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Abstract
Background
Glioblastoma (GBM) is a primary brain tumor with a 5-year survival rate of ≤5%. We have shown earlier that GBM-antibody-linked curcumin (CC) and also phytosomal curcumin (CCP) rescue 50–60% of GBM-bearing mice while repolarizing the tumor-associated microglia/macrophages (TAM) from the tumor-promoting M2-type to the tumoricidal M1-type. However, systemic application of CCP yields only sub-IC50 concentrations of CC in the plasma, which is unlikely to kill GBM cells directly. This study investigates the role of CC-evoked intra-GBM recruitment of activated natural killer (NK) cells in the elimination of GBM and GBM stem cells.

Methods
We have used an immune-competent syngeneic C57BL6 mouse model with the mouse-GBM GL261 cells orthotopically implanted in the brain. Using immunohistochemistry and flow cytometry, we have quantitatively analyzed the role of the intra-GBM-recruited NK cells by (i) injecting (i.p.) the NK1.1 antibody (NK1.1Ab) to temporarily eliminate the NK cells and (ii) blocking NK recruitment by injecting an IL12 antibody (IL12Ab). The treatment cohorts used randomly-chosen GL261-implanted mice and data sets were compared using two-tailed t-test or ANOVA.

Results
CCP treatment caused the GBM tumor to acquire M1-type macrophages (50–60% of the TAM) and activated NK cells. The treatment also elicited (a) suppression of the M2-linked tumor-promoting proteins STAT3, ARG1, and IL10, (b) induction of the M1-linked anti-tumor proteins STAT1 and inducible nitric oxide synthase in the TAM, (c) elimination of CD133(+) GBM stem cells, and (d) activation of caspase3 in the GBM cells. Eliminating intra-GBM NK cell recruitment caused a partial reversal of each of these effects. Concomitantly, we observed a CCP-evoked dramatic induction of the chemokine monocyte chemotactic protein-1 (MCP-1) in the TAM.

Conclusions
The recruited NK cells mediate a major part of the CCP-evoked elimination of GBM and GBM stem cells and stabilization of the TAM in the M1-like state. MCP-1 is known to activate peripheral M1-type macrophages to secrete IL12, an activator of NK cells. Based on such observations, we postulate that by binding to peripheral M1-type macrophages and IL12-activated NK cells, the brain-released chemokine MCP-1 causes recruitment of peripheral immune cells into the GBM, thereby causing destruction of the GBM cells and GBM stem cells.
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Background
Glioblastoma (GBM) is a deadly form of primary brain tumor with life expectancy of barely 12–15 months from detection, despite the available therapeutic regimens [1, 2]. After surgical excision of the tumor, most GBM patients are treated with radiation plus chemotherapy for a few weeks, which is followed by a chemotherapy regimen that involves a 5-day cycle of 150–200 mg/m2/day temozolomide (TMZ) every 28 days [1, 3]. This 5-day cycle is applied every 28 days as opposed to a prolonged treatment with lower doses (e.g. 75 mg/m2/day) because prolonged TMZ chemotherapy yields severe lymphopenia and suppression of the immune system [4, 5] and development of chemotherapy resistance by the cancer cells [6, 7]. To avoid such side effects, we investigated therapeutic strategies that would rather utilize the body’s own immune system for GBM elimination. Although the xenograft model in nu/nu mice has been used by many groups to study direct anticancer effects of chemotherapeutic agents after implanting human cancer cells, these mice lack T cells and therefore cannot be used to study the effect of the immune system. Therefore, instead of using xenografts in immunocompromised mice, we employed the widely used immunocompetent, syngeneic C57BL6 mouse model with orthotopically implanted mouse glioblastoma GL261 cells [8–10].
The food-derived anticancer agent curcumin (CC) has been shown to eliminate chemotherapy resistance of cancer cells via multiple mechanisms [11–13]. However, CC per se has poor bioavailability in vivo, which may have rendered it ineffective as an anticancer agent in clinical trials [14–16]. Nonetheless, during the last decade we have developed and tested various highly effective delivery forms of CC [10, 17–19]. In one of our recent studies, a bioavailable, phytosomal version of CC (Curcumin Phytosome Meriva (CCP)) (see further details in section “Intra-peritoneal delivery of Curcumin Phytosome Meriva (CCP) into GL261-implanted mice”) [20–23] and also an antibody-linked CC pro-drug caused complete remission in 50–60% of GL261-implanted GBM mice [8, 18].
Although CCP exhibited higher bioavailability for CC than free CC, oral gavage of CCP was reported to yield only 0.019 μΜ of CC in the plasma [21], which was far below the IC50 of CC obtained from in vitro cell-culture studies for GL261 (15 μM) [8]. Yet, CCP treatment caused GBM elimination and rescue of 60% of the orthotopically GL261-implanted mice [8]. As a clue to this surprising finding, we also observed a CCP-evoked dramatic repolarization of tumor-associated microglia/macrophages (TAM) from the tumor-promoting and immunosuppressive M2-like state to the M1 state [8, 10, 24–27]. This observation was important because innate immune cells like microglia and macrophages are the first line of defense against pathogens and tumors [28]. Additionally, it is also known that among the host of immune cells, the brain primarily harbors microglia, which in their pro-inflammatory M1 state can kill tumors directly as well as indirectly by functioning as specialized antigen-presenting cells and via activation and recruitment of other tumoricidal innate immune cells like Natural Killer (NK) cells and peripheral M1-type macrophages [8, 10, 25, 29–31]. Earlier studies have also shown that in GBM, a major portion of the tumor mass is constituted of M2-type TAM [8, 10, 32, 33]. Therefore, skewing the phenotype of TAM to M1-like state by therapeutic interventions holds immense promise in the context of GBM immunotherapy. In light of such information, we elucidate here that in addition to its direct cancer cell-selective activity [10, 34, 35], CC as CCP functions to cause repolarization of the tumor-associated M2-type microglia and intra-tumor recruitment of tumoricidal M1 macrophages and activated natural killer (NK) cells. The NK cells are highly tumoricidal and cause stabilization of M1-type TAM [29]. By treating GBM-harboring mice with CCP, with or without eliminating peripheral NK cells, we show that CCP-evoked intra-GBM recruitment of activated NK cells play a major role in augmenting the CCP-mediated repolarization of TAM from M2 to M1-like state along with elimination of GBM cells and GBM stem cells. To our knowledge, this is the first quantitative mechanistic analysis demonstrating the role of NK cells in GBM tumors. It is expected that CCP-mediated activation of these tumoricidal immune cells are primarily responsible in bringing about the immunotherapeutic remission of the GBM-harboring mice [8]. Also, the elimination of GBM stem cells is particularly important because prior studies have shown that the rarely dividing and chemo-resistant GBM stem cells promote radio-resistance [36, 37], and are stimulated to multiply following exposure to ionizing radiation [38]. Consequently, the GBM reappears even after surgical resection and overpowers the already immuno-compromised GBM patient [4, 5]. This study also throws new light on the relationship between the brain tumor microenvironment and the peripheral innate immune system. Inspired by the promises of cancer immunotherapy [39–42], our research elucidates an innovative, safe and simple approach of turning the innate immune system against GBM.

Methods
Animals
Adult C57BL/6 male mice (2–6 months old) were used for our experiments. Animals were bred in the College of Staten Island (CSI) Animal Care Facility and maintained on a 12-h light/dark cycle with ad libitum access to food and water. All animals were handled and used for surgery following an animal protocol approved by the Institutional Animal Care Committee (IACUC) of CSI (CUNY) (approval # 11–008).

Cell culture
GL261 mouse glioblastoma cells were cultured according to our earlier reports [8, 10].

Implantation of cancer cells in mice
GL261 mouse glioblastoma cells (105) were implanted in mice according to our earlier report on day 1 [8, 10].

Research design
Our earlier studies have established a condition to generate an orthotopic GBM tumor in 100% of the GL261-implanted C57BL6 mice (a syngeneic mouse model) [8, 10, 18]. Using this method, GBM-harboring mice were generated and then randomly divided into multiple cohorts for Vehicle or drug treatments as discussed below. Although our prior studies had demonstrated the generation of GBM tumor by sacrificing parallel groups of GL261-implanted mice, in the experiments included here, during drug treatment, the experimenter was completely blinded from the actual status of a GBM tumor in any GL261-implanted mouse placed in any of these cohorts. After extrication of the GBM-harboring brains from all the groups (as described below), all the brains were subjected to near-IR scanning to ensure the presence of established tumors (as detailed below) [8, 10, 18].

Neutralization of NK cells by intra-peritoneal infusion of NK1.1 ab
On day 11 from implantation of 105 GL261 cells (on day 1), each mouse in the CCP + NK1.1 group received intra-peritoneal infusion of NK cell-neutralizing anti-NK1.1 antibody (PK136) (Mouse IgG) (BD, Catalog# 553162) (100 μg). Mice in the other two groups (Vehicle and CCP) received intra-peritoneal injection of a mixture of normal mouse immunoglobulins (Invitrogen, Catalog# 31881) (100 μg). As a proof of NK cell elimination, GBM mice from a fourth group, dubbed ‘NK1.1’, received the NK cell-neutralizing anti-NK1.1 antibody (PK136) (i.p., 100 μg) on day 11, followed by Vehicle (PBS). After five injections of Vehicle or CCP, each mouse was sacrificed and the GBM brain tumor was divided into two parts for immunohistochemistry (IHC) and flow cytometry analysis.

Neutralization of IL12-mediated signaling on NK cells by intra-peritoneal infusion of IL12 ab
On day 11 and day 14 from implantation of 105 GL261 cells, each mouse in the CCP + IL12Ab group received intra-peritoneal infusion of the IL12-neutralizing Anti-IL12 (p40/p70) antibody (rat IgG) (BD, Catalog# 554475) (100 μg per mouse) [27, 29]. Mice in the other two groups (Vehicle and CCP) received a mixture of normal rat immunoglobulins (100 μg, Thermo Fisher Scientific, Catalog# 31888) and subsequent reagents from day 12 (Vehicle or CCP) similar to the earlier NK1.1Ab treatment experiment. After five injections of Vehicle or CCP, each mouse was sacrificed and the GBM brain tumors were divided into two parts for IHC and flow cytometry analysis.

