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Abstract

Purpose: Ovarian cancer is the most lethal gynecologic cancer and intrinsically resistant to 

checkpoint immunotherapies. We sought to augment innate immunity, building on previous work 

with interferons and monocytes.
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Experimental Design: Preclinical experiments were designed to define the mechanisms of 

cancer cell death mediated by the combination of interferons alpha and gamma with monocytes. 

We translated these preclinical findings into a phase I trial of autologous IFN-activated monocytes 

administered intraperitoneally to platinum-resistant or -refractory ovarian cancer patients.

Results: Interferon (IFN)-treated monocytes induced caspase 8-dependent apoptosis by the 

proapoptotic tumor necrosis factor-related apoptosis inducing ligand (TRAIL) and mediated by the 

death receptors 4 and 5 (DR4 and DR5, respectively) on cancer cells. Therapy was well tolerated 

with evidence of clinical activity, as 2/9 evaluable patients had a partial response (PR) by RECIST 

criteria, and 1 additional patient had a CA-125 response. Upregulation of monocyte-produced 

TRAIL and cytokines was confirmed in peripheral blood. Long-term responders had alterations in 

innate and adaptive immune compartments.

Conclusions: Given the mechanism of cancer cell death, and the acceptable tolerability of the 

clinical regimen, this platform presents a possibility for future combination therapies to augment 

anti-cancer immunity.
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Introduction

Ovarian cancer is the leading cause of death due to gynecologic malignancy, and the fifth 

leading cause of cancer death in women1. The peritoneal cavity is the earliest and primary 

site of metastatic spread in ovarian cancer as well as the most common site of relapse2. 

Patients with peritoneal disease relapse have a poor prognosis, particularly once their disease 

becomes resistant or refractory to platinum-based chemotherapy. These observations led to 

trials of intraperitoneal (IP) chemotherapy, thereby focused to the primary site of tumor, 

which has resulted in an overall survival advantage in phase III clinical trials3–6.

The efficacy of IP chemotherapy raises the possibility of IP administration of novel cellular 

and/or immune therapies. Since immune checkpoint therapy has limited efficacy in ovarian 

cancer7 we took the alternative approach of pursuing a therapy exploiting the innate immune 

system. Monocytes are innate immune cells which, when exposed to certain cytokines, 

can differentiate into a tumoricidal state in preclinical studies8–13. Work from our group 

and others has demonstrated that the combination of IFNα and IFNγ plus monocytes has 

potent synergistic antitumor activity in a xenograft model of ovarian cancer11, and that 

this combination is capable of inducing differentiation of monocytes into tumoricidal M1 

macrophages9,10.We hypothesized that intraperitoneal administration of the combination of 

both IFNs with autologous monocytes, a combination not previously tested, would lead to an 

anti-tumor response in ovarian cancer patients, and that this combination would be safe and 

well-tolerated.

Here we characterize for the first time the mechanism of an innate immunotherapy using a 

patient’s own IFN-activated monocytes to kill cancer cells and demonstrate that killing is 

dependent on cell contact and induction of TRAIL and death receptor (DR) 4/5-mediated 
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apoptosis. We translated these results into a first-in-human trial in platinum-resistant or 

-refractory ovarian cancer patients. We demonstrated that the therapy is well tolerated, 

with evidence of clinical activity by both imaging and CA-125 responses. Exploratory 

analyses demonstrated induction of TRAIL expression in monocytes and upregulation of 

proinflammatory cytokines in blood. Long-term responders displayed different baseline 

immunologic characteristics from other patients, including lower level of T-regulatory cells 

and neutrophil-to-lymphocyte ratio at baseline. However, these same patients exhibited a 

marked increase in myeloid-derived suppressor cells (MDSCs) at the time of clinical and/or 

tumor progression, suggesting an opportunity for improving this immunologic therapy 

platform with an additional agent targeting MDSCs.

Methods

Cell Lines:

OVCAR8, OVCAR5, and OVCAR3 ovarian serous epithelial cell lines were obtained from 

the NCI-60 repository (for OVCAR 8 and 5) and ATCC (for OVCAR 3), respectively. Both 

lines were re-validated by short tandem repeat profiling. Cells were cultured in complete 

medium RPMI-1640 (cRPMI) (Quality Biological) supplemented with 10% Heat Inactivated 

Fetal Bovine Serum (Quality Biological) without antibiotics in a humidified incubator with 

5% CO2 warmed at 37°C.

Proteins and Chemicals:

Human IFN-α2a, was a gift of Hoffmann LaRoche (Nutley, NJ), and IFN-γ was purchased 

from Intermune Pharmaceutical Inc. (Brisbane, CA). All dilutions were performed in 

cRPMI. Propidium iodide solution was purchased from Sigma-Aldrich (St. Louis).

Isolation of primary patient and control monocytes:

Peripheral blood was isolated by percutaneous venipuncture and collected in two 10 

mL EDTA tubes (Becton Dickinson). Peripheral Blood Mononuclear Cells (PBMCs) 

were isolated as previously described (23). Blood was obtained from patients attending 

the Women’s Malignancy Branch Ovarian Cancer Clinic under IRB approval through 

protocol 14-C-0056. De-identified age-matched control blood was obtained through the 

Department of Transfusion Medicine (DTM), Clinical Research Center, NIH, under protocol 

99-CC-06168.

Elutriated Monocytes:

De-identified primary human monocytes from healthy donors were obtained from the DTM, 

Clinical Research Center, NIH, and cultured as previously described (15).

Monocyte killing assay of cell lines:

Monocytes were co-cultured at a ratio of 10:1 for three days with ovarian cancer cell lines 

and without IFNs as previously described (15).
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Monocyte direct killing assay:

Monocytes were cultured for 24 hours with or without IFN-a2a and IFN-gamma. Monocytes 

were then washed of culture media and subsequently cultured with OVCAR8 cells at a ratio 

of 10:1 for an additional 48 hours on 0.4-micron pore size polycarbonate transwell inserts 

(Corning #7910) or normal 10 cm dishes. Cells were diluted 1:10000 and stained with Sytox 

green dye. Flow cytometry was then performed and percentage of live cells was calculated.

CRISPR-Cas9:

All CRISPR HDR-plasmid constructs were purchased from Santa Cruz Bio-Technology, 

used for targeted deletion of specific genes as stated in the product manual.

siRNA knockdowns in epithelial cell lines:

siRNA to DR5 (Hs_TNFRSF10B_6), Cat. No sI03038665 (Qiagen) were validated 

for knockdown by western blot prior to use in biological assay. Sequence: 5’-

CTGCAAATATGGACAGGACTA-3’. siRNAs showing greater than 80% knockdown were 

used.

siRNA knockdown in primary monocytes:

siRNA mediated knockdown of primary monocytes using reverse transfection 

was slightly modified from the original method (24). Primary human 

monocytes were isolated by counter elutriation and further isolated 

using CD14 positive selection beads (Miltenyi Biotech). TNFSF10B Target 

Sequences 5’-CCAAACAUACUUUCGAUUU-3’, 5’-GCAACUCCGUCAGCUCGUU-3’, 

5’-CAAGUUAUCCUGACCCUAU-3’, 5’-GAGGAAUGGUGAACUGGUC-3’. Knockdown 

was confirmed by western blot. More complete details can be found in the Supplementary 

Files.

