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Memory CD&° T cells have long been considered a promising population foadoptive
cell therapy (ACT) due to their long-term persistence and bmst re-stimulatory response.
NIH3T3 is an immortalized mouse embryonic broblast cell ie. We report that
NIH3T3-conditioned medium (CM) can augment effector funans of CTLs following
antigen priming and confer phenotypic and transcriptiongbroperties of central memory
cells. After NIH3T3-CM-educated CTLs were infused into ne& mice, they predominantly
developed to central memory cells. A large number of NIH3T&M-educated
CTLs with high functionality persisted and inltrated to tmor mass. In addition,
NIH3T3-CM inhibited CTLs expression of PD-lin vitro and repressed their high
expression of PD-1 in tumor microenvironment after adopte transfer. Consequently,
established tumor models showed that infusion of NIH3T3-CMeducated CTLs
dramatically improved CTL mediated-antitumor immunity. &thermore, NIH3T3-CM
also promoted human CD& T cells differentiation into memory cells. These results
suggest that NIH3T3-CM-programmed CTLs are good candidate for adoptive transfer
in tumor therapy.

Keywords: NIH3T3-CM, cytotoxic T lymphocytes, memory precurs or, memory CD8 C Tcells, adoptive cell therapy

INTRODUCTION

Adoptive cell therapy (ACT) using autologous tumor reactiveellchas emerged as a potentially
curative therapy for cancers«3). Cytotoxic T lymphocytes (CTLs) are considered as potent
lymphocytes that can perform direct lysis of target tumorsplecisely. Nevertheless, a signi cant
limitation for ACT is that repeated stimulation alters fummhal capabilities of CTLs which can
result in defects in survival and function after transfusi@!, 5). Many studies have suggested
that memory T cells are superior to e ector T cells in antitumactivity due to their long-term
persistence and more robust e ector functions in response teduantigens ¢—9). One prominent
notion that has been accepted is that once naive €Dgells are primed, the majority of e ector
CTLs will die via di erentiation into short-lived e ector cedl (SLECs) while only a small subset will
di erentiate into memory precursor e ector cells (MPECs) destd to become long-lived memory
cells (LC-13). In this regard, exploring a proper culture condition to ditethe di erentiation

of tumor-speci ¢ CD& T cells to MPECs may be a promising approach to develop a curative
antitumor therapy upon adoptive transfer.
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Fibroblasts are heterogeneous tissue connecting celts th&BS, Gibco), 2mM L-glutamine, 1% penicillin-streptomycin,
play critical roles in wound healing. Fibroblasts are alsdOmg/mL gentamycin, and 50M b-mercaptoethanol (Gibco-
responsible for the production of extracellular matrix mole=s BRL). NIH3T3-conditioned medium (CM) was obtained by
that can act as co-stimuli for T lymphocyte activation4( seeding NIH3T3 cells at density of 1.25 1P cells/ml in
15). Soluble factor(s) secreted by broblasts from malignanDMEM supplemented with 10% FBS, 2mM L-glutamine, 1%
or non-malignant tissue can enhance T cell IigNand IL17A  penicillin-streptomycin, 1@ng/mL gentamycin, and 50M b-
production (L6). Fibroblasts derived factor(s) can also inhibit mercaptoethanol and cultured for 2—-3 days. CM was then
activation-induced apoptosis of T celldé{ 18. Given these collected by centrifuging at 400 g for 5 min followed by Itian
comprehensive e ects of broblasts on T cells, altering thethrough a 0.22nm pore size lter. It was then stored at85 C.
fate or intrinsic functions of T cells by broblasts might hav
potential to be utilized in anin vitro culture system for In vitro T Cell Activation
ACT. Our previous report has shown that soluble factor(s)CD8 T cells were sorted from OT-1 or WT splenocytes with
derived from mouse embryonic broblast (MEF) can stronglya MACS column using anti-mCDs8 magnetic beads (Miltenyl
enhance the e ector function of COB T cells (9. NIH3T3  Biotec). The purity of sorted OT-1 cells was95%. For K-
is an immortalized embryonic broblast cell line. NIH3T3 OVA beads preparation, g of OVA257 264 (Genscript) loaded
cells are widely used as feeders to support long-term survivhlotinylated recombinant MHC class | molecules (H#)K0.3mg
and self-renewal of tissue progenitor cell0,(21). In this of biotinylated anti-CD28 antibodies, and 0.0% of streptavidin
regard, we sought to investigate whether NIH3T3 could a ectmagnetic beads [NEB, S1420S] were incubated@to¥ernight
the function or the fate of CD8 T cells during antigen with rotation. Then 0.5-1 1 enriched OT-1 CD8 T cells
priming in co-culture conditions. We found that NIH3T3- were stimulated with R-OVA beads in the presence or absence of
conditioned medium (NIH3T3-CM) directed CO8 T cells NIH3T3-CM (v/v, 50%) in 96-well plates at indicated time points
toward di erentiation of potent memory-fated e ector clones. for in-vitro analysis. For adoptive transfer, 31¢°P OT-1 CD&
NIH3T3-CM not only strengthened e ector functions of CI58 T cells were stimulated with ')OVA beads in the presence or
T cells, but also conferred characteristics of memory ceiing  absence of NIH3T3-CM (v/v, 50%) in 48-well plates and 3
adoptive transferred model, we experimentally demonstrated® WT CD8C cells were stimulated with plate bounded anti-
that NIH3T3-CM could program CTLs with high capacity in CD3/CD28 in 48-well plates. After 3 days of culture, cells were
development of long-lived memory cells. In addition, usingharvested and washed twice with PBS for adoptive transfer. Fo
established tumor model, we found that adoptive transfer ofvhole splenocyte activation, 2 1P splenocytes were stimulated
NIH3T3-CM-educated CTLs exhibited dramatical therapeuticwith 100 ng/ml OVAs7 264 peptides for 2 days in 96-well plates.
e ects. This is not only attributed to high persistence andGoligistop was used for treatment for 4 h before intracellular
functions of CTLs, but also due to their low expression of PD-1 staining. Human naive COBT cells were sorted from PBMCs

using a naive CO8 T cell isolation kit (Miltenyi Biotec). Then 1

MATERIALS AND METHODS 1CP puri ed naive CD& cells (purity> 95%) were activated by
_ plate-coated anti-CD3 (OKT3,rig/ml) and anti-CD28 (CD28.2,
Mice and Cells 3mg/ml) in the presence or absence of NIH3T3-CM in the 96-

Wild type C57BL/6 mice (WT B6, Ly5:2°) and ovalbumin well plates. On day 3, 20 U/ml hiL-2 (animal-free, PeproTech)

(OVA)257 2esspecic TCR (Va2 and \Wb5) transgenic mice was added. Puri ed naive Cl58cells (HLA-A 0201) (2 1CP)

