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Abstract

:

Immunoglobulin-like transcript 4 (ILT4) is an immunosuppressive molecule predominantly expressed on myeloid cells. Recent studies combining ILT4 suppression with programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) blockade have shown promising signs of activity in immune checkpoint inhibitor refractory patients. We theorized that coupling ILT4 and PD-1/PD-L1 blockade in a bispecific antibody (bsAb) may provide greater immune activating properties than combining the individual mAbs due to enhanced bridging of APCs to T cells. To test this approach, we developed CDX-585, a tetravalent ILT4xPD-1 IgG1-scFv bsAb from novel PD-1 and ILT-4 mAbs. CDX-585 is a potent antagonist of both PD-1 and ILT4. CDX-585 promotes M1 macrophage polarization and enhances pro-inflammatory cytokine secretion in response to lipopolysaccharide or CD40 agonist mAb treatment. In mixed lymphocyte reaction (MLR) assays, CDX-585 is more potent than the combination of parental antibodies. In a humanized NCG mouse SK-MEL-5 tumor model, CDX-585 exhibits greater antitumor activity than the combination of parental mAbs. A pilot study of CDX-585 in cynomolgus macaques confirmed a mAb-like pharmacokinetic profile without noted toxicities. These studies demonstrate that CDX-585 effectively combines ILT4 and the PD-1 blockade into one molecule that is more potent than the combination of the parental antibodies, providing the rationale to advance this bsAb into clinical studies.
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1. Introduction


Immune checkpoint inhibitors (CPI), targeting the programmed cell death (PD-1)–programmed cell death ligand 1 (PD-L1) axis and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) have demonstrated significant clinical activity in various solid tumor types [1,2,3,4,5,6,7]. However, many patients fail to respond or eventually become refractory to T cell-directed checkpoint therapy. Immunosuppression from innate immune cells has been recognized as an important mechanism, leading to T cell silencing and tumor progression [8,9]. Innate mechanisms leading to tumor escape include interruption of myeloid cell development, decreasing antigen presentation, secretion of immunosuppressive cytokines, and the upregulation of checkpoint molecules [10]. Myeloid-derived suppressor cells (MDSC) serve as another important immunosuppressive mechanism [11], and their presence in the tumor microenvironment (TME) is associated with poor outcomes in cancer [12,13,14]. MDSCs have been shown to dampen T cell activation and their cytotoxic effector functions [15,16]. Additionally, tumor-associated macrophages (TAMs) promote tumor progression and metastasis by producing growth factors and proteolytic enzymes [17,18]. The functions of these immunosuppressive myeloid cells (MDSCs and TAMs) make them obvious targets for combination therapies. To further improve patient outcomes, novel approaches, such as combining a classical CPI with a myeloid CPI to drive more efficient T cell activation, merit further investigation.



Immunoglobulin-like transcript (ILT) receptors, also known as leukocyte Ig-like receptors (LIRs), comprise a family of 11 type 1 transmembrane receptors that contain extracellular Ig-like domains. ILT receptors are categorized as activating (LILRA1-6) or inhibitory (LILRB1-5) receptors that modulate the activity of both innate and adaptive immune cells [19,20,21]. The inhibitory receptors possess long cytoplasmic tails, containing immunoreceptor tyrosine inhibitory motifs (ITIM), whereas the activating receptors harbor short cytoplasmic tails that partner with immunoreceptor tyrosine activating motif (ITAM)-containing FcRγ [22]. ILT receptors are expressed on a wide range of immune cells, including dendritic cells (DCs), macrophages, B cells, T cells, neutrophils, and eosinophils, as well as non-immune cells, such as osteoclasts, neurons, and endothelial cells [23]. Inhibitory ILT family members have restrictive expression patterns, for instance, ILT2 is expressed on monocytes, DCs, B cells, NK cells, and T cells [20], while ILT4 is almost exclusively expressed by cells of the myelomonocytic lineage [24,25,26]. In the TME, ILT4 is expressed by TAMs and MDSCs, resulting in myeloid cell polarization towards immunosuppressive phenotypes, which is directly associated with tumor progression and metastasis [11,27]. Furthermore, expression of ILT4 in several different tumor types is associated with poor clinical outcomes [28,29].



