出國報告（出國類別：進修）

運用LL37增強CpG於治療卵巢癌之基礎研究
服務機關：台北榮民總醫院婦產部
姓名職稱：莊其穆 主治醫師
派赴國家：美國
出國期間：2006/09/01 ~ 2008/08/31
報告日期：2008/12/30
摘要

本人於2006年九月一日至2008八月31日兩年期間前往美國約翰霍普金斯醫院 (Johns Hopkins Medical Institution) ，跟隨在國際上發展子宮頸癌治療性疫苗研究及為出色的吳子丑 (Dr. T.C.Wu) 教授，接受為期兩年之婦癌免疫治療之基礎研究。在此研究期間所作的題目主要是增強CpG 在卵巢癌之治療效果。由於CpG這個物質是屬於 Toll-like receptor ligand ，此物質在很多惡性腫瘤如肺癌和腎臟癌已經開始發展到人體實驗，但是由於CpG是屬於免疫調節劑，單獨使用CpG 的抗癌效果還仍有限，因此吳教授要我先找一些目前在文獻上已有的資料，試圖突破目前CpG的臨床運用性。首先我找了很多資料結果發現在2007年 Nature期刊有發表了一篇人體天然的抗生素稱為 LL37，這個物質會加強乾癬症病患對於自體DNA產生Autoimmunity。由於CpG 本來的結構和DNA原本就很類似，因此我在基礎研究的會議上就跟指導教授提出一個假說：LL37可以增強CpG在惡性腫瘤的治療效果。使用LL37的最大好處就是由於這個物質是人體天然存在的一個抗生素，因此不易有排斥反應。吳教授也認為有機會發展這個免疫治療策略，並且有機會可以使CpG成功進腫瘤免疫治療的機會增加，因此她核准這個匙驗開始進行。由於我本身是婦產科醫師因此我選擇卵巢癌作為我的治療研究發向。在經過無數次的實驗之後，我證明了LL37可以增加CpG在免疫細胞內的濃度。隨後我利用molecular imaging來逐步證明此種策略確實有效。經過兩年的研究我完成了疵篇論文並且已經Human Gene therapy 期刊接受我的論文，預計在2009年年初即可正式發表。美國有家生技公司在PubMed上看到我的論文後也寫了一封email給我表達合作的意願，希望將來可以有機會在世界上的腫瘤免疫治療能有一點貢獻。
 關鍵字： 卵巢癌， 免疫治療， CpG，  LL37
本文
目的： 尋找增強 CpG 於腫瘤免疫治療新方法

過程 :  運用醫已知的天然抗生素LL37來增強CpG於卵巢癌之抗腫瘤治療

過程： 

1. 證明LL37可以和CpG conjugate 一起

2. 利用 in vivo imaging 證明LL37+ CpG 可以產生比CpG alone更好的治療效果

3. 證明CpG+ LL37 可以在腫瘤微環境產生有效的NK cell

4. 證明peritoneal macrophage 雖然被刺激增生, 但是卻無法有效抑制腫瘤

5. 證明被激發的peritoneal NK 細胞有較高的CD69 和 IFN-gamma

6. 利用老鼠模是直接證明抗腫瘤效果

7. 全部過程請參考以下正式論文

心得:

  在這兩年的進修期間 我深深感覺到國外基礎研究之強大，基礎醫學是一切醫學之母， 因為唯有不斷在實驗室的研究 才有機會運用於臨床上 再者個研究過程上，我發現到腹膜腔內是一個很微妙的環境，也就是所謂的腫瘤為環境 腫瘤為環境裡面有很多腫瘤細胞 但是也有很多的自體細胞：包括自然殺手細胞，巨噬細胞，嗜伊紅細胞 ，淋巴球(含T 細胞 B 細胞等), 這些細胞原本都有抗腫瘤功能，但是當處在微環境時，他們的功能卻是受到壓抑的，因此如何開發新的免疫療法來加強這些細胞的抗腫瘤功能是一個有待開發的題目，如果可以開發成功那麼將來一定會有不少卵巢癌的病患受惠。
建議事項:

  建議日後安排出國進修時，可以盡量安排不同人員進修類似研究主題 如此在以後兩人可以就此主題來共同合作，我再國外看到試驗室之間常有很密切合作關係，這在台灣是比較少見到的現象，另外也建議政府將進修同主題的人才招集起來 給予足夠研究經費，如此才有機會做比較大型的研究，否則目前以國內的狀況，研究經費一直都不足，而且資源也有集中現象 沒有資源的人很有可能永遠都沒資源，時間只要一久，研究的熱誠就會澆熄，因此整合人力和資源是很重要的。
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Abstract

