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A cytokine cocktail directly modulates the phenotype
of DC-enriched anti-tumor T cells to convey potent
anti-tumor activities in a murine model
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Abstract  Adoptive cell transfer (ACT) using ex vivo-
expanded anti-tumor T cells such as tumor-infiltrated
lymphocytes or genetically engineered T cells potently
eradicates established tumors. However, these two
approaches possess obvious limitations. Therefore, we
established a novel methodology using total tumor RNA
(ttRNA) to prime dendritic cells (DC) as a platform for
the ex vivo generation of anti-tumor T cells. We evaluated
the antigen-specific expansion and recognition of T cells
generated by the ttRNA-DC-T platform, and directly
modulated the differentiation status of these ex vivo-
expanded T cells with a cytokine cocktail. Furthermore,
we evaluated the persistence and in vivo anti-tumor effi-
cacy of these T cells through murine xenograft and syn-
geneic tumor models. During ex vivo culture, IL-2
preferentially expanded CD4 subset, while IL-7 enabled
homeostatic proliferation from the original precursors. T
cells tended to lose CD62L during ex vivo culture using
IL-2; however, IL-12 could maintain high levels of
CD62L by increasing expression on effector T cells
(Tem). In addition, we validated that OVA RNA-DC only
selectively expanded T cells in an antigen-specific man-
ner. A cytokine cocktail excluding the use of IL-2 greatly
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increased CD62L™E" T cells which specifically recognized
tumor cells, engrafted better in a xenograft model and
exhibited superior anti-tumor activities in a syngeneic
intracranial model. ACT using the ex vivo ttRNA-DC-T
platform in conjunction with a cytokine cocktail generated
potent CD62L"€" anti-tumor T cells and imposes a novel
T cell-based therapeutic with the potential to treat brain
tumors and other cancers.

Keywords Central memory T cells (Tcm) - CD62L -
Dendritic cells (DC) - Intracranial cerebellar (IC)
tumor - Adoptive cell transfer (ACT) - Immunotherapy

Introduction

Dendritic cells (DCs) are potent stimulatory cells that con-
stantly survey the antigenic environment of the host and spe-
cifically activate T and B cells responses [1, 2].
Immunotherapy using DC loaded with peptides or tumor
antigen extracts has been demonstrated with potent anti-tumor
activity against brain tumors [3-5], and there is accumulating
evidence that RNA transfection represents a superior method
for loading antigens onto DC [6]. However, vaccination with
total tumor RNA (ttRNA) primed DC as a cancer therapy relies
upon engendering a robust immune response to tumor targets,
and it is well-documented that glioma cancer-initiating cells
can suppress immunity through inhibiting T-cell proliferation
and impairing effector responses [7-9].

Thus far, adoptive cell transfer (ACT) using ex vivo-
expanded tumor-infiltrated lymphocytes (TILs) or periph-
eral blood lymphocytes (PBLs) with genetically engineered
anti-tumor T-cell receptors (TCRs) or chimeric antigen
receptors (CARs) have shown the most success in eradi-
cating melanoma [10, 11] and completely removing tumor
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cells in leukemia [12]. However, genetically engineered
receptors target only one tumor-associated antigen and
often face tumor evasion from T-cell surveillance due to
the loss of tumor antigen. TILs represent both potent and
polyfunctional anti-tumor T cells with multiple specifici-
ties, but are limited to the treatment of melanoma due to
the requirements of identifying and then successfully
expanding pre-existing tumor responsive cells ex vivo.
Interestingly, the infiltration of CD8 T cells in newly
diagnosed glioblastoma (GBM) is associated with an
increased long-term survival [13]. However, due to the size
of resected tumor samples and the difficulty in identifying
pre-existing tumor responsive T cells, TILs are impractical
for brain tumor management. In this study, we have cir-
cumvented these technical hurdles by creating a novel
ttRNA-DC-T platform for the ex vivo expansion of potent
“TIL-like” anti-tumor T cells for the treatment of brain
tumors.

One practical issue regarding ex vivo-generated anti-
tumor T cells is the progressively terminal differentiation
that enables full in vitro effector functionality but para-
doxically impairs in vivo anti-tumor efficacy [14]. This
differentiation status can be modulated by the following:
(1) the duration of culture, (2) the addition of pharma-
ceuticals, and (3) the combinations of cytokines utilized
in vitro [14-17]. Cytokines sharing common <yc chain
receptors, i.e., IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21,
play an important role during immune responses in vivo
and contribute to long-term T-cell memory formation [18].
Currently, many clinical ACT protocols use IL-2 for
ex vivo expansion of anti-tumor T cells although IL-2
additionally expands and activates immunosuppressive
CD4"CD25"FoxP3" Tgegs. In contrast, IL-7 directly
inhibits Tregs function and releases the natural regulatory
brakes on T cells via signaling through the high-affinity IL-
7R present on both naive and memory Tgegs [19]. Except
cytokines sharing yc chain receptors, IL-12 is another
important cytokine, which plays a pivotal role in the reg-
ulation of T-cell differentiation and memory formation
[20-22], and the priming of naive CD8" T cells with IL-12
selectively enhances the survival of CD8TCD62L " cells
and results in superior anti-tumor activity in a tolerogenic
murine model [23]. Compared to IL-2, it has been dem-
onstrated that IL-7 and IL-21 could preserve less-differ-
entiated effector T cells and enrich for tumor-reactive
CD8™ T cells [24-26].