Activation of the ITIM-bearing ILT4 receptor by its cognate ligands HLA-G and HLA Class I acts as an innate immune cell checkpoint, resulting in the recruitment of SHP-1/2 phosphatases, leading to the suppression of myeloid cell activation and decreased antigen presentation [30,31]. Similarly, ILT4 antagonism in the TME shifts immunosuppressive macrophages towards a M1 pro-inflammatory state, promoting T cell activation [32]. Tumor-derived ILT4 has been implicated in T cell senescence and subsequent tumor growth [33], while antagonism of ILT4 has been shown to provide antitumor effects [32]. Additionally, genetic elimination of the sole mouse ortholog, paired immunoglobulin-like receptor B (PIR-B), results in a reduced tumor burden [34]. Thus, ILT4 activation has been postulated as a resistance mechanism for the PD-1/PD-L1 blockade, and therapeutic inhibition of ILT4 in combination with PD-1 blockade has demonstrated early signs of activity in CPI-refractory patients [35].



Dual inhibition of receptors that suppress both the myeloid and T cell compartments is a promising strategy to improve outcomes for patients undergoing resistance to checkpoint inhibition and supportive early clinical data have recently been reported [35]. The rationale for combining PD-1 and the ILT4 blockade compelled us to engineer these activities into a single molecule. Here, we describe CDX-585, a novel bispecific antibody (bsAb) that simultaneously blocks ILT4 and PD-1 binding to their respective ligands. We report the generation, characterization, and functional activities of CDX-585 in both in vitro and in vivo preclinical models.




2. Materials and Methods


2.1. Development and Characterization of Bispecific Antibodies


Antibodies to ILT4 and PD-1 were generated by immunization of BALB/c mice with the extracellular domains of recombinant human ILT4 or PD-1. Splenocytes were used for hybridoma preparation by standard polyethylene glycol fusion techniques. The variable heavy and light chain regions of selected antibodies were cloned into a human IgG1κ expression vector, expressed in ExpiCHO cells (Invitrogen) and further characterized. The anti-PD-1 antibody, E1A9, and the anti-ILT4 antibody, 7B1, were humanized and selected for further development.



For the bsAb, an expression vector encoded the full-length humanized anti-PD-1 mAb E1A9 IgG1κ heavy and light chains and the single chain variable fragment (scFv) of humanized anti-ILT4 7B1 mAb genetically linked in the VL–VH orientation to the C-terminus of the E1A9 mAb heavy chain. Cysteine residues were introduced, one in the 7B1 VL and one in the 7B1 VH, to stabilize the scFv. These vectors were transfected into HD-BIOP3 cells, and proteins were purified by protein A and size exclusion chromatography. All purified mAbs and bsAbs contained <0.5 endotoxin units/mg.




2.2. Affinity Determination Using Bio-Layer Interferometry


The mAbs or bsAbs were captured on anti-human Fc capture biosensors (ForteBio, Fremont, CA, USA). Binding was determined by exposing the loaded biosensor to human PD-1-HIS or human ILT4-HIS. Affinity measurements were determined using twofold serial dilutions of analyte, ranging from 50 to 0.195 nM. The association and dissociation curves were fitted to a 1:1 binding model using the data analysis software according to the manufacturer’s guidelines.




2.3. ELISA Assays


The anti-human IgG Fc-specific polyclonal antibody (Jackson ImmunoResearch, West Grove, PA, USA) was purchased, while the extracellular domains of recombinant human ILT4, recombinant human PD-1, and soluble PD-1-mouse Fc fusion were made in-house. For ELISA, plates were coated with purified extracellular domains of target proteins overnight, and, the following day, plates were washed and blocked. Following blocking, plates were exposed to increasing concentrations of antibodies, and binding was detected using a horse radish peroxidase (HRP)-labeled goat anti-human IgG (Fc-specific) antibody and developed with 3,3,5,5-tetramethylbenzidine substrate.




