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Abstract

Purpose: N-803 is an IL-15 receptor superagonist complex, designed to optimize in vivo 

persistence and trans-presentation, thereby activating and expanding natural killer (NK) cells and 

CD8+ T cells. Monoclonal antibodies (mAb) direct FcR-bearing immune cells, including NK 

cells, to recognize and eliminate cancer targets. The ability of IL-15R agonists to enhance tumor-

targeting mAbs in patients has not been previously reported.

Experimental Design: Relapsed/refractory indolent Non-Hodgkin’s lymphoma patients were 

treated with rituximab and intravenous or subcutaneous N-803 on an open-label, dose-escalation 

phase 1 study using a 3+3 design (NCT02384954). Primary endpoint was maximum tolerated 

dose. Immune correlates were performed using multidimensional analysis via mass cytometry and 
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cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) which simultaneously 

measures protein and single-cell RNA expression.

Results: This immunotherapy combination was safe and well-tolerated and resulted in durable 

clinical responses including in rituximab-refractory patients. Subcutaneous N-803 plus rituximab 

induced sustained proliferation, expansion, and activation of peripheral blood NK cells and CD8 T 

cells, with increased NK cell and T cells present 8 weeks following last N-803 treatment. CITE-

seq revealed a therapy-altered NK cell molecular program, including enhancement of AP-1 

transcription factor. Further, the monocyte transcriptional program was remodeled with enhanced 

MHC expression and antigen-presentation genes.

Conclusions: N-803 combines with mAbs to enhance tumor-targeting in patients, and warrants 

further investigation in combination with immunotherapies.

INTRODUCTION

Immunotherapy is a rising modality in cancer therapeutics, harnessing concepts from 

immunology to enhance, trigger, or rescue immune responses against malignant targets. 

Established immunotherapies include engineered therapeutic monoclonal antibodies 

(mAbs), such as the anti-CD20 mAb rituximab, which targets endogenous Fc-receptor 

bearing immune cells, including natural killer (NK) cells, to B cell malignancies.(1) More 

recent successes in a variety of cancers have been the translation of anti-PD-1/PD-L1 and 

anti-CTLA-4 immune checkpoint blockade, which release induced brakes on tumor-reactive 

T cells.(2) Recently, complementary immunotherapy approaches utilizing cytokine receptor 

agonists are being tested as single-agents and in combination with immunotherapies to 

potentiate immune cell survival and function against cancer cells.(3) Currently, the use of 

this class of drugs is limited by adverse side-effects including fevers and chills, hypotension, 

and expansion of suppressive regulatory T cells (Tregs).(4-6) To address this unmet need in 

cancer immunotherapy, a new class of immune therapy biologics seeks to overcome these 

hurdles via innovative protein engineering, led by IL-15 receptor (IL-15R) agonists.

IL-15 is a key cytokine for the development, survival, and function of NK cells.(7) Recent in 

vitro and in vivo work demonstrated the ability of IL-15 to prime non-cytotoxic CD56bright 

NK cells to become anti-tumor effectors, a function previously believed to be largely 

restricted to the CD56dim NK cell subset.(8) IL-15 also plays a key role in supporting 

memory CD8+ T cells, thus augmenting two types of anti-tumor effector lymphocytes.(9) In 

vivo, IL-15 is trans-presented by IL-15Rα from accessory cells such as monocytes/

macrophages and dendritic cells to ligate the IL-2/15Rγβ heterodimer expressed on NK and 

T cells, resulting in activation of multiple signaling pathways, and hence multiple anti-tumor 

functions.(9) Although IL-15 and IL-2 share signaling components, including the beta 

(CD122) and gamma chain (CD132), they have divergent effects, with IL-2 promoting Treg 

expansion.(10) Initial pioneering studies tested E. coli-derived recombinant human (rh)-

IL-15, which demonstrated immune modulation in patients. However, rhIL-15 has a short 

half-life and dose levels that modulated immune cells were limited by unacceptable adverse 

events (AE).(4) N-803 (formerly ALT-803) is an IL-15R super agonist complex with a 

prolonged in vivo half-life, physiologic trans-presentation, and accumulation in secondary 

lymphoid tissues.(11) The initial study of N-803 in patients with hematologic malignancies 
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who relapsed after hematopoietic cell transplantation (HCT) demonstrated safety and 

modulation of immunity by N-803 but modest single agent clinical activity.(12)

We hypothesized that N-803 synergizes with the anti-CD20 lymphoma-targeting mAb 

rituximab to promote anti-lymphoma immune responses, which was supported by pre-

clinical models.(13) To test this hypothesis, we designed a clinical trial combining N-803 

with rituximab for patients with relapsed/refractory (rel/ref) indolent NHL (iNHL). Here, we 

report the safety, pharmacokinetics (PK), anti-lymphoma activity, and immunologic effects 

in the phase 1 study cohort.

MATERIALS & METHODS

Study design

Patients were treated on an open-label, multi-center (Washington University, University of 

Minnesota, Medical University of South Carolina), dose-escalation Phase 1 study registered 

on clinicaltrials.gov (NCT02384954) using a 3+3 design. Patients were enrolled beginning 

April 17, 2015 and ending July 23, 2017. Clinical data was analyzed by individual site 

investigators (TAF, BH, VB, NE) and verified and summarized by ImmunityBio; all authors 

had access to primary clinical trial data. PFS, OS, and duration of response of all treated 

patients was be assessed at least every three months during years 1 and 2, every 4 months 

during year 3, and then every 6 months (+/− 2 months) during years 4 and 5 from the start of 

study treatment, or through the point designated as the end of the study follow up (5 years). 