(OT-1) maintained on B6 background were purchased fromwere activated by 1 10° CMV-pp65 peptide (NLVPMVATV)-

The Jackson Laboratory (Bar Harbor, ME, USA). L§5.1 loaded autologous PBMC (2000 rgdrradiation) in 96-well in

(Ly5.FLy5.£) OT-1 mice were obtained from OT-1 mice that the presence or absence of NIH3T3-CM. On day 3, 100 U/ml hiL-

were crossed to congenic Ly57¥ B6 mice. Ly5.4= OT-1mice 2 was added. Expanded cells were moved to 48-well plate on day

were backcrossed with B6 (Ly§™¥) to obtain Ly5.£OT- 5. Medium was refreshed every 2 to 3 days. Cells were collected

1 mice. All mice were 7-9 weeks old at the beginning obn day 12 and FACS analysis was performed.

each experiment. They were raised in a specic pathogen-

free environment at Korea University. Experimental protocolsTrans-well Assay

adopted in this study were approved by the Institutional AnimalA trans-well insert (Corning) with diameter of 6.5 mm and pore

Care and Use Committee of Korea University. size of 0.4nm was utilized to physically separate OT-1 CD8
NIH3T3 cells were purchased from ATCC. EG.7 tumorcells (1 1P, upper chamber) from NIH3T3 (1 1C°, lower

cells expressing chicken OVA were provided by Dr. M.chamber) while soluble factors were allowed to di use inte th

Mescher (University of Minnesota, Minneapolis, MN, USA).upper chamber. OT-1 COBT cells together with NIH3T3 were

Human peripheral blood mononuclear cells (PBMCs) wereadded to the upper chamber. After 2 days of stimulation with K

purchased from ImmunoSpot. T2 cells were obtained fromOVA beads, IFNg and granzyme B producing cells were detected

ATCC. NIH3T3 cells were maintained in Dulbecco's modi ed by ow cytometry after intracellular staining.

Eagle's medium (DMEM, Gibco). EG.7 cells, T2 cells, and

primary lymphocytes were cultured in Roswell Park Memorialln vitro Cytotoxicity Assay

Institute (RPMI)-1640 medium (Gibco). Both culture media Speci c killing of target tumor EG.7 was measured using CFSE/7

were supplemented with 10% heat-inactivated fetal bovinenser AAD based ow cytometry assay as described previougf. (
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Brie y, e ector cells (splenic OT-1 CD8 T cells) were activated detected on days 3, 7, 15, and 30. On day 30, frequencies of

by KP-OVA beads for 3 days in the presence or absence dfansferred OT-1 cells that migrated to spleen, inguinal pym

NIH3T3-CM (50%, v/v) and labeled with CFSE. CFSE labeledode, bone marrow, and lung were measured.

e ector cells were then incubated with target cells at e ector o

target (E:T) ratios of 8:1, 4:1, 2:1, 1.1, or 0:1 atG3ihcubator Tumor Rejection Assay

with 5% CGQ. After 4h of incubation, cells were washed andTo evaluate tumor reactivity of memory CB8T cells, OT-1

stained with 7-AAD to assess dead cells on CFSE negatige c€lTLs generated in the presence or absence of NIH3T3-CM (50%,

via ow cytometry. The percentage of speci c lysis was cateda Vv/v) were i.v. injected to WT B6 mice (1 1(P/mouse). One

as follows: %lysi® 100 (% sample lysis—% basal lysis) /(100-month later, OVA-expressing EG.7 tumor cells (2L°P/mouse)

% basal lysis), where basal lysis was lysis of target celein were subcutaneously (s.c.) transferred to mice and tumowgt

absence of e ectors. For T2 kiling assay, 11¢° T2 cells was monitored.

as targets were loaded withng/ml CMV peptides followed To detect tumor reactivity to established tumors, EG.7 tumo

by 30mM calcein-acetyoxymethyl dye (Invitrogen) treatment.cells (0.5-0.7 10P/mouse) were s.c. inoculated to WT B6 mice.

E ector cells obtained from CMV-pp65 speci ¢ expansion wereWhen tumor grew to 30-50 mi(usually between 12 to 14 days),

incubated with CMV-pp65 peptide-loaded T2 cells at E:T ratioCTLs were i.v. transferred to tumor-bearing mice. Tumoresiz

of 10:1, 5:1 or 2.5:1 at 3Z in an incubator with 5% C@for  were measured every 2 to 4 days. IL-2 co-administration was

4h, The uorescence of sample supernatant was measured. Tierformed as described previousBg|. Brie y, OT-1 CTLs were

percentage of speci c lysis was calculated as follows: ®Iy€i® i.v. transferred to tumor-bearing mice andr@y hiL-2 (animal-
(sample release-SP) /[[MAR (MM -MT)-SP], where target free, PEPROTECH) was i.p. (intraperitoneal injection) ingett

cells treated with 2% Triton X-100 represented MAX (Maximumto mice once on the day of CTL injection and twice a day on the

release), SP (Spontaneous release) represented targdome]l a two following days. Tumor sizes were calculated by detemgjni

MM represented background of medium, and MT representedhe length of short (I) and long (L) diameters (tumor volume

background of Triton X-100. D 12 L/2). Experimental endpoints were reached when tumor
volume exceeded 2,500 mnFor transferred CTLs detection,
Antibodies and Flow Cytometric Analysis EG.7 tumor cells (1-1.5 10P/mouse) were s.c. transferred to

For ow cytometric analysis, cells were incubated with anti WT B6 mice. When tumor grew to 50-100 i 10P in vitro-
Fag receptor antibody (2.4G2) generated from mice acsitgenerated Ly5SE OT-1 CTLs in the presence or absence of
and then labeled with the following antibodies: anti-mouseNIH3T3-CM (50%, v/v) or combination of Ly5%F< OT-1 CTLs
antibodies TCR-Fluorescein isothiocynate (FITC, H57-597), (medium alone) and Ly5%Ly5.£0T-1 CTLs (NIH3T3-CM,
CD25-FITC (7D4), CD69-FITC (H1.2F3), Ly5.2- Phycoerithri 50%, v/v) at a ratio of 1:1 were i.v injected to tumor-bearinigen
(PE, 30-F11) or FITC (30-F11), TCR2-PE (B20.1), CD127- At6 days after T cell transfer, mice were sacri ced and aredy
PE (A7R34), CD27-PE (LG.7F9), Tim3-PE (RMT3-23), @b8 Lo .
PerCP-Cyanine5.5 (53-6.7), B220-PerCP-Cyanine5.5 GB3; otatistical Analysis
KLRG1-PE.Cy7 (2F1), TCR®.1,5.2-Allophycocyanin (APC, Statistical analysis was performed using Prism software
MR9-4) or FITC (MR9-4), CD44-APC (1M7) or PE (1M7), (GraphPad Prism6.0). Statistically signi cant di erencesreve
CD62L-APC (MEL-14) or APC.Cy7 (MEL-14), streptavidin-PEassessed by either unpairedest or one-way ANOVA or two
or APC or APC.Cy7, CD28-biotin (37.51), CD122-biotin (5H4) -way ANOVA with Bonferroni's multiple comparison test.
PD-1-biotin (29F.1A12), Ly5.1-biotin (A20) or FITC (A2@nd  Log-rank (Mantel-Cox) test was used to analyze mouse survival
KP-OVA,s7 264biotin-streptavidin-PE (Lab made); anti-human curves. Bars in all graphs are expressed as me&EM. “ns”
antibodies CD3-APC (RE613), CD45RA-PE-vio770 (TéD11)lenotes no signi cance. Signi cance was marked by astérigk
CD45RO-FITC (UCHL1), and CCR7-APC e uor780 (3D12). < 0.05; P< 0.01; P< 0.001;and P< 0.0001).