Intra-peritoneal delivery of Curcumin Phytosome Meriva (CCP) into GL261-implanted mice
Curcumin Phytosome Meriva (CCP) is a formulation with higher bioavailability of curcuminoids (CC) than free CC, prepared by allowing a defined mass of CC to bind (in an organic solvent) to an equimolar mass of phosphatidylcholine (PC) through hydrogen bonding between the hydroxy groups of CC and the polar head group of PC. Upon removal of the organic solvent and dispersion in an aqueous medium the hydrophobic side chains of PC were expected to wrap around the hydrophobic domains of CC to keep it protected and improve the stability and bioavailability of CC in vivo [20, 22, 23]. The commercially available CCP capsule (each containing 500 mg of solid) contained 96 mg of PC-bound CC along with excipients [8]. For the long-term experiments that resulted in rescue of GBM mice, intra-peritoneal (i.p.) administration of CCP was performed according our earlier report [8].
For the short-term experiments, daily intra-peritoneal (i.p.) administration of CCP was initiated from day 12 and continued until day 16. Each 30-g mouse received i.p. injections of sterile PBS (Vehicle group) or a CCP emulsion (for the cohorts “CCP”, “CCP + NK1.1Ab”, and “CCP + IL12Ab”) containing 2 mg of CCP in 200 μl of PBS every 24 h for five days. CCP was dispersed by vortexing vigorously in 200 μl of sterile PBS, the insoluble solids were allowed to settle for 2 min, and then the translucent supernatant was used for i.p. injection into each mouse.

Preparation of Dylight800-CD68Ab and post-mortem determination of GL261-evoked GBM tumor load
Dylight800-CD68Ab was synthesized according to our earlier report [8, 10]. To monitor tumor load, each mouse was anesthetized, intranasally (IN) treated with the Dylight800-CD68Ab adduct (containing 60 μg (400 pmole) of CD68 antibody (CD68Ab)) on day 16 (post-implantation) as described earlier [8, 10], and then scanned after 24 h (following anesthesia) using the Odyssey near-IR scanner (LI-COR Biosciences, Nebraska). The Dylight800 fluorescence (tumor load, pseudocolored green) and the enhanced autofluorescence of the brain tissue (pseudocolored red) were imaged to ensure the presence of established tumors in all experimental groups [8, 18]. Thus, The combination of green and red fluorescence at the tumor site appeared as yellow. The tumor tissue along with the peripheral areas were extricated and processed for further analyses as described below [8, 10].

Immunohistochemistry of brain tumors and scar tissue
The IHC part of the established GBM obtained from the day-17 brain was fixed in 4% paraformaldehyde (PFA), soaked in 30% sucrose, and coronal sections (30 μm) were prepared [8, 10, 18]. In both the long-term and short-term studies, randomly chosen sections were subjected to a pre-immunostaining antigen-retrieval process using formamide:2xSSC (1:1) as reported earlier [8] except for Iba1/IL12/IL10 staining experiments. Antigen-retrieval for the Iba1/IL10/IL12 sets were performed by incubating the sections in 0.1% (w/v) pepsin (Fisher, AC417071000) dissolved in 0.01 N HCl for 20 min at room temperature, followed by two PBS washes. After blocking overnight at 4 °C in the blocking solution (PBS containing 0.1% Triton X-100 and 10% rabbit serum or 3% goat serum depending on the source of the secondary antibody), the sections were treated overnight with primary antibodies against: Iba1 (goat IgG) (C20) (sc28530) (1:50), STAT3 (rabbit IgG) (sc-7179) (1:100), P-Tyr705-STAT3 (goat IgG) (sc-7993) (1:100), NKp46 (rabbit IgG) (sc-292,796) (1:100), IL12p40 (rabbit IgG) (sc-7926) (1:100), IL10 (goat IgG) (sc-1783) (1:100), anti-STAT1 (rabbit IgG) (sc-592) (1:100), anti-P-Tyr701-STAT1 (mouse IgG) (sc-8394) (1:100), anti-iNOS (rabbit IgG) (NOS2 sc-651) (1:100), anti-ARG1 (rabbit IgG) (sc-20,150) (1:100), anti-CD133 (goat IgG) (sc-19,365) (1:50), anti-Sox-2 (mouse IgG) (sc-365,823) (1:50), anti-RM0029-11H3 (macrophage marker) (rat IgG) (sc101447) (1:50), and MCP-1 (Rabbit IgG) (Fisher #PA1–22488) (1:200). All antibodies were diluted in PBS containing 2% goat serum or 2% rabbit serum in 0.1% Triton X-100 (GRT-PBS). Samples which eventually received only 2° Ab (‘2° Ab controls’, negative controls) were kept overnight at 4 °C in the blocking solution. After washing three times with PBS, the respective secondary antibodies (Alexa Fluor 488 goat anti-rabbit (green), Alexa Fluor 568 goat anti-rabbit (red), Alexa Fluor 633 rabbit anti-goat (far red, pseudocolored purple), Alexa Fluor 633 goat anti-rabbit, Alexa Fluor 633 goat anti-mouse, Alexa Fluor 568 rabbit anti-goat, Alexa Fluor 568 goat anti-mouse) (Invitrogen), and goat anti-rat-phycoerythrin (red) (sc3740) (1:1000 dilutions in GRT-PBS) were added to wells containing the respective primary antibodies as well as to the 2° Ab controls. Following overnight incubation at 4 °C and three washes with PBS, the sections were treated with HOECHST33342 (10 μg/ml) for 30 min at room temperature, washed three times with PBS, and mounted on microscope slides with Prolong Gold anti-fade mounting fluid (Invitrogen, Catalog# P36930). Confocal Imaging was conducted using a Leica SP2 microscope from multiple randomly chosen fields encompassing regions in and around the tumor (for all the samples of all the groups from the short-term study and the ‘Vehicle’ samples of the long-term rescue study), and scar-tissue region (for the ‘CCP treated and rescued’ samples of the long-term rescue study) [8]. ImageJ was used to quantify the fluorescence intensities and the intensity for each marker was normalized to HOECHST33342 intensity (blue). Since STAT3 and STAT1 displayed both induction as well as phosphorylation-mediated activation, the HOECHST-normalized staining intensities were expressed both as P-STAT3/STAT3 and P-STAT1/STAT1 as well as P-STAT3/HOECHST and P-STAT1/HOECHST. Wherever necessary, co-stained cells (single, double or triple-stained) were counted and analyzed using ImageJ and the data was expressed as percentage of total count for the Vehicle group.

Flow cytometry of immunostained brain tumor cells
For the 5-day study, the brains of the GL261 implanted, GBM mice from the four groups (Vehicle, CCP, CCP + NK1.1, and CCP + IL12Ab) were extricated (after anesthesia) on day 17 (from implantation) and without fixing and one-half of each GBM brain was rinsed twice with PBS. Next, only the cells from the tumor area (and surrounding tissue) from these unfixed brains were dissociated by mild trypsinization and single-cell suspensions were generated and fixed (in PFA) according to our earlier reports [8, 10]. Around 2 million fixed cells from each animal were used for immunostaining as described earlier for flow cytometry [8, 10, 27]. After each antibody treatment, the cells were pelleted and resuspended in washing buffers. Antibodies against Iba1 (C20) (1:50), iNOS (rabbit IgG) (NOS2 sc-651) (1:100), ARG1 (rabbit IgG) (sc-20,150) (1:100), NKp46 (1:100), IL12p40 (1:50), IL10 (1:50), CD68 (H-255) (Rabbit IgG) (sc-9139) (1:50), Active-Caspase3 (Asp175) (Rabbit IgG) (CST #9661) (1:100), and CD133 (1:50) were used for staining. Cells treated with the secondary antibody alone were used to set the threshold.
Flow cytometry was performed as reported earlier using cells from the high forward- versus side-scatter region (Additional file 1: Figure S1C) [8, 10, 27]. The double-stained fluorescent events from CD68(+)/Iba1(+), ARG1+/Iba1(+), iNOS+/Iba1(+), IL10+/Iba1(+), IL12+/Iba1(+), and CD68(+)/Active-Caspase3(+) cells appeared as sub-populations in the upper right (UR) quadrant within the coordinates 520 nm (green for CD68, ARG1, iNOS, IL10 and IL12) (FL1-A) and 580 nm (red for Iba1 and Active-Caspase3) (FL2-A). Single-stained fluorescent events from the scatter plots and from Nkp46(+) and CD133(+) cells appeared as sub-populations in the upper left (UL) quadrant within the coordinate 580 nm (red) and lower right (LR) quadrant within the coordinate 520 nm (green). Integrated fluorescence intensity was measured (for comparison between groups) by multiplying the number of positive events (single stained or double stained cells) by the mean fluorescence intensity.
Integrated fluorescence: The fluorescence profiles presented in the flow cytometry data are a combination of altered fluorescence intensity per cell and a change in the number of cells expressing a specific fluorophore [10, 27]. For example, the profiles in Fig. 4a(iv) and b(iv) indicated that a specific population of Iba1(+) TAM, which was also ARG1+, dramatically lost ARG1 fluorescence in the CCP-treated mice (a decrease in ARG1 intensity shown by a lateral shift in the ARG1 peak in Fig. 4a(iv)), while another population of possibly M0 cells was activated into an Iba1(+), iNOShigh state (an increase in iNOS fluorescence intensity per cell in Fig. 4b(iv)). In contrast, the fluorescence profile for IL10 in Iba1(+) TAM in Fig. 4c(iv) showed a less dramatic CCP-evoked lateral shift in IL10 fluorescence intensity per cell, but it was accompanied by a dramatic decrease in the IL10 peak area, which represents the number of events or cells. Therefore, for uniformity, we expressed our data as “integrated fluorescence” (fluorescence per cell x the total number of events (cells)) [10, 27].

Statistical analysis
Two-tailed t-tests with unequal variance were used while comparing two groups and one-way ANOVA was used to compare among three groups. p ≤ 0.05 was considered as significant.


Results
We have recently reported that the GBM tumors that kill the Vehicle-treated mice harbor tumor-promoting arginase1 (ARG1)high, inducible nitric oxide synthase (iNOS)low M2-like microglia/macrophages (TAM). In sharp contrast, the mice rescued from GBM by both antibody-linked CC and CCP contained ARG1low, iNOShigh M1-like TAM in the scar tissue [8]. In this report, we also demonstrated that CCP induces the transcription factor STAT1, which is known to trigger iNOS and IL12 synthesis in the TAM [27, 43]. Here, we investigate the possibility of NK cell recruitment and its role in this CCP-evoked M2➔M1 repolarization of the TAM and the cytokine balance occurring in the GBM tumor microenvironment [27, 44, 45].
Sharp inhibition of TAM-associated STAT3 and IL10 and induction of IL12 observed in the scar tissue sections isolated from the CCP-treated and rescued mice
The transcription factor STAT3 is known to cause IL10-mediated suppression of both STAT1 as well as STAT1-mediated induction of the anti-tumor cytokine IL12 [8, 27, 46]. Our IHC analysis demonstrated that the GBM tumor in the Vehicle-treated mice at death harbored high levels of activated STAT3 (P-Y705-STAT3 or P-STAT3) (Additional file 1: Figure S1A and B), but the scar tissue sections from the CCP-treated and rescued mice displayed a 98% suppression of P-STAT3 (Additional file 1: Figure S1A and B) in the Iba1(+) (activated) TAM. The overall suppression of P-STAT3 was due to a combination of suppressed STAT3 expression (Additional file 1: Figure S1C) and inhibited STAT3 phosphorylation (Additional file 1: Figure S1D).
Based on earlier studies [27, 46], we expected that CCP-evoked inhibition of STAT3 in the TAM would prompt suppression of IL10 and induction of IL12, and IHC analysis yielded the expected results (Additional file 2: Figure S2A-C) [8].

