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                                                            Background Patients with gene expression profiling-defined high-risk myeloma in relapse have poor outcomes with current therapies. We tested whether natural killer cells expanded by co-culture with K562 cells transfected with 41BBL and membrane-bound interleukin-15 could kill myeloma cells with a high-risk gene expression profile in vitro and in a unique model which recapitulates human myeloma.Design and Methods OPM2 and high-risk primary myeloma tumors were grown in human fetal bone implanted into non-obese diabetic severe combined immunodeficiency mice with a deficient interleukin-2 receptor gamma chain. These mice are devoid of endogenous natural killer and T-cell activity and were used to determine whether adoptively transferred expanded natural killer cells could inhibit myeloma growth and myeloma-associated bone destruction.Results Natural killer cells from healthy donors and myeloma patients expanded a median of 804- and 351-fold, respectively, without significant T-cell expansion. Expanded natural killer cells killed both allogeneic and autologous primary myeloma cells avidly via a perforin-mediated mechanism in which the activating receptor NKG2D, natural cytotoxicity receptors, and DNAX-accessory molecule-1 played a central role. Adoptive transfer of expanded natural killer cells inhibited the growth of established OPM2 and high-risk primary myeloma tumors grown in the murine model. The transferred, expanded natural killer cells proliferated in vivo in an interleukin-2 dose-dependent fashion, persisted up to 4 weeks, were readily detectable in the human bone, inhibited myeloma growth and protected bone from myeloma-induced osteolysis.Conclusions These studies provide the rationale for testing expanded natural killer cells in humans.
                                                            
                                                            Introduction
Multiple myeloma (MM) is a malignant plasma cell disorder with debilitating symptoms related to anemia, immunosuppression, bone destruction, and renal failure.1 Significant advances have been made by combining novel agents with autologous peripheral blood stem cell transplantation which allows for long-term disease-free survival in the majority of transplant-eligible patients. However, the prognosis remains poor in approximately 15% of patients who have aggressive disease best captured by a high-risk gene expression profile (GEP).2 The vast majority of these patients enjoy only short-term remissions due to the persistence of chemotherapy-refractory MM cells. Therapeutic modalities that are non-cross-resistant with chemotherapy could offer new hope for this subset of patients with a very grave prognosis.
Human natural killer (NK) cells, which contribute to host antitumor defense reactions, represent a population of large granular lymphocytes that express a CD3/CD56 phenotype.3 NK cells discriminate between normal cells and transformed cells via a balance of inhibitory and activating signals induced by interactions between NK cell receptors and target cell ligands, with the inhibitory signals being dominant.4–6 NK cells from killer immunoglobulin-like receptor-ligand (KIR-L)-mismatched donors can exert a potent anti-leukemic effect and are highly effective in preventing relapse after haplo-identical T-cell-depleted allogeneic peripheral blood stem cell transplantation in patients with relapsed acute myeloid leukemia with a low tumor load after re-induction therapy.7,8 Although KIR-L-mismatched NK cells from haplo-identical donors are also cytotoxic to MM cells in vitro, infusion of an adequate dose of alloreactive NK cells is a challenge and therapy is limited to patients with a suitable donor.9
Irradiated K562 cells transfected with 41BBL and membrane-bound interleukin (IL)15 (K562-mb15-41BBL) led to the expansion of large numbers of highly activated NK cells capable of controlling K562 leukemia cell growth in a murine model.10 We tested whether we could apply this system to expand NK cells from both MM patients and healthy donors (HD) and investigated whether these expanded-NK (exp-NK) cells could kill MM cell lines and primary MM cells in vitro. Furthermore, we established aggressive human OPM2 cells and high-risk primary MM tumors in a protective human bone microenvironment in non-obese diabetic severe combined immunodeficiency mice with a deficient IL2 receptor gamma chain (NOD/scid/IL2Rγ), which are devoid of endogenous NK and T-cell activity, and studied whether adoptively transferred exp-NK cells could inhibit tumor growth and consequently modulate myeloma-associated bone destruction.
