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Abstract

Tumor cell-based vaccines are currently used in clinical trails, but they are in general poorly
immunogenic because they are composed of cell extracts or apoptotic cells. Live tumor cells
should be much better Ags provided that they are properly processed by the host immune system.
We show herein that stable expression of a small hairpin RNA for ERKS5 (shERKS5) decreases
ERKS5 levels in human and mouse leukemic cells and leads to their elimination by NK cells in
vivo. The shERKS5 cells show downregulation of MHC class | expression at the plasma membrane.
Accordingly, ectopic activation of the ERK5 pathway induces MHC class | gene expression.
Coinjection of shERK5-expressing cells into the peritoneum diminishes survival of engrafted
wild-type tumor cells. Moreover, s.c. injection of sShERK5-expressing cells strongly diminishes
tumor development by wild-type cells. Our results show that ShERKS expression in leukemia cells
effectively attenuates their tumor activity and allows their use as a tumor cell-based vaccine. 7he
Journal of Immunology, 2009, 182; 3398-3405.

Recent observations strongly suggest that an efficient immune response can effectively treat
cancer in the clinic: the quandary is how to generate it (1, 2). While tumor-associated Ags
would seem ideally suited for this purpose, they have proven to be weak immunogens. To
solve this problem, most efforts aim to genetically engineer effector cells (e.g., dendritic
cells (DC)4) to effectively present tumor-associated Ags. Another possibility, albeit less
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explored, is altering tumor cells to make them strong immunogens. One way would be to
enhance the number of tumor cells undergoing apoptosis and thereby induce an improved
immune response. In fact, certain early clinical trials used irradiated autologous tumor cells
to boost the antitumoral immune response (3). Unfortunately, these ex vivo apoptotic cells
also proved to be weak immunogens (4) or even immunosuppres-sive (5). In light of this,
living tumor cells might be much better Ags, provided that they are properly processed by
the host immune system.

NK cells, which have a critical role in antitumor immunity (6, 7), spontaneously kill tumor
cells while sparing normal cells. In particular, they target tumor cells that have evaded the
control of CTL by down-regulating MHC class | (MHC-1) expression. Nevertheless, NK
cell-activating receptors recognize ligands on distressed cells and therefore can eliminate
MHC-1* cells (7, 8). In vivo, NK cells can be recruited locally by inoculation of tumor cells,
preferably those lacking appropiate MHC-1 expression (9). Notably, NK cell-mediated
cytotoxicity does not require immunization, in contrast to that involving cells of the adaptive
immune system, for example, T cells. This versatility makes NK cells an attractive target for
cancer therapy in the clinic (10, 11), where one drawback is that resting human or mouse
NK cells show poor effector function (12) and require priming for full activation. Despite
this, the abundance of NK cells in the peripheral blood and spleen may be of particular
benefit in blood-borne cancers, such as leukemias and lymphomas. Consistent with this idea,
recent observations suggest that NK cell immunotherapy can be used in combination with
stem cell transplantation (6). Interestingly, NK cells also generate an adaptive immune
response by killing tumor cells and allowing tumor Ag presentation via interactions with
DCs or by boosting DC maturation and/or activation (7).

The ERK5 MAPK cascade mediates survival and proliferative signaling (13), particularly in
transformed cells of hematopoietic origin. In myeloma cells, inhibition of ERK5 blocks
proliferation and facilitates apoptosis induced by dexamethasone (14). ERK5 expression is
essential for survival of leukemic cells expressing Ber/Abl (15). Hodgkin lymphoma cells
show constitutive activation of the ERK5 pathway (16). Finally, expression of the
microRNA miR-143 shows an inverse correlation with that of ERKS5 (17), and the level of
miR-143, along with miR-145, is decreased in most B cell malignancies, including chronic
lymphocytic leukemias, B cell lymphomas, EBV-transformed B cell lines, and Burkitt
lymphoma cell lines. These observations suggest that ERKS5 plays an important, albeit
poorly characterized, role in oncogenesis. Our results (18) show that ERK5 mediates the
activation of the antiapoptotic transcription factor NF-xB in human and mouse leukemic T
cells. ERK5 knockdown, mediated through expression of a small hairpin RNA (shERKS5),
reduces cell viability and sensitizes cells to death receptor-induced apoptosis. Importantly,
expression of ShERKS5 in the murine T lymphoma cell line EL4 does not affect proliferation
in vitro but compromises the induction of s.c. tumors in mice. These data show that ERKS is
essential for survival of both human and mouse leukemic T cells in vivo and led us to
hypothesize that shERK-expressing cells might be useful for cancer immunotherapy.