Ovarian cancer is one of the leading causes of death from gynecological cancers in the United States. The employment of toll-like receptor (TLR) ligands, such as CpG oligodeoxynucleotides (CpG-ODN) has emerged as a novel approach in the control of ovarian tumors. In the current study, we aim to investigate whether the LL37 peptide could enhance the immunostimulatory effects of CpG-ODN and thus increase the antitumor effects against ovarian cancer using a murine ovarian cancer model. We found that treatment with the combination of CpG-ODN and LL37 generated significant therapeutic anti-tumor effects and enhanced survival in MOSEC/luc tumor bearing mice. We also observed that treatment with the combination of CpG-ODN and LL37 enhanced proliferation and activation of NK cells in the peritoneal cavity. Peritoneal NK cells were shown to play a critical role in the antitumor effects generated by treatment with the combination of CpG-ODN with LL37 on MOSEC/luc tumors ex vivo as well as in vivo. The clinical implications of the treatment are discussed.

Introduction

Ovarian cancer is distinguished as the most lethal gynecologic cancer in the United States, with approximately 22,000 new cases and 16,000 deaths occurring annually 


(1) ADDIN EN.CITE . Despite maximal cytoreductive surgery followed by first-line paclitaxel-based chemotherapy, most women with advanced ovarian cancer will eventually relapse (2). In the recurrent setting, response rates to second-line chemotherapy are substantially diminished (3), highlighting the crucial need to develop novel therapeutic strategies for the control of ovarian cancer. 

Cancer immunotherapy has emerged as an attractive approach to cancer treatment, with high specificity for cancer cells and less toxicity to the host (4). For advanced ovarian cancer, direct intraperitoneal seeding is the most common pathway of tumor metastases, although lymphatic and hematogenous spread can also occur 


(5) ADDIN EN.CITE . Therefore, for immunotherapy to be successful, harnessing the peritoneal immune system for antitumor response is a critical step in the treatment of advanced ovarian cancer. However, systemic investigations of the peritoneal immune system are relative scarce in the literature as compared with other immune systems 


(6-8) ADDIN EN.CITE . Thus, it is essential to develop immunotherapeutic strategies targeting the peritoneal immune system for the treatment of ovarian cancer. 


One approach for the treatment of ovarian cancer is the employment of “alert” signals such as toll-like receptor (TLR) ligands that stimulate dendrtitic cells to mature and differentiate into potent activators of antigen-specific T cells (for reviews, see 


(9) ADDIN EN.CITE ). It is clear that toll-like receptors (TLRs) play a crucial role in enhancing innate and adaptive immune responses (for reviews, see 


(10-13) ADDIN EN.CITE ). TLR ligands have emerged as a promising new class of vaccine adjuvants, particularly the oligodeoxynucleotides containing one or more unmethylated CpG dinucleotides (CpG-ODNs), which target TLR9 (14). It has been shown that CpG-ODNs can stimulate innate immunity and confer protection against a variety of bacterial and viral infections 


(15, 16) ADDIN EN.CITE . In the presence of antigen, CpG-ODNs can trigger the development of predominantly Th1-promoting adaptive immune responses 


(17) ADDIN EN.CITE . However, although CpG-ODNs has the potential to eradicate tumor in the monotherapy setting, it generally needs to be combined with other therapeutic modalities (e.g. surgery, chemotherapy, or radiation) to successfully control large tumors 


(18, 19) ADDIN EN.CITE . This may be due to the fact that since TLR9 is located in the endosomal compartment, it is difficult for the CpG-ODNs to efficiently penetrate the cell membrane and bind to its receptor (20). Thus, it is important to develop strategies to improve the update of CpG-ODNs into the effector cells in order to enhance the antitumor function of CpG-ODN.


One strategy that could potentially improve the uptake of CpG-ODN by immune cells is the coadministration of CpG-ODNs with the LL-37 peptide. LL-37 is a member of the cathelicidin family of antimicrobial polypeptides that are characterized by a highly conserved region (cathelin domain) and a highly variable cathelicidin peptide domain. Cathelicidins serve a critical role in mammalian innate immune defense against invasive bacterial infection (21). LL-37 is a 37-residue helical peptide found throughout the body and has been shown to exhibit a broad spectrum of antimicrobial activity (22). LL37, when complexed with self-DNA or CpG-ODNs, has been shown to promote DNA translocation and can significantly increase IFN-( production in plasmacytoid DC 


(23) ADDIN EN.CITE . 

