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Uric acid (UA) released from dying cells has been recognized by the immune system as a danger
signal. In response to UA, dendritic cells (DC) in the immune system mature and enhance the T

cell response to foreign antigens. It is conceivable that the antitumor immunity of a tumor vaccine
could be promoted by the administration of UA. To test this concept, we applied UA as an adjuvant
to a DC-based vaccine, and discovered that the administration of UA as an adjuvant significantly
enhanced the ability of the tumor lysate-pulsed DC vaccine in delaying the tumor growth. The
antitumor activity was achieved with adoptively transferred lymphocytes, and both CD8" T cells and
NK cells were required to achieve effective immunity. This resulted in an increased accumulation

of activated CD8* T cells and an elevated production of IFN-~. Collectively, our study shows that
the administration of UA enhances the antitumor activity of tumor lysate-pulsed DC vaccine, thus
providing the preclinical rationale for the application of UA in DC-based vaccine strategies.

Malignant tumors have become a major problem in public health. Although conventional chemotherapy
remains the backbone of current treatment, it is still hindered by various side effects and developmental
limitations'—. Recent scientific advances have enhanced our understanding of the immune system and
its role in attacking malignant cells. The tumor vaccine has evolved as an alternative treatment modality
as it harnesses the body’s natural ability to recognize and eliminate cancer cells from the body. An effec-
tive tumor vaccine must possess the ability to induce a safe, antigen-specific and long-lasting immune
response. In this regard, the use of dendritic cells (DC) in vaccine strategies has attracted a fair amount
of attention.

DC, derived from hematopoietic progenitor cells, are known as the “sentinels” of the immune sys-
tem. They are the most powerful antigen presenting cells with the ability to elicit both primary and
secondary immune responses to foreign antigens**. Immature DC firstly internalize and process antigens
in peripheral tissues and then migrate to draining lymphoid organs, where they undergo maturation.
Subsequently, they stimulate T cells through the up-regulation of cell-surface major histocompatibility
complexes (MHC) and costimulatory molecules®’. Immunization via DC loaded with tumor-associated
antigens could potentially be a powerful strategy of inducing specific antitumor immunity. The usage
of tumor lysates as a possible source of tumor-associated antigens is found to have several benefits,
including mimicking the physiologic processes of tumor recognition and rejection®. In present studies,
several groups pulsed tumor lysates onto bone marrow-derived DC and used them for immunization in
experimental animals. They have indicated that the tumor lysates-pulsed DC (TP-DC) vaccine is a pow-
erful strategy of eliciting broader T cell immune responses®-!%. However, this DC-based vaccine, although
offering considerable advantages, still has a limited antitumor effect in some cases, thus requiring the
addition of adjuvants to elicit a strong and long-lasting immune response.

The “danger model” has proposed that antigen-presenting cells are activated by danger or alarm sig-
nals from injured cells, thus promoting T cell responses to copresented antigens'!. Recently, uric acid
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(UA) released from dying cells has been identified as a danger signal for the immune system!?-'. UA is
a natural product of the purine metabolic pathway and it is released from dying cells, which eventually
leads to crystallization. It was reported that crystalline UA stimulates the maturation of DC by increasing
the expression of costimulatory molecules CD80 and CD86, and enhances T cell responses to foreign
antigens'*'S. Crystalline UA has been shown to activate macrophages to produce inflammatory media-
tors'!, and it may stimulate DC in a similar way. It is conceivable that UA, an endogenous danger signal,
could be used as a potential adjuvant to DC-based vaccines for potent antitumor immunity.

Since we have been exploring approaches to enhance the protective and therapeutic activities of
DC-based vaccines, we combined the administration of TP-DC and UA based on these existing studies.
Collectively, our results demonstrated that UA enhanced the antitumor activity of TP-DC vaccine against
tumors.

Results

Induction of protective and therapeutic antitumor immunity. To investigate protective antitu-
mor immunity, we immunized mice with TP-DC together with 100.g UA, TP-DC or saline on day 0, 14,
21 and challenged them with tumor cells at day 7 after the third immunization. Tumor growth inhibition
was determined by the size of tumor. As shown in Fig.1a, in E.G7T lymphoma model, immunization
using TP-DC with 100pg UA significantly inhibited the tumor growth compared to using TP-DC alone
and the saline control groups. In addition, the percentage of tumor-free mice using TP-DC with 100pg
UA and TP-DC alone was 40% and 30%, respectively, but the group immunized with saline had 100%
tumor-bearing mice (Fig. 1b). Although the survival time was not significantly different between TP-DC
and TP-DC with 100pg UA, they were both significantly longer than that of the saline group (Fig. 1c).
The dose of UA used in the experiment is based on previous studies'"'*. We applied 20pg, 100 g and
200pg UA as an adjuvant to TP-DC vaccine respectively. We found that UA was ineffective at the 20pg
dose. In addition, 100 g and 200 pg led to similar tumor suppression and overall survival. Therefore, we
chose 100 g as an optimal dose in our experiment.