2.4. Flow Cytometry


HEK-293 cells transfected with human ILT4 or PD-1 were incubated with increasing concentrations of mAbs for 20 min, and the bound antibodies were detected with a phycoerythrin (PE)-labeled goat anti-human IgG Fc-specific secondary antibody (Jackson ImmunoResearch). For bsAb binding, HEK-293 cells transfected with human ILT4 were incubated with bsAb dilutions before adding human PD-1-mouse Fc, which was detected with a PE-labeled goat anti-mouse IgG (Fc specific) antibody (Jackson ImmunoResearch). Cell-associated fluorescence was determined by analysis using a FACSCanto II™ instrument (BD Biosciences, Franklin Lakes, NJ, USA). To assess the effect of mAbs or bsAbs on ligand binding, ILT4 expressing HEK293 cells were briefly pre-incubated with the mAbs, bsAbs, or controls to provide them with an advantage to bind ILT4 in the absence of ligand, followed by the addition of fluorescently-labeled HLA-G or HLA-A2 tetramer (Fred Hutchinson, Seattle, WA, USA) and analyzed on a FACSCanto II™ instrument.




2.5. Cell-Based PD-1 Signaling Assay


The effect of the bsAb on the blockade of PD-1 signaling was performed per the manufacturer’s instructions. In short, PD-L1 expressing cells were added to a 96-well tissue culture plate and incubated at 37 °C/5% CO2 for 16 h prior to the addition of diluted antibodies and PD-1 effector cells. The PD-L1 expressing cells, antibodies, and PD-1 effector cells are incubated at 37 °C/5% CO2 for 6 h, followed by addition of Bio-Glo reagent and quantifiated on a PerkinElmer Victor X luminometer. When co-cultured with blocking antibodies, the PD-1–PD-L1 interaction is interrupted, and the subsequent T cell receptor (TCR) activation induces luminescence via the activation of a nuclear factor of activated T cell (NFAT) pathway.




2.6. Immune Cell Activation Assays


For macrophage polarization assays, human monocytes were differentiated for 6 days with 100 ng/mL M-CSF (R&D Systems, Minneapolis, MN, USA) in the presence of antibodies (6.7 nM). After differentiation, cells were activated with lipopolysaccharide (LPS) (10 ng/mL) overnight to promote a pro-inflammatory environment. Supernatant was harvested and analyzed for TNF-α and IL-10 production by ELISA (R&D Systems). The cells were stained for CD274 expression and analysis by flow cytometry.



For TNF-α induction assays, monocyte-derived macrophages (cultured with 100 ng/mL M-CSF) or DCs (cultured with 100 ng/mL GM-CSF and 10 ng/mL IL-4) were differentiated for 6 days prior to inclusion in activation assays. Following differentiation, monocyte-derived macrophages or DCs were incubated overnight with increasing concentrations of antibodies (starting at 33 nM) and LPS (10 ng/mL) or CDX-1140 (5 µg/mL). In all assays, human isotype controls were included to assess non-specific effects. The supernatant was harvested and analyzed for TNF-α production by ELISA (R&D Systems).




2.7. Human T Cell Stimulation


Ninety-six well tissue culture plates were prepared by adding 1 μg/mL anti-CD3 mAb (OKT3 eBioscience), and they were coated overnight at 4 °C. After washing the wells with PBS, 1 × 105 peripheral blood mononuclear cells (PBMC) were added to each well in media and incubated overnight at 37 °C and 5% CO2, followed by the addition of test antibodies for 3 days at 37 °C and 5% CO2, and then supernatants were harvested and analyzed for IL-2 or IFN-γ production by ELISA (R&D Systems).




2.8. Mixed Lymphocyte Reaction


Human PBMCs were isolated from buffy coats using Ficoll separation, and CD4+ cells were further isolated using magnetic bead separation (Miltenyi, Gaithersburg, MD, USA). Monocyte-derived DCs were generated from PBMCs by adhering to plastic and then cultured for 7 days in RPMI medium containing 10% FBS, 10 ng/mL IL-4 plus 100 ng/mL GM-CSF. Cells were harvested and confirmed to be 80% DCs by expression of CD11c. The CD4+ cells and DCs from allogeneic donors were co-incubated at a 10:1 ratio in the presence of LPS (10 ng/mL) or CDX-1140 (0.5 µg/mL), with mAb or bsAb, for 4 days. Supernatants were harvested and analyzed for IL-2 or IFN-γ production by ELISA (R&D Systems).




