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Immunotherapy has emerged as a viable approach in cancer therapy, with cytokines being of great interest. Interleukin IL-15 (IL-15), a cytokine that supports cytotoxic immune cells, has been successfully tested as an anti-cancer and anti-metastatic agent, but combinations with conventional chemotherapy and surgery protocols have not been extensively studied. We have produced heterodimeric IL-15 (hetIL-15), which has shown anti-tumor efficacy in several murine cancer models and is being evaluated in clinical trials for metastatic cancers. In this study, we examined the therapeutic effects of hetIL-15 in combination with chemotherapy and surgery in the 4T1 mouse model of metastatic triple negative breast cancer (TNBC). hetIL-15 monotherapy exhibited potent anti-metastatic effects by diminishing the number of circulating tumor cells (CTCs) and by controlling tumor cells colonization of the lungs. hetIL-15 treatment in combination with doxorubicin resulted in enhanced anti-metastatic activity and extended animal survival. Systemic immune phenotype analysis showed that the chemoimmunotherapeutic regimen shifted the tumor-induced imbalance of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) in favor of cytotoxic effector cells, by simultaneously decreasing PMN-MDSCs and increasing the frequency and activation of effector (CD8+T and NK) cells. Tumor resection supported by neoadjuvant and adjuvant administration of hetIL-15, either alone or in combination with doxorubicin, resulted in the cure of approximately half of the treated animals and the development of anti-4T1 tumor immunity. Our findings demonstrate a significant anti-metastatic potential of hetIL-15 in combination with chemotherapy and surgery and suggest exploring the use of this regimen for the treatment of TNBC.
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Introduction

Breast cancer is the leading cause of cancer-related deaths in women globally, according to CLOBOCAN (1). One of the most challenging breast cancer subtypes is the triple-negative breast cancer (TNBC), which is characterized by the lack of estrogen receptor, progesterone receptor and human epidermal growth factor receptor 2 (HER2) expression (2). TNBC accounts for 10% to 20% of all breast carcinomas and has a poor prognosis (3). TNBC is more likely to show metastatic recurrence and patients with metastatic TNBC have higher mortality compared to patients with other breast cancer types (42.2% vs 28%, respectively) (4). This is attributed mostly to the lack of therapeutic targets and to the acquired resistance of tumor cells from previous chemotherapeutic treatments (5, 6), which support the need for additional therapeutic strategies.

The recent introduction of immunotherapeutic interventions has resulted in favorable outcomes in several human cancers (7) and provides additional opportunities for new therapeutic combinations. IL-15 is a cytokine of great interest to the cancer immunotherapy field (8); it enhances anti-tumor responses through the stimulation of several leukocyte populations, including cytotoxic CD8+ T lymphocytes and NK (Natural Killer) cells (9–11). Early studies showed that recombinant single chain IL-15 (rhIL-15) produced in Escherichia coli has substantial anti-tumor activity (12). Additional efforts to improve IL-15 in vivo properties led to the generation of several more stable variants that combine IL-15 with IL-15Rα. The promising results of these variants in several preclinical cancer models have advanced them to clinical trials for safety and efficacy evaluation [reviewed in (13, 14)]. Studies by our group revealed that IL-15 is produced together with IL-15Rα, forming a heterodimeric protein that is the in vivo active form of the cytokine in mice and humans (15–18). IL-15Rα is therefore part of the cytokine and does not have any receptor function (13). The complex is termed heterodimeric IL-15 (hetIL-15) and has an extended half-life and better efficacy compared to rhIL-15 (15, 17). Our studies have shown that hetIL-15 exhibits significant anti-cancer activity as monotherapy in several preclinical cancer models including B16 melanoma, MC38 colon carcinoma, EO771 breast adenocarcinoma and TC-1 carcinoma (19–21). Additionally, we have reported that hetIL-15 enhances adoptive cell transfer (ACT) in immunocompetent hosts promoting T lymphocyte infiltration into the tumor (19). hetIL-15 (NIZ985) has been tested as a single agent in a first-in-human study (22), and is currently being evaluated in combination with anti-PD-1 antibodies (Spartalizumab and Tislelizumab) for the treatment of metastatic or unresectable tumors (NCT02452268) and solid tumors or lymphoma (NCT04261439). Results from the phase I NCT02452268 clinical trial showed that hetIL-15 as a single agent is well tolerated and induces IFN-γ production and expansion of cytotoxic lymphocytes in patients with several advanced cancers (22).

Several preclinical studies have demonstrated the important role of IL-15 in controlling metastatic disease (23–29), and combinations with immune checkpoint inhibitors (ICIs) have been proven beneficial (27, 30). In spite of initial supportive evidence (31), IL-15 anti-metastatic activity has not been extensively tested in combination with chemotherapeutic agents. It has been shown that low-dose chemotherapy can enhance anti-tumor immune responses by inducing immunogenic cell death (32), providing the rationale for combining chemotherapy with immunotherapy. To explore novel and more effective therapeutic interventions against metastatic TNBC, we studied the anti-cancer effects of hetIL-15 in combination with the chemotherapeutic agent doxorubicin in the 4T1 murine model of TNBC. Doxorubicin is a broadly used chemotherapeutic agent of the anthracyclines class and the foremost standard of care for TNBC (33). In the present study, we examined the anti-metastatic effects of the treatment by monitoring the presence of metastatic tumor cells in both blood and lungs. To study the mechanism of action of this chemo-immunotherapeutic regimen, we further analyzed the immune cell landscape in the blood, spleen, lung and tumor focusing on the cytotoxic effector cells (CD8+T and NK cells) and immunosuppressive populations (MDSCs). Finally, following standard protocols applicable in clinical settings, we evaluated the efficacy of hetIL-15 alone or together with doxorubicin as neoadjuvants and adjuvants in combination with surgery. Our study evaluates for the first time the therapeutic effect of hetIL-15 in combination with doxorubicin, with or without surgery, demonstrating a significant anti-metastatic potential of this regimen.



Materials and methods


Cells and mice

4T1 cell line (ATCC) was tested for mycoplasma (by PCR using standard mycoplasma testing protocol) and cultured in RPMI-1640 [+] L-glutamine medium (Gibco, #11875-093) supplemented with 100 IU/ml penicillin and 100 μg/ml streptomycin (Lonza, # DE17-602E) and 10% heat-inactivated fetal bovine serum (FBS, Sigma, #F2442). Female Balb/c mice were purchased from Charles River Laboratories (Wilmington, MA, USA) and kept under pathogen-free conditions at the National Cancer Institute Animal Facility in Frederick.

