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Dendritic cell (DC)-based cancer immunotherapy has achieved
modest clinical benefits, but several technical hurdles in DC
preparation, activation, and cancer/testis antigen (CTA) delivery
limit its broad applications. Here, we report the development of
immortalized and constitutively activated human primary blood
dendritic cell lines (ihv-DCs). The ihv-DCs are a subset of CD11c*/
CD205* DCs that constitutively display costimulatory molecules.
The ihv-DCs can be genetically modified to express human telo-
merase reverse transcriptase (hTERT) or the testis antigen MAGEA3
in generating CTA-specific cytotoxic T lymphocytes (CTLs). In an
autologous setting, the HLA-A2* ihv-DCs that present hTERT anti-
gen prime autologous T cells to generate hTERT-specific CTLs,
inducing cytolysis of hTERT-expressing target cells in an HLA-A2-
restricted manner. Remarkably, ihv-DCs that carry two allogeneic
HLA-DRB1 alleles are able to prime autologous T cells to prolifer-
ate robustly in generating HLA-A2-restricted, hTERT-specific CTLs.
The ihv-DCs, which are engineered to express MAGEA3 and high
levels of 4-1BBL and MICA, induce simultaneous production of
both HLA-A2-restricted, MAGEA3-specific CTLs and NK cells from
HLA-A2* donor peripheral blood mononuclear cells. These cyto-
toxic lymphocytes suppress lung metastasis of A549/A2.1 lung
cancer cells in NSG mice. Both CTLs and NK cells are found to in-
filtrate lung as well as lymphoid tissues, mimicking the in vivo
trafficking patterns of cytotoxic lymphocytes. This approach
should facilitate the development of cell-based immunotherapy
for human lung cancer.
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mong professional antigen-presenting cells, dendritic cells

(DCs) hold unique abilities to prime naive T lymphocytes in
mediating antigen-specific, adaptive immune response (1). DCs
also possess the capacity to induce activation and proliferation of
yo T cells and natural killer (NK) cells, bridging innate immunity
to adaptive immune response (2, 3). DCs evolve from the bone
marrow and migrate to lymphoid and nonlymphoid tissues via
blood circulation. In blood, a vast majority of DCs are immature
but capable of engulfing foreign antigens from invading patho-
gens. Upon uptake of foreign antigens, immature DCs undergo a
complex maturation and activation process through activation of
pathogen recognition receptors (PRRs), such as Toll-like receptors
(TLRs) (4-6). Mature and activated DCs characteristically express
cell surface costimulatory molecules such as CD80 and CDS6,
assemble the antigen peptide-MHC complex, and migrate to
secondary lymphoid tissues to promote antigen-specific T cell
expansion.

DCs constitute 1% of immune cells in blood. There are two
major types of blood DCs known: CD11¢* myeloid DCs (mDCs)
and CD303* plasmacytoid DCs (pDCs) (7). While pDCs are
crucial in mediating antiinflammatory and antiviral response by
secreting large amounts of IFN-o upon encountering pathogens,
mDCs play a major role in antigen presentation to prime naive
T cells (8, 9). The CD1c* subset of mDCs is relatively abundant,
and a minor subset, the CD141* mDCs, exhibit a potent ability
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to cross-present extracellular antigens on MHC class I to CD8
T cells, generating cytotoxic T lymphocytes (CTLs) (10, 11). By
analyzing the transcriptional profiles of DC subsets, it is proposed
that human CD141" DCs are closely related to the counterparts of
murine CD8" DCs, the major subset of DCs in mediating antigen
cross-presentation (10, 11). Since DCs can engulf foreign antigens
from invading pathogens, DC-mediated cross-presentation and
induction of terminally differentiated cytotoxic effector T cells are
essential steps in developing adaptive immunity against pathogenic
viruses and cancer cells.

Because of the paucity of blood DCs, the current DC method
frequently exploits antigen-loaded monocyte-derived DCs
(MoDCs) through a complex maturation and activation process
with a mixture of cytokines and PRR stimulating factors (12, 13).
This method has been widely utilized in clinical cancer vaccine
trials; however, the clinical benefit of such an approach is rather
limited. There are several drawbacks with this approach. Com-
pared with primary blood DCs, MoDCs are more closely related
to in vitro-derived macrophages (14). Additionally, MoDCs have
limited growth potential and are difficult to maintain in culture
for a prolonged time. Therefore, repeated preparations of
MoDCs are necessary for several rounds of vaccine delivery. To
address these limitations, several human DC models have been
developed to evaluate their potential application for cancer
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therapeutic vaccines (15). For instance, MUTZ-3, a myeloid
leukemia cell line, can mature and differentiate into DC-like
cells in vitro (16), be stably maintained at the pre-DC stage in
culture, and provide an adequate amount of inducible DC-like
cells for the development of cancer therapeutic vaccines (17, 18).