4 Abbreviations used in this paper: DC, dendritic cell; B2-m, B2-microglobulin; MHC-I, MHC class I; sh, small hairpin; wt, wild type.
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To further this hypothesis, we have investigated the mechanism responsible of elimination of
shERKS5-expressing tumor cells. These cells are highly sensitive to NK cell-mediated killing
in vitro and in vivo. They show strongly lowered levels of MHC-I at the cell surface,
reflecting a role for the ERK5 pathway in transcriptional regulation of the MHC-I promoter
programmed death-1 (PD-1). Importantly, injection of sShERK5 tumor cells in syngenic mice
activates NK cells and induces an immune response against wild-type (wt) tumor cells.
Thus, our results show that ShERK5 expression in murine leukemia cells effectively
attenuates their tumor activity and allows their use as a tumor cell-based vaccine.

Materials and Methods

Reagent and Abs

Cell culture

Mice

Plasmids

The Abs anti-H-2KP-FITC, anti-H-2K9-PE, anti-NK1.1-allophycocyanin, and anti-Fas-FITC
were from BD Pharmingen. The Abs against ERKS5 and S-actin were from Cell Signaling
Technology. The anti-mouse 1gG-Alexa Fluor 647 was from Molecular Probes. Donkey anti-
rabbit or sheep anti-mouse 1gG abs were obtained from Amersham. CFSE was from Sigma-
Aldrich. The anti-human HLA mAb W632 was a generous gift of Dr. Valerie Pinet. The c-
FLIP Ab was from Alexis Biochemicals. The anti-FasL clone MFL3 was from BD
Pharmigen, and the anti-CD3 (clone 145.2C11) obtained from hybridoma 145.2C11 was a
kind gift from Dr. Anne-Marie Schmitt.

The leukemic T cell lines EL4 and Jurkat and the murine leukemic B L1210 cell line were
grown in RPMI 1640-GlutaMAX (Invitrogen) supplemented with 5% FBS. BM3.3 cells
were grown in RPMI 1640-GlutaMAX supplemented with 5% FBS, 1 mM sodium pyruvate,
10 mM HEPES, 50 4M 2-ME, and 10% EL4.C16 PMA-activated supernatant. In certain
experiments they were activated 3 h with 10 ng/ml PMA plus 666 nM ionomycin.

C57BL/6 or BALB/c mice were grown at the Institut de Génétique Moléculaire de
Montpellier animal facility. All experiments involving mice were performed according to the
guidelines and regulations of the Centre National de la Recherche Scientifique, France (J.
Garaude, S. Charni, C. Jacquet, and M. Villalba have the official degree for animal
experimentation delivered by the Ministére de I’ Agriculture (France)).

The pcDNA expression vectors for ERK5 and a constitutively active MEK5 mutant (S313D/
T317D, termed MEK5D) were a generous gift from Dr. Axel Ullrich (15). Expression
vectors for B-galactosidase, the pSUPER expression vector for GFP alone or GFP plus
shERKS and the pSIRENRetroQ-puro (BD Biosciences) retroviral vectors for shERK5 and
control have been described (18). The expression vectors for the nonphosphory-latable
ERKS5 mutant (ERK5AEF: the activating TEY motif mutated to AEF) in pcDNA and the
catalytic inactive ERK5 mutant (ERK5KM: K84 mutated to M) in pLZR were generous
gifts of Drs. Axel Ullrich and Atanasio Pandiella, respectively. The MHC-1 promoter
construct is derived from the swine class | gene PD-1 (19).
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Transient transfection and stable cell line generation

Jurkat cells in logarithmic growth phase were transfected with the indicated amounts of
plasmid by electroporation (18). In each experiment, cells were transfected with the same
total amount of DNA by supplementing with empty vector. Cells were incubated for 10 min
at room temperature with the DNA mix and electroporated at 260 mV, 960 4 in 400 | of
RPMI 1640. Stable cell lines were generated as described previously (18). Briefly, cells are
plated at 1.5 x 10° cells/ml. One milliliter of a supernatant from 293T cells expressing the
retroviral vectors for ShERKS or control sequence was added after plating. Three days later,
cells were cultured with 2.5 tg/ml puromycin (Sigma-Aldrich). After 1 wk, surviving cells
were isolated and kept on selection medium until used.

Reporter assay

In all experiments, cells were transfected with a S-galactosidase reporter plasmid (18).
Transfected cells (10 x 10%) were harvested after 2 days and washed twice with PBS. Cells
were lysed in 100 /4 of luciferase lysis buffer (Promega) and luciferase assays (40 /1)
performed according to the manufacturer’s instructions (Promega) using a Berthold
luminometer. For B-galactosidase assays, 40 /4 of lysate was added to 200 /4 of g
galactosidase assay buffer (50 mM phosphate buffer (pH 7.4), 200 1g of 2-nitrophenyl a-D-
galactopyranoside, 1 mM MgCl,, 50 mM B-mercaptoethanol) and the absorbance was
measured at 405 nm. The results are expressed as luciferase units normalized to the
corresponding S-galactosidase activity. The expression level of the transfected proteins was
routinely controlled by immunoblot analysis.