CCP treatment-associated recruitment of activated NK cells into the GBM scar tissue
On measuring the expression of NKp46 that marks activated NK cells, we observed that the GBM tumor in the Vehicle-treated mice harbored very few activated NK cells, but the scar tissue region of CCP-treated and rescued mice displayed a large number of NK cells and an 800% increase in NKp46 fluorescence compared to the Vehicle-treated group (Fig. 1a and b) [10, 27].[image: A13046_2018_792_Fig1_HTML.png]
Fig. 1The scar tissue in the CCP-treated and rescued mice harbors activated natural killer (NK) cells: possible CCP-induced recruitment of activated NK cells. Brain sections harboring the tumor (Vehicle-treated) and Scar tissue (CCP-treated and rescued) were analyzed by IHC using the activated NK cell-specific NKp46 antibody. a and b The Vehicle-treated tumor tissue display very little NKp46 stain, the scar tissue sections derived from the CCP-treated and rescued mice show an 800% increase in NKp46-staining (mean ± S.D.). Three sections per mouse were used for IHC and the data (mean ± S.D.) obtained from Vehicle-treated (n = 4) and CCP-treated and rescued (n = 4) (Scale bar: 47.62 μm)




We next studied the role of the NK cells in the observed CC-evoked M2➔M1 repolarization of TAM. To achieve this, we used a short-term regimen of CCP treatment, which was insufficient to cause complete elimination of the GBM. Earlier studies have shown that the NK cell surface antigen NK1.1 (PK136) is a highly selective NK-cell marker in C57BL/6 mice (the mouse strain used in this study) [47–49]. So, one set of randomly chosen GBM mice scheduled for CCP treatment was first injected with the NK1.1 (PK136) antibody (NK1.1Ab) to eliminate the peripheral NK cells as reported earlier [29, 50].
The CCP treatment was conducted from the following day on one of two mouse immunoglobulin (MIg)-treated sets (CCP group) and the NK1.1Ab-treated set (CCP + NK1.1Ab group) for five days. The second MIg-treated set received PBS (Vehicle group) for five days. This was followed by sacrifice and analysis of the GBM tissue (Additional file 3: Figure S3B and Fig. 2a).[image: A13046_2018_792_Fig2_HTML.png]
Fig. 2CCP treatment is associated with intra-tumor recruitment of activated NK cells, which is eliminated in mice peripherally injected with the NK cell-neutralizing NK1.1 antibody (NK1.1Ab). a After intracranial implantation of 105 GL261 cells on day 1, the GBM-mice (n = 17) were randomly divided into four groups: ‘Vehicle’ (n = 5), ‘CCP’ (n = 5), ‘CCP + NK1.1’ (n = 4), and ‘NK1.1’ (n = 3). On day 11, the CCP + NK1.1 and NK1.1 groups received the NK1.1Ab (100 μg/mouse), whereas the other two groups received mouse IgG (as a negative control) (100 μg/mouse) (i.p.).On day 12, each mouse received either CCP (2 mg/ mouse/day in 200 μl PBS) for the ‘CCP’ and ‘CCP + NK1.1’ groups or PBS for the ‘Vehicle’ and ‘NK1.1’ groups for five days. On day 17, all mice were sacrificed and the GBM tumor in each mouse was cut into two parts and processed for IHC (fixed and sectioned) and flow cytometry (dispersed by trypsinization and fixed), respectively. b and c IHC: Four randomly chosen GBM-containing brain sections per mouse from each group were stained with the NKp46 antibody. The Vehicle-treated mice displayed very weak and sparse NKp46 staining (b top row and c), but the CCP-treated showed a 200% increase in NKp46 fluorescence (b middle row and c). This CCP-evoked NKp46 staining was virtually eliminated in the NK1.1Ab-treated mice (b bottom row and c) (*p = 1.2 × 10− 8 CCP versus Vehicle-treated; ∆ p = 7.3 × 10− 9 CCP versus CCP + NK1.1; **p = 1.0 × 10− 3 CCP + NK1.1 versus Vehicle-treated) (Scale bar: 47.62 μm). d-f Flow cytometry: CCP-treated samples displayed a 190% increase in integrated NKp46 fluorescence (IF) (*p = 0.02, CCP versus Vehicle). The NKp46 IF was virtually eliminated in the CCP + NK1.1 samples (f, ∆ p = 0.04, CCP + NK1.1 versus CCP; **p = 5.0 × 10− 3, CCP + NK1.1 versus Vehicle-treated). Data (mean ± S.D.) obtained from Vehicle (n = 4), CCP (n = 4), and CCP + NK1.1 (n = 4). Integrated fluorescence (IF) = mean fluorescence per cell X total number of cells (events) in a segregated population. d, e The NKp46(+) events (NK cells) were virtually eliminated in the NK1.1 samples





GL261 implantation on day 1 results in a large brain tumor on day 17, which harbors CD68high, Iba1(−) tumor cells and CD68low, Iba1(+) TAM
Earlier clinical studies of patient-derived GBM samples showed that high CD68 expression was a prognostic marker for GBM [51]. Our previous studies have also established that GBM cells express high levels of CD68 both in vitro and in vivo but are Iba1(−) [8, 10, 18], whereas the microglia express much lower levels of CD68 [18]. In these studies, murine and human GBM cell lines and xenograft explants showed high CD68 expression in vitro [8, 10, 18]. Additionally, the entire tumor core area of the Vehicle-treated GL261-implanted GBM mice showed pronounced expression of CD68 (CD68high/Iba1(−) GBM tumor cells), whereas the scar tissue area of the CCP-treated and rescued mice was devoid of the CD68high (GBM tumor cells) population. Moreover, staining of the GBM brains with the dylight800-CD68Ab adduct clearly labeled the tumors [8, 10, 18]. As mentioned earlier, intra-GBM TAM express relatively low levels of CD68, while displaying high levels of Iba1 (CD68low/Iba1(+) TAM) [8, 10]. This differentially-expressed CD68 molecule has been exploited by our group as a targeting marker for GBM therapy to cause rescue of a significant number of mice with established tumors [8, 18].
Implantation of 105 GL261 cells on day 1 resulted in tumors in all the mice of all the groups on day 17, esp. large tumors in the Vehicle-treated mice (Additional file 3: Figure S3A) [18]. Following dissociation of these tumor cells by mild trypsinization and staining for CD68 and Iba1, the cells were analyzed by flow cytometry in the high forward- and side-scatter range (Additional file 3: Figure S3C) [8, 10, 27]. Two clearly divided populations of CD68(+) cells were identified (Additional file 3: Figure S3D). The larger population of presumably GBM cells was Iba1(−) and CD68high, whereas the Iba1(+) but CD68low cells were expected to be the TAM (Additional file 3: Figure S3D-F) [18]. The integrated CD68 fluorescence (IF) (mean fluorescence per cell x total number of cells in the population) in the CD68high population was 780% of that in the CD68low population (a 680% increase) (Additional file 3: Figure S3E and F).

CCP treatment triggers NK cell recruitment into the GBM tumor and NK1.1Ab pre-treatment abrogates it
Five days of treatment of the GBM mice with Vehicle (PBS with MIg pretreatment), or CCP with either MIg pretreatment (CCP group) or NK1.1Ab pre-treatment (CCP + NK1.1 group) (Fig. 2a) caused a 200% increase in activated (NKp46(+)) NK cells in the GBM tumor of the CCP- but not CCP + NK1.1Ab-treated mice (Fig. 2b and c). Virtually no NKp46(+) cells were detected in the NK1.1Ab-pretreated mice (Fig. 2b, third row and c). Parallel flow cytometry analysis confirmed that CCP-treatment elicits a dramatic (190%) increase in NKp46 IF, demonstrating infiltration of activated NK cells into the GBM tumor. This CCP-evoked NK infiltration was virtually eliminated the NK1.1Ab-treated mice (Fig. 2d-f). Due to the lack of NKp46(+) NK cells in the ‘Vehicle’ group and since it is known that the blood-brain barrier (BBB) impedes the intra-brain entry of large molecules like antibodies, it is most likely that the peripheral infusion of the NK1.1Ab depleted only peripheral NK cells in the ‘CCP + NK1.1’ group to abrogate CCP-induced intra-GBM recruitment of activated NK cells [52].
As a negative control for CCP and proof of NK1.1-mediated NK cell neutralization, the flow cytometry profile for NKp46 staining of the NK1.1 group showed negligible quantities of intra-GBM NK cells (green line), which was almost identical to the NKp46 profile of the CCP + NK1.1 mice (blue line) (Fig. 2e). This NK cell depletion further demonstrated the high specificity of the peripherally administered NK1.1Ab toward the NKp46(+) NK cells.

Intra-GBM recruitment of NK cells is eliminated upon neutralization of peripheral IL12 signaling using an IL12 antibody
Similar to the complete blockage of intra-GBM recruitment of NK cells in mice peripherally injected with the NK1.1 antibody (Fig. 2), blocking peripheral IL12 signaling by injecting GBM mice with an IL12 antibody virtually eliminated NK cell recruitment into the GBM tumor (Additional file 4: Figure S4A-C) [27, 29]. This confirmed that peripheral IL12-mediated signaling played a major role in the recruitment of peripheral NK cells into the GBM tumor.