  
In the current study, we aim to investigate whether LL37 could enhance the immunostimulatory effects of CpG-ODNs and thus increase the antitumor effects against ovarian cancer using a murine ovarian cancer model. We found that treatment with the combination of CpG-ODNs and LL37 generated significant therapeutic anti-tumor effects and enhanced survival in MOSEC/luc tumor bearing mice. We also observed that treatment with the combination of CpG-ODNs and LL37 enhanced proliferation and activation of NK cells in the peritoneal cavity. Peritoneal NK cells were shown to play a critical role in the antitumor effects generated by treatment with the combination of CpG-ODNs with LL37 on MOSEC/luc tumors ex vivo as well as in vivo. The clinical implications of the current are discussed.

Materials and Methods

Animals and cell lines

Female C57BL/6 mice (H-2Kb and I-Ab), 5 to 6 weeks of age, were purchased from National Cancer Institute (Frederick, MD) and kept in the oncology animal facility of the Johns Hopkins Hospital (Baltimore, MD). Animals were used in compliance with institutional animal health care regulations, and all animal experimental procedures were approved by the Johns Hopkins Institutional Animal Care and Use Committee. The mouse ovarian MOSEC cell line (clone ID8) was generated as shown previously (24), which was originally derived from mouse ovarian surface epithelial cells. Luciferase-expression MOSEC cell line (MOSEC/luc) was generated as previously described 


(25) ADDIN EN.CITE . MOSEC/luc cells were maintained in RPMI 1640, supplemented with 10% (v/v) fetal bovine serum, 50 U/ml penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 2 mM nonessential amino acids, and 0.4 mg/ml G418 at 37°C with 5% CO2.

Reagents

CpG-ODN 1826 (CpG-B no.1826, TCCATGACGTTCCTGACGTT) with fully phosporothioate backbones were synthesized by Invitrogen (Invitrogen, Carlsbad, CA). FITC-conjugated CpG ODN 1826 was purchased from InvivoGen (InvivoGen Co., San Diego, CA). CpG-ODN 1826 was denoted CpG-ODNs thereafter. The antimicrobial peptide, LL-37, was purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). 

In vitro binding assay

For in vitro binding efficiency assay, single-cell suspensions (1x106/ml) were made from peritoneal cells harvested from naïve mice and seeded into a 24-well plate. PBS, FITC-conjugated CpG-ODN (10ug/ml), or FITC-conjugated CpG-ODN combined with LL37 (50ug/ml) were added to each of the triplicate wells and incubated at 37oC for 1h. Cells were then recovered, washed with phosphate-buffered saline, and analyzed by flow cytometry. 

In vivo MOSEC/luc therapeutic model

C57BL/6 mice (5 per group) were injected with 2x105/mouse of MOSEC/luc i.p. to induce advanced ovarian cancer 


(26) ADDIN EN.CITE . Four days after tumor inoculation, mice were i.p. were injected with CpG-ODN (30(g/mouse) and LL37 (100(g/mouse) either alone or in combination starting 4 d after MOSEC/luc inoculation. The injection was repeated three times at a 4-d interval (i.e. at d4, d8, and d12 after MOSEC/luc inoculation). Mice were imaged with IVIS-200 system (Xenogen, Alameda, USA) at baseline and every 7 d for monitoring therapeutic effects. The bioluminescence signals were analyzed using Living Image software (Xenogen Co.). In order to evaluate intraperitoneal tumor seeding, additional mice (5 per group) were treated with same reagents and were sacrificed at 50 d after tumor inoculation. Mice were sacrificed when clinical signs of massive tumor burden (e.g. massive ascites, bowel obstruction, and cachexia) occurred. 

Ex vivo cytotoxicity assay

Groups of naïve C57BL/6 mice (3 per group) were treated with CpG-ODN (30(g/mouse) and LL37 (100(g/mouse) either alone or in combination. Two days after last treatment, mice were euthanized by CO2 asphyxiation, their abdomens were wiped with 70% alcohol, 10 mL of cold sterile PBS were injected into the peritoneal cavity, and the peritoneal exudate cells (PECs) were harvested by syringe. Contaminating RBCs were lysed with ACK buffer (Quality Biologicals). Viability of cells was checked by the trypan blue exclusion test. MOSEC/luc cells (at 60~80% confluent) were seeded into a round bottom 96-well microplate at 5x103/well in complete medium. After 2 h, counted PECs were added to each well in triplicates at titrated effector to target ratios. The plates were imaged for bioluminescence activity after 16 h culture in incubator (at 37oC with 5% CO2). For parallel experiments, some mice also received in vivo depletion of peritoneal macrophages or NK cells as indicated. For in vivo depletion of peritoneal macrophages, mice were i.p. injected one day before and three days after first time CpG-ODN and LL37 treatment with 0.2 mL of clondronate liposomes. For in vivo NK depletion, mice were i.p. injected one day before and three days after first time of combined CpG-ODN with LL37 treatment with 200 (g/mouse anti-mouse NK1.1 mAb (PK136). Depletion efficiency was checked by flow cytometry with > 90% depletion of target cells (data not shown). 

