). NAC also protected cells from AICD
following restimulation of the transduced TCR with TRP-1
peptide (Suppl. Figure 1b). These results are consistent with
our previous results in the Pmel-1 model and suggest that the
benefit of NAC extends to TCR-engineered cells.

To determine if NAC conferred an in vivo anti-melanoma
benefit, we adoptively transferred TRP-1 TCR-transduced T
cells into tumor-bearing recipients. TRP-1 TCR-transduced
cells cultured in the absence of NAC significantly delayed
tumor growth (Fig. 1a) and enhanced the survival of mice
(Fig. 1b). However, expansion of TRP-1 TCR-transduced
cells in the presence of NAC prior to transfer resulted in a
significant improvement in both tumor control (Fig. 1a) and
survival (Fig. 1b). On day 9 post-ACT, we analyzed adop-
tively transferred cells recovered from spleens and tumors in
a subset of mice. Expansion in NAC afforded TRP-1 TCR-
transduced cells isolated from the spleen or tumor protec-
tion from AICD (Fig. 1c) and DNA damage (Fig. 1d). Nota-
bly, Annexin V staining was approximately twice as high
in TRP-1 TCR-transduced cells recovered from the tumor
(~60%) compared to the spleen (~30%) (p <0.0001), yet
expansion of cells in NAC was able to reduce the Annexin
V level to below 20% in both populations (Fig. 1¢). The
expression of granzyme B, a key molecule in killing target
cells, was elevated in NAC-cultured cells (Fig. 1e). Together,
these data demonstrate that expansion of TCR-engineered
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Fig.1 Murine TCR-engineered T cells expanded in NAC exhibit
enhanced tumor control when transferred in vivo and maintain a
DNA damage and AICD-resistant phenotype. a Tumor growth and b
survival was determined in untreated mice (no cells, =9) or mice
receiving TRP-1 TCR-transduced T cells that were expanded in the
absence or the presence of NAC (n=12). ¢, d Splenocytes and TILs

T cells in NAC imparts a durable DNA damage and AICD
resistant phenotype that is maintained in vivo despite the
absence of the drug.

Culturing TIL13831 TCR-transduced human T cells
in NAC improves antioxidant capacity, reduces
DNA damage, and enhances their ability to kill
melanoma cells in vitro

To determine the potential clinical relevance of our obser-
vations, we investigated whether NAC affected the quality
of human TCR-transduced T cells. NAC has been reported
to increase (0.4-3.1 mM) or decrease (> 12.5 mM) prolif-
eration of human T cells [14]. In a pilot experiment, we
observed that 5 mM NAC inhibited the proliferation of
human T cells, whereas concentrations of 2 mM or less had
no effect. Therefore, experiments with human T cells were
performed using 2 mM NAC.
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were isolated from a subset of mice (n=5) 9-day post-transfer and
restimulated as described in “Materials and methods”. V314*CD8*
TRP-1 TCR-transduced cells analyzed for ¢ Annexin V staining and d
YH2AX expression. e Granzyme B expression in VB14TCD8* spleno-
cytes. ¥p <0.05; ¥¥p <0.01; ***¥p <0.0001

The TIL1383I TCR, which recognizes the melanoma
associated antigen tyrosinase in an HLA-A2 restricted
manner [10], is currently being used in a Phase I clinical
study (NCT01586403) [15]. In the clinical protocol, acti-
vated TIL1383I TCR-transduced cells are rapidly expanded
from day 10 to day 20. We investigated how the addition
of NAC on day 3 (following activation and transduction)
impacted T cell phenotype. Consistent with observations in
the pilot experiment, NAC did not have a significant effect
on proliferation, as the cellular yield of post-REP cultures
on day 20 was comparable in three sets of experiments (each
performed with a healthy donor and a melanoma patient,
p=0.3796, n="6). Analysis of day 20 cultures demonstrated
that surface thiols in NAC-expanded TIL13831 TCR-trans-
duced human T cells were ~2.4-fold higher than controls
(Fig. 2a). Co-culture of T cells with melanoma cells dem-
onstrated that TCR restimulation by target cells presenting
the cognate antigen in the context of HLA-A2 (MEL624
cells) resulted in an increase in YH2AX staining compared
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Fig.2 Human TIL13831 TCR-transduced T cells cultured in NAC
have enhanced antioxidant capacity, reduced evidence of DNA dam-
age, and superior cytotoxic activity against melanoma cells in vitro.
TIL13831 TCR-transduced human T cells were collected on day 20
and CD347CD8" cells analyzed for surface thiols (a) and for YH2AX
following co-culture with melanoma target cells (b). Representative
histograms and quantification (mean+SEM) are shown. ¢, d In vitro
cytotoxicity assay as described in “Materials and methods”. ¢ Rep-