2.9. Mouse Xenograft Tumor Model


For the xenograft melanoma model, thirty female CD34+ cord blood-engrafted humanized NCG mice (Charles River Laboratories, Wilmington, MA, USA) were implanted subcutaneously with 2.0 × 107 SK-MEL-5 tumor cells (American Type Culture Collection), followed by weekly treatment with human IgG1 (25 mg/kg), anti-ILT4 mAb 7B1 (18.75 mg/kg), anti-PD-1 mAb E1A9 (18.75 mg/kg), a combination of 7B1 (18.75 mg/kg) and E1A9 (18.75 mg/kg), or CDX-585 (25 mg/kg) for five weeks. Tumors were measured by caliper three times per week, and mice were euthanized according to pre-defined endpoint criteria. All studies were performed in accordance with IACUC-approved protocols, consistent with “The Guide for the Care and Use of Laboratory Animals (8th Edition, The National Academies Press, Washington, DC, USA). Study code 08-2020, approved, August 2020”.




2.10. Non-Good Laboratory Practice (GLP) Pilot Non-Human Primate Study


Three cynomolgus monkeys (one male, two females) received a single 10 mg/kg slow bolus intravenous (i.v.) injection (2–3 min) of CDX-585, via a cephalic catheter. Animals were followed for 21 days. Evaluations included clinical signs, body temperature, clinical pathology parameters (hematology, coagulation, clinical chemistry, and urinalysis), and toxicokinetic parameters. Body weights were recorded once prior to bsAb administration and weekly thereafter. This was designed as a survival study with no planned necropsy. Blood samples were assayed for circulating levels of cytokines/chemokines using custom plates (MesoScale Discovery, Rockville, MD, USA). All studies were performed in accordance with IACUC-approved protocols, consistent with “The Guide for the Care and Use of Laboratory Animals (8th Edition, The National Academies Press) and the U.S. Animal Welfare Act. Study Code CE2101, approved May 2021”.




2.11. Statistical Analysis


Statistical significance was evaluated using two-way ANOVA or the paired Student’s t-test, as appropriate.





3. Results


3.1. Characterization of Novel ILT4 and PD-1 Antibodies


Monoclonal antibodies against ILT4 or PD-1 were generated by immunizing mice with recombinant human ILT4 or PD-1 proteins and standard hybridoma technology. The ILT4 mAb designated 7B1 was humanized and selected for the development of the bsAb CDX-585, based on its functional characteristics. As shown in Figure 1, 7B1 is specific for the ILT4 receptor and does not bind other ILT family members with significant similarity to ILT4 (Figure 1a). Additionally, the 7B1 mAb bound well to naturally expressed ILT4 on human myeloid cells, including monocytes, macrophages, and DCs (Supplementary Figure S1). Importantly, 7B1 blocked binding of the tetramerized HLA-G ligand to ILT4-expressing cells with low nanomolar potency (Figure 1b), blocked HLA-A2 binding (Figure 1c), and promoted TNF-α secretion from monocyte-derived macrophages primed with LPS, similar to Merck’s anti-ILT4 mAb 1E1 (G4), which we believe to be MK-4830 (US20180298096A1) (Figure 1d). These data indicate that 7B1 can block ILT4 binding to its cognate ligands, resulting in an enhanced pro-inflammatory phenotype.



The E1A9 PD-1 mAb was humanized and selected for use in the bsAb, based on its functional characteristics. E1A9 mAb and benchmark control nivolumab showed comparable concentration-dependent binding to immobilized purified PD-1 extracellular region by ELISA (Figure 1e) and to a HEK-293 cell line expressing PD-1 by FACS (Figure 1f). The E1A9 mAb and nivolumab demonstrated a similar concentration-dependent ability to block the PD-1/PD-L1 signaling pathway using a T cell receptor (TCR)-mediated luminescence system (Figure 1g). Additionally, the E1A9 mAb was able to block PD-L2 binding to PD-1 (Figure 1h). These data indicate E1A9 effectively binds PD-1 and blocks its interaction with PD-L1 with low nanomolar affinity.