The therapeutic efficacy of the vaccine was next explored in the established tumor model. We treated
mice on day 4 after the injection of E.G7 cells and twice weekly for seven times. Treatment with TP-DC
together with 100j1g UA showed smaller tumor volume compared with that of the controls (Fig.2a). The
difference in tumor volume was only significant between TP-DC with 100 ug UA and the saline group.
However, the survival time was not significantly different between groups (Fig. 2b).

We have investigated the potential long-term toxicity of the immunized mice. No adverse changes
were found in gross measures such as ruffling of fur, weight loss or life span.

Adoptive transfer of T cells or immunoglobulins and their antitumor efficacy. In order
to explore the underlying mechanisms by which the antitumor activity was induced by TP-DC with
100pg UA, we adoptively transferred T cells or immunoglobulins isolated from TP-DC with 100pg
UA-immunized mice and control mice to recipient mice. The treatment with T cells from TP-DC alone
or with 100pg UA provided effective protection from tumor growth compared with the saline group
(Fig. 3a). By contrast, the tumor-free rate of mice immunized with TP-DC with 100pg UA and TP-DC
alone was 60% and 40%, respectively, although there was no statistical significance between tumor vol-
ume of the two groups (Fig. 3b). In addition, adoptive transfer of immunoglobulins from mice immu-
nized with TP-DC with 100pg UA did not result in protection from tumor growth compared with the
controls. The result indicated that cell immunization might play a critical role in the antitumor activity
induced by TP-DC with 100ug UA.

Next, the tumor killing activity of CTLs was explored. T cells isolated from mice immunized with
TP-DC with 100ng UA showed significantly stronger cytotoxicity against E.G7 tumor cells than those
from the control groups (Fig. 4a).

Then we wanted to investigate whether our vaccine induced the development of OVA-specific CTLs.
As shown in Fig. 4b, vaccination of mice using TP-DC with 100pg UA induced increased frequency of
OVA-tetramer™ CD8" T cells. The finding indicated that the vaccine induced tetramer™ CD8" CTLs
that specifically targeted E.G7 tumor cells by recognition of H-2k>-binding OVA,s,_,¢, peptide antigen.

Role of CD8™ T cells and NK cells in the induction of antitumor activity. To further explore the
roles of immune cell subsets in antitumor activity induced by TP-DC with 100 g UA, we depleted CD4*
T cells, CD8" T cells and NK cells by injecting the corresponding monoclonal antibodies. The depletion
of CD4", CD8* and NK cells were determined by flow cytometry (Fig. 5a). The results indicated that
in vivo depletion of CD8" T cells and NK cells could both partially abrogate the antitumor activity using
the immunization of TP-DC with 100ug UA, whereas the depletion of CD4" T cells failed to abolish the
antitumor activity (Fig. 5b). In addition, the treatment with normal rat IgG showed no effect. These data
suggest that both CD8" T cells and NK cells may play important roles in the antitumor activity using
the vaccination with TP-DC with 100pg UA.

Cytokine production by spleen cells. We performed the in vitro study to verify the specific acti-
vation of T cells. The OVA,5; 55, 0r OVAs,; 330 stimulated T cells were stained by anti-CD4-APC and
anti-IFN-~-PE or anti-CD8-FITC and anti-IFN-v-PE. Flow cytometric analysis showed that the number
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Figure 1. Induction of protective antitumor immunity. Mice (10 mice in each group) were immunized
subcutaneously with tumor lysate-pulsed DC together with 100pg UA (TP-DC+HUA), tumor lysate-pulsed
DC (TP-DC) and saline on day 0, 14, 21. Mice were then challenged with 3 x 10° E.G7 cells subcutaneously
1 week after the third immunization. a, Tumor volumes (mean £ SEM) of mice in each group were shown.
b, Percentage survival of mice treated. The survival rate was 40% and 30% for mice immunized with TP-
DC+UA and TP-DC respectively at day 150. ¢, Percentage tumor-free mice in each group. (*p < 0.05;

“p < 0.01).