Intracellular molecule expression was determined following
xation and permeabilization with either Cyto x/Cytoperm B RESULTS
Biosciences) or FoxP3/Transcription Factor Staining Buet S .
(eBioscience) with anti-mouse granzyme B-PE (NGZB), EemedNIH3T3-CM Enhances Effector Functions
PE (Danllmag), Bcl-6-PE (K112-91), IRNAPC (XMG1.2), of CD8C CTLs
T-bet-APC (4B10, also react to human), Blimp-1-Alexa FluoiFibroblasts with di erent subsets are functionally hetenogeus
647 (5E7), or anti-human Eomes PE (WD1982). Flow cytometr{either stimulatory or inhibitory) on T lymphocytes2¢). Our
was performed using FACSVerse or FACSCalibur devicgrevious report has shown that MEFs can signi cantly enhance
(BD Biosciences). Data were analyzed using FlowJo_VHector functions of CTLs through up-regulation of IFNy-

(FlowJo LLC). and granzyme B expressiorid). Therefore, we determined
) _ whether NIH3T3 enhanced e ector functions of CTLs upon
Adoptive Transfer Studies TCR stimulation. Co-culturing CD8 T cells with NIH3T3

For cell persistence assay, Ly54 OT-1 CTLs (2.4 1(F) using trans-wells showed that NIH3T3-enhanced I§Nand
generated in RPMI-1640 medium and Ly51%5.% OT-1CTLs granzyme B expressions of CBJ cells were independent of
(1.6 1(P) generated in the presence of NIH3T3-CM (50%,direct contact Supplementary Figure L Thus, NIH3T3-CM
vIv) were intravenously (i.v.) co-transferred to Ly52 B6 WT  was focused. To further analyze the impact of NIH3T3-CM
mice. The persistence of transferred cells in peripheral bleasl on CD& T cells during priming, kinetic patterns of IFNg-
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and granzyme B productions were evaluat&ig@re 1A). We  we investigated whether NIH3T3-CM-cultured CTLs were also
found that NIH3T3-CM strongly promoted antigen induced phenotypically consistent with MPECs [CDZ¥CD127(IL-
IFN-g expression in an acute manner within 24 h. The level o7Ra)°CKLRG1 (markers of senescent CPB cells) ].
IFN-g peaked at 24 h and then declined thereafter. It seemeBhenotypic analysis showed that NIH3T3-CM-cultured CTLs
that NIH3T3-CM could expedite kinetic IFNy production displaying CD2%9°CD12%= KLRG1 were partially in line

of CTLs compared to that of medium alone-cultured CTLswith MPECs. However, NIH3T3-CM did not signi cantly
which peaked at 72 hFfgure 1A, top panel). Contrast to acute regulate expression of CD127, CD27, or KLRG1 as their
enhancement in IFNg production, NIH3T3-CM continuously expression levels were comparable with those of medium alone-
enhanced granzyme B expression. The level of granzynoeltured CTLs Figure 2B). Collectively, these results suggest
B in NIH3T3-CM-cultured CTLs peaked at 48h after TCRthat high level of central memory markers (CD44 CD62L and
stimulation and declined thereafter. The frequency of ggane  CD122) and high level of CD27 as well as intermediate level
B producing CTLs peaked at 48 h in the condition of mediumof CD127 might give NIH3T3-CM-cultured CTLs potential
alone culturing while granzyme B levels per cell uctuatedin di erentiation of memory cells, although the phenotype of
modestly Figure 1A, bottom panel). Next, the expressions of NIH3T3-CM-cultured CTLs is not totally consistent with what
typical surface molecules associated with T cell di erefdiat is generally considered MPECs.

in NIH3T3-CM-cultured CTLs were compared with those in  Next, we explored whether NIH3T3-CM in uenced
medium-alone-cultured CTLs. After 3 days of TCR stimulatio transcriptional programming in CD8 T cells following
expressions of CD25 (IL2B common b receptor CD122 antigen priming. T-box transcription factors, T-bet, and
(IL-2b, 1L-15b), and CD28 were increased signi cantly while eomesodermin (Eomes) play essential roles in inducing €D8
expressions of CD69 (early inducible activation marker) and’ cells acquisition of e ector functions and formation of
CD44 increased modestlyFigure 1B). The level of “lymph memory pools 25-28). To investigate whether NIH3T3-derived
homing receptor” CD62L (L-selectin), a naive and centrafactor(s) inuenced the expression of T-box transcription
memory marker, was decreased on day 1 after TCR stimulatiofactors, we examined expression levels of T-bet and Eomes
It was then up-regulated thereafter. Surprisingly, the levedluring 72h of TCR stimulation Kigure 20). After 72h of

of CD62L was much higher on NIH3T3-CM-cultured CTLs stimulation, NIH3T3-CM strongly induced CTLs expression
(Figure 1B. We also examined whether NIH3T3-CM could of Eomes. In striking contrast, medium alone-cultured CTLs
enhance the proliferative capacity of CTLs. After 3 daygxpressed Eomes at low levels without showing signicant
of stimulation, cell numbers of NIH3T3-CM-cultured CTLs dierence between 24h and 72h of stimulation. Compared
were higher than those of medium-cultured CTUSdure 1Q. to strongly induced Eomes by NIH3T3-CM in CTLs, there
Enhanced cytotoxic activity was also observed in NIH3T3-CMwas no signi cant enhancement of T-bet level in response
cultured CTLs Figure 1D). Taken together, these results suggesto NIH3T3-CM treatment. Given the notion that Eomes
that NIH3T3-CM can strengthen e ector functions of CTLs expression appears to preferentially increase relative totT-be
following antigen priming. in memory cell di erentiation and homeostasi&?, 25, 28, 29),