CFSE labeling and peritoneal clearance

Cells were labeled with CFSE as follows. One microliter of a stock solution (5 mM) was
diluted into 10 ml of PBS. Five million cells were washed once in PBS, resuspended in 1 ml
of the CFSE/PBS solution for 2 min at room temperature, washed once with 10 ml of PBS,
and resuspended at the indicated concentration. The indicated amounts of cells were injected
i.p. in 150 24 of PBS. Mice were sacrificed 3 days later and peritoneal cells were collected,
washed in PBS, and analyzed on a FACSCalibur flow cytometer (BD Biosciences). In some
experiments mice were injected with 50 z of polyclonal rabbit anti-asialo GM1 serum
(Wako Chemicals) or the same amount of rabbit serum control at days 2 and 0 before
injecting CFSEN9N-Jabeled L1210 ShERKS5 (5 1M CFSE) and CFSE!*W-|abeled L1210
shLuc cells (1 M CFSE). Peritoneal exudates cells were obtained 2 days later and CFSE*
cells were analyzed by flow cytometry.

Measure of cytotoxic activity

Spleen NK cells were isolated by positive selection using anti-DX5 magnetic beads
(Miltenyi Biotec), according to the manufacturer’s instructions. The purity of the collected
DX5* cells was typically 98% (data not shown). Cytotoxicity assays were performed
essentially as described in (20). Target cells were cultured overnight at 2 x 10° cells/ml and
labeled with 5 pCi/ml [3H]thymidyne (GE Healthcare) at 37°C. Then, target cells were
washed twice with fresh medium and cultured at 10° cells/ml in RPMI 1640 with 5% heat-
inactivated FCS (cytotoxicity medium). Once isolated, NK cells were incubated in
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cytotoxicity medium with target cells at the corresponding E:T ratios in a V-bottom 96-wells
plate, in a final volume of 200 2. After incubating for 4 h at 37°C, 25 /4 of a solution
containing 2% Triton X-100, 80 mM Tris-HCI (pH 7.5), and 8 mM EDTA was added to each
well, incubating then for 15 min at 37°C. Then, plates were centrifuged 15 min at 1400 rpm
and 50 4 of supernatant was transferred to scintillation vials, adding 2 ml of scintillation
liquid per vial (GE Healthcare). In EL4 cells [3H]thymidyne labeling was not totally
satisfactory, and we therefore used the classical °1Cr-release assay, in which we labeled
target cells with 100 Ci of Na,®1CrO, for 1 h. Afterwards cells were treated like
[3H]thymidyne-labeled cells. Spontaneous release was determined by the cpm present in the
supernatants in the absence of effector cells, and total labeling was obtained by measuring
radioactivity in target cells directly. Each point was measured by triplicate, and the
percentage of specific target cell death induced by NK cells was determined by the following
expression: % specific lysis = (sample cpm spontaneous cpm/total cpm spontaneous cpm)
x 100. Spontaneous release was always <10% in the case of >1Cr release and <25% with
[3H]thymidyne. All experiments were performed in triplicate.

Tumor progression in vivo

For s.c. tumor formation, EL4 cells were washed in PBS and resuspended at 1.5 x 106
cells/ml. A total of 2.5 x 10° cells was injected s.c. in the flank of C57BL/6 mice for
pretreatment with EL4 shERKS5 cells and for inoculation of the EL4 shLuc cells. Every 2
days tumors were measured, and the volume was calculated following the formula: V' x
length (weight)2/2.

Flow cytometry

Peritoneal cells, spleen cells (3 x 106), or cell lines (2 x 10%) were stained for 20 min at
room temperature with indicated FITC-, PE- or allophycocyanin-conjugated Abs in 200 /4
of PBS. For human MHC-I staining, cells were incubated with W632 mAb before
incubation with anti-mouse Alexa Fluor 647. Cells were washed and analyzed on
FACSCalibur flow cytometer using CellQuest Pro software (BD Biosciences).

Immunobloting

Cells were washed with PBS and lysed in SDS-Laemmli buffer. Proteins were separated by
SDS-PAGE on minigels and processed for immunoblot analysis as previously described
(18).