Western Blots:

At indicated time points cells were pelleted by centrifugation and snap frozen and stored 

at −80°C. Cell pellets were lysed with M-PER lysis buffer (Thermo) with 1x protease and 

phosphatase inhibitors (Thermo). Lysates were clarified by centrifugation at 20,000 RPM for 

20 minutes at 4°C. Details, include product vender information and antibody clone number 

can be found in the Supplementary Information.

Flow Cytometry:

5×105 cells were added to 5 mL flow cytometry tubes, spun down at 1000 RPM (Epithelial 

Cells) 1250 RPM (monocytes) for 5 minutes at 4°C, and re-suspended in 100 μL ice cold 

PBS. A Fc blocking step (eBioscience) was performed for staining of monocytes for 15 

minutes on ice. Antibodies were added at the manufactures suggested concentration for 30 

minutes on ice in the dark. Cytometry was performed according to eBioscience protocols on 

a Becton Dickinson FACSCalibur. Antibodies used are listed in supplemental materials.

Spheroid Generation, confocal microscopy, and gene expression analysis:

detailed materials and methods are in the Supplemental Materials.
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Mouse Studies:

Mouse experiments were approved by the NIH Animal Care and Use Committee. Briefly, 10 

Foxn1nu athymic mice were injected intraperitoneally with 2*106 OVCAR8 cells. 14 days 

later, mice were either given PBS or a single dose of intraperitoneal monocytes at a dose 

of 20*106 cells/mouse. Mice were also given PBS or 1 μL of IFN alfa-2a (20 ug/mL) and 

gamma-1b (20 ug/mL), for a final dose 20 ng/mouse. Mice were euthanized at first sign of 

illness.

RNA Isolation:

Cells were harvested at the indicated time points and pelleted by spinning at 1,000 rpm at 

4°C using a Beckman Coulter Allegra X-15R centrifuge. The supernatants were removed, 

and the pellets were washed in 1 ml of PBS (pH 7.4). The pellet was then resuspended in 

350 μl of RLT buffer plus from the RNeasy plus kit (Qiagen, Germantown, MD). The RNA 

mixture was then stored at −80°C until RNA isolation. RNA isolation was performed using 

the RNeasy plus kit according to the manufacturer’s instructions. To remove contaminating 

DNA, two DNase steps were performed. DNA was first removed using the genomic DNA 

(gDNA) eliminator column (Qiagen, Germantown, MD) prior to RNA binding to the 

RNeasy column. A second, on-column DNase step was performed using 10 μl of DNase 

1 with 70 μl of buffer RDD (Qiagen, Germantown, MD) and 2 μl of Turbo DNase (Thermo 

Fisher, Waltham, MA) per column. The columns were incubated at room temperature for 

30 min. The RNA samples were quantitated using the Nanodrop 1000 (Thermo Scientific, 

Wilmington, DE).

Microarray:

The Ambion® Illumina® TotalPrep™ RNA Amplification Kit (Ambion, Inc, Austin, TX) 

was used similarly to manufacturer instructions and as previously described50 to prepare 

biotinylated cRNA from isolated total RNA. Input was normalized to 300 ng to 500 ng 

per sample and yields ranged from 10 μg to 70 μg. Briefly, the kits employ reverse 

transcription to produce high yields of first strand cDNA using a reverse transcriptase 

(RT) that catalyzes the synthesis of near full-length cDNA. The cDNA was subjected 

to second strand synthesis to convert to a double-stranded DNA (dsDNA) template for 

transcription for in vitro transcription with T7 RNA polymerase. This method leverages 

DNA polymerase and RNase H to simultaneously degrade the RNA and synthesize the 

second strand cDNA. Clean-up is performed to remove RNA, primers, enzymes, and salts 

that could inhibit transcription. Next, biotinylated antisense RNA copies of each mRNA 

in a sample are generated. Labeled cRNA (0.75 μg) was then used for hybridization with 

Illumina HumanHT-12 v4.0 beachchips, scanned on HiScan-SQ imager.

Gene expression analysis:

Signal data were extracted from the image files with the Gene Expression module (v. 

1.9.0) of the GenomeStudio software (v. 2011.1) from Illumina, Inc. Signal intensities were 

converted to log2 scale. Calculation of detection p-values is described in the GenomeStudio 

Gene Expression Module User Guide. Data for array probes with insufficient signal (probes 

not having at least two arrays with detection P value < 0.1) were removed from the dataset. 
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After dropping nonperforming probes, quantile normalization was applied across all arrays. 

A total of 35,680, length 50 nt probes had sufficient signal for ANOVA computation. The 

single probe with the most statistically significant result was taken to represent the gene’s 

expression level. Expression estimates are Log2 of BeadChip signal intensity after quantile 

normalization with JMP/Genomics software (v 6.0; SAS Institute). Expression profiles 

from for (n=3) technical replicates were averaged together before computing ANOVA 

across data from (n=3) different donors. Mixed Effects ANOVA was calculated using 

JMP/Genomics software with treatment condition (fixed) and donor ID (random) effects 

to test for gene expression differences. N=3 monocyte donors per ex-vivo treatment group. 

A p-value of 0.05 was used for the statistical significance cutoff, after adjusting for the 

family-wise error rate (FWER) using Benjamini–Hochberg method to account for multiple 

testing. Additional requirement of log2 expression ratio greater than 1.0 (2-fold change 

of IFN-treated vs control, positive or negative) was used to select differentially expressed 

genes for heatmap. The microarray data have been deposited in NCBI’s Gene Expression 

Omnibus51 and are accessible through GEO Series accession number GSE190594 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE190594)

Statistical analyses for preclinical experiments:

Student’s t-test, 1-way ANOVA, and 2-way ANOVA with Bonferroni post-test analysis 

were performed were indicated. The number of samples chosen for each comparison 

was determined based on past similar experiments or by performing pilot experiments to 

assess the expected magnitude of differences. This approach was duplicated from another 

publication (25). The number of experiments performed is indicated in the figure legends. 

Biological assays were performed in triplicate, with separate donors before statistical 

analysis was performed.