In fact, the barriers that prevent humoral immune
components from entering the brain are not an impediment
to T-cell-mediated ACT as activated T cells have been
clearly shown to have full access to the brain [27, 28]. Our
rationale to use CD62L as a maker to indicate the differ-
entiation status of ex vivo-cultured T cells was based upon
our previous reports; in that, CD62L along with CD44
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could classify the ex vivo-cultured T cells into Tem, Tcm,
and Tn which mimic the in vivo antigen experienced T
cells [29, 30]. In this study, we established a novel meth-
odology to ex vivo generate anti-tumor T cells for the
adoptive therapy of brain tumors. Our unique cytokine
cocktail generates CD62L™E" anti-tumor T cells which
convey superior anti-tumor activities in a murine IC tumor
model.

Materials and methods
Cell culture

The PBMCs were obtained from healthy donors and brain
tumor patients seeking treatments at DUKE Medical Cen-
ter under approved clinical protocols. Cytokines for human
and murine IL-7, IL-12, IL-15, and IL-21 were purchased
from PEPROTECH (Rocky Hill, NJ, USA), and IL-2
(Aldesleukin) was from PROLEUKIN (San Diego, CA,
USA). Human T cells were cultured in AIM-V (Invitrogen,
Grand Island, NY, USA) with 2 % human AB serum, while
murine T cells were cultured in RPMI with 5 % FBS, and
both medium were supplemented with 100 U/ml Penicillin/
Streptomycin, 1 mM L-glutamine, 55 uM B-ME, 1 mM
Sodium pyruvate, 0.1 mM NEAA, and 10 mM HEPES
(Invitrogen). Murine KR158 (kindly provided by Dr. Tyler
Jacks) was derived from an astrocytoma in a
NF1~/~:p53~/~ C57BL/6-mouse, and murine tumor lines
B16F10 and B16F100VA that were cultured in DMEM
with 10 % FBS. Human brain tumor line U87 was cultured
in 10 % FBS MEM zinc medium. All cells were cultured at
37 °C in a 5 % CO, humidified incubator.

The preparation of amplified ttRNA from human brain
tumor and ttRNA from human and murine tumor lines

The resected brain tumor samples from patients were
fragmented and lysed according to standard protocol at
Brain Tumor Immunotherapy Program (BTIP). For ttRNA
amplification, the CellDirect lysate was used for 1st-strand
cDNA synthesis with SMARTScribe Reverse Transcriptase
(ClonTech, Mountain View, CA, USA) using CDS Primer
IITA. The l1st-strand cDNA libraries were amplified with
ClonTech’s Advantage 2 Polymerase PCR kit (ClonTech)
by primers CDS Primer IIIA and T7-Smart. The PCR
products of pre-amplified cDNA were purified with QIA-
quick PCR Purification kit (Qiaqgen, Valencia, CA, USA).
The ttRNA were synthesized using PCR-amplified cDNA
library as templates by T7 mMessage mMachine™ Tran-
scription Kit (Ambion, Grand Island, NY, USA). TtRNA
from U887, KR158, B16F10, and B16F100VA lines was
isolated using RNeasy Maxi Kit (Qiagen) following



Cancer Immunol Immunother (2013) 62:1649-1662

1651

product manual, and the quality of ttRNA was evaluated
using NanaDrop at 260 nm. OVA-RNA for ex vivo
expansion of murine T cells was in vitro transcribed using
T7 driven pGEM4Z (Promega, Madison, WI, USA) vector
harboring OV A-expressing cassette.

Preparation of human and mouse DC

The procedures to generate human DC were described
previously [31]. Briefly, the autologous DC were generated
from PBMCs in patients diagnosed with GBM. PBMCs
from leukapheresis were further purified by Ficoll/Hyp-
aque cushion centrifugation. After 5 extensive washes to
remove platelets, 2 x 10° cells were plated into T-150
flask with 18 ml 2 % human AB serum in AIM-V for 1 h
and non-adherent cells (NAs) were harvested and cryo-
preserved as sources for T cells. The adherent cells were
cultured in 15 ml AIM-V (no serum) containing 500 U/ml
human IL-4 and 800 U/ml GM-CSF (R&D Systems,
Minneapolis, MN, USA) for 4 days, and then, another
15 ml medium as above was added for additional 3 days.
At day 7, DC were harvested using dissociation buffer
(Invitrogen) and centrifuged at 1,200 rpm, 8 min, RT.
Cells were washed twice and gently re-suspended in Opti-
MEM at 2.5 x 10"/ml; 100 pg amplified ttRNA or 200 pg
ttRNA from U87 line were added to 5 x 10’ DC and
thoroughly mixed. About 5 x 10° cells in 200 pl buffer
were added to the 2-mm cuvette and placed into Electro
Square Porator ECM 830 (BTX Harvard Apparatus), and
then pulsed at 300 V for 500 ps (Mode, LV). The cells re-
suspended at 3 x 10° cells/ml were then immediately
transferred to T150 flask in 30 ml medium containing the
maturation cytokine cocktail (800 U/ml GM-CSF, 500
U/ml IL-4,10 ng/ml TNF-o, 10 ng/ml IL-1fB, and 1,000
U/ml IL-6) (R&D Systems) and incubated overnight. The
DC were either used as stimulators for human T cells or
cryopreserved. For murine DC, the procedures were
modified at BTIP based on published protocol [32].
Briefly, bone marrow cells from both rear legs including
tibia, femur, and sternum were extracted following stan-
dard sterile procedures. After pooling the bone marrow
cells and filtering through 70-pm cell strainer (BD Bio-
sciences), the cells were centrifuged at 500 g for 5 min RT
and re-suspended in 3 ml ammonium chloride per 5 mice
harvested followed by incubation at RT for 3—4 min. The
lysing for RBC was stopped by adding 30 ml cold RPMI
with 10 % FBS. The cells were then filtered through
70-um cell strainer again followed by centrifugation and
re-suspended in RPMI containing 5 % FBS, GM-CSF, and
IL-4 (20 ng/ml) (Peprotech), and the other supplements
were as described above. The cells were plated at 3 x 10%
well at 6-well plates. At day 3, media was removed and the