Design and Methods
Details on cell lines, samples, cell selection, NK cell expansion, and gene expression profiling can be found in the Online Supplementary Design and Methods.
Phenotyping of cell subsets by flow cytometry analysis
Paired non-exp and exp-NK cells were cryopreserved on day 0 or day 10–14, respectively, then thawed and analyzed simultaneously for cell surface protein expression as determined by flow cytometry using the viability stain 7AAD (Sigma, St Louis, MO, USA) and the phenotyping antibodies listed in Online Supplementary Table S1. A FACSCalibur flow cytometer with CellQuest software was used for data acquisition (BD Biosciences, Mountain View, CA, USA). For each sample, 3000 7AAD/CD56/CD3 events were collected. Median fluorescence intensity (MFI) ratios (MFI day 10 to 14/MFI day 0) and percent positive cell ratios (post-/pre-expansion) were calculated for each cell surface protein stained.
51Cr release cytotoxicity assays
Details on Cr release assays are provided in the Online Supplementary Design and Methods.
To test the role of Fas-L and TRAIL-mediated killing, 5 μg/mL anti-Fas-L and/or 2.5 μg/mL anti-TRAIL or control mouse IgG1 antibody (Online Supplementary Table S1) was added to effectors at the time of plating and left in the wells for the rest of the assay. To block perforin-mediated cytotoxicity, effectors were pretreated for 2 h in 100 nM concanamycin A (CMA; Sigma).11 For NK cell receptor blocking experiments, we first incubated NK cells with human IgG (1 μg/10 cells) (Invitrogen) on ice for 20 min to prevent antibody-dependent cell-mediated cytotoxicity and then at room temperature with various antibodies (Online Supplementary Table S1) before adding the target cells. NK cell ligands on myeloma cells were blocked by incubating recombinant human fusion proteins or antibodies (Online Supplementary Table S1) for 2 h prior to plating cells at a final concentration of 10 μg/mL.
Murine model
NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ (NOD/scid/IL2Rγ) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Human (hu) fetal bones (Advanced Bioscience Resources; Alameda, CA, USA) were implanted subcutaneously into the mice as previously reported.12 After engraftment (4–5 weeks), 3×10 OPM2 cells transfected with luciferase (OPM2-Lu) or MM patients’ cells in 50 μL phosphate-buffered saline (PBS) were injected into the hu bone. MM cells were allowed to grow until the tumor was visible by bio-imaging (7 days) or detectable by a human immunoglobulin (huIg) ELISA, at which time mice with comparable baseline tumor burden were randomized to treatment groups. For OPM2-Lu experiments the groups included: (i) PBS vehicle; (ii) 40×10 exp-NK cells divided into two doses, 48 h apart; (iii) 160×10 exp-NK cells divided into four doses, each 48 hours apart. Exp-NK cells were transferred through the lateral tail vein. For primary MM experiments only treatment groups (i) and (iii) were used. Weekly imaging and/or ELISA was performed to assess tumor burden. Details on live animal imaging and blood/plasma collection are described in the Online Supplementary Design and Methods.
Peripheral blood cells from mice were re-suspended in PBS and stained with a cocktail of antibodies comprising CD3-FITC and CD56-PE (Online Supplementary Table S1).
Exp-NK cells were labeled with 10 μM carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) for 6 min then washed. Some of the cells were analyzed immediately to obtain a baseline level of fluorescence. CFSE-labeled exp-NK cells (40×10) were injected into the myelomatous mice through the tail vein. Peripheral blood mononuclear cells collected after adoptive transfer of exp-NK were stained with CD3 and CD56 antibodies. CD3/CD56 gated cells were analyzed with ModFit LT (Verity Software, Topsham, ME, USA).