First-in-human clinical trial design

This was an open-label, single-center phase I study comprised of a conventional 3+3 dose 

escalation in order to determine the recommended phase 2 dose (RP2D). This clinical 

trial was conducted in accordance with the Declaration of Helsinki. Informed consent was 

obtained from each subject. As previously described, on day 0, patients underwent apheresis 

of peripheral blood mononuclear cells (PBMCs), from which monocytes were purified by 

counter-flow elutriation, quantified, and cryopreserved19. On day 1 of each 28-day cycle, 

3–6 patients at each DL received infusion of pegylated IFNα−2b (Sylatron, Merck; 25–250 

mcg) and IFNγ−1b (Actimmune, Horizon; 5–50 mcg), with or without their own autologous 

monocytes (75–750 × 106 cells). Monocytes and interferon were combined in the infusion 

product for no more than four hours. No differences were noted in studies comparing 

viability and functionality of fresh monocytes to cryopreserved monocytes in the final 

product19. Patients were not pre-medicated with non-steroidal anti-inflammatory drugs to 

prevent temperature elevation. Doses of each cytokine corresponded to the following in 

international units (IU): 1.75 × 106 IU or 1.5 × 107 IU for Sylatron, 1 × 105 IU or 1 × 106 IU 

for Actimmune (see study schema and figures as well as previously published descriptions 

of monocyte isolation procedure52 and trial design53). Treatment was administered by either 

intraperitoneal catheter or surgically implanted intraperitoneal port. Monocytes which were 

not immediately needed were cryopreserved and used as need in later cycles; additional 
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monocytes were collected in later cycles as needed. Patients continued to receive treatment 

until disease progression, intolerable toxicity, or withdrawal of consent. In addition to the 

above dose levels, an optional DL of 3b was available for patients at higher dose levels 

unwilling or unable to tolerate subsequent apheresis procedures, which was comprised of 

the highest levels of IFNα (250 mcg) and IFNγ (50 mcg), but without the addition of 

monocytes.

Toxicities were assessed and graded each cycle according to CTCAE 4.0 criteria54. Dose 

limiting toxicities (DLTs) were determined during the first cycle. DLTs were defined as 

≥ Grade 3 fatigue lasting > 7 days, ≥ Grade 3 cytopenias lasting >7 days, ≥ Grade 3 

transaminitis lasting >7 days, ≥ Grade 3 depression lasting >7 days, ≥ Grade 3 abdominal 

pain lasting > 7 days, or any other grade ≥ 3 toxicity lasting > 72 hours despite maximal 

medical intervention.

The RP2D was defined as the dose at which 0–1 of six patients experienced a dose limiting 

toxicity, or the highest planned dose level. The RP2D was expanded to six patients in order 

to get additional information on the safety, tolerability, and efficacy of the combination. 

Response was determined every 8 weeks by CT imaging according to RECIST criteria v1.1 

and/or CA-125 level according to Gynecological Cancer Intergroup (GCIG) criteria21.

Biomarkers/Exploratory Objectives:

Before each cycle, patients underwent collection of peripheral blood for multi-parameter 

flow cytometry analysis of immune cell populations including T cell subsets, B cell subsets, 

myeloid subsets (M1 and M2 macrophages, monocytes, dendritic cells), and NK cells, as 

well as molecules associated with checkpoint blockade (PD1, PD2, PDL1, PDL2, CTLA4). 

Patient samples were stored at −80°Cand thawed for all analyses except for peripheral blood 

cell count and differential, which was performed on fresh plasma according to conventional 

clinical assays. Cell staining and flow cytometry was performed as previously described55. 

For full list of markers and populations please see the supplementary data.

Presence of anti-IFN antibodies in plasma was determined using a high-throughput 

particle-based assay56, with healthy age-matched plasma as negative controls and known 

autoantibody-positive patient plasma as positive controls. Briefly, plasmas were diluted 

1:100 in PBS and incubated for 30 minutes with differentially fluorescing magnetic beads 

that had been covalently coupled to 2.5ug recombinant human IFNα (PBL Biomedical 

Laboratories; catalog 11101–2) or IFNγ (R&D Systems; catalog 285-IF-100/CF). Beads 

were washed then incubated with 1 ug/mL PE-labeled goat anti-human IgG (eBioscience; 

catalog 12–4998) for an additional 30 minutes before being washed again and run in a 

multiplex assay on the BioPlex X200 instrument (BioRad).

Plasma cytokine levels were assessed at baseline, 3–5 days after administration of first 

dose of treatment, and directly before administration of second dose of treatment using the 

V-PLEX Proinflammatory Panel 1 (Meso Scale Diagnostics), which assays for levels of 

IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF-α.
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For RT-PCR, Total RNA from the patient monocytes or monocyte plus IFN product 

was isolated with an miRNeasy Mini Kit (Qiagen). cDNA was synthesized using a high 

capacity cDNA reverse transcription kit (Applied Biosystems) with oligo(dT) priming 

and amplification of gene-specific products was achieved with TaqMan probes (Applied 

Biosystems). The relative fold change in gene expression was calculated using the 

delta-delta Ct method (2−ΔΔCt). Probes and target mRNAs were as follows: TNFSF10 - 

Hs00921974_m1, STAT1 - Hs01013996_m1, GAPDH - Hs99999905_m1.

Statistical Analyses for clinical trial:

Safety analyses included all patients who were enrolled on study. Efficacy analyses were 

descriptive and included patients who had either RECIST-quantifiable lesions or measurable 

CA-125 response as defined by GCIG criteria21. For statistical analyses of correlative 

endpoints, t tests for paired or unpaired data were used as specified in the individual figure 

legends (significance level, P ≤ .05).

Data Availability Statement:

Raw data for this study were generated at the National Institutes of Health. Derived data 

supporting the findings of this study are available from the corresponding author upon 

request. Microarray data generated in this study are publicly available at GEO as described 

above.

Results

IFN-treated Monocytes Induce Apoptosis via a Cell-contact-dependent Mechanism

Spheroid cultures from the human ovarian cancer cell line OVCAR5 were cultured with 

monocytes and IFNs, both separately and in combination, or treated with carboplatin-based 

chemotherapy drugs as a positive control for inducing cell death (Figure 1A). Monocytes 

and IFNs alone resulted in significant cell death as compared to no treatment, but death did 

not exceed that induced by chemotherapy. The combination of monocytes and IFNs resulted 

in an approximately 80% reduction in viability compared to control, significantly greater 

than chemotherapy. Staining with Hematoxylin and Eosin (H&E) and CD68 IHC were then 

performed to identify monocytes/macrophages in the tumor spheroid cultures (Figure 1B). 

