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Abstract

Background: Although PD-1 inhibitors have revolutionized treatment for advanced melanoma, 

not all patients respond. We previously showed that inhibition of the flavoprotein renalase (RNLS) 

in pre-clinical melanoma models decreases tumor growth. We hypothesized that RNLS inhibition 

promotes tumor rejection by effects on the tumor micro-environment (TME).
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Methods: We employed two distinct murine melanoma models, studied in RNLS knock-out 

(KO) or wild-type (WT) mice. WT mice were treated with the anti-RNLS antibody, m28, 

with or without anti-PD-1. 10X single-cell RNA-sequencing was used to identify transcriptional 

differences between treatment groups, and tumor cell content was interrogated by flow cytometry. 

Samples from patients treated with immunotherapy were examined for RNLS expression by 

quantitative immunofluorescence.

Results: RNLS knock-out mice injected with wild-type melanoma cells reject their tumors, 

supporting the importance of RNLS in cells in the TME. This effect was blunted by anti-CD3. 

However, macrophage-specific RNLS ablation was insufficient to abrogate tumor formation. Anti- 

RNLS antibody treatment of melanoma-bearing mice resulted in enhanced T cell infiltration and 

activation, and resulted in immune memory upon rechallenging mice with injection of melanoma 

cells. At the single cell level treatment with anti-RNLS antibodies resulted in increased tumor 

density of macrophages, neutrophils, and lymphocytes, and increased expression of IFNγ and 

granzyme B in NK cells and T cells. Intra-tumoral FOXP3+ CD4 cells were decreased. In two 

distint murine melanoma models, we showed that melanoma-bearing mice treated with anti-RNLS 

antibodies plus anti-PD-1 had superior tumor shrinkage and survival than either with either 

treatment alone. Importantly, in pre-treatment samples from patients treated with PD-1 inhibitors, 

high RNLS expression was associated with decreased survival (Log-rank P=0.006), independent 

of other prognostic variables.

Conclusions: RNLS knock-out results in melanoma tumor regression in a T-cell dependent 

fashion. Anti-RNLS antibodies enhance anti-PD-1 activity in two distinct aggressive murine 

melanoma models resistant to PD-1 inhibitors, supporting development of anti-RNLS-antibodies 

with PD-1 inhibitors as a novel approach for melanomas poorly responsive to anti-PD-1.
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INTRODUCTION

Tumor cells evade the immune system by using inhibitory signals to exhaust T cells or 

suppress their effector functions. Several molecules that mediate these inhibitory signals 

(immune checkpoints) have been identified. Program death 1 (PD-1), its ligand (PD-L1), 

and cytotoxic T- lymphocytes antigen 4 are the most extensively studied immune checkpoint 

molecules. They are expressed on chronically activated T cells and their blockade using 

specific antibodies activates tumor reactive T cells, enabling them to induce an anti-tumor 

response. Such therapies have achieved remarkable responses in subsets of patients with 

multiple tumor types, starting with melanoma, and are approved for clinical use for various 

indications. (1)

Although the incidence of melanoma continues to rise, the death rate from melanoma is 

finally falling, from 9320 in 2018 to 7230 in 2019 in the United States, due to approval 

of contemporary systemic therapie.(2, 3) Melanoma is relatively resistant to chemotherapy, 

and targeted therapy is only effective in the subset of melanomas (~40%) that harbor Braf 

mutations, particularly when combinations of BRAF and MEK inhibitors are used. (4, 5) 
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Notably, while BRAF/MEK inhibitors are highly active in melanomas harboring BrafV600E 

mutations, responses are rarely durable. The major breakthrough in treating unresectable 

melanoma in terms of prolonging survival is due to immune checkpoint inhibitors (anti-

CTLA4 or anti-PD-1, or the combination thereof), which stimulate cytotoxic T cells, 

resulting in tumor regression in subsets of melanoma patients, regardless of whether they 

harbor Braf mutations (4, 6–12). While responses to immune checkpoint inhibitors are more 

durable, they are less frequent than responses to targeted therapy. In the frontline setting, 

approximately 19% of patients respond to CTLA-4 inhibitors and 40% to PD-1 inhibitors 

(6–10, 13). PD-1 or PD-L1 inhibitors cause less toxicities than CTLA-4 inhibitors and are 

therefore now widely viewed as the standard of care in the frontline setting, alone or in 

combination with other drugs. At 36 months of follow-up only 37% of patients treated with 

anti-PD-1 monotherapy remain in response and the majority develop resistance requiring 

additional therapy.(14) The combination of the CTLA-4 and PD-1 inhibitors results in a 

higher response rate (57.6%) and a 52% five-year survival rate, but is associated with a 

grade 3– 4 toxicity rate >50% (9) and (15). Therefore, less toxic and equally (or more) 

effective alternative therapeutic approaches are still needed for melanomas resistant to anti-

PD-1 monotherapy.

To identify additional drug targets in melanoma, in our previous work we studied the role 

of the secreted flavoprotein renalase (RNLS) in melanoma (16). Many cells, including 

melanocytes, express RNLS (17–19). RNLS functions as a general survival factor that 

protects cells and organs against toxic and ischemic injury (20, 21). It promotes survival in 

cells exposed to ischemia or toxic injury by activating PI3K/AKT, JAK/STAT, and MAPK 

pathways (20). Its expression is higher in melanomas than nevi, and higher in metastatic 

than primary melanoma (16). Knock-down of RNLS by siRNA inhibits human melanoma 

cell survival in vitro. Inhibition of RNLS signaling using an anti-RNLS monoclonal 

antibody developed in our lab (m28-RNLS) in murine melanoma models led to dramatic 

decrease in tumor burden, both in melanoma and in pancreatic cancer (16, 22). Our 

mechanistic studies showed that RNLS is produced both by tumor cells and by tumor 

associated macrophages (TAM), and suggest that increased RNLS production by tumor 

promoting CD163+ TAM facilitates melanoma growth by activating STAT3 in tumor cells 

(16).

To expand on these findings, with the future goal of developing drugs to inhibit RNLS in 

patients with advanced melanoma resistant to PD-1 inhibitors, our purpose was to determine 

how RNLS inhibition promotes tumor rejection. We hypothesized that RNLS inhibition 

results in tumor rejection primarily via its effects on the tumor immune-microenvironment, 

and sought to determine whether RNLS inhibition might enhance anti-tumor effects of 

immune-checkpoint inhibitors in murine melanomas resistant to these therapies.