3.2. Development of the CDX-585 bsAb


We selected a whole IgG1-scFv format (Figure 2a) for the CDX-585 bsAb construct with bivalent binding to both ILT4 and PD-1, which maintains high affinity binding, similar to that of the parental mAbs. CDX-585 has a modified IgG1 constant region, including L234A/L235Q/K322Q (AQQ) and M252Y/S254T/T256E (YTE) mutations, which were introduced to eliminate Fcγ receptor (FcγR) interactions, effector function [36], and C1q receptor binding [37], while promoting neonatal Fc receptor (FcRn) binding, leading to improved pharmacokinetics (PK) by reducing the rate of in vivo clearance [38], respectively. CDX-585 encodes the full-length E1A9 mAb and the scFv of 7B1 genetically linked in the VL–VH orientation to the C-terminus of the E1A9 mAb heavy chain. We also made the bispecific construct with the 7B1 scFv in the VH–VL orientation, but it exhibited lower activity in bifunctional binding assays and was, therefore, not further pursued.



Analytical characterization was performed on CDX-585 purified from CHO cells stably transfected with the expression construct. Reducing SDS-PAGE of CDX-585 showed the expected greater molecular weight of the heavy chain with the genetically-fused scFv (approximately 75 kDa) (Figure 2b). Size exclusion chromatography (SEC) by HPLC revealed the bsAb product to be >95% monomer, with an estimated size of approximately 200 kDa, which is consistent with the expected mass of the CDX-585 construct (Figure 2c). The bsAb retained high affinity binding to recombinant human and cynomolgus PD-1, yet CDX-585 had weaker affinity to cynomolgus ILT4 compared to human ILT4, as evaluated by bio-layer interferometry (Supplementary Figure S2a,b). However, similar direct binding saturation could be reached using human and cynomolgus monocytes (Supplementary Figure S2c). CDX-585 also showed binding to the neonatal FcRn under low pH conditions, which were consistent with the engineered YTE modifications (Supplementary Figure S2d). Simultaneous binding to ILT4 and PD-1 by CDX-585 was observed using cells overexpressing ILT4 antigen and soluble PD-1 (Figure 2d).




3.3. CDX-585 Potently Inhibits PD-1 Signaling and HLA-G Ligand Binding


Inhibition of PD-1/PD-L1 signaling by CDX-585 was determined using a cell-based reporter assay in which PD-1 effector cells and PD-L1 APCs were co-cultured in the presence of titrated antibodies. CDX-585 and E1A9 inhibited PD-1 reporter activation with IC50 values of 0.21 nM and 0.19 nM, respectively (Figure 3a). Additionally, CDX-585 and 7B1 effectively blocked fluorescently-labeled HLA-G tetramer from binding to HEK-293 cells overexpressing ILT4, with IC50 values of 3.12 nM and 1.83 nM, respectively (Figure 3b).




3.4. CDX-585 Drives M1 Macrophage Polarization


The ILT4 blockade has been reported to induce M1 macrophage polarization and promote a pro-inflammatory microenvironment [32]. To test whether CDX-585 can induce an inflammatory macrophage phenotype, we differentiated human donor monocytes into mature macrophages in the presence of CDX-585 or parental mAbs. Following differentiation, monocyte-derived macrophages were activated with LPS overnight to induce a pro-inflammatory phenotype, and cell-conditioned media were collected the following day to assess pro- and anti-inflammatory cytokine production by ELISA. CDX-585 enhanced TNF-α secretion (Figure 4a) and led to a marked inhibition of IL-10 production to a similar extent as the parental mAb 7B1 (Figure 4b). Further, CDX-585 treatment resulted in decreased PD-L1 (CD274) cell surface expression (Figure 4c), as assessed by flow cytometry. These data indicate that the blockade of ILT4 with CDX-585 during cellular differentiation drives macrophages towards a M1 pro-inflammatory phenotype.




3.5. CDX-585 Enhances Both Myeloid and T Cell Activation


We next looked at the ability of CDX-585 to shift the inflammatory phenotype of already differentiated macrophages and DCs. Monocyte-derived macrophages or DCs were incubated overnight with titrated CDX-585 or parental mAbs in the presence of LPS. CDX-585 induced a significant increase in TNF-α production in both macrophages (Figure 4d) and DCs (Figure 4e) compared to isotype controls, further suggesting that CDX-585 treatment promotes a pro-inflammatory phenotype in myeloid cells. Additionally, human PBMCs pre-incubated overnight with a suboptimal dose of the TCR-stimulatory mAb OKT3, resulting in enhanced INF-γ secretion with the subsequent addition of CDX-585, indicating its ability to enhance T cell activation in vitro (Figure 4f). These data indicate that a dual blockade of ILT4 and PD-1 drives inflammatory responses in both myeloid and T cell populations.