The untreated spheroids are complex structures defined by cells with fused nuclei, large 

vacuole spaces, and extracellular matrix. The addition of monocytes to the culture resulted 

in migration of CD68-positive monocytes into the spheroids. IFN treatment by itself caused 

some disaggregation of the spheroid. Remarkably, the combination of both monocytes and 

IFNs resulted in extensive migration into the spheroids, destruction of most of the spheroid 

structures, and loss of viable CD68-negative tumor cells. Real-time single-photon confocal 

microscopy assay utilizing dye-labelled monocytes confirmed the migration of monocytes 

into the spheroids (Figure 1C and Supplemental videos 1–4). Cell tracking software used 

to quantify monocyte movement demonstrated that when treated with IFNs, monocytes 

exhibited decreased track length, displacement, and speed, consistent with a prolonged and 

close interaction between monocytes and the cancer cells (Supplemental figure 1A–D).
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In order to determine whether direct cell contact is required for cell killing, we used a 

transwell assay in which monocytes were treated with IFNs for 24 hours, then washed, and 

then added to wells with OVCAR8 (permissive of direct cell contact) or separated by a 

0.4-micron membrane (too small for cell contact) (Figure 1D). The 0.4-micron membrane 

prevented cell killing by the monocytes, demonstrating the importance of a cell contact-

dependent mechanism. Importantly, without direct contact, the presence of the monocytes 

appeared to stimulate cancer cell growth by more than 2-fold, but when in direct contact, 

they triggered cell death, decreasing cancer cell viability by 35% alone and 60% with 

IFNs present in this experiment. The requirement for cell-cell contact for tumor cell killing 

suggested that expression of death-receptor ligands on the monocytes might be responsible 

for the observed tumor cell death by activation of the extrinsic apoptosis pathway. Consistent 

with this idea, co-culture of OVCAR3 cells with IFNs and monocytes led to activation of the 

extrinsic apoptosis pathway, showing an increase in cleavage of the initiator procaspase-8 

and downstream “executioner” procaspases-3 and −714 (Figures 1E–G). Conversely, an 

OVCAR3 cell line CRISPR-deleted for caspase-8 was largely immune to monocyte killing 

(Figure 1H and Supplemental figure 1E). Taken together, these data implicate a mechanism 

by which monocytes activated by IFNs kill ovarian cancer cells by direct contact, triggering 

the extrinsic apoptosis pathway.

IFN-activated monocytes kill tumor cells via TRAIL and DR4/5

We next sought to identify a ligand expressed by activated monocytes that could mediate 

cell contact-dependent killing of ovarian cancer cells. Global gene expression analysis 

performed on monocytes treated with both IFNs versus either IFNα or IFNγ alone revealed 

that one of the most upregulated genes was TRAIL (Figure 2A), a molecule expressed on 

activated monocytes as well as other immune cells, which is capable of inducing apoptosis 

through the extrinsic signaling pathway15 (see also Supplemental Table 1 for complete list 

of differentially expressed genes and Supplemental Table 2 for complete list of genes in 

heatmap). This is in line with previous reports that TRAIL is synergistically upregulated 

in cell lines by the combination of IFNα and IFNγ16, at least in part due to direct 

transcriptional upregulation mediated by an IFN-stimulated response element in the TRAIL 

promoter17. We cultured IFN-treated monocytes from healthy human donors with OVCAR3 

ovarian cancer cells and confirmed this upregulation of TRAIL at the protein level using 

flow cytometry (Figure 2B), and western blotting of cell lysates (Figures 2C).

To confirm that TRAIL is required for IFN-activated monocytes to induce cell death, 

we knocked down TRAIL in IFN-activated healthy donor monocytes using siRNA and 

measured killing of OVCAR3 cells compared to control (Figure 2D). RNA interference 

was only partially effective in knocking down TRAIL in primary monocytes (Supplemental 

figure 2A). Even with partial knockdown, it was apparent that control-transfected monocytes 

could kill OVCAR3 cells at increasing IFN concentrations, whereas knockdown of TRAIL 

rescued OVCAR3 cell viability to a level not statistically different from that of IFN-treated 

cells. TRAIL has been shown to initiate apoptosis in OVCAR3 cells by binding to its 

receptors DR4 and DR5, and OVCAR3 cells are known to respond equally through both 

DR4 and DR518. To measure the effect of each death receptor, we performed CRISPR-Cas9 

deletion of DR4 and/or siRNA knockdown of DR5 in OVCAR3 cells (Figure 2E and 
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Supplemental figure 2B–E). DR4 knockout significantly decreased cytotoxicity compared 

to control OVCAR3 cells co-cultured with monocytes and IFNs. Whereas knockdown of 

DR5 resulted in cytotoxicity that was decreased but not statistically significant, the double 

DR4/DR5 depletion rescued cell death to the levels of OVCAR3 treated with IFNs only, 

suggesting a greater role for DR4 mediated signaling versus DR5.

We confirmed the clinical applicability of these results by testing the ability of IFN-activated 

monocytes derived from ovarian cancer patients to kill OVCAR3 ovarian cancer cells 

(Figure 2F). Monocytes were isolated from the peripheral blood of healthy donors or 

ovarian cancer patients by elutriation, as previously described19. Interestingly, IFN-activated 

monocytes from these heavily pretreated ovarian cancer patients were not only effective at 

killing OVCAR3 cells, but we found that they were actually significantly more cytotoxic 

than those from healthy donors when used with the intermediate concentration of IFNs 

(p<0.01). To demonstrate the ability of IFN-activated monocytes to kill tumors in vivo, 

nude mice injected intraperitoneally with OVCAR8 cells were treated 14 days later with 

a single intraperitoneal dose of monocytes, IFNs, or the combination (Figure 2G). Given 

the requirement for direct cell contact between the IFN activated monocytes for killing 

the tumor cells (Fig 1D), we chose IP injection of the monocytes over other routes of 

administration. The combination displayed a 17% increase in overall survival versus over 

monocytes alone (40.5 vs 33.5 days, p<0.01), and 60% increase over IFNs alone (40.5 vs 26 

days, p<0.01). Together, the data presented above demonstrate that IFN activated monocytes 

kill tumors via direct cell contact through the TRAIL pathway and that they prolong survival 

in vivo.

Design of a first-in-human trial of intraperitoneally administered autologous monocytes 
and IFNs.

The above data suggested the translational potential of IFN-activated monocytes as an 

antitumor therapy. The intraperitoneal route of administration was chosen because of our 

observation in Figure 1D that monocytes not in direct contact with cancer cells could 

potentially increase cancer growth. We hypothesized that intraperitoneal administration of 

the combination of dual IFNs and autologous monocytes, a combination not previously 

tested, would lead to an anti-tumor response in ovarian cancer patients, and that this 

combination would be safe and well-tolerated.

In order to determine the safety and tolerability of this combination, we performed a 

phase I, dose escalation clinical trial in ovarian cancer patients with platinum-resistant 

or platinum-refractory disease. The primary objective was to determine the safety of the 

treatment and the recommended phase II dose (RP2D), or maximum tolerated dose (MTD). 

Four dose levels were enrolled, alternately escalating monocytes and IFN doses (Figure 3A). 

