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Purpose. Coaxing dead tumor cells to induce specific immune responses is an attractive tumor therapy.

However, there continues to be a need for adjuvants that can promote the cross-presentation of the dead

tumor cells to induce specific anti-tumor response. Viral dsRNA has multiple mechanisms to promote

the cross-presentation of viral antigens in virus-infected cells. We propose to learn from viruses by

generating dead tumor cells having synthetic dsRNA delivered inside them to allow the dsRNA to

promote the cross-presentation of dead tumor cells.

Materials and Methods. Using synthetic dsRNA, poly(I:C), and the TC-1 cervical cancer model, we

evaluated the extent to which the poly(I:C) can promote the necrotic bodies of TC-1 cells to induce

specific anti-tumor immune response. The poly(I:C) was either simply mixed with the dead TC-1 cells or

pre-loaded inside them.

Results. Immunization of tumor-bearing mice with the necrotic bodies of tumor cells admixed with

poly(I:C) significantly inhibited the tumor growth. More importantly, immunization with the necrotic

bodies having poly(I:C) pre-loaded inside led to a significantly stronger anti-tumor response than when

the necrotic bodies were simply admixed with the poly(I:C), apparently through a CD8+ CTL response-

mediated mechanism.

Conclusions. These findings are expected to be clinically relevant for devising improved whole cell-

based tumor vaccines.
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INTRODUCTION

Double-stranded RNA is produced by many viruses
during their replicative cycle. It is a strong inducer of type I
interferons (IFN-a/b) (1), which have been shown to be
immunostimulatory (2) and anti-proliferative (3). Some
synthetic dsRNAs, such as the polyinosinic-cytidylic acid
[poly(I:C)], have similar effects as viral dsRNA (4–6). The
immunostimulatory activity of synthetic dsRNA molecules
was originally documented in the 1960–1970s (7, 8). Howev-
er, it was not until recently that Toll-like receptor 3 (TLR3)
was identified as a receptor of dsRNA (9), and the
interaction between dsRNA and TLR3 was shown to play
an important role in the immunostimulatory activity of
dsRNA. To summarize recent findings related to the effects
of dsRNA on the immune system, dsRNA was shown to
induce stable maturation of functionally active dendritic cells
(DCs) (10), to augment natural killer (NK) cell-mediated
cytotoxicity (11, 12), to directly promote the survival of
activated CD4+ T cells in vitro (13), and to boost the number

and survival of antigen-specific CD8+ T cells (14), although
CD4+ T helper response was still required for the dsRNA to
promote the induction of a functional CD8+ T cell memory
response (15).

We are interested in exploiting the immunostimulatory
activity of dsRNA to promote dead or dying tumor cells to
cross-prime anti-tumor immune responses. Viral dsRNA has
been shown to have multiple mechanisms to promote virally
infected professional antigen-presenting cells (APCs) or non-
APCs to prime or cross-prime specific immune responses
against viral antigens expressed in virus-infected cells. The
cross-presentation of antigens associated with dead or dying
tumor cells resembles the cross-presentation of viral antigens
expressed in dead or dying virus-infected cells. Antigen cross-
presentation may occur after professional APCs take up
soluble molecules or particular matters, including cells. Dead
or dying tumor cells can be presented by APCs to T cells to
induce anti-tumor immune responses (16). However, a cross-
presentation of an antigen does not necessarily lead to the
cross-priming of an immune response. The APCs need to
receive both antigens and appropriate activation signals in
order to successfully cross-prime an immune response.
Otherwise, a cross-presentation may lead to tolerance.