MATERIALS AND METHODS

Cell lines:

B16-F10 cells were purchased from ATCC. YUMM 1.7 cells were generated in house. (23) 

Both were shown to express RNLS using the Taqman method. Relative to GAPDH, levels 

of RNLS were 8.26±0.37 fold higher in B16F10 cells probing for exons 3–4 and 11.19±0.28 
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probing for exons 4–5. The levels relative to GAPDH in YUMM1.7 for these probes were 

3.69±0.19 and 5.25±0.23, respectively (data not shown). shRNA knock-down of RNLS: 

Wild-type (WT) B16F10 cells were seeded in 12-well plates with complete medium on 

day 1. Medium was removed, and complete medium plus polybrene (5ug/ml) was added 

to the wells. Control and RNLS shRNA lentiviral particles were added to the mixtures, 

and incubated with the cells overnight. The medium mixture was replaced with complete 

medium on day 3, and the cells were again incubated overnight. On day 4, the cells were 

split 1:5 and incubated for 48 before undergoing two weeks of puromycin (10ug/ml) stable 

clone colony selection. The selected colonies were expanded, and evaluated using RTqPCR 

to determine the effect of shRNA on gene expression.

Murine studies:

RNLS KO models: WT C57B6 and RNLS-KO (backcrossed to C57B6 >20 generations) 

mice were bred and housed in the Veterans Affairs of Connecticut Healthcare System 

(VACHS) facility, and treated with approval of the Institutional Animal Care and Use 

Committee of VACHS.

Tumor cell injections and treatments: We established allograft tumors by 

subcutaneous injection of B16-F10 or YUMM1.7 (5×105 in 100μl PBS). Control mice 

were treated with rabbit IgG, 40 μg by intraperitoneal injection (IP) once weekly, and 40 

μg subcutaneously (SQ) around the tumor site every 3 days,. Experimental groups received 

the anti-RNLS antibody m28-RNLS (40 μg IP, once weekly, and 40 μg SQ, every 3 days) 

(16). In experiments using immne checkpoint inhibitors, mice received 60 μg m28-RNLS, 

100 μg anti-PD1 (Bio X Cell, Cat # BE0146), or 70 μg anti-CTLA4 (Bio X Cell, Cat # 

BP0032) every 3 days. Tumor size was measured with digital calipers and volume calculated 

by (length width2)xπ/2. A syngeneic metastatic model was established by tail vein injection 

of B16-F10 or YUMM1.7 melanoma cells into C57B6 or RNLS- KO mice. Two weeks later, 

gross metastatic disease burden was evaluated.

A syngeneic metastatic model was established by injecting into the tail vein of the control 

mouse B16-F10 melanoma cell line or Sh-RNLS B16F10 into either C57B6 or RNLS KO 

mice. Two weeks later, the gross metastatic disease burden evaluated, and lung tissue was 

collected for further study.

Toxicity studies: Blood pressure and heart rate meaturements: A blood pressure 

transducer (TA11PA-C10; commercially available through Data Sciences International) was 

implanted into the carotid artery of mice in order to measure blood pressure, heart rate, 

and diurnal patterns on a chronic basis. Male C57BL/6J mice 8–10 weeks of age were 

anesthetized with isoflurane (1– 3% in oxygen) and the blood pressure transducer catheter 

inserted into the left carotid artery under sterile surgical conditions. A subcutaneous tunnel 

was made to generate a pocket in the right lateral flank to accommodate the body of 

the transducer. Approximately 7 days after the surgery, once normal diurnal patterns were 

re-established, mice were singly housed, and the cages placed on receiver units connected to 

a computer to record blood pressure. Blood pressure was measured over a 10 second interval 

and recorded every minute. Mice (n=5 for each group) received either control rabbit IgG or 
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m28 antibody (120 μg per mouse by IP injection) 3 times per week for 3 weeks. The average 

blood pressure over a 3-day period was calculated at baseline prior to treatment and after 3 

weeks of antibody treatment.

At sacrifice, kidneys, livers, hearts, lungs and spleens of mice treated with rabbit IgG or m28 

were harvested and assessed for histologic abnormalities.

MØ-specific RNLS-KO: The RNLS conditional allele is based on the ‘knockout-first’ 

design, which combines advantages of a reporter-tagged and conditional mutation (24). 

Trapping cassettes include mouse En2 splice acceptor and SV40 polyadenylation sequences. 

The cassette is composed of an FRT site followed by a lacZ sequence and loxP site. The 

loxP site is followed by neomycin under control of the human β-actin promoter, SV40 

polyA, a second FRT site and a second loxP site. A third loxP site is inserted downstream 

of exon 3 on RNLS. The RNLS-KO-first allele (C57BL/6N-Rnlstm1a(EUCOMM)Wtsi/Ieg) was 

modified by crossing to transgenic FLP and cre mice. Conditional alleles were generated 

by removal of the gene-trap cassette by Flp recombinase (crossing with 129S4/SvJaeSor-

Gt(ROSA)26Sortm1(FLP1)Dym/J, lso Known As: ROSA26::FLPe knock), which reverts the 

mutation to wild type, leaving loxP sites on either side of exon 3. Exon 3 was deleted by 

crossing with mice that express Cre in myeloid cells due to targeted insertion of the cre 
cDNA into their endogenous M lysozyme locus(25).

Statistical analyses for murine studies: R software was used. Differences between 

cell content in experimental models were assessed using the Chi-Square test for binarized 

variables or Student’s t-test for continuous variables. Tukey’s test was used for multiple 

comparisons. Log- rank statistics were used to determine associations between treatments 

and survival in animal experiments. Differences with p values of <0.05 were considered 

statistically significant.

Single-cell RNA sequencing: Tumors were collected, weighed, dissected and incubated 

in 1.48U/mL Liberase DL enzyme mixture (Roche) and 200U/mL DNase I (Roche). 

Cell suspension was filtered and pelleted. Cells were resuspended in ACK Lysing Buffer 

(ThermoFischer) and washed in DMEM-2% FBS. Cell debris was removed using the 

Miltenyi Debris Removal Solution. Live cells were diluted to 106 cells/mL.

scRNA-seq library preparation and sequencing were conducted by the Yale Center for 

Genome Analysis. Single cells, reagents and a single Gel Bead containing barcoded 

oligonucleotides were encapsulated into nanoliter-sized Gel Bead in Emulsion (GEM) using 

GemCodeTM Technology (10X Genomics). cDNA libraries were constructed using the 10x 

ChromiumTM Single Cell 3’ Library Kit. Qualitative analysis was performed using the 

Agilent Bioanalyzer High Sensitivity DNA assay. Libraries were sequenced on an Illumina 

HiSeq-4000 sequencer. Cell Ranger version 3.1.0 was used to process Chromium single cell 

3’ RNA-seq output and align the read to the mouse reference transcriptome (mm10–3.0.0).