well was gently washed three times before adding fresh
media. At day 7, the cells were harvested. After centrifu-
gation, the cells were washed and re-suspended in Opti-
MEM at 25 x 107/m1, and 200 pl aliquots were
transferred into cuvettes with 25 ug ttRNA from the
KR158 line. The electroporation conditions were set up as
above. The cells were collected and re-plated using
5 x 10°well at 6-well plates in RPMI medium as descri-
bed above with additional 0.5 pg/ml lipopolysaccharide
mitogen (LPS) (Sigma, Ronkonkoma, NY, USA) over-
night. The next day the matured ttRNA-DC was collected
for stimulation of murine T cells.

Co-culture of DC with T cells

Human T cells from frozen samples were recovered over-
night using AIM-V medium without cytokines. After
ttRNA electroporation, ttRNA-DC was co-cultured with T
cells at a ratio of 1:4-10 (DC-T cells) depending on the
availability of DC. The co-culture was carried out using
24-well plates with 1 x 10° T cells/well. The cytokines or
their combinations were added as illustrated in each figure
legend. In some experiments, T cells were labeled with
0.5 uM CFSE (Invitrogen) following manufacturer’s
instructions. For murine T cell culture, the ratio of DC:T
cells from spleen was kept at 1:10 due to the difficulties in
generating enough numbers of ttRNA-DC. Two million T
cells per well in 24-well plates were co-cultured with
appropriate numbers of ttRNA-DC in RPMI-1640 medium
supplemented with cytokines IL-2, IL-7, IL-12, and IL-21
(Peprotech).

Flow cytometry and analysis

Flow cytometry was performed using FACSCalibur and
FACSCanto (BD Biosciences). The viability of cells was
determined by a combination of forward angle light scatter
and 7-AAD staining of dead cells. Cell surface expression
of CD3, CD4, CD8, CD25, CD27, CD28, CD44, CD70,
CD62L, and CD45RO was measured using fluorescent-
conjugated antibodies (BD Biosciences). The levels for
IFNY, IL-2, and FOXP3 were determined by intracellular
staining using fluorescent-conjugated IFNy, IL-2 antibod-
ies (BD Biosciences), and FOXP3 antibody (eBiosciences,
San Diego, CA, USA). All FACS data were analyzed using
FlowJo 8.1.1 software (FlowJo, Ashland, OR, USA).

Animal models
After 10 days of ex vivo expansion, 3.5 x 10° human T

cells from each group were harvested and re-suspended in
PBS and injected intravenously into 6—8-week-old female
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NSG mice. After 30 days, mice were killed and lympho-
cytes were extracted from lymph nodes (LN). Flow-Count
Fluorospheres (Beckman Coulter, Brea, CA, USA) were
added to determine the cell numbers and analyzed by flow
cytometry. Female C57BL/6 mice 6-8 weeks old were
used for implanting IC tumor. KR158 cells were harvested
with 0.25 % trypsin containing 0.02 % EDTA and washed
once in serum-containing medium and twice in PBS. The
cells were mixed with an equal volume of methylcellulose
in zinc option medium and loaded into a 250-pl syringe
(Hamilton, Reno, NV, USA) with an attached 25-gauge
needle. Thirty-thousand cells in a volume of 5 pl were
implanted into the right caudate nucleus of the brain using
Quitessential Stereotaxic Injector system (Stoelting Co.
Wood Dale, IL, USA). Four days after IC tumor implan-
tation, mice received 5 Gy total body irradiation using
Shepherd irradiator. Next day, mice were injected with
0.5-1 x 10° ttRNA-DC intradermally (ID) and infused
with 1 x 10° T cells intravenously (IV). On days 7 and 14
after ACT, mice were vaccinated twice with 0.5-1 x 108
ttRNA-DC intraperitoneally (IP). Mice were checked daily
and killed as needed with humane endpoints.