to MEL624-28 cells that lack HLA-A2 (Fig. 2b). This
increase in YH2AX staining was reduced by ~ 1.8-fold in
NAC-cultured cells (Fig. 2b). A three-way co-culture assay
that included melanoma cells (both MEL624 and MEL624-
28) and T cells showed that TIL 13831 TCR NAC-expanded
transduced human T cells were more efficacious at kill-
ing MEL624 melanoma cells than control-cultured cells
(Fig. 2c) while being less susceptible to tumor-cell-induced
AICD (Fig. 2d). In addition, a modest but significant eleva-
tion in granzyme B expression was observed in TIL13831
TCR-transduced T cells expanded in NAC (Fig. 2e). Thus,
similar to the murine models, human TCR-transduced cells
expanded in NAC have increased surface thiols, decreased

resentative contour plot of Annexin V & 7AAD expression in mela-
noma cells at a 2:1 E:T ratio (left) and quantification (mean + SEM)
of Annexin VY/7TAAD" cells over all E:T ratios (right). d Quan-
tification (mean+SEM) of Annexin V MFI of CD34" gated cells

IR

used in “c”. e Representative histogram overlay and quantification
(mean+SEM) of granzyme B expression in CD34% CD8* cells
after rapid expansion (+NAC). n=5-6; *p<0.05; **p<0.01;
#HEp <0.0001

YH2AX and Annexin V staining, and increased granzyme
B expression.

NAC does not impact of memory subset
development, but diminishes the up-regulation
of PD-1 and CD57 caused by rapid expansion

in TIL13831 TCR-transduced human T cells

The negative effects of polyclonal stimulation during the
REP not only increases susceptibility to AICD [8] but
has also been reported to increase the CD57 senescence
marker [6], promote a more differentiated phenotype char-
acterized by an increase effector memory cells (T%y,) over
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central-memory cells (7)) [5], and increase PD-1 expres-
sion, which can be associated with exhaustion [7]. Analy-
sis of these parameters revealed that supplementation with
NAC during the REP significantly reduced up-regulation of

senescence marker CD57 (Fig. 3a). As Ty, possess supe-
rior antioxidant capacity, are more resistant to AICD, and
exhibit improved tumor control, we hypothesized that NAC
promotes a shift in memory phenotype [16, 17]. However,
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Fig.3 NAC impedes expression of senescence and exhaustion mark-
ers during rapid expansion. After 10 days in culture, TIL13831 TCR-
transduced T cells were rapid expanded for an additional 10 days
(=2 mM NAC). Samples were cryopreserved before (Pre), on day 5
(Mid), and at the conclusion (Post) of the REP. Samples were sub-
sequently analyzed for expression of a CD57 or b PD-1. Right pan-
els display representative contour plots of post-REP cells. Left pan-
els show quantification (mean+SEM) of each indicated marker in
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CD34% CDS8" cells over the course of the REP. n=4 (2 melanoma
patients, 2 healthy controls); *p <0.05; **p<0.01. TIL13831 TCR-
transduced T cells rapidly expanded (+2 mM NAC) were analyzed
for the expression of ¢ T-bet and d EOMES in CD34*CD8%*-gated
cells. Left panels display representative histogram overlay. Right pan-
els are quantification (mean+SEM) of n=7. *p <0.05; ns not signifi-
cant
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cultures expanded in the absence or the presence of NAC did
not differ in their proportion of Tgy; and T cells (Suppl.
Figure 2). We also evaluated the cells for expression of the
transcription factors T-bet and EOMES that regulate differ-
entiation into Ty, and T-,; phenotypes [18]. However, there
was no decrease in T-bet expression or increase in EOMES
expression that would be associated with the T, phenotype
(Fig. 3c, d). Interestingly, there was a small but significant
decrease in the expression of EOMES that was observed in
both CD8 and CD4 populations (Fig. 3d).