Information about disease response assessments and other therapies (chemotherapy, surgery, 

radiation therapy, other investigational treatment) received after discontinuation or 

completion of study treatment will be collected as available during the follow-up period. 

Patients with iNHL (follicular lymphoma, marginal zone lymphoma, small lymphocytic 

lymphoma, lymphoplasmacytic lymphoma) that were rel/ref after ≥2 prior lines of therapy 

were eligible. Patients were considered anti-CD20 mAb refractory if they progressed on 

anti-CD20 mAb therapy or within 6 months of their last dose of anti-CD20 mAb. Treatment 

consisted of IV rituximab 375 mg/m2 and IV or SQ N-803 (in increasing dosing cohorts of 

1, 3, 6, 10, 15, 20 μg/kg) on days 1, 8, 15, and 22 of cycle 1, followed by a rest period, and 

then consolidation with 4 additional treatments on days 78, 134, 190, and 246 (total of 8 

treatments). For the initial 3 IV cohorts, rituximab was administered on day 1, and N-803 on 

day 2. Responses were assessed using the 2007 IHP criteria with assessment modifications 

to incorporate indeterminate response (IR) criteria.(14,15) The primary endpoints for the 

Phase 1 cohort was determination of the maximum tolerated or tested dose of N-803 and the 

recommended phase 2 dose (RP2D). Adverse events (AEs) were monitored and graded 

using the NCI CTCAE v4.0. Samples were collected for immune cell number and 

phenotyping pre-therapy (C1D1) and days 2, 5, 8, 15, 22, 23, and 26 of cycle 1, and days 78, 

79, and 82 of the first consolidation cycle. Serum for cytokine and PK analysis was collected 

pre-therapy (0 minutes), and after N-803 at 30 minutes, 2 hours, 6 hours (C1D1) and days 2, 

5, and 8.
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Study Approval.

This clinical trial was approved at participating institutions IRBs and was conducted in 

accordance with recognized ethical guidelines (Declaration of Helsinki), and all patients 

provided written informed consent prior to study evaluation and treatment.

N-803 and cytokine measurements

Immunogenicity, N-803, IL-6, and IFNγ serum measurements were conducted as previously 

described.(12)

Flow Cytometry and Mass Cytometry

Patient PBMC were stained as previously described (Supp. Methods).(16) Absolute cell 

count of flow cytometry measured cell populations were only performed when absolute 

lymphocyte counts were available. Mass cytometry was performed (Table S1) on thawed 

patient PBMC as previously described.(12) Data were collected on a Helios mass cytometer 

(Fluidigm) and analyzed using Cytobank.(17)(18) Briefly, for each individual donor, cell 

subsets were identified using viSNE (v1, Table S1). These individually viSNE-gated subsets 

were then assessed. CD8 and CD4 T cells were assessed with an additional viSNE (v2), and 

subsets therein gated using unbiased FlowSOM analysis (Table S1, using all events, 36 

clusters, 6 Metaclusters, 10 iterations, random seed, RRID:SCR_016899).(19)

CITE-seq Sample and Data Processing

PBMC were thawed in batch (Batch 1: 15, Batch 2: 16 & 17) and mixed with 5% murine 

spleen cells where indicated (Batch 2), and stained with oligonucleotide-tagged antibodies 

(ADTs) (Table S2, Supp. Methods). Following sequencing, FASTQ files were aligned to a 

custom genome consisting of the GRCh38 and mm10 reference and all patients and 

timepoints were aggregated using CellRanger (default settings, v.3.0.1; 

RRID:SCR_017344), and the resulting matrix was imported into the R-based package, 

Seurat (v.3.1/3.2; RRID:SCR_016341)(20-22) for normalization, batch-correction, 

clustering, visualization, and differential expression.(23) NK cells from patients 027-016 & 

027-017 were imported into CiteFuse (RRID:SCR_019321) for clustering and UMAP 

projection using all ADTs and variable genes were selected for clustering using default 

settings.(24) For gene ontology analysis, we utilized clusterprofiler (RRID:SCR_016884).

(25)

Statistics

Differential expression analysis was conducted in either R v 3.5/6 (RRID:SCR_001905), 

GraphPad Prism (v7/8) (RRID:SCR_002798), or SAS (v 9.4, SAS Institutes, Cary, NC; 

RRID:SCR_008567) with the appropriate parametric or non-parametric test as listed in the 

figure legend. For specific immune correlates as described in the figure legends, statistical 

analyses were performed comparing pre-treatment (D1) to the peak value for each variable 

within the time frames as indicated in the figures. For these analyses, the over-time changes 

were assessed using linear mixed models and post-hoc multiple comparisons for the 

differences between specific time-points of interest were only performed on those 

biomarkers that were significant in the overall test for improved control of the familywise 
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error rate. A logarithm transformation was applied to the absolute cell counts to better 

satisfy the normality and homoscedasticity assumptions.

Data Sharing Statement

Raw sequencing files will be available in dbGaP under accession phs001229 to qualified 

investigators at the time of publication. Clinical data will be deposited at clinicaltrials.gov in 

accordance with guidelines. For all other data requests, contact tfehnige@wustl.edu.