We have developed a method to establish immortalized
human primary dendritic cell lines using the viral protein Tax
from human T cell leukemia virus type 2 (HTLV-2), a virus
related to its pathogenic counterpart, HTLV-1 (19). HTLV-
1 primarily infects CD4* T cells to cause their malignant trans-
formation and development of adult T cell leukemia-lymphoma
among 3 to 5% of infected individuals (20). HTLV-1 also infects
DCs, allowing cell-free virus to be transmissible to CD4™ T cells
(21, 22). The viral protein Tax from HTLV-1 is known to activate
various cellular signaling molecules, including NF-kB, TRAF6,
Stat3, and PI3-kinase, and these molecules are also crucial in
promoting DC maturation and activation (23, 24). We hypoth-
esized that Tax might harness DCs, leading to their maturation/
activation and subsequent induction of an antigen-specific
T cell response. We used the Tax protein from HTLV-2, a
virus that is not etiologically linked to human disease, as a
molecular tool to establish human primary blood dendritic cell
lines. Here, we report that these established dendritic cell lines
enable the generation of highly potent anticancer cytotoxic
lymphocytes.

Results

Development of Human Primary Blood Dendritic Cell Lines. We
exploited HTLV-2 Tax as a molecular tool for its role in mod-
ulating DC function and providing greater growth of these cells.
To prevent potential loss of DCs during culture of the Tax-

transduced peripheral blood mononuclear cells (PBMCs), we
negatively selected the transduced cells using anti-CD3 magnetic
beads to deplete T cells. Two CD3-negative Tax-GFP* cell cul-
tures from the transduced PBMCs of 10 blood donors grew
continuously over 6 mo. These two CD3-negative cell lines,
which were established from two different blood donors, dis-
played DC-related markers. These cells were lineage negative
and expressed CD11c, CD141, and CD205, as well as DC mat-
uration and activation molecules, including CD83, CD80, CD86,
CD70, CCR7, and HLA-DR (Fig. 1 4 and B). We named these
two cell lines “ihv-DC1” and “ihv-DC2”, which represented a
subset of human CD11¢*/CD205* blood DCs that maintained a
maturation and activation phenotype.

The ihv-DCs grew in suspension with conventional culture
conditions, and a few cells were adherent and showed typical
dendrites. To validate the ability of Tax in promoting DC
growth, we first stimulated adherent monocytes from PBMCs
with GM-CSF/IL-4 to generate MoDCs (Fig. 1C). Some of
these MoDCs presented dendrites, and they were subsequently
transduced with the Tax lentivirus. The transduced MoDC-
Tax cells were detached during culture and capable of pro-
liferating for up to 3 mo. The MoDC-Tax cells also presented
a mature and activation phenotype (Fig. 1D). These results
suggested that Tax was able to promote the growth of both
blood DCs and MoDCs that lost cell adherence in the stan-
dard culture conditions.

Expression of TLRs, Cytokines, and Cellular Signaling Molecules in
ihv-DCs. The intracellular dsRNA-sensing TLR3 receptor was
expressed, while TLR4 was negative in both ihv-DCs and
MoDC-Tax cells (Fig. 24). The cleaved form of TLR7 was de-
tected in both ihv-DCs and MoDC-Tax, but not in MoDCs
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Fig. 1. Immunophenotyping analysis of the established ihv-DC cell lines. (A) ihv-DC1. (B) ihv-DC2. (C) Image of GM-CSF/IL-4-stimulated and differentiated DCs

from adherent monocytes of healthy blood donors. (D) Immunophenotype of MoDC-Tax cells generated from the MoDCs that were transduced with the Tax-
GFP lentivirus. In A, B, and D, red line indicates isotype antibody staining control; blue line indicates specific antibody staining.
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Fig. 2. The expression profiles of TLRs, cytokines, and cellular signaling molecules in ihv-DCs. (A) Expression of TLR3 and TLR4 in ihv-DCs and MoDC-Tax cells
examined by FACS. (B) Immunoblot analysis of TLR1, TLR2, TLR7, and TLR9 in the established DCs using relevant antibodies. THP-1 cells are monocytic leu-
kemia cells used as control. (C-F) Cytokine expression profiles were determined by qRT-PCR in ihv-DC1 cells (C), ihv-DC2 cells (D), MoDC-Tax cells (E), and TNF-
a/LPS-activated MoDCs (F). (G) Immunoblot analysis of the expressions of Tax-GFP, Bcl-2, Bcl-xL, and Mcl-1 in the established DCs. PBLs (peripheral blood
lymphocytes from normal donors) and MT4 were used for controls. (H) The phosphorylation status of Stat1, Stat3, Stat5, Rb, or cdc2 was examined using
specific anti-phospho-specific antibodies. (/) EMSA assay for detection of the transcriptional activities of NF-kB, Stat3, and AP-1 using the nuclear extracts

prepared from ihv-DCs, PBLs, and MT4 cells.

(Fig. 2B), suggesting that Tax up-regulated TLR7 in DCs. TLR9
was expressed highly in ihv-DC2, and slightly in MoDCs (Fig. 2B).
Regardless of the TLR expression status, these receptors were no
longer required for inducing DC maturation and activation, since
these established dendritic cell lines persistently expressed high
levels of costimulatory molecules such as CD80, CD86, CD70,
and CDS3.

Wu et al.