Patients underwent apheresis to collect mononuclear cells, and monocytes were enriched by 

elutriation20. On day 1 of each 28-day cycle, patients received intraperitoneal infusion of 

IFNα (25 or 250 mg) and IFNγ (5 or 50 mg), with or without their autologous monocytes 

(75 or 750 × 106 cells) (Figure 3A–B). Dose de-escalation was allowed if patients had 

completed the DLT period (one cycle) and continued to show clinical benefit. Excess 

monocytes were cryopreserved for later use and additional monocytes were collected in later 
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cycles as needed. Before each cycle, patients underwent collection of peripheral blood for 

multi-parameter flow cytometry analysis of immune cell populations and cytokine profiling.

Between February 2017 and June 2019, a total of 18 patients were enrolled and received one 

or more doses of treatment (Table 1), including 6 total patients at the RP2D, dose level 4 

(DL4), corresponding to 250 mcg IFN-a, 50 mcg IFN-g, and 750 × 106 monocytes. Patients 

had epithelial ovarian or fallopian tube cancer histologies, with high-grade serous being the 

most common histology (n=12), and a variety of aggressive ovarian cancer morphologies 

represented. All patients had platinum-resistant disease. This was a heavily pre-treated 

population, with a median of 5 prior therapies received, ranging from 1 to 13 lines of 

prior therapy. In all, 83% of patients had previously received bevacizumab, including all six 

patients at the RP2D; 39% of patients had received treatment with a PARP inhibitor, and 

17% had received treatment with an immune checkpoint inhibitor on a previous clinical trial.

Safety and Antitumor Activity

The combination treatment was generally well-tolerated. At the time of data cut-off in June 

2019, all 18 patients had discontinued treatment. One patient had a peritoneal catheter which 

became dislodged after one cycle and was unable to be replaced, necessitating her removal 

from the study. An additional patient elected to stop receiving treatment after one cycle in 

order to pursue alternative therapy. Two of 16 patients initially assigned to dose levels with 

monocytes had difficulties tolerating apheresis, due to a combination of apheresis catheter 

discomfort and low levels of monocytes harvested, which necessitated frequent apheresis 

sessions. These two patients elected to step down to dose levels without monocytes (one 

from DL4 to DL3b after 2 apheresis procedures, one from DL2 to DL1 after 4 apheresis 

procedures) in order to continue receiving treatment.

Safety was evaluated in all patients (n=18). The most common toxicities of any grade 

were lymphocyte decrease (13/18 patients, 72.2%), anemia (9/18, 50%), fatigue (8/18, 

44.4%), abdominal pain (6/18, 33.3%), nausea (5/18, 27.8%), and fever (4/18, 22%) (Table 

2 and Supplemental Table 3). There were no grade 4 toxicities. The most common grade 

3 toxicities were decreased lymphocyte count (6/18, 33.3%) and abdominal pain (2/18, 

11.1%) (Table 2). There was one grade 3 skin infection, attributed to a peritoneal catheter, 

that resolved with appropriate antibiotic treatment and removal of the catheter. This patient 

subsequently underwent surgical implantation of an IP port and resumed treatment with no 

further complications. For patients with surgically implanted ports, there were no infectious 

or other port-related complications.

The only dose-limiting toxicity (DLT) occurred in a patient on DL 2 who developed grade 

3 anemia and was discontinued for this reason. This dose level was subsequently expanded 

to 6 patients without an additional occurrence. The RP2D was determined to be the highest 

dose level tested, which was 250 mcg IFNα, 50 mcg IFNγ, and 750 × 106 monocytes.

Patients continued to be treated until they were unable to tolerate therapy or therapy was 

terminated due to either clinical or radiologic progression (Figure 3C). The mean number 

of cycles per patient administered was 3.2, with a range of 1 to 10 cycles. Four patients 
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received 5 or more cycles (2 patients on the highest dose level, DL4, and one patient each on 

dose levels DL1 and DL2).

Because safety was the primary endpoint of this phase 1 clinical trial, RECIST measurable 

lesions were not a criterion for enrollment on study. In patients with RECIST measurable 

disease, response was determined as an exploratory endpoint (Figure 3D). The best response 

observed was a partial response (PR). Of the 9 patients with RECIST-measurable lesions, 

2 had a PR, both with ≥30 percent decrease in target lesion size. Four patients had stable 

disease, and 3 had progressive disease as best response. In addition, one patient with primary 

peritoneal cancer whose disease burden was not quantifiable by RECIST criteria had a 

CA-125 response according to GCIG criteria21, with CA-125 decreasing from 124 U/mL 

to a nadir of 31.5 U/mL after one cycle of treatment. Notably this patient remained on 

treatment for 10 cycles, before treatment was discontinued due to clinical progression. In 

addition to the 3 patients with radiologic progression, a total of 5 patients were taken off 

study due to clinical progression. Overall, these results indicate that treatment was safe and 

well-tolerated, with evidence of clinical activity.

IFN treatment results in upregulation of TRAIL in patient monocytes and increased 
proinflammatory cytokines in peripheral blood

Our preclinical data implicated TRAIL as a primary mediator of antitumor effect of IFN-

activated monocytes in preclinical studies. To determine if TRAIL was upregulated in our 

clinical trial patients’ monocytes, we performed RT-PCR on the IFN-treated monocytes 

from the infusion product of each individual patient and compared with the same patient’s 

untreated monocytes (Fig 4A). Importantly, TRAIL was consistently up-regulated in the 

IFN-treated product by a median of 178% (p<0.05). Other markers of IFN-pathway 

activation, namely STAT1 and STAT2, showed a strong trend of upregulation in every 

individual patient’s IFN-treated monocytes. The data confirm TRAIL production in the 

phase I trial and suggest that IFN signal response machinery was activated in the monocytes 

administered to the patients.

We asked whether this intraperitoneal therapy resulted in detectable anti-IFN antibodies in 

plasma, since prior studies have shown that administration of intravenous IFNs in patients 

with melanoma resulted in formation of potentially neutralizing antibodies22,23. Plasma 

samples were collected from all 18 patients at baseline and before the last cycle of treatment 

received (range 2–10 cycles). ELISA was performed for both anti-IFNγ and anti-IFNα 
antibodies compared to positive control WHO antibodies and negative control sera from 

healthy age-matched donors. No anti-IFN antibodies were detected either at baseline or after 

maximal exposure (Supplemental Figure 5A-B).

We next sought to determine if intraperitoneal treatment exerted systemic effects. Activation 

of monocytes by IFNs leads to the production of multiple proinflammatory cytokines24. 