Double-stranded RNA has been shown to be such a
proper activation signal. Following are two recently identified
mechanisms on how dsRNA promotes antigen cross-priming;
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(a) dsRNA can promote cross-priming through the induction
of type I IFNs. Viral dsRNA induces infected cells to produce
type I IFNs, which then promote the cross-priming of CD8+ T
cells by stimulating the maturation of antigen-presenting DCs
(17). Similar to viral dsRNA, some synthetic dsRNA are also
potent inducers of type I IFNs (18, 19), and thus, can promote
antigen cross-priming. (b) Viral dsRNA can also promote
cross-priming of T cell responses towards viral antigens
expressed in infected cells, independent of the contribution
from type 1 IFNs. Recently, it was shown that CD8a+ DCs
were activated by viral dsRNA present in virally infected
cells, but not by uninfected cells (20). Similarly, the CD8a+

DCs were activated by irradiated Vera cells pre-loaded with
poly(I:C), but not by irradiated Vera cells in the absence of
poly(I:C). This DC activation required the phagocytosis of
the infected cells or the Vera cells by the DCs, followed by
TLR3 signaling (20). More importantly, immunization of
mice with the apoptotic bodies of virus-infected cells or
irradiated Vera cells pre-loaded with poly(I:C) and a model
protein antigen led to a striking increase in the cross-priming
of cytotoxic T lymphocyte (CTL) response against viral anti-
gens in virus-infected host cells or the model antigen loaded
into the Vera cells (20). This activity was largely dependent
on the expression of TLR3 by the APCs (20).

In the present study, we tested the feasibility of using
synthetic dsRNA to promote the cross-priming of specific
immune responses against tumor cells by mimicking the
promotion of the induction of anti-viral immunity by viral
dsRNA. We evaluated the ability of a synthetic dsRNA to
cross-present dead tumor cells, particularly when the dsRNA
was pre-loaded inside the dead tumor cells, to induce specific
anti-tumor immune responses. The model cervical cancer
TC-1 tumor cell line, which expressed the human papilloma-
virus (HPV) type 16 E6 and E7 gene, was used in this study.
It was previously shown that, in the TC-1 tumor model,
tumor antigen-specific CD8+ CTL responses were necessary
and sufficient to kill the tumors (21, 22). Using this model, we
have demonstrated that treatment of tumor-bearing mice
with the necrotic bodies of tumor cells admixed with
poly(I:C) significantly inhibited the tumor growth. More
importantly, the immunostimulatory activity of the
poly(I:C) was more potent when it was pre-loaded inside
the dead tumor cells than when simply admixed with them.
These findings are expected to be pertinent in the
development of human tumor vaccines. Dead tumor cells
with a known antigenic profile could be pre-loaded in vitro
with synthetic dsRNA and injected into patients having
tumors with a similar antigenic profile to induce an immune
response towards the tumor cells (23).

MATERIALS AND METHODS

Materials

Poly(I:C) (or pI:C) was from GE Healthcare (Piscataway,
NJ). It was a duplex polymer composed of a poly (I) strand
(152–539 b) annealed to a poly (C) strand (319–1,305 b). The
endotoxin level in the poly(I:C) solution (2 mg/ml in RNase-
and endotoxin-free solution) was determined to be very low
(2.4 T 0.3 EU/ml) using a Limulus lysate assay (Associates of

Cape Cod, Inc. East Falmouth, MA). The TC-1 cell line was
engineered by Dr. T. C. Wu at the Johns Hopkins University.
The cell line was generated by transducing C57BL/6 mouse
lung cells with HPV 16 E6 and E7 oncogenes and an activated
h-ras gene (24). The 24JK tumor cell line was generated by
Dr. P. Hwu in the National Cancer Institute. It was a tumor
cell line derived from the MCA102 fibrosarcoma, which was
generated from C57BL/6 mice (25). Cells were grown in RPMI
1640 medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS, Invitrogen), 100 U/mL of
penicillin (Sigma-Aldrich, St. Louis, MO), and 100 mg/ml of
streptomycin (Invitrogen). The HPV 16 E749–57 peptide
(RAHYNIVTF) was synthesized and purified (>80%) by the
GenScript Corp. (Piscataway, NJ). All lipids used to prepare
the liposomes were from Avanti Polar Lipids, Inc. (Alabaster,
AL). The CytoTox 96 Non-Radioactive Cytotoxicity Assay kit
was from Promega Corporation (Madison, WI).