RNA isolation and quantitative RT-PCR experiments

RNA from 10 x 108 cells was isolated with the GenElute Mammalian Total RNA Miniprep
kit as described by the supplier (Sigma-Aldrich). Total RNA was subjected to DNase
treatment using a RQ1 RNase free DNase (Promega). One microgram of each sample was
reverse transcribed into cDNA using a SuperScript Il reverse transcriptase (Invitrogen)
according to the supplier’s specifications. cDNAs were amplified using the SYBR Green
PCR Master Mix from Invitrogen. Amplification products were detected by real-time PCR
using the Multiplex quantitative PCR system Mx3000P (Stratagene) according to the
manufacturer’s specifications. Reactions were conducted (5 min at 95°C followed by 40
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cycles of 30 s at 95°C, 30 s at 64°C, and 30 s at 72°C). S26 was used as housekeeping gene
for arbitrary unit calculation for every tested gene. Primers were designed and selected using
the Primer 3 program (version 0.4.0) and were the following: S26: 5 *
GAACATTGTAGAAGCCGCTGCTGTC-3and 5 *-
AACCTTGCTATGGATGGCACAGCTC-3’; Bo-microglobulin (8 ,-m): 5'-
CAGTCTCAGTGGGGGTGAAT-3’ and 5’-ATGGGAAGCCGAACA TACTG-3'.

RT-PCR data for 8 ,-m mRNAs were calculated with the Multiplex quantitative PCR system
Mx3000P (Stratagene) according to the manufacturer’s specifications and were normalized
to the values of the housekeeping gene S26.

Statistical analysis

Results

The statistical analysis of the difference between means of paired samples was performed
using the paired #test. The results are given as the confidence interval (). All of the
experiments described in the figures were performed at least three times with similar results.

ELA4 cells expressing a small hairpin RNA for ERKS5 (EL4 shERKDS5) fail to induce tumors
when injected s.c. in syngenic C57BL/6 mice (18). They also did not induce tumors in the
peritoneum, because they were eliminated in <72 h (Fig. 1A). In contrast, EL4 cells
expressing a small hairpin RNA for luciferase (EL4 shLuc) were recovered at similar levels
to wt cells (Fig. 1A4), which agreed with our observations in s.c. tumors (18). To extend this
observation, we stably transfected the murine leukemia B cell line L1210 with these ShARNA
expression vectors. L1210 shERKS and control L1210 shLuc cells were loaded with
different CFSE concentrations and injected into the peritoneum of syngenic BALB/c mice.
The numbers of L1210 shERKS5 cells were vastly diminished 48 h later, unlike those of the
L1210 shLuc cells (Fig. 1B).

The innate immune response, specifically NK cells, seemed the most likely mediator of the
rapid clearance of sShERK5-expressing tumor cells. Consistent with this, splenocytes from
syngenic mice were capable of lysing EL4 shERKS5 cells (Fig. 2A4), but not EL4 wt or shLuc
cells (data not shown and Ref. 18). Moreover, purified NK cells were more efficient in this
assay, and their depletion from the splenocyte population strongly diminished lysis (Fig.
2A). These NK cells killed allogenic L1210 shERKS5 cells with the same efficiency as
syngenic BALB/c NK cells, showing that L1210 shERKS5 cells were recognized as non-self
by both NK cell haplotypes (Fig. 258). In contrast, syngenic NK cells did not kill L1210
shLuc cells (Fig. 2B). Intraperitoneal injection of anti-asialo GM1 antiserum, which depletes
NK cells in vivo (Ref. 21 and data not shown), led to survival of L1210 shERKS5 cells (Fig.
1B), confirming the in vitro results (Fig. 2).

NK cells use two mechanisms to eliminate their targets: the granzyme/perforin pathway,
which requires Ca2* and is thus blocked by EGTA, and the expression of FasL to engage the
death receptor Fas. To test their relative contributions here, we performed the same assays in
the presence of EGTA, anti-FasL to inhibit Fas activation, or both of them (Fig. 2C). The
two treatments decreased killing of L1210 shERKS5 cells by syngenic NK cells with similar
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efficiency, implicating both pathways in this process. As expected, blocking of both
pathways totally abolished killing. This also indicated that naive murine NK cells express
some functional FasL, as others have observed (22) and as we have confirmed (data not
shown). Although quiescent L1210 cells do not express Fas (23, 24), NK cells clearly
eliminated L1210 shERKS cells by a Fas-dependent pathway (Fig. 2C). This paradox was
resolved when we found that quiescent L1210shERKS5 cells, but not control L1210 shLuc
cells, express low levels of Fas at the cell surface (Fig. 20). However, the deficient NF-xB
activity found in these cells makes them extremely sensitive to Fas-induced apoptosis (see
below and Ref. 18).

Naive NK cells preferentially target and eliminate cells that lack MHC-1 at the cell surface,
and MHC-I-deficient tumor cells recruit NK cells to the site of their injection (9, 25). Given
our results (Figs. 1 and 2), we analyzed MHC-I expression and NK recruitment by L1210
ShERKS cells. Indeed, compared with L1210 shLuc cells, L1210 shERKS5 cells showed very
low surface levels of two class | molecules, H-2DY and H-2KY (Fig. 3A), and considerably
increased the number of NK cells recruited to the peritoneum upon injection (Fig. 3B). This
increase was statistically significant relative to the moderate level seen with the control cells
(Fig. 38). A recombinant NKG2D-Fc chimera bound to L1210 shLuc and L1210 shERK5
cells, showing that both expressed ligands for the NK-activating receptor NKG2D (data not
shown). NKG2D ligands induce NK cell recruitment, even to MHC-I-expressing tumor cells
(26). This explains why L1210 shLuc cells recruited NK cells, although the lack of surface
MHC-I expression clearly led to a more pronounced effect. Notably, the NK cells recruited
by L1210 shERKS5 cells expressed higher levels of granzymes, showing that they were more
strongly activated (Fig. 3C).