Results

The ex vivo ttRNA-DC-T co-culture under each
cytokine unveils the signature division

To examine ttRNA-DC as a platform for the ex vivo
expansion of anti-tumor T cells, we evaluated the impact of
DC on T-cell proliferation in the presence of a panel of
cytokines and DC to T cell ratios (Fig. 1a, 1st,2nd rows). We
found different cytokines induced “signature division pat-
terns.” IL-2 preferentially expanded one subset during
ex vivo culture, while IL-7 enabled homeostatic division
from the original precursors (Fig. 1a, 1st and 2nd columns).
To determine the signature division patterns of CD4* and
CDS8™ T cells (highlighted in a dotted square within Fig. 1a),
we plotted the progeny of CD4" and CD8™ T cells as his-
tograms reflecting the percentage of each division (Fig. 1b).
The summary of T cell generations cultured with IL-2 or IL-7
(Fig. 1c) clearly indicated CD4 " and CD8™ subsets undergo
distinct division patterns when exposed to these cytokines
(Fig. 1c). Because only IL-2 and IL-7 support the prolifer-
ation of ex vivo-cultured T cells, we sought to investigate the
biological role of these cytokines in driving T-cell prolifer-
ation. The preferential expansion of one subset in the pres-
ence of IL-2 occurred from day 8 to day 10 with or without
DC coculture and was identified as CD3*CD25"¢" (data not
shown). Compared to the use of IL-7, IL-2 culture yielded a
significantly higher percentage of CD3"CD25™" T cells and
CD4*CD25"¢"FOXP3"" Ty, (data not shown).
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Cytokines used during co-culture determine
the phenotype of ex vivo-expanded T cells

We next evaluated combinatorial cytokine cocktails (IL-2,
IL-7, IL-12, and IL-21) for the optimization of ttRNA-DC
driven T-cell generation. IL-12 and IL-21 play pivotal roles
in memory formation and the facilitation of antigen pre-
sentation [22, 25], and IL-7 sustains homeostatic T-cell
expansion after initial tRNA-DC priming. IL-15 was not
selected as its functionality is similar to IL-2, and it has
shown no effect in preserving CD62L expression [30]. The
purity for end products from the combinatorial cocktail (IL-
7,1L-12, and IL-21) was similar to a culture with IL-2 alone
as T cells were >95 % of total cells in both co-cultures (data
not shown). cytokines cocktail significantly increased the
percentage of CD8 T cells, versus the gold-standard of IL-2
alone; the use of IL-12 or a cytokine cocktail significantly
increased the percentage of CD62L positive cells, and the
use of IL-7 or IL-21 was capable of increasing the expres-
sion of CD27 (Fig. 2a). The levels of CD28 remained
higher without a significant variation (Fig. 2a). Compared
to dotted lines indicating the expression of each marker at
day 1, we saw only the levels of CD28 remained up-regu-
lated, while other markers stayed unchanged (CDS and
CD62L) or significantly decreased (CD27). T cells were
expanded at an extent of onefold—fivefold with variations
from donors to donors, and there was a trend for decrease in
the IL-21 group, but no significant difference was observed
among different cytokine groups (Fig. 2b).

IL-12 maintains the high levels of CD62L
expression in total and divided subpopulations
of ex vivo-expanded T cells

A cytokine cocktail significantly enhanced the levels of
CD62L expression (Fig. 2); therefore, it is pivotal if we
could determine the unique role of each cytokine in
orchestrating this consequence. IL-12 has been shown to
possess the potent anti-tumor activity in a wide variety of
murine tumor models [33-35], and the mechanisms
through which IL-12 elicits its potent antitumor activity
remain to be elucidated. Our previous study has identified a
homing molecule CD62L that correlates with a less-dif-
ferentiated phenotype of ex vivo-cultured anti-tumor T
cells, which lead to an enhanced engraftment in xenograft
model [29, 36]. However, the role of cytokines in ttRNA-—
DC-T platform has not been investigated thus far. In
Fig. 3, the levels of CD62L were monitored following
CFSE dye dilution on total and divided subpopulations
over time. The signature division under IL-2 and IL-7 was
highly reproducible (Fig. 3a). Except the addition of IL-12,
the levels of CD62L kept decreased in divided subpopu-
lations (Fig. 3a). The use of IL-2 maintained the lowest
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levels of CD62L, while IL-12 kept it at a higher level
(Fig. 3b). In addition, the ratio of CD62L+/— (positive/
negative) from the divided subpopulations in either IL-12
or cocktail group stayed higher compared to the use of IL-
2, indicating the use of IL-12 was responsible for higher
levels of CD62L expression (Fig. 3b, c¢). Furthermore,
we sorted ex vivo-cultured CD8+4+ T cells as
CD45RO"CD62L~ (Tem) and CD45ROTCD62L* (Tcm)

Chme L
G3 G2 G1 GO

a7 Go
(Fig. 3d): When we cultured the sorted cells in the presence
of IL-2 or IL-12 for 7 days, the levels of CD62L on Tcm
subset were remained at high levels irrelevant to the use of
IL-2 or IL-12, while on Tem subset, we found the use of
IL-12 led to re-expression of CD62L (Fig. 3e). Therefore,
the data implied that the high levels of CD62L in the
presence of IL-12 are through the re-induction of CD62L
on the subset of Tem (Fig. 3).
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Fig. 2 The effect of cytokines

A 8o s 80 - "
or their combinations on A h~i AN -
phenotype and proliferation of X 60 T o E 6 ¥ 8 60 o T eo @ o
ttRNA-DC ex vivo-expanded O 40de = * - — = O 40 = vy — ° o =& ¥