CCP treatment causes NK cell-independent recruitment of activated macrophages into GBM
In addition to NK cell influx, we observed recruitment of activated macrophages into the GBM tumor equally in both CCP-treated and CCP + NK1.1Ab-treated mice, which ruled out any role of activated NK cells in the intra-GBM recruitment of macrophages (Fig. 3). The activated macrophages were identified by selective staining with the RM0028-11H3 antibody [18, 53]. Iba1 staining, however, marked both activated microglia and macrophages [8, 18, 27].[image: A13046_2018_792_Fig3_HTML.png]
Fig. 3CCP treatment triggers intra-tumor recruitment of peripheral macrophages equally in both CCP and CCP + NK1.1 groups. GBM Brain sections parallel to those used for IHC in Fig. 2 were used to assess the possibility of intra-tumor recruitment of peripheral macrophages (macrophage specific marker RM0029-11H3(+)). a The GBM sections from the Vehicle-treated mice harbored mostly tumor-associated microglia (Iba1(+), RM0029-11H3(−), green) and a few macrophages (Iba1(+), RM0029-11H3(+), yellow) (first row), whereas the CCP (second row) and CCP + NK1.1-treated (third row) mice showed abundant tumor-associated macrophages (Iba1(+), RM0029-11H3(+)). Double-staining (Iba1(+), RM0029-11H3(+)) of peripheral tumors (HPV(+) TC1 tumors) (fourth row) confirmed that the tumor-associated cells observed in the GBM sections were macrophages from the periphery. b CCP-treatment triggered a 53% increase in the number of recruited intra-tumor macrophages (yellow)(*p = 7.8 × 10− 4 Vehicle versus CCP). The CCP + NK1.1 group also showed a 60% increase in the number of recruited intra-GBM macrophages (**p = 3 × 10− 3 Vehicle versus CCP + NK1.1). Three sections per mouse were used for IHC and the data (mean ± S.D.) obtained from Vehicle-treated (n = 4), CCP-treated (n = 4), and CCP + NK1.1-treated mice (n = 4). (Scale bar: 47.62 μm)





CCP treatment causes a dramatic suppression of STAT3 in TAM, which is partially reversed in the NK1.1Ab pre-treated mice
We next tested the involvement of the NK cells in CCP-evoked inhibition of STAT3 expression and activation in the TAM. Whereas mice receiving five days of Vehicle treatment showed high levels of P-STAT3 as well as STAT3 in the Iba1(+) TAM, CCP treatment elicited an overall 88.5% decrease in P-STAT3, and this suppression was only by 61% in mice pretreated with the NK1.1Ab (Additional file 5: Figure S5A and B). Thus it is likely that the difference (88.5–61% = 27.5%) in P-STAT3 inhibition was due to the recruited NK cells. The CCP-evoked 88.5% suppression of P-STAT3 was the combined result of an inhibition of STAT3 (expression) (79%) and suppression of P-STAT3 (activation) (69%) in the Iba1(+) TAM (Additional file 5: Figure S5A-D). Both STAT3 as well P-STAT3 levels were partially restored in the Iba1(+) TAM in mice receiving CCP + NK1.1 (Additional file 5: Figure S5A-D).

CCP treatment prompts a dramatic increase in P-STAT1, which is partially reversed in the NK1.1Ab pre-treated mice
The Vehicle-treated mice showed low levels of STAT1 and very little P-STAT1 whereas the CCP-treated mice displayed a 1286% increase in P-STAT1 in the Iba1(+) TAM. In contrast, the NK1.1Ab + CCP-treated mice showed only a 300% increase in P-STAT1 (Additional file 6: Figure S6A and B). Thus, the difference in P-STAT1 induction (1286–300% = 986%) was likely due to the recruited NK cells. The overall CCP-evoked increase in P-STAT1 was due to a combination of STAT1 induction (Additional file 6: Figure S6C) and STAT1 activation (P-STAT1 normalized to STAT1) (Additional file 6: Figure S6D) and both of these effects were partially reverted in the CCP + NK1.1Ab group.

Pretreatment with the NK1.1Ab partially reverses CCP-evoked M2➔M1 repolarization, IL10 suppression, and IL12 induction
The CCP-evoked inhibition of STAT3 and induction of STAT1 in the Iba1(+) TAM (Additional file 5: Figure S5 and Additional file 6: Figure S6) would be expected to have their respective downstream effects on the synthesis of the cytokines IL10 and IL12. As discussed earlier, the transcription factor STAT3 is known to induce both ARG1 and IL10, whereas STAT1 has been reported to boost iNOS and IL12 [29, 46]. Interestingly, the GL261 tumor model is characterized by differential levels of hypoxia, and high hypoxia in turn supports the M2-like TAM in the GBM mass [54–57]. Thus, it was imperative for us to ascertain and compare the overall magnitude of TAM repolarization to the M1 state following different treatments by using dispersed cells from the whole tumor mass as well as the tumor periphery (see methods for further details) [8, 10]. Thus, as shown by flow cytometry, the CCP-evoked suppression of activated STAT3 (P-STAT3) was associated with an 80% inhibition of ARG1 staining in the Iba1(+) TAM (Fig. 4a i, ii, v). Only a 60% decrease in ARG1 was observed in the CCP + NK1.1Ab group (Fig. 4a iii). Thus, the difference (80–60% = 20%) was likely due to the recruited NK cells. A concomitant 293% increase in iNOS was also observed in the Iba1(+) TAM (Fig. 4b i, ii, v). In contrast, the NK1.1Ab + CCP-treated mice showed only an 89% increase in iNOS (Fig. 4b iii and v). Thus, the difference (293–89% = 204%) was likely due to the recruited NK cells.[image: A13046_2018_792_Fig4_HTML.png]
Fig. 4Peripheral injection of the NK cell-neutralizing NK1.1 antibody partially reverses the CCP-mediated M2➔M1 repolarization, IL10 suppression, and IL12 induction in TAM. a The dispersed Iba1(+) cells in the CCP-treated GBM displayed an 80% decrease in integrated ARG1 fluorescence with respect to the Vehicle-treated (*p = 0.01, Vehicle versus CCP) and this decrease was only 60% in the CCP + NK1.1 samples (Δ p = 0.03, CCP versus CCP + NK1.1; **p = 0.02, Vehicle versus CCP + NK1.1) (a i-v). Compared to the iNOS IF values in the Vehicle-treated, the Iba1(+) cells in the other two groups displayed a 293% increase in the CCP-treated (*p = 0.004, CCP versus Vehicle) and an 89% increase in the CCP + NK1.1-treated (Δ p = 0.014 CCP + NK1.1 versus CCP; **p = 0.04, Vehicle versus CCP + NK1.1) (b i-v). The graphs represent mean ± S.D. for iNOS/ARG1 obtained from Vehicle (n = 4), CCP (n = 4), and CCP + NK1.1 (n = 3) mice. c-f The Iba1(+) cells displayed a 92% decrease IL10 IF in the CCP-treated (*p = 8.7 × 10− 6, CCP versus Vehicle) and only a 65% decrease in the CCP + NK1.1-treated samples (Δ p = 0.03, CCP + NK1.1 versus CCP; **p = 5.0 × 10− 3, Vehicle versus CCP + NK1.1) (c i - iv and e). The Iba1(+) cells displayed a 445% increase in IL12 IF in the CCP-treated mice (*p = 0.01, CCP versus Vehicle) and a 69% increase in the CCP + NK1.1 mice (Δ p = 0.01, CCP + NK1.1 versus CCP; **p = 0.04, Vehicle versus CCP + NK1.1) (d i-iv and f). The graphs represent mean ± S.D. obtained from Vehicle (n = 4), CCP (n = 4), and CCP + NK1.1 (n = 3) mice




In addition to this repolarization, the integrated fluorescence measurements in flow cytometry showed high IL10 expression by the Iba1(+) TAM in the Vehicle-treated mice, which was suppressed by 92% in the CCP-treated mice (Fig. 4c i, ii, iv and e). In contrast the NK1.1Ab + CCP-treated mice showed only a 65% decrease in IL10 (Fig. 4c iii and e). Thus the difference (92–65% = 27%) was likely due to the recruited NK cells.
The high IL10 expression in the Iba1(+) TAM was accompanied by a very low level of IL12 expression in the Vehicle-treated group. However, the IL12 level was boosted by 445% in the CCP-treated mice (Fig. 4d i, ii, iv, and f). In sharp contrast, the NK1.1Ab + CCP-treated mice showed only a 69% increase in IL12 (Fig. 4d iii and f). Thus, the difference in IL12 induction (445–69% = 376%) was likely due the recruited NK cells.
To confirm the overall functional phenotype of the TAM and validate the flow cytometry data, we also measured the expression levels of ARG1 and iNOS in the Iba1(+) TAM in the three groups by performing IHC on GBM sections (parallel to the dispersed cells used in flow cytometry analysis, see methods) (Additional file 7: Figure S7). The IHC experiments reconfirmed the flow cytometry results by establishing the pivotal role of the intra-GBM recruited NK cells in the CCP-evoked repolarization of TAM.
Similarly, to determine the overall functional polarity of the TAM and to corroborate the flow cytometry data, we measured the expression levels of IL10 and IL12 in the Iba1(+) TAM in the three groups by performing IHC on GBM sections (parallel to the dispersed cells used in flow cytometry analysis, see methods). Results obtained reconfirmed the crucial function of the intra-GBM recruited NK cells in CCP-mediated suppression of IL10 and induction of IL12 in TAM (Additional file 8: Figure S8).
We employed IHC and flow cytometry because the M2 and M1 markers are also ubiquitous enzymes (iNOS and ARG1) and cytokines (IL10 and IL12) which can be expressed by other Iba1(−) cell types (non-TAM, including other immune cells) in the GBM tumor microenvironment. Differentiation of such cells from the TAM was possible through IHC and flow cytometry analyses and not by ELISA-based cytokine secretion assays or Western blotting [8, 10].