The inflammatory cytokines IL-1A and TNF-a were produced
in all ihv-DCs and activated MoDCs, while the immune regula-
tory factor IL-10 was expressed at a negligible level (Fig. 2 C-F).
IL-15, which favors the development of CD8* cytotoxic lym-
phocytes, was produced at high levels in both established den-
dritic cell lines and the activated MoDCs (Fig. 2 C—F). Together,
these results indicated that the expression profiles of TLRs and
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cytokines in ihv-DCs correlated well with the phenotypes of
mature and activated blood DCs that were generated by the
conventional method. The prosurvival Bcl-2 protein, Bel-xL, was
notably up-regulated only in the DCs that expressed Tax (Fig.
2G). The cell cycle regulators pRb and cdc2 were phosphory-
lated in ihv-DCs (Fig. 2H). The phosphorylated forms of Statl,
Stat3, and Stat5 were detected in all DCs (Fig. 2H), and the
activities of the transcriptional factors, including NF-xB, Stat3,
and AP-1, were also observed in ihv-DCs (Fig. 2I). Thus, it
appeared that Tax immortalized blood DCs by a similar mech-
anism to that of Tax-mediated immortalization of CD4* T cells
through activation of growth-promoting signaling and induction
of cell cycle progression.

Induction of hTERT-Specific CTLs by ihv-DCs in an Autologous Setting.
One of the significant advantages of the established dendritic cell
lines is that unlike primary DCs, the dendritic cell lines can be
genetically modified to enhance their functions in antigen pre-
sentation. We then selected a known universal tumor antigen,
human telomerase reverse transcriptase (hTERT), and in-
troduced it into HLA-A2* ihv-DC2 cells with an HLA type (A2,
B13/B40, Cw12/Cw16), with HLA-A2 being one of the most
frequent HLA alleles. The activity of hTERT is detected in
roughly 85% of human cancers and constitutes several recog-
nized HLA-A2-restricted CTL epitopes (25). To facilitate anti-
gen processing, we designed a fusion construct, pTERT, which
consisted of the proteasomal target sequence of IxkBa and a
fragment from hTERT (amino acids 301 to 700) that covered six
reported HLA-A2-restricted CTL epitopes (Fig. 34). This de-
sign was based on the mechanism that the ihv-DCs exhibited
constitutive activities of IkB kinase/NF-kB due to Tax expres-
sion. The activated IxkB kinase induced serine phosphorylation
and rapid turnover of IkBa. pTERT is to be degraded in these
cells, potentially allowing production of abundant amounts of the
TERT peptides that form complexes with HLA molecules.
pTERT was introduced into ihv-DC2 cells via lentiviral trans-
duction to generate ihv-DC2-pTERT cells. We found that
pTERT was barely detected in DMSO-treated ihv-DC2-
PTERT cells, and the pretreatment of these DCs with MG132, a
chemical inhibitor of the proteasome, induced accumulation of
pTERT (Fig. 3B).

We next mixed engineered ihv-DC2-pTERT cells with naive
PBMC:s directly isolated from the autologous healthy blood do-
nor at the ratio of 1:100. We observed that ihv-DC2-pTERT DCs
induced expansion of autologous T lymphocytes for 4 to 6 wk.
Two weeks after cell mixing, the ihv-DC2-pTERT-primed CD8"
lymphocytes produced large amounts of IFN-y and TNF-« (Fig.
3 C and E). Importantly, the ihv-DC2-pTERT cells completely
disappeared in the mixed cell culture, as evidenced by lack of the
Tax mRNA examined with RT-PCR.

As expected, the ihv-DC2-pTERT cells were found to pro-
mote modest expansion of autologous T cells, considering that
antigen-specific T cells were typically fewer than 1 in 100,000 in
healthy individuals. To enhance immune response to hTERT, we
modified ihv-DC2-pTERT cells by introducing two allogeneic
HLA-DRBI1 molecules (DRB1*0701/DRB1*1301) to generate
ihv-DC2-pTERT-Allo DCs. We hypothesized that the autolo-
gous CD4 T cells could react to two allo-DRB1 molecules ro-
bustly, thereby enhancing the development of hTERT-specific,
CD8* CTL response. Indeed, we observed that the autologous
T cells vigorously responded to ihv-DC2-pTERT-Allo DCs,
mediating a predominant CD8 CTL response (Fig. 3D). The ihv-
DC2-pTERT-Allo-primed T cells proliferated far better than
ihv-DC2-pTERT-primed T cells.

ihv-DC2-pTERT-primed or ihv-DC2-pTERT-Allo—primed
CD3*/CD8" T cells were tested for their tumor antigen-specific
killing activity on cancer cells. U20S cells (HLA type: A*0201/
A*3201, B*4402, Cw*0501/Cw™*0704) were first chosen because