. e henscnunmanmendTERaman cag@aseszeeseennan Y - . = =
anti-tumor T cells. a The 2 e — v - =} v Cc” -~* —_ a
phenotypic analysis after X 2047, -:._ FolD & o A ® 20 - s * o U

. . -
ex vivo expansion. The data oLV o -
from 4 donors were presented as AT A AT LA ARG AN A AN A AT LA ARG A
DR AN o DR R AR o
average + SD. The dashed DD \\.’{Loo DD \\;{1« S
lines represent the percentage of
each marker at day 1 after
overnight recovery using 80 ** **
------------------- . TLTRLIREIRE 100
medium without cytokines: N 40 - . T v Q ~ % 2 Ne 2 B 2 w
37.1 % for CDS8; 53.1 % for 8 30 T 8 PR e
CD62L; 46.7 % for CD27,; %S 20 _ v - ™ % 50 v
s i R et atateled
389 % for CD28. The Student’s R qol=s 2. ™ * ° @ i - ®
t test for mean was used for o * o
statistical analysis. b The fold N . ) j S x A S N .

- : A A AN LA™ AN OB A A N AN A
expansion of ex vivo ttRNA— hd \\/'q/\\’ -\\;"\\?',\\\\«')\\\\9;‘5\\5"&:@ X \\?’\\’ \\"\*"’{Lf\\\\::\\\\'q:)&\?e}*@
DC-expanded T cells for RSP RSP
10 days. Asterisks indicate
p < 0.001 compared to IL-2 B s
group. IL-2+ group: For the % - a
first 3 days of co-culture, IL-2 “q‘, 4 - v o v
was supplemented, and then, IL- 2 * . L, v -

7 was added for the rest of % 29 . 2 e o "; = =
oD
culture o * a . L o ¥
O T T T T T T T
A A > N
RSP

ttRNA-DC ex vivo-expanded human T cells commit
specific recognition and lytic activity

To show the proof-of-principle that ttRNA-DC ex vivo-
expanded T cells enable the specific recognition and lysis
toward tumor cells, we chose two donors of HLA-A2+/
HLA-A2- and electroporated with ttRNA from U87 HLA-
A2+ line (Fig. 4a). After 12-day culture, we found the
characteristic phenotype (as shown in Figs. 2, 3) that the
cocktail culture yielded T cells with high levels of CD62L
expression (Fig. 4b). Both culture conditions endowed T
cells with the potential to specifically induce IFNy when
co-cultured with U87 line in a HLA-A24 restricted
manner (Fig. 4c). Moreover, U87 ttRNA-DC-expanded
autologous T cells irrelevant to culture conditions com-
mitted as a specific lysis determined by HLA-A2+
restriction (Fig. 4d). A lesser extent of lysis was seen
when T cells were cultured in a cocktail, and we reasoned
that a substantial amount of Tn subset in this condition
accounted for this phenomenon, which is consistent with
our previous observation that Tn subset indeed commits a
reduced lytic activity [29]. However, when co-cultured
with U87, some background signals were seen in HLA-
A2-T cells (Fig. 4c, d) and we did not have an explanation
at this time.
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OVA-RNA-DC facilitate the antigen-specific T-cell
expansion and recognition toward antigen-associated
targets

We have shown that ttRNA-DC-expanded T cells are
capable of committing specific lysis, and a cocktail culture
directly modulate the less-differentiated phenotype; how-
ever, we did not have any clues that ttRNA-DC were
initiating an antigen-specific expansion of T cells during
ex vivo culture. The defined antigens from ttRNA
remained elusive, which is hard for us to evaluate the
expansion of a definite T-cell subset corresponding to a
specific tumor antigen. To validate that ttRNA-DC are
indeed driving an antigen-specific expansion, we chose
murine OVA-specific T cells from OT-1 mice. When T
cells from WT or OT-1 mice were expanded with OVA
RNA-DC, we found a specific expansion only occurring
at OT-1 OVA tetramer T cells (Fig. 5a). To further
illustrate the antigen-specific expansion, we used OVA
RNA-DC to expand the mixed T cells from WT and OT-1
mice, and showed the percentage of OVA Tetra+ T cells
from one representative culture (Fig. 5Sb, upper panel)
after co-culture with ctrl-DC for 6 days, which basically
represented the ratio of initial mixture. However, we saw
OVA-antigen-specific T-cell expansion when OVA RNA-
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Fig. 3 IL-12 is responsible for high levels of CD62L expression.
a The effect of cytokines on dynamic expression of CD62L. T cells
were stained with CFSE and co-cultured with ttRNA-DC. The
proliferation in each group was monitored by CFSE dilution. The dot
plots were displayed with the levels of CD62L on y axis and CFSE on
x axis. The numbers below each dot plot represent the percentage of
cells on each quadrant after 10 days ex vivo culture. The divided
subsets were highlighted within the dotted squares. The use of
cytokines or their combinations was denoted on top of each dot plot.
b Statistical analysis of CD62L expression on the total population.
The percentage of CD62L on the total population of T cells including
divided and non-divided subsets was plotted. The data represent the
average £ SD from 6 experiments. ¢ The ratio of CD62L+ versus
CD62L— subsets (CD62L+/—) from divided subsets. The ratio of