Animal Studies

Female C57BL/6 mice (6–8 weeks, Simonsen_s Lab, Gilroy,
CA) were used in all animal studies. National Institutes of
Health (NIH) guidelines for care and use of laboratory animals
were observed. TC-1 tumor cells (5� 105) were s.c. injected in
the flank of mice on day 0 to establish tumors. On days 3, 6, 9,
and 12, mice were immunized by s.c. injection of different
vaccine formulations, which included (a) phosphate buffered
saline (PBS, 10 mM, pH 7.4, 0.2 ml) as a negative control, (b)
the necrotic bodies of TC-1 cells alone (5� 107) in PBS, (c)
poly(I:C) alone (50 mg/mouse) in PBS, (d) the necrotic bodies
of TC-1 cells (5� 107) admixed with poly(I:C) (50 mg) in PBS,
(e) the necrotic bodies of TC-1 cells (7� 106/mouse) pre-
transfected with poly(I:C) (50 mg/mouse). As a positive control,
mice were also injected with poly(I:C) admixed with the E749–57

peptide (20 mg/mouse) in 5% dextrose (26). The necrotic bodies
of tumor cells were prepared using the simple repeated
freezing-and-thawing technique (27). Briefly, cells were gently
spun down at 800–1,000 rpm using an Allegra X-12 bench-top
centrifuge (Beckman-Coulter, Inc., Fullerton, CA), washed
with cold PBS for three times, re-suspended into PBS, and
then repeatedly frozen-and-thawed in j80-C for three times.
Tumor size was measured using a caliper and reported by
multiplying the largest dimension and the square of the second
largest dimension of the tumors.

Transfection of TC-1 Cells with Poly(I:C)

Poly(I:C) was transfected into TC-1 cells using a previ-
ously reported cationic liposome formulation that had a final
poly(I:C) concentration of 2 mg/ml (28). The poly(I:C) was
100% associated with the liposomes by electrostatic interac-
tion (28). In order to quantify the liposomes taken up by the
cells, the liposomes were labeled with 0.8% (molar ratio to
the total lipids in the liposome) of diethylenetriaminepenta-
acetic acid a,w-bis(8-stearoylamido-3,6-dioxaoctylamide) gad-
olinium (Sigma), and the final gadolinium concentration in the
poly(I:C)-liposome preparation was 21 mg/ml. For the uptake
study, TC-1 cells (1� 106 in 0.5 ml) were seeded into 48-well
plates. After overnight incubation, 0.2 ml of the poly(I:C)-
liposome formulation was added into the wells, and the cells
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were incubated in a 37-C CO2 incubator for one more hour.
The cells were washed with cold PBS (pH 7.4, 10 mM) for
three times and lysed using a cell lysis buffer from Promega.
The amount of the gadolinium recovered from the cells was
determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Teledyne Leeman Labs,
Hudson, NH) at 342.247 nm. The amount of gadolinium was
then converted to the amount of poly(I:C) recovered from the
cells.

To determine whether the transfection of the cells with
the poly(I:C) was endocytosis-mediated, TC-1 cells were
incubated with poly(I:C) in the liposome-based carrier either
at 4 or at 37-C but in the presence of cytochalasin B (35
mmol, Sigma) for 2 h, and the amount of poly(I:C) associated
with the TC-1 cells was determined. These data also allowed
us to determine the proportion of poly(I:C) that was inside
the TC-1 cells (õ90%) (vs. the proportion that simply bound
on the cell surface).

Splenocyte Proliferation Assay

Splenocyte suspension was prepared as previously de-
scribed (26) and cultured (1� 105 cells in 300 ml) in RPMI
1640 medium supplemented with 10% FBS, 50 U/ml
penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, 2 mM non-essential amino acids, and 100 mg/ml of
E749–57 for 5 days. Live cells were quantified using an MTT
test kit (Sigma-Aldrich). The proliferation index was
reported as the OD570–OD630 of cells stimulated with E749–57

peptide over that without re-stimulation.