Antibodies and Flow Cytometry Analysis

Groups of C57BL/6 mice (3 per group) were treated with CpG-ODN (30(g/mouse) and LL37 (100(g/mouse) either alone or in combination as described earlier. PECs were harvested two days after last treatment. PECs were then washed once in FACScan buffer and stained with surface markers for innate and adaptive effectors including PE-conjugated anti-CD4 (L3T4), PE-conjugated anti-CD8 (53-6.7), FITC-conjugated anti-GR-1 (RB6-8C5), PE-conjugated anti-CD19 (1D3), PE-conjugated anti-NK1.1 (PK136), and PE-Cy5-conjugated anti-F4/80 (BM8). All antibodies were purchased from eBioscience (San Diego, CA, USA). 
For the analysis of interferon-( and CD69 expression for Cp-ODN and LL37 either alone or in combination, splenocytes from naïve mice were harvested and made into single cell suspension in complete medium (1x106/ml). Splenocytes were then seeded into a 24-well microplate and cultured with CpG-ODN 1826 (10 (g/ml) and/or LL37 (50 (g/ml) for 16 hours. Golgistop (PharMingen, San Diego, CA) was added 6 h before harvesting the cells from the culture. Cells were then washed once in FACScan buffer and stained with PE-conjugated anti-mouse NK1.1 (PK136) and FITC-conjugated anti-mouse CD69 (H1.2F3). For intracellular cytokine staining, cells were subjected to intracellular cytokine staining using the Cytofix/Cytoperm kit according to the manufacturer’s instructions. FITC-conjugated anti-IFN-( antibodies and the Ig isotype control antibody (Rat IgG1) were purchased from BD PharMingen (BD-PharMingen, San Diego, CA). Analysis was performed on a Becton Dickinson FACScan with CELLQuest software (Becton Dickinson Immunocytometry System, Mountain View, CA). Interferon-( and CD69 histogram were presented on gated NK 1.1+ cells. 

In vivo immunodepletion studies

C57BL/6 mice (5 per group) were inoculated with MOSEC/luc cells 2x105/mouse at baseline, and were treated with PBS or combined treatment (LL37+CpG-ODN). For mice given combined treatment, two separate groups of mice also received either peritoneal NK cell or peritoneal macrophages depletion. For in vivo depletion of peritoneal macrophages, mice were i.p. injected one day before and three days after first time CpG-ODN and LL37 treatment with 0.2 mL of clondronate liposomes and thereafter once a week with 0.1 mL of clondronate liposomes till end of follow-up. For in vivo depletion of peritoneal NK cells, mice were i.p. injected one day before and three days after first time of combined CpG-ODN with LL37 treatment by injection of 200 (g/mouse anti-mouse NK1.1 mAb (PK136) and thereafter once a week till end of follow-up. 

Statistical analysis

Statistical analysis was performed using Prism 3.0 software (GraphPad, San Diego, CA). Cellular proliferation and both CD69 IFN-( expression among PECs in different groups were analyzed by Pearson’s chi-square test. Difference of bioluminescence signal between groups was analyzed by Mann-Whitney test. Survival curves were plotted using Kaplan-Meier method and compared by log-rank test. For all analyses p < 0.05 was considered statistically significant. Data are presented as mean ( standard deviation (SD) unless otherwise specified. 

Results

LL37 can enhance the delivery of CpG-ODNs into peritoneal cells. Recent evidence suggests that antimicrobial peptide LL37 can significantly enhance self-DNA in triggering TLR9-containing intracellular compartments (23). We then asked whether LL37 could enhance the delivery of CpG-ODNs (non-self DNA) into peritoneal immune effectors which in turn potentiates the function of CpG-ODNs or not. Peritoneal cells harvested from naïve mice were incubated with PBS, FITC-conjugated CpG-ODNs, or FITC-conjugated CpG-ODNs combined with LL37 peptide. Cells were harvested and analyzed by flow cytometry on gated lymphocyte population. We found that proportion of positive FITC signal in the mouse peritoneal cells increased from 13.9% in the FITC-conjugated CpG-ODNs alone versus  38.5% in the combined CpG-ODNs plus LL37 peptide (odds ratio 2.8 ( 0.6, P < 0.05 by chi-square test; Fig. 1). Our results indicate that LL37 can significantly increase the access of not only self-DNA but also non-self DNA (CpG-ODNs) to immune effectors in the peritoneal cavity.