NK1.1Ab pre-treatment partially reverses CCP-evoked elimination of CD133(+) and SOX2(+) GBM stem cells and caspase-3 activation in CD68high GBM cells
Since NK cells are known to eliminate both GBM cells as well as GBM stem cells [58, 59], we studied the contribution of the CCP-evoked intra-GBM recruited NK cells in elimination of GBM. IHC analysis of the GBM stem cell marker CD133 [10, 60] revealed a 72% decrease in CD133(+) cells in IHC in the CCP-treated mice. In contrast, NK1.1Ab + CCP-treated mice showed only a 41% suppression of CD133 staining (Fig. 5a, b). Corroboratively, flow cytometry demonstrated an 81% suppression of CD133(+) GBM stem cells in the CCP-treated, but only a 32% decrease in the NK1.1Ab + CCP-treated mice (Fig. 5c and d). Thus, the difference between the CCP and CCP + NK1.1 samples (81–32% = 49%) was likely due to the recruited NK cells.[image: A13046_2018_792_Fig5_HTML.png]
Fig. 5NK1.1Ab treatment partially reverses the CCP-evoked elimination of CD133(+) GBM stem cells and CD68high GBM cells. The GBM tumor in each mouse was cut into two parts and processed for IHC and Flow Cytometry, respectively. a-b IHC: the Vehicle-treated mouse GBM sections harbored a significant number of CD133(+) GBM stem cells (red) (a first row). Compared to the Vehicle-treated, the CD133(+) fluorescence showed a 72% decrease in the CCP-treated (*p = 6.5 × 10− 3 CCP versus Vehicle) (a, second row and b) and a 41% decrease in the CCP + NK1.1-treated mice (a third row and b) (Δ p < 0.02, CCP + NK1.1 versus CCP; **p = 0.03, CCP + NK1.1 versus Vehicle). (Scale bar: 47.62 μm). c-f Flow Cytometry: compared to the Vehicle-treated, the CD133(+) cells (c, top, red circle) were suppressed by 81% in the CCP-treated (c middle and CD133 IF shown in d) (*p < 0.05, CCP versus Vehicle) and by 32% in the CCP + NK1.1 mice (c, bottom, and d) (Δ p < 0.03, CCP + NK1.1 versus CCP; **p = 3.0 × 10− 3, CCP + NK1.1 versus Vehicle). e The fluorescence profiles of the CD133(+) cells in the Vehicle, CCP, and CCP + NK1.1 samples. f-h The GBM cells were also probed for CD68, and active-caspase-3 (Act. Cspse 3). f i In the Vehicle-treated, two segregated populations of CD68(+) but Cspse3(−) cells were identified (Lower Right, LR). The larger population (shown within the blue circle) was CD68high (presumably GBM cells) whereas a smaller population (shown within the green circle) was CD68low (expected to be the TAM) [8, 10, 18]. A very small population of CD68(+), Act. Cspse3(+) (double positive) cells was identified in the upper right (UR) quadrant (within the red ellipse). f ii In the CCP-treated, CD68high cells showed an 1187% increase in Act. Cspse 3 IF (red ellipse in the UR quadrant) with respect to Vehicle, along with the virtual disappearance of the CD68high but Cspse3(−) cells in the blue circle in the LR quadrant (*p = 0.036, CCP versus Vehicle) (f ii and g). The Act. Cspse 3 IF increased by 343% in the CCP + NK1.1 samples, along with the reappearance of some CD68hgh but Act. Cspse 3(−) cells in the blue circle in the LR quadrant (f iii and g) (Δ p < 0.04, CCP versus CCP + NK1.1; **p = 3.1 × 10− 3, CCP + NK1.1 versus Vehicle). (f iv) Fluorescence profiles for Act.Cspse 3. The CD68 fluorescence in CD68low cells (TAM) was not significantly different in the three groups (h). The graphs represent mean ± S.D. obtained from mice treated with Vehicle (n = 4), CCP (n = 4), and CCP + NK1.1 (n = 3)




The CD133(+) GBM stem cells are also known to be SOX2 positive [10, 37], and IHC analysis of parallel sections for SOX2 (Additional file 9: Figure S9) corroborated data presented in Fig. 5.
Even though the 5-day CCP treatment caused a decrease in tumor load in the GBM mice and this decrease was partially reversed in the NK-cell neutralized groups (CCP + NK1.1Ab and CCP + IL12Ab groups), these changes in tumor load were not statistically significant. It is known that GBM tumor harbors necrotic tissues and edema, which can still remain following therapy-triggered cell apoptosis, contributing to the apparent tumor size [61]. The complete clearance of these dead cells are likely to require much more than five days, as indicated by our CCP-mediated GBM mouse rescue studies where we observed the presence of a scar tissue area at the site of tumor implantation approximately 4 months after discontinuation of CCP treatment [8]. Thus, to verify the role of NK cells in 5-day CCP treatment-evoked apoptosis of GBM cells, we detected a population of CD68high but activated caspase-3(−) (Act. Cspse3(−)) cells (in the blue circle) in the Vehicle-treated mouse tumors (Fig. 5fi and g). In sharp contrast, the tumors in the CCP-treated mice harbored mainly CD68high, Act. Cspse3(+) cells (in the red ellipse) with a very small number of CD68high but Act. Cspse3(−) cells (in the blue circle) (Fig. 5fii and g) [10]. This CCP-evoked 1187% increase in Act. Cspse3(+), CD68high cells was reduced to 343% in the NK1.1Ab pre-treated mice (Fig. 5fiii, iv, and g). By contrast, the CD68low, Act. Cspse3(−) cells (presumably the TAM) remained unaltered in all three groups, signifying that CCP-treatment doesn’t affect the viability of these cells (Fig. 5h). Thus, the difference in the increase in Act. Cspse3(+) cells between CCP and CCP + NK1.1Ab (1187–343% = 844%) was likely due to the recruited NK cells.

In the CCP-treated mice, the magnitude of M1-type polarization phenotype of both macrophages and microglia in the GBM tumor is partially eliminated upon peripheral injection of the IL12 antibody
Elimination of NK cell recruitment through peripheral injection of NK1.1 antibody causes partial reversal of M2➔M1 repolarization (Fig. 4). Since data presented in Additional file 4: Figure S4 show that this NK cell recruitment into the GBM tumor is dependent on peripheral IL12 signaling, we expected that IL12Ab treatment would partially abrogate the magnitude of the M1-type polarization of both macrophages and microglia harbored within the GBM tumor. Corroboratively, the CCP-evoked induction in iNOS in the microglia (RM0029-H3(−), Iba1(+)) (474%) and the (RM0029-H3(+), Iba1(+)) macrophages (498%) was partly eliminated in the IL12Ab-treated mouse tumors (Additional file 8: Figure S8A, B). With respect to the Vehicle-treated, the CCP + IL12Ab-treated mice displayed a 242% increase in iNOS in the microglia and a 250% increase in iNOS in the macrophages (Additional file 10: Figure S10A, B). Therefore, the differences (474–242 = 232%) and (498–250% = 248%), respectively for microglia and macrophages were due to the stabilization of M1-polarization of the TAM by the recruited NK cells.

CCP treatment causes a dramatic induction of monocyte chemotactic protein-1 (MCP-1) expression in the Iba1(+) TAM, which is not altered upon peripheral injection of IL12Ab
Earlier studies have established the chemokine MCP-1 as a marker of M1 macrophages and microglia [62, 63]. MCP-1 is also known to possess anti-tumor attributes and can compromise the BBB to translocate from the brain into the peripheral system to cause recruitment of immune cells such as M1-like macrophages and activated NK cells [31, 45, 64, 65]. CCP treatment in both absence as well as presence of peripheral IL12Ab injection caused a dramatic induction of TAM-associated MCP-1 in the GBM brain (Additional file 11: Figure S11). Therefore, this CCP-induced MCP-1 synthesis in the TAM was not dependent on the infiltration of activated NK cells into the GBM brain.
Based on this information, we postulate a likely mechanism of intra-tumor recruitment of M1-like macrophages and IL12-activated NK cells (Additional file 12: Figure S12) in which CCP-induced MCP-1 release from TAM initiates the process of macrophage activation, intra-tumor recruitment, NK cell activation by macrophage-released IL12, and MCP-1-evoked recruitment of activated NK cells into GBM.


Discussion
Our earlier report [8] and this study demonstrate that CCP treatment affords relatively permanent repolarization of TAM from a tumor-promoting M2-like population to a tumoricidal M1-like milieu in the GBM. Since it is known that activated NK cells are recruited into peripheral tumors and that they also enter the brain under various conditions [29, 59, 66], we asked if CCP treatment triggers intra-GBM recruitment of NK cells and also if the NK cells influence CCP-evoked repolarization of TAM and elimination of GBM and GBM stem cells.
We noticed that the scar tissue from the CCP-treated and rescued mice but not the GBM tumor in the Vehicle-treated mice harbor a large number of activated NK cells (Fig. 2). These recruited NK cells were partially responsible for the CCP-evoked suppression of the M2-type markers, such as P-STAT3 (by 27.5%), IL10 (by 27%), and ARG1 (by 20%) in the TAM. Simultaneously, the NK cells were partially responsible for the CCP-evoked dramatic increase in the tumoricidal M1-type markers, such as P-STAT1 (by 986%) and IL12 (by 376%) in the TAM. The consequent IL12-evoked NK activation may amplify and prolong the M1 polarization of TAM in the GBM via IFNγ released by activated NK cells [27, 67], thereby causing a 204% increase in iNOS, which would catalyze the formation of cytotoxic NO inside the GBM (Additional file 2: Figure S2; Additional file 3: Figure S3, Additional file 4: Figure S4; Additional file 10: Figure S10 and Additional file 12: Figure S12) [66]. Finally, the recruited NK cells also account for 49% of the CCP-evoked suppression of CD133(+) GBM stem cells and 844% of the 1187% increase in active caspase-3 in the CD68high GBM cells (Fig. 5).
In view of the earlier observation that the GBM stem cells trigger STAT3-mediated activation and proliferation of immunosuppressive M2 microglia/macrophages [68], anti-GBM-stem-cell and anti-STAT3 activities of CCP (Fig.5, Additional file 9: Figure S9) are likely to be pivotal in the observed CCP-evoked (i) correction of immunosuppression in the GBM microenvironment, (ii) M2➔M1 polarization of the tumor-associated microglia, and (iii) intra-tumor recruitment of M1-like macrophages and activated NK cells [10, 69]. Additionally, anti-GBM-stem-cell activities of TAM and NK cells are also likely to be central to the observed GBM elimination (Fig. 5) [10, 26, 59]. GBM stem cells are known cause tumor recurrence after conventional GBM therapies, so the permanent elimination of these cells is most likely to be crucial for the complete tumor remission of the CCP-treated GBM mice [8].
We observed NK-cell-independent CCP-triggered recruitment of M1-like macrophages into the GBM, such that the TAM were eventually composed of 50–60% of M1-macrophages (Fig. 3). This may partially account for the dramatic M2➔M1 switch in the TAM milieu. But what was the mechanism of intra-GBM recruitment of M1-macrophages and activated NK cells? It is known that MCP-1 (a.k.a. CCL2) is a chemokine marker of M1 microglia/macrophages [70, 71]. IHC analysis of brain sections from the 5-day CCP treatment revealed a peripheral-NK cell-independent, CCP-evoked induction of MCP-1 within the GBM TAM (Additional file 11: Figure S11). This anti-tumor chemokine MCP-1 is known to compromise the blood-brain barrier and exit into the blood stream. It is also known to bind to its receptor (CCR2) on M1-type macrophages and activated NK cells to recruit them to the source of its origin like the brain and tumor mass [31, 45, 64, 72, 73]. Based on such information, we hypothesize that the CCP-induced M1 microglia-derived chemokine MCP-1 exits the brain, triggers a cascade of events to first activate M1-type macrophages, which signal through IL12, activating the NK cells to express CCR2 and bind to MCP-1. M1 microglia-derived MCP-1 thus recruits both cell types (M1 macrophages and activated NK cells) into the GBM tumor (Additional file 12: Figure S12).