3.6. CDX-585 Enhances T Cell Activation in Mixed Lymphocyte Reactions


We further assessed the ability of CDX-585 to directly influence the T cell compartment using a mixed lymphocyte reaction (MLR) assay. CD4+ T cells were co-cultured with LPS-activated allogeneic DCs for four days (Figure 5). Addition of the ILT4 antagonist mAb 7B1 did not significantly increase T cell activation, as measured by INF-γ and IL-2 secretion, whereas the anti-PD-1 mAb E1A9 enhanced T cell responses by preventing PD-1 mediated suppression of T cell activation. CDX-585 significantly induced more IFN-γ and IL-2 production from T cells than a single-agent blockade with 7B1 or E1A9 mAbs alone or the combination of the 7B1 and E1A9 mAbs. Interestingly, relieving both myeloid and T cell checkpoints via CDX-585 led to the synergistic activation of CD4+ T cells in vitro in most donor pairs we tested, although, in some donor pairs, the MLR was largely driven by the PD-1 blockade, and CDX-585 showed equal activity to parental mAbs (data not shown).




3.7. CDX-585 Potentiates CD40-Mediated Immune Cell Activation


Ligation of CD40-expressing DCs with its ligand CD40L (CD154) on CD4+ helper T cells leads to DC-induced priming and activation of CD8+ effector T cells [39,40]. CD40-activated macrophages can be tumoricidal [41]. Therefore, CD40, expressing APCs, can play an important role in effective immune responses. We sought to determine whether CDX-585 could enhance CD40-mediated immune cell activation in a manner similar to Toll-like receptor 4 (TLR4) agonism with LPS, which is typically used to demonstrate the pro-inflammatory effects of the ILT4 blockade, but it is less relevant in a clinical setting. To promote CD40 signaling, we used the previously described CD40 agonist mAb CDX-1140 [42]. In monocyte-derived DCs primed with CDX-1140, CDX-585 significantly increased TNF-α production (Figure 6a), and they had the ability to activate allogeneic co-cultured CD4+ T cells, as shown by the enhanced IFN-γ production (Figure 6b). Monocyte-derived macrophages also demonstrated enhanced TNF-α secretion by CDX-585 when primed with CDX-1140. These data indicate that APCs primed with CDX-1140 have enhanced pro-inflammatory effects when combined with CDX-585 treatment, similar to what is observed with LPS.




3.8. CDX-585 Enhances Antitumor Activity in a SKMEL-5 Mouse Model


To investigate whether CDX-585 can drive anti-tumor activity in vivo, we tested its activity in a SK-MEL-5 melanoma tumor model using CD34+ cord blood-engrafted humanized NCG mice (CD34-NCG). Starting on the day following tumor implantation, mice were administered human IgG1 isotype control, 7B1, E1A9, 7B1 and E1A9, or CDX-585, once a week, for five weeks. Beginning approximately three weeks after implantation, co-inhibition of ILT4 and PD-1 receptors via CDX-585 led to a statistically enhanced decrease in tumor growth of SK-MEL-5 tumors compared to the single agent or combination arms (Figure 7). By day 35, CDX-585 treatment resulted in a 56% decrease in tumor volume compared to isotype control treated mice, while 7B1 (25%), E1A9 (11%), or their combination (31%) treatments failed to reach statistically significant tumor volume reductions.