The ERKS5 cascade is implicated in gene regulation (13), which led us to test if it regulates
MHC-I expression at the transcriptional level. We transfected Jurkat cells with a reporter
gene controlled by the promoter of the MHC-I gene PD-1, together with expression vectors
for wt or kinase-dead ERK5 and a constitutively active mutant of its upstream kinase MEK5
(MEKS5D). Wild-type and the two ERK5 mutants, namely catalytically inactive ERK5 KM
and the activation loop mutant ERK5 AEF, were expressed (supplemental Fig. 1),5 but they
were unable to activate the MHC-1 reporter gene on their own (Fig. 4A). In fact, the two
mutants decreased its basal activity (Fig. 4A). When cotransfected with MEK5D, wt ERK5
strongly activated the PD-1 reporter (Fig. 4, A and B), whereas the two ERK5 mutants did
not. Notably, this reporter gene was also activated, albeit less strongly, when cotransfected
with MEK5D and ERKS5 in Hela cells (Fig. 4D). Taken together, these data revealed that
ERKS pathway was involved in the constitutive activation of the PD-1 promoter.

IFNs induce expression of MHC-1 (27) and accordingly activate the PD-1 reporter gene
driven by the PD-1 promoter (Fig. 45, control +). The level of activation was increased in
the presence of ectopically activated ERK5 (Fig. 4 B); this augmentation was not seen with
either ERK5 mutant (Fig. 458). As previously noted (15), ERK5 KM had a stronger
inhibitory effect than did ERK5 AEF, significantly diminishing IFN-driven activation of the
reporter gene (Fig. 45). The same level of inhibition was seen with the expression vector for

S5The online version of this article contains supplemental material.
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ShERKS (Fig. 4B); these data indicate a role for the ERKS5 cascade in PD-1 promoter
activation by IFN. Importantly, transient transfection of MEK5D and ERKS5 led to increased
expression of MHC-1 at the plasma membrane in Jurkat cells (Fig. 4C), showing the
physiological relevance of our results.Moreover, we did not detect MHC-1 expression in
L1210 shERKS5 permeabilized cells, showing that class | molecules were not produced in
these cells and were not accumulated in their endoplasmic reticulum (supplemental Fig. 3).

Class | molecules consist on one H chain (45 kDa), encoded within the MHC region, and an
L chain, B>-m. L1210 shERKS cells, unlike wt and shLuc L1210 cells, showed reduced
expression of endogenous B-m mRNA (Fig. 5A). Consistent with this, Jurkat cells
transfected with ERK5 and MEKS5D in Jurkat cells showed a significant increase in £,-m
mRNA levels (Fig. 58). Therefore, ERK5 down-regulation controlled expression of both
chains of class | molecules, explaining why L1210 shERKS5 cells showed almost no surface
expression of MHC-1.

IFNs released by CTLs increase Fas and MHC-I expression on target cells, which sensitizes
them to CTL activity. Figs. 3 and 4 showed the role of ERK5 in MHC-I expression; we next
investigated Fas regulation in ShERK5-expressing cells. PMA/ionomycin-induced activation
of the CTL clone BM3.3 up-regulates functional FasL expression and facilitates the Fas-
based cytotoxicity (28). This also leads to production of IFNs that induce Fas expression in
Fas-negative L1210 cells (23, 24). In a 1-h incubation, activated BM3.3 cells induced a 6-
fold increase in Fas expression by L1210 shLuc cells and a striking 14-fold increase in
surface levels of Fas on L1210 shERKS5 cells (Fig. 64). We previously found that ShERK5-
expressing cells fail to activate the survival factor NF-kB, which renders them more
sensitive to death receptor engagement (18). Consistent with this, L1210 shERKS cells
expressed lower amounts of both isoforms of the antiapoptotic protein c-FLIP (supplemental
Fig. 2), whose expression requires NF-xB activity (29). Indeed, L1210 shERKS5 cells, like
EL4 and Jurkat shERKS cells (18), were highly sensitive to Fas-mediated killing (Fig. 2).
Furthermore, the rapid increase in Fas expression induced by activated CTLs, together with
the reduction in c-FLIP isoforms, should enhance the sensitivity of L1210 shERKS5 cells to
Fas-based cytotoxicity. Consistent with this, cytotoxic lymphocytes like BM3.3 (Fig. 6 8) or
NK cells (Fig. 2) killed L1210 shERKS5 cells, but not shLuc cells, in short-term assays even
in the presence of EGTA, which blocks the perforin/granzyme pathway (Figs. 2 and 68).
This effect was maximal when BM3.3 cells were activated with PMA plus ionomycin (Fig.
65). Taken together, these data also support the physiological relevance of our observations.