E4456 | www.pnas.org/cgi/doi/10.1073/pnas.1800550115

these cells are known to be hTERT negative (Fig. 3F). The pa-
rental U20S cells were transduced with FLAG-TERT (44301-700),
and the resulting U20S/TERT cells showed a nuclear localiza-
tion of FLAG-TERT(aa:;()],ﬂ)O) (Flg 3G) It was shown that ihv-
DC2-pTERT-primed autologous CTLs constituted a T cell
population that induced cytolysis only in U20S cells that were
reconstituted with TERT (Fig. 3H). Similarly, ihv-DC2-pTERT-
Allo—primed CTLs exhibited a potent cytotoxicity on the TERT-
expressing U20S cells (Fig. 3I). Notably, ihv-DC2-pTERT-Allo
DCs were able to prime autologous T cells to generate abundant
hTERT-specific CTLs that proliferate healthily in a longer-
lasting manner ex vivo. Because only HLA-A2 was matched
between ihv-DC2-pTERT DCs and U20S cells in MHC class I
molecules, it was likely that the killing on the TERT-expressing
U20S cells was mediated through HLA-A2 restriction. To vali-
date this notion, we applied HLA-A2-blocking antibody, which
effectively inhibited ihv-DC2-pTERT-Allo-primed CTL-
mediated killing on U20S/TERT cells (Fig. 3J). Similarly,
ihv-DC2-pTERT-Allo—primed CTLs induced cytolysis on the HLA-
A2" melanoma cells A375 (HLA type: A1/A2, B57/B44, C*16/
C*6), and this killing effect was inhibited by increasing doses of
anti-HLA-A2 antibody (Fig. 3K). Further, we tested HLA-2-
negative, \TERT" A549 lung cancer cells (HLA type: A30, B44,
Cw12/16). ihv-DC2-pTERT-Allo—primed CTLs had no signifi-
cant cytotoxicity on the parental A549 cells but were able to kill
the A549 cells that were engineered to express the HLA-A2
molecule (Fig. 3L). Collectively, these results indicated that the
ihv-DC2-pTERT-primed or ihv-DC2-pTERT-Allo—primed CTLs
recognized hTERT antigen and had the capacity to mediate HLA-
2-restricted killing on cancer cells.

Simultaneous Induction of MAGEA3-Specific CTLs and NK Cells Using
Engineered ihv-DCs. In cancer patients, cancer cells are typically
heterogeneous, with expression of different levels of HLA mol-
ecules. CTL-mediated killing mandates the presence of an HLA
molecule/CTA (cancer/testis antigen) on the surface of cancer
cells, while NK cells recognize target cells with down-regulated
HLA molecules. It is desirable that engineered DCs would have
the capacity to induce simultaneous production of both CTA-
specific CTLs and NK cells. To test this idea, ihv-DC1 cells
(HLA type: A30, B15/B40, Cw2.2) were engineered to express
high levels of MICA and 4-1BBL, in addition to the endoge-
nously expressed CD58 (Fig. 44), because these molecules are
important and play a key role in activating NK cells. These
modified DCs were transduced with HLA-A2.1 to present HLA-
A2-peptide complexes (Fig. 44) and were engineered to over-
express the testis antigen MAGEA3. MAGEA3 was expressed in
multiple types of human cancer, particularly in late stages of
metastatic lung cancer, and the resulting DCs were named “ihv-
DC1.2-MAGEA3”. HLA-A2"-matched naive PBMCs from
various donors were coincubated with ihv-DC1.2-MAGEA3 DCs
for at least 2 wk. It was shown that the ihv-DC1.2-MAGEA3 cells were
able to stimulate production of both CD3" CTLs and CD37/CD56*
NK cells from naive PBMCs (Fig. 4B). The DC-primed T cells
were sorted out using anti-CD3 beads, which demonstrated a
predominance of CD8"% afT cells, along with typically less than
10% yo T cells (Fig. 4C).

We next selected lung cancer cells as model target cells. Three
lung cancer cell lines were chosen for analyzing their expressions
of immune-suppressive molecules including PD-L1 and TGF-f1/
2, as well as CTAs (Fig. 4 D-F). All cancer cell lines expressed
variable levels of PD-L1 and high levels of TGF-pl, with
H1299 cells producing abundant levels of MAGEA3, while
A549 and H441 cells produced lower levels of MAGEA3 (Fig. 4
F and G). HLA-A2.1 was transduced into HLA-A2-negative
H1299 cells (HLA type: A24/A32) and A549 cells (HLA type:
A30, B44, C*12/C*16) (Fig. 4H). Normal human fibroblast
(NHF) cells (HLA type: A2, B51, C*7) did not express
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Fig. 3. Induction of hTERT-specific CTLs by ihv-DCs in an autologous setting. (A) The hTERT (amino acids 301 to 700) fragment that covers six HLA-A2-re-

stricted epitopes is depicted. (B) Detection of the proteasome-targeted TERT (amino acids 301 to 700) or pTERT in ihv-DC2-pTERT cells or ihv-DC2-pTERT-Allo
cells that were pretreated with DMSO or MG132 for 1 h. ihv-DC2-pTERT-Allo cells were generated by lentiviral transduction of DRB1*0701/DRB1*1301. (C)
Immunophenotype of ihv-DC2-pTERT-primed, CD3/CD8-enriched T cells. (D) Immunophenotype of ihv-DC2-pTERT-Allo-primed, CD3/CD8-enriched T cells. (F)
Cytokine expression profiles of the ihv-DC2-pTERT-Allo-primed, CD3/CD8-enriched T cells as examined by gqRT-PCT. (F) Anti-hTERT immunoblot analysis for
A375, A549, and U20S cancer cells. (G) Fluorescence imaging analysis of U20S cells transduced with FLAG-TERT (2a301-700) Using anti-FLAG antibody. Luc,
luciferase. (H) Cytotoxicity assay using U20S-Luc or U20S-LUc¢/TERT cells as target cells, with ihv-DC2-pTERT-primed, CD3/CD8-enriched T cells as killer cells. (/)
Cytotoxicity assay using U20S-Luc or U20S-LU¢/TERT cells as target cells, with ihv-DC2-pTERT-Allo—primed, CD3/CD8-enriched T cells as killer cells. (J) Cyto-
toxicity assay using U20S-Luc or U20S-LUc/TERT cells as target cells, with ihv-DC2-pTERT-Allo—primed, CD3/CD8-enriched T cells as killer cells, in the presence of
control antibody or anti-HLA-A2 antibody (30 pg/mL). (K) Cytotoxicity assay using the melanoma cells A375 as target cells, with ihv-DC2-pTERT-Allo—-primed,
CD3/CD8-enriched T cells as killer cells, in the presence of increasing amounts of the control antibody or anti-HLA-A2 antibody. (L) Cytotoxicity assay using
A549-Luc or A549-Luc/A2.1 cells as target cells, with ihv-DC2-pTERT-Allo—primed, CD3/CD8-enriched T cells as killer cells. *P < 0.05, **P < 0.01, as determined

by two-tailed Student's t test.