Treatment with the combination of CpG-ODN and LL37 generates the best therapeutic anti-tumor effects and enhanced survival in MOSEC/luc tumor bearing mice

We next investigated whether LL37 could increase the therapeutic antitumor effects of CpG-ODN. Groups of C57BL/6 mice (5 per group) were inoculated with murine ovarian cancer cells that express luciferase (MOSEC/luc). At 4, 8 and 12 days following tumor inoculation, each mouse was intraperitoneally administered with PBS, LL37 alone, CpG-ODN alone, or CpG-ODN in combination with LL37 as depicted in Figure 2A. Mice were imaged using the IVIS Imaging System Series 200. As shown in Figure 2B, MOSEC/luc tumor-bearing mice treated with the combination of CpG-ODN and LL37 demonstrated a significant reduction in luminescence intensity over time compared to tumor-bearing mice treated with CpG alone or LL37 alone (p<0.05). A graphical representation of the luminescence intensity in the treated mice is demonstrated in Figure 2C. Furthermore, tumor-bearing mice treated with the combination of CpG-ODN and LL37 showed improved survival compared to tumor bearing mice treated with CpG alone or LL37 alone (p<0.05) (Figure 2D). In addition, mice treated with PBS or LL37 alone showed signs of bloody ascites as compared with mice treated with CpG-ODN alone or CpG + LL37 on day 50 after tumor inoculation (Supplementary Figure 1A). Furthermore, the size of the tumor in the peritoneal cavity was significantly lower in the mice treated with CpG + LL37 or CpG-ODN alone compared to the bulky tumor observed in the peritoneal cavity of the mice treated with PBS or LL37 alone (Supplementary Figure 1B). Thus, our data suggest that the treatment with the combination of CpG-ODN and LL37 produces the best therapeutic anti-tumor effects and long-term survival in MOSEC/luc tumor-bearing mice.

Treatment with the combination of CpG-ODN and LL37 can enhance proliferation of NK cells and macrophages in the peritoneal cavity. 

We then characterized the immune cell subsets that were present in the peritoneal cavity after stimulation with CpG-ODNs and LL37 either alone or in combination. Groups of naïve C57BL/6 mice (5 per group) were treated either with PBS, LL37 alone, CpG-ODNs alone, or CpG-ODNs plus LL37 as described in Figure 2. Two days after last treatment, peritoneal exudates cells (PECs) were harvested, and stained with surface markers for CD4+ cells, CD8+ cells, B cells, neutrophils, NK cells and macrophages. The numbers of the various peritoneal cell types was determined by flow cytometry analysis. As shown in Figure 3, there was no significant difference in the numbers of CD4+ and CD8+ T cells, B lymphocytes or neutrophils after stimlation stimulation with the various reagents. However, there was a significant increase in the number of NK (NK 1.1+) cells and macrophages (F4/80+) following stimulation with CpG-ODNs plus LL37 compared to stimulation with CpG or LL37 alone (p<0.05). Thus, our data indicate that treatment with the combination of CpG-ODNs and LL37 can enhance proliferation of NK cells and macrophages in the peritoneal cavity. 

Peritoneal NK cells play a critical role in the antitumor effects generated by treatment with the combination of CpG-ODNs with LL37 on MOSEC/luc tumors ex vivo. 

After having demonstrated that peritoneal NK cells and macrophages demonstrated increased proliferation following stimulation with the combination of CpG-ODNs with LL37, we sought to investigate which cell subset (subsets) plays a crucial role in the treatment of MOSEC/luc by the combination of CpG-ODNs with LL37 using an ex vivo cytotoxicity assay. Groups of mice (3 per group) were treated with PBS, LL37 alone, CpG-ODNs alone, or CpG-ODNs plus LL37. In a parallel experiment, groups of mice (3 per group) were administered with PBS or CpG-ODNs plus LL37. Mice were treated with either depleted of in vivo peritoneal macrophages or NK cells. Two days after last treatment (day 10), PECs were harvested. MOSEC/luc cells were then added to PECs at various effector-to-target ratios and the plates were imaged for bioluminescence activity. As shown in Figure 4A, the lowest luciferase activity was observed in the wells incubated with CpG-ODNs plus LL37 at the highest E:T ratio as compared to the wells incubated with , LL37 alone, CpG-ODNs alone. Furthermore, the wells incubated with CpG-ODNs plus LL37 and depleted of NK cells demonstrated a significant restoration of the luciferase activity compared to wells incubated with CpG-ODNs plus LL37 and depleted of macrophages, thus abrogating the cytotoxic effects of combined CpG-ODNs with LL37 treatment (Figure 4B). A graphical representation of the relative fluorescence intensity is depicted in Figure 4C. Taken together, our data indicate that peritoneal NK cells play a critical role in the treatment of MOSEC/luc tumors by the combination of CpG-ODNs with LL37 ex vivo. 
LL37 can enhance the expression of CD69 and IFN-( on peritoneal NK cells stimulated by CpG-ODNs 