The studies were approved by the National Cancer Institute-Frederick Animal Care and Use Committee. NCI-Frederick is accredited by AAALAC International and follows the Public Health Service Policy for the Care and Use of Laboratory Animals. Animal care was provided in accordance with the procedures outlined in the “Guide for Care and Use of Laboratory Animals (National Research Council; 1996; National Academy Press; Washington, D.C.).



Animal studies and treatment

4T1 tumor cells (0.35-1x106) were orthotopically inoculated in the fourth mammary fat pad or injected (104) in the lateral tail-vein (intravenously, IV) of 6-8 weeks old Balb/c mice. For the orthotopic inoculation, the cells were resuspended in Dulbecco’s PBS (DPBS, Gibco, # 14190-144), and Matrigel (Corning, #354234) was added at 1:3 dilution. Matrigel is a soluble and sterile extract of basement membrane proteins that forms a 3D gel at 37°C (34) preventing cell leakage to adjacent tissues upon inoculation. Tumor size was measured by a digital caliper and tumor volume was calculated by the equation L*W*H*π/6. The treatment started when the tumors reached a size of 30-80mm3. In both orthotopic and IV models, the mice were randomized into four therapeutic groups: untreated (PBS) (eight IP injections), doxorubicin [(Doxorubicin Hydrochloride injection solution (Dox), Pfizer, #NDC 0069-4037)] (three IV injections - 5mg/kg), hetIL-15 (eight IP injections - 3ug/mouse) and doxorubicin+hetIL-15 (combined schedule of monotherapies). hetIL-15 was purified from HEK293 cells (Admune Therapeutic LLC/Novartis). The study endpoints were: (i) day 22 and (ii) day 18, post tumor cell inoculation, in the orthotopic and IV model, respectively. In the survival studies, mice were sacrificed when the primary tumor reached a 2cm diameter or any other humane endpoints listed in the ACUC-approved animal protocol, such as 20% weight loss or acute morbidity.



Metastasis evaluation

Metastasis evaluation in the blood and lungs was performed by clonogenic assays according to Pulaski and Ostrand-Rosenberg protocol (35). Briefly, RBC-lysed blood and lung cell suspensions were placed in a petri dish (100 mm) and cultured in a selection medium: complete RPMI-1640 [+] L-glutamine supplemented with 60μg/ml of 6-thioguanine (6-TG, Sigma, #A4882) for 14 days. Lung cell suspensions were obtained by enzymatic digestion (Lung Dissociation Kit, mouse, Miltenyi Biotec, #130-095-927) and mechanical dissociation (GentleMACS dissociator, Miltenyi Biotec) according to the manufacturer’s protocol. At the end of the 14 days, colonies were fixed with 50% ice-cold trichloroacetic acid (TCA, Sigma, #T6399) and stained with sulforhodamine B (0.04% SRB, Sigma, #S1402) according to Orellana and Kasinski protocol (36). The evaluation was performed macroscopically under the stereoscope counting the individual colonies and assigning the animals in one of the following ranges: 0, 1-50, 50-500 and >500 number of colonies. For the India Ink staining, India Ink (15%, Speedball, #3378) was injected into the trachea of the animal and the lungs were washed in PBS. Lungs were then stored overnight in Fekete’s solution containing 300ml of 70% ethanol (Pharmco, #111000200), 30ml of 37% formaldehyde (Sigma, #252549) and 5ml of glacial acetic acid (Sigma, #A6283). The next day, the white pulmonary tumor nodules were counted macroscopically.



Histological analysis

Lungs were fixed in 10% neutral buffered formalin (NBF, Sigma, #HT501128) and paraffin embedded. Sections were stained with hematoxylin/eosin (H&E) or processed for immunohistochemistry (IHC). IHC automated staining was performed on Leica Biosystems’ Bond RX with the following conditions: Epitope Retrieval 1 (Citrate) 20’ for CD8a (eBioscience, #14-0808-82, 1:50) and Ly6G/GR1 Granulocyte Marker (Origene, #DM3589P, 1:100). The Bond Polymer Refine Detection Kit (Leica Biosystems, #DS9800) with the omission of the Post Primary Reagent was used, and an anti-rat secondary antibody (Vector Labs, #BA-4001) was included. Isotype rat IgG2a antibody (BD Bioscience, #559073) was used in place of the primary antibodies for the negative controls. H&E and IHC slides were scanned using an Aperio AT2 scanner (Leica Biosystems, Buffalo Grove, IL) into whole slide digital images (one section was used for the analysis). Image analysis of positive-stained cells in lung tissue was performed using HALO image analysis software (v3.3.2541.300; Indica Labs, Corrales, NM). Positive-stained cells located in vessels or areas of artifact such as folds and tears were excluded from the analysis.



Flow cytometry

Tumors and lungs were processed by enzymatic digestion and mechanical dissociation as mentioned above, and spleens were homogenized mechanically. Single-cell suspensions were obtained by filtering the homogenates using 100 μm cell strainers (Corning, #352360). Red blood cells were lysed using ACK lysis buffer (Lonza, #10-548E). Single cells were washed with PBS and stained (except blood) with a fixable aqua dead cell stain kit (ThermoFisher Scientific, #L34957) for 30 min at 4°C. Next, the samples were surface stained with the following antibodies: CD45 (clone 30-F11, Biolegend, #103108 or BD Biosciences, #557659), CD3 (clone 145-2C11, Biolegend, #100310), CD8a (clone 53-6.7, BD Biosciences, #563234), CD69 (clone H1.2F3, Biolegend, #104545), KLRG1 (clone 2F1, BD Biosciences, #563595), PD-1 (clone 29F.1A12, Biolegend, #135220), B220 (clone RA3-6B2, BD Biosciences, #553091), Ly6G (clone 1A8, BD Biosciences, #562700), CD49b (clone DX5, BD Biosciences, #562453) and Ly6C (clone AL-21, BD Biosciences, #560593), CD19 (clone 6D5, Biolegend, #115540 or clone 1D3, ThermoFisher Scientific, #15-0193-83), CD11b (clone M1/70, ThermoFisher Scientific, #45-0112-82). For intracellular staining, cells were fixed and permeabilized using the Foxp3 staining buffer (ThermoFisher Scientific, #00-5523-00), following the manufacturer’s instructions. After permeabilization, the cells were stained with Ki67 (clone B56, BD Biosciences, # 561277), granzyme B (clone GB12, ThermoFisher Scientific, #MHGB05) and bcl-2 (clone BCL/10C4, Biolegend, #633508). Samples were acquired in a Fortessa flow cytometer (BD Biosciences), and the data were analyzed using FlowJo software (Version 10.8.0, Becton Dickinson and Company, Ashland, OR). PMN-MDSCs were characterized as CD45+linneg(CD3/CD49b/CD19/B220)/CD11b+/Ly6G+/Ly6Clow and M-MDSCs as CD45+linneg(CD3/CD49b/CD19/B220)/CD11b+/Ly6G−/Ly6Chigh. Some of the tumors were excluded from the report of intratumoral cell populations because of an unusually high percentage of B cells (> 4.5% of CD45+) that was attributed to contamination with cells from the draining lymph node. All the animals were included in the tumor growth and survival analyses.