In Vitro CTL Assay

CTL activity was measured using the CytoTox\ 96
NonRadioactive Cytotoxicity Assay Kit. Mice (n = 5) were
immunized subcutaneously on days 0 and 7. On day 20, they
were euthanized, and splenocytes were prepared and cul-
tured in RPMI 1640 medium with 10% FBS, 50 U/ml
penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, 2 mM nonessential amino acids, 40 units/ml of IL-2,
and TC-1 cell lysate for 5 days. The TC-1 cell lysate was
prepared by freezing-and-thawing TC-1 cells suspended in
PBS and then forcing them through a needle. Effector cells
were plated into 96-well plates at various effector:target
(E:T) ratios (50:1, 25:1, and 12.5:1). Targets were TC-1 cells
or 24JK cells. Before mixed with effectors, the targets were
washed twice and re-suspended at a density of 2� 105 cells
per ml. The lysis reaction was carried out at 37-C for 4 h. The
plates were centrifuged, and 100 ml of the culture medium
was carefully removed from each well and assayed for lactate
dehydrogenase (LDH) activity. The extent of specific lysis
was calculated with the absorbance at 490 nm following the
manufacturer_s suggestion.

Statistical Analysis

Except where mentioned, statistical analyses were com-
pleted by performing ANOVA followed by pair-wise com-
parisons using Fisher_s protected least significant difference
procedure. The mouse survival curves were analyzed by

completing a Kaplan–Meier survival curve analysis using the
Prism 4 from the GraphPad Software, Inc. (San Diego, CA).
A p value of e0.05 (two-tail) was considered to be significant.

RESULTS

The Necrotic Bodies of Tumor Cells, when Admixed
with Poly(I:C), Significantly Inhibited Tumor Growth

To test whether poly(I:C) can help dead tumor cells to
induce specific anti-tumor immune responses and thus inhibit
tumor growth, we used the TC-1 cells in C57BL/6 mice as a
model. Live TC-1 cells (5� 105/mouse) were injected (s.c.) in
the flank of C57BL/6 mice on day 0. Tumors were
measurable on day 3. The mice were then divided into four
groups (n = 5–8) and injected (s.c., distal to the tumor site) on
days 3, 6, 9, and 12 with different vaccine formulations, and
the tumor growth was monitored. As shown in Fig. 1a,
although tumors in mice injected with PBS alone or the dead
TC-1 cells alone grew rapidly, tumors in mice treated with
the necrotic bodies of TC-1 cells admixed with poly(I:C)
grew significantly slower (Fig. 1a). As we have previously
shown, poly(I:C) admixed with the E749–57 peptide caused
total regression of the tumors (Fig. 1a). The splenocytes
isolated from mice treated with the necrotic bodies of TC-1
cells admixed with poly(I:C) also proliferated significantly
when stimulated in vitro with the E749–57 peptide (Fig. 1b).

The Anti-tumor Response Induced by the Necrotic Bodies
of Tumor Cells Admixed with Poly(I:C) was not Simply Due
to the Non-specific Anti-tumor Activity of the Poly(I:C)

Because poly(I:C) alone was known to be anti-
proliferative, an experiment was carried out to understand
whether the anti-tumor activity induced by the necrotic
bodies of TC-1 cells admixed with poly(I:C) was simply
due to the non-specific tumor-inhibitory activities of the
poly(I:C). Tumor-bearing mice (n = 7) were s.c. injected with
either poly(I:C) alone or poly(I:C) admixed with the necrotic
bodies of TC-1 cells, and the tumor growth was monitored.
As expected, poly(I:C) alone slowed down the growth of the
tumors, compared to tumor-bearing mice left untreated
(Fig. 2a). However, the anti-tumor activity of the poly(I:C)
alone was not as strong as that when it was dosed together
with the necrotic bodies of TC-1 cells (Fig. 2a). In fact, 27
days after the injection of the tumor cells, only two of the
seven mice treated with poly(I:C) alone were alive, while six
of the seven mice treated with poly(I:C) admixed with the
necrotic bodies of TC-1 cells were still alive (p = 0.02,
Kaplan–Meier survival Analysis, Fig. 2 insert). As expected,
none of the tumor-bearing mice that were left untreated
survived for more than 24 days after the injection of live TC-
1 tumor cells (data not shown).