CpG-ODNs has been shown to be able to stimulate CD69 and IFN-( expression in NK cells 


(27-29) ADDIN EN.CITE . Besides, cytokine production, especially IFN-(, is important for NK cell antitumor or antiviral effects 


(30, 31) ADDIN EN.CITE . Therefore, we sought to determine whether LL37 could enhance the expression of CD69 and IFN-( in peritoneal NK cells. PECs harvested from naïve mice were incubated with CpD-ODNs and LL37 either alone or in combination. PECs were then stained for CD69 and IFN-(, gated for NK cells and analyzed by flow cytometry analysis. As shown in Figure 5, the expression of both CD69 and IFN-( were significantly higher in the NK cells treated with CpG-ODNs combined with LL37 compared to cells treated with CpG-ODNs alone (*, p < 0.05; **, p < 0.01). Thus, our data indicate that LL37 can enhance the activity of peritoneal NK cells stimulated by CpG-ODNs as assessed by CD69 and IFN-( expression. 

Peritoneal NK cells play a critical role in the antitumor effects generated by treatment with the combination of CpG-ODNs with LL37 on MOSEC/luc tumors in vivo. 

In order to confirm the role of peritoneal NK cells on the treatment of MOSEC/luc tumors wth with the combination of CpG-ODNs with LL37, we performed an in vivo immunodepletion study. Groups of mice (5 per group) were inoculated with MOSEC/luc and treated with PBS or CpG-ODNs plus LL37. Mice were either depleted of in vivo peritoneal macrophages or peritoneal NK cells. Undepleted mice were used as a negative control. Peritoneal macrophages were depleted using standard protocols as described earlier (32), whereas peritoneal NK cells were depleted with PK136 mAb as previously described (33). Depletion efficiency was tested by flow cytometry with more than 90% depletion of both peritoneal macrophages and NK cells (data not shown). Mice were imaged using the IVIS Imaging System Series 200 every 7 days. As shown in Figure 6, we observed a high luminescence signal in mice treated with CpG-ODNs plus LL37 and depleted of NK cells compared to mice treated with CpG-ODNs plus LL37 and depleted of macrophages or without depletion (p < 0.05). Thus, our data indicate that peritoneal NK cells play a critical role in the antitumor effects generated by treatment with the combination of CpG-ODNs with LL37 on MOSEC/luc tumors in vivo. 

Discussion

  Several lines of evidence have shown that systemic administration of biological-response modifiers, such as IL-2 (Hagenaars M, Int J Cancer 1998;78:783-789;    Hokland M, In Vivo 1999;13:199-204) or Poly I:C (Wei WZ, Br J Cancer 1987;55:589-594), can increase accumulation of NK cells in tumor microenvironment. At least one third of ovarian cancer patients present with ascites, a generally exudative fluid with a cellular fraction consisting mainly of cancer cells, lymphocytes, and mesothelial cells (Auersperg N, Int J Gynecol Cancer 2002;12:691-703). Furthermore, ascites have been used by several studies to investigate tumor microenvironment in ovarian cancer (Puiffe ML, Neoplasia 2007:9(10):820-829;   Kryczek I, Cancer Res 2005; 65: 465-72). Therefore, we proved that LL37 can significantly increase CpG-ODNs-induced accumulation of NK effectors in tumor microenvironment of ovarian cancer. 

Our study demonstrated that peritoneal NK cells play a critical role in the treatment of MOSEC/luc tumors by the combination of CpG-ODNs with LL37 both ex vivo (Figure 4) as well as in vivo (Figure 6). We also showed that the expression of CD69 and IFN-( on peritoneal NK cells stimulated by CpG-ODNs can be enhanced by treatment with the LL37 peptide, thus leading to more activation of NK cells in the peritoneal cavity (Figure 5). Previous studies have shown that CpG CpG-ODNs is highly potent at activating NK cells (For review see (12)). Since NK cells do not express TLR9, it is assumed that CpG-ODNs activate dendritic cells (DC), which in turn activate NK cells. In fact, CpG-ODNs have been employed in clinical trials on melanoma patients and have been shown to activate plasmacytoid and myeloid dendritic cells, which in turn activate NK cells 