DC was used, which was irrelevant to the use of IL-2 or a
cocktail (Fig. 5b, lower panel). It seemed an enrichment
of OVA Tetra+ T cells from WT mice as well (Fig. 5a,
b); however, the extent of expansion was kept to a min-
imum. To test the antigen-specific recognition,
observed the specific IFNy induction only in expanded T

we

CD62L+-/— from divided T-cell subsets (as highlighted in the dotted
squares) from 4 independent experiments was presented as aver-
age £+ SD. d The sorting of CD62L+ and CD62L— subsets. The
isolated CD8 T cells were stimulated with OKT3 and cultured in the
presence of IL-2 for 7 days, and sorted using flow cytometry based on
CD45RO+CD62L— (Tem) and CD45RO+CD62L+ (Tcm) subsets
(left) and post-analyzed based on the expression of CD62L (right).
e IL-12 leads to re-expression of CD62L on Tem. After sorting, Tem
and Tem were cultured in the presence of IL-2 (100 IU/ml) or IL-12
(20 ng/ml) for 5 days before the expression of CD62L was analyzed
by flow cytometry. The figure on right represents the percentage of
CD62L from 3 donors. Student’s ¢ test for mean was performed,
asterisks indicate p < 0.01

cells co-cultured with antigen-matched surrogate targets or
tumor lines (Fig. 5¢). Ctrl-DC-expanded T cells slightly
recognized the surrogate targets and tumor lines at a
background level, but the other expanded T cells showed
an enhanced specific recognition toward antigen-associ-
ated targets (Fig. 5¢).
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A cytokine cocktail modulated phenotype of ex vivo-
expanded anti-tumor T cells promotes the engraftment
in NSG mice

Using the regimen of a defined combination of cytokines as
described in Fig. 2, the human T cells were ex vivo-
expanded and injected intravenously into the NSG mice.
Thirty days later, we killed mice and extracted lympho-
cytes from lung, spleen, and LN, and we could detect the
enhanced engraftment of human T cells in LN from a
cytokine cocktail-treated group, and the difference of per-
sistent cells reached statistically significant when we cal-
culated viable human T cells based on flow cytometry
analysis (Fig. 6a). The phenotype of expanded T cells
before infusion was consistent with previous observation;
in that, the use of a cytokine cocktail increased the levels of
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«Fig. 4 ttRNA-DC ex vivo-expanded human T cells commit specific

recognition and lytic activity. a The analysis of HLA-A2 on PBMC
and U87 line. HLA-A2 expression in human U87 tumor line and
PBMC was measured by fluorescent-conjugated HLA-A2 antibody.
For abbreviation, positive was labeled as pos and negative as neg. One
representative PBMC from HLA-A2 pos/neg donors was shown.
HLA-A2 expression was denoted on left of the image. b The
phenotype of ex vivo ttRNA-DC-expanded T cells. Human DC were
electroporated with ttRNA from US87 tumor line followed by
overnight maturation as described in “Materials and methods”
section; the T cells from HLA-A2+/— donors were co-cultured with
ttRNA-DC in the presence of IL-2 or a cocktail for 12 days. The
phenotype of T cells was analyzed using fluorescent-conjugated
CD62L and CD45RO antibodies by flow cytometry. ¢ The specific
IFNYy induction. DC from both donors was electroporated with ttRNA
or pseudo-electroporated, which were co-cultured with T cells from
autologous donors. After 12 days expansion, T cells (2.5 x 10°/well)
were co-cultured with U87 at a ratio of 10:1, and the levels of IFNy
were measured by ELISA kit. d The specific lysis of U87 tumor line.
T cells cultured with IL-2 (/eft) and a cocktail (right) were co-cultured
with U87 cells at different ratio of effector to target (E:7) for 5 h
before the lytic assay was performed using CytoTox 96 non-
radioactive cytotoxicity assay

Fig. 5 RNA-DC facilitates the antigen-specific T-cell expansion and P
recognition toward antigen-associated targets. a OVA RNA-DC leads
to the defined expansion and enrichment of OVA-antigen-specific T
cells. OVA-RNA was in vitro transcribed using pGM4Z vector
harboring OV A-expressing cassette. Murine DC were electroporated
with OVA RNA followed by overnight maturation; the splenic T cells
from WT or OT-1 of C57bl/6 strain were co-cultured with OVA RNA—
DC at a ratio of T-cell to DC, 10:1. After 6 days of ex vivo culture in
the presence of IL-2 (30 IU/ml), the expansion of T cells was
calculated and plotted. The percentage and phenotype of OVA Tetra+
T cells were analyzed using flow cytometry. b The specific expansion
of OVA-antigen-specific T cells from a mixed population. DC was co-
cultured with T cells from OT-1 or WT mice or their mixture at a
decreased ratio of OT-1 to WT for 6 days. Upper panel the percentage
of OVA Tetra+CD8+ T cells from a representative T-cell culture with
ctrl-DC was indicated in squares of each image; lower panel based
upon the criteria from upper panel, the percentage of OVA
Tetra+CD8+ T cells co-cultured with ctr]l-DC or OVA RNA-DC in
the presence of IL-2 or cocktail was shown, and the data were plotted
as average = SD from 3 independent experiments. ¢ The specific
IFNY induction occurs only in antigen-associated targets. The different
types of RNA-DC-expanded T cells were used as effector cells, and
the antigen-associated targets were from B16F10 and BI6F100VA
tumor lines, and from DC electroporated with RNA (OVA, B16F10,
and B16F100VA) as surrogate targets. Except the last group cultured
with a cocktail, the others were cultured with IL-2. After 7 days
expansion, T cells (2.5 x 10°/well) were co-cultured with targets at a
ratio of 10:1, and the levels of IFNy were measured by ELISA kit

CD62L and CD27, while the levels of CD25 and CD70
were decreased (Fig. 6a, lower panel).