MAGEA3 (Fig. 4G), and these cells were transduced with
FLAG-MAGEA3. The NHF/MAGEA3 cells showed a pre-
dominant nuclear localization of MAGEA3, as determined by
fluorescence imaging (Fig. 4I). As shown in Fig. 4J, the ihv-
DC1.2-MAGEA3-primed HLA-A2", CD3" CTLs had little
cytotoxicity on NHF cells but were able to induce significant
cytolysis of the MAGEA3-expressing NHF cells. Similarly, an
enhanced expression of MAGEA3 in A549/A2.1 cells potenti-
ated the killing by the ihv-DC1.2-MAGEA3-primed CD3* CTLs
(Fig. 4 K and L). Additionally, ectopic expression of HLA-A2.1
molecules rendered H1299 cells sensitive to HLA-A2-restricted
killing by the ihv-DC1.2-MAGEA3-primed CD3" CTLs, while
the HLA-A2-blocking antibody effectively inhibited such killing
(Fig. 4 M and N). Together, these experimental findings indicated
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that the engineered ihv-DCs were capable of priming naive
PBMCs to generate HLA-A2-restricted, MAGEA3-specifc
CTLs, along with NK cells.

We further analyzed immunophenotypes and cytotoxicity of
the ihv-DC1.2-MAGEA3-activated CD37/CD56* NK cells. As
exemplified from NK cells generated from two donors, we found
that the DC-activated NK cells expressed high levels of CD16,
NKG2D, NKp46, and NKp30 and produced roughly 10% of the
inhibitory receptor KIR2DL1 (Fig. 5 4 and B). These DC-activated
NK cells were very cytotoxic, killing A549, H441, and H1299
cells, even at low effector cell-to-target cell (E:T) ratios (Fig. 5
C-E). By comparison, the leukemic NK92 cells were much less
potent in killing either A549 or H441 cells (Fig. 5F). Further, the
human MICA* NIH 3T3 cells were increasingly sensitive to the
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Fig. 4. Simultaneous induction of the MAGEA3-specific CTLs and NK cells using engineered ihv-DCs. (A) ihv-DC1 cells are engineered to express high levels of
MICA, 4-1BBL, and HLA-A2.1 molecules, as shown by FACS analysis. (B). Cocultivation of ihv-DC1.2-MAGEA3 cells with HLA-A2* naive PBMCs produced both
CD3"* T cells and CD37/CD56™ NK cells, as shown by FACS analysis. (C) Immunophenotype of ihv-DC1.2-MAGEA3-primed, CD3-enriched T cells from at least
four HLA-A2* donors. (D) PD-L1 expression in lung cancer cell lines H1299, A549, and H441, as examined by FACS. (E) IL-10 and TGF-B expression in H1299,
A549, and H441, as determined by gRT-PCR. (F) CTA expression in H1299, A549, and H441 cells, as examined by qRT-PCR. (G) MAGEA3 expression in NHF,
H1299, A549, and H441 cells by anti-MAGEA3 immunoblot. (H) HLA-A2 surface expression in H1299/A2.1, A549/A2.1, and H441 cell by FACS. (/) Fluorescence
imaging analysis of NHF cells and the NHF cells expressing FLAG-MAGEA3 using anti-FLAG antibody. (J) Cytotoxicity assay using NHF-Luc or NHF-Lud/
MAGEAS3 cells as target cells, with ihv-DC1.2-MAGEA3—-primed, CD3" T cells as killer cells. (K) Fluorescence imaging of A549/A2.1 cells and the A549/A2.1 cells
expressing FLAG-MAGEA3 using anti-FLAG antibody. (L) Cytotoxicity assay using A549-Luc, A549-Luc/A2.1, or A549-Luc/A2.1/MAGEAS3 cells as target cells, with
ihv-DC1.2-MAGEA3-primed, CD3* T cells as killer cells. (M) Cytotoxicity assay using H1299-Luc or H1299-Luc/A2.1 cells as target cells, with ihv-DC1.2-MAGEA3-
primed, CD3* T cells as killer cells. (N) Cytotoxicity assay using H1299-Luc/A2.1 cells as target cells, with ihv-DC1.2-MAGEA3-primed, CD3* T cells as killer cells,
in the presence of the control antibody or anti-HLA-A2 antibody.

cytolysis by DC-activated NK cells at various E:T ratios (Fig. 5 G
and H).