of activated CD8" T cells (CD8", IFN-~*) in mice immunized with TP-DC with 100pg UA had a sig-
nificant increase compared with the controls, whereas the activated CD4" T cells (CD4", IFN-~") were
observed with less increase in the immunized group (Fig. 6a,b). Statistical analysis also revealed the same
tendency as described in Fig. 6¢,d. In addition, the cell-free culture supernatants of spleen cells were har-
vested and assayed for IFN-~ activity in response to OVA,s,_,q, re-stimulation. The production of IFN-~
in mice immunized with TP-DC with 100pg UA was significantly greater than that in mice immunized
with TP-DC, while spleen cells from mice immunized with saline alone produced a few IFN-~ (Fig. 7).
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Figure 2. Induction of therapeutic antitumor immunity. Mice (5mice in each group) were treated
subcutaneously with TP-DC+UA, TP-DC and saline twice weekly for seven times starting at day 4 after
3 x 10° E.G7 cells were introduced subcutaneously into mice. a, Tumor volumes (mean 4 SEM) of mice in
each group were shown. b, Percentage survival of mice treated. (*p < 0.05).

Discussion

DC are professional antigen presenting cells playing a vital role in the initiation, programming and regu-
lation of tumor-specific immune responses'”'®. Immature DC capture and process antigens in peripheral
tissues, and mature DC migrate to lymphoid organs where they prime T cell immune responses”!>%.
Due to these properties, efforts have been made on the utilization of the immunostimulatory power of
activated DC. In fact, a number of studies have shown that immunization by DC loaded with tumor
antigens can prime a tumor specific CTL response and induce protective antitumor immunity in exper-
imental animals®-1%21-24, Furthermore, DC immunotherapy has already been introduced in the clinic,
which has been proved feasible, safe and effective in some patients®>?°. However, further investigations
are still required to improve the immune response of DC-based vaccines.

UA, an end product of purine catabolism, has been documented recently to act as a danger signal for
the immune system!*"'. Shi and colleagues have shown that UA stimulates DC maturation in vitro by
increasing the expression of the costimulatory molecules CD80 and CD86'*. Additionally, it enhances the
generation of CD8" T cell responses when co-injected with a particulate antigen. The administration of
allopurinol or uricase, which markedly decreased plasma UA concentrations, was shown to substantially
inhibit this T cell priming. The concentrations of UA that stimulated these DC corresponded to the one
at which UA crystals were precipitated. It was shown that preformed crystals were highly stimulatory,
whereas soluble UA was not!"'*!¢. Other groups are now corroborating the stimulatory effects of UA.
Hu et al. demonstrated that UA levels were elevated in tumors undergoing immune rejection'!. Behrens
et al. indicated that UA could enhance antibody immunity®. Recently, Kuhn et al. combined UA and
Mycobacterium Smegmatis for local treatment, which was effective at delaying tumor growth®. These
findings indicate the adjuvant effects of UA and encourage the potential administration of UA in tumor
vaccines.

Several observations have been made in the present study concerning the antitumor immunity of
tumor-lysates based DC vaccines®!. In addition, crystalline UA has been shown to activate innate
immune effectors including macrophages and DC*. The present study has, to our knowledge, first
demonstrated that the administration of UA as an adjuvant could augment the in vivo antitumor effects
of the TP-DC vaccine. T cell effectors, other than autoantibodies, were involved in the antitumor activity.
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Figure 3. Adoptive transfer of T cells in vivo. (a) T cells were isolated from mice immunized with TP-
DC+UA, TP-DC and saline, respectively. The adoptive transfer of 1 x 10”T cells from mice immunized with
TP—DC+UA showed more effective antitumor activity than controls (n=>5). (b) Percentage tumor-free mice
in each group. (*p < 0.05; **p < 0.01).

In addition, our study suggests autoreactive immune response against the tumor cells may be provoked
in cross-reaction by the immunization of TP-DC with UA. In this process, exogenous antigens cross over
to endogenous pathway to gain access to MHC class I. In our study, the successful generation of MHC
class I-dependent CD8" CTL activity was observed in cytotoxicity assays in vitro. We further showed
enhanced accumulation of tumor-specific OVA-tetramert CD8* CTLs with our vaccine. In addition, this
antitumor activity could be achieved with adoptively transferred lymphocytes, and the depletion of both
CD8* T cells and NK cells partially eliminated the anti-tumor activity in vivo. These findings suggest that
MHC class I-dependent CD8% CTL-mediated immune responses may play an important role in the anti-
tumor activity of the TP-DC with UA vaccine, and that NK cells are also involved at the effector phase.