Implanted bone tissues were recovered from mice at the time points indicated and fixed in 10% phosphate-buffered formalin for 24 h, decalcified with 5% ethylenediaminetetraacetic acid (pH 7.0) and embedded in paraffin. Sections of 5 μm were stained with hematoxylin and eosin (H&E) for general histology. Osteoclasts were stained with tartrate-resistant acid phosphatase (TRAP) (Sigma-Aldrich, St Louis, MO, USA), and osteoblasts were stained for osteocalcin (QED Bioscience, San Diego, CA, USA). Static histomorphometric analysis was performed as previously described.13
Anti-CD57 was used to identify NK cells since OPM2 MM cells are CD56. Paraffin sections were stained with CD3 to confirm the absence of T-cells and CD138 to identify plasma cells (Online Supplementary Table S1). Both positive (normal tonsil) and negative (isotype-matched) controls were included. The Online Supplementary Design and Methods provides further details.
The implanted hu bones were excised at the end of the experiments and fixed in phosphate-buffered 10% formalin (pH 7.4) for 24 h. Bones were analyzed as described previously to obtain information on volume, trabecular thickness, number, and spacing.14
Statistical analysis
Significance levels were determined by two-tailed Student’s t test analysis. A P value of 0.05 or less was considered statistically significant.
Results
K562-mb15-41BBL cells expand natural killer cells, but not T-cells
Peripheral blood mononuclear cells from both HD (n=15) and MM patients (n=30) were co-cultured with K562-mb15-41BBL cells, resulting in dramatic NK cell expansion. By day 7, we observed a median 19-fold NK cell expansion (range, 4–87) and by the day of harvest (day 10–14) the fold expansion had increased to 447 (range, 20–10,430) (Online Supplementary Figure S1A). In contrast, T-cell fold expansion was low (day 7: median, 0.7, range, 0.1 to 5.5; day 14: median, 3.92, range, 0.2 to 60). Differences in NK or T-cell fold expansion were not significant for samples derived from HD versus MM patients, or for newly diagnosed (n=22) versus previously-treated (n=8) MM patients. Online Supplementary Figure S1B demonstrates that cultures were highly enriched with NK cells by day 7 and, on average, comprised 88% of NK cells by day 14. Other cell populations were not highly represented at the time of harvest, with median percentages being 2.2% for T-cells (of which less than 0.2% were γδ T-cells), 7.4% for NKT cells, and less than 1% each for B lymphocytes, monocytes, and myeloid cells. In agreement with Fujisaki et al.,10 cultures with either non-transfected K562 with IL2 or IL2 alone failed to induce significant (≥ 2-fold) NK cell proliferation (data not shown). The exp-NK cells were >95% viable at harvest.
Gene expression profiling and phenotyping analysis of expanded natural killer cells
The GEP of non-exp-NK cells from HD and MM patients was remarkably similar with only one gene being differentially expressed, PRKCι (false discovery rate <0.05; P<3×10), a member of the protein kinase C family. Similarly, GEP analysis comparing exp-NK from HD versus MM patients did not reveal differential expression of genes between these two groups. In contrast, the GEP of exp-NK cells from both HD and MM patients was very different when compared to that of non-exp-NK cells (n=16 pairs) with over-expression of 10,639 and under-expression of 26,057 probes by exp-NK cells. The exp-NK cells from HD and MM patients had up-regulated expression of genes associated with cytolytic activity, cytokines and chemokines, activating receptors, adhesion molecules, cell cycle regulators, and genes involved in multiple pathways. The up- or down-regulation of selected cell surface molecules was confirmed by flow cytometry analysis (Figure 1). The change in cell surface expression is shown both as a ratio of post-/pre-expansion MFI values on the receptor positive subset of NK cells and the ratio of the percent positive cells post-/pre-expansion (Online Supplementary Figure S2A, B). There was increased expression of NKG2D and natural cytotoxicity receptors, NKp30, NKp44, and other activating/co-stimulating molecules such as CD26, CD69 and CD70. The adhesion molecules CD54 and CD56 and chemokine receptors CXCR3, 4, and 6 were also increased. Reduced cell surface expression of CD16 was observed on exp-NK cells, consistent with the observed increase in natural cytotoxicity against tumor targets.15 Significant up-regulation of the inhibitory receptors NKG2A and KIR2DL1 was observed. Increases in KIR2DL2/3 and 3DL1 cell surface density were not significant, although the percentage positive cells did increase significantly for KIR2DL2/3.