(13) ADDIN EN.CITE . The importance of the role played by NK cells in antitumor immune responses highlight opportunities for controlling tumors by manipulating the NK cell arm of innate immunity 


(14, 15) ADDIN EN.CITE .
NK-mediated tumor killing is now known to be through a complex set of activating and inhibitory receptors. The net balance of activating and inhibitory signals determines whether NK cells become activated or not (Farag SS, Expert Opin Biol Ther 2003, 3(2):237-250). Moreover, physico-chemical conditions within tumor microenvironment (anoxia, low pH, and low glucose) may downregulate NK –cell activity (Lardner A, J Leukoc Biol 2001;69:522-530). Thus our next step of experiment will have to investigate whether balance between activating and inhibitory signals have been changed by the combination treatment or not, and try to optimize conditions in tumor microenvironment to make the combination treatment more effective. 
Although it was observed that treatment with the combination of CpG-ODNs and LL37 could enhance proliferation of NK cells and macrophages in the peritoneal cavity (Figure 3), however, peritoneal macrophages were not found to play an essential role in the antitumor effects generated by CpG-ODNs in combination with LL37 as demonstrated by both in vitro and in vivo depletion experiments. Thus, the role of peritoneal macrophages in the observed antitumor effects caused by CpG-ODNs remains to be further characterized. In fact, some studies have found that highly purified NK cells are not activated by CpG-ODNs (Ballas ZK, J Immunol 1996;157:1840-5;    Cowdery JS, J Immunol 1996;156:4570-5), and furthermore, it has been shown that NK cells can be activated through induction of IL-12 expressions in macrophages (Ming HL, Cancer Immuno Immunother 2005;54:1115-1126).Therefore, it is reasonable to postulate that an additional population of cells stimulated by CpG-ODNs is imperative to achieve NK activation by the combination treatment. 

There are two potential limitations in the current study. First, TLR9 expressions in human and mice are different. For human immune cells, B cells and plasmacytoid DCs seem to exclusively express TLR9, while B cells, monocytes, and probably all DC subsets express TLR9 in mice (for review, see Iwasaki A, Nat Immunol 2004;5:987-995). Thus, our results may not be directly applicable to human beings. Second, the administration of CpG-ODNs and LL37 in our study was by intraperitoneal delivery, which is not an easy accessible route for human beings. In fact, most of the CpG-ODNs undergoing clinical trials are administered by either intravenous or subcutaneous delivery (for review, see Krieg AM, Oncogene 2008;27:161-167). Therefore, delivery route for the combination treatment may have to be further validated in intravenous or subcutaneous route in order to gain better clinical translation. 

In summary, our study has demonstrated that the LL37 peptide can potentiate delivery of CpG-ODNs into peritoneal immune effectors, leading to potent tumor cytotoxic effects in treated mice. Because CpG-ODNs are currently in active clinical trials in several cancer models with promising results, hence our strategy may enhance tumor controls for these tumor models. Moreover, because TLR3, TLR7, TLR8, and TR9 are expressed in the same intracellular compartments, mainly in the endosomes and the endoplasmic reticulum, and therefore our strategy may be applied to enhance ligand function to these toll-like receptors. Our results potentially serve as an important foundation for future clinical translation. Furthermore, similar strategies may potentially be applied to other cancer systems.
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Figure Legends 

Figure 1.  LL37 can significantly enhance the delivery of CpG-ODNs into peritoneal effector cells. Single-cell suspensions (1x106/ml) were made from peritoneal cells harvested from naïve mice and seeded into a 24-well plate. PBS, FITC-conjugated CpG-ODN (10ug/ml), or FITC-conjugated CpG-ODNs combined with LL37 (50ug/ml) were added to each of the triplicate wells and incubated at 37oC for 1h. Cells were then recovered, washed with phosphate-buffered saline, and analyzed by flow cytometry. Analysis was performed on gated lymphocytes. A, representative flow cytometry figure for each indicated reagent. B, summary (mean ( SD) of two independent experiments showing the relative binding efficiency (*, P < 0.05).

Figure 2. In vivo tumor treatment experiments. Groups of C57BL/6 mice (5 per group) were inoculated with 2x105/mouse of murine ovarian cancer cells that express luciferase (MOSEC/luc). At 4, 8 and 12 days following tumor inoculation, each mouse was intraperitoneally administered with PBS, LL37 alone (100 (g/dose/mouse), CpG-ODN alone (30(g/dose/mouse), or CpG-ODN plus LL37. Mice were imaged using the IVIS Imaging System Series 200. Bioluminescence signals were acquired for one minute. (A) Diagrammatic representation of the treatment with the different reagents. (B) Luminescence images of representative mice challenged with MOSEC/luc cells and treated with the different reagents. (C) Line graph depicting the luminescence intensity in MOSEC/luc tumor bearing mice treated with the different treatment regimens (mean+SD) (p<0.05). (D) Kaplan & Meier survival analysis of MOSEC/luc tumor bearing mice treated with the different treatment regimens.