The Immunostimulatory Activity of Poly(I:C) was more
Potent when Pre-loaded Inside the Dead Tumor Cells
than when Simply Admixed with the Dead Tumor Cells

We then tested whether the necrotic bodies of tumor
cells pre-loaded with poly(I:C) would induce a stronger anti-
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tumor response than when the necrotic bodies were simply
admixed with the poly(I:C). To introduce poly(I:C) into the
necrotic bodies of tumor cells, we transfected TC-1 cells with
poly(I:C) using a previously reported cationic liposome-

based poly(I:C) carrier (28, 29). The poly(I:C) bound to the
liposomes based on electrostatic interaction. Thus, it was
reported that all the poly(I:C) molecules were associated
with the liposomes (28, 29). As shown in Fig. 3, co-incubation
of TC-1 cells with the liposome-based poly(I:C) carrier
introduced the poly(I:C) into the TC-1 cells. The incubation
of them in the presence of cytochalasin B as an endocytosis
inhibitor or at 4-C without cytochalasin B significantly
decreased the amount of poly(I:C) associated with the TC-1
cells (Fig. 3). This observation also indicated that the cell
uptake was endocytosis-mediated. Data from a flow cytom-
etry analysis using FITC-labeled liposomes also confirmed
the uptake of poly(I:C) by the TC-1 cells (data not shown).
After the TC-1 cells were incubated with poly(I:C) in the
liposomal carrier for 1 h at 37-C, the cells were washed three
times, and an estimated 7 mg of poly(I:C) was introduced into
1� 106 TC-1 cells. The TC-1 cells were then frozen-and-
thawed to prepare TC-1 cell necrotic bodies. These necrotic
bodies with poly(I:C) inside were used to inject mice having
pre-established TC-1 tumors. As a control, TC-1 cells that
were incubated with the same liposomes that did not contain
any poly(I:C) were killed by freezing-and-thawing to prepare
poly(I:C)-free TC-1 cell necrotic bodies, which were then
mixed with poly(I:C) to inject mice.
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Fig. 1. Tumor cell necrotic bodies, when admixed with poly(I:C),

significantly inhibited tumor growth. a Tumor growth kinetics. C57BL/

6 mice were s.c. grafted with TC-1 tumor cells (5� 105) on day 0. On

days 3, 6, 9, and 12, mice were left untreated or injected (s.c., distal to

the tumor site) with the necrotic bodies of TC-1 cells (NB, 5� 107/

mouse), or the NB admixed with pI:C (50 mg, pI:C+NB). As a positive

control, mice were injected with poly(I:C) admixed with E749–57 (pI:C/

E7). The asterisks (*) indicated that on days 7, 10, 14, 17, and 20, the

values of pI:C/NB were different from that of the Untreated (p < 0.05).

In all the days, the values of the NB were comparable to that of the

Untreated. Data shown were mean TS.E.M. This experiment was

repeated twice, and similar results were obtained. The number of mice

in each group ranged from 5 to 8. (b). The necrotic bodies of tumor cells

admixed with poly(I:C) induced a splenocyte proliferative response.

Mice were sacrificed 20 days after the tumor injection to measure the

proliferation of splenocytes after in vitro re-stimulation with the E749–57

peptide. Data shown were meanTS.D. (n = 5). The values of the

pI:C+NB and pI:C/E7(49–57) were significantly different from each

other (p = 0.0002) and were both greater than that of the others.
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Fig. 2. The anti-tumor response induced by the necrotic bodies of

tumor cells admixed with poly(I:C) was not simply due to the tumor-

inhibitory activity of the poly(I:C). C57BL/6 mice (n = 7) were s.c.

seeded with TC-1 tumor cells (5� 105) on day 0. On days 3, 6, 9, and

12, mice were left untreated or injected (s.c.) with pI:C alone (50 mg) or

pI:C admixed with the necrotic bodies of TC-1 cells (5� 107/mouse).

Data shown were mean T S.E.M. (n = 7). Asterisks indicate that on days

17, 19, 21, and 23, the values of pI:C and pI:C+NB were different from

each other (p < 0.05). This experiment was repeated twice and similar

results were obtained. Statistical analysis was not done for the values

on days 25 and 27 because the numbers of live mice in the group

treated with poly(I:C) alone were only 3 (3/7) and 2 (2/7), respectively.