In this study, successful immunotherapy resulted in the activation of both CD8* T cells and NK cells.
Accordingly, the vaccine may have broad antitumor effects against tumors that are sensitive to the CD8"
T cell or NK cell-mediated killing. However, CD4* T cells elicited little, if any, function in this vaccine.
During the in vitro experiment, lymphocytes stimulated with OVA,;;_,¢, showed significantly increased
number of CD8" T cells producing IFN-~. Furthermore, ELISA also observed increased production
of IFN-~ in the lymphocyte culture supernant. These results further supported the important role of
CD8* T cells in this vaccine. In addition, there might be an efficient cross talk between NK cells and
DC. DC are documented to strongly augment the cytotoxic function of NK cells***%. In turn, NK cells
upregulate the expression of costimulatory molecules on DC and the production of IL-12 and IL-15,
thus shaping adaptive immunity toward a Th-1 response®. A similar cooperation between CD8" T cells
and NK cells was also observed in models of local immunotherapy with immune-activating agents®?¢%7.
In our study, purified immunoglobulins did not show any antitumor effect, and thus CD8* T cell and
NK cell-mediated killing were the key processes involved in antitumor activity. However, the underly-
ing mechanism by which UA could enhance the antitumor effect of DC-based vaccine still needs to be
investigated.

Recently, several clinical trials have indicated the ability of TP-DC to induce antitumor T cell
responses in patients with lymphoma®**?, malignant melanoma?’, ovarian cancer*' and renal cell car-
cinoma*?. Therefore, immunoadjuvants are designed to facilitate the mobilization and maturation of
DC for enhanced antitumor immunity. UA is an endogenous molecule produced in the end of purine
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Figure 4. Experiment of CTL cytotoxicity mediated by tumor-specific T cells. (a) T cells derived from
spleens of TP-DC+UA, TP-DC and saline immunized mice were tested against E.G7 cells at different E:T
ratios by a standard 4h*'Cr release assay as described in Materials and Methods. T cells from the spleens of
TP-DC+UA immunized mice showed higher cytotoxicity against E.G7 cells than did T cells from TP-DC
or saline (n=3). Data were shown as mean+ SEM. (b) The generation of tetramer™ CTLs was determined
by flow cytometry using FITC-conjugated anti-CD8 mAb and PE-conjugated H-2kP~OVA,;,_,, peptide
tetramer. (*p < 0.05; **p < 0.01).

catabolism, which is safe as an adjuvant to the DC vaccine. It is well known that the precipitation of
UA in joints can cause gouty arthritis. Therefore, the dose of UA administrated in each vaccine is of
crucial importance. The dose we used in this study was safe according to the previous studies''*, and
no autoimmunity was observed. The results in our study provide preclinical rationale for the use of UA
in DC-based vaccine for tumor treatment.

In conclusion, we have demonstrated that UA might serve as an effective adjuvant for DC-based vac-
cine against tumors. Our findings provide a novel strategy of tumor vaccine for cancer therapy.
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Figure 5. Abrogation of antitumor activity by in vivo depletion of immune cell subsets. Mice were
immunized and then challenged with E.G7 cells. Depletion of immune cell subsets was described in
Materials and Methods. (a) The efficacy of antibody depletion was detected by flow cytometry.

(b) Depletion of CD8" T cells and NK cells both showed partial abrogation of the antitumor activity with
the immunization of TP-DC+UA. The results represent at day 17 after tumor injection. Similar results can
be found at other time points. Data were shown as mean £ SEM. (*p < 0.05; **p < 0.01).

Materials and Methods

Mice and Tumor model.

Wild-type female C57BL/6 mice, aged 6-8 weeks, were purchased from the

Beijing HFK Bioscience Co. Ltd. (HFK) and held under specified pathogen free conditions. E.G7 (OVA-
transfectant of EL4 murine T lymphoma cells) T lymphoma was established in C57BL/6 mice.

Preparation of Monosodium Urate Crystal.

UA (Sigma) was dissolved at a concentration of 5mg/mL

in 0.1 mol/L sodium borate buffer (pH 8.5). The solution was warmed to 55°C, and the supernatant after
filtering was left to sit for more than 72h. When monosodium urate crystals formed, they were washed

with alcohol and acetone

11,14
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Figure 6. Activation of CD8" T cells in vitro. T cells isolated from spleens of mice immunized with TP-
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Stop during the last 4-6h. Percentage of the IFN- expressing CD4*" T cells (a,c) and IFN-~ expressing
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Figure 7. Cytokine production by spleen cells. Spleen cells isolated from mice immunized with TP-
DC+UA, TP-DC and saline were stimulated with OVA,5;_,c, or OVA;,; 530 for 48h in vitro. Supernatants
in each group were harvested and assayed for IFN-v production (n= 3). Data were shown as mean & SEM.
(*p < 0.05; *p < 0.01).