Suppression of Lung Cancer Metastasis by ihv-DC1.2-MAGEA3-Primed
Cytotoxic Lymphocytes in NSG Mice. To explore the application
of ihv-DC-based immunotherapy, we selected the ihv-DC1.2-
MAGEA3 cells for their unique ability in priming naive
PBMCs to generate abundant amounts of HLA-A2-restricted
MAGEA3-specific CTLs and NK cells, which potently induced
cytolysis of human lung cancer cells ex vivo. A549-Luc/A2.1 cells
were chosen because our previous study showed that these
cancer cells presented a desirable lung metastasis pattern when
infused through the tail vein in NSG mice. As shown in Fig. 64,
the body weights of the mice in the control group started to drop
42 d after tumor cell injection, whereas the weights of the

E4458 | www.pnas.org/cgi/doi/10.1073/pnas.1800550115

treatment group (Tx) mice were well maintained throughout the
experimental period. The lungs were significantly enlarged in
the control group and exhibited high levels of luciferase activity,
whereas the lungs in the Tx group appeared to be normal in
appearance and weight and produced only background luciferase
activity (Fig. 6 C and D). Anti-HLA-A2.1 immunohistochemistry
(IHC) staining demonstrated that the A549-Luc/A2.1 cells were
exclusively found in the lung tissues in the control mice (Fig. 6E),
whereas the cancer cells were undetected in the Tx mice under
the same condition (Fig. 6F). H&E staining verified these IHC
results (Fig. S1). We next applied anti-human CD3 staining to
assess the in vivo trafficking patterns of the infused CTLs. It was
shown that compared with the control mice, human CD3* T cells
were detected in the spleen, lymph nodes, and lung tissues, and
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Fig. 5. Cytotoxicity of ihv-DC1.2-MAGEA3-activated NK cells. (A and B) Immunophenotype of ihv-DC1.2-MAGEA3-activated NK cells from two HLA-A2*
donors. NK cells were negatively selected using anti-CD3 beads to deplete ihv-DC1.2-MAGEA3-primed T cells. (C-E) Cytotoxicity assay using A549-Luc/
A2.1 cells (C), H441-Luc cells (D), and H1299-Luc/A2.1 cells (E) as target cells, with ihv-DC1.2-MAGEA3-activated NK cells as killer cells. (F) Cytotoxicity assay
using A549-Luc and H441-Luc cells as target cells, with NK92 cells as killer cells. (G) NIH 3T3-Luc cells were stably transduced with hMICA, and the surface
expression of hMICA was shown by FACS. (H) Cytotoxicity assay using 3T3-Luc and 3T3-Luc/hMICA as target cells, with ihv-DC1.2-MAGEA3-activated NK cells

as killer cells.

a few CD3™ cells were found in the liver in the Tx group mice (Fig.
7 A and B). No infiltrating T cells were found in the heart and
kidney in the Tx group mice (Fig. 7B). By analyzing the lung tis-
sues of five mice in the Tx group, we found that both CD3* CTLs
and NKp46* NK cells were present in the lung tissues (Fig. 7C).
These experimental data, therefore, indicated their desirable in
vivo trafficking patterns and validated the therapeutic efficacy of
the ihv-DC1.2-MAGEA3-primed cytotoxic lymphocytes in the
lung cancer NSG model.

Discussion
We have described a method for developing human blood den-
dritic cell lines by selecting phytohemagglutinin (PHA)/IL-2—
stimulated, Tax-transduced PBMCs from blood donors. The
established ihv-DCs can be reliably grown and maintained in
culture for a prolonged time without losing their maturation and
activation phenotypes. We have also developed a method to
amplify MoDCs by expressing Tax in GM-CSF/IL-4-induced
DCs. Although we are not able to establish immortalized MoDC-
Tax cells, this method can still generate adequate numbers of
activated MoDCs from several million PBMCs, which is a sig-
nificant advantage over the conventional MoDC method, by
eliminating undesirable apheresis procedures. In addition, unlike
primary DCs, the established DCs can be easily modified by
expressing a given tumor antigen intracellularly, thereby pre-
senting multiple CTA epitopes in priming CD8 T cells and en-
hancing the development of anticancer immunity.

We attribute our success to the effort of cell selection and
culture techniques at several levels. First, PHA/IL-2 stimulates
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T cell proliferation, and the activated T cells secrete soluble
factors that possibly enable blood immature DCs to be trans-
duced by the Tax lentivirus, since primary immature DCs are
resistant to lentiviral transduction. Second, because the majority
of the Tax-transduced T cells proliferate much faster than the
Tax-transduced DCs, depletion of T cells at the early selection
stage is an essential step that allows low numbers of DCs to
thrive. Third, most Tax-transduced DCs experience a “growth
crisis” during the third month after transduction, and some of
them regain their growth strength after passing this stage.
Therefore, a continuous culture effort is necessary to aid the
Tax-transduced DCs to become immortal. Although the DC
immortalization efficiency is roughly 20%, this shortage can be
improved by at least two technical modifications. One approach
is to develop a DC bank from healthy blood donors, which covers
frequent HLA molecules among different ethnic populations.
We could select patient HLA-matched DCs from the DC bank
for cancer therapy. Another approach is that we could perform a
reverse-engineering technique to develop patient HLA-matched
DCs. In this method, the patient’s HLA molecules are cloned
and expressed in a model dendritic cell line.