we performed analysis of mean uorescence intensity (MFI) for
- . Eomes and T-bet. Results showed that NIH3T3-CM-cultured
N|H3T3-C|\/|_ Improves the_ Intrinsic Qua“ty CTLs had much higher ratio of Eomes to T-bet compared to
of CTLs Which May Acquire medium cultured CTLs Figure 2G, right panel). These data
Memory-Fated Potential indicate that Eomes might play a role in NIH3T3-CM-induced
As shown inFigure 1B, CD62L was expressed much higherenhancement of e ector function as well as in conferring
on NIH3T3-CM-cultured CD& T cells. Prompted by this potentials of memory cell dierentiation. To investigate
result, we investigated whether NIH3T3-CM directed thewhether NIH3T3-CM regulated other transcriptional factors
di erentiation of antigen-primed CD& T cells toward memory involved in the control of memory cell dierentiation, we
type cells. First, we determined whether NIH3T3-CM mightanalyzed another pair of antagonistic transcription factors:
have dose-dependent e ects on surface expression level BEl-6 and Blimp-1. It has been well-characterized that Bcl-6
CD62L on CTLs. Results showed that expression levels obntrols memory cell dierentiation while Blimp-1 is crucial
CD62L were directly correlated with treated amount offor e ector function acquisition, including cell proliferain,
NIH3T3-CM (Figure 2A). Consequently, higher frequency of cytotoxicity, and cytokine production30-33). After 72h of
CD44°€CD62L°C population representing the phenotype of TCR stimulation, NIH3T3-CM slightly enhanced levels of Bcl-
central memory cells was observed in NIH3T3-CM-culturedand Blimp-1 Eigure 2D). Collectively, these results indicate
CTLs (igure 2B. Consequently, NIH3T3-CM enhanced that NIH3T3-CM can a ect intrinsic transcriptional events of

e ector functions of CTLs along with enhancement of centralCTLs which helps di erentiation, e ector function, and memory
memory markers such as CD44, CD62Eigure 2B), and development of CTLs.

CD122 figure 1B). In this context, we questioned whether Vigorous response of CTLs after re-encountering antigens
NIH3T3-CM-programmed CTLs were memory-fated e ector re ects the potential of CTLs in memory cell di erentiation.
clones. Accumulating evidences have established that Therefore, we examined the re-stimulatory activity of CTLs
cells can integrate modulated signals during priming toprogrammed by NIH3T3-CM following initial priming
determine their fate (MPECs or SLECS)0( 12, 13). Hence, (Figure 2B. The production level of granzyme B was
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FIGURE 1 | NIH3T3-CM strengthens effector functions of CTLs. OT-1 CDB T cells were stimulated with R-OVA beads in the presence or absence of NIH3T3-CM
(50%, v/v).(A) Intracellular ow cytometric determination of expression leels of IFNg and granzyme B (GZMB) at indicated time points. Frequenciesf IFN-g or
GZMB positive CD& T cells are shown (left panel). MFI (mean uorescence interg) of IFNg or GZMB was plotted for IFNgC or GZMBC cells (right panel)(B)
Levels of surface molecules were determined by ow cytometryat indicated time points. Left, representative histogramsRight, MFI values. The gray histogram as a
background represents cells that are not stained(C) Cell numbers were counted after 3 days of stimulation(D) Speci c cytotoxicity of OT-1 CTLs generated in the
presence or absence of NIH3T3-CM against EG.7 cells was evadted at the indicated effector: target (E:T) ratios. All datare representatives of at least three
independent experiments. Data are presented as mean SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ***fp < 0.0001. Two-way ANOVA with Bonferroni's multiple
comparison tests.

comparable between the two dierent pre-cultured T cells.of infused cells using their congenic markers Ly5.1 and 2.y5.
However, NIH3T3-CM-educated CTLs dramatically producedKinetic frequencies of transferred cells in peripheral blood
higher level of IFNg than medium alone-cultured CTLs after were detected. During 30 days of examination, frequencies
re-encountering antigens Fgure 2E right). Consequently, of NIH3T3-CM-educated CTLs showed gradual decline. In
high frequency of IFNg® granzyme 8 cells were obtained in striking contrast, frequencies of medium alone-culture@L@
NIH3T3-CM-educated CTLsKigure 2E left). showed rapid declineRjgures 3A,B. Consequently, very low
Based on these ndings, we conclude that CTLsnumber of medium alone-cultured CTLs survived in peripheral
derived with NIH3T3-CM displaying a phenotype of blood whereas higher frequency of NIH3T3-CM-cultured CTLs
CD44C CD621°C CD12£C CD25°C CD27C CD12F~ persisted until 30 days after cell transfdfiqures 3A,B. The
and KLRG1 as well as transcriptional program of Eori€g-  persistence of co-transferred OT-1 cells in other tissues was
beCBcl-6°Blimp-1°© possess high e ector function and also analyzed. Consistent with the higher frequency of NIBI3T
vigorous re-stimulatory activity. These characteristioplicate  CM-educated CTLs that persisted in blood, much higher
that NIH3T3-CM can enhance intrinsic properties of CTLs frequencies of NIH3T3-CM-educated CTLs also homed to
and direct development of memory precursors followinglymphoid organs (lymph node, spleen and bone marrow) and

antigen priming. non-lymphoid organ (lung) compared to those of medium alone-

cultured CTLs Figures 3C,D. Phenotypic analysis showed
NIH3T3-CM Educated CTLs Can Develop that the majority of persisted cells displayed central memory
to Long-Lived Memory Cells markers (CD4%C CD62L°C) (Figures 3C,B. To determine the

To determine whether NIH3T3-CM-programmed e ector clones stimulatory activity of memory cells, whole splenocytes were
with memory characteristics could further di erentiate torlg-  re-stimulated in vitro. In response to OVAs7 264 peptide
lived memory cells, we co-transferred both NIH3T3-CM- stimulation, we observed high levels of IFffNand granzyme
educated OT-1 CTLs and medium alone-cultured OT-1 CTL$ productions in memory cells derived from NIH3T3-CM-
into WT B6 recipients and analyzed the persistence potenti@ducated OT-1 cells. The number of memory OT-1 cells deriving
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FIGURE 2 | NIH3T3-CM confers potential of memory cell differentiatioto CTLs. (A) Sorted OT-1 CD& cells were stimulated with different volumes of NIH3T3-CM
and CD62L levels on cell surface were measured on day 3B) Typical surface markers representing central memory celBsnd MPECs were evaluated after 3 days of
stimulation. (C,D) Transcriptional factors were examined by intracellular F2S analysis after 24 h and 72 h of stimulation. RepresentatvFACS data are shown C, left).
The ratio of Eomes to T-bet was calculated by their MF[Q, right). Representative FACS data are showrD), left). Quanti cation of Bcl-6 and Blimp-1 was plotted
respectively D, right). (E) OT-1 CDE&C cells were stimulated in the presence or absence of NIH3T3-CNbr 4 days. CTLs were then washed and re-stimulated in the
absence of NIH3T3-CM for another 24 h followed by intracellat FACS analysis. M, RPMI-1640 medium; CM, NIH3T3-CM. Repres¢ative FACS data are shown (left
panel). Quanti cation of IFNg and GZMB was plotted respectively (right panel). All data arepresentatives of at least three independent experimest Data are
presented as mean SEM; *p < 0.05, **p < 0.01, ***p < 0.0001. One-way (A) or Two-way (C—E) ANOVA with Bonferroni's multiple comparison tests.