A cytokine cocktail-modulated CD62L"E" phenotype
of anti-tumor T cells conveys the superior anti-tumor
activities in a murine IC tumor model

From a translational point of view, it was difficult for us to
establish a model to evaluate the in vivo anti-tumor effi-
cacy of these ex vivo-cultured human anti-tumor T cells.
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Alternatively, we sought to use a syngeneic murine IC  mice were IC implanted with KR-158 murine brain tumor
tumor model to evaluate the cytokine cocktail-modulated  line for 5 days, and 1 day before T cells infusion, mice
anti-tumor T cells in mediating tumor regression. C57bl/6  received 5 Gy irradiation and ttRNA-DC vaccination.
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Fig. 6 A cytokine cocktail-modulated CD62L™E" phenotype corre-
lates with persistence and superior anti-tumor activities in murine
models. a The enhanced engraftment in LN of NSG mice. After
30 days, LN from each mouse in 3 groups was analyzed by flow
cytometry using anti-human CD3 antibody on left (upper panel); the
total number of engrafted human T cells were calculated using
Fluorospheres, and the average & SD from 4 mice/group was
calculated and plotted on right. MI-M4 on top of each image
indicates mice on each individual group. Lower panel T cells before
infusion were analyzed using a panel of antibodies; the histograms
representing each marker were overlaid, and the lines represent each
group of cells was indicated on /eft. b A cytokine cocktail-modulated
CD62L"" phenotype of anti-tumor T cells conveys the superior anti-
tumor activities in a murine IC tumor model. The therapeutic
procedures were schematically illustrated. C57bl/6 mice were
implanted with IC tumor using KR158 cells for 5 days before ACT,
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and 1 day before, ACT mice received 5 Gy total body irradiation. On
day 0, 1 x 10° ex vivo-cultured T cells were infused IV followed by
ttRNA-DC vaccination ID. After ACT, two additional ttRNA-DC
vaccinations were executed on a weekly basis by IP injection. ¢ A
cytokine cocktail-modulated T cells lead to a prolonged survival.
Mice (7 mice/group) were implanted with IC tumor, and the groups
indicate the use of DC alone or combined with different types of T
cells were shown on right; the cocktail T group represents T cells
cultured with a cocktail in the absence of DC. For survival, log-rank
test was performed. Asterisks indicate p < 0.001. d A cytokine
cocktail directly modulates the phenotype of ex vivo ttRNA-DC-
expanded anti-tumor T cells. The phenotype of ex vivo-cultured anti-
tumor T cells was analyzed before infusion using a panel of
antibodies; the percentage of CD8, CD62L, and CD44 was plotted
from 4 independent experiments
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After infusion of T cells, we executed ttRNA-DC vacci-
nations twice (Fig. 6b). KR-158 ttRNA-DC was used to
expand T cells from murine spleen supplemented with
different cytokines as we have optimized in human T cells.
Compared to other groups, T cells from a cytokine cocktail
culture significantly extended median survival of mice
bearing pre-established IC tumor (Fig. 6¢). We speculated
that the cytokine cocktail-mediated CD62L™E" phenotype
and DC vaccinations were pivotal in mediating tumor
regression as either T cells from IL-2 group or cocktail T
group (without DC) did not extend median survival at all
(Fig. 6¢). Moreover, this therapeutic strategy in combining
ex vivo cocktail-cultured T cells and ttRNA-DC vaccina-
tions were independently reproducible in two additional
experiments (data not shown). Consistent with the data
from human T cells, the use of a cytokine cocktail signif-
icantly up-regulated the levels of CD62L (Fig. 6d), which
might shed new light on how to generate a defined phe-
notype of anti-tumor T cells ex vivo for better tumor
treatment.

Discussion

Immunotherapy using ACT has emerged as one of the most
potent therapeutics toward the control of cancer. Currently,
there are two major approaches for ACT including genet-
ically re-directed anti-tumor T cells and TIL, which are
limited by targeting one tumor-associated antigen and the
difficulty for identifying pre-existing anti-tumor T cells.
Therefore, we developed a novel methodology by recruit-
ing ttRNA-DC-T platform to expand and enrich anti-
tumor T cells using PBL from brain tumor patients and
from murine IC tumor model, and optimized the culture
conditions with a cytokine cocktail, which yielded T cells
with a CD62L"E" phenotype exhibiting a better engraft-
ment in NSG and superior anti-tumor activities in a murine
IC tumor model.