RESULTS

Patient characteristics and study therapy

Patients with rel/ref iNHL were enrolled in two sequential N-803 cohorts: intravenous (IV) 

(N=9 total; N=3 at each of 1, 3, and 6 μg/kg) and subcutaneous (SQ) (N=12 total; N=3 at 

each of 6, 10, 15, and 20 μg/kg) for a total of 21 patients (Fig. 1A, Table 1). Most patients 

had follicular lymphoma (FL) (76%), with a median of 2 (range 1-7) prior treatments, a 

median time from last prior anti-CD20 therapy to study therapy of 25 (range 1-134) months, 

and 5 patients were refractory to their last anti-CD20 mAb containing regimen. For the FL 

patients, 94% of patients had intermediate or high-risk Follicular Lymphoma International 

Prognostic Index (FLIPI) category. For study therapy, a standard dose and schedule of 

rituximab (375 mg/m2) was chosen,(26) to allow comparison to historical clinical trials of 

single-agent rituximab, comprised of 4 weekly doses, followed by consolidation with 4 

additional doses every two months (Fig. 1A). N-803 was administered on the same schedule 

as rituximab at patient-specific doses. No patients discontinued therapy due to a treatment-

related AE.

Safety, tolerability, and serum cytokines

Patients in the N-803 IV cohort encountered grade 1-2 AEs, including a high frequency of 

fever and chills, typically occurring within 4 hours of the IV injection that responded to 

supportive care measures (Table 2). Correlative laboratory analysis of the PKs of N-803 

revealed that the IV cohort patients had an early high Cmax with near complete clearance 

within 24 hours (Fig. S1A). This coincided with elevations in both serum IFN-γ and IL-6, 

suggesting that IV N-803 was triggering acute cytokine release, responsible for the fever and 

rigors. While these were not dose-limiting, they were concerning for prolonged clinical 

dosing schedules, and a second cohort was initiated via the SQ route. Patients who received 

SQ N-803 uniformly experienced an injection site reaction consisting of non-painful 

erythema, warmth, and edema, which peaked at 7-10 days post-injection, and resolved with 

minimal supportive measures by two weeks. Patients also experienced fevers and chills, but 

these were transient and occurred 2-3 days after the SQ injection, resolving with supportive 

measures. Consistent with this change in constitutional symptoms based on N-803 route of 

administration, PK analysis revealed a lower Cmax and prolonged serum concentration of 

N-803 following SQ administration, with minimal elevations in IFN-γ and IL-6 (Fig. S1B). 

Grade 3 non-hematologic toxicities in the SQ cohort were transient and included fever 

(N=1), hypertension (N=2), and hyperglycemia (N=1). Overall, the combination of 

rituximab and N-803 was well tolerated, without treatment-related grade 4 or 5 AEs (Table 

2). Immunogenicity testing was also performed on Days 1, 22, and week 11 and 
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demonstrated no evidence of anti-N-803 antibodies developing in these patients at all time 

points (Table S3). Based on the dose escalation and PK, the recommended phase 2 dose was 

15 or 20 ug/kg via the SQ route.

Clinical Response

Overall response rate (ORR) for the combined IV and SQ cohorts across all doses and CD20 

mAb refractory status was 57% (12/21), with 44% (4 of 9) in the IV and 67% (8 of 12) in 

the SQ cohort. The majority of patients experienced reductions in the size of their lymph 

nodes (Fig. 1B). For patients with anti-CD20 mAb sensitive disease, the ORR in the IV 

cohort was 43% (3 of 7) and in the SQ cohort was 78% (7 of 9). In the SQ cohort, 7 of 7 

(100%) responses were complete remissions (CR). Moreover, patients in the SQ cohort had 

prolonged stable disease (SD) and conversion of SD and/or partial response (PR) to CR with 

a prolonged duration without progression (8 of 12 patients without progression at 18-24 

months) (Fig. 1C). In the SQ cohort, 6/7 CRs occurred at either the 1st (11 weeks) or 2nd 

evaluation (40 weeks). In the IV cohort, CR responses occurred following the 2nd evaluation 

and as late as 18 months follow-up. For the 5 patients with anti-CD20 mAb refractory 

disease in both IV and SQ cohorts, the ORR was 2 of 5 (40%) with 1 CR, 1 PR, 1 SD, and 2 

PD (Fig. 1C, Fig. S1C). The PR and SD are ongoing in the SQ patients at > 18 months (Fig. 

1C). The SQ cohort patient with PD was highly refractory, having received 5 prior lines of 

therapy.

N-803 plus rituximab induces expansion, activation, and modulation of NK cells

Here, we focused our correlative immunology on patients treated with 15 and 20 ug/kg SQ 

of N-803 because they had a similar PK profile (Fig. S1B) and relevant as the RP2D. 

Weekly SQ N-803 combined with rituximab resulted in a marked expansion in the frequency 

of total PB NK cells as assessed using multidimensional mass cytometry (Fig. 1D-F), with 

no significant change observed in the overall frequency of CD4+ or CD8+ T cells. The 

substantial increase in PB NK cells was confirmed using flow cytometry (Fig. 2A-E). This 

increase occurred early (days 5-15 of therapy) and was maintained throughout the 4 weeks 

of induction (days 22-27). Absolute NK cell counts remained elevated at D78, 8 weeks after 

the last N-803 dose (Fig. 2E). NK cell proliferation was increased, with ≥95% of NK cells 

expressing the cell cycle transit marker Ki-67 after the first dose of N-803 (Fig. 2F-H). This 

proliferative effect was maintained throughout induction as well, with Ki-67+ NK cells 

>50% when assessed at days 15 and 21 (prior to N-803 injections). The response of NK cells 

to N-803 was examined 8 weeks after induction at the time of the first consolidation therapy. 

Here, N-803 induced increases in Ki-67+ NK cells, comparable to the first dose of N-803, 

suggesting a prolonged administration schedule was feasible (Fig. 2I). As an indicator of 

functionality, significant upregulation of the cytotoxic protein granzyme B was observed 

following N-803 plus rituximab therapy (Fig. 2J).