Generation of TP-DC. TP-DC were prepared as described previously'® **. Bone-marrow cells were
collected from the femur and tibiae of mice and were cultured in complete RPMI1640 (RPMI 1640 with
10% inactivated fetal calf serum (FBS), 2mmol/L L-glutamine, 100 U/mL penicillin G and 100pg/mL
streptomycin) supplemented with 10ng/mL GM-CSF (PeproTech, Rocky Hill, NJ) and 10ng/mL IL-4
(PeproTech, Rocky Hill, NJ) at a starting concentration of 2 x 10°cells per mL. On day 3, 5, 7, half of the
medium was replaced with a fresh medium. Tumor cells were collected and suspended at a concentration
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of 1 x 107 per mL in complete RPMI1640, followed by >4 cycles of rapid freezing (—180°C) and thawing
(37°C). The tumor cell suspension was then centrifuged at low speed (400 rpm for 10 min). The super-
natant (tumor lysates) was harvested and incubated with purified DC overnight on day 7 at a ratio of
3:1 tumor cells to DC, and then cells were incubated with 1pg/mL lipopoliaccharide (Sigma). On day 9,
TP-DC were collected for further studies.

Vaccination protocol. Totally 1 x 10 TP-DC resuspended in 100 L saline together with 100pg UA
were injected subcutaneously on day 0, 14, 21. The mice immunized with TP-DC (1 x 10°) alone or saline
were used as controls. E.G7 cells were cultured in RPMI medium 1640 with 10% FBS and 0.4 mg/mL
G418 (MP Biomedicals). 3 x 10% E.G7 cells were injected subcutaneously into the flank on day 7 after
the third immunization. Tumor dimensions were measured every three days with calipers, and tumor
volumes were calculated as the product of width? x length x 0.52.

Adoptive Transfer of T Cells or Immunoglobulins In Vivo. Preparation of spleen lymphocytes was
performed as previously reported**. Briefly, the immunized or control mice were killed on day 7 after the
third immunization. Single-cell suspensions were obtained from spleens through a 70-pm nylon mesh
filter (BD Biosciences), and lymphocytes were enriched by lymphocyte separation medium (Dakewe
Biotech Company) according to the manufacturer’s instructions. To assess the efficacy of T cells in anti-
tumor in vivo, spleen lymphocytes (1 x 107) from donor mice on day 7 after the third immunization
were adoptively transferred intravenously into recipient mice one day before and three days after the
tumor inoculation (3 x 10°). Immunoglobulins were purified from the pooled sera derived from the
immunized or control mice by affinity chromatography (CM Affi-gel Blue Gel Kit; Bio-Rad). To assess
the efficacy of Immunoglobulins in antitumor activity in vivo, the purified Immunoglobulins (50 mg/kg)
were adoptively transferred intravenously one day before mice were challenged with 3 x 10° tumor cells
and then treated twice per week for 3 weeks.

Depletion of Immune Cell Subsets In Vivo. Tmmune cell subsets were depleted as described pre-
viously*>*¢. Mice received intraperitoneal injections of 500 g of either the anti-CD4 (clone GK1.5, rat
IgG), anti-CD8 (clone 2.43, rat IgG), anti-NK (clone PK136) mAb or isotype controls one day before
the first immunization, and then twice per week for three weeks. Mice were challenged with tumor cells
(E.G7) after the third immunization. These hybridomas were obtained from American Type Culture
Collection.

Assay of CTL Cytotoxic Activity in vitro. A 4-h*'Cr release assay was performed as previously
described by other reports®¥. Briefly, spleen lymphocytes obtained from the immunized or control mice,
as the effector cell, were treated with ammonium chloride-potassium lysing buffer to deplete erythro-
cytes. E.G7 (about 1 x 10°), as the target cells, were labeled with 100 pCi >'Cr for 1h at 37°C, and then
washed and resuspended at a concentration of 1 x 10°cells/mL. A total of 200pL of effector cells and
>ICr-labeled target cells were assigned at different E:T ratios to each well of 96-well plate and incu-
bated for 4h at 37°C. Hundred microliters of supernatant were then harvested, and the activity was
calculated by the formula: % cytotoxicity = [(experimental release — spontaneous release)/(maximum
release — spontaneous release)] x 100.