Here, we profiled cytokines in peripheral blood at baseline, 3–5 days after administration 

of cycle 1 of treatment, and before administration of cycle 2 using a 10-plex cytokine 

array. Interestingly, intraperitoneal treatment with monocytes and IFNs led to a marked 

increase in multiple cytokines associated with monocyte activation, including an 8.8-fold 

upregulation of IFNγ itself. We also measured a 60% increase in interleukin-6 (IL-6), 
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a 2.4-fold increase in interleukin-10 (IL-10), and 30% increase in tumor necrosis factor 

alpha (TNFα), (Figure 4B–E). No adverse events were observed that correlated with this 

increase in IL-6. This elevation persisted throughout the cycle, as levels of IL-10 and TNFα 
remained significantly elevated above baseline at the pre-C2 timepoint. The cytokine profile 

of response to monocytes and IFNs in the peripheral blood is consistent with the preclinical 

data and suggests priming of the immune system towards an anti-tumor environment.

Long-term responders have lower baseline Tregs, MDSC, and neutrophil to lymphocyte 
ratio

In order to further understand the immunophenotypic effects of this treatment regimen and 

correlate these with response, we profiled immune cells from peripheral blood from the 

best responders, i.e. patients who remained on therapy for five or more cycles. Peripheral 

blood mononuclear cells (PBMCs) at baseline were analyzed by flow cytometry to compare 

long-term responders (>5 cycles, LTR) to the remaining patients for approximately 100 

immune subsets involved in both innate and adaptive immunity (Supplemental Table 4). 

Compared to the others, LTRs had approximately one-third as many natural killer (NK, 

defined as CD3-, CD56+) and again one-third as many immunosuppressive T-regulatory (T-

reg, defined as percent CD25+FoxP3+CD127lo/CD3+CD4+) cells at baseline compared to 

the other patients (p<0.01 for both). The LTRs also trended toward a lower baseline number 

of myeloid-derived suppressor cells (MDSCs, defined as percent CD33+/CD11b+HLA-

DR-) (Figure 4F–H). The long-term responders had a 65% lower baseline neutrophil-to-

lymphocyte ratio (NLR) in peripheral blood (Figure 4I, p<0.05), a finding that has been 

previously correlated with better antitumor immunity and prognosis in ovarian cancer25–27 

and other solid tumors. This pattern of cellular phenotypes suggests that LTRs have 

a discernible pattern of immune cells in their peripheral blood at baseline, potentially 

predisposing them to a more favorable response to immunotherapy.

Long-term responders develop increased levels of classical monocytes and MDSCs over 
time

We then identified systemic differences over time which might correlate either with longer-

term effects of therapy or with eventual disease progression. Importantly, there was no 

change in numbers of total monocytes in peripheral blood either by flow cytometry (Figure 

5A) or by manual differential (Supplemental Figure 6). There was no effect of therapy 

on monocyte differentiation in peripheral blood at the early time point (3–5 days after 

cycle 1 administration; data not shown). Notably, all four LTRs initially had very high 

percentages (14.3–22.4%) of non-classical monocytes (CD14-CD16+ monocytes, for full 

gating see figure legend) at baseline. Upon initiation of treatment, the percentage of 

non-classical monocytes subsequently decreased below 8% in each of these participants 

(Figure 5B), and there was a corresponding increase in classical monocytes (CD14+ CD16− 

monocytes) over time, reaching >57% (Figure 5C). Similarly, we noted an increase in 

MDSCs (defined as CD33+/CD11b+HLA-DR-) at the time of disease progression, with 4/4 

long-term responders having a marked increase in MDSCs at progression compared with 

baseline (2.7–25-fold increase, Figure 5D–F).
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Discussion

We present preclinical data and a first-in-human clinical trial characterizing the therapeutic 

mechanism, safety, and tolerability of the combination of intraperitoneal IFNα, IFNγ, 

and autologous monocytes in ovarian cancer. This combination of innate immune system 

directed therapy has not been previously tested. Current immunotherapies predominantly 

focus on the adaptive immune system, with the intent of enhancing T cell activity against 

cancer, predominantly by blocking immune checkpoints28.

In our preclinical experiments, we characterize the mechanism of tumor cell killing by 

IFN activated monocytes as being largely dependent on direct contact between TRAIL, a 

type II membrane protein which is potently upregulated on monocytes by IFN treatment, 

and the death receptors DR 4/5 on tumor cells. This contact results in caspase-8-dependent 

apoptosis of the tumor cell via the extrinsic pathway. Previous attempts to activate the 

TRAIL pathway in cancer therapy have used synthetic TRAIL or agonist antibodies of 

TRAIL receptors. These were unsuccessful clinically due to short half-life of the synthetic 

protein or inability of agonist antibodies to form oligomers of the receptors29,30. The ability 

of IFNs to upregulate endogenous TRAIL on monocytes potentially provides a more stable 

and physiologic means to activate death receptors in cancer cells.

We then demonstrate the therapeutic potential of this cellular anti-cancer using a cell culture 

system in which IFN-activated monocytes from ovarian cancer patients were fully capable 

of killing ovarian cancer cells, as well as in a in a mouse model of ovarian cancer, in 

which a single IP injection of human monocytes and IFNs resulted in a survival advantage. 

Because of the dispersion of cells after injecting tumor cells intraperitoneally and the rapid 

onset of disease burden in our mouse model, tumor tissue was unable to be collected to 

assess monocyte infiltration and differentiation in vivo. Future studies will incorporate intra-

ovarian bursal injections of ovarian cancer tumor cells to assay for monocyte infiltration and 

differentiation. Furthermore, we plan to implement multiple IP injections and various dosing 

schedules of human monocytes and IFNs in future in vivo models, so that tumor infiltration 

of monocytes can be quantified.

Our resulting phase I study successfully determined the safety and tolerability of the 

combination of intraperitoneal pegylated IFNα, IFNγ, plus autologous monocytes in women 

with platinum-resistant or refractory ovarian cancer. When designing this study, we took into 

account the preclinical data suggesting the necessity for direct contact between the activated 

monocytes and the cancer cells, and therefore chose the intraperitoneal administration route. 

Ovarian cancer predominantly occurs in the peritoneal cavity, with metastases outside the 

abdomen occurring in less than half of patients, and at a median of 6 years later than 

abdominal recurrences31. Intraperitoneal chemotherapy has been successfully delivered to 

patients and can improve survival when delivered in the adjuvant setting3–5. In this trial we 

used a similar approach to the delivery of the study agents to the peritoneal cavity, in most 

cases using an indwelling port to administer cells and IFNs, followed by saline flush and 

physical rotation of the patient. The overall approach can be standardized and administered 

in an institution with capabilities for both intraperitoneal port placement and elutriation of 

monocytes from apheresis products.
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The treatment regimen was well-tolerated and permitted repeat dosing at the RP2D of 250 

mcg IFNα, 50 mcg IFNγ, and 750 × 106 monocytes, thus allowing for this to be a platform 

on which to build more targeted immunotherapy for women with ovarian cancer. The most 

common adverse events observed were expected based on previous trials of individual IFNs 

and included hematologic toxicities as well as abdominal discomfort and nausea. There was 

not a clear decrease in tolerability or increase in adverse events at the higher dose levels. 