Conclusion
Immunotherapy approaches using chimeric antigen receptor (CAR) T cell treatment and regulators of T-cell activation (checkpoint inhibitors) have recently come into prominence but such strategies are riddled with limitations and side effects [74, 75]. Although these cancer immunotherapy approaches which focus exclusively on T cells have yielded technically successful treatment protocols for most cancers, only a small percentage of cancer patients have been observed to respond to these treatments [76, 77]. Currently, these conventional cancer immunotherapeutic strategies face unique difficulties and challenges in the context of GBM therapy. Just to name a few, (i) GBM cells and GBM stem cells cause immunosuppression, (ii) the BBB prevents delivery of therapeutic agents into GBM, (iii) the brain harbors very few anti-tumor T cells, and (iv) the absence of a lymphatic system in the brain limits entry of immune cells into the CNS [78, 79]. Perhaps due to such reasons, recent times have seen a heightened interest among researchers to study the relatively untapped innate immune cells like macrophages and NK cells as potential targets for effective cancer immunotherapy [80]. Our findings take us a step further by exploring an alternative, safe strategy to recruit such cells into the brain to eliminate GBM. Thus, we provide here a highly effective immunotherapeutic approach to eliminate GBM tumors. Due to the fact that the peripheral cancers also involve recruitment of macrophages and NK cells, our strategy can eventually become an effective general approach for new-age cancer immunotherapy [10, 27]. CCP is therefore a safe yet promising agent that may combat GBM tumors in patients by recruiting the cells of the innate immune system.

Acknowledgements
SM received teaching assistantship from the College of Staten Island (CUNY). We are grateful to Dan Johnson and Tony Gallego (Media Services at CSI) and Lovena David for technical assistance.
Funding
This project was supported by Professional Staff Congress (PSC)-CUNY grants from cycles 45 and 47.

Availability of data and materials
All data generated or analyzed during this study are included in this published article and in its supplementary information.


Authors’ contributions
SM and PB conceived, planned and designed the experiments. SM, AF, RH, RW, JB and SY carried out the experiments. All the authors contributed to the analysis of data and interpretation of results. PB and SM took the lead in writing the manuscript. All authors provided critical feedback and helped in shaping the final manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T, Allgeier A, Lacombe D, Cairncross JG, Eisenhauer E, Mirimanoff RO. European organisation for R, treatment of Cancer brain T, radiotherapy G, National Cancer Institute of Canada clinical trials G: radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 2005;352(10):987–96.CrossrefPubMed

2.
Wen PY, Kesari S. Malignant gliomas in adults. N Engl J Med. 2008;359(5):492–507.CrossrefPubMed

3.
Wick W, Platten M, Weller M. New (alternative) temozolomide regimens for the treatment of glioma. Neuro-Oncology. 2009;11(1):69–79.CrossrefPubMedPubMedCentral

4.
Neyns B, Chaskis C, Joosens E, Menten J, D'Hondt L, Branle F, Sadones J, Michotte A. A multicenter cohort study of dose-dense Temozolomide (21 of 28 days) for the treatment of recurrent anaplastic astrocytoma or Oligoastrocytoma. Cancer Investig. 2008;26:269–77.Crossref

5.
Su YB, Sohn S, Krown SE, Livington PO, Wolchek JD, Quinn C, Williams L, Foster T, Sepkowitz KA, Chapman PB. Selective CD4 Lymphopenia in Melanoma Patients Treated With Temozolomide: A Toxicity With Therapeutic Implications. J Clin Oncol. 2004;22:610–6.CrossrefPubMed

6.
Happold C, Roth P, Wick W, Schmidt N, Florea A-M, Reifenberger G, Weller M. Distinct molecular mechanisms of acquired resistance to temozolomide in glioblastoma cells. J Neurochem. 2012;122:444–55.CrossrefPubMed

7.
Zhang J, Stevens MF, Bradshaw TD. Temozolomide: mechanisms of action, repair and resistance. Curr Mol Pharmacol. 2012;5(1):102–14.CrossrefPubMed

8.
Mukherjee S, Baidoo J, Fried A, Atwi D, Dolai S, Boockvar J, Symons M, Ruggieri R, Raja K, Banerjee P. Curcumin changes the polarity of tumor-associated microglia and eliminates glioblastoma. Int J Cancer. 2016;139:2838–49.CrossrefPubMed

9.
Newcomb EW, Zagzag D. The murine GL261 glioma experimental model to assess novel brain tumor treatments. In: Meir EG, editor. CNS Cancer: Models, Markers, Prognostic Factors, Targets, and Therapeutic Approaches. Totowa, NJ: Humana Press; 2009. p. 227–41.Crossref

10.
Mukherjee S, Baidoo JNE, Sampat S, Mancuso A, David L, Cohen LS, Zhou S, Banerjee P. Liposomal TriCurin, a synergistic combination of curcumin, Epicatechin Gallate and resveratrol, repolarizes tumor-associated microglia/macrophages, and eliminates glioblastoma (GBM) and GBM stem cells. Molecules. 2018;23(1):201.Crossref

11.
Hossain M, Banik NL, Ray SK. Synergistic anti-cancer mechanisms of curcumin and paclitaxel for growth inhibition of human brain tumor stem cells and LN18 and U138MG cells. Neurochem Int. 2012;61(7):1102–13.CrossrefPubMedPubMedCentral

12.
Sen GS, Mohanty S, Hossain DMS, Bhattacharyya S, Banerjee S, Chakraborty J, Saha S, Ray P, Bhattacharjee P, Mandal D, Bhattacharya A, Chattopadhyah S, Das R, Sa G. Curcumin enhances the efficacy of chemotherapy by tailoring p65NFkB-p300 cross-talk in favor of p53-p300 in breast Cancer. J Biol Chem. 2011;286:42232–47.CrossrefPubMedPubMedCentral

13.
Yin H, Zhou Y, Wen C, Zhou C, Zhang W, Hu X, Wang L, You C, Shao J. Curcumin sensitizes glioblastoma to temozolomide by simultaneously generating ROS and disrupting AKT/mTOR signaling. Oncol Rep. 2014;32:1610–6.CrossrefPubMed

14.
Corson TW, Crews CM. Molecular understanding and modern application of traditional medicines: triumphs and trials. Cell. 2007;130(5):769–74.CrossrefPubMedPubMedCentral

15.
Dhillon N, Aggarwal BB, Newman RA, Wolff RA, Kunnumakkara AB, Abbruzzese JS, CS N, Badmaev V, Kurzrock R. Phase II trial of curcumin in patients with advanced pancreatic Cancer. Clin Cancer Res. 2008;14:4491–9.CrossrefPubMed

16.
Kanai M, Yoshimura K, Asada M, Imaizumi A, Suzuki C, Marsumoto S, Nishimura T, Mori Y, Masui T, Kawaguchi Y, Yanagihara K, Yazumi S, Chiba T, Guha S, Aggarwal BB. A phase I/II study of gemcitabine-based chemotherapy plus curcumin for patients with gemcitabine-resistant pancreatic cancer. Cancer Chemother Pharmacol. 2011;68:157–64.CrossrefPubMed

17.
Langone P, Debata PR, Dolai S, Curcio GM, Inigo JD, Raja K, Banerjee P. Coupling to a cancer cell-specific antibody potentiates tumoricidal properties of curcumin. Int J Cancer. 2012;131:E569–78.CrossrefPubMed

18.
Langone P, Debata PR, Inigo JDR, Dolai S, Mukherjee S, Halat P, Mastroianni K, Curcio GM, Castellanos MR, Raja K, Banerjee P. Coupling to a glioblastoma-directed antibody potentiates anti-tumor activity of curcumin. Int J Cancer. 2014;135:710–9.CrossrefPubMed

19.
Purkayastha S, Berliner A, Fernando SS, Ranasinghe B, Ray I, Tariq H, Banerjee P. Curcumin blocks brain tumor formation. Brain Res. 2009;1266C:130–8.Crossref

20.
Belcaro G, Hosoi M, Pllegrini L, Appendino G, Ippolito E, Ricci A, Ledda A, Dugall M, Cesarone MR, Malone C, Clammaichella G, Genovesi D, Togni S. A controlled study of a Lecithinized delivery system of curcumin (MerivaW) to alleviate the adverse effects of Cancer treatment. Phytother Res. 2014;28:444–50.CrossrefPubMed

21.
Marczylo TH, Verschoyle RD, Cooke DN, Morazzoni P, Steward WP, Gescher AJ. Comparison of systemic availability of curcumin with that of curcumin formulated with phosphatidylcholine. Cancer Chemother Pharmacol. 2007;60(2):171–7.CrossrefPubMed

22.
Cuomo J, Appendino G, Dern AS, Schneider E, McKinnon TP, Brown MJ, Togni S, Dixon BM. Comparative absorption of a standardized curcuminoid mixture and its lecithin formulation. J Nat Prod. 2011;74(4):664–9.CrossrefPubMed

23.
Mirzaei H, Shakeri A, Rashidi B, Jalili A, Banikazemi Z, Sahebkar A. Phytosomal curcumin: a review of pharmacokinetic, experimental and clinical studies. Biomed Pharmacother. 2017;85:102–12.CrossrefPubMed

24.
Li W, Graeber MB. The molecular profile of microglia under the influence of glioma. Neuro-Oncology. 2012;14:958–78.CrossrefPubMedPubMedCentral

25.
Brantley EC, Guo L, Zhang C, Lin Q, Yokoi K, Langley RR, Kruzel E, Maya M, Kim SW, Kim S-J, Fan D, Fidler IJ. Nitric oxide-mediated Tumoricidal activity of murine microglial cells. Transl Oncol. 2010;3:380–8.CrossrefPubMedPubMedCentral

26.
Sarkar S, Döring A, Zemp FJ, Silva C, Lun X, Wang X, Kelly J, Hader W, Hamilton M, Mercier P, Dunn JF, Kinniburgh D, van Rooijen N, Robbins S, Forsyth P, Cairncross G, Weiss S, Yong VW. Therapeutic activation of macrophages and microglia to suppress brain tumor-initiating cells. Nat Neurosci. 2014;17:46–57.CrossrefPubMed

27.
Mukherjee S, Hussaini R, White R, Atwi D, Fried A, Sampat S, Piao L, Pan Q, Banerjee P. TriCurin, a synergistic formulation of curcumin, resveratrol, and epicatechin gallate, repolarizes tumor-associated macrophages and triggers an immune response to cause suppression of HPV+ tumors. Cancer Immunol Immunother. 2018;67(5):761–74.CrossrefPubMed

28.
Kreutzberg GW. Microglia, the first line of defence in brain pathologies. Arzneimittelforschung. 1995;45(3A):357–60.PubMed

29.
Hagemann T, Lawrence T, McNeish I, Charles KA, Kulbe H, Thompson RG, Robinson SC, Balkwill FR. “Re-educating” tumor-associated macrophages by targeting NF-kappaB. J Exp Med. 2008;205(6):1261–8.CrossrefPubMedPubMedCentral