Expanded natural killer cells have enhanced cytotoxicity against both primary allogeneic and autologous multiple myeloma cells
The in vitro anti-myeloma potential of exp-NK cells is demonstrated in Figure 2. The NK cell sensitive cell line K562 does not express HLA-class I, and was used as a positive control for maximum lysis. Figure 2A shows the cytolytic capacity of exp-NK cells compared with non-exp-NK against K562 and the MM cell line U266. Exp-NK cells killed K562 and U266 cells significantly more avidly than non-exp-NK cells. Time lapse photography demonstrated the ability of one exp-NK cell to kill multiple targets (Online Supplementary Movie). Similarly, as shown in Figure 2B, primary MM cells were avidly killed by exp-NK cells from HD compared to lower level killing by non-exp-NK cells. Patients’ non-myeloma cells (phytohemagglutinin blasts) were included as a negative control. Purified CD34 cells were not killed by allogeneic exp-NK cells (data not shown). Importantly, significant lysis of primary MM cells, albeit at a lower level than that of allogeneic MM cells, was also observed with autologous exp-NK cells (Figure 2C) indicating that the exp-NK cells were able to partially overcome KIR-mediated inhibition. MM patient-derived exp-NK cells and HD-derived exp-NK cells killed primary allogeneic MM cells equally well (Figure 2D) and MM cells from GEP-defined high-risk and low-risk patients were killed equally well by exp-NK cells (data not shown). The primary mechanism of exp-NK cell killing of primary MM cells was perforin-mediated, as the perforin inhibitor CMA greatly reduced killing, while blocking TRAIL and Fas-L did not have a significant impact on killing (Figure 2E). More than 80% of exp-NK cells have high expression of perforin, granzyme A and granzyme B (Online Supplementary Figure S3). To determine which activating molecules on exp-NK cells were responsible for increased NK cell activity, we performed receptor blocking experiments by using neutralizing antibodies, alone or in combination, to NKG2D, NCRs, DNAX-accessory molecule (DNAM)-1, CD27, and CD69 receptors. The contribution of these molecules to exp-NK cell cytotoxicity is presented in Figure 2F. Inhibition of NK cell-mediated killing of patients’ MM cells was observed when using anti-NKG2D, anti-NCRs, anti-NKG2D+NCRs, or anti-DNAM-1 antibody, which yielded a mean inhibition of 35%, 47%, 62% and 35%, respectively, at 10:1 effector:target (E:T) ratios. We found that CD27 together with CD69 also played an important role in exp-NK cell lysis of primary MM cells (mean inhibition: 35%, P<0.01). We confirmed these findings by blocking the corresponding ligand on patients’ MM cells and observed similar inhibition when compared to blocking of activating receptors on exp-NK cells (Figure 2G). Almost total abrogation of primary MM killing was observed when all these antibodies were combined, suggesting that these activating receptors function in concert to produce marked increases in exp-NK cell antitumor activity.
Cytokine secretion of expanded natural killer cells
After 72 h of co-incubation with non-modified K562 cells, CD56CD3 exp-NK cells secreted a significant amount of interferon-γ (mean, 488 pg/mL; range, 291–792), compared to cultures without K562 (Online Supplementary Figure S4). The level of the inflammatory cytokine tumor necrosis factor-α level (mean, 16 pg/mL; range, 12–21) following 72 h of stimulation was not altered. Production of IL4 (mean, 4 pg/mL), IL6 (mean, 6 pg/mL), or IL10 (mean, 6 pg/mL) was also not changed. Hence, both the GEP and cytometric bead array analysis revealed increased interferon-γ production compatible with a cytolytic-effector exp-NK cell phenotype.