Data analysis was performed using Seurat v3.1.5 R package (26), including cell type 

identification and comparative analyses between tumors from WT and RNLS-KO mice or 

from WT mice treated with m28-RNLS versus control IgG. Poor quality cells with <100 
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(likely cell fragment) or >6,000 (potentially cell duplet) uniquely expressed genes were 

excluded. Cells were excluded if mitochondrial gene percentages were >75% in samples of 

WT and conrol, or 25% in KO and m28-treated samples. Data were normalized and scaled 

with default settings in Seurat. The 2000 top variable genes were identified, and inputted 

for principle component analysis (PCA) for dimensionality reduction. We retained 20 

leading principal components for further visualization and cell clustering. The t-distributed 

stochastic neighbor embedding (tSNE) projection (27) was used to visualize single cells 

on two-dimensional spaces with a perplexity of 100. The share nearest neighbor (SNN) 

graph was constructed by calculating the Jaccard index between each cell and its 20-nearest 

neighbors, which was then used for cell clustering based on the Louvain algorithm (with 

a resolution of 0.7). Each cluster was screened for marker genes by differential expression 

analysis based on the non-parameteric Wilcoxon rank sum test for all clusters with genes 

expressed in ≥10% of cells either inside or outside a cluster. Based on melanocyte and 

immune cell lineage-specific marker expression, cell clusters of melanocytes, B cells, T 

cells, NK cells, macrophages, and neutrophils were identified and preserved (Supplemental 

Figure 2), while cell clusters of erythroblast, smooth muscle cells, endothelial cells and 

keratinocytes were filtered out due to lack of relevance. For both WT and RNLS-KO, 

or Control and m28, differential expression analysis was performed for each cell type 

separately and visualized in violin plots.

Immune cell profiling: Mice were euthanized and tumors excised, minced, and digested. 

Tumor cells were triturated. Viable cells were labeled with fluorescently conjugated 

antibodies. Flow cytometry was performed on Stratedigm-13 cytometer and data analyzed 

by FlowJo software (BD Bioscience).

Human tumor studies:

Patient Cohort and Tissue Microarray (TMA) Construction: With approval 

of the Yale University Institutional Review Board, we identified 60 cutaneous or 

mucosal metastatic melanoma patients serially treated with anti-PD-1 therapy, alone or 

in combination with CTLA-4 inhibitors, between 2011 and 2017 at Yale Cancer Center 

with tissue available for coring. Specimens were reviewed by a board-certified pathologist 

(DR). Tumors were represented by up to four cores per tumor creating four TMA 

blocks. Clinicopathological data were collected from clinical records and pathology reports. 

Demographic and clinical information is summarized in Supplemental Table 12. This cohort 

has been used in previous publictaions.(28–30)

Immunofluorescence: We determined the specificity of an anti-RNLS plyclonal 

antibody from R&D) using cells over- or under-expressing RNLS by Western blot (not 

shown). Immunofluorescent staining has previously been described. (31) Antigen retrieval 

for RNLS was performed in TRIS-EDTA (pH 9.0) using a pressure cooker. Anti-RNLS 

polyclonal goat IgG was diluted at 1:50 in 0.3% BSA-TBS and antibody detection was 

conducted with a secondary donkey anti goat at 1:1200 (SouthernBiotech). The signal was 

amplified using Cyanine 5 (Cy5)-tyramide (Perkin-Elmer) at 1:50. One slide was stained 

for the tumor mask using S100 polyclonal rabbit (DAKO) as described. (31) To determine 

whether RNLS was located in macrophages, a consecutive slide was stained with CD68 
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monoclonal rabbit antibody (abcam) at 1:600. Nuclei were stained on both slides using 1:50 

DAPI (Thermo Fisher 1mg/ml).

Quantitation of immunofluorescent signal: Methods for quantitating 

immunofluorescent signal have been extensively described.(32) We previously showed 

that RNLS is expressed in both tumor cells and macrophages. Seeing that macrophages 

are dispersed among tumor cells, each histospot was individually evaluated to determine 

the location of RNLS (primarily macrophages, primarily tumor cells or both), and RNLS 

expression was assessed in the total tumor (S100) mask. Most spots had insufficient CD68 

cells to reliably determine RNLS levels solely within macrophages. Spots with insufficient 

tumor (<3% of the histospot area) or mechanically damaged were eliminated. Cy5 signal 

intensity within the mask was divided by the tumor mask area to generate a RNLS intensity 

score for subsequent analysis.

Statistical analyses: JMP14 software were used. Associations between RNLS intensities 

within the tumor or CD68 compartment and clinical data were examined by the Wilcoxon 

rank test. Overall survival (OS) was defined from the date of initiation of immunotherapy 

(Figure 6) or date of diagnosis of metastatic disease (supplemental materials) to death 

or patient censoring. Survival estimates were depicted with the Kaplan-Meier method; 

differences were assessed with the stratified log-rank test. The Cox Proportional Hazed 

method was used to estimate the hazard ratio for OS. Results are expressed as 

means±standard error (SE). Comparisons between groups were made by using the Student’s 

t-test or f-test, where appropriate. Differences with p values of <0.05 were considered 

statistically significant.

RESULTS

RNLS inhibition or elimination leads to tumor regression in syngeneic mouse models of 
melanoma and promotes long-lasting anti-tumor immunity and memory

In previous work we established direct anti-tumor effects of RNLS inhibition, but our data 

suggested the primary mechanism of action of the anti-RNLS antibody, m28-RNLS, was via 

its effects on the TME. While some melanomas have T cell rich tumor microenvironments, 

others are T cell poor (33). The T-cell inflamed tumor subset contains CD8 T cells, along 

with macrophages, plasma cells and B cells (33). Importantly, the T-cell poor tumor subset 

is associated with a less favorable prognosis, and worse response to immunotherapeutic 

approaches, including immune checkpoint inhibitors (34).

The B16-F10 mouse melanoma cell line is aggressive, highly metastatic, and forms a non- 

T-cell associated tumor subtype that is poorly immunogenic and resistant to anti-PD-1 

(35, 36). To examine how inhibition of RNLS signaling modulates tumor shrinkage, we 

injected B16-F10 cells subcutaneously into RNLS knock-out (KO) C57B6 mice. We found 

large differences in tumor volume and weight in B16-F10-injected KO mice compared to 

wild-type (WT) mice, p<0.0001 (Figure 1A.) We studied effects of partial RNLS inhibition 

in both tumor and immune cells with m28-RNLS. Once tumors reached 50 mm3, animals 

were treated every 3 days with either control rabbit IgG or m28-RNLS. Treatment with 
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m28-RNLS resulted in significant decreasea in tumor volume and weight at all points tested, 

p<0.0001 (Figure 1 B).