Insert: Mouse survival curves. Kaplan–Meier survival curve analysis

indicated that the two curves were significantly different from each

other (p = 0.02). None of the tumor-bearing mice that were left

untreated survived for more than 24 days.
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As shown in Fig. 4, the necrotic bodies of TC-1 cells
(7� 106/mouse) with poly(I:C) (50 mg/mouse) inside them
were more effective than the same number of the necrotic
bodies (7� 106/mouse) admixed with the same amount of
poly(I:C) in inhibiting the growth of the TC-1 tumors. For
example, 38 days after the injection of live TC-1 tumor cells,
80% of the mice treated with the necrotic bodies of TC-1
cells pre-loaded with poly(I:C) were still alive, while all mice
treated with the necrotic bodies of TC-1 cells admixed with
poly(I:C) died (Fig. 4b, p = 0.02, Kaplan–Meier survival
analysis). Again, all tumor-bearing mice that were left
untreated died in about 20 days after the injection of the
live TC-1 tumor cells.

The Necrotic Bodies of Tumor Cells Pre-loaded
with Poly(I:C) Induced a Stronger Specific CTL Response

The data presented above suggested that specific tumor-
killing CTL responses were induced by the necrotic bodies of
TC-1 cells with the help of poly(I:C). To confirm this, an
in vitro CTL assay was carried out. Healthy tumor-free mice
(n = 5) were immunized on days 0 and 7 with the necrotic
bodies of TC-1 cells pre-loaded with poly(I:C) or with the
necrotic bodies simply admixed with poly(I:C). On day 20,
mice were sacrificed, and their splenocytes were used to
evaluate the CTL activity against TC-1 cells or 24JK cells (as
a non-specific target). As shown in Fig. 5, although no
significant cytotoxicity was detected against the 24JK cells,
a strong CTL activity against the TC-1 cells was induced by
the necrotic bodies of TC-1 cells pre-loaded with poly(I:C).
TC-1 cell-specific CTL activity, although weaker, was also
detected in mice immunized with the necrotic bodies of TC-1

cells admixed with poly(I:C) (Fig. 5), suggesting that the
ability of the necrotic bodies of tumor cells with poly(I:C)
inside to induce tumor-specific CTL responses was responsi-
ble for their ability to inhibit tumor growth.
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DISCUSSIONS

In the present study, we have evaluated the ability of a
synthetic dsRNA to promote dead tumor cells to cross-prime
specific anti-tumor immune responses. We have found that
although injection of the necrotic bodies of tumor cells alone
was unable to exert any significant anti-tumor activity,
treatment with the tumor cell necrotic bodies admixed with
a synthetic dsRNA significantly inhibited the tumor growth
by an apparent immune-mediated mechanism. More impor-
tantly, we have found that the immunostimulatory activity of
the dsRNA was more potent when pre-loaded inside the
necrotic bodies of tumor cells than simply mixed with dead
tumor cells. The dead tumor cell-based vaccines were not as
effective as the E749–57 peptide-based vaccine. Taken togeth-
er, these findings suggested the feasibility of devising new
tumor vaccines by mimicking the promotion of the induction
of immune responses against viral antigens expressed in
infected cells by viral dsRNA. The dead tumor cells with
poly(I:C) pre-loaded inside resembled viral infected cells
containing viral dsRNA.

Although many tumor-associated antigens (TAAs) and
tumor-specific antigens (TSAs) that may be used to induce
specific anti-tumor immune responses have been identified,

immunization using whole tumor cell-based vaccines still
represents an attractive and viable strategy. The potential
advantages include the presentation and processing of
multiple antigens and the applicability across a variety of
patients. Moreover, the use of whole tumor cells is expected
to provide both MHC class I and class II epitopes leading to a
diverse immune responses including both CTL and CD4
activation (30). However, for a whole cell-based tumor
vaccine to be effective, it requires the uptake of tumor cells
by professional APCs and the activation of the APCs by
proper molecules that can promote cross-priming. Viral
dsRNA, a known pathogen-associated molecular pattern
molecule, is used by host cells to detect the presence of viral
infection. Moreover, similar to anti-tumor immune responses,
an effective anti-viral immune response usually requires the
activation of specific CD8+ T cells in order to kill the virally
infected host cells. Thus, we reasoned that one can design a
tumor vaccine by mimicking the mechanisms used by viral
hosts to raise immune responses against viruses. In fact,
virus-infected tumor cells or the lysate of virus-infected
tumor cells have been used to treat tumors before (31–33).