While EOMES can promote a more anti-tumor efficacious
Ty phenotype, increased EOMES expression has also been
associated with T-cell exhaustion [19] and a decline in T-cell
effector functionality [7]. Exhausted T cells express elevated
levels of PD-1 [20, 21] and rapid expansion can increase
PD-1 levels in therapeutic T cells [6]. We found that the REP
significantly elevated PD-1 expression (p <0.0001 pre-REP
versus post-REP). This increase was significantly reduced
when cultures were expanded in NAC (Fig. 3b). Overall,
these data suggest that supplementation with NAC does not
alter memory phenotype, but significantly reduces CD57 and
PD-1 expressions.

TIL13831 TCR-transduced human T cells expanded
in NAC have reduced expression of the transcription
factor Foxo1

Having observed that NAC reduces the expression of
EOMES and PD-1 while increasing the expression of gran-
zyme B led us to hypothesize that expansion of T cells in
NAC might repress the expression of Foxol. Foxol has

recently been identified as a critical transcription fac-
tor responsible for the induction of EOMES and expres-
sion of PD-1 [22]. Foxol has also been shown to repress
the expression of the cytolytic molecule granzyme B [23].
Analysis of Foxol in our cultures revealed that TIL13831
TCR-transduced cells expanded in NAC had significantly
reduced Foxol MFI intensity in both CD8" and CD4* T
cells (Fig. 4).

Regulation of Foxol expression and subcellular localiza-
tion is complex. In its unphosphorylated state, Foxo1 resides
in the nucleus, where it controls the expression of numer-
ous genes. Upon phosphorylation by Akt, Foxol is excluded
from the nucleus, ubiquitinated, and targeted for proteasomal
degradation [24]. To determine a possible direct effect of
NAC on Foxol expression and dependence on Akt signaling,
TIL1383I TCR-transduced T cells that had been REPed were
treated with pharmacological inhibitors and then exposed
them to NAC. As shown in Fig. 5, exposure of activated
T cells to NAC significantly decreased Foxol expression
(p =0.0004). The NAC-mediated decrease in Foxol was
completely prevented when cells were pretreated with the
PI3K inhibitor LY294002, the Akt inhibitor AktX, or the
proteasomal inhibitor MG132 (Fig. 5). Similar results were
observed in a total of 4 donors. Furthermore, the inhibi-
tory effect was observed only with the broad-spectrum PI3K
inhibitor LY294002 but not with CAL-101, which preferen-
tially inhibits p1103 relative to other PI3K class I enzymes
(Suppl. Figure 3). These results suggest that NAC, in the
absence of TCR restimulation, can diminish Foxol expres-
sion through a PI3K/Akt-dependent mechanism involving
proteasomal degradation.
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Fig.5 Acute Treatment of T cells with NAC rapidly degrades Foxol
in an Akt-dependent manner. T cells were pretreated with LY294002
(20 pm), AktX (5 pm), or MG132 (20 um) for 60 min prior to adding
NAC (25 mM) for an additional 60 min. Display is a representative

Discussion

Previously, we demonstrated that NAC protects against
AICD and that NAC supplementation during expansion of
murine transgenic Pmel-1 T cell cultures increased their
ability control tumor and enhanced survival in recipient
mice [9]. Moreover, adoptively transferred cells recovered
from recipient mice were less susceptible to peptide-induced
DNA damage and AICD [9]. In this study, we expanded
these observations to engineered T cells and further investi-
gated how NAC impacts the phenotype of human-transduced
T cells that are currently under evaluation in a Phase I clini-
cal trial.