from control medium-cultured CTLs was below detectableadoptive transfer experiments demonstrated that NIH3T3-CM-
level Figure 3P. The hallmark of memory CD8 T cells is programmed CTLs had high potential to develop into long-
their ability to generate protective immune response when reived memory cells which could e ciently protect mice from
exposed to antigens3{). To further assess the anti-tumor tumor growth.

immunity of memory CD& T cells derived from NIH3T3-CM-

educated CTLs responding to tumors, OT-1 CTLs generatelIH3T3-CM-Educated CTLs Regress

in the presence or absence of NIH3T3-CM were transferredumor Growth Effectively

to B6 WT mice. One month later, large dose of tumor cells.ong-term persistence and function of transferred cells are
were inoculated to mice. It was observed that tumor growthcrucial factors in ACT for cancers4( 5). Therefore, we
was further inhibited in the group that received NIH3T3-CM- assessed therapeutic e ects of NIH3T3-CM-educated CTLs
educated OT-1 cells compared to the group received mediumasing an established tumor modéh vitro-activated OT-1 cells
alone-cultured OT-1 cellsqjgure 3G). Taken together, these two generated in the presence or absence of NIH3T3-CM were
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FIGURE 3 | NIH3T3-CM-educated CTLs develop into functional central mmory cells. (A—F) Congenic OT-1 CTLs were obtained by 3 days activation in thepgsence
or absence of NIH3T3-CM. 2.4 106 Ly5.1°=COT-1 CTLs (RPMI-1640 medium) and 1.6 106 Ly5.1C Ly5.2C OT-1 CTLs (NIH3T3-CM, 50% v/v) with ratio of 6:4
were i.v. co-transferred to WT C57BL6/c mice (Ly5.§=c, n D 4). (A,B) Frequencies of transferred cells in peripheral blood wereedermined at indicated time points.
(A) Representative FACS data show frequencies of donor cell§B) Graphs show the summary of dot plots of(A) with each dot representing for a recipient(C—E)
Frequencies of transferred OT-1 cells that migrated to spn, inguinal lymph node (LN), bone marrow (BM), and lung wervaluated after 30 days of T cell transfer.
The phenotype of transferred cells that displayed central emory cells (CD44FC CD62LCC) and effector memory cells (CD4@C CD62L ) was evaluated.(C)
Representative FACS data are shown. Histograms representefquencies of transferred cell{D) and frequencies of central memory cells in transferred cel(E). Each
dot represents a single mouse.(F) Whole splenocytes were re-stimulated with OV4s7 2g4 peptides for 2 daysin vitro. Levels of IFNg and GZMB were evaluated by
intracellular FACS analysis. Representative FACS data askown. (G) Effector OT-1 cells (1 105/mouse) generated in the presence or absence of NIH3T3-CM were
transferred to WT C57BL6/c mice. One month later, EG.7 tumor ells (2 105/mouse) were s.c inoculated to mice. Tumor growth was monitaed. PBS group (1 D 5),
OT-1 group (1 D 8), OT-13T3 CM group (n D 8). All data are representatives of two independent experients. Data are presented as mean SEM; *p < 0.01, **p <
0.001, and ***p < 0.0001. Two-way ANOVA with Bonferroni's multiple comparien tests (A, G); Unpairedt-test (A,E).