Thus, shERK5-expressing leukemic cells present features that suggest their potential
usefulness for tumor vaccination: they proliferate in vitro, whereas in vivo they are rapidly
eliminated by NK cells (Figs. 1 and 2) that they recruit to the site of injection (Fig. 3).

Since elimination of tumor cells by NK cells induces an immune response against MHC-1*
tumor cells in some mouse models (6, 7, 26, 30, 31), we investigated if our ShERK5-
expressing leukemic cells induced an immune response against wt cells. L1210 cells are not
tumorigenic in immune-competent syngenic BALB/c mice. In contrast, EL4 cells induce
tumors when injected in syngenic C57BL/6 mice. EL4 shERKS cells, like L1210 shERK5
cells (Fig. 3B), recruited NK cells to the site of injection, in this case the peritoneum,
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whereas EL4 shLuc cells, which express MHC-I, did not (Fig. 7A). Moreover, coinjection of
EL4 shERKS5 and shLuc cells strongly reduced survival of the latter in the peritoneum (Fig.
7B), suggesting that EL4 shERKS cells induced an immune response that was also directed
against EL4 shLuc cells. This led us to test if previous injection (i.e., vaccination) with EL4
shERKS cells would affect tumorigenesis by EL4 shLuc cells. Syngenic mice were injected
s.c. with EL4 shERKS cells, and then with EL4 wt cells at the same site 2 or 6 wk later. This
blocked tumor formation in 20% of the mice and significantly reduced tumor development
in the remaining 80% (Fig. 7C). These data show that ERK5-expressing cells could induce
an immune response that strongly restricts tumorigenesis by wt cells.

Discussion

Tumor cell-based vaccines are an interesting alternative to peptide or cDNA immunization.
Currently they generally include apoptotic cells or cell extracts, which are not strong
immunogens (4) or can be immunosuppressive (5). In viral vaccination the best vaccines are
those that originate with attenuated virus. We expect living tumor cells to be better
immunogens than apoptotic cells due to their killing and processing by immune cells.
Clearly, these tumor cells must be quickly and efficiently eliminated by the host immune
system that, in consequence, will be strongly activated, thereby leading to an antitumoral
immune response. In our previous work (18), we found that decreasing ERKS5 levels in
leukemic cells sensitizes them to death receptor-induced apoptosis. Moreover, these cells,
“attenuated” by the expression of a ShRNA that decreases ERKS5 levels, failed to induce
tumors in vivo. Here we show that these sShERKS5 leukemic cells are targeted by NK cells,
which in turn become activated. Moreover, the ShERKS5 cells induce an immune response
that blocks tumorigenesis by wt cells. Thus, ShERK5-expressing cells can be used for NK
cell priming in vivo and in vitro, which has potential relevance for therapies that activate NK
cells (6, 7, 32). Moreover, an epidemiologic survey showed that high cytotoxic activity of
peripheral-blood lymphocytes is associated with reduced cancer risk, suggesting a role for
natural immunological host defense mechanisms against cancer (33).

The rapid elimination of injected ShERK5-expressing cells rules out a role for an adaptive
immune response. Instead, our data show that this is mediated by NK cells, for which the
shERK-expressing cells are ideal targets, due to their loss of MHC-I expression and their
extreme sensitivity to cytotoxic lymphocyte-induced cell death. Additionally, ShERK5-
expressing cells recruit NK cells. Several groups have proposed a simple explanation (9, 25).
The interaction between MHC-I-deficient cells and NK cells triggers NK cytotoxicity but
also NK activation, as well as production of cytokines such as IFN-yand TNF-a, which
attracts new NK cells to the site. Additionally, inflammation will activate other cells (i.e.,
macrophages) that could produce cytokines to attract more NK cells (i.e., TNF-a or IL-12).
Mocikat and colleagues (34) obtained an adaptive immune response against tumor cells
when they stimulated the NK cell response with cells expressing low levels of MHC-I. We
find that injection of leukemic cells rendered MHC-I deficient through shERK5 expression
strongly inhibited tumorigenesis induced by wt cells, which very likely arises from an
immune response against the latter. Activated NK cells can eliminate tumor cells expressing
MHC-1 (7, 8), and thus one possible explanation is that ShERK5-expressing cells activate
NK cells, which then directly eradicate wt tumor cells. Consistent with this scenario, we find
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that wt leukemic cells are eliminated when coinjected with their ShERK5-expressing
counterparts. In a second scenario, NK cell activity generates an adaptive immune response,
either through direct activation of DCs or via killing of tumor cells to allow presentation of
tumor-associated Ags by DCs (7). This would explain how previously injected ShERK5-
expressing leukemic cells lead to a decrease in tumor formation by wt cells in long-term
experiments (Fig. 7C). It is possible that both scenarios occur in our system.