Figure 3. Flow cytometry analysis to demonstrate the numbers of the various peritoneal cell types after LL37 plus CpG-ODN treatment. Groups of naïve C57BL/6 mice (5/group) were treated with either PBS, LL37 alone, CpG-ODN alone, or CpG-ODN plus LL37as described in Figure 2. Two days after last treatment, peritoneal exudates cells (PECs) were harvested, counted, washed once in FACScan buffer and stained with surface markers for innate and adaptive effectors including PE-conjugated anti-CD4 (L3T4), PE-conjugated anti-CD8 (53-6.7), FITC-conjugated anti-GR-1 (RB6-8C5), PE-conjugated anti-CD19 (1D3), PE-conjugated anti-NK1.1 (PK136), and PE-Cy5-conjugated anti-F4/80 (BM8).  The numbers of the various peritoneal cell types was determined by flow cytometry analysis. (A) Representative flow cytometry analysis demonstrating the numbers of the various peritoneal cell types after treatment with LL37+CpG ODN. (B) Bar graph depicting the numbers of various peritoneal cell types after treatment with LL37+CpG ODN. * indicates p<0.05 (mean ( SD). Data shown are representative of two experiments performed.

Figure 4. Ex vivo cytotoxicity assay. (A) Groups of mice (3 per group) were treated with PBS, LL37 alone, CpG-ODN alone, or CpG-ODN plus LL37 on days 0, 4 and 8. Two days after last treatment (day 10), PECs were harvested, washed, and counted. MOSEC/luc cells (at 60~80% confluent) were seeded into a round bottom 96-well microplate at 5x103/well in complete medium. After 2 hours, counted PECs were then added to each well in triplicates at titrated effector to target ratios (0:1, 10:1, 50:1, 100:1). The plates were imaged for bioluminescence activity after 16 h culture in incubator (at 37oC with 5% CO2). (B) In a parallel experiment, groups of mice (3 per group) were administered with PBS or CpG-ODN plus LL37 on days 0, 4 and 8. Mice were treated with either depleted of in vivo peritoneal macrophages using or clondronate liposomes or depleted of NK cells using NK1.1 antibody on days 0 and 4. Two days after last treatment (day 10), PECs were harvested, washed and counted. Counted PECs were then added to preplated MOSEC/luc cells at titrated effector to target ratios (0:1, 10:1, 50:1, 100:1). (C) Representative luminescence images of 96-well plates showing lysis of the MOSEC/luc tumor cells in the various treatment groups. Data shown are representative of two experiments performed.

Figure 5. Flow cytometry analysis demonstrating the expression of CD69 and IFN-( on peritoneal NK cells stimulated with LL37 plus CpG-ODN. PECs were harvested from naïve mice, washed and counted in complete medium. Harvested PECs were seeded into round bottom 24-well plates at a density of 1x106/well and stimulated with either PBS, LL37 alone (50ug/ml), CpG-ODN alone (10ug/ml), or CpG-ODN plus LL37. Stimulated PECs were then retrieved after 16 h incubation and stained for CD69 and IFN-(. NK cells were gated and analyzed by flow cytometry analysis. (A) Representative flow cytometry data demonstrating the expression of CD69 and IFN-( in NK cells stimulated with the various reagents. (B) Bar graph depicting the level of expression of CD69 and IFN-( in NK cells stimulated with the various reagents. * indicates p < 0.05; ** indicates p < 0.01. Data shown are representative of two experiments performed.

Figure 6. In vivo antibody depletion experiment. Groups of C57BL/6 mice (5 per group) were inoculated with MOSEC/luc (2x105/mouse) and treated with PBS or CpG-ODN plus LL37 on days 4, 8 and 12 as depicted in Figure 2. Mice were either depleted of in vivo peritoneal macrophages using clondronate liposomes or depleted of NK cells using anti-mouse NK1.1 mAb (PK136) one day before and three days after the first treatment and thereafter once a week till end of follow-up as described in the Materials and Methods. Undepleted mice were used as a negative control. Mice were imaged using the IVIS Imaging System Series 200 every 7 days. Bioluminescence signals were acquired for one minute. Line graph depicting the quantification of luminescent activity in the tumors of tumor-challenged mice treated with PBS or CpG-ODN plus LL37 and depleted of peritoneal macrophages or NK cells (mean ( SD).
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