Expanded natural killer cells inhibit myeloma growth and osteolysis in vivo
We studied the effect of exp-NK cell treatment on NOD/scid/IL2Rγ mice bearing human MM tumors derived from the luciferase-transfected plasma cell leukemia cell line OPM2. Figure 3A shows bio-images of three representative mice from the untreated, group and the group given 160×10 exp-NK cells. There was a dramatic progression of the OPM2 tumors in the control group whereas significant myeloma growth inhibition was observed in the cohort given 160×10 exp-NK cells. Figure 3B graphically illustrates the fold increase in tumor volume relative to baseline by bio-imaging for all data points. Tumor growth inhibition was observed in an exp-NK cell dose-dependent manner, and the group treated with 160×10 exp-NK cells had a statistically lower tumor burden than the control group (P<0.04).
H&E staining and micro-computed tomography revealed gross loss of bone in the untreated, control group (Figure 4A-E) compared to that in the mice given exp-NK cells (Figure 4F–J). Paraffin sections from the control and exp-NK cell treated groups were stained with H&E for normal histology, TRAP for osteoclasts and osteocalcin to detect osteoblasts. High numbers of osteoclasts (suggestive of increased osteoclastogenesis) were observed in the control group and the numbers were markedly reduced by treatment with exp-NK cells (Figure 4B, G). Conversely, higher numbers of osteoblasts were observed in the exp-NK cell-treated group (Figure 4H) in which bone was preserved (Figure 4I–J).
In a separate experiment, we demonstrated that allogeneic exp-NK cells (160×10) also inhibited primary MM cell growth in vivo. The MM cells used in this experiment were derived from a patient with high-risk, highly proliferative MM relapsing after high-dose chemotherapy and autologous peripheral blood stem cell transplantation. ELISA for huIg showed a lower tumor burden in mice treated with exp-NK cells followed by 1000 U IL2 daily, and this difference was statistically significant at day 21 (Figure 5).
[image: ]

Figure 1.Exp-NK cells have an activated phenotype. Flow cytometry confirms the increased cell surface density of NKG2D, NKp30, NKp44, CD26, CD56, CD54, CD69, CD70, and the chemokine receptor CXCR3. Open peaks represent non-exp-NK, shaded peaks represent exp-NK. One representative result from 12 experiments is shown.
[image: ]

Figure 2.Exp-NK cells (unselected, purity >92%) kill MM cells and this killing is mediated by the perforin pathway and critical activating receptor-ligand interactions. (A) Exp-NK cells kill K562 cells and the MM cell line U266 better than non-exp NK cells (P<0.001; the mean and SEM for nine assays are shown). (B) Exp-NK cells derived from HD kill primary MM cells while killing of patients’ phytohemagglutinin blasts remains low (P<0.001; the mean and SEM for six assays are shown). (C) Exp-NK cells derived from MM patients can induce significant killing of autologous MM cells (P<0.001; the mean and SEM for eight assays are shown). (D) Killing of primary MM cells by exp-NK is similar whether NK cells are derived from MM patients or HD (P>0.2), whereas killing is lower when targets are autologous. (E) HD-derived exp-NK cells kill primary MM cells via a perforin pathway. Blocking effectors with anti-TRAIL or anti-FAS-L antibodies did not significantly reduce the level of killing whereas the addition of the perforin inhibitor concanamycin A (CMA) to the assay reduced killing appreciably. One of three representative assays is shown. Blocking critical NK cell receptors (F) or their ligands on MM cells (G) can inhibit killing of primary MM cells. The mean ±SEM for three independent experiments is shown for (F) and (G).