Tumor surgeries and pre- and post-treatment

Tumor resections were performed one week post 4T1 cells (0.35 x 106) inoculation (tumor volume 130mm3). The treatments started before and continued after surgery following a neoadjuvant and adjuvant setting. On day 4 (tumor size 60mm3), the mice were randomized into five groups: (1) untreated (PBS) without tumor resection, (2) untreated (PBS) with resection only, (3) doxorubicin-treated with resection, (4) hetIL-15-treated with resection (5) combination-treated with resection. The dosing schedule was the same as mentioned above except for the additional hetIL-15 administration on day 4 (total of nine injections). The study endpoint was either on day 22, or the mice were evaluated for their survival. Mice showing local tumor regrowth after surgery were excluded from the analysis.



Rechallenge experiment

4T1 tumor cells (5x104) were subcutaneously injected in the flanks of 18-20 weeks old naïve Balb/c mice (not previously challenged with 4T1 cells, control group) or survivors after tumor resection and hetIL-15 or combination therapy (considered as one group). Cells were resuspended in PBS and Matrigel was added at 1:3 dilution. The rechallenge was performed 90 days after the first challenge. The animals were monitored, and the tumors were measured for 19 days post-inoculation.



Statistical analysis

Statistical analyses were performed using Prism 9.2.0 (GraphPad) Software (San Diego, CA, USA). Ordinary one-way ANOVA (analysis of variance) and Tukey’s multiple comparisons tests analysis was used to compare the different groups or Dunette’s multiple comparisons test analysis to compare each experimental group to tumor-free group only. Two-way ANOVA or mixed-effects analysis model and Tukey’s multiple comparisons test were used to compare the tumor growths among the groups overtime. Survival analysis was done using Log-rank (Mantel-Cox) test. Significant p values were annotated as follows *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.




Results


hetIL-15 improves the therapeutic benefit of doxorubicin by reducing metastatic burden in lungs and blood

The anti-cancer activity of hetIL-15, as a single agent or in combination with doxorubicin, was evaluated in the 4T1 murine model of TNBC. 4T1 tumor cells were orthotopically inoculated in Balb/c mice and, when the tumors became palpable, the mice were randomized into four therapeutic groups: untreated (vehicle), doxorubicin, hetIL-15 and combination group. The treatment was performed according to the schedule shown in Figure 1A.




Figure 1 | hetIL-15 improves doxorubicin efficacy in extending survival by inhibiting metastatic formation in the lungs and CTCs dissemination in the blood. (A) Cartoon showing the treatment design. 0.35-1x106 4T1 cells were orthotopically inoculated in Balb/c mice and the animals were randomized in four groups: (i) untreated (PBS), (ii) Dox (Doxorubicin)-treated, (iii) hetIL-15-treated and (iv) Dox+hetIL-15-treated. Treatment started on day 5 post tumor inoculation with Dox (5mg/kg IV, purple arrows) once per week, followed by hetIL-15 (3 μg/mouse IP, blue arrows) every other day until day 20. (B) Tumor growth curves for each group overtime until day 21. Data were merged from 6 independent studies (n=54-60). Tumor volume (mm3) ± SEM for each time point is shown. Statistical analysis was done by mixed effects analysis model and Tukey’s multiple comparisons test. (C) Percent survival of the mice in each group. Statistical analysis was performed by Log-rank (Mantel-Cox) test and data merged from two independent experiments (n=15-19). (D) Representative images from H&E-stained lung sections (left panel), and the percentage of tumor areas present in each mouse lungs (right panel, asterisks show the significance of difference from the untreated group) presented as mean ± SD for each group. Data derived from one survival study (n=5-8) of (C). Scale bar, 4mm. Statistical analysis was done by one-way ANOVA and Tukey’s multiple comparisons test. (E, F) Representative images (upper panels) from clonogenic assays showing SRB-stained tumor colonies derived from lungs (E) and blood (F), and tables with the number and the percentage (plotted in pies) of mice with different number of tumor colonies (lower panels) in each group on day 22. Data were merged from 3 independent experiments (n=16) for the lungs and 2 independent experiments (n=18-19) for the blood. Legend shows number of tumor colonies in 4 different ranges. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001, SD, standard deviation; SEM, standard error of the mean. Image Credit: vector.me.



The efficacy of the different treatments was initially evaluated by monitoring the growth of the primary tumor and by animal survival. Mice in the three groups that received therapy showed a significant delay in tumor growth compared to the untreated animals (Figure 1B) (data pooled from 6 individual studies - Supplementary Figure S1). The most prominent effect on tumor delay was observed among mice treated with the combination therapy. However, compared to doxorubicin monotherapy, the two agents together result in a marginal improvement in the control of the primary tumor. When the different treatments were evaluated for animal survival, doxorubicin-treated mice showed a moderate benefit, whereas mice in the combination group had significantly extended survival compared to all the other groups (Figure 1C). Although hetIL-15 monotherapy did not show any benefit in survival, when the mice were evaluated for the presence of pulmonary metastatic foci (measured as tumor areas at their individual endpoint), it was found that hetIL-15 exerted a strong anti-metastatic effect (Figure 1D). Following the NIH guidelines, animals were euthanized when the primary tumors approached 2cm in one dimension, despite the fact that the mice were not showing any signs of distress or respiratory discomfort. hetIL-15 co-administration with doxorubicin resulted in an even better control of metastasis. The tumor areas covering the lung tissue in untreated and doxorubicin-treated groups were found to be approximately 16%, whereas these areas were reduced to approximately 5.5% and 2.5% in the hetIL-15- and combination-treated mice, respectively (Figure 1D).