Our results suggest that the benefits of NAC extend to
TCR-engineered cells. Adoptive transfer of TRP-1 TCR-
transduced T cells cultured in NAC significantly delayed
tumor growth and improved the median survival time in
mice (Fig. 1). Similar to the Pmel-1 model, enhanced anti-
oxidant capacity alongside reduced susceptibility to DNA
damage and resistance to AICD likely contributed to this
outcome (Suppl. Figure 1). The NAC-induced phenotype
was relatively durable as it was maintained for at least 9
days after in vivo transfer (Fig. 1). In the Pmel-1 model,
insufficient cell recovery from tumors in the control group
limited comparisons between experimental groups [9]. Here,
we show that TRP-1 TCR-transduced cells expanded in the
absence of NAC that had trafficked to the tumor were sig-
nificantly more susceptible to AICD than cells recovered
from the spleen (Fig. 1¢). This observation is consistent with
multiple reports that have demonstrated the tumor microen-
vironment to be extraordinarily hostile towards recruited T
cells, inducing them to undergo AICD or become anergic
[25-27]. We, therefore, found it significant that expansion of
engineered T cells in NAC resulted in comparable protection
from AICD in both compartments (Fig. 1c). These results
suggest that while NAC has an overall survival benefit for
adoptively transferred T cells, the protection afforded by
NAC may be particularly crucial to T cells when they enter
the tumor microenvironment.

@ Springer

histogram overlay of CD8" cells. Similar results were obtained from
four individual donors treated with NAC versus untreated controls
(p=0.0004)

We have previously shown that NAC protects human T
cells from AICD by reducing activation of the DNA damage
response pathway [9], but how the addition of NAC affects
the phenotype during expansion for adoptive transfer to
patients has not been investigated. Similar to both murine
models, expansion of TIL13831 TCR-transduced human
cells in NAC enhanced surface thiols and reduced YH2AX
and AICD (Fig. 2a, b). These results suggest that NAC simi-
larly impacts antioxidant capacity, DNA damage, and AICD
resistance in murine and human T cells. Notably, the dosage
required for these effects in human cells was fivefold lower
than in mouse cells, suggesting that optimal concentrations
of NAC differ between species.

Persistence and maintenance of anti-tumor efficacy are
key factors in the efficacy of ACT [28]. The ability of a cell
to persist once transferred may even be paramount to its
cytolytic ability. In the context of ACT, although T}, have
an enhanced capacity to secrete effector molecules such as
granzyme B and IFNy, T, have a greater capacity for self-
renewal and persistence than Ty, and are superior at tumor
control [17, 29]. In our hands, NAC did not influence the
memory phenotype of the cells, yet NAC supplemented T
cells were more efficacious in killing MEL624 melanoma
cells, implicating that NAC improves the effector functional-
ity of T cells (Suppl. Figure 2; Fig. 2). One possibility is that
the elevated expression of the cytotoxic effector molecule
granzyme B, which was increased following expansion in
NAC, contributes to the enhanced cytolytic phenotype of
the TIL13831 TCR-transduced cells (Fig. 2e). The increase
in granzyme B expression following expansion of T cells in
NAC has been consistently observed in all models we tested
(Pmel-1 transgenic mouse T cells, TPR-1-transduced mouse
cells, and TIL13831 TCR-transduced human cells). Despite
the increase in granzyme B levels, we observed greater effi-
cacy in tumor control in vivo (Fig. 1a, Ref [9]). These results
are in contrast to earlier studies in Pmel-1 cells in which
increased levels of granzyme B in terminally differentiated
cells rendered them highly cytolytic in vitro but impaired
their ability to persist in vivo [30]. Thus, the expansion of
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T cells in NAC appears to increase levels of granzyme B in
parallel with increasing resistance to cell death, suggesting
that granzyme B expression and ability to persist may be
regulated independently.

The use of younger, less differentiated cells that are more
durable after transfer is associated with better tumor control
[4, 30]. However, rapid expansion of T cells for adoptive
transfer promotes a terminally differentiated phenotype char-
acterized by a loss in CD28 expression and the up-regulation
in both the senescence marker CD57 and exhaustion marker
PD-1 [6]. Our data confirm that CD57 levels increase during
the REP and that NAC can significantly diminish this up-
regulation (Fig. 3a). The expression of CD57 is indicative
of cells reaching the “Hayflick limit” of replicative senes-
cence caused by maximal telomere erosion following cell
division [31]. Consequently, T cells with longer telomeres,
indicative of a shorter replicative history, have superior long-
term anti-tumor efficacy for ACT [32-34]. Although NAC
can affect T-cell proliferation [14], our data argue against
NAC decreasing the number of replications as there was no
difference in the REP yield between experimental groups.
Several studies across multiple cell types have demonstrated
that NAC induces the activity of telomerase, an enzyme
that rebuilds telomere caps, by constraining telomerase to
the nucleus [35-37]. An increase in YH2AX is associated
with shorter telomeres [38]. Therefore, while the effect of
NAC on telomerase in T cells has not been investigated, it is
reasonable to postulate that NAC has a telomere-protective
effect, since NAC reduces YH2AX levels.