To provide a multidimensional assessment of NK cells, the mass cytometry data was 

analyzed gating on the NK cell viSNE islands. NK cells demonstrated a marked change in 

their multidimensional phenotype at days 8 and 22 (Fig. 2K), which was driven by the 

activation marker CD38, and activating receptors NKp30 and NKp44 (Fig. 2L-M), and 

EOMES, a T-box transcription factor associated with NK cell functionality.(27-29) Thus, 
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N-803 in the presence of a therapeutic mAb resulted in a sustained expansion and alteration 

of the NK cell activation state following therapy.

N-803 plus rituximab induces activation, proliferation, and modulation of CD8+ T cells

We hypothesized that N-803 would also result in changes in the CD8+ T cell compartment. 

A modest increase in absolute CD8+ T cell numbers were observed at the later time points 

of N-803 induction and maintained 8 weeks after induction therapy at D78, while no change 

was observed in CD8+ T cell percentage (Fig. 3A-B). In addition, subsets of CD8+ T cells 

expressed Ki-67, at both early and later time points of N-803 induction, although at a lower 

peak frequency (~50%) than in NK cells (Fig. 3C-E, Fig. 2G-H). Using mass cytometry and 

viSNE to gate on major T cell subsets within PB lymphocytes, no changes in the overall 

frequency of naïve (TN), effector (TE), and central memory (TCM) CD8+ T cells were 

observed as defined using FlowSOM clustering, however a subset of effector memory (TEM) 

(MC2) was increased after N-803 administration (Fig. 3F). This metacluster was defined by 

high Ki67, CD38, HLA-DR, and TIM-3 expression along with intermediate expression of 

PD-1 (p<0.05) compared to the other TEM subsets (Fig. 3G-I). However, by day 22 the 

CD8+ T cell profile had returned to a pre-therapy phenotype.

N-803 plus rituximab has minimal impact on CD4+ T cells and Tregs

Next, we examined the impact of N-803 plus rituximab therapy on CD4+ T cells. The 

frequency of CD4+ T cells did not increase over the course of N-803 induction therapy; 

however, there was a minimal but significant increase in overall CD4+ T cell numbers which 

persisted at D78 (Fig. S2A-D). This was accompanied by a minor increase in the percentage 

of Ki67+ CD4+ T cells with a mean peak of 22% at D2-15 (Fig. S2E-F). Clustering analysis 

on the CD4+ T cells in mass cytometry, revealed no significant changes in the FlowSOM 

identified metaclusters, indicating minimal phenotypic changes with N-803 and rituximab 

(Fig. S2G). There was a small increase in the frequency of CD4+ Tregs during the early 

phase of induction and immediately following the first dose of N-803 in consolidation, and a 

modest increase in Ki-67+ Tregs during the early phase of induction, but no change in 

absolute Treg numbers (Fig. S2H-L). Thus, while modest and of unclear biological 

significance, activation of a small fraction of CD4+ T cells was observed with N-803, 

consistent with established IL-15R biology.

Cellular Indexing of Transcriptomes and Epitopes (CITE) seq reveals changes in PBMC 
transcriptomes following N-803 plus rituximab therapy

To better understand the impact of N-803 plus rituximab, we performed CITE-seq(20) using 

a custom antibody panel designed for NK cells, which measures protein using barcode 

tagged antibodies (ADTs) while simultaneously performing single-cell RNA-seq 

(scRNAseq) on PBMC samples at day 1 (pre-N-803, n=3), day 8 (n=2), and day 15 (n=3) 

(Fig. 4A, Fig. S3A-C). Distinct and shared impact of N-803 plus rituximab on NK cell 

subsets was evident (Fig. 4B-C, Fig. S3D). In CD56bright NK cells, a significant enrichment 

in Gene Ontology (GO) Biological Processes (BP) related to NF-kappaB and MAPK 

signaling, cytotoxicity, cell-adhesion, and proliferation was observed, while CD56dim NK 

cells were enriched for leukocyte activation and both NK subsets were enriched for 

cytokine-related BP (Fig. S3D). These changes in BP corresponded to increased expression 
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of granzymes (GZM) A, B, K, and H, and perforin (PRF1), and the T-box transcription 

factor, T-BET (TBX21) in CD56bright NK cells, providing evidence of in vivo priming (Fig. 

4B). CD56dim NK cells had increased expression of chemotaxis genes (CCL3, CXCR4), 

FOS and CEBPB transcription factors, and interferon-inducible genes (IFITM3, IFI6) (Fig. 

4C). In agreement with our cytometry data, we observed increased CD38 RNA (Fig. 4B-C) 

and protein (Fig. S3E). NK cell molecular changes were evident by D8 with no further 

differentially expressed genes in CD56bright and only two differentially expressed genes in 

CD56dim (CCL4L2, AREG) between D8 and D15, suggesting that N-803 alters the NK 

transcriptome after the first dose.