To evaluate this observation in more depth, the anti-metastatic effect in the lungs was further examined by clonogenic assays. On day 22, whole lung homogenates from each animal were cultured in a selection medium to allow for tumor colony formation. Based on the number of tumor colonies per mouse (represented by each plate), the mice were classified into 4 groups: (i) 0 (no colonies), (ii) 1-50, (iii) 50-500 and (iv) >500 colonies. We found that 62.5% (10/16) of the untreated control mice had more than 500 metastatic colonies, and we observed a decrease in these numbers in the therapeutic groups: 2/16 in the doxorubicin group (12.5%), 2/16 in the hetIL-15 group (12.5%) and 1/16 in the combination group (6.25%) (Figure 1E). Importantly, only mice in the hetIL-15 (1 mouse) and combination group (4 mice) were found to have lungs completely free of metastatic cells, revealing the strong anti-metastatic effects of these treatments (Figure 1E).

Next, we sought to evaluate the effect of the treatments on CTCs, which are cells capable of initiating metastatic lesions (37). The evaluation was performed by clonogenic assays in blood collected on day 22. The mice were classified into four groups based on the number of tumor colonies, as described above. Of the 19 untreated 4T1 tumor-bearing animals, 7 (36.84%) developed CTC colonies with 4 of these having more than 500 colonies (Figure 1F). In contrast, none of the animals in hetIL-15 and combination groups had more than 500 CTC colonies. Interestingly, only 4 out of 18 mice (22.2%) developed CTC colonies in the hetIL-15 group, which however were minimal, as 2 of these animals developed only 15 CTC colonies and the other 2, only 2 colonies. The most prominent effect though was observed in the combination group, where only 2 out of 19 mice (10.53%) were positive for CTC colonies with very low numbers (20 and 1 colonies, respectively). The rest of the mice in both hetIL-15 and combination groups did not develop any colony. Mice in the doxorubicin group also showed a reduction in the number of CTCs, however it was not as effective as in the other treated groups.

Taken together, these data indicate that hetIL-15 shows anti-tumor activity in the 4T1 breast cancer model, mainly by reducing the metastatic burden. hetIL-15 was found to exert its anti-metastatic activity by both decreasing the number of CTCs and by preventing metastasis formation in the lungs. This activity was found to improve the efficacy of doxorubicin, leading ultimately to the extended survival of the combination-treated mice.



hetIL-15 and combination therapy show local anti-metastatic effect in the lungs

Given the observation that the treatments decreased the CTCs in the blood, we aimed to study whether the observed anti-metastatic effect in the lungs is a result of fewer cells reaching the tissue. For this purpose, we injected 4T1 tumor cells intravenously into the lateral tail-vein making the lungs the main site of tumor cells seeding. The treatment started 24 hours post cells injection following the schedule shown in Figure 2A. On day 18, mice were sacrificed, and their lungs were analyzed by histology for the presence of metastatic foci (expressed as tumor areas). Mice in the untreated and doxorubicin groups showed approximately 30% of the lung area occupied by tumor cells. hetIL-15 treatment decreased the area to 7% and combination therapy to 4% (5-fold and 8-fold decrease, respectively) (Figure 2B). Of note, two mice in the combination group had less than 1% of lung surface occupied by tumor. This finding provides evidence that hetIL-15, in addition to CTCs reduction, exerts its anti-metastatic effect by inhibiting the colonization of tumor cells locally in the lung metastatic site. Combination with chemotherapy enhanced this effect.




Figure 2 | hetIL-15 alone and in combination with doxorubicin exerts local anti-metastatic effect in the lungs. (A) Cartoon showing the treatment design. 104 4T1 cells were injected IV in Balb/c mice and the animals were randomized in four groups: (i) untreated (PBS), (iii) Dox-treated, (iii) hetIL-15-treated and (iv) Dox+hetIL-15-treated. Treatment started one day post tumor cell injection with Dox (5mg/kg IV, purple arrows) once per week, followed by hetIL-15 (3 μg/mouse IP, blue arrows) every other day until day 16. (B) Representative images of H&E-stained lung sections (left panel) and the metastatic burden expressed as percentage of tumor area (right panel) in each group on day 18. Percentages presented as mean ± SD for each group. Scale bar, 4mm. Results are from one experiment (n= 5). Statistical analysis was done by one-way ANOVA and Tukey’s multiple comparisons test. Asterisks show the significance of difference from the untreated group, ****p < 0.0001. Image Credit: vector.me.





hetIL-15 synergizes with doxorubicin to increase CD8+T and NK cells and reduce PMN-MDSCs systemically

To identify the mechanisms of the observed anti-cancer effects, we sought to evaluate the immune profile of the 4T1 tumor-bearing mice upon treatment. We have previously reported the role of hetIL-15 on expanding CD8+T and NK cells in tumor-bearing mice (19, 20), while others have shown that doxorubicin decreases the myeloid-derived suppressor cells (MDSCs) (38). For these reasons, we analyzed by flow cytometry the blood, spleens, lungs and tumors of tumor-bearing and age-matched tumor-free mice, to monitor changes in the frequencies of CD8+T, NK, PMN (polymorphonuclear) - and M (monocytic) -MDSC cells. All tissues were collected two days after the last hetIL-15 dose (day 16).