A crucial phenotype of the ihv-DCs is their constitutively ac-
tivated state without need for additional stimulations. Tax ap-
parently has the capacity to promote both DC maturation and
activation. We reason that Tax-induced activation of NF-xB
signaling plays a key role in the process of DC maturation and
activation. Upon encountering invading pathogens, some com-
ponents of pathogens stimulate TLRs such as TLR3 and
TLR4 in immature DCs. TLR3 or TLR4 engagement activates
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Fig. 6. Suppression of metastatic lung cancer by ihv-DC1.2-MAGEA3-primed cytotoxic lymphocytes in NSG mice. (A) Body weights of NSG mice in the control
group and the Tx group. (B) Whole lung weights of NSG mice in the control group and the Tx group at the end point. (C) Images of whole lungs of NSG mice
in the control group and the Tx group at the end point. (D) The luciferase activity of the lung tissues of mice in the control group and the Tx group. (E and F)
IHC staining with anti-HA (hemagglutinin) antibody to detect HLA-A2.1-HA protein in various organs of mice in the control group (E) and the Tx group (F).

the receptor-associated TRAF6, which in turn induces the acti-
vation of its downstream signaling molecules, including the IxkB
kinase-NF-kB complex (26, 27). It is well recognized that NF-xB
is the key mediator in inducing DC maturation and activation
(23, 24). TRAFG is also necessary for activating MAP kinase/AP-
1 (28). Further, the Stat3 activity is crucial for IL-15-derived
DCs to acquire their antigen-presenting capability and to medi-
ate CD8" T cell response (29). Consistent with these reports, we
demonstrate that ihv-DCs exhibit the constitutive activities of
NF-kB, AP-1, and Stat3 as induced by Tax, thereby contributing
to their maturation and activation.

ihv-DCs have the ability to prime naive PBMCs to generate
antigen-specific CTLs that induce cytolysis of target cells in an
HLA-restricted manner in an autologous setting. However, the
number of tumor antigen-specific lymphocytes in healthy donors
is extremely low and, therefore, it is a challenging task to gen-
erate adequate numbers of tumor antigen-specific CTLs in the
cell culture condition for cancer therapy using the autologous
setting. Notably, ~7% of peripheral lymphocytes display allor-
eactive capability, which in turn promote generation of tumor
antigen-specific CTLs (30-32). In the present study, we devel-
oped a strategy to enhance production of the antigen-specific
CTLs. By introducing two allogeneic HLA-DRB1 molecules into
ihv-DGCs, autologous CD4 T cells can respond to these modified

E4460 | www.pnas.org/cgi/doi/10.1073/pnas.1800550115

DCs robustly, in promoting generation of antigen-specific CDS8
CTLs. This approach may have at least two levels of significance
in cancer therapy. One is that sufficient amounts of CTA-
specific, autologous CTLs are readily available by cocultivating
with engineered DCs in a cGMP facility, which can be infused
directly into patients. Another is that the engineered DCs with
two allo-DRB1 molecules can serve as therapeutic cancer vac-
cines that induce a better inflammatory immunity in patients.
These ideas need to be investigated further in clinical trials.
Furthermore, we envision that simultaneous production of both
CTA-specific CTLs and NK cells is a clear advantage in cancer
therapy, considering the heterogeneous nature of cancer cells.
The ihv-DC-activated NK cells are apparently of high quality, as
exemplified by potent cytotoxicity and low levels of the inhibitory
receptor KIR2DL1.

In summary, the ihv-DC models offer several notable features:
(i) ihv-DCs are activated and mature DCs, thereby eliminating
the need of the complex maturation and activation process to
acquire functional DCs; (ii) ihv-DCs cells constitutively express
abundant amounts of the costimulatory receptors, including
CD80, CD86, and CD70, which stimulate antigen-specific CD8*
cytotoxic T cells to proliferate; (iii) ihv-DCs also express the
chemokine receptor CCR7, the lymphoid tissue homing re-
ceptor; (iv) the ihv-DC model can provide a particularly useful
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ihv-DC1.2-MAGEA3-activated CTLs and NK cells infiltrate lung tissues. (A and B) Anti-CD3 IHC was analyzed for various tissue samples of mice in the

control group (A) and the Tx group (B). (C) Anti-CD3 or anti-NKp46 IHC staining for the lung tissue of all five mice in the Tx group.

tool to study DC biology; (v) these DCs can be modified genetically
for investigating the role of existing or putative costimulatory receptors
that mediate or enhance a protective anticancer or antiviral immunity;
(vi) the engineered ihv-DCs can promote simultaneous production
of CTA-specific CTLs and NK cells; and (vii) ihv-DCs are im-
mortalized, thus allowing for their continuous availability.

Materials and Methods

All experimental procedures are described
and Methods.

in detail in S/ Materials

Cell Lines, Antibodies, and Cytokines. H1299, H441, A549, and U20S cell lines
were obtained from American Type Culture Collection. A375 and NHF cell
lines were kindly provided by Isaiah J. Fidler, The University of Texas, MD
Anderson Cancer Center, Houston, and Jieyu Zhu, Washington State University,
Spokane, WA, respectively. Recombinant IL-2 was acquired from AIDS Research
and Reference Reagent Program. Isotype 1gG control antibody and various
allophycocyanin- or FITC-labeled antibodies were purchased from BioLegend.
The HLA-A2-blocking antibody was purchased from GeneTex.