Flow Cytometry. Spleen cells from the mice about 7 days after the third immunization were sepa-
rated by lymphocyte separation medium and resuspended. OVA-specific CTLs were generated by stim-
ulating spleen lymphocytes with 50pug/mL of OVA protein for 3 days. The cells were then stained by
FITC-conjugated anti-CD8 (BD Biosciences) and PE-conjugated H-2K*/OVA s, 55, complex (MBL Co.,
Ltd., Nagoya, Japan). For intracellular cytokine staining, spleen T cells were incubated at a density of
2 x 10%cells per mL in complete RPMI 1640 containing 10pug/mL OVA,s5; 56, or OVAszy; 33 for 24h,
and added with Golgi Stop (BD Biosciences) during the last 4-6h. The cells were then harvested and
stained by anti-CD4-APC and anti-IFN-~-PE or anti-CD8-FITC and anti-IFN-~-PE (BD Biosciences).
Fluorescence profiles were acquired on a FACScan flow cytometer (Becton Dickinson) and analyzed
using CellQuest software.

Cytokine response. Spleen cells from immunized mice 7 days after the third immunization were
depleted of erythrocytes. The cells were then resuspended with complete RPMI 1640 and seeded into
24-well microtitration plates at a density of 2 X 10° per well in 1 mL culture medium supplemented with
10pg/mL OVA,5; 56, 0r OVAsy; 330 (in vivo Gen). After 48h at 37°C, the cell-free supernatant was har-
vested and tested for IFN-~ by ELISA kit (eBioscience Inc.) according to the manufacturer’s instructions.
The sensitivity limits for the assays are 0.7 pg/mL.

Statistical Analysis. All data were presented with mean -+ SEM. Statistical analyses were performed
using SPSS 19.0 software. Statistical significance was assessed by ANOVA with the Bonferroni post hoc
test. Survival data were analyzed using log-rank test. p < 0.05 was regarded as statistically significant.
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Ethics statement. All studies involving mice were approved by the institute’s animal care and use
committee. All animal feeding and experiments were carried out in accordance with the guidelines of
the institute’s animal care and use committee.

References

10.

11.

12.

13.

14.

15.

16

19.
20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1. Mellman, I, Coukos, G. & Dranoff, G. Cancer immunotherapy comes of age. Nature. 480, 480-489 (2011).

2. Weiss, E. M. et al. Selected anti-tumor vaccines merit a place in multimodal tumor therapies. Front Oncol. 2, 132 (2012).
3.
4
5

Finn, O. J. Cancer vaccines: between the idea and the reality. Nat Rev Immunol. 3, 630-641 (2003).

. Steinman, R. M. The dendritic cell system and its role in immunogenicity. Annu Rev Immunol. 9, 271-296 (1991).
. Hart, D. N. Dendritic cells: unique leukocyte populations which control the primary immune response. Blood. 90, 3245-3287

(1997).

. Austyn, J. M., Kupiec-Weglinski, J. W., Hankins, D. F. & Morris, P. ]. Migration patterns of dendritic cells in the mouse. Homing

to T cell-dependent areas of spleen, and binding within marginal zone. ] Exp Med. 167, 646651 (1988).

. Rock, K. L. A new foreign policy: MHC class I molecules monitor the outside world. Immunol Today. 17, 131-137 (1996).
. Fields, R. C., Shimizu, K. & Mule, J. J. Murine dendritic cells pulsed with whole tumor lysates mediate potent antitumor immune

responses in vitro and in vivo. ProcNatlAcadSci USA. 95, 9482-9487 (1998).

. Feuerer, M., et al. Therapy of human tumors in NOD/SCID mice with patient-derived reactivated memory T cells from bone

marrow. Nat Med. 7, 452-458 (2001).

Asavaroengchai, W., Kotera, Y. & Mule, J. ]. Tumor lysate-pulsed dendritic cells can elicit an effective antitumor immune response
during early lymphoid recovery. ProcNatlAcadSci USA. 99, 931-936 (2002).

Hu, D. E., Moore, A. M., Thomsen, L. L. & Brindle, K. M. Uric acid promotes tumor immune rejection. Cancer Res. 64, 5059-5062
(2004).

Chen, C.J. et al. Identification of a key pathway required for the sterile inflammatory response triggered by dying cells. Nat Med.
13, 851-856 (2007).

Chen, C. J. et al. MyD88-dependent IL-1 receptor signaling is essential for gouty inflammation stimulated by monosodium urate
crystals. J Clin Invest. 116, 2262-2271 (2006).

Shi, Y., Evans, J. E. & Rock, K. L. Molecular identification of a danger signal that alerts the immune system to dying cells. Nature.
425, 516-521 (2003).

Shi, Y., Galusha, S. A. & Rock, K. L. Cutting edge: elimination of an endogenous adjuvant reduces the activation of CD8 T
lymphocytes to transplanted cells and in an autoimmune diabetes model. J Immunol. 176, 3905-3908 (2006).