Previous work has shown that tumor cells, engineered to express ligands that activate NK
cells, were sensitive to NK cell-mediated cytotoxicity (26, 30). Nevertheless, tumor cells
avoid the immune system by secreting NK cell-activating ligands, which block their
receptors on NK cells (35, 36). We achieve the same effect by reducing expression of ERK5
and thereby that of MHC-1, which generates cells sensitive to both perforin/granzymes and
death receptor activation. Additonally, down-regulation of ERK5 diminishes survival of
hematopoietic tumor cells (14-17). Thus, shERK5-expressing tumor cells can be eliminated
by the host immune system at different levels, an important point for potential therapeutic
applications.

We find that shERK5-driven down-regulation of MHC-I expression in mouse leukemic cells
took more than 3 mo (data not shown). However, it is possible to down-regulate MHC-I by
other mechanisms, using ShRNAs for S,-m or HLA molecules (37, 38) or expression vectors
for the adenoviral protein Gp19, which blocks class | molecules in the endoplasmic
reticulum (39). Therefore, it is feasible to imagine a therapeutic approach in humans based
on leukemic cells attenuated by expression of sShERKS and down-regulation of MHC-I.
Whether a similar strategy might work with solid tumors or metastatic cells remains to be
investigated. Nevertheless, our observations suggest the possibility of developing tumor
vaccines via the attenuation of live tumor cells, thus replicating the strategy used to develop
vaccines against viral diseases.
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FIGURE 1.

Leukemia cells expressing ShERKS5 are eliminated within 3 days of peritoneal injection in
syngenic mice. A, One million EL4 wt, shERKS5 (two independent cell lines: A and B), and
shLuc cells labeled with 1 zM CFSE were injected in the peritoneum of syngenic C57BL/6

mice. Peritoneal cells were recovered after 3 da

ys and CFSE* cells were analyzed by FACS.

The percentage positive cells was determined relative to the total number of cells recovered.
B, Five million L1210 shLuc or shERKS cells were labeled with 1 M (shLuc) or 5 /M

(ShERKD5) CFSE (upper left panel) and injected
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anti-asialo GM1, which eliminates NK cells, or control rabbit serum. Two days later, CFSE*
cells in the peritoneal wash, along with the input cells, were analyzed by FACS (upper right
panel), and the ratio between shERKS and shLuc cells was calculated (/ower panel).
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FIGURE 2.

NK cells target ShERK5-expressing leukemia cells in vitro. A, EL4 shERKS5 cells loaded
with ®1Cr were incubated 4 h with total splenocytes, purified NK cells, or splenocytes
depleted of NK cells at different ratios. Cytolytic activity was measured using the ®1Cr
released into the cell supernatants. B, L1210 shERKS cells (/eft and middle panels) or shLuc
cells (right panel) were labeled with [3H]thymidine and incubated at different ratios with
effector cells and either purified NK cells (+NK) or splenocytes depleted of NK cells (NK)
from syngenic (/eftand right panels) or allogenic (/middle panel) mice. C, NK cells use both
the perforin/granzyme and the Fas/FasL pathway to kill L1210 shERKS5 cells in vitro.
Different ratios of purified NK cells (+NKs, E = effector) were incubated with >1Cr-labeled
L1210 shERKS cells (T = target) for 4 h. Two millimolar EGTA and/or 1 gg/ml anti-FasL
were added to the media during incubation. D, Fas expression in L1210 cells, either shLuc
or shERKS5, was analyzed by FACS. The dashed lines represent staining with a nonspecific
IgG, and the brackets above the curves indicate the Fas-positive cells.
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FIGURE 3.

L1210 shERKS5 cells recruit and activate NK cells. A, L1210 shLuc (thin line) and L1210
ShERKS cells (thick line) were stained with anti-H-2D4 (/eft panel) or anti-H-2KY (right
panel) Abs to visualize MHC-1 expression and analyzed by FACS. The dash line showed the
unspecific binding of a control IgG Ab. B, Five million cells, either L1210 shLuc or L1210
SshERKS, or PBS was injected into the peritoneum of syngenic BALB/c mice. Forty-eight
hours later, cells were recovered from the site of injection and stained with an Ab to CD49b.
The percentage (/eft panel) and the number (right panel) of NK cells were measured by
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FACS analysis. The data were evaluated using Student’s ftest: *, p <0.05; **, p <0.01; ***,
p <0.001. C, Cells from Bwere stained with anti-granzyme A or anti-granzyme B Abs and
analyzed as described in Bto evaluate NK cell activation. The bars (ygper panel) show the
percentage of cells staining positive for both CD49b and granzyme, and they represent the
average + SD of three independent experiments. The lower set of panels shows the data from
a typical experiment. The data were evaluated using Student’s ftest: *, p <0.05; **, p <
0.01; ***, p <0.001.
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FIGURE 4.
ERKS catalytic activity is required for the induction of a MHC-I reporter gene in Jurkat