The transcription factor EOMES and PD-1 were also
significantly decreased with NAC supplementation during
the REP (Fig. 3), suggesting the possibility of a common
upstream regulator. We identified Foxol as a potential can-
didate as it promotes the expression of both EOMES and
PD-1 while suppressing granzyme B expression. Indeed,
TIL13831 TCR-transduced cells expanded in NAC had sig-
nificantly decreased Foxol expression (Fig. 4). Studies with
Foxol-deficient cells have demonstrated that this transcrip-
tion factor acts as a chief regulator of central-memory devel-
opment with CD62L, CCR7, and IL-7« as direct target genes
[23, 39]. However, we observed no modulation of CD62L
or CCR7 in NAC-cultured cells (Suppl. Figure 2), which
suggests that the modest, yet significant, decrease in Foxol
expression following expansion in NAC is insufficient to
impact memory development. As a critical upstream fac-
tor of EOMES, Foxol promotes the exhausted phenotype,
including the induction of PD-1 [22]. As both EOMES and
PD-1 were significantly decreased in NAC-cultured cells
(Suppl. Figure 3; Fig. 3), our data suggest that NAC sup-
plementation diminishes exhaustion.

Foxol is negatively regulated by Akt which facilitates its
nuclear exclusion and proteasomal degradation in the cyto-
sol [24, 40]. The NAC-mediated degradation of Foxol in
activated T cells was ablated by pharmacological inhibition
of the PI3K/Akt pathway (Fig. 5), which is consistent with
numerous studies in various cell types such as neurons [41],
cardiomyocytes [42], hepatocytes [43], and pancreatic islet
cells [44], in which NAC can activate Akt. In T cells, initial
TCR stimulation activates Akt and promotes the develop-
ment into effector T cells. However, the repetitive TCR
stimulation diminishes Akt activity and increases Foxol
transcriptional activity and expression of PD-1, resulting
in an exhausted phenotype [22]. Our data support a model
in which NAC maintains Akt activity and suppresses Foxol
thereby allowing maintenance of an effector phenotype
despite repetitive TCR stimulation. It has been established
that Akt can be reversibly activated and inactivated by intra-
cellular redox status [45, 46]. A speculative mechanism by
which NAC may impact Akt activity comes from the field
of neuroscience. In neurodegenerative diseases such as Par-
kinson’s disease, Akt activity decreases following oxida-
tive modification and dephosphorylation [47]. Mutation of
the two cysteine residues (296/310) flanking the Thr308
phosphorylation site while not affecting basal kinase activ-
ity prevented oxidative stress mediated inactivation of Akt,
thereby increasing cell survival [47]. Thus, oxidative stress
induced by repetitive TCR stimulation may lead to modifi-
cation of Cys296/310 and reduced Akt activity, which then
promotes expression of Foxol (and PD-1). By reducing
oxidative stress, NAC may prevent or reverse inactivation
of Akt.

In conclusion, we report that the addition of NAC during
expansion of cancer-specific T cells enhances their durabil-
ity via resistance to AICD, delays the onset of REP induced
exhaustion, and bolsters the overall cytolytic functionality
of the cell (Fig. 6). Typically, enhancement of effector func-
tionality associates with an increase in T-cell differentiation
and a decline in durability [48]. However, our study dem-
onstrates that NAC improves the phenotype of T cells by
uncoupling the concomitant increase in effector functional-
ity with increased differentiation. Our data suggest that NAC
promotes a “hybrid” cell with enhanced functional capacity
of a Ty cell yet the durability of a Ty, cell. Thus, supple-
mentation with NAC during the REP results in therapeutic
T cells with a “younger” phenotype without compromising
their ability to expand logarithmically or the cytolytic abil-
ity of a more differentiated cell. As such, we contend that
further investigations into the addition of NAC to current
clinical ACT protocols are merited.

@ Springer
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Fig.6 Proposed model by
which NAC enhances anti-
tumor functionality of T cells
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