Comparison between tumor-bearing mice and tumor-free mice revealed that the disease causes a systemic reduction in the frequencies of both CD8+T and NK cells, as revealed by flow cytometry (Figure 3A; Supplementary Figure S2A, D). This reduction was prevented by hetIL-15 monotherapy, as the mice showed increased CD8+T and NK cell frequencies in their lungs (Figure 3A), blood and spleen (Supplementary Figure S2A, D). Interestingly, co-administration of hetIL-15 with doxorubicin increased both populations to significantly higher levels also in the lungs (Figure 3A), blood and spleen (Supplementary Figure S2A, D). The increase was statistically significant compared to untreated and both monotherapy groups with p <0.0001 (except the CD8+T cells frequencies in the lungs compared to hetIL-15 monotherapy with p=0.0014), which indicated that the two agents synergize to increase CD8+T and NK cell frequencies. Both hetIL-15 and combination treatment promoted CD8+T and NK cells proliferation (measured by Ki67 expression) in the same tissues (Figure 3B; Supplementary Figure S2B, E). These data suggest that the observed increased cell frequencies are a result of increased proliferation within the tissues. The lymphocytes phenotype was further evaluated in the lung tissue by measuring the expression of granzyme B, CD69 and bcl-2 (B-cell lymphoma 2) and the immune checkpoint molecules KLRG1 (killer cell lectin-like receptor G1) and PD-1 (Programmed cell death protein 1) (Supplementary Figure S3). CD8+ T cells from animals treated with hetIL-15 (monotherapy and combination therapy groups) expressed increased levels of CD69 and contained more granzyme B, indicating an activated cytotoxic phenotype. In addition, the cells expressed higher levels of the antiapoptotic molecule bcl-2, suggesting not only enhanced cytotoxicity but also extended survival of these effector cells within the tissue. The expression of these markers on NK cells were particularly increased in mice of the combination group, whereas the expression of granzyme B was also elevated in NKs of the animals treated with hetIL-15 monotherapy. The expression of KLRG1 was also increased in both cell types in animals treated with hetIL-15 (monotherapy and combination therapy groups), and immune checkpoint inhibitor PD-1 was increased in CD8+T cells and in animals treated with combination therapy only (PD-1 expression data in NKs are not shown as the percentage of NKs expressing the marker was below 1%). Within tumors, hetIL-15 treatment resulted in enhanced accumulation of NK cells, while the combination therapy increased both CD8+T and NK cells, revealing that the treatments trigger the intratumoral infiltration of effector cells (Supplementary Figure S4A). The increase of CD8+T cells upon combination treatment was significant not only compared to untreated group, but also to both monotherapy groups (p=0.008 and 0.039 to doxorubicin and hetIL-15-monotherapy groups, respectively). In contrast, doxorubicin as monotherapy did not affect either the frequency or the Ki67 expression in these two cell subsets, in any of the tissues (Figures 3A, B; Supplementary Figures S2A-B, D-E, 4A).




Figure 3 | hetIL-15 synergizes with doxorubicin to increase CD8+T and NK cells and to reduce PMN-MDSCs in lungs. Mice were treated following the scheme shown in Figure 1A and the tissues were harvested on day 16. (A) Frequencies and (B) Ki67 expression of CD8+T and NK cells in the lungs of each group. Data are representative of two independent experiments and bars show the mean ± SD for each group (n= 4-6). (C) Dot plots from a representative animal from each group showing the percentages of PMN-MDSCs and M-MDSCs in lungs gated in CD11b+. (D) PMN-MDSCs and M-MDSCs frequencies in the lungs of each group expressed as percentage of CD45+ cells. Data are representative of two independent experiments and bars show the mean ± SD for each group (n= 4-6). (E, F) Representative IHC images of lung slides stained with anti-CD8 (E) and anti-Ly6G/GR1 (F) for each group. The bar graphs show the absolute numbers of CD8+ cells/mm2 (E, right panel) and Ly6G/GR1+ cells/mm2 (F, right panel) of the whole lung area in each group. Scale bar, 200μm. Results were obtained from one experiment; bars show the mean ± SD for each group (n=4-5). Data obtained from lungs of tumor-free mice are also included [n=3 in (A–D) and n=2 in (E, F)]. Statistical analysis was done by one-way ANOVA and Tukey’s or Dunette’s multiple comparisons test. Asterisks show the significance of difference from the untreated group and hashtags from the tumor-free group, *or #p < 0.05, ** or ##p < 0.01, *** or ### p <0.001, **** or ####p < 0.0001. SD, standard deviation.



Next, we examined the frequencies of MDSCs as these cells are characterized by the ability to suppress T and NK cell functions (39). Flow cytometry analysis revealed that tumor-bearing animals had increased frequencies of MDSCs compared to tumor-free counterparts. The population of PMN-MDSCs was found to be significantly expanded in the lungs (Figure 3D), blood and spleen (Supplementary Figures S2C, F), whereas M-MDSCs were found to be increased mostly in the spleen (Supplementary Figure S2F). Mice treated with hetIL-15 and combination therapy were found with significantly reduced PMN-MDSCs systemically (Figures 3C, D; Supplementary Figure S2C, F). Combination therapy showed the most effective reduction, reducing the PMN-MDSCs frequencies close to normal levels, especially in the lungs. This group showed statistically significant decrease of PMN-MDSCs in comparison to the untreated and both monotherapy groups with p<0.0001 (Figure 3D). This effect was also prominent in blood (p<0.0001) (Supplementary Figure S2C) and spleen (p<0.0001) (Supplementary Figure S2F) revealing significant differences in comparison to either monotherapy group. Our results indicate that the two agents have additive effects also in decreasing PMN-MDSCs. Mice treated with doxorubicin monotherapy also had a lower frequency of PMN-MDSCs, although to a lesser extent as compared to the other two treated groups and only in lungs (Figure 3D). Interestingly, mice treated with doxorubicin monotherapy showed an increase in the frequency of M-MDSCs (Figure 3D; Supplementary Figures S2C, F). Finally, mice from all the groups that received therapy showed a reduction in the tumor-infiltrating PMN-MDSC population, which however reached statistical significance only in the mice from the combination group (Supplementary Figure S4B). In contrast, the tumor-infiltrating M-MDSC population was increased in all the therapeutic groups (Supplementary Figure S4B).

To confirm the findings from the flow cytometry analysis, the absolute number of CD8+ and PMN-MDSC cells in the lungs was also evaluated by immunohistochemistry (IHC). Indeed, the numbers of CD8+ cells were higher in mice from the hetIL-15 and combination groups (Figure 3E), while the number of PMN-MDSC cells was significantly reduced in all the therapeutic groups (Figure 3F). These results suggest that the treatments not only affect the relative frequency of these two cell subsets, but also their absolute numbers.