Identification of KIR+ and terminally mature (CD57+) CD56dim NK cell subsets with 

scRNAseq has been hindered by high transcript drop-out rate of current technologies, 

resulting in poor enrichment for CD57 (B3GAT1) and KIRs. To address this, we performed 

similarity network fusion implemented in CiteFuse(24,30), re-clustering NK cells using both 

protein and RNA (Fig. 4D-E). Unsupervised clustering revealed increased heterogeneity of 

CD56dim NK, but only one cluster of CD56bright NK, accurately recapitulating known 

biology of NK cell maturation (Fig. 4D & 4F, S3F-G, S4A-B).(31) In addition, CiteFuse 

uncovered a conserved decrease in CD57+ NK cells, as well as patient-specific changes in 

CD56dim NK cell subsets, which may represent a repair of a dysfunctional CD56dim 

compartment in patient 027-016 (Fig. S4A). Transcriptional changes were enriched in 

subsets of CD56dim NK cells, including upregulation of AP-1 subunits JUN and FOS, and 

CD69 (Fig. 4G, S4C-D), suggesting that N-803 and rituximab may preferentially activate 

specific CD56dim NK cell subsets in vivo. In addition, IL-15 pathway gene expression 

changes were driven by only one patient indicating that N-803 may have both shared and 

individual responses (Fig. S4D).

Evidence of augmented HLA-DR and CD38 was found in CD8+ TEM, consistent with mass 

cytometry findings (Fig. S4E-F). In γδ T cells, a significant increase in the expression of 

cytotoxicity genes (GNLY, GZMB, GZMH, NKG7), transcription factors (TBX21, JUN), 

secreted proteins (FGFBP2, CCL5), and MHC Class II (HLA-DRB1, HLA-DPA1, CD74), 

were observed at D15 (Fig. 4H). In the monocyte compartment, striking shifts in the tSNE 

space of CD14 monocytes was accompanied by a significant decrease in the proportion of 

CD14 monocytes (Fig. S4G). Similarly, a significant decrease in CD16+ monocytes was 

evident (Fig. 4I). Gene expression changes driving this marked shift included increased type 

1 interferon and IFNγ inducible genes (Fig. S4H, Fig. 4J), humoral immune responses, 

complement activation (C1QA, C1QB, C1QC), antigen processing and presentation (HLA-
DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, HLA-DRB1, CD74), and 

antibody-responses (FCGR1A) (Fig. 4J).

DISCUSSION

Here we report the first-in-human clinical trial of an IL-15R agonist in combination with a 

tumor-targeting mAb. Administration of SQ N-803 with rituximab had an excellent safety 

profile and demonstrated prolonged PFS and a 78% CR rate in rituximab-sensitive patients. 

Correlative immunology in the PB revealed distinct activation signatures of CD56bright and 

CD56dim NK cells, including priming of CD56bright NK cells, along with increased NK 
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proliferation which contrasts with previous study following single-agent rituximab.(32) 

Within the T cell compartment, CD8+ TEM exhibited marked but transient activation and 

expansion characterized by high expression of CD38 and HLA-DR. Using scRNAseq, we 

observed γδ T cell activation along with a profound change in monocytes and enhanced 

antigen presentation and type I interferon genes. These studies support the mechanism of 

action of N-803 as an activator of NK and CD8+ T cells, and provide insights into the 

potential for broad immune modulation with this novel combination therapy.

As IV rhIL-15 promotes NK and CD8+ T cell proliferation, but results in unacceptable AE, 

several IL-15R agonist drugs have since been developed and translated into the clinic to 

mitigate these barriers.(6) N-803 has been the pioneer in this class of drugs, and was proven 

to have a prolonged in vivo half-life, while maintaining the ability to stimulate NK and 

CD8+ T cells(11,33,34), and is currently being investigated in several cancer types including 

NSCLC where it has demonstrated efficacy in difficult to treat patient populations and an 

excellent safety profile.(35) Here we report that SQ administration of N-803 is well-

tolerated, and identify 15-20 μg/kg N-803 as the RP2D doses for future study in this clinical 

setting.(12,35,36) Clinical responses were observed in 78% of SQ rituximab-sensitive 

patients warranting further clinical study. In comparison, single agent rituximab has an ORR 

of 40-53% and a CR rate of 11-18%.(26,37,38) We observed responses in 2 of 5 rituximab-

refractory patients, further supporting the importance of N-803 in the observed responses. It 

is intriguing to postulate that N-803 may restore iNHL responses when used in conjunction 

with a tumor targeting mAb, which should be addressed in larger phase 2 trial cohorts.

N-803 is currently being investigated in several cancer clinical trials as a combination 

therapy including with gemcitabine and in combination with adoptive NK cell therapy. 

Based on this study, broad testing of N-803 in concert with cancer-targeting mAbs is 

warranted. Thus, this class of IL-15R agonists has the potential to transform immunotherapy 

for multiple cancer types.

Distinct from the focused monitoring of previously reported N-803 trials(12,35), we applied 

scRNAseq to comprehensively define N-803 and rituximab mediated alterations of immune 

cell molecular programs revealing unexpected immune modulation. For example, we 

demonstrate activation of antigen-presentation genes in CD16 monocytes and type 1 IFN 

and IFNγ family genes, suggesting that immune cross talk between NK cells, T cells, and 

monocytes occur. Further, the decrease in blood monocytes following therapy coupled with 

the increased expression of FCGR1A, may be indicative of trafficking to the site of the 

lymphoma where the monocytes mediate antibody-directed effects and T cell activation. The 

enhanced antigen presentation program and MHC class II expression suggests potential 

utility as an adjunct to vaccines. These findings suggest that N-803 may simultaneously 

enhance innate and adaptive immune responses to lymphoma. Future studies correlating the 

magnitude of immune changes within monocytes, T cells, and NK cells with clinical 

response will be informative to understanding the mechanisms behind N-803 and rituximab 

mediated clinical outcomes.