There were no grade 4 or grade 5 toxicities, and the most common grade 3 toxicities were 

decreased lymphocyte count and abdominal discomfort. These toxicities are comparable to 

previous reports of intraperitoneally-delivered cellular or chemotherapies32–38.

The combination displayed preliminary evidence of antitumor activity, with 2/9 measurable 

patients experiencing a partial response, 5/9 with stable disease, and 3/9 with progressive 

disease by RECIST criteria. One additional patient with peritoneal lesions not measurable 

by RECIST had a CA-125 response by GCIG criteria, with a greater than 50% decrease 

in CA-125. This was a heavily pretreated population with a median of 5 prior treatment 

regimens. In this clinical setting, responses are rare (<20%) and durations of response are 

brief (under 6 months). A larger number of patients will be needed to more accurately 

quantify the response rate of this regimen, and an expansion cohort is planned at the RP2D. 

As an indication of both tolerability and therapeutic activity, four patients were able to 

remain on this regimen for five or more cycles, and two completed ten cycles of treatment.

We performed correlative biomarker studies to further understand the immunologic effects 

of this regimen as well as to provide information for development of future combination 

therapies. Importantly, the therapy did not result in the formation of detectable anti-IFN 

antibodies even with up to ten cycles of treatment. This may be due to the IP delivery of the 

IFNs, in contrast to prior studies where they were administered intravenously.

Corroborating our preclinical mechanistic data, RT-PCR on the therapeutic product 

demonstrated upregulation of TRAIL and other IFN-regulated genes. Cytokine array 

of peripheral blood additionally revealed that multiple cytokines secreted by activated 

monocytes were increased by therapy, including TNFα, IFNγ, and IL-10. This is important 

to note, given that the IFNs and activated monocytes were administered to the peritoneal 

cavity, yet retained the ability to influence the systemic immune system.

Our comprehensive analysis of immune subsets in peripheral blood also provides insight 

into the wide-reaching effects of this therapeutic approach, and its effect on both innate 

and adaptive immunity. Interestingly, compared with non-responders, long-term responders 

to therapy had at baseline a lower percentage of NK cells and T-regs, a lower neutrophil-to-

lymphocyte ratio, and a trend toward lower MDSCs. In particular, the lower frequency of 

T-regs and MDSCs in the patients who had clinical benefit may indicate a more favorable 

and less immunosuppressive tumor microenvironment at baseline, thus facilitating the 

therapeutic effect of this innate immune cell-based therapy in those patients. Consistent 

with this idea, these patients were noted to have a rise in MDSC at the time of progression, 

suggesting a switch to a more immune suppressive environment. These findings warrant 

evaluation in future studies as possible predictive biomarkers of response to therapy, and as 

potential targets to increase the anti-cancer activity of this combination.
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Additionally, there was a shift in monocyte differentiation in peripheral blood of long-

term responders over time, with an increase in classical monocytes and decrease in 

nonclassical monocytes, as well as an increase in MDSCs. The changes measured in 

peripheral blood suggest that the intraperitoneal administration of the IFNs was able to 

influence the immune system more broadly. IFN treatment may skew differentiation of 

monocytes toward non-classical monocytes, which preferentially differentiate into activated 

macrophages and dendritic cells with cytotoxic and antitumorigenic functions39–41. In 

contrast, immunosuppression in the tumor microenvironment or chronic inflammation can 

induce formation and/or release from the bone marrow of classical monocytes instead, 

which have many protumorigenic functions including suppression of T cell function and 

recruitment of Tregs41. Because these changes were observed to correlate with eventual 

clinical progression, it is possible that these represent markers of immunologic tolerance and 

disease progression, since both MDSCs and classical monocytes can be associated with a 

protumorigenic microenvironment.

Importantly, the immunologic findings that we describe in peripheral blood may not 

capture more extensive and complex changes in the tumor microenvironment itself. For 

example, classical monocytes can become immunosuppressive by differentiating into tumor-

associated or M2-like macrophages in the tumor, which in turn have pleiotropic suppressive 

effects on both innate and adaptive immune cell populations42, and may additionally directly 

facilitate the formation of ovarian cancer stem cells in the tumor itself43,44. Likewise, 

MDSCs are detectable in peripheral blood but are generally present in much larger numbers 

in the tumor microenvironment, to which they are recruited by the tumor secreting multiple 

cytokines and chemokines45–47. In our planned expansion cohort, it will be important to 

determine the effect of monocytes and IFNs on the tumor microenvironment via biopsies 

and extensive immunophenotyping of tumor and/or ascites. If the higher T regs, NK cells 

and MDSCs that we measured in the non-responding patients are corroborated in the 

tumor microenvironment in larger numbers of patients, they suggest a role for combination 

with therapeutic agents targeting MDSCs and/or tumor-associated macrophages in order to 

improve outcomes for these women48,49.

In summary, these data demonstrate the feasibility of repeated intraperitoneal administration 

of the combination of 250 mcg pegIFNα−2b, 50 mcg IFNγ−1b, and 750 × 106 

monocytes. The combination is well tolerated with potential antitumor activity, and we 

have characterized the TRAIL/DR4/5 dependent mechanism of this therapy. Future studies 

will further determine the activity of this regimen as well as the immunologic effects 

on the tumor microenvironment. We will incorporate analysis of immunophenotypes and 

tumor characteristics such as DR4/DR5 expression at baseline that correlate with favorable 

response as well as later changes corresponding to clinical progression. Such studies will 

aid in future explorations of combination therapies. Our data set the stage for further 

investigation of this IP monocyte and IFN regimen as an innate immunity “scaffold” with 

the potential to be combined with additional therapies targeting key components of the 

immune system in order to achieve the greatest possible antitumor response.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Overall survival for advanced ovarian cancer remains poor, particularly for women 

with platinum-resistant disease. We report the bench to bedside development of a 

novel cytokine-stimulated autologous monocyte therapy for advanced, platinum-resistant 

or -refractory ovarian cancer. Activated monocytes killed tumor cells in mice via a 

TRAIL-dependent pathway. Treatment was well tolerated and produced partial responses 

by RECIST criteria. These findings characterize the mechanism of a novel cellular 

immunotherapy for ovarian cancer which is well tolerated with evidence of clinical 

activity in a heavily pretreated patient population. This therapy may serve as the 

backbone for a combination immunotherapy regimen incorporating additional agents 

targeting T-regulatory cells and/or myeloid-derived suppressor cells (MDSCs).
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Figure 1: Interferon-treated monocytes kill tumor cells in 3D culture by direct contact
(A) OVCAR 5 spheroids were isolated and plated into flat bottom 96 well tissue culture 

plates and exposed to indicated treatments for 72 hours. Monocytes were derived from 

healthy donors and viability was measured using an XTT assay. (B) Spheroids were isolated 

and treated as in (A) and then fixed and stained with H&E and immunohistochemistry for 