Overall, these data suggest that hetIL-15 and doxorubicin synergize towards an effective antitumor immunity by increasing the CD8+T and NK cells and decreasing the PMN-MDSCs in the lungs, blood, and spleen. The intratumoral populations were found to be similarly affected, although to a lesser extent.



hetIL-15 and combination therapies restore the imbalance of suppressive to effector cell populations in the tumor-bearing mice

To further evaluate the impact of the different treatments on the immune population landscape, we calculated the ratios of MDSCs (both PMN-MDSCs and M-MDSCs) to CD8+T and NK cells in blood, spleen, lungs, and tumors from the mice in the therapeutic groups and contrasted the results with data obtained from age-matched tumor-free mice.

All the ratios were found to be significantly increased in the examined tissues of the 4T1 tumor-bearing mice compared to tumor-free animals. Notably, the ratios of PMN-MDSCs to both CD8+T and NK cells were more elevated compared to the ratios of M-MDSCs (Figures 4A, B; Supplementary Figures S5A–F). Combination treatment was the most effective at restoring the ratios back to the levels measured in tumor-free mice, in lungs (Figure 4A, B), blood and spleen (Supplementary Figures S5A–D). hetIL-15 monotherapy showed a similar trend, although of lower magnitude, in reducing the ratios, but it was as efficient at reducing the M-MDSCs to effector ratios in lungs (Figure 4B) and blood (Supplementary Figure S5B). Intratumorally, PMN-MDSCs to CD8+T ratios were also significantly reduced in the tumor-bearing mice that received the combination therapy while hetIL-15 decreased only the PMN-MDSCs to NKs ratios (Supplementary Figure S5E). No significant changes were observed in any treated mice for the M-MDSCs to effector ratios within the tumors (Supplementary Figure S5F). Mice treated with doxorubicin alone had also decreased ratios, mostly of PMN-MDSCs to effectors in lungs and blood (Figure 4A; Supplementary Figure S5A). However, an increase in M-MDSCs to effector ratios was observed as a trend in the spleen (Supplementary Figure S5D) and tumors (Supplementary Figure S5F) of doxorubicin-treated mice.




Figure 4 | hetIL-15 alone and in combination with doxorubicin decreases the suppressor/effector ratios in the lungs. Ratio of (A) PMN-MDSCs to CD8+T (left) or NKs (right) and (B) M-MDSCs to CD8+T (left) or NKs (right) in the lungs of each group. Mice were treated following the treatment schedule shown in Figure 1A. The treatment was given for two cycles and the tissues were harvested on day 16. Ratios obtained from tumor-free mice are also included (n=3). Similar results were obtained in two different experiments; bars show the mean ± SD for each group (n=4-6). Statistical analysis was done by one-way ANOVA and Tukey’s or Dunette’s multiple comparisons test. Asterisks show the significance of difference from the untreated group and hashtags from the tumor-free group, ** or ##p < 0.01, **** or ####p < 0.0001. SD, standard deviation.



Taken together, these data show that hetIL-15 treatment decreases the suppressor to effector cell ratio. This effect is further augmented by the combination with doxorubicin restoring the imbalance induced by the disease and enhancing the antitumor response.



The pre- and post-surgery administration of hetIL-15 monotherapy or combination therapy eradicate metastatic burden curing the animals

It has been previously reported that 4T1 tumor resection reduces MDSCs in the lungs leading to a better control of metastasis (40). Taking this into account and given the observed effects in PMN-MDSCs reduction and metastatic control upon hetIL-15 monotherapy or combination with doxorubicin, we explored the effects of the treatments together with tumor resection. 4T1 tumor cells were orthotopically inoculated in Balb/c mice and the formed tumors were resected one week later. To imitate the neoadjuvant and adjuvant settings (pre- and post-surgery) of the clinical therapeutic schemes (5), the treatments started before surgery and continued afterwards following the administration schedule shown in Figure 5A.




Figure 5 | Tumor resection reduces PMN-MDSCs and together with hetIL-15, either alone or in combination with doxorubicin, eradicates metastatic disease. (A) Cartoon showing the experimental design with the time of tumor resection and the treatments in neoadjuvant and adjuvant setting. 0.35-1x106 4T1 cells were orthotopically inoculated in Balb/c mice and tumors were resected one week later. The mice randomized in five groups: (i) no resection, (ii) resection only, (iii) resection+Dox, (iv) resection+hetIL-15 and (v) resection+combinatorial treatment. Treatment started 3 days before surgery with hetIL-15 (3 μg/mouse IP, blue arrows) every other day, followed by doxorubicin (5mg/kg IV, purple arrows) once per week. Treatment endpoints were day 16 (early) or day 22 (late). (B) PMN-MDSCs frequencies in blood of each group on day 16. Data obtained from tumor-free mice are also included (n=3). Data are from one experiment; bars shown the mean ± SD for each group (n=5-6). Asterisks show the significance of difference from the non-resected group and hashtags from the tumor-free group #p < 0.05, **** or #### p < 0.0001. (C) Representative IHC images of Ly6G/GR1-stained lungs from one mouse in each group on day 22. Scale bar, 200μm. Similar results were observed in two independent experiments. (D) Representative images from India ink- and H&E-stained lungs (left panels) and number of white tumor nodules (from India ink staining evaluation) in lungs (right panel) are shown as mean ± SD for each group (n=4-5). Results were obtained from two independent experiments. Scale bar, 4mm. Statistical analysis was done by one-way ANOVA and Tukey’s or Dunette’s multiple comparisons test. Asterisks show the significance of difference from the non-resected group and rhombuses from the resection-only group, **** or ◆◆◆◆p < 0.0001. SD, standard deviation. Image Credit: vector.me.



The frequency of circulating PMN-MDSCs was analyzed by flow cytometry on day 16 (Figure 5B). Mice in the groups that underwent surgery showed approximately 2.5 – 3.5-fold reduction of PMN-MDSCs compared to mice from the unresected group, regardless of the treatment type (Figure 5B). Additionally, in all the mice that underwent surgery we found a decrease in the number of Ly6G/GR1 positive cells in their lungs on day 22, indicating a reduction in the absolute numbers of PMN-MDSCs that was again independent of the treatment (Figure 5C). These results show that surgery alone results in the depletion of PMN-MDSCs in blood and lungs.

Metastatic disease was evaluated by India Ink staining of the lungs for the detection of pulmonary nodules on day 22 (Figure 5D). Primary tumor resection alone was effective in decreasing the number of metastatic nodules in comparison to no resection (mean of 21±3 and 78±4 nodules, respectively) (Figure 5D). Remarkably, no metastatic foci were found in the lungs of the mice that underwent surgery and received hetIL-15, either alone or in combination with doxorubicin, revealing that the treatments can eradicate the metastatic disease in the absence of the primary tumor. Mice treated with doxorubicin showed significant foci reduction compared to both non-resected and resected only mice. Similar results were obtained with H&E staining of the lungs (Figure 5D).