respectively, transferred into WT B6 mice bearing EG.7 tusnor of su cient number of in vitro-expanded CTLs with high
As expected, NIH3T3-CM-educated OT-1 CTLs dramaticallyfunctionality is a limitation for ACT §), antitumor e ciencies of
regressed tumor growttiFgure 4A). Because timely preparation NIH3T3-CM-educated CTLs with serially diluted numbers were
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compared with those of determined number of medium alone-spleen Figures 5C,0 bottom panel). Next, e ector function of
cultured CTLs. Results showed that NIH3T3-CM-educated CTL&ansferred cells was compared between the two groups through
e ectively regressed tumor growth even at a quarter number ofe-stimulation in vitro. We observed that NIH-3T3-educated
medium alone-cultured CTLsSupplementary Figure 2 This  CTLs displaying lower level of PD-1 expression signi cantly
implies that NIH3T3-CM-educated CTLs can have therapeutiéncreased IFNg production (Figures 5E,F. Expression levels
benet even with a limited number of CTLs for ACT. To of TNF-a and granzyme B were comparable between the two
determine whether survived mice could maintain tumor réaet  groups. This implies that increased IFdNeroduction of PD-1°W
memory OT-1 cells, the same dose of EG.7 tumor cells waSTLs might enhance in ammatory response in tumor tissues.
used for re-challenge. Tumor growth was observed in no tumorTaken together, these results demonstrate that NIH3T3-CM-
experienced mice. However, tumors failed to be establisimed educated CTLs exhibiting low PD-1 expression exert superior
rst-round survivors (Figure 4B). In the spleen of survivors, persistence and function, thus contributing to their strong
signi cant numbers & 2% of all lymphocytes) of tumor reactive antitumor e ects following transfusion.
OT-1 cells were detected. Most of them displayed a central
memory phenotype Kigure 40). The functionality of these
maintained OT-1 cells was further con rmed by measuring N NIH3T3-CM-Programmed CTLs Express
g production level afterin vitro re-stimulation Eigure 4D). Low Levels of PD-1
These data demonstrate that NIH3T3-CM-educated CTLs noln Figures 5C,DQ we observed that NIH3T3-CM-educated CTLs
only exert superior antitumor e ects, but also establish ldegn  expressed low levels of PD-1 in both tumor and spleen.
protective immunity to prevent tumor relapse. Therefore, we wondered whether the decreased PD-1 expnessio
Adoptive T cell therapy together with exogenous IL-2might be an intrinsic characteristic of NIH3T3-CM-programuhe
administration is considered a relatively e ective methdwt CTLs. We rst stimulated OT-1 cellén vitro in the presence
has been extensively used in clinical trig38)( Despite clinical of di erent volumes of NIH3T3-CM and determined PD-1
successes, IL-2 treatment has fatal defect in that high dbse expression. Results showed that NIH3T3-CM down-regulated
IL-2 administration can induce severe dose-limiting taties i CTLs expression of PD-1 during antigen priming in a dose-
patients 85, 36). In this regard, we compared the therapeuticdependent manner Kigure 6A). It is known that PD-1 is
e ect of NIH3T3-CM-educated CTLs with that of medium transiently expressed on T cells after priming and down-
alone-cultured CTLs with co-administration of exogenolis2 regulated after antigen clearanég)), Thus, we assessed whether
(Figure 4B. As expected, co-administration of IL-2 signi cantly PD-1 expression on CTLs was down-regulated after transfer in
improved the antitumor activity of medium alone-cultured OT- antigen-free miceRigure 6B). Without antigen exposure, both
1 cells. However, it exerted lower antitumor e ects compared t medium alone and NIH3T3-CM-cultured CTLs decreased PD-1
adoptive transfer of NIH3T3-CM-educated OT-1 cells withoutexpression. After 7 days of cell transfer, most of NIH3T3-CM-
IL-2 co-administration Figure 4E left). In consistence with educated CTLs abrogated PD-1 expression whereas a certain
regressed tumor growth, NIH3T3-CM-educated OT-1 cellsnumber of medium alone-cultured CTLs still maintained PD-
prolonged mice survival than medium alone-cultured OT-1<ell 1 expressionKigure 6B). No signi cant increase in Tim3 level
with concomitant IL-2 therapyKigure 4E right). was observed on both cultured CTLs (data not shown). Because
As superior antitumor immunity was observed in the group NIH3T3-CM-educated CTLs exhibited more potent ability of
of NIH3T3-CM-educated CTLs treatment, we examined thetumor rejection, the tumor microenvironment of the mouse tha
frequency of transferred cells in tissues of tumor-bearimige. received NIH3T3-CM-educated CTLs might have established
In line with e cient tumor regression by NIH3T3-CM-educated more in ammatory status compared to that of mouse that
CTLs, signi cantly higher frequencies of NIH3T3-CM-eduedt received medium alone-cultured CTLs. Dierence in tumor
CTLs persisted in peripheral blood, spleen, and tumor sitenicroenvironment might also a ect expression levels of PD-
in comparison with those of medium alone-cultured CTLs1 on CTLs surrounded by such environment. To test whether
(Figures 5A,B. Because tumor cell-mediated exhaustion ofthe relatively lower level of PD-1 expression on NIH3T3-CM-
CTLs could a ect the number and overall functionality of tumo educated TILs shown ifigures 5C,Dwas in uencedin situ or
speci ¢ CTLs, we questioned whether NIH-3T3-education coul was an intrinsic characteristic conferred by NIH3T3-CM thg
a ect expressions of immune check point molecules on CTLsin vitro culture, we co-transferred these two cultured OT-1 CTLs
Thus, we analyzed expression levels of PD-1 and Tim-3 ot EG.7 tumor-bearing miceHgures 6C,D. After 6 days of
NIH3T3-CM-educated CTLs or medium alone-cultured CTLsT cell transfer, transferred OT-1 cells in tumor, lymph node,
that migrated to tumors. Results showed that about halind spleen were analyzed. We found that NIH3T3-CM-educated
frequency of NIH3T3-CM-educated CTLs did not express PD-OT-1 (Ly5.FLy5.%) expressed low levels of PD-1 whereas
1 whereas nearly all of medium alone cultured-CTLs expressededium alone-cultured OT-1 (Ly5%EC) expressed high levels
high level of PD-1 Figures 5C,D top panel). Expression levels of PD-1 regardless of analyzed tissugigres 6C,Q top panel).
of another exhaustion marker Tim3 were comparable betweebi erent from results of PD-1 expression, expression pattern of
these two cultures. In consistent with patterns of PD-1 andlim3 was comparable between the two culturEgygres 6C,0
Tim3 expression levels observed on TILs, down-regulation dfottom panel). Taken together, these results suggest that low
PD-1 expression and comparable levels of Tim3 expression welk®-1 expression is an intrinsic characteristic of NIH3T3-CM-
also found on NIH3T3-CM educated CTLs that migrated to theprogrammed CTLs.
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FIGURE 4 | NIH3T3-CM-educated OT-1 CTLs effectively regress EG.7 tumrayrowth along with memory cell generation(A) EG.7 tumor cells (57 104/m0use)
were s.c. inoculated to WT C57BL6/c mice. Then 30-50 mm tumor was established (usually 12—-14 days after tumor inodation). WT CTLs (anti-CD3/CD28
stimulation), medium alone, or NIH3T3-CM cultured OT-1 CTLeKb/OVA beads stimulation, 1 106/mouse) were i.v. injected into tumor-bearing micen(D 6/group).
Tumor growth was then monitored. Serial tumor measurementsvere obtained. (B) At day 60 after the rst tumor challenge, after removing miceltat showed any sign
of tumor growth, survived mice that have received NIH3T3-CMultured OT-1 CTLs were re-challenged with E.G7 tumor cell§5—7 104/mouse). No tumor
experienced mice as control also received the same dose of taor cells. Tumor growth was then monitored(C) At 22 days after tumor re-challenge, mice were
sacri ced and tumor speci ¢ CD8C T cells in spleen were analyzed. R-OVA tetramer staining was used to detect tumor speci ¢ CD§ T cells. Memory phenotype of
tumor speci ¢ T cells was analyzed by anti-CD44 and anti-CD6R antibody. (D) Whole splenocytes were re-stimulated with OV4g7 24 peptides for 2 daysin vitro.
Activated antigen speci ¢ T cells and the expression of IFNy in antigen speci ¢ T cells were determined.(E) As described in A, after 12 days of tumor inoculation,
OT-1 CTLs were transferred to tumor-bearing mice. For the gup of IL-2 administration, 2mg IL-2 once on the day of CTL injection and twice a day on the two
following days were i.p. injected to mice. Tumor growth and srvivals were monitoredif D 4 in OT-1 group;n D 5 in OT-1/IL-2 group; n D 6 in OT-13T3 CM group).
Data are representatives of three independent experiment@\) or two experiments (B—E). Error bars indicate SEM. *P < 0.01; ***P < 0.001; *** < 0.0001.
Two-way ANOVA with Bonferroni's multiple comparison testsComparison of survived curves with Log-rank (Mantel-Coxgsts.