YUMM1.7 is a non-immunogenic melanoma cell line derived from immune-competent mice 

genetically-engineered to develop melanoma through known drivers of human melanoma 

including Braf activation, Pten loss, Cdkn2a loss (BrafV600ECdkn2a−/−Pten−/−) (23). Similar 

to B16- F10, YUMM1.7 is insensitive to immune checkpoint inhibition, and remarkably 

tumorigenic. While the key driver mutations present in B16-F10 are not fully characterized, 

those of YUMM1.7 are well defined. We therefore verified our results in YUMM1.7 cells. 

As shown in Figure 1 C, volume of YUMM 1.7 tumors were also lower in either RNLS-KO 

mice or m28-RNLS treated mice, p<0.0001.

Effects of RNLS inhibition or knock-out were further demonstrated in a metastatic model, 

using tail vein injection of B16-F10 tumor cells injected into tail veins of RNLS-KO mice 

or C57B6mice, which received m28-RNLS or rabbit IgG for up to 2 weeks. Evaluation 

of lung surfaces revealed a major decrease in the burden of pulmonary metastatic disease 

in m28-RNLS-treated mice compared to control IgG (5.1% vs. 73.4% pulmonary tumor 

burden), n=5, p=0.01, (Figure 1D left and middle panels). We also observed a marked 

reduction in extra-pulmonary metastatic tumor burden. Treatment with m28RNLS limited 

disease spread to 1.25±0.15 non-pulmonary sites, compared to 4.25±.0.41 non-pulmonary 

sites in the control group (n=5, p=0.001), data not shown. Lung morphology of WT and 

RNLS-KO were indistinguishable in the absence of tumor. Similar to WT mice treated with 

m28-RNLS, and in contrast to untreated WT mice, RNLS-KO mice injected with B16-F10 

had a dramatic reduction in lung metastases (Figure 1D, right panel).

Importantly, we observed a complete regression rate of 15–30% in both WT mice treated 

with m28-RNLS and RNLS-KO mice receiving no additional treatment. To test if tumor 

disappearance conferred durable anti-tumor immunity, RNLS-KO mice with complete tumor 

elimination after initial tumor formation (n=5) received B16-F10 injections every 2 weeks 

for two additional implantation cycles, as depicted in Figure 1E. Upon reinjection of tumor 

cells, none of the five mice developed tumor with either injection (Figure 1F), indicating 

successful generation of durable anti-tumor immunity.

To determine the relative importance of inhibiting tumor cell RNLS compared to RNLS 

in the tumor microenvironment, we inhibited RNLS expression in B16F10 cells using 

shRNA. Cells were then injected into the tail veins of RNLS WT mice, and compared to 

control cells injected with lentivirus (LV), tumor growth was somewhat impeded (green 

line, Supplemental Figure 1). However, when either cell line (with or without shRNA) 

was injected into RNLS KO mice, tumor growth was substantially impeded, and no clear 

difference was seen between cells containing the shRNA to RNLS versus those without 

(purple and red lines, Supplemental Figure 1). Images of lungs harvested from these animals 

are shown in the right hand panel.
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RNLS knock-out or inhibition alters quantities and properties of various cellular 
components of the TME

RNLS-KO mice provide an opportunity to specifically study effects of lack of RNLS in 

host cells, whereas m28-RNLS inhibits RNLS in tumor cells. To differentiate these effects, 

we conducted single-cell RNA sequencing. We sequenced cells from B16F10 tumors from 

WT mice and compared them to RNLS-KO mice, combining tumors from three mice due 

to small tumor size in RNLS-KO mice. The t-distributed stochastic neighbor embedding 

(t-SNE) plot in Figure 2A shows dramatic differences. RNLS-KO mice had smaller tumors, 

with less tumor cells and neutrophils. There was a clear increase in natural killer (NK 

cell content). Properties of macrophages and CD4 cells differ in tumors from RNLS-KO 

mice compared to WT, as evidenced by change of location on the two-dimensional plot. To 

further understand differences in these properties, we focused on expression of chemokines, 

cytokines and molecules involved in inflammation. As demonstrated in the examples in 

Figure 2B, tumors from RNLS-KO mice had markedly higher levels of granzyme B and 

interferon-gamma in CD8+ T cells and NK cells compared to tumors implanted in WT 

mice, supporting a role of T cells in tumor rejection. Macrophages and neutrophils were 

polarized to an inflammatory phenotype by RNLS-KO, as evidenced by increased TNFα 
and IL1β. Other examples of differentially expressed genes in RNLS-KO mice compared 

to WT mice are provided in Supplemental Figures 3–5. These include CD274 (PD-1), 

which was up-regulated in T cells, macrophages, NK cells and neutrophils in tumors from 

KO mice, increased CD40 expression, particularly in macrophages, increased PDCD1 and 

PTPRC (encoding leukocyte common antigen) in T cells and NK cells, increased CD44 

expression, particularly in CD4 T cells and increased expression of the leukocyte-homing 

gene sell in NK cells and CD4 T cells. Complete tables of expressed genes are provided in 

the Supplemental Tables 1–11.

Employing markers that are commonly applied to determine activation, migration and 

exhaustion of T cells (37), we compared tumors injected in WT mice to RNLS KO 

mice, and found much higher levels of Pdcd1, CD44, LAG3 and CD160, all markers 

of exhaustion, in KO mice compared with WT mice, indicating ongoing CD8 activity 

and continuous stimulation resulting in exhaustion in the KO mice (Supplemental Figure 

3). The scRNAseq data were further modified to include changes in dendritic cells. As 

shown in the plots in Figure 2A, dendritic cells form a small component of cells in the 

tumor microenvironment, and appear to include two subsets, which indeed change with 

RNLS elimination or inhibition. Select qualitative changes are now shown in Figure 2B, 

demonstrating large increases in IL-1β in tumors harvested from RNLS-KO mice. IL-1β 
plays a key role in early DC maturation and is important for IL-12 secretion by DCs (38–

40). We assessed expression of markers of dendritic cell (DC) activation, and found that 

IRF7, the major transducer of type 1 interferon production in plasmacytoid DC (41) and 

Dock 2 expressing activated DCs (42) are more abundant in tumors from RNLS KO mice 

compared to WT mice, Supplemental Figure 4. To assess effects on CD4 cells, we found 

large increases in Sell expression, which was essentially absent in CD8 cells, providing 

evidence of CD4 cell migration and activation in the RNLS-KO mouse, Supplemental Figure 

5 (43).
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Given our interest in developing anti-RNLS antibodies as a treatment modality for 

melanomas with limited T-cell infiltration, we assessed effects of m28-RNLS on cells in 

the TME at the single cell level (Figure 2C). Treatment of mice with m28-RNLS resulted in 

increases in quantity of multiple immune cell types – macrophages, neutrophils. CD4+ and 

CD8+ T cells, NK cells and B cells. Increases are demonstrated in the bar graph in Figure 

2D, and examples of changes in expression of individual inflammatory markers are provided 

in Supplemental Figure 6. Interestingly, treatment with m28-RNLS resulted in decreased 

FOXP3+ CD4 cells (Supplemental Figure 7), while levels of IFNγ and granzyme B were 

particularly increased in NK cells and T cells, Figure 2 E–F.