Viral antigens may be presented by APCs to T cells
through at least three ways to prime anti-viral T cell
responses. For those viruses that infect professional APCs
directly, the virally infected APCs can process the viral
antigens and present them directly to T cells. As mentioned
earlier, for viruses that infect both APCs and non-APCs or
only infect non-APCs, viral dsRNA can promote the cross-
presentation of viral antigens in non-APCs through two
recently identified mechanisms, the induction of type I IFNs
(17) or the direct dsRNA-TLR3 interaction independent of
the contribution from type I IFNs (20). Of course, during a
natural viral infection, all these mechanisms are likely to
synergize to promote the maturation of APCs and maximize
the priming of virus-specific T cell responses (23).

The induction of specific T cell responses by dead or
dying tumor cells involves the cross-presentation of antigens
in tumor cells by professional APCs to T cells, which is
similar to the cross-presentation of viral antigens in virally
infected non-APCs by professional APCs to T cells. Some
synthetic dsRNA molecules, such as the poly(I:C), have
previously been shown to have activities similar to that of
viral dsRNA (1, 8, 9, 34). We have found that immunization
of tumor-bearing mice with the necrotic bodies of tumor cells
admixed with poly(I:C) significantly inhibited the growth of
model tumors (Figs. 1, and 2), very likely through an adaptive
immune response-mediated mechanism. The necrotic bodies
alone failed to exert any tumor inhibitory activity (Fig. 1a),
likely because DCs may have taken up them, but without the
provision of proper DC activation signals, the DCs were
unable to cross-prime immune response against the tumor
cells. As expected, treatment with poly(I:C) alone generated
some tumor inhibitory activities (Fig. 2). Although poly(I:C)
was known to directly induce tumor cells to undergo
apoptosis, this mechanism was unlikely to have contributed
significantly in the present study because the poly(I:C) needs
to be in the tumor cells in order to interact with intracellular
molecules, such as the dsRNA-dependent protein kinase
(PKR) and 2,5-oligo A synthetase (34–36) to initiate pro-
apoptotic signal cascades. We injected the poly(I:C) distal to
the tumor site. Thus, we speculated that the non-specific
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Fig. 5. Immunization of mice with the necrotic bodies of TC-1 cells

pre-loaded with poly(I:C) induced a stronger specific CTL response.

Tumor-free C57BL/6 mice (n = 5) were left untreated or immunized

once a week for 2 weeks with the necrotic bodies of TC-1 cells

(7� 106/mouse) admixed with poly(I:C) (50 mg/mouse, pI:C+NB) or

with the necrotic bodies of TC-1 cells (7� 106) pre-loaded with

poly(I:C) (50 mg) (pI:C-loaded NB). As a positive control, mice were

immunized with poly(I:C) admixed with E749–57 peptide. Two weeks

after the second immunization. Their splenocytes were incubated in

the presence of TC-1 cell lysate for 5 days, and their ability to kill

TC-1 cell (target) and 24JK cells (non-target) was determined. Data

shown were mean TS.D. (n = 5) at the effector to target ratio of 25:1.

The data at the E:T ratios of 50:1 and 12.5:1 were trended similarly.

Asterisks indicate that when the TC-1 cells were used as the target,

the values of pI:C+NB, pI:C-loaded NB, and pI:C/E749–57 were

different from one another and were all larger than that of the

untreated control (pI:C/E749–57 vs. pI:C-loaded NB, p = 0.001, pI:C/

E749–57 vs. pI:C+NB, p = 0.0008, pI:C-loaded NB vs. pI:C+NB,

p = 0.004).
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tumor inhibitory activity of the poly(I:C) alone was mainly
due to its ability to activate the innate immunity (e.g., the
activation of NK cells) (11, 12). In addition, the poly(I:C)
might have induced the production of anti-proliferative
cytokines such as type I IFNs (37).