NIH3T3-CM Confers Potential of Human cells) and CD45RO (antigen experienced T cells) were analyzed.
Memory CD8 C T Cell Differentiation We observed that NIH3T3-CM increased CTLs expression
To determine whether murein-derived NIH3T3-CM can alsoOf CD45RO along with decrease of CDA5RA expression
have the same e ect on human CB8T cells, naive CO8 T (Figure 7A). Levels of T-box transcription factors, T-bet, and
cells isolated from peripheral blood lymphocytes (PBL) wer&omes were upregulated by NIH3T3-CMigure 7B). Numbers
polyclonally expanded with increasing amount of NIH3T3-CM of CTLs expanded by anti-CD3 antibody were also dramatically
and surface expression levels of markers CD45RA (naive ificreased when NIH3T3-CM was treatedrigure 7Q). To
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FIGURE 5 | High persistence and low PD-1 expression of NIH3T3-CM-edudad OT-1 CTLs in tumor-bearing mice. 1 10° EG.7 tumor cells were s.c inoculated to
WT C57BL6/c (Ly5.X=C) mice (1 105/mouse). After tumor growth reached 50 70 mm3, 1 106 congenic Ly5.1C= OT-1 CTLs generated in the presence or
absence of NIH3T3-CM (1 D 3/group) were i.v transferred to tumor-bearing mice(A,B) Frequencies of transferred Ly5.§ OT-1 cells in blood, spleen, and tumor were
analyzed at 6 days after T cell transfe(A) Representative FACS data are shown(B) Summarized results of(A). Each dot represents a single mouse(C-D) FACS
analysis of expression level of PD-1 and Tim3 on Ly53 OT-1 cells in tumor and spleen.(C) Representative FACS data andD) summarized frequencies of
populations from (C) are shown. Each dot represents a single mouse(E,F) Whole splenocytes were treated with OVAg7 264 peptides in vitrofor 2 days. Expression
levels of IFNg, TNF-a, and GZMB were evaluated by intracellular FACS analysi€E) Representative FACS data andF) summarized frequencies of cytokine positive
cells from (E) are shown. Each dot represents a single mouse. Two independ# experiments were carried out and similar results were obined. Data are presented
as mean SEM *P < 0.05; **P < 0.01; **P < 0.001. Two-way ANOVA with Bonferroni's multiple comparisn tests (B,F); Unpairedt-test (D).

test their e ects on antigen-specic clones, human naiveexpansionigure 7D). Higher frequency of antigen experienced
CD& T cells were expanded by CMV-pp65 peptide-loadectlones with similar phenotype of memory stem T cells
PBMC in the presence or absence of NIH3T3-CM. After(CD45RA°CD45RC CCR¥) was obtained in NIH3T3-CM-
12 days of expansion, NIH3T3-CM signicantly enhancedcultured CTLs Figures 7D,B. NIH3T3-CM also elevated CCR7
levels of CD45RO, consistent with conditions of polyclonakxpression in CD45RACD45RG cells which dramatically
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FIGURE 6 | NIH3T3-CM -programmed CTLs intrinsically express low levglf PD-1. (A) OT-1 CDECT cells were stimulated with different volumes of NIH3T3-Cof 3
days and levels of PD-1 on CTLs were analyzedB-D) Congenic OT-1 CTLs [Ly5.f3c OT-1 cells cultured in medium alone, Ly5.§ Ly5.2C OT-1 cells cultured in
NIH3T3-CM (50%, v/v)] were co-transferred with ratio of 1:1 t§B) naive WT C57BL6/c (Ly5.§=c) mice @ D 4) or (C,D) EG.7 tumor (50 100 mm3)—bearing WT
C57BL6/c (Ly5.2CZC) mice fi D 4). (B) Levels of PD-1 on transferred cells in peripheral blood lynfmcytes (PBL) of naive mice were analyzed at indicated timeomts
using FACS analysis(C,D) Levels of PD-1 and Tim3 on transferred cells in tumor mass, guinal lymph node, and spleen of tumor-bearing mice were arlgzed at 6
days after T cell transfer(C) Representative FACS analysis anD) frequencies of PD-F cells or Tim¥F cells in transferred cells are shown. Each dot represents a
mouse. Data are representatives of three independent expenents (A) or two experiments (B-D). Data are presented as mean SEM. *P < 0.05; ***P < 0.001;
**HP < 0.0001. One-way (A) or Two-way (B) ANOVA with Bonferroni's multiple comparison tests; Unpaéd t-test (D).

enhanced the frequency of central memory phenotypic cellDISCUSSION

(CD45RA CD45RC*CCR¥F) (Figures 7D,B. These results

suggest that NIH3T3-CM not only confers memory characterdeatures of infused cells such as su cient number of antigen
of mouse CD§ T cells, but also modulates di erentiation specic T cells, capabilities of proliferation and long-term
of human memory CD8 T cells. To anticipate tumor Persistence, successful tumor in ltration, and overcomitig t
reactivity of NIH3T3-CM-educated human CTLs with memory immunosuppressive tumor microenvironment are associated
characters, their cytotoxic activities were determinetH8T3- ~ with clinical benet from ACT. In the current study, we
CM-educated CTLs had higher cytotoxicity than mediumprovided a novel method to generate potent CDE cell
alone-cultured CTLsRigure 7). Mouse embryonic broblasts clones using NIH3T3-CM. NIH3T3-CM augmented e ector
(MEFs) can provide various growth factors and suitabldunctions of CTLs during initial priming and conferred
attachment substrates. They are widely used as feeders gmory associated-characteristics to direct long-liveehrory
support human embryonic stem cell self-renewal and growtt¢ell di erentiation. Furthermore, NIH3T3-CM programmed
(39. Mouse 3T3 cells also have been used as feeders @JLs to reduce PD-1 expression in response to tumor
support long-term survival of human epithelial cells or tissueantigens. Consequently, adoptive transfer of NIH3T3-CM-
progenitor cells 20, 21, 39. Together with our results, programmed CTLs exerted great therapeutic e ects on solid
these facts support the idea that factor(s) secreted frofdmors. Although NIH3T3 cells are murine derived cells,

primary or immortalized MEFs can be cross-reactive toNIH3T3-CM could promote the dierentiation of human
human cells. CD&® T cells into central memory and/or memory stem T
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FIGURE 7 | NIH3T3-CM confers potential of human memory CD8 T cell differentiation.(A—C) Puri ed human naive CD& T cells were expanded by
OKT3/anti-CD28 in the absence or presence of increased volues of NIH3T3-CM. After 7 days of expansion, surface phenotypichanges (A) and transcription
factors (B) were analyzed by FACS analysigC) Counted cell numbers at indicated time points. Each line irhe same color represents a donor(D—F) Puri ed human
naive CD& T cells were expanded by CMVpp65-peptide-loaded PBMCs (iediated) in the presence or absence of NIH3T3-CM. After 12 dayof expansion, surface
phenotype of cDE T cells (D), frequencies of naive and memory cD8T cells (E), and speci c cytotoxicity of the expanded cDE T cells (F) were determined.
Representative results of three donors. Data are presenteds mean SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Two-way ANOVA with Bonferroni's
multiple comparison tests(C,E,F).