Effects on cells in the TME were confirmed at the protein level by flow cytometry. In 

YUMM 1.7 tumors harvested from RNLS-KO mice, we found an increase in CD45+ 

immune cells, with a particular increase in CD4+ cells and CD4/CD8 double positive cells 

(Figure 3A–B). Similar changes were seen with m28-RNLS treated cells in RNLS WT mice 

(Figure 3C). In addition to changes in the quantity of CD4+ T cells, we showed that these 

cells had increased cytotoxic properties, exemplified by increased Granzyme B expression 

in CD4+ cells (Figure 3D). Similar results were seen in B16F10 implanted tumors, showing 

increases in a variety of immune cell types, particularly CD4+ T cells and NK cells (Figure 

3E).

T cells are required for tumor rejection by RNLS elimination

Given the marked increase in T cell content in tumors in RNLS-KO mice compared to wild- 

type, we hypothesized that T cells are critical for tumor rejection in these mice. Treatment 

of five RNLS-KO mice bearing B16F10 melanomas with anti-CD-3 antibodies resulted in 

marked reversal of tumor inhibition compared with five control IgG-treated mice (Figure 

4A). As expected, in the presence of anti-CD3 antibodies, quantities of CD4+ and CD8+ 

T cells were diminished compared to control IgG-treated mice (Figure 4B). We then asked 

whether deleting RNLS expression in the myeloid lineage alone was sufficient to promote 

tumor rejection. We created a MØ and neutrophil-specific RNLS-KO and confirmed the 

absence of RNLS expression in macrophages by qPCR and Western blot (not shown). 

Growth of B16-F10 tumors in LysMcre- RNLS-KO mice was compared to that in WT and 

RNLS-KO animals. Global deletion of RNLS expression abolished tumor growth, while that 

in macrophages conferred no observable protection and tumor size and growth rate in these 

mice were similar to untreated WT mice (Figure 4C). This indicates that deletion of RNLS 

in myeloid cells alone is insufficient to confer protection against B16-F10 tumor growth.

m28-RNLS combined with immune checkpoint inhibitors is superior to either drug alone

B16-F10 tumors are non-immunogenic and insensitive to immune checkpoint inhibition 

(36). YUMM 1.7 cells are similarly insensitive. (44) RNLS-KO mice with implanted 

B16F10 cells tend to reject tumors in the majority of mice (Figure 1A). With the goal 

of developing anti-RNLS antibodies in combination with anti-PD-1 in melanomas resistant 

to anti-PD-1, we studied the combination of m28-RNLS and anti-PD-1 in the two melanoma 

models. As shown in Figure 5 A–B, the combination was superior to either antibody alone, 

and enhanced activity of the combination was superior with higher doses of m28-RNLS. 

Tumor-cell PD-L1 expression has been shown in multiple studies to be associated with 

Guo et al. Page 10

Eur J Cancer. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to PD-1 inhibitors. (45, 46) We therefore assessed PD-L1 expression by RT-PCR 

in tumors harvested from mice treated with control IgG, anti-PD-1, m28-RNLS or the 

combination of anti-PD-1 and m28-RNLS, and found that PD-L1 levels are higher in tumors 

from m28-RNLS-treated mice, with or without anti-PD-1, particularly at higher doses of 

m28-RNLS (Figure 5C). By immunohistochemistry we confirmed increased memory T 

cell content and enhanced increases in PD-L1 in tumors from mice treated with combined 

anti-PD-1 and m28-RNLS compared to either modality alone (Figure 5D–E). Ipilimumab 

(anti-CTLA-4) is also used alone or with PD-1 inhibitors to treat advanced melanoma. In 

groups of 10 mice bearing B16 tumors, the combination of anti-CTLA-4 and anti-RNLS is 

superior to either drug alone, and this is in fact superior to anti-PD-1 and anti-RNLS. The 

addition of anti-PD-1 to anti-CTLA-4 and anti-RNLS does not have a significant effect on 

tumor volume or weight (Supplemental Figure 8).

RNLS knock-out or antibody-driven inhibition does not affect normal organ function

RNLS is known to be expressed in numerous normal organs. (47) Given our desire to 

develop RNLS inhibiting antibodies as a therapeutic intervention, we determined the effects 

of RNLS inhibition or knock-down on normal organs and blood pressure. Treatment resulted 

in slightly lower systolic blood pressures (Supplemental Figure 9). Compared to control IgG, 

m28 treatment showed slight splenic enlargement due to follicular hyperplasia in the white 

pulp in two of five mice, and increased neutrophils in the lungs of 4 of 5 mice, without 

additional pathology in the lungs. A few tiny foci of extramedually hematopoiesis were seen 

in livers of 5 of 5 mice treated with m28 and in 3 of 4 mice treated with control IgG.

Increased tumor RNLS expression is associated with worse overall survival in melanoma 
patients receiving immune therapy

We previously showed that RNLS expression is upregulated in human melanoma, and that 

inhibition of RNLS signaling using anti-RNLS monoclonal antibodies is cytotoxic to human 

melanoma cells in vitro and in vivo, as evidenced by growth inhibition of human melanoma 

cells injected in nude mice (16). To further interrogate the importance of RNLS expression 

in samples from patients treated with immunotherapy, we examined tumors from a cohort 

of patients with advanced melanoma, treated at Yale University with anti-PD-1 alone or 

with anti-CTLA-4. Clinical characteristics are shown in Supplemental Table 12. RNLS 

expression on pre-treatment specimens was variable. Examples of strong and weak RNLS 

expression in both tumor cells and macrophages are shown in Figure 6A–B. A subset of 

cases had weak tumor RNLS in the setting of strong macrophage RNLS, as exemplified 

in Figure 6C. Given that macrophages in many cases were relatively sparse compared with 

tumor cells, the analyses focus on RNLS expression within the entire tumor.