We next evaluated the effects of our therapeutic surgery intervention on the overall survival of the mice (Figure 6A). Pre- and post-surgery administration of hetIL-15 monotherapy led to 70% (9 out of 13) cures as the mice did not show any signs of morbidity up to day 80 when the studies were terminated. Similarly, combination treatment led to 45% (4 out of 9) cures of the resected mice, while doxorubicin monotherapy resulted in just 1 cure and marginally extended the median survival to 33 days. None of the non-resected or resected-only mice were cured, and the median survival was similar for both groups (approximately 28 days). Mice that were considered long-term survivors from hetIL-15 (n=7) and combination (n=2) groups were rechallenged with the 4T1 tumor cells. The rechallenge was performed 90 days after the first challenge and the tumor growth was monitored up to day 19 in the absence of any treatment. Survivor animals significantly controlled tumor growth compared to age-matched control animals (challenged for the first time) (Figure 6B), indicating the presence of anti-tumor immunity elicited during the first challenge.




Figure 6 | hetIL-15 alone or in combination with doxorubicin cures the resected mice and facilitates the development of tumor-specific immunological memory. (A) Survival curves for the animals in each experimental group. Mice were resected and treated following the therapeutic schedule shown in Figure 5A. Data merged from two independent studies (n=9-16). Statistical analysis was done by Log-rank (Mantel-Cox) test. (B) Tumor growth curves of naive and survivor animals [hetIL-15 and combination group mice merged from (A)] after rechallenge with 5x104 4T1 cells without any treatment until day 19. Tumor volume (mm3) ± SEM for each time point is shown. Statistical analysis was done by two-way ANOVA (n=9-10). **p < 0.01, ****p < 0.0001, SEM, standard error of the mean.



Taken together, these data show that pre- and post-surgery administration of hetIL-15 as monotherapy or in combination with doxorubicin can eradicate the metastatic disease which leads to complete cures and allows the development of effective immunological memory against 4T1 tumor cells.




Discussion

In the present study, we used the immunotherapeutic drug candidate hetIL-15 which has advanced in clinical trials either alone or in combination with the anti-PD-1 antibodies Spartalizumab or Tislelizumab (NCT02452268, NCT04261439). Results from the first-in-human study were recently published reporting that hetIL-15 monotherapy showed stable disease as the best clinical response in 21% of the patients with metastatic or unresectable cancer (22). The data agree with the results obtained in clinical studies using other IL-15 variants (41, 42) and also suggest that combinations should be explored for enhancing IL-15 anti-cancer effects in humans. In this study, we provide supporting evidence that hetIL-15 not only reduces the metastatic disease in the lungs, but also diminishes the number of circulating tumor cells (CTCs). Our findings show the strong anti-metastatic effect of hetIL-15 when administered in combination with doxorubicin and the additive benefits of the two agents in systemically expanding CD8+T and NK cells and reducing PMN-MDSCs. Finally, our data also show that tumor resection together with neoadjuvant and adjuvant administration of hetIL-15, either alone or in combination with doxorubicin, results in the cure of approximately half of the treated animals and the development of immunological memory against 4T1 tumor cells.

IL-15 anti-metastatic activity has been reported in preclinical studies, as single agent [rhIL-15 (27, 28), N-803 (23) and RLI (Receptor-Linker-IL-15) (24, 26)] and in combination (N-803 with PD-L1) (30) or fusion with ICIs [N-809 (N-803 fused to two αPD-L1 domains)] (43). In these studies, the use of IL-15 variants as single agents reduced the pulmonary metastatic foci (23, 24, 26–28) and co-administration or fusion with the ICIs increased the anti-metastatic efficacy of IL-15 (30, 43). Here, we show that hetIL-15 monotherapy significantly reduces metastatic disease in the lungs and co-administration with doxorubicin enhances the efficacy. Combination therapy is also more effective in delaying the growth of the primary 4T1 tumor, while hetIL-15 monotherapy shows a moderate effect. Other IL-15 monotherapy variants have not shown any effect on delaying the primary tumor growth (23, 24, 30). This difference could be attributed to the different treatment schemes (routes of delivery and the total amount of the IL-15 given in the different studies). Further improvements that include alternative delivery routes (such as peritumoral administration) or drug delivery systems, could improve the anti-tumor effect (44).

A main finding of the present study is that hetIL-15 diminishes CTCs. CTCs are the precursors of metastatic lesions (37) and there is an increasing interest in their biology and in therapeutic strategies to target them (45). However, CTCs detection is challenging as they are present in low numbers in the blood (46). Here, using clonogenic assays, we detected CTCs in 36.84% of the untreated mice, with more than half of them forming more than 500 CTC colonies. In contrast, the frequency of mice with detectable CTCs was reduced in both hetIL-15- and combination-treated groups, and these mice showed less than 20 CTC colonies. This finding could be the result of several effects targeting different steps of the metastatic process. Reduction of the shedding from the primary site and increased immunosurveillance in the parenchyma or vasculature of the target organs may independently contribute to this protection. It has been suggested that NK cells patrol the circulation in search of malignant cells (47, 48). In this study we show that NKs are increased in animals receiving hetIL-15 or combination treatment. Furthermore, the reduction of PMN-MDSCs upon these treatments may also contribute to the protection as a study has shown that they inhibit NK cytotoxic activity against tumor cells trapped in pulmonary microvessels (49). Additionally, it was recently reported that IL-15 renders NK cells less susceptible to the oxidative stress induced by myeloid cells in the tumor microenvironment (50). Thus, it is possible that hetIL-15 not only expands NKs but also shields them against PMN-MDSCs, helping them to maintain their cytotoxic activity. Further studies are needed to unfold these mechanisms.