like cells during antigen priming. NIH3T3-CM modulated by characterizing levels of e ector molecules production,
CTLs with functionality superior to medium alone-cultured phenotypic  expression, transcriptional regulation, and
CTLs. Therefore, NIH3T3-CM provides a new insight tocytolytic function. Although many studies have reported
ex-vivo culture system to generate potent T cell clonedhat broblasts and broblast like mesenchymal stem cells
for ACT. play immunosuppressive roles on T lymphocyte&), (41),

In this study, we found that NIH3T3-CM augmented our ndings support the idea that embryonic broblasts
antigen induced acquisition of potent e ector CTL clonesalso have the ability to strengthen e ector function of T
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cells (9. Our results are partially in accordance withthat NIH3T3-CM-educated CTLs expressed low levels of PD-
some groups suggesting that conditioned medium fromlL whereas almost all medium alone-cultured CTLs expressed
lung tumor associated broblasts or normal (skin or lung) high levels of PD-1. The same pattern was also observed on
broblasts can enhance IFN- production of CD& T transfused cells that migrated to the spledfig(res 5C,D).
cells (L6). These results indicate the superior antitumor immunity of
During initial TCR stimulation, we found that NIH3T3- NIH3T3-CM-educated CTLs is also contributed by their feature
CM provided signals that could enhance e ector function ofof low expression of PD-1. Another signicant point of
CTLs and modify intrinsic properties of CTLs to developour study is that NIH3T3-CM could directly suppress PD-1
into memory-fated precursors. We further demonstrated thatexpression. It has been reported that Blimp-1 can repress CTLs
NIH3T3-CM-programmed CTLs, compared to medium alone-expression of PD-1 during acute viral infectiofg. Therefore,
cultured CTLs, had higher capacity in long-term persistenc&IH3T3-CM-mediated suppression of PD-1 expression might
and conversion into central memory cells upon transfer intobe in uenced by up-regulation of Blimp-1. Consistence with
naive mice [igure 3). Although phenotypic analysis showed the notion that PD-1 is transiently expressed on CTLs after
that both medium alone and NIH3T3-CM-cultured CTLs early activation and then down-regulated after antigen caae
displaying surface markers (CD1%7 CD27CKLRG1 ) were  (37), we observed that PD-1 was rapidly decreased on NIH3T3-
partially associated with MPECs (CDEECD27CKLRG1 ) CM-educated CTLs following transfer to antigen-free mice
(Figure 2), NIH3T3-CM-cultured CTLs expressed higher levelswhile medium alone-cultured CTLs showed slow PD-1 down-
of central memory markers (CD62L, CD44, and CD122). Thisegulation. Moreover, NIH3T3-CM-educated CTLs kept low
supports the idea thatx-vivo expanded T cells acquiring levels of PD-1 whereas medium alone-cultured CTLs expressed
phenotypic properties of central memory cells have highigh levels of PD-1, although they were in the same tumor
potential of memory pool formation§, 42, 43). Furthermore, microenvironment EFigures 6C,0. These results imply that
expression of CD62L on eector C8 T cells plays an NIH3T3-CM-programmed CTLs with characters of memory
important role in facilitating cells entry into secondaryrphoid  cells might have potential of resistance of PD-1 expression
or inamed tissues 44). Consistent with this notion, high whereas medium cultured CTLs with low ability of memory
levels of CD62L may promote NIH3T3-CM-cultured CTLs cell dierentiation are inclined to express high level of PD-
homing to peripheral lymphoid organs where they residel in tumor microenvironment. In addition, a recent report
to further develop to long-lived central memory cells underhas shown that CD8 TILs fail to in Itrate to tumor islands
antigen free condition or they are rapidly stimulated afterdue to PD-1/PD-L and FAS/FAS-L induced apoptosis by tumor
antigen re-encounter. Transcriptional programs that cohtro associated broblasts (TAFs}). This indicates that NIH3T3-
fates of e ector and memory COBT cell were also observed. CM-programmed CTLs with the intrinsic characteristic of low
Consistence with the notion that Eomes are preferentiallfPD-1 expression may escape TAF induced apoptosis.
increased relative to T-bet in memory cell developmet;, @8, Although we have not yet identi ed the e ective factor(s)
45), we observed that NIH3T3-CM dramatically enhanced levelderived from NIH3T3, our current results on NIH3T3-
of Eomes whereas medium alone-cultured CTLs always kef@M together with our previous investigations of MEF-CM
very low levels of Eomes during TCR stimulatidfiqure 2Q. (19 suggest that the factor(s) (not cytokines) involved in
In addition, NIH3T3-CM elevated Bcl-6 leveld=igure 2D). the modulation of CTL dierentiation may not be a single
These results indicate that NIH3T3-CM-induced transcripad  factor. MEF-CM and NIH3T3-CM and some adult broblast-
programming plays a crucial role in the development of memory-CM (16) may share similar factor(s) that enhance CTL
fated clones. e ector functions. Especially, factor(s) derived from MEFs
We also validated that murine derived NIH3T3-CM could might be mainly responsible for enhancement e ector
direct di erentiation of human CD& T cells into memory- function of CTLs while unique factor(s) derived from
phenotype cells which showed increased expression of CCRIH3T3 might direct memory programming of CTLs.
and CD45R0O. Primary mouse embryonic broblasts or theirFuture studies focusing on growth factors, extracellular
immortalized cell lines including 3T3 cells are widelyiatld as matrix proteins, and exosomes are needed to identify
feeders to facilitate self-renewal of human primary céll$ 21,  soluble molecules.
38,39. Our ndings are consistent with previous studies because In conclusion, NIH3T3-CM-educated CTLs exhibited
self-renew is a signi cant character of memory cells. characteristics related to memory lineages which enabled
Although adoptive cells after transfusion tenaciously havéheir dierentiation to long lived-central memory cells
survived and in Itrated to tumors, another obstacle to sessful —after adoptive transfer. NIH3T3-CM also could program
cancer immunotherapy is overcoming the immunosuppressiv€TLs to reduce expression of PD-1 in response to
environment of the tumor. Exhaustion markers PD-1 and Tim3tumor. Three dierent therapeutic models powerfully
are highly expressed on tumor in ltrating cells, leading todemonstrated that NIH3T3-CM-educated CTLs could
promotion of immune evasion of tumor cellsi§, 47). In this e ciently regress tumor growth with high potential for
study, we found that NIH3T3-CM-educated CTLs e ectively ACT even if the number of transferrable cells was limited.
regressed tumor growth due to their ability of survival andAlthough soluble factor(s) underlying modulation CB8
their prominent tumor reactivity. In tumors, we also obsedve T cells remains to be identied, our ndings provide a
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