When the necrotic bodies of tumor cells and the
poly(I:C) were mixed together and injected into tumor-
bearing mice, it was possible that both type I IFN-dependent
(17) and the mechanism independent of the contribution of
type I IFNs (20) had synergized to promote the cross-
presentation of dead tumor cells. However, we speculated
that the mechanism independent of the contribution of type I
IFNs had played a rather limited role. Instead, it was very
likely for cells in the close vicinity of the injection site to
produce type I IFNs upon contact with poly(I:C), and the
type I IFNs then helped DCs to cross-present the necrotic
bodies to T cells (17).

The most important finding in the present study is that
immunization of mice with dead tumor cells pre-loaded in vitro

with poly(I:C) induced a significantly stronger specific CTL
response and exerted a stronger tumor inhibitory effect, when
compared to immunization with the same number of necrotic
bodies physically mixed with poly(I:C) (Figs. 4, and 5). This
resembled the promotion of the cross-presentation of viral
antigens in infected host cells by viral dsRNA inside the cells to
prime T cell responses against the viral antigen (20). Very
likely, when DCs picked up the injected tumor cell necrotic
bodies, the poly(I:C) inside the dead cells interacted directly
with TLR3 within the DCs and activated them. The activated
DCs then processed the engulfed necrotic bodies and presented
tumor antigens to T cells to prime specific anti-tumor immune
responses. It needs to be pointed out that it was very unlikely
that the liposome-based carrier per se was responsible for the
different anti-tumor activities between the necrotic bodies of
tumor cells pre-loaded with poly(I:C) and the necrotic bodies
simply mixed with poly(I:C), because the necrotic bodies that
were mixed with poly(I:C) were also treated with the same
liposome carrier, free of poly(I:C). Moreover, the possibility
that some secretory molecules or factors induced by the
intracellular poly(I:C) were responsible for the enhanced anti-
tumor immune response was also low, because the TC-1 cells
were immediately washed three times after the 1 h incubation
and then immediately killed.

Finally, our finding is in agreement with data from a recent
study, showing that immunization of mice with irradiated Vera
cells loaded with poly(I:C) and OVA protein induced a
strikingly strong CTL immunity against the OVA protein
(20). However, the authors did not show whether the Vera
cells loaded with poly(I:C) were more effective than the Vera
cells loaded with OVA and mixed with poly(I:C) in inducing
OVA-specific CTL immune responses. Instead, they only
reported that in vitro, the Vera cells loaded with poly(I:C)
were 20–50-fold more effective in activating CD8a+ DCs than
the poly(I:C) alone in solution (20). The superior ability of
the intracellular dsRNA to activate DCs likely has contribut-
ed to the stronger immune responses induced by the necrotic
bodies of tumor cells pre-loaded with poly(I:C).

In conclusion, we have found that immunization of
tumor-bearing mice with the necrotic bodies of tumor cells
admixed with poly(I:C) significantly inhibited the tumor
growth. More importantly, immunization with the necrotic

bodies having poly(I:C) pre-loaded inside led to a signif-
icantly stronger anti-tumor response than when the necrotic
bodies were simply admixed with the poly(I:C), apparently
through a CD8+ CTL response-mediated mechanism. These
findings are expected to be clinically relevant. We are cur-
rently test this immunization approach using model melanoma
and prostate tumor cells in mice. If proven feasible in other
tumors, this approach of immunization with dead tumor cells
pre-loaded with synthetic dsRNA in vitro is expected to be
applicable in clinical trials, in which autologous or allogeneic
human tumor cells can be transfected with synthetic dsRNA
in vitro, induced into necrotic bodies or apoptotic bodies by
irradiation, and then used to immunize patients (23). More-
over, using the necrotic bodies or apoptotic bodies of tumor
cells that have been modified to produce cytokines such as
GM-CSF may further enhance the anti-tumor immune
responses induced. Immunization with irradiated tumor
cells that are infected in vitro with a detoxified virus that
produces dsRNA and encodes genes such as GM-CSF should
also be efficacious.
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