30.
Zhang X, Tian W, Cai X, Wang X, Dang X, Dang W, Tang H, Cao H, Wang L, Chen T. Hydrazinocurcumin Encapsuled nanoparticles “re-educate” tumor-associated macrophages and exhibit anti-tumor effects on breast Cancer following STAT3 suppression. PLoS One. 2013;8:e65896.CrossrefPubMedPubMedCentral

31.
Tsuchiyama T, Nakamoto Y, Sakai Y, Mukaida N, Kaneko S. Optimal amount of monocyte chemoattractant protein-1 enhances antitumor effects of suicide gene therapy against hepatocellular carcinoma by M1 macrophage activation. Cancer Sci. 2008;99(10):2075–82.CrossrefPubMed

32.
Morantz RA, Wood GW, Foster M, Clark M, Gollahon K. Macrophages in experimental and human brain tumors. Part 2: studies of the macrophage content of human brain tumors. J Neurosurg. 1979;50(3):305–11.CrossrefPubMed

33.
Kostianovsky AM, Maier LM, Anderson RC, Bruce JN, Anderson DE. Astrocytic regulation of human monocytic/microglial activation. J Immunol. 2008;181(8):5425–32.CrossrefPubMed

34.
Aggarwal BB, Sung B. Pharmacological basis for the role of curcumin in chronic diseases: an age-old spice with modern targets. Trends Pharmacol Sci. 2009;30(2):85–94.CrossrefPubMed

35.
Fang J, Lu J, Holmgren A. Thioredoxin reductase is irreversibly modified by curcumin. J Biol Chem. 2005;280(26):25284–90.CrossrefPubMed

36.
Liu G, Yuan X, Zeng Z, Tunici P, Ng H, Abdulkadir IR, Lu L, Irvin D, Black KL, Yu JS. analysis of gene expression and chemoresistance of CD133+ cancer stem cells in glioblastoma. Mol Cancer. 2006;5:67.CrossrefPubMedPubMedCentral

37.
Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature. 2006;444(7120):756–60.CrossrefPubMed

38.
Camacho CV, Todorova PK, Gillam MC, Tomimatsu N, del Alcazar CRG, Ilcheva M, Mukherjee B, McEllin B, Vemireddy V, Hatanpaa K, Story MD, Habib AA, Morty VV, Bachoo R, Burma S. DNA double-strand breaks cooperate with loss of Ink4 and Arf tumor suppressors to generate glioblastomas with frequent met amplification. Oncogene. 2015;34:1064–72.CrossrefPubMed

39.
Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4 blockade. Science. 1996;271(5256):1734–6.CrossrefPubMed

40.
Dai H, Wang Y, Lu X, Han W. Chimeric antigen receptors modified T-cells for Cancer therapy. J Natl Cancer Inst. 2016;108(7):djv439.CrossrefPubMedPubMedCentral

41.
Couzin-Frankel J. Cancer immunotherapy. Science. 2013;342:1432–3.CrossrefPubMed

42.
Ott PA, Hodi FS, Kaufman HL, Wigginton JM, Wolchok JD. Combination immunotherapy: a road map. J Immunother Cancer. 2017;5:16.CrossrefPubMedPubMedCentral

43.
Hagemann T, Biswas S, Lawrence T, Sica A, Lewis CE. Regulation of macrophage function in tumors: the multifaceted role of NF-kB. Blood. 2009;113:3139–46.CrossrefPubMedPubMedCentral

44.
Glas R, Franksson L, Une C, Eloranta M-L, Ohlen C, Orn A, Karre K. Recruitment and activation of natural killer (NK) cells in vivo determined by the target cell phenotype: an adaptive component of NK cell–mediated responses. J Exp Med. 2000;191:129–38.CrossrefPubMedPubMedCentral

45.
O'Sullivan T, Saddawi-Konefka R, Gross E, Tran M, Mayfield SP, Ikeda H, Bui JD. Interleukin-17D mediates tumor rejection through recruitment of natural killer cells. Cell Rep. 2014;7(4):989–98.CrossrefPubMedPubMedCentral

46.
Ito S, Ansari P, Sakatsume M, Dickensheets H, Vazquez N, Donnelly RP, Larner AC, Finbloom DS. Interleukin-10 inhibits expression of both interferon alpha- and interferon gamma- induced genes by suppressing tyrosine phosphorylation of STAT1. Blood. 1999;93(5):1456–63.PubMed

47.
Koo GC, Peppard JR. Establishment of monoclonal anti-Nk-1.1 antibody. Hybridoma. 1984;3(3):301–3.CrossrefPubMed

48.
Carlyle JR, Martin A, Mehra A, Attisano L, Tsui FW, Zuniga-Pflucker JC: Mouse NKR-P1B, a novel NK1.1 antigen with inhibitory function. J Immunol (Baltimore, Md : 1950) 1999, 162(10):5917–5923.

49.
Arase N, Arase H, Park SY, Ohno H, Ra C, Saito T. Association with FcRgamma is essential for activation signal through NKR-P1 (CD161) in natural killer (NK) cells and NK1.1+ T cells. J Exp Med. 1997;186(12):1957–63.CrossrefPubMedPubMedCentral

50.
Carroll JL, Nielsen LL, Pruett SB, Mathis JM. The role of natural killer cells in adenovirus-mediated p53 gene therapy. Mol Cancer Ther. 2001;1(1):49–60.PubMed

51.
Strojnik T, Kavalar R, Zajc I, Diamandis EP, Oikonomopoulou K, Lah TT. Prognostic impact of CD68 and kallikrein 6 in human glioma. Anticancer Res. 2009;29(8):3269–79.PubMed

52.
Poduslo JF, Curran GL, Berg CT. Macromolecular permeability across the blood-nerve and blood-brain barriers. Proc Natl Acad Sci. 1994;91(12):5705–9.CrossrefPubMed

53.
Niu M, Naguib YW, Aldayel AM, Y-c S, Hursting SD, Hersh MA, Cui Z. Biodistribution and in vivo activities of tumor-associated macrophage-targeting nanoparticles incorporated with doxorubicin. Mol Pharm. 2014;11(12):4425–36.CrossrefPubMedPubMedCentral

54.
Burgi S, Seuwen A, Keist R, Vom Berg J, Grandjean J, Rudin M. In vivo imaging of hypoxia-inducible factor regulation in a subcutaneous and orthotopic GL261 glioma tumor model using a reporter gene assay. Mol Imaging. 2014;13

55.
Oh T, Fakurnejad S, Sayegh ET, Clark AJ, Ivan ME, Sun MZ, Safaee M, Bloch O, James CD, Parsa AT: Immunocompetent murine models for the study of glioblastoma immunotherapy. J Transl Med 2014, 12:107–107.

56.
Zhou W, Bao S. Reciprocal supportive interplay between glioblastoma and tumor-associated macrophages. Cancers. 2014;6(2):723–40.CrossrefPubMedPubMedCentral

57.
Guo X, Xue H, Shao Q, Wang J, Guo X, Chen X, Zhang J, Xu S, Li T, Zhang P, Gao X, Qiu W, Liu Q, Li G. Hypoxia promotes glioma-associated macrophage infiltration via periostin and subsequent M2 polarization by upregulating TGF-beta and M-CSFR. Oncotarget. 2016;7(49):80521–42.PubMedPubMedCentral

58.
Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, Kershaw MH. Activating and inhibitory receptors of natural killer cells. Immunol Cell Biol. 2011;89(2):216–24.CrossrefPubMed

59.
Castriconi R, Daga A, Dondero A, Zona G, Poliani PL, Melotti A, Griffero F, Marubbi D, Spaziante R, Bellora F, Moretta L, Moretta A, Corte G, Bottino C. NK cells recognize and kill human glioblastoma cells with stem cell-like properties. J Immunol. 2009;182(6):3530–9.CrossrefPubMed

60.
Zhuang W, Long L, Zheng B, Ji W, Yang N, Zhang Q, Liang Z. Curcumin promotes differentiation of glioma-initiating cells by inducing autophagy. Cancer Sci. 2012;103(4):684–90.CrossrefPubMed

61.
Verma N, Cowperthwaite MC, Burnett MG, Markey MK. Differentiating tumor recurrence from treatment necrosis: a review of neuro-oncologic imaging strategies. Neuro-Oncology. 2013;15(5):515–34.CrossrefPubMedPubMedCentral

62.
Pan J, Jin JL, Ge HM, Yin KL, Chen X, Han LJ, Chen Y, Qian L, Li XX, Xu Y. Malibatol a regulates microglia M1/M2 polarization in experimental stroke in a PPARγ-dependent manner. J Neuroinflammation. 2015;12(1):51.CrossrefPubMedPubMedCentral

63.
Liu C, Li Y, Yu J, Feng L, Hou S, Liu Y, Guo M, Xie Y, Meng J, Zhang H. Targeting the shift from M1 to M2 macrophages in experimental autoimmune encephalomyelitis mice treated with fasudil. PLoS One. 2013;8(2):e54841.CrossrefPubMedPubMedCentral

64.
Yao Y, Tsirka SE. Monocyte chemoattractant protein-1 and the blood-brain barrier. Cellular and molecular life sciences : CMLS. 2014;71(4):683–97.CrossrefPubMed

65.
Nesbit M, Schaider H, Miller TH, Herlyn M. Low-level monocyte chemoattractant protein-1 stimulation of monocytes leads to tumor formation in nontumorigenic melanoma cells. J immunol. 2001;166(11):6483–90.CrossrefPubMed

66.
Lunemann A, Lunemann JD, Roberts S, Messmer B, da Silva RB, Raine CS, Munz C. Human NK cells kill resting but not activated microglia via NKG2D- and NKp46-mediated recognition. J Immunol. 2008;181:6170–7.CrossrefPubMedPubMedCentral

67.
Bellora F, Castriconi R, Dondero A, Reggiardo G, Moretta MA, Moretta A, Bottino C. The interaction of human natural killer cells with either unpolarized or polarized macrophages results in different functional outcomes. Proc Natl Acad Sci U S A. 2010;107:21659–64.CrossrefPubMedPubMedCentral

68.
Wu A, Wei J, Kong LY, Wang Y, Priebe W, Qiao W, Sawaya R, Heimberger AB. Glioma cancer stem cells induce immunosuppressive macrophages/microglia. Neuro-Oncology. 2010;12(11):1113–25.CrossrefPubMedPubMedCentral

69.
Lim KJ, Bisht S, Bar EE, Maitra A, Eberhart CG. A polymeric nanoparticle formulation of curcumin inhibits growth, clonogenicity and stem-like fraction in malignant brain tumors. Cancer Biology & Therapy. 2011;11:464–73.Crossref