Consistent with previous work on single-agent N-803 post-HCT(12), NK cells exited the 

circulation immediately following N-803 treatment, and then rapidly expanded with 
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sustained Ki67 expression. Previous work on N-803 has demonstrated increased NK cell 

localization in the lymph node shortly after N-803 administration, providing a potential 

explanation for the transient decrease in NK cells observed in this study.(39) Future studies 

will be of interest to identify the prevalence and phenotypic changes of immune cells within 

the lymph nodes following N-803 and anti-CD20 mAbs, particularly as this relates to 

lymphoma immune surveillance. Our findings add to prior work on N-803 demonstrating 

here that NK and CD8+ T cell total counts remain elevated 8 weeks after N-803 treatment, 

suggesting a prolonged effect of N-803 on the immune milieu in lymphoma patients. This 

finding may represent restoration of blood lymphocyte counts by N-803, as lymphopenia is 

frequently present in lymphoma patients and is adversely correlated with poor clinical 

outcome.(40)

Using scRNAseq profiling, we find cytotoxic effector molecules increased (GZMA, GZMB, 

GZMK, GZMH, PRF1, GNLY) in CD56bright NK cells consistent with previous in vitro 
reports on IL-15 priming of CD56bright NK cells. These findings stand in contrast to 

previous work in single-agent rituximab treated lymphoma patients, where rituximab-treated 

patients had decreased NK cell counts; however, future in depth studies comparing the effect 

of single-agent anti-CD20 mAbs and N-803 are required to better elucidate the contribution 

of each therapy and are being accrued as part of the larger ongoing phase 2 trial.(32)

Further, CITE-seq revealed a significant change in the transcription factor profile of N-803 

expanded NK cells, with AP-1 member, JUN, and CEBPB significantly increased across 

most NK clusters. These data lead to important, novel molecular characterization of NK 

cells in vivo, and generate hypotheses related to key molecular changes that occur following 

IL-15 administration. The addition of cell-surface protein to scRNAseq data in CITE-seq 

overcomes many of the current technical limitations of scRNAseq for NK cells, facilitating 

the identification of CD57+ NK cells as a subset significantly decreased following treatment, 

potentially due to N-803 induced proliferation of other NK cell subsets, as CD57+ NK cells 

are reported to have low proliferative potential.(41) Furthermore, CiteFuse revealed 

increased heterogeneity in the N-803 and rituximab changes in CD56dim NK cell 

populations but not CD56bright, indicating that CD56dim NK cell heterogeneity is not 

captured by scRNAseq alone. Additionally, we observed increased differences in the 

proportion of CD56dim clusters across patients, likely driven by known individual 

differences in KIR repertoires.(42,43) The CITE-seq approach will be critical for 

comprehensively evaluating NK cells at the single cell level in response to immunotherapy.

Here we report preferential activation of CD8+ TEM subsets consistent with prior 

publications in humans and macaques.(12,44,45) This effect may be due to the increased 

sensitivity of human CD8+ TEM to IL-15, consistent with increased IL-15 receptor 

expression on TEM.(45) In contrast, in mice, IL-15 activates and expands TCM to a greater 

degree than TEM, likely due to increased expression of CD122 on murine TCM.(46,47) 

Together, these studies suggest a gradient of IL-15 responsiveness across T cell subsets 

driving IL-15 activation and proliferation responses.

Here, we demonstrate that a new combination immunotherapy of the IL-15R agonist N-803, 

and the tumor targeting antibody, rituximab, is safe and shows preliminary clinical activity 
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in a phase 1 trial of rel/ref iNHL patients. Using multi-dimensional mass cytometry and 

CITE-seq, we define protein and transcriptional changes, demonstrating remodeling of 

iNHL patient immune landscapes by promotion of an activation signature in nearly all main 

immune cell lineages including NK cells, CD8+ TEM, γδ T cells, and CD14 and CD16 

monocytes. These findings warrant additional investigations on the efficacy of N-803 and 

anti-CD20 mAbs in ongoing trials for iNHL (NCT02384954) and the testing of N-803 in 

combination with other therapeutic antibodies in additional cancers. Extended studies on the 

long-term effects of N-803 and anti-CD20 mAbs on the NHL immune environment are 

currently underway as part of the phase 2 trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

We report the first phase 1 clinical trial of an IL-15 receptor agonist (N-803) with a 

tumor-targeting antibody. N-803 plus the anti-CD20 monoclonal antibody, rituximab, was 

well-tolerated and induced a 78% CR rate in rituximab-sensitive iNHL patients with 

subcutaneous N-803. N-803 plus rituximab also induced prolonged responses in a subset 

of rituximab-refractory patients. Using high-dimensional mass cytometry and single-cell 

RNA-sequencing, we show for the first time that N-803 activates nearly all major 

immune cell lineages including natural killer cells, CD8+ T cells, and monocytes, with 

minimal changes in CD4+ T cells. These findings support the use of N-803 in 

combination with additional therapeutic antibodies, and other immunotherapy 

approaches, in lymphoma and other cancer types.
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Figure 1. N-803 and Rituximab induce clinical responses and immune modulation in a Phase 1 
trial.
A) Schematic of the phase 1 clinical trial and dosing regimens. B) Waterfall plot depicting 

the percent maximal change in the sum of the products of the greatest diameter (SPD) of the 

lymphoma tumor burden and the best clinical response for all patients in the IV and SQ 

cohort by color. n = 21 C) Swimmer plot for SQ N-803 patients depicting best clinical 

responses across follow-up by dose. n = 12. Red X denotes PD. * denotes rituximab-

refractory patient. D) Representative tSNE visualization of major immune cell lineages in 

high-dimensional mass cytometry data. E) Percentage of NK, CD8+ T cells, and CD4+ T 

cells in patient PBMC pre-treatment (D1) and during N-803 and rituximab treatment 

(D8-22). Mean ± SEM depicted. n = 5, 3 independent experiments. 2-way ANOVA with 
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Dunnett’s multiple comparison’s test. F) Representative tSNE density plot of PBMC 

lineages across time. Numbers in orange denoting mean of NK cell percentages across time. 

* = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Figure 2. N-803 and rituximab induce activation, expansion, and proliferation of PB NK cells.
A) Representative Flow Cytometry plots of NK cells at each time points. Black box denotes 

NK cell gate, and numbers denote percent of NK cells in lymphocytes at each time point. B) 

Line graph and C) dot plot depicting the percentage of NK cells by time. D) Line graph and 

E) dot plot of absolute number of NK cells per μl of blood. F) Representative flow 

histograms of Ki-67 expression in NK cells at each time point. Numbers denote percent of 

Ki-67+ NK cells. G) Line graph and H-I) Dot plot of Ki-67+ NK cells at each time point 

during induction and consolidation. J) Dot Plot depicting percent of granzyme B+ NK cells 

by patient. Linear mixed model for all of the above. K) tSNE visualization and density plots 

gated on NK cells assessed by mass cytometry. L) Representative mass cytometry viSNE 

plots of Eomes, CD38, NKp30, and NKp44 expression in NK cells; blue- low expression, 
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red- high expression. Line graphs depicting M) percent of Eomes+, CD38 and NKp30 

Median Expression, and NKp44+ NK cells. n = 5-6, ≥ 3 independent experiments. 

Friedman’s test for NKp44 and Dunn’s multiple comparisons, RM one-way ANOVA and 

Dunnett’s multiple comparisons for all others. Mean ± SEM for all line and dot plots. Line 

graphs depict Mean ± SEM of values for all patients. Individual dots represent individual 

patients. Significance for mass cytometry comparisons p < 0.05, all others p < 0.01. * = p < 

0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Figure 3. N-803 and rituximab expand and activate a subset of CD8+ T cells.
A) Dot Plot of the percent and B) absolute number of CD8 + T cells. C) Line graph and D) 

dot plots of percent of Ki-67+ CD8+ T cells by time point. Linear mixed model for all. E) 

Representative flow histograms of Ki-67 expression in CD8+ T cells at each time point. 

Numbers denote percent of Ki-67+ CD8+ T cells. F) tSNE density plot gated on CD8+ T 

cells and visualization of metaclusters from mass cytometry as determined by FlowSOM 

analysis, and bar graph of percent of each metacluster at each time point. 2-way ANOVA 

with Tukey’s multiple comparisons. G) Relative expression of select CD8+ T cell markers in 

each metacluster. Expression is scaled by row. Friedman’s test with Dunn’s multiple 

comparisons. H) Representative plots of CD38 and HLA-DR expression in CD8+ T cells 

across time and I) percent of CD38 and HLA-DR double-positive T cells. RM one-way 

ANOVA with Dunnett’s multiple comparisons test. Mean ± SEM for all line and dot plots. 
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Line graphs depict Mean ± SEM of values for all patients. n = 5-6, ≥ 3 independent 

experiments. Significance for mass cytometry comparisons p < 0.05, all others p < 0.01. * = 

p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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Figure 4. CITE-seq reveals activation of NK cells following N-803 plus rituximab.
A) tSNE visualization of PBMC transcriptomes colored by immune cell type in patient 

027-015 (15) before (D1) and at D15 of N-803 plus rituximab. Dashed lines depict major 

immune cell lineages: NK (navy), T cells (red), Monocytes (grey). B-C) Volcano plots 

depicting summary data of the DEGs of all 3 patients in red in CD56bright and CD56dim NK 

cells with N-803 plus rituximab with an absolute log2 FC cut-off of ≥ 0.5. D) UMAP 

visualization of NK cell clusters in patients 027-016 (16) & 027-017 (17) clustered using 

CiteFuse with protein and RNA data. E) UMAP colored by patient. F) Feature Plots 

depicting protein (ADT) and RNA expression of key NK maturation markers. Min. cutoff = 

quantile 2 (q02), Max.cutoff = q98. G) Split violin plots depicting expression of select genes 

differentially expressed between D1 and D15 in each NK cell cluster. * denotes a significant 

change. White= Day 1, Blue = Day 15. H) Heatmap depicting select differentially expressed 

genes in γδ T cells between pre-treatment (D1) and Day 15. I) Line graphs depicting the 

proportion of CD16 Monocytes in each patient at each timepoint. Two-sided fisher’s Exact 

test with Holm’s multiple comparisons p-value adjustment. * = p < 0.05, ** = p ≤ 0.01, *** 

= p ≤ 0.001, **** = p ≤ 0.0001. J) Select enriched GO BP in CD16+ Monocytes between 

D15 and D1. Colored boxes depict average log2 FC of the genes in the BP gene set. White 

boxes correspond to genes not included in the GO BP gene set. Wilcoxon Rank-Sum test for 
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all DEGs with an adjusted p-value of < 0.05 and fold change of ≥ 0.5 absolute log2 fold 

change. Enriched GO terms p < 0.05 and q-value threshold of 0.05. n=2-3 patients for all. 2 

independent experiments.

Foltz et al. Page 23

Clin Cancer Res. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Foltz et al. Page 24

Table 1.

Patient demographics and baseline characteristics.