To evaluate associations between RNLS expression and baseline clinical and pathological 

parameters, we performed analyses of variance. Age (binarized by median), gender, stage, 

location of metastasis, level of LDH, site of biopsy, response to therapy and progression-free 

survival were not associated with RNLS expression. However, high RNLS expression was 

associated with decreased overall survival by Cox univariate analysis (P=0.039). Continuous 

RNLS scores were binarized by the median score and Kaplan–Meier survival curves were 

generated (Figure 6D), confirming the association between high RNLS levels and worse 
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survival (log-rank P=0.006), as measured from time of initiation of immune therapy. As 

demonstrated in Supplemental Figure 10, when dividing this small cohort into two, the 

association with survival is maintained in the subset treated with anti-PD-1 alone (P=0.012), 

while in the subset of patients treated with dual immune checkpoint inhibitors, there is a 

trend towards worse survival in patients with high RNLS expression. High RNLS levels 

were similarly associated with worse survival as measured from diagnosis of advanced 

disease (Supplemental Figure 11). We next sought to determine whether high mRNA 

expression levels were associated with worse survival in patients treated with anti-PD-1, 

using data from GSE91061. (48, 49) This data set included tumor RNLS mRNA expression 

from 51 patients. Using X-Tile (50), we determined the optimal cutpoint at 298, and patients 

with RNLS levels ≥298 had worse 18 month survival (Supplemental Figure 12).

Finally, we generated a multi-variable Cox model to determine whether RNLS expression 

has independent prognostic value. Our model included other established clinical prognostic 

characteristics. On multivariable analysis, high RNLS, high stage (M1c or M1d), elevated 

LDH, and treatment with anti-PD-1 monotherapy, as opposed to combined therapy, all 

maintained their independent association with decreased survival (Supplemental Table 13). 

Taken together with the pre-clinical data in Figure 6 showing upregulation of PD-L1 with 

RNLS inhibition, these results suggest that co-targeting RNLS and PD-1 might be beneficial 

for treating patients with tumors resistant to anti-PD-1 expressing high RNLS levels.

DISCUSSION

In this work we demonstrate the importance of RNLS signaling in immune cells in 

melanoma murine models and human tumors. Specifically, we show that RNLS inhibition in 

immune cells and host cells is associated with tumor rejection in murine melanoma models, 

and rechallenging the same mice by repeat injection of viable tumor cells fails to result in 

subsequent tumor development. Studies were conducted by two methods: RNLS knockout 

mice were injected with RNLS wild-type melanoma cells, and wild-type mice were injected 

with anti-RNLS antibodies that inhibit RNLS signaling in both tumor and immune cells. 

Effects of RNLS inhibition in the TME were demonstrated in two distinct aggressive 

melanoma murine models, B16F10 and YUMM1.7, both poorly responsive to immune 

therapy. The fact that the RNLS knockout mice rejected their melanoma tumors upon 

re-implantation of RNLS wild-type melanoma cells provides strong evidence to support 

the important role of RNLS signaling in immune infiltrating cells. In our previous studies 

we showed that anti-RNLS antibodies have some direct anti-tumor effect in vitro and in 

xenograft models (16), and can therefore conclude that inhibition of RNLS signaling results 

in tumor shrinkage by two mechanisms. The first, and dominant mechanism, is rooted in 

inhibition of RNLS signaling in the host that subsequently alters the TME and shapes its 

response to tumor cells. The second mechanism involves direct, host-independent, cytotoxic 

and growth inhibitory effect on tumor cells.

Several additional lines of evidence demonstrated in this work suggest that inhibition of 

RNLS signaling abrogates the immuno-suppressive properties of the TME, and accounts 

for the majority of the observed therapeutic results. Most importantly, in contrast to WT 

mice, RNLS-KO mice are protected from metastatic spread when injected with B16-F10 
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tumors cells which express RNLS. Inhibition of RNLS by m28-RNLS affects all cells, both 

tumor cells and immune cells, and effects of treatment on lung metastases were similarly 

impressive, albeit slightly less dramatic than in RNLS-KO mice. The observation that 

inhibition of TME-derived RNLS results in greater reduction in tumor growth than tumor 

cell-specific reduction has important implications for clinical development of anti-RNLS 

antibodies for patients with melanoma.

We showed that the TME of RNLS-KO mice exhibits an inflamed phenotype that differs 

markedly from WT mice. Single-cell RNA-sequencing studies showed that the TME of 

RNLS-KO mice compared to RNLS WT mice is characterized by increased Granzyme B in 

CD8+ T cells and NK cells, increased interferon-gamma in CD8+ T cells and polarization 

of macrophages to a more inflammatory phenotype, characterized by increased TNFα and 

IL1β expression. (51) Development of a T-cell inflamed phenotype correlates well, although 

not perfectly, with tumor rejection. Importantly, treatment of melanoma tumors with m28-

RNLS also resulted in increased innate and adaptive immune cells. Taken together, these 

results strongly suggest that inhibition of RNLS signaling in the host, and therefore in the 

TME, is a key determinant of whether or not the host’s immune system rejects tumors.

Cells of myeloid lineage that populate TME include granulocytes, dendritic cells, and tumor 

associated macrophages (TAM). TAM comprise 5–30% of cells in metastatic melanoma 

deposits (52) and are thought to support tumor growth and suppress immune responses 

(51). Various mechanisms of TAM immune suppression have been proposed, including 

(but not limited to) TGF- β, IL10, ARG1, IDO, PGE2, or PD-L1 (53). RNLS expression 

is markedly increased in human melanoma and inversely correlated with disease-specific 

survival, and we previously showed that macrophages have high expression of RNLS.(16) 

Furthermore, RNLS expression appears to be increased dramatically in immunosuppressive 

tumor-promoting CD163+ macrophages, known to promote tumor invasion and metastatic 

spread (54–56). Tumor cells appear to secrete factor(s) that modulate RNLS expression 

by macrophages as evidenced by our studies in which conditioned medium obtained from 

B16-F10 cells in culture resulted in 8-fold increased RNLS expression in macrophages 

(16). This likely leads to downstream effects that promote a polarization of macrophages 

toward a tumor promoting phenotype (57); expression of IL-6 and leukemia inhibitory factor 

(LIF) along with IL-10, all of which are reported to be important for promotion of the 

tumor microenvironment, is decreased upon loss of RNLS (16). Despite the importance 

of macrophage RNLS signaling, our experiments using a macrophage-specific RNLS- KO 

mouse showed that the effect of RNLS inhibition in macrophages is small and not key or 

sufficient for tumor rejection.