Expanded natural killer cells persist and proliferate up to one month after adoptive transfer and are detected in the myeloma tumor bed
We observed that NK-cell persistence after adoptive transfer was both exp-NK cell dose- (data not shown) and IL2-dependent (Figure 6A). In our experiment targeting OPM2 tumors in vivo, we utilized support with IL2 100 U injected twice weekly. We subsequently found that a dose of 1000 U daily dramatically increased the number of detectable exp-NK cells in the peripheral blood of the murine hosts and also increased the time over which they could be detected to 1 month. This dose of IL2 is comparable to that used in our previous clinical trial.9 We were further able to show that these exp-NK cells can proliferate after adoptive transfer (Figure 6B). We injected CFSE-labeled exp-NK cells and observed that 6 days after transfer, the exp-NK cells had undergone up to nine doublings in vivo. Importantly, we could detect CFSE-labeled NK cells in the cryosections of the MM tumor bed within the hu bone implant collected 7 days after injection of exp-NK (data not shown). Furthermore, we were able to detect exp-NK cells by immunohistochemistry for CD57 in hu bone implants harvested 28 days after infusion (Figure 6C). The exp-NK cells had been stained prior to adoptive transfer with CD3, CD56, and CD57 which showed that CD3CD56 NK cells co-expressed CD57, allowing for the use of CD57 rather than CD56, which is frequently co-expressed by plasma cells, for the identification of NK cells in hu bone (Online Supplementary Figure S5). Finally, we confirmed the absence of human T-cells in the myelomatous bone via immunohistochemistry for CD3 (data not shown).
Discussion
We have previously reported that infusions of IL2-stimulated KIR-L-mismatched haplo-identical NK cells were safe and feasible in patients with relapsed/refractory MM.9 However, we also found that doses of alloreactive NK cells contained in T-depleted non-exp-NK cell leukapheresis collections may have been too low to eradicate the MM burden remaining after chemotherapy. In addition, we were unable to identify an appropriately KIR-L-mismatched donor for one third of otherwise eligible patients.
Recent studies have demonstrated that NK cells can be expanded to large numbers ex vivo using K562 cells transfected with IL15 and 4-1BBL, by 3 weeks of co-culture with EBV-LCL feeder cell lines, or by incubation with OKT3 and IL2.10,16–18 Such exp-NK cells exerted antitumor activity in vitro to a variety of cell lines and malignancies including MM, acute myeloid leukemia, Ewing’s sarcoma, and gastric, prostate, lung and breast cancer.10,18,19 We expanded CD56/CD3 NK cells nearly 450-fold in only 10–14 days in 45 separate experiments. Peripheral blood mononuclear cells from MM patients and HD alike were expanded to a similar degree and their GEP showed a striking resemblance with up-regulation of genes involved in cytotoxicity, adhesion, proliferation, and migration. NK cells expanded from MM patients and HD also exhibited equal cytotoxicity toward MM cells. Furthermore, there was significant killing of autologous MM targets suggesting that KIR-mediated inhibition could be overcome, supporting the notion that it may be feasible to use autologous NK cells if no suitable family donor is available.
We demonstrated killing of MM cell lines and primary high-risk MM cell targets, well characterized by GEP, both in vitro and in vivo. Further, we tested the activity of exp-NK cells in a NOD/scid/IL2Rγ-hu model, which is unique since it allows for the growth of human myeloma cells in a hu bone marrow microenvironment and does not have endogenous NK cell activity. Previously reported in vivo studies with exp-NK cells had been conducted with the NK-cell sensitive cell line K562 implanted subcutaneously in NOD-SCID mice.10 We observed significant, dose-dependent inhibition of aggressive OPM2 tumor growth in mice treated with exp-NK cells. Importantly, we also observed significant exp-NK cell-mediated inhibition of primary MM tumors derived from patients whose MM exhibited a high-risk GEP signature, although this inhibition was less strong than that observed with the aggressively growing OPM2 cell line. This could be due to differential read-out systems, imaging versus ELISA, respectively, but it cannot be ruled out that primary myeloma cells in this murine model were less susceptible to exp-NK cell therapy than the OPM2 cell line.