. Jerome, K. R. & Corey, L. The danger within. N Engl ] Med. 350, 411-412 (2004).
. Steinman, R. M. & Banchereau, J. Taking dendritic cells into medicine. Nature. 449, 419-426 (2007).
18.

Dhodapkar, M. V,, Dhodapkar, K. M. & Palucka, A. K. Interactions of tumor cells with dendritic cells: balancing immunity and
tolerance. Cell Death Differ. 15, 39-50 (2008).

Banchereau, J. & Steinman, R. M. Dendritic cells and the control of immunity. Nature. 392, 245-252 (1998).

Figdor, C. G., de Vries 1. J., Lesterhuis, W. ]J. & Melief, C. ]. Dendritic cell immunotherapy: mapping the way. Nat Med. 10,
475-480 (2004).

. Mayordomo, J. I. et al. Bone marrow-derived dendritic cells pulsed with synthetic tumour peptides elicit protective and

therapeutic antitumour immunity. Nat Med. 1, 1297-1302 (1995).

Paglia, P., Chiodoni, C., Rodolfo, M. & Colombo, M. P. Murine dendritic cells loaded in vitro with soluble protein prime cytotoxic
T lymphocytes against tumor antigen in vivo. ] Exp Med. 183, 317-322 (1996).

Boczkowski, D., Nair, S. K., Snyder, D. & Gilboa, E. Dendritic cells pulsed with RNA are potent antigen-presenting cells in vitro
and in vivo. ] Exp Med. 184, 465-472 (1996).

Manickan, E., Kanangat, S., Rouse, R. J,, Yu, Z. & Rouse, B. T. Enhancement of immune response to naked DNA vaccine by
immunization with transfected dendritic cells. J Leukoc Biol. 61, 125-132 (1997).

Mackensen, A. et al. Phase I study in melanoma patients of a vaccine with peptide-pulsed dendritic cells generated in vitro from
CD34(+) hematopoietic progenitor cells. Int ] Cancer. 86, 385-392 (2000).

Banchereau, J. et al. Immune and clinical responses in patients with metastatic melanoma to CD34(+) progenitor-derived
dendritic cell vaccine. Cancer Res. 61, 6451-6458 (2001).

Schuler-Thurner, B. et al. Rapid induction of tumor-specific type 1T helper cells in metastatic melanoma patients by vaccination
with mature, cryopreserved, peptide-loaded monocyte-derived dendritic cells. ] Exp Med. 195, 1279-1288 (2002).

deVries I. J. et al. Maturation of dendritic cells is a prerequisite for inducing immune responses in advanced melanoma patients.
Clin Cancer Res. 9, 5091-5100 (2003).

Dhodapkar, M. V. et al. Rapid generation of broad T-cell immunity in humans after a single injection of mature dendritic cells.
J Clin Invest. 104, 173-180 (1999).

Behrens, M. D. et al. The endogenous danger signal, crystalline uric acid, signals for enhanced antibody immunity. Blood. 111,
1472-1479 (2008).

Kuhn, S. et al. Increased numbers of monocyte-derived dendritic cells during successful tumor immunotherapy with immune-
activating agents. J Immunol. 191, 1984-1992 (2013).

Martinon, E, Petrilli, V., Mayor, A., Tardivel, A. & Tschopp, J. Gout-associated uric acid crystals activate the NALP3 inflammasome.
Nature. 440, 237-241 (2006).

Nishioka, Y., Nishimura, N., Suzuki, Y. & Sone, S. Human monocyte-derived and CD83(+) blood dendritic cells enhance NK
cell-mediated cytotoxicity. Eur | Immunol. 31, 2633-2641 (2001).

Yu, Y. et al. Enhancement of human cord blood CD34+ cell-derived NK cell cytotoxicity by dendritic cells. J Immunol. 166,
1590-1600 (2001).

Trinchieri, G. Natural killer cells wear different hats: effector cells of innate resistance and regulatory cells of adaptive immunity
and of hematopoiesis. SeminImmunol. 7, 83-88 (1995).

Hamzah, J. et al. Targeted liposomal delivery of TLR9 ligands activates spontaneous antitumor immunity in an autochthonous
cancer model. ] Immunol. 183, 1091-1098 (2009).

Broomfield, S. A. et al. Locally administered TLR7 agonists drive systemic antitumor immune responses that are enhanced by
anti-CD40 immunotherapy. ] Immunol. 182, 5217-5224 (2009).

Hsu, E. J. et al. Vaccination of patients with B-cell lymphoma using autologous antigen-pulsed dendritic cells. Nat Med. 2, 52-58
(1996).