Lentiviral Production. The tax from HTLV-2 was fused with the fragment
encoding enhanced green fluorescence protein, and the tax2-gfp fusion
fragment was cloned into the lentiviral vector in which the human elon-
gation factor promoter drives the expression of transgene. To generate
recombinant lentiviruses, the lentiviral construct was cotransfected with the
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packaging plasmid mix containing the expression plasmids for VSV-G, Gag-
Pol, and Rev (Invitrogen) into 293 cells using SuperFect transfection reagent
(Qiagen).

Generation of ihv-DC Cell Lines. Leukopaks were obtained from New York
Blood Center. Human PBMCs were isolated from leukopaks and stimu-
lated with PHA (5 pg/mL) for 24 h, followed by adding recombinant IL-2
(100 units/mL). The activated PBMCs were cultured for 4 to 5 d and were
then transduced with the Tax2-GFP lentivirus in the presence of polybrene
(10 pg/mL). The transduced cells were cultured continuously in the complete
RPMI 1640 medium containing 10% FBS (Sigma) and 100 units/mL recom-
binant IL-2. Alternatively, the transduced cells were cultured in RPMI
1640 medium supplemented with 5% heat-inactivated human AB serum
(Sigma). Two- to 3-wk after transduction, the transduced cells were nega-
tively selected with anti-CD3 magnetic beads (Life Technologies) to deplete
T cells. CD3-negative cells were maintained in culture continuously and analyzed
for their immunophenotypes about 3 mo after transduction. Two dendritic
cell lines (ihv-DC1 and ihv-DC2) were established from two blood donors.
The ihv-DC1 cells lost CD40 during the passages in culture, and CD40 was
restored by the CD40 lentiviral transduction. The ihv-DCs were grown in the
RPMI 1640 medium supplemented with 5% heat-inactivated human AB serum
or 10% FBS in the presence of IL-2 (50 to 100 units/mL).

Induction of Tumor-Associated Antigen-Specific CTLs by ihv-DCs. The ihv-DCs

were mixed with naive PBMCs isolated from leukopaks at the ratio of 1:100.
The mixed cells were kept in culture without adding exogenous cytokines for
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2 to 3 d, followed by adding recombinant IL-2 (100 to 200 units/mL). The
proliferation of the ihv-DC-reactive lymphocytes was monitored with FACS,
and the presence of ihv-DCs in the mixed culture was monitored using fluo-
rescence microscopy and qRT-PCR for detecting Tax2. Two to 3 wk after cell
mixing, the ihv-DC-activated lymphocytes were analyzed with FACS and were
examined for their cytotoxic activity on target cells.

Cytotoxicity Assay. Various cell lines that were modified to express luciferase
were used as targets, while the ihv-DC-activated lymphocytes generated
from 14 to 21 d after mixed lymphocyte reaction served as effectors. Cancer
cells were first placed in 24-well plates for 2 h for complete attachment. The
ihv-DC-activated lymphocytes were then placed on cancer cells at the in-
dicated E:T ratios. At the 4- or 16-h time point after coincubation of effector
and target cells, viable cells were gently washed with PBS buffer to remove
cellular debris and subjected to the luciferase activity assay using the kit
from Promega. The cytotoxic activity of the ihv-DC-activated lymphocytes
was determined by comparing the luciferase activities in the target cells that
were treated without or with the cytotoxic lymphocytes at the indicated
E:T ratios.

qRT-PCR. Total RNA was isolated using the RNeasy kit (Qiagen), and its
concentration was determined using the NanoDrop1000 spectrophotometer
(Thermo Scientific). The quality and integrity of total RNA was assessed on 1%
formaldehyde-agarose gels. cDNA was synthesized using the OmniScript
Reverse Transcriptase Kit (Qiagen) following the manufacturer's recom-
mended protocol. Template samples in triplicate were subjected to qRT-PCR
(Stratagene Mx3005P system) using Power SYBR Green (Applied Biosystems).

Animals and Xenograft Models. The animal study was performed using the
approved Institutional Animal Care and Use Committee protocol of the
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Maryland School of Medicine and housed in a specific pathogen-free room.
A549/A2.1 cells (2 million) were collected, resuspended in Hanks buffer, and
then tail vein-injected into NSG mice. After cancer cell implantation, the
mice were randomized into two groups (CTL Tx and control). The treatment
began 5 d after cancer cell transplantation. The Tx group mice were injected
via the tail vein with the DC-activated CTLs [g.5.d x 12 (injected every 5 d to
total of 12 injections), 20 million in 200 pL in Hanks buffer] plus 1,000 units
recombinant IL-2, and the control group mice were injected via the tail vein
with Hanks buffer (g.5.d x 11, iv, 200 pL plus 1,000 units recombinant IL-2).
The animals’ weight was measured every 2 d.

Immunohistochemistry and H&E Staining. Tissue sections were incubated at
60 °C for 10 min and then deparaffinized in xylene and subsequently in
ethanol (ETOH) and deionized water. After deparaffinization, tissue sections
were immersed in a preheated antigen unmasking solution (Vector), placed
into a pressure cooker for 5 to 10 min, and then cooled to room temperature
under cold water. The anti-human CD3 antibody or anti-NKp46 (1:100) was
used to stain the pretreated tissue sections. Next, the endogenous peroxi-
dase activity was blocked by incubation of tissue sections with 3% hydrogen
peroxide in PBS for 10 min. Biotinylated goat anti-mouse IgG antibody (H*L)
(1:200) (Vector) was applied as the secondary antibody. A VECTASTAIN Elite
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