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Figure 3.Human exp-NK cells significantly inhibit luciferase-transfected OPM2 myeloma tumor growth in the NOD/scid/IL2Rγnull-hu model. (A) Imaging of OPM2 tumors expressing luciferase illustrates the myeloma burden in mice receiving PBS (control) or a total dose of 160×106 exp-NK cells (given by four intravenous injections 48 h apart). Day 0 = date of NK cell injection #1. IL2 (100 U) was given intraperitoneally twice weekly to support NK cell survival in vivo. Three representative mice from each group are shown. (B) The fold tumor volume relative to baseline values was significantly lower in the cohort of mice that received 160×106 exp-NK cells than in either the control group or the group that received a lower NK cell dose (40×106). Each symbol represents one mouse in the different groups at the days indicated and median values are noted for each data set (−).
Fujisaki et al. demonstrated that exp-NK cells from HD continue to expand in vitro up to 21 days. We chose to harvest the exp-NK cells around day 10 to explore whether additional expansion might occur in vivo after the infusion.10,20 We found that the in vivo expansion of the adoptively transferred exp-NK cells was dependent on the dose of IL2, and persistence of NK cells was demonstrated up to 28 days with IL2 doses similar to those used in our previous human clinical trial utilizing non-exp-NK cells. The exp-NK cells did not only proliferate in vivo in the peripheral blood, but were readily detected in the implanted bone 1 month after infusion. Next, we demonstrated by micro-computed tomography and immunohistochemistry of the implanted hu bone that the exp-NK cell-mediated inhibition of tumor growth was accompanied by preservation of bone architecture and persistence of osteoblasts in mice treated with exp-NK cells. In contrast, control animals experienced considerable bone loss due to increased osteoclastogenesis.
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Figure 4.Exp-NK cell treatment protects bone from myeloma-induced osteolysis. On day 29, at the termination of the experiment depicted in Figure 3, implanted fetal bones were excised and subjected to immunohistochemistry and micro-computed tomography (CT). H&E, TRAP, and osteocalcin staining revealed gross loss of bone, increased numbers of osteoclasts, and reduced numbers of osteoblasts in the control group (A–C) compared to those in the mice treated with 160×106 exp-NK cells (F–H). Micro-CT further confirmed the dramatic difference in implanted human bone structure between control and exp-NK cell–treated groups. Three-dimensional reconstructions of the bones are shown (D, I), as well as longitudinal sections through the midpoint from each specimen (E, J). Heavy bone resorption is clearly seen in the control group (D, E), while bone resorption is not prominent in the exp-NK cell–treated group (I, J).
We found that the primary mechanism of exp-NK cell cytolysis was perforin-mediated and not via the death-receptor pathway. Blocking studies of both receptors and ligands identified several interactions critical for killing, including NKG2D, natural cytotoxicity receptors, DNAM-1, CD27, and CD69, suggesting that multiple receptors working via different signaling pathways act in concert to achieve maximum cytolytic activity.18,19,21,22 Flow cytometry of the exp-NK cells showed a marked increase in the expression of the activating natural cytotoxicity receptors, NKp30 and NKp44, and NKG2D, all required for cancer target cell recognition. Other activating molecules with increased expression, such as CD69 and CD70, may have provided co-stimulatory signals to NK cells, while up-regulation of the adhesion molecules CD54 and CD56 enhanced NK:MM cell interactions. Although the cell density of some inhibitory receptors, including CD94, NKG2A, KIR2DL1, and KIR2DL2/3, also increased after expansion, the summation of the inhibitory and activating signals resulted in a significant increase in cytolysis of MM cell lines and primary MM cells. Normal targets, such as phytohemagglutinin-blasts and CD34 cells, were not affected by the exp-NK cells.
[image: ]

Figure 5.Exp-NK cells inhibit primary MM cell growth in a NOD/scid/IL2Rγnull-hu model. ELISA for huIg demonstrates significant tumor growth inhibition in vivo at day 21. Each symbol represents one mouse and the median values are also shown (−).