Conversely, specific T cell depletion using antibodies to CD3 abrogated the effects of RNLS 

knock-out in host cells. This is further substantiated by the increase in granzyme B in T cells 

and NK cells and increased expression of interferon-gamma in tumors implanted in RNLS 

KO mice or WT mice treated with anti-RNLS, while these changes were not seen in myeloid 

cells (Figure 2 E–F). These data, combined with the major changes in T cell content, 

particularly CD4+ T cell content with anti-RNLS antibodies, both in terms of number and 

in terms of T cell activation, suggest that effects of RNLS inhibition on T cells are key 

for tumor rejection. Importantly, this further supports evaluation of potential combinations 
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of RNLS inhibitors with T cell activating drugs such as immune checkpoint inhibitors in 

cancer.

Our single-cell RNA-seq studies demonstrate changes in both number and activation status 

in other cell types, including dendritic cells and NK cells. Further work is being planned 

to determine the role of these cell types using similar cell depletion approaches to those 

undertaken for macrophages and CD3+ cells.

Specifically, in melanoma, the striking effect of RNLS inhibition in two different animal 

melanoma models on both lung and extrapulmonary metastases suggests that evaluation of 

RNLS inhibiting antibodies is warranted. In our previous studies this was demonstrated in 

xenograft models,(16) and here we demonstrate strong anti-tumor activity of the m28-RNLS 

mAb in the highly aggressive B16-F10 immune competent model, both in models of local 

subcutaneous tumor cell implantation and in a metastatic model. Importantly, we note that 

RNLS-KO mice do not exhibit abnormal organ function, and mice treated with anti-RNLS 

antibodies did not exhibit signs of distress, indicating that RNLS inhibition should be 

feasible in humans with melanoma.

Given the potential for clinical development of anti-RNLS antibodies, it is important to 

determine the precise mechanism of action of these antibodies. The effect of m28 is not 

likely related to antibody dependent cellular phagocytosis, as MDSC elimination did not 

substantially alter the effects of m28. Antibody-dependent cellular cytotoxicity may play a 

role, and further experiments involving Fab or FcR-deficient mice will be conducted.

Key for clinical development of anti-RNLS antibodies, in two melanoma murine models 

resistant to PD-1 inhibitors we showed increased tumor reduction and improved survival 

in mice treated with both anti-PD-1 and anti-RNLS compared with either drug alone 

or vehicle control. Moreover, melanomas treated with anti-RNLS demonstrated increased 

PD-L1 expression in tumor cells, which might render them more sensitive to anti-PD-1. 

This finding supports development of combinations of PD-1 and RNLS targeting drugs in 

melanomas that are poorly responsive to PD-1 inhibitors, such as PD-L1 negative tumors or 

tumors with poor T cell infiltration.

In pre-treatment samples from patients with metastatic melanoma treated with anti-PD-1 

alone or in combination with anti-CTLA-4, we showed that RNLS is expressed in tumor 

cells, in cells in the tumor microenvironment (particularly macrophages), or both. High 

RNLS levels in these patients were associated with decreased overall survival at four years 

of follow-up. This suggests that high RNLS levels are associated with poor long-term 

immunity, a hypothesis that is supported by our murine experiments. Treating patients with 

tumors that have high RNLS and low PD-L1 expression, might enable us to overcome 

resistance to PD-1 inhibitors.

CONCLUSIONS:

Based on our findings, we conclude that the primary mechanism underlying tumoricidal 

effects of RNLS signaling inhibition relates to development of a T-cell inflamed 

microenvironment that promotes rejection and killing of tumor cells. Although inhibition 
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of RNLS signaling decreases tumor cell proliferation in vitro, these effects appear to be less 

important to the in vivo anti-tumor action of RNLS inhibition than effects on cells in the 

tumor micro-environment. We also establish the utility of anti-RNLS therapy in syngeneic 

mouse models of metastatic melanoma, and note that RNLS-KO mice are fully viable, 

suggesting that targeting RNLS is a promising strategy for treating melanoma. Moreover, 

our studies suggest that RNLS inhibition might be most useful for treating melanomas with 

high tumor promoting macrophage content, melanomas that have poor T-cell infiltration, or 

tumors with low or absent PD-L1 expression. These melanomas are the very melanomas that 

tend to be resistant to immune checkpoint inhibitors and represent an unmet clinical need, 

and studies of combinations of anti-RNLS antibodies and immune checkpoint inhibitors in 

patients with anti-PD-1 resistant melanoma are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ammonium-Chloride-Potassium

AKT
serine/threonine kinase 1

ARG1
Arginase 1

B16-F10
a mouse melanoma cell line

BRAF
proto-oncogene B-Raf and v-Raf murine sarcoma viral oncogene homolog B
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bovine serum albumin

CD (CD3, CD4, CD8, CD163, CD274, etc)
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cyclin-dependent kinase inhibitor 2a

Cre
Cre recombinase

CTLA4
cytotoxic T-lymphocyte-associated protein 4

Cy5
cyanine 5

DAPI
4′,6-diamidino-2-phenylindole

FLP
Flp recombinase

FOXP3
Forkhead Box P3

GEM
gel bead in emulsion

HI-FBS
heat inactivated fetal bovine serum

IDO
indoleamine 2,3-dioxygenase

IFNγ
interferon γ

IgG
immunoglobulin G

IL
interleukin

IP
intraperitoneal injection

JAK
Janus kinase

KO
knockout

LDH
lactate dehydrogenase
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LIF
leukemia inhibitoy factor

LysMcre
Lysozyme 2 driven myeloid cells specific Cre recombinase

m28
a monoclonal antibody against renalase, clone m28

MØ
macrophages

MAPK
mitogen-activated protein kinase

MDSC
myeloid derived suppressor cells

MEK
MAPK/ERK Kinase

NaOH
sodium hydroxide

NK
natural killer

OS
overall survival

PBS
phosphate-buffered saline

PCA
principal component analysis

PD-1
programmed cell death protein 1

PD-L1
programmed cell death protein ligand 1

PGE2
Prostaglandin E2

PI3K
phosphoinositide 3-kinase

Pten
phosphatase and tensin homolog
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QC
quality control

RECIST
Response Evaluation Criteria in Solid Tumours

RNLS
renalase

RT-qPCR
real-time reverse transcription polymerase chain reaction

scRNAseq
single cell ribonucleic acid sequencing

SE
standard error

siRNA
small interfering RNA

SNN
share nearest neighbor

SQ
subcutaneous injection

STAT
signal transducer and activator of transcsription

t-SNE
t-distributed stochastic neighbor embedding

TAM
tumor associated macrophages

TBS
Tris-buffered saline

TGF-β
transforming growth factor beta

TMA
tissue microarray

TME
tumor micro-enviroment

TNFα
tumor necrosis factor alpha
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TRIS-EDTA
trisaminomethane-ethylenediaminetetraacetic acid

YCGA
Yale Center for Genome Analysis

YUMM1.7
Yale University Mouse Melanoma 1.7

VACHS
Veterans Affairs Connecticut Health System

WT
wild type
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HIGHLIGHTS

RNLS knock-out in immune cells substantially inhibits tumor growth.