CD68. (C) Representative confocal image of a 60 μM OVCAR5 spheroid in co-culture with 

monocytes, either with (right) or without (left) interferons. Monocytes are labeled green 

and OVCAR5 spheroids are pink. See also videos in supplemental data. (D) Monocytes 

were cultured with or without IFNs for 24 hours, washed, and then added either directly 
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to OVCAR8 cells (Contact) or separated from target cells by transwell inserts. After 

48 additional hours of coculture, viability of the OVCAR8 cells was measured by flow 

cytometry assay of sytox green dye. (E-G) EpCam+ OVCAR3 cells were isolated from 

monocyte and OVCAR3 co-culture experiments as above and cell lysates were probed for 

protein expression by western blot for cleaved and total caspase-8 (E), caspase-3 (F), and 

caspase-7 (G), with loading controls as indicated. (H) Caspase-8 null cells (Caspase-8−/−) 

were assayed for cytotoxicity in the monocyte assay compared to normal control cells (n=3 

donors). Data are pooled from three separate experiments and three separate donors, with *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-way ANOVA.

Green et al. Page 23

Clin Cancer Res. Author manuscript; available in PMC 2023 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: IFN-activated monocytes kill via TRAIL and DR4/5
(A) Monocytes from 3 healthy donors were cultured untreated or in the presence of one or 

both interferons 48 hours and gene expression analysis was performed as described in the 

methods. Heatmap is shown of differentially expressed genes (IFNs vs control) with log2 

expression ratios greater than 1.0 or less than −1.0 as well as an FDR-corrected p-value of 

less than 0.05. (B) Untreated monocytes (red) and IFN-α and IFN-γ stimulated monocytes 

(blue) were cultured for 24 and 48 hours. Surface TRAIL expression was measured by flow 

cytometry (data is representative of 3 separate donors). (C) Monocytes were co-cultured 

with OVCAR3 at an effector to target ratio of 10:1 and treated with and without IFNs 

(n=3). OVCAR3 were separated from monocytes using positive bead isolation for EpCam 

and lysates were probed by western blot for TRAIL and HSP90 (loading control). (D) 
Monocytes (n=3) were treated with IFNs alone (black bar), IFNS plus scramble siRNA 

(light gray bar) or IFNS plus siRNA against TRAIL. Monocytes were then cocultured with 
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OVCAR3 cells and viability of the OVCAR3 cells was determined as above. (E) DR4 null, 

DR5 knockdown, and double DR4 knockout DR5 knockdown cells were used as target 

cells for measuring IFNs and monocyte mediated killing compared to scramble siRNA 

controls (n=3) (F) Peripheral blood monocytes were isolated from patients diagnosed with 

ovarian cancer (grey filled) and age-matched healthy controls (white filled) and measured 

in the killing assay compared to IFNs alone (black bars) with OVCAR3. n indicates the 

number of individual monocyte donors. *P < 0.05, **P < 0.01 by two-way ANOVA. (G) 10 

Foxn1nu athymic mice were injected intraperitoneally with 2*106 OVCAR8 cells. 14 days 

later, mice were either given PBS or a single dose of intraperitoneal monocytes at a dose of 

20*106 cells/mouse. Mice were also given PBS or 1 μL of interferon alfa-2a (20 ug/mL) and 

gamma-1b (20 ug/mL), for a final dose 20 ng/mouse. Mice were euthanized at first sign of 

illness. *P < 0.05, ***P < 0.0005 by Log-rank (Mantel-Cox) test.
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Figure 3: Design of first-in-human trial
(A) Study schema. Prior to day −1, patients undergo placement of intraperitoneal catheter 

or surgically implanted intraperitoneal port. On day 1 of each cycle, autologous monocytes 

are collected by pheresis, quantified, and stored at 4 degrees Celsius overnight. On day 

2, set quantities of monocytes are mixed with recombinant interferon-gamma and interferon-

alpha approximately four hours before intraperitoneal administration. In subsequent cycles, 

additional monocytes are harvested as needed, but monocytes cryopreserved from the 

previous cycle may be used. Restaging is performed every other cycle. (B) Table indicates 

levels for dose escalation according to typical 3+3 study design. Dose level 3b was included 

as an optional “step-down” dose for patients at higher dose levels who were unable to 

tolerate repeat phereses or for whom sufficient quantities of monocytes could not be 

collected. (C) Swimmer plot illustrating time on study for all patients at all dose levels 

(n=18). Bars are color-coded to indicate dose level (DL) as indicated in the legend at right. 

Patients with a best response of PR, SD, or PD according to RECIST 1.1 are labelled. 

*PR denotes a CA-125 partial response according to GCIG criteria, † indicates clinical 

progression, ǂ indicates patient withdrew from study for other reasons (see description in 

results section), # indicates the single patient who discontinued treatment due to toxicity 

(grade 3 anemia). Bracket on right indicates the four longest patients on study, which are 
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defined as long-term responders (LTR) for the purposes of further correlative analyses (see 

text and figure 4). (D) Percent change in tumor size from baseline.
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Figure 4: Effects of IFN treatment on immunologic parameters in monocytes and peripheral 
blood
(A) Total mRNA was derived from elutriated patient monocytes (Monocytes) or IFN-treated 

product (Monocytes + IFN) and RT-PCR was performed for the indicated mRNAs. (B-E) 
Cytokines secreted by activated monocytes were measured at baseline (b/l), 3–5 days 

after administration of treatment (C1), and immediately before second cycle of treatment 

(C2) by multiplex ELISA-based proinflammatory cytokine panel. (F-H) Peripheral blood 

mononuclear cells were isolated at baseline and immunophenotyped by flow cytometry. 

Long-term responders (LTR) were compared to all other patients (O) for frequency 

of Natural Killer (NK) cells, T-regulatory (Treg) cells,, and myeloid-derived suppressor 

(MDSC) cells. (I) Comparison of baseline neutrophil to lymphocyte ratio by manual cell 

differential in long-term responders versus others. * p<0.05, **p<0.01, ****p<0.001 by 

paired two-tailed t-test (A-E) or unpaired two-tailed t-test (F-I).
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Figure 5: Long-term responders develop increased levels of classical monocytes and MDSCs over 
time
(A) Total peripheral blood monocytes as percentage of live cells for the four long-term 

responders over time. (B) Nonclassical and (C) Classical peripheral blood monocytes for 

the four long-term responders (LTR) over time. Data shown as percentage of all monocytes, 

p<0.05 for percentage of nonclassical or classical monocytes at progression versus baseline 

by paired t-test. (D-E) Flow cytometry dotplots of percentage of myeloid derived suppressor 

cells at baseline (D) and before cycle 10 of treatment (E) for LTR patient 2. (F) Percentage 

of myeloid derived suppressor cells in all four long-term responders over time (p=0.08 for 

percentage of MDSCs at progression versus baseline by paired t-test).
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