No. of
Patients

IV SQ

 Total number of patients treated 21 9 12

Sex

 Male 10 (48) 5 (56) 5 (42)

 Female 11 (52) 4 (44) 7 (58)

Age years 63 (53-80) 62 (57-79) 64 (53-80)

iNHL Diagnosis

FL 16 (76) 6 (67) 10 (83)

MZL 4 (19) 2 (22) 2 (17)

SLL 1 (5)) 1 (11) 0 (0)

FLIPI risk (FL patients) N=16 N=6 N=10

low 1 (6) 0 (0) 1 (10)

Int 8 (50) 2 (33) 6 (60)

High 7 (44) 4 (67) 3 (30)

Ann Arbor stage

 I 1 (5) 0 (0) 1 (8)

 II 3 (14) 2 (22) 1 (8)

 II 7 (33) 3 (33) 4 (33)

 IV 10 (48) 4 (44) 6 (50)

Time since last treatment to N803 25 (1-134) 20 (1-88) 38 (1-134)

Median (range),months

Time since last anti-CD20 to N803 27 (1-134) 22 (2-88) 52 (2-134)

Median (range), months

Anti-CD20 status

 Sensitive 16 (76) 7 (78) 9 (75)

 Refractory 5 (24) 2 (22) 3 (25)

Number of prior treatments 2 (1-7) 2 (1-7) 2 (1-7)

Median (range), n

Prior Therapies

Chemotherapy combination 17 (81) 8 (89) 9 (75)

Anti-CD20 monotherapy 4 (19) 1 (11) 3 (25)

Lenalidomide 1 (5) 1 (11) 0 (0)

PI3K inhibitor 2 (10) 1 (11) 1 (8)

BTK inhibitor 2 (10) 2 (22) 0 (0)

Radioimmunoconjugate 1 (5) 0 (0) 1 (8)

Auto SCT 1 (5) 1 (11) 0 (0)

Number of prior anti-CD20 treatments Median (range), n 2 (1-4)
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Table 2.

Adverse Events across both IV and SQ cohorts and all dose levels occurring in ≥10% of patients.

Adverse Event IV or SQ
(n=21)

IV (n=9) SQ (n=12)

Gr1-3 Gr1-2 Gr3 Gr1-2 Gr3

Chills 19 (90) 7 (78) - 12 (100) -

Pyrexia 15 (71) 6 (67) - 8 (67) 1 (8)

Fatigue 14 (67) 6 (67) - 8 (67) -

Injection site reaction 12 (57) - - 12 (100) -

Nausea 11 (52) 6 (67) 1 (11) 4 (33) -

Cough 9 (43) 4 (44) - 5 (42) -

Headache 8 (38) 3 (33) - 5 (42) -

Vomiting 8 (38) 5 (56) 1 (11) 2 (17) -

Constipation 7 (33) 2 (22) - 5 (42) -

Pain 7 (33) 4 (44) - 3 (25) -

Diarrhea 6 (29) 1 (11) - 5 (42) -

Back pain 6 (29) 3 (33) - 3 (25) -

Hypotension 6 (29) 5 (56) - 1 (8) -

Alanine aminotransferase increased 5 (24) 3 (33) - 2 (17) -

Night sweats 5 (24) 1 (11) - 4 (33) -

Abdominal pain 4 (19) 4 (44) - - -

Sinusitis 4 (19) 3 (33) - 1 (8) -

Lymphocyte count decreased 4 (19) 1 (11) 2 (22) - 1 (8)

Myalgia 4 (19) 2 (22) - 2 (17) -

Dizziness 4 (19) - - 4 (33) -

Dyspnea 4 (19) 3 (33) - 1 (8) -

Pruritus 4 (19) 3 (33) - 1 (8) -

Hypertension 4 (19) - 2 (22) - 2 (17)

Decreased appetite 2 (10) - - 2 (17) -

Localized edema 3 (14) - - 3 (25) -

Malaise 3 (14) 2 (22) - 1 (8) -

Edema peripheral 3 (14) 2 (22) - 1 (8) -

Aspartate aminotransferase increased 3 (14) 2 (22) - 1 (8) -

Blood alkaline phosphatase increased 3 (14) 1 (11) - 2 (17) -

Wheezing 3 (14) 2 (22) - 1 (8) -

Hyperglycemia 3 (14) 1 (11) 1 (11) - 1 (8)

Anemia 2 (10) 1 (11) 1 (11) - -

Stomatitis 2 (10) - - 2 (17) -

Influenza like illness 2 (10) - - 2 (17) -

Peripheral swelling 2 (10) 1 (11) - 1 (8) -
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Adverse Event IV or SQ
(n=21)

IV (n=9) SQ (n=12)

Gr1-3 Gr1-2 Gr3 Gr1-2 Gr3

Skin infection 2 (10) - - 2 (17) -

Upper respiratory tract infection 2 (10) 1 (11) - 1 (8) -

Urinary tract infection 2 (10) - -- 2 (17) -

Viral upper respiratory infection 2 (10) 1 (11) 1 (8) -

Infusion related reaction 2 (10) 1 (11) - 1 (8) -

White blood cell count decreased 2 (10) 1 (11) - 1 (8) -

Hyponatremia 2 (10) - - 2 (17) -

Dysgeusia 2 (10) 1 (11) - 1 (8) -

Peripheral sensory neuropathy 2 (10) - - 2 (17) -

Presyncope 2 (10) 2 (22) - - -

Somnolence 2 (10) 1 (11) - 1 (8) -

Dysuria 2 (10) 1 (11) - 1 (8) -

Actinic keratosis 2 (10) - - 2 (17) -

Hyperhidrosis 2 (10) 1 (11) - 1 (8) -

Flushing 2 (10) 1 (11) 1 (8) -
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