In response to pathogens or tumor antigens, the long-
lived self-renewing memory lymphocytes are hallmark of
the adaptive immune system [37, 38]. The memory com-
partment of T cells is heterogeneous and has been classified
into two subsets based on the expression of lymph-node
homing molecules CD62L and CCR7 [39]. Central mem-
ory T cells (Tcm) with high levels of CD62L and CCR7 are
believed to be the stem cell-like memory subset, while the
effector memory T cells (Tem) with low levels of these two
molecules are proven to be terminally differentiated [40,
41]. Interestingly, the in vitro TCR engineered anti-tumor
T cells exhibit distinct subsets mimicking in vivo antigen-
experienced T cells, i.e., after ex vivo expansion differen-
tiate into Tcm and Tem-like subsets [29]. In addition,
ex vivo-cultured Tcm-like cells possess the feature to be

long-term engrafted in NSG mice [29] and in primates [42].
In general, the high levels of CD62L expression on Tcm
cells [17], naive subset of PBL [43], and a human memory
CDS8™ T-cell subset [44] are better endowed phenotype of
T cells possessing potent in vivo anti-tumor treatment
efficacy.

Using ttRNA-DC in conjunction with a cytokine cock-
tail to ex vivo generate CDG2L"€" anti-tumor T cells
provide a novel methodology toward the effective treat-
ment of cancer. However, how do cytokines modulate the
differentiation of ex vivo-expanded anti-tumor T cells in
ttRNA-DC platform has not been systematically investi-
gated. IL-2 is by far the best growth factor for ex vivo
culture of T cells; however, it drives ex vivo-cultured T
cells toward fully differentiated Tem phenotype. Tem cells
possess the great potential for IFNy secretion when
encountering the associated antigens in vitro; however,
Tem cells fail to engraft in xenograft model (Fig. 6a) and
show a lesser potency to eradicate tumor in vivo [14, 17,
29, 30], which we believe to be the key factor to explain
why IL-2-cultured T cells fail to control the tumor growth
(Fig. 6). In ttRNA-DC-T system, compared to the use of
IL-2, our perception toward the functions of each cytokine
has been re-defined, in that IL-7 and IL-21 significantly
increased the percentage of CD27" T cells and IL-7 led to
a homeostatic proliferation consisting of multiple precur-
sors, while IL-12 constantly maintained the high levels of
CDG62L expression in both human and murine T cells. In
this study, we focused on how cytokines modulate the
CD62L"E" phenotype of these anti-tumor T cells and the
concomitant superior anti-tumor activities in a pre-clinical
IC tumor model; however, the biological function of high
percentage of CD4TCD25"€"Foxp3™ T cells from the use
of IL-2 has not been thoroughly investigated. Therefore,
IL-2-cultured anti-tumor T cells, although exhibited spe-
cific tumor recognition in vitro, failed to execute in vivo
anti-tumor activities in this IC model, which might be
partially due to the CD62L'" phenotype or the higher
incidence of Tgegs.

Although we proposed a novel ttRNA-DC-T platform
which differs from the current genetic engineering approa-
ches [11, 12], the in vivo anti-tumor efficacy of this system
relies upon the subsequent ttRNA-DC vaccinations. We
reasoned that the subsequent vaccinations provided
homeostatic environment favoring the persistence of ex vivo
adoptively transferred T cells, which eventually migrate to
the tumor sites and kill the tumor cells. It is consistent with
well-reported pmel model [45], where the in vivo anti-tumor
efficacy of adoptively transferred T cells is heavily depen-
dent upon three factors, i.e., lymphodepletion, subsequent
vaccination, and the infusion of IL-2 [14].

CD62L acts as a “homing receptor” for lymphocytes to
enter secondary lymphoid tissues via high-endothelial
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venules by ligands presented on endothelial cells. The
genes-encoding CD62L for both humans and mice are
arranged in tandem along chromosome 1 that reflect their
common evolutionary origin [46], and the expressed pro-
teins are highly conserved [47]. The ex vivo-cultured T
cells with CD62L™E" phenotype engrafted significantly
better in LN of NSG mice than the cells grown in IL-2.
Most importantly, we found a CD62L™E" phenotype
resulting from the use of a cytokine cocktail conveyed
superior anti-tumor activities in an invasive, less-stringent
astrocytoma murine IC model. To mimic the in vivo
environment for ex vivo generating anti-tumor T cells, it is
unlikely that a single cytokine can bestow onto T cells with
endowed features associated with potent in vivo anti-tumor
efficacy. With more and more cytokines becoming clini-
cally available, the use of other cytokines instead of IL-2 to
culture and generate anti-tumor T cells is emerging as new
horizons; in that, we could directly modulate the endowed
phenotype of anti-tumor T cells conveying the superior
in vivo anti-tumor activities. The use of a cytokine—cock-
tail in this platform consistently yielded T-cell subsets
exhibiting CD62L"€"-Tcm and CD62L™E"-Tn phenotype;
at present, we are continuously investigating which subset
is the “real player” in mediating tumor regression. More-
over, beyond optimizing the culture conditions with cyto-
kines, we are further modulating the ttRNA-DC-T system
by blocking negative signals between DC (PD-L1) and T
cells (PD-1) [48, 49]. We believe this methodological
advancement to use ttRNA-DC to ex vivo generate anti-
tumor T cells would become a new epoch of medicine in
cancer patient management.
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