Anti-RNLS antibodies enhance effects of anti-PD-1 in melanoma bearing mice.

T cells (but not macrophages) are required for anti-RNLS effects on tumors.

Immunotherapy treated melanoma patients with high tumor RNLS have worse survival.

Anti-RNLS antibodies might have therapeutic value in anti-PD-1 resistant melanomas.
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Figure 1. 
Lack of RNLS and inhibition of RNLS leads to tumor regression and promotes long- lasting 

anttumor immunity and memory. WT and RNLS-KO mice were injected with B16F10 cells 

(A-B) or YUMM1.7 cells (C). Starting at Day 6, WT mice were injected with either control 

IgG or m28-RNLS (B) and tumor volume was measured (A-C). Tumors were isolated and 

weighed (A and B, right panels), ***denots p<0.0002; **** denotes p<0.0001. D: B16F10 

cells were injected intravenously into WT or RNLS-KO mice. WT mice were treated 

with either PBS (left) or m28- RNLS; lungs were examined for metastasis. E: Schema of 

experiment demonstrating immune memory; F: Tumor growth curve: B16F10 cells were 

injected in WT (n=10) or RNLS-KO mice (n=23), tumors in 5 out of 23 RNLS-KO animals 

were rejected 10d post tumor implantation. These five RNLS-KO mice that had rejected 

their tumors were reinjected with B16F10 cells on Day 21 and Day 47 after initial B16F10 

implantation. Mice were observed every other day for tumor formation and no tumor formed 

after the two rechallenges with tumor cell injections. WT animals were injected with the 

same batch of tumor cells at each rechallenge timepoint as a positive control (data not 

shown) and all tumors in WT mice grew.
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Figure 2. 
Single cell RNA sequencing (scRNA-seq) of murine tumors demonstrates dramatic 

differences between conditions with and without RNLS. (A) B16F10 tumors from WT 

mice show decreased neutrophils and macrophages compared to KO mice, which have a 

relative abundance of NK cells, and different populations of macrophages, CD4+ and CD8+ 

T cells. (B) Violin plots demonstrating higher levels of granzyme B and IFNγ in CD8+ T 

cells in RNLS-KO mice compared to WT, increased TNFα and IL1β in macrophages and 

neutrophils, and activation of NK cells in RNLS-KO mice. (C-D) Treatment of WT mice 

bearing B16F10 tumors with m28-RNLS results in increased numbers of CD4+ and CD8+ T 

cells, NK cells, macrophages, neutrophils, dendritic cells (Den) and B cells. m28 treatment 

results in decreased numbers of melanocytes. Using the Chi-Square text, * < 5e-2, ** < 5e-3, 

*** < 5e-4. (E-F) tSNE plots showing that IFNγ and Granzyme B expression was primarily 

in T cells and increased with m28-RNLS treatment.
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Figure 3. 
Protein level changes induced by RNLS knock-out or inhibition confirm changes seen with 

scRNA-seq: (A-B) Flow cytometry of T cells in YUMM1.7 tumors implanted on WT or 

RNLS- KO mice showing increased CD4 and CD8 content. (C) m28-RNLS treatment results 

in similar increases in T cell content, and CD4 T cell activation as shown by Granzyme 

B increases (D). Increases in monocytes, macrophages, NK and T cells were confirmed in 

B16F10 tumors at the protein level (E).
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Figure 4. 
T cells, but not macrophages, are required for anti-tumor activity of RNLS inhibition. (A) 

Treatment of RNLS-KO mice bearing B16F10 tumors with control IgG results in tumor 

rejection (grey curve, N=5 mice). This effect is abrogated with anti-CD3 (yellow curve, 

N=5 mice). (B) Tumors harvested from these mice treated with anti-CD3 have lower CD4 

and CD8 cell content, as expected. (C) Macrophage specific RNLS-KO (grey curve) is 

insufficient to significantly impact tumor growth compared to global RNLS-KO in the host 

(orange curve), N=5 mice per cohort.
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Figure 5. 
Inhibition or elimination of RNLS in combination with anti-PD-1 is superior to either 

modality alone in two murine melanoma models. (A) Mice bearing B16F10 tumors treated 

with two doses of m28-RNLS (60ug and 120ug) alone or with anti-PD-1. Combination 

therapy was superior to either drug alone, N=5 per cohort. (B) Confirmation studies done 

in mice bearing YUMM1.7 tumors treated with 15 μg, 30 μg or 60 μg m28-RNLS with or 

without anti-PD-1, demonstrating superior activity of the combination compared to either 

drug alone (N=5 per cohort). (C) mRNA levels of PD-L1 are higher in tumors from mice 

treated with m28-RNLS, suggesting a potential mechanism for sensitization of tumors 

to anti-PD-1 by m28-RNLS. (D-E) Immunohistochemical studies demonstrating increased 

memory T cell content and increased tumor PD-L1 expression with combined therapy 

compared to either drug alone. Control IgG treated tumors had a mean of 1.6±0.84 CD45RO 

positive cells per high power field (400X), anti- PD-1 treated tumors had 3.4±0.9, m28 

tumors had 22±1.4, and tumors treated with the combination had 31±3 CD45RO positive 

cells, markedly more than control or anti-PD-1 alone (P<0.0001, by Tukey’s test for multiple 

comparisons). We found a mean of 2.2±0.8 PD-L1 positive cells per high power field 

(400X) in control IgG treated tumors, 2.3±0.5 in anti-PD-1 treated tumors, 19.9±3.4 in m28 

treated tumors and tumors treated with the combination had 43.3±3.6 PD-L1 positive cells, 

markedly more than control or either drug alone (P<0.0001, by Tukey’s test for multiple 

comparisons).
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Figure 6. 
RNLS expression in human tumors. Immunofluorescent staining showing RNLS expression 

(red), CD68+ macrophages (green) and S100+ melanoma cells (yellow), with examples 

from patients with high RNLS expression in both tumor cells and macrophages (A), low 

expression (B) and RNLS primarily in macrophages (C). High tumor RNLS expression 

(above the median) in melanoma patients treated with anti-PD-1 alone or with anti-CTLA-1 

and anti-PD- 1 was associated with decreased survival (p=0.006, panel D).
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