Our study suggests that the anti-metastatic effect of hetIL-15 operates not only through diminishing CTCs but also by exerting local effects in the metastatic site, in this case the lungs. This effect could be related to the higher frequencies of activated CD8+T and NK cells and the reduced PMN-MDSC frequencies found in the tissue upon hetIL-15 treatment. Increased lung-infiltrating CD8+T and NK cells after IL-15 treatment have also been reported in previous studies by our group (15) and others (24). Reduced frequencies of PMN-MDSCs in blood, spleen and lungs could contribute to the anti-metastatic effect as studies have shown that PMN-MDSCs are key regulators of metastasis (51). Others have also reported that MDSC frequencies are reduced upon IL-15/IL-15Ra administration in the Her2/neu+ mammary carcinoma (52). We also show that hetIL-15 decreases the absolute number (not only the frequency) of Ly6G/GR1+ cells in the lungs, suggesting that their infiltration is prevented by the cytokine treatment. In agreement with these data, Desbois et al. reported that the CD11b+ Ly6G+ Ly6Clow cells in the lungs (frequency and absolute counts) were reduced in the 4T1 model upon IL-15-based treatment (24). In line with other studies (30), we did not find major changes in M-MDSCs frequencies, but the M-MDSCs to effectors ratios were restored to normal levels upon hetIL-15 treatment.

Co-administration of hetIL-15 with doxorubicin showed beneficial anti-tumoral effects by increasing the effector populations (CD8+T and NK cells) and by reducing the immunosuppressive PMN-MDSCs in all the tissues analyzed. Doxorubicin induces immunogenic cell death facilitating cytotoxic T cells stimulation (53), and also depletes MDSCs (38). This dual function of Doxorubicin helps the immune system to mount effective anti-tumor responses and provides the rationale for combining doxorubicin with IL-15. In our study, the combination of these two agents successfully controlled metastatic disease in the lungs and blood resulting in better animal survival. In earlier studies, IL-15 combined with cyclophosphamide showed better survival and control of metastatic disease in an IV model of rhabdomyosarcoma (31) providing the initial supportive findings of these therapeutic modalities. PMN-MDSCs depletion by doxorubicin may facilitate the expansion of effectors cells mediated by hetIL-15, suggesting a mechanism for the observed enhanced anti-metastatic activity. Although we did not observe a reduction in the frequency of PMN-MDSCs in the blood or spleen of doxorubicin-treated mice, the reduction in the lungs (frequency and absolute numbers) was significant. Moreover, the combination treatment increased the cytotoxicity and proliferation of lymphocytes, which also expressed anti-apoptotic signals. This observation is in line with the strong anti-metastatic effect observed in the lungs of these animals. The lymphocytes also expressed the marker KLRG1 which is expressed in highly differentiated NK and T cells and is related to senescence (54). Nevertheless, there is evidence that KLRG1+CD8+ T cells are not impaired in effector functions (55), and KLRG1+NKs have been shown to protect against lung metastasis (56). Furthermore, the effector cells expressed high levels of the Ki67 marker after combination treatment, indicating that doxorubicin does not negatively affect them even if they actively proliferate upon hetIL-15 administration and also that they are not in exhaustion state. Overall, these findings support the notion of combining doxorubicin, and potentially other anthracyclines, with cytokines like hetIL-15 that stimulate the activation and proliferation of cytotoxic immune cells to improve the treatment outcome.

In an effort to develop an additional clinically relevant approach, we surgically removed the orthotopically implanted 4T1 tumors and treated the animals pre- and post-surgery. Lumpectomy or mastectomy is the standard treatment of TNBC upon clinical detection, and this is followed by chemotherapy. In our experimental model, tumor resection supported by neoadjuvant and adjuvant administration of hetIL-15, either alone or combined with doxorubicin, resulted in the cure of approximately half of the treated mice. The hetIL-15 monotherapy group had a higher percentage of cured mice compared to the combination group, but this difference was not statistically significant. Thus, we do not think that hetIL-15 monotherapy has benefit compared to the combination treatment. Other studies have shown that adjuvant administration of the IL-15 agonist N-803 significantly prolongs animal survival (23, 30). Interestingly, Liu et al. demonstrated that neoadjuvant immunotherapy is superior to adjuvant in controlling metastatic disease in two different murine models of TNBC (including the 4T1 model) (57). We hypothesize that hetIL-15 administration as neoadjuvant (in addition to adjuvant) increases the effector cells and systemically protects the tissues from the cancer cells dissemination associated with surgery. A therapeutic scheme that combines pembrolizumab (anti-PD-1) as neoadjuvant therapy with chemotherapy has been already approved by the FDA for early-stage patients with TNBC (58). Additionally, our data indicate that hetIL-15 treatment facilitates the development of tumor-specific immunological memory. This could represent an effective defense against future relapse caused by dormant cancer cells resistant to chemotherapy (59). Based on the limited number of mice with detectable CTCs when the primary tumor was present, we did not evaluate the CTCs in the resected mice upon the different treatments.

It has been shown that tumor resection leads to decreased metastatic burden in the lungs by depleting MDSCs (40). Although mice in resected-only group had fewer PMN-MDSCs in the periphery and lungs, they did not show benefit in survival compared to the non-resected group. This could be related to the establishment of metastasis prior to tumor resection. In support to this, Bosiljcic et al. (40) reported that although surgery decreases MDSCs, mice are still prone to immunosuppressive functions of PMN-MDSCs for at least 2 weeks after 4T1 tumor resection. In the case of hetIL-15-treated groups, the reduced numbers of PMN-MDSCs in the system of the mice after surgery provided survival benefit, suggesting that hetIL-15 can cure the metastatic disease when the primary tumor is removed and, thus, the tumor-derived factors are heavily decreased. Interestingly, MDSCs have been reported to differentiate into macrophages and mature DCs in the absence of tumor-derived factors (60). The phenotypic analysis of MDSCs upon surgery and treatment would be of interest for future studies.

In summary, our study shows that hetIL-15 exhibits potent anti-metastatic effects in the lungs and reduces the dissemination of tumor cells in peripheral blood, resulting in improved therapeutic benefit in combination with chemotherapy and surgery. Our data suggest that this anti-cancer response is achieved by the expansion of CD8+T and NK cells and the reduction of the immunosuppressive PMN-MDSCs caused by hetIL-15 combination with chemotherapy. Importantly, tumor resection accompanied by the pre- and post-surgery administration of hetIL-15 alone or in combination with doxorubicin leads to the cure of the animals and the establishment of immunological memory. Overall, the data presented herein propose that incorporating hetIL-15 in clinical regimens based on doxorubicin and surgery to treat TNBC could control metastasis and thus reduce the disease recurrence rates.
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