Optimization of NK-cell doses is critical in cytolytic assays and in dose-response curves in murine studies of adoptive lymphocyte transfer.9,23 It is presently not known which of two approaches, in vitro expansion prior to adoptive transfer or in vivo expansion post-adoptive transfer, is most efficacious. The present data suggest that a combination of ex-vivo expansion of NK cells and in vivo proliferation of the exp-NK cells supported by IL2 administration could be a viable alternative.
In conclusion, stimulation with K562 transfectants induced vigorous specific expansion of NK cells. ‘Supercharged’ exp-NK cells overcame inhibitory signals delivered by MM cells and had significantly augmented cytotoxic function compared to non-exp-NK cells. Exp-NK cells were capable of trafficking to MM tumors and persisting in the human bone microenvironment. The exp-NK cells exerted an anti-MM effect in vivo and protected from tumor-mediated bone destruction. Although the expanded cells mostly comprised NK cells, CD3 depletion would still be required in the haplo-identical setting to avoid graft-versus-host disease. As exp-NK cells from MM patients have significant cytolytic function against autologous primary MM cells, this treatment could be extended to patients who do not have a suitable haplo-identical donor. The anti-MM activity of exp-NK cells is exciting and may open new therapeutic avenues for patients with GEP-defined high-risk disease who have a dismal prognosis with presently available therapies. The activity of exp-NK cells could be further potentiated by adding a KIR blocking antibody,24 or re-targeting the exp-NK cells to the MM cells by transfecting chimeric receptors specific for cell surface molecules expressed on high-risk MM cells, as has been attempted in other malignancies.25–28 The activity and survival of human NK cells may be further enhanced by using IL15 which has not yet been applied in human trials, but has been shown to expand NK cell numbers in non-human primates.29 Bortezomib could be utilized to down-regulate HLA class I molecules,30 increase TRAIL-mediated apoptosis and up-regulate DNAM-1 and NKG2D ligands.31–33
[image: ]

Figure 6.Human exp-NK cells persist for up to 28 days, proliferate further in the peripheral blood of OPM2 myeloma-bearing NOD/scid/IL2Rγnull mice and can be detected in the MM tumor bed. (A) NOD/scid/IL2Rγnull-hu hosts bearing OPM2 tumors were dosed with 160×106 exp-NK (given by four i.v. injections 48 h apart) followed by either “low IL2” (100 U IL2 twice weekly, open bars), or “high IL2” (1000 U IL2 daily, filled bars). Peripheral blood was collected weekly and subjected to flow cytometry. Exp-NK cells were detectable 28 days after infusion in mice given high IL2. One representative set of dot plots is shown for days 7, 14, 21, 28 for a mouse receiving high IL2. *Exp-NK high IL2 versus low IL2 P<0.005. Day 0 = date of NK cell injection #1. (B) Exp-NK cells proliferated in vivo in NOD/scid/IL2Rγnull mice receiving high IL2. CFSE-labeled exp-NK cells (4×107) were injected i.v., and peripheral blood was obtained for flow cytometry analysis 6 days after injection. (C) Exp-NK cells were detectable in appreciable numbers in the MM tumor bed 28 days after adoptive transfer. In paraffin sections, exp-NK cells were stained brown (arrows) with anti-human CD57 and MM cells were stained red (arrowhead) with CD138 antibodies in conjunction with DAB and Fast red for dual immunohistochemistry staining. Nuclei are stained blue with hematoxylin.
A phase II clinical trial has been initiated at our institution which examines the therapeutic effect of both allogeneic and autologous exp-NK cells for relapsed/refractory GEP-defined high-risk MM. Expansion of NK cells in a GMP-compliant setting allows for the generation of 2×10 exp-NK cells from a single steady state leukapheresis product.34 Exp-NK cells are administered after lymphodepletion with fludarabine and cyclophosphamide to facilitate further expansion by depleting T regulatory cells and increasing the availability of homeostatic cytokines such IL15. Bortezomib is also given to sensitize myeloma cells to NK cell-mediated lysis.
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