cells. A, Ten million Jurkat cells were transfected with the following: 5 (g of expression
vectors for either wt ERK5, ERK5 AEF, or ERK5 KM and/or constitutively active MEK5
(MEKS5D), 2.5 19 of the reporter gene PD-1-Luc, and 1 g of the B-galactosidase expression
vector. Forty-eight hours later, lysates were prepared and analyzed for luciferase and
galactosidase activity. The relative luciferase units represent the ratio of luciferase/
galactosidase. B, ERKS is essential for IFN-induced MHC-I up-regulation. Cells transfected
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as in A were unstimulated (black bars) or stimulated with 1 nM each IFN-aand IFN-£ (gray
bars) for 3 days. The data are presented as the mean + SD of at least three independent
experiments, and they were evaluated using Student’s ftest: *, p <0.05 and **, p <0.005
compared with control cells. C, Fifty million Jurkat Tag cells were transfected with with 3
g of a GFP expression vector and either 10 g of pcDNA3 or 5 ug each of expression
vectors for ERK5 and MEKS5D. Two days later, GFP cells were isolated by FACS and MHC-
| expression analyzed in cells cotransfected with empty vector (thick line) or MEKD ERK5
(thin line) using an Ab to human HLA. The dotted line shows background staining in the
absence of anti-HLA. D, HelLa cells were transfected with the following: 1 pg of expression
vectors for wt ERK5 and/or constituively active MEK5 (MEK5D), 2.5 1g of the reporter
gene PD-1-Luc, and 1 /g of a TK-Renillaluciferase reporter gene. For each transfection, a
constant amount of DNA was transfected. The data were normalized to the TK-Renilla
internal control and expressed as fold activation relative to the empty vector. The bars
represent the mean + SE of two experiments performed in duplicate.
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FIGURE 5.
The ERKS pathway controls transcription of the endogenous B-m gene. A, RNA was

isolated from 107 resting L1210 wt, shLuc, or shERK5 cells and analyzed by quantitative
RT-PCR for -m and the housekeeping gene S26. The ratio between the two was used to
calculate the arbitrary units. The data represent the mean + SD of at least three independent
experiments, which were evaluated using Student’s ftest: *, p <0.05. B, Twenty million
Jurkat cells were transfected with 3 g of a GFP expression vector and either 5 1g each of
expression vectors for ERK5 and MEK5D or 10 tg of empty vector. Two days later, GFP*
cells were isolated by FACS, and RNA was isolated and analyzed as described in A. The
data represent the mean + SD of at least three independent experiments, which were
evaluated using Student’s ztest: *, p <0.05.
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FIGURE 6.

L1210shluc L1210sherk5

L1210 shERKS5 cells are highly sensitive to killing by cytotoxic lymphocytes. A, L1210
shLuc or shERKS5 cells (dashed line) were incubated with resting (thin line) or activated
(thick line) BM3.3 cells for 1 h and Fas expression in the CD8 population was analyzed by
FACS. B, Resting or PMA/ionomycin-activated BM3.3 cells were incubated with L1210
shLuc or shERKS5 cells for 2 h in the presence of 2 mM EGTA before measuring DNA
fragmentation as described in Materials and Methods.
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FIGURE 7.
EL4 leukemia cells expressing ShERKS block tumorigenesis by wt cells. A, Five hundred

thousand EL4 cells were injected in the peritoneum of syngenic C57BL/6 mice. Three days
later, cells were washed from the site of injection and the number of NK cells was
determined by FACS using an Ab to NK1.1. The percentage of NK cells was calculated
relative to the total number of cells. B, EL4 shLuc loaded with CFSE were injected alone
(left bar) or together with nonlabeled EL4 shERK5 cells (right bar, 5 x 10° of each) in the
peritoneum of syngenic mice (n =3 mice/group). The same number of EL4 shERKS5 cells
loaded with CFSE were injected as a control (middle bar). After 3 days, cells were washed
from the site of injection and the number of CFSE™* cells was determined by FACS. The
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percentage of CFSE™ cells was calculated relative to the total number of cells. C, Syngenic
C57BL/6 mice were injected with 2.5 x 10° EL4 shERKS cells or PBS (7 =4) and then
injected s.c. with 2.5 x 10° EL4 wt cells 2 (7 =4) or 6 (7 =5) weeks later. Tumor size was
measured at the indicated times afterward.
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