70.
Bagaeva LV, Williams LP, Segal BM. IL-12 dependent/IFNgamma independent expression of CCR5 by myelin-reactive T cells correlates with encephalitogenicity. J Neuroimmunol. 2003;137:109–16.CrossrefPubMed

71.
Pearlman E, Lass JH, Bardenstein DS, Diaconu E, Hazlett FE Jr, Albright J, Higgins AW, Kazura JW. IL-12 exacerbates helminth-mediated corneal pathology by augmenting inflammatory cell recruitment and chemokine expression. J immunol. 1997;158(2):827–33.PubMed

72.
D'Mello C, Le T, Swain MG. Cerebral microglia recruit monocytes into the brain in response to tumor necrosis factoralpha signaling during peripheral organ inflammation. J Neurosci. 2009;29(7):2089–102.CrossrefPubMed

73.
Spanos JP, Hsu NJ, Jacobs M. Microglia are crucial regulators of neuro-immunity during central nervous system tuberculosis. Front Cell Neurosci. 2015;9:182.CrossrefPubMedPubMedCentral

74.
Zhang H, Ye Z-l, Z-g Y, Z-q L, H-j J, Q-j q. New strategies for the treatment of solid tumors with CAR-T cells. Int J Biol Sci. 2016;12(6):718–29.CrossrefPubMedPubMedCentral

75.
Postow MA, Callahan MK, Wolchok JD. Immune checkpoint blockade in Cancer therapy. J Clin Oncol. 2015;33(17):1974–82.CrossrefPubMedPubMedCentral

76.
Ghoneim HE, Zamora AE, Thomas PG, Youngblood BA. Cell-intrinsic barriers of T cell-based immunotherapy. Trends Mol Med. 2016;22(12):1000–11.CrossrefPubMedPubMedCentral

77.
Farkona S, Diamandis EP, Blasutig IM. Cancer immunotherapy: the beginning of the end of cancer? BMC Med. 2016;14:73.CrossrefPubMedPubMedCentral

78.
Thomas AA, Ernstoff MS, Fadul CE. Immunotherapy for the treatment of glioblastoma. Cancer Journal (Sudbury, Mass). 2012;18(1):59–68.Crossref

79.
Huang B, Zhang H, Gu L, Ye B, Jian Z, Stary C, Xiong X. Advances in immunotherapy for glioblastoma Multiforme. J Immunol Res. 2017;2017:11.

80.
Goldberg JL, Sondel PM. Enhancing Cancer immunotherapy via activation of innate immunity. Semin Oncol. 2015;42(4):562–72.CrossrefPubMedPubMedCentral

81.
Ueda A, Ishigatsubo Y, Okubo T, Yoshimura T. Transcriptional regulation of the human monocyte chemoattractant protein-1 gene. Cooperation of two NF-kappaB sites and NF-kappaB/Rel subunit specificity. J Biol Chem. 1997;272(49):31092–9.CrossrefPubMed

82.
Chakravarti N, Myers JN, Aggarwal BB. Targeting constitutive and interleukin-6-inducible signal transducers and activators of transcription 3 pathway in head and neck squamous cell carcinoma cells by curcumin (diferuloylmethane). Int J Cancer. 2006;119(6):1268–75.CrossrefPubMed

83.
Ito S, Ansari P, Sakatsume M, Dickensheets H, Vazquez N, Donnelly RP, Larner AC, Finbloom DS. Interleukin-10 Inhibits Expression of Both Interferon alpha– and Interferon gamma–Induced Genes by Suppressing Tyrosine Phosphorylation of STAT1. Blood. 1999;93:1456–63.PubMed

84.
Burdelya L, Kujawski M, Niu G, Zhong B, Wang T, Zhang S, Kortylewski M, Shain K, Kay H, Djeu J, Dalton W, Pardoll D, Wei S, Yu H. Stat3 activity in melanoma cells affects migration of immune effector cells and nitric oxide-mediated antitumor effects. J immunol. 2005;174(7):3925–31.CrossrefPubMedPubMedCentral

85.
D'Mello C, Le T, Swain MG. Cerebral microglia recruit monocytes into the brain in response to tumor necrosis factor signaling during peripheral organ inflammation. J Neurosci. 2009;29:2089–102.CrossrefPubMed

86.
Fang P, Hwa V, Rosenfeld RG. Interferon-gamma-induced dephosphorylation of STAT3 and apoptosis are dependent on the mTOR pathway. Exp Cell Res. 2006;312(8):1229–39.CrossrefPubMed

87.
Bluyssen HAR, Rastmanesh MM, Tilburgs C, Jie K, Wesseling S, Goumans M-J, Boer P, Joles JA, Braam B. IFNy-dependent SOCS3 expression inhibits IL-6-induced STAT3 phosphorylation and differentially affects IL-6 mediated transcriptional responses in endothelial cells. Am J Physiol Cell Physiol. 2010;299:C354–62.CrossrefPubMed

88.
Hu X, Paik PK, Chen J, Yarilina A, Kockeritz L, Lu TT, Woodgett JR, Ivashkiv LB. IFN-gamma suppresses IL-10 production and synergizes with TLR2 by regulating GSK3 and CREB/AP-1 proteins. Immunity. 2006;24:563–74.CrossrefPubMed

89.
Schroder K, Hertzog PJ, Ravasi R, Hume DA. Interferon-y: an overview of signals, mechanisms and functions. J Leukoc Biol. 2004;75:163–89.CrossrefPubMed

90.
Varinou L, Ramsauer K, Karaghiosoff M, Kolbe T, Pfeffer K, Müller M. Phosphorylation of the Stat1 transactivation domain is required for full-fledged IFN-y-dependent innate immunity. Immunity. 2003;19:793–802.CrossrefPubMed




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A13046_2018_792_Fig4_HTML.png
—_
Y
~

ARG, Ibal(+)

(b

N

NG+, s {4

[
(2
~

IL10+, Ibal(+)

(I) Venhicle

Veh

“ Fcpankit
—

“leer— |

counr
2

e,,,l e R e e i
(iv) Profiles

3 L e L
PR S R B I
IL10-A
(i) Vehicle
s J02-UC QZ-UR]
6% 4.0%
o
% ’
4
<%
Y
EPE
G2
i T
wud

_
D
N

120 4
@
e
£ 100
2
]
s @ 80
2
o £
=] 60 4
=3
FEE
2
e
)
2
=

Vehicle

P

Ibat-A

ccp

Wl

Q2-LR|

T
W wt

IL10-A

ccp

Q2-LR|

T T-TTi,
Wi W Wl

T T TTTITTTT
Wt WS W

i
wlwd

L12-A

CCP+NK1.1

CCP+NK1.1

Counr

Wl 52 w3 S b
1HOS-A

(iii) CCP+NK1.1Ab

—_
<
~

Integrated ARG1 fluorescence
(% Vehicle)

—_
<
~

IntegratediNOS fluorescence
(% Vehicle)

L.

Vehicle cce CCP+NK1.1

*
a
*x

Vehicle ccp CCP+NK1.1

(iv) Profiles

CCP+ => Veh
89 NK1.1
g1cep—™
S |
Q2-LR|
i} TN TTTTWT—T TN T T, a4
wt WS W W2
IL10-4 wl w IL“;;A"S Wbl
(iii) CCP+NK1.1Ab (iv) Profiles
5 2
ccP™™]
CCP+
_ NK1.1
Q2-LR Veh™>

T T T T T
woowt W

IL12-4
)
700
600
500
400
300

(% Vehicle)

200

Integrated IL12 fluoresence

100

Vehicle

T
W2
IL12A

1.

ccp CCP+NK1.1





OEBPS/contact.gif





OEBPS/A13046_2018_792_Fig2_HTML.png
(b)

CCP Vehicle

CCP + NK1.1Ab

-
(2]
~

NKp46 flourescence
(normalized to HOECSHT)

350

w

00

(% Vehicle )
5 & 8 &
g8 8 8 8 &

o

GL261

(a) implanted

(Day 1)

NK1.1 Ab or

mouse lg
(Day 11)

Vehicle or CCP from
Day 12 (everyday)

ViVl dda

NKp46

IHC

a
%

HOECHST

(e)

Vehicle ccp CCP+NK1.1

()

Integrated NKp46 fluorescence

t

Sacrificed, tumors
analyzed (Day 17)

Merged

Flow Cytometry

R <—CCP
- —
“ =1 cep+nki.1
o - lll“ll llHlIl lll"ll l|l|ll| I|Il|ll T 2
NKPHS A
Flow Cytometry
400 4
350 4
300 A

(% Vehicle)
3 %
o (=}

-
7]
)

100

Vehicle

e
|

CCP

CCP+NK1.1

(d) Flow Cytometry

Q1-UR)
0.0%

Q1-UR)
0.0%

w o owd Wb
NS488-A

aAv L LN +dD2D dnn IIJIUD2A

av L IMN





OEBPS/A13046_2018_792_Fig5_HTML.png
(a)

ccpP

CCP + NK1.1Ab

(b

-

CD133 flourescence
(Normalized to HOESCHST)

CD68(+), Act. Cspse 3(+)=>

Vehicle

120
100

(% Vehicle )
Y
o

Vehicle

(i) Vehicle

HOECHS

Wt b
NS 4984

(c) Flow Cytometry

Q1-LR

(d) Flow Cytometry (e) Flow Cytometry

120

8
8

Integrated CD133 fluorescence
(% Vehicle)
-
3

illa

20

CounTt

P CPeNKid Vehicle ~ CCP  CCPeiiid

CCP

=
-

CP+NK1.1
>

ccP—p

102 103 ad
€D133-

Veh

105 16

A

T2

&

b

ut

w

Uaspased-A

Wl

Q1-LR|

& m

CDBS-A

—
«Q

Fluorescence (% Vehicle) ~=r

Integrated Act. cspse3

50% e
et 7

1600

Boe e
S R B
8 8 8
8 8 8

N B o ®

S 8 & 8

8 8 8 8
¥

o

Vehicle CccpP CCP+NK1.1

T
7z 5

Integrated CD68-Low
Fluorescence (% Vehicle)

1-UL
%

a1-
2.0

®
S

@
S

S
3

N
S

o

UR
%

Count

LI e el
wt W5 B

CDBS-A

40

20

102

(iii) CCP+NK1.1Ab (IV) Profiles

CCP—»

1 cepenki1

veh™

TR T T

CASPASE3-A

Vehicle

cCcp

CCP+NK1.1






OEBPS/A13046_2018_792_Fig1_HTML.png
2.53x10°°

Q

47_

rm:umo: o) BN__SEoz,
@2uddsasonyy gpd)N

HOECHST






OEBPS/A13046_2018_792_Fig3_HTML.png
RV

s
P