Maier, T. et al. Vaccination of patients with cutaneous T-cell lymphoma using intranodal injection of autologous tumor-lysate-
pulsed dendritic cells. Blood. 102, 2338-2344 (2003).

Nestle, E O. et al. Vaccination of melanoma patients with peptide- or tumor lysate-pulsed dendritic cells. Nat Med. 4, 328-332
(1998).

SCIENTIFIC REPORTS | 5:16427 | DOI: 10.1038/srep16427 10



www.nature.com/scientificreports/

41. Kandalaft, L. E. et al. A Phase I vaccine trial using dendritic cells pulsed with autologous oxidized lysate for recurrent ovarian
cancer. ] Transl Med. 11, 149 (2013).

42. Gitlitz, B. J. et al. A pilot trial of tumor lysate-loaded dendritic cells for the treatment of metastatic renal cell carcinoma. J
Immunother. 26, 412-9 (2003).

43. Inaba, K. et al. Generation of large numbers of dendritic cells from mouse bone marrow cultures supplemented with granulocyte/
macrophage colony-stimulating factor. ] Exp Med. 176, 1693-1702 (1992).

44. Hodgkins, S. R. et al. NO2 inhalation induces maturation of pulmonary CD1lc+ cells that promote antigenspecific CD4+ T
cell polarization. Respir Res. 11, 102 (2010).

45. Horton, H. M. et al. A gene therapy for cancer using intramuscular injection of plasmid DNA encoding interferon alpha.
ProcNatlAcadSci USA. 96, 1553-1558 (1999).

46. Wei, Y. Q. et al. Inmunogene therapy of tumors with vaccine based on Xenopus homologous vascular endothelial growth factor
as a model antigen. ProcNatlAcadSci USA. 98, 11545-11550 (2001).

47. Wei, Y. et al. Induction of autologous tumor killing by heat treatment of fresh human tumor cells: involvement of gamma delta
T cells and heat shock protein 70. Cancer Res. 56, 1104-1110 (1996).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (No. 81123003); and the
National High Technology Research and Development Program of China (No. 2014AA020708); and the
National Basic Research Program of China (No. 2010CB529900).

Author Contributions

Y.-H.W. performed all the experiments and wrote the manuscript. X.-L.M. and C.S. helped with in vitro
experiments and editing the manuscript. B.P. and J.D. analyzed the results. H.-Y.J. prepared figures. M.L.
helped with flow cytometry experiments. C.-]J.E. helped with ELISA experiment. Y.-Q.W. designed the
project and led the team to accomplish it. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wang, Y. et al. Uric acid enhances the antitumor immunity of dendritic cell-
based vaccine. Sci. Rep. 5, 16427; doi: 10.1038/srep16427 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16427 | DOI: 10.1038/srep16427 11


http://creativecommons.org/licenses/by/4.0/

	Uric acid enhances the antitumor immunity of dendritic cell-based vaccine

	Results

	Induction of protective and therapeutic antitumor immunity. 
	Adoptive transfer of T cells or immunoglobulins and their antitumor efficacy. 
	Role of CD8+ T cells and NK cells in the induction of antitumor activity. 
	Cytokine production by spleen cells. 

	Discussion

	Materials and Methods

	Mice and Tumor model. 
	Preparation of Monosodium Urate Crystal. 
	Generation of TP-DC. 
	Vaccination protocol. 
	Adoptive Transfer of T Cells or Immunoglobulins In Vivo. 
	Depletion of Immune Cell Subsets In Vivo. 
	Assay of CTL Cytotoxic Activity in vitro. 
	Flow Cytometry. 
	Cytokine response. 
	Statistical Analysis. 
	Ethics statement. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Induction of protective antitumor immunity.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Induction of therapeutic antitumor immunity.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Adoptive transfer of T cells in vivo.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Experiment of CTL cytotoxicity mediated by tumor-specific T cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Abrogation of antitumor activity by in vivo depletion of immune cell subsets.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Activation of CD8+ T cells in vitro.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Cytokine production by spleen cells.



 
    
       
          application/pdf
          
             
                Uric acid enhances the antitumor immunity of dendritic cell-based vaccine
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16427
            
         
          
             
                Yihan Wang
                Xuelei Ma
                Chao Su
                Bin Peng
                Jing Du
                Hongyuan Jia
                Min Luo
                Chunju Fang
                Yuquan Wei
            
         
          doi:10.1038/srep16427
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16427
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16427
            
         
      
       
          
          
          
             
                doi:10.1038/srep16427
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16427
            
         
          
          
      
       
       
          True
      
   