3.9. Non-GLP Pilot Study in Non-Human Primates


A pilot study was performed with a single 10 mg/kg slow bolus i.v. injection of CDX-585 in 3 non-naïve cynomolgus monkeys (one male, two females) to generate preliminary safety and PK data. CDX-585 was well tolerated in the study. There were no CDX-585-related clinical observations, including body weights and body temperature. Clinical chemistry and hematological parameters remained unchanged or were considered non-adverse. PK analysis was performed on samples up to day 20 (Figure 8a). Blood samples were assayed for circulating levels of monocyte chemoattractant protein (MCP-1), macrophage inflammatory protein (MIP)-1β, macrophage-derived chemokine (MDC), along with six other chemokines (eotaxin, thymus, and activation-regulated chemokine (TARC), interferon γ-induced protein (IP)-10, MIP-1α, IL-8, and MCP-4). During sample analysis, it was discovered that one female animal had pre-existing anti-drug antibodies and exhibited rapid drug clearance; this animal was removed from the analysis. Data from the remaining two individual animals demonstrated a clear transient increase in MCP-1 and MIP-1β and sustained increase in MDC over 8 h post dosing, indicative of myeloid cell activation (Figure 8b). The PK and safety data from the pilot non-human primate study were assessed prior to initiation of a full toxicology study. A repeat dose non-human primate GLP-compliant toxicology study in cynomolgus monkeys supported a good safety and PK profile, with a non-observed adverse effect level (NOAEL) at the highest dose tested at 60 mg/kg/dose.





4. Discussion


While T cell checkpoint therapies have demonstrated remarkable activity in several solid tumors, immunosuppression from tumor-infiltrating myeloid cells has been recognized as an important mechanism of resistance. Dual targeting of both myeloid and T cell checkpoints has been explored as a promising approach for overcoming these roadblocks. ILT4 is a well described ITIM-containing receptor that acts as a myeloid cell checkpoint and has been shown preclinically to restrict myeloid cell activation, particularly in macrophages, MDSCs, and DCs. Furthermore, anti-ILT4 mAbs have demonstrated early clinical efficacy, particularly in combination with PD-1 antagonists without adding toxicity [35]. Based on the strong rationale for dual ILT4/PD-1 inhibition, we designed a bsAb, designated CDX-585, to simultaneously block both axes with a single molecule.



CDX-585 was developed as a tetravalent IgG1–scFv construct that exhibited good pharmacological and biophysical properties, and in vitro activity comparable to its parental mAbs. CDX-585 retained high-affinity binding and blockade of both ILT4 and PD-1 and could simultaneously engage both receptors, as demonstrated by bifunctional ELISAs and cell bindings assays. CDX-585 effectively inhibited ligand–receptor interaction for both ILT4 (HLA-G and HLA-A2) and PD-1 (PD-L1/L2). CDX-585 was designed to abrogate FcγR binding to prevent effector functionality and reduce the likelihood of potentially harmful effector-induced antibody-dependent cellular cytotoxicity or phagocytosis against PD-1 expressing T cells, while enhancing FcRn binding to promote PK, both of which were confirmed by bio-layer interferometry.



Efficient blockade of the innate immune cell checkpoint ILT4 has previously been shown to promote M1 macrophage polarization and a pro-inflammatory microenvironment [32,33], which can suppress tumor growth [43,44,45]. We set out to understand the effect CDX-585 has on macrophage polarization. Using human donor monocytes, we demonstrated the differentiation of monocytes into macrophages in the presence of CDX-585, resulting in a more robust M1 phenotype. When pre-stimulated with LPS, CDX-585 differentiated macrophages increased TNF-α secretion, decreased IL-10 secretion, and decreased PD-L1 (CD274) cell surface expression. Classical M1 polarization agonists, such as the TLR4 ligand LPS, resulted in the upregulation of both pro- and anti-inflammatory cytokines [46]. However, CDX-585 exerts a dual effect on local macrophages, leading to the potent upregulation of pro-inflammatory molecules and marked inhibition of immunosuppressive molecules. Importantly, we further demonstrated that ILT4 blockade in the context of a more biologically relevant mechanism of myeloid cell activation, through CD40 agonism, can further enhance the pro-inflammatory phenotype of these cells and lead to improved antitumor activity. Additionally, these data suggest that the additive effect exerted by CDX-585 may be applied in combinations with other pro-inflammatory stimuli in the clinic.



ILT4 partners with a wide range of classical MHC class I ligands, including HLA-A, -B, -C, as well as non-classical ligands, such as HLA-F, -G, angiopoietin-like protein 2, MAG, and Nogo66 [47]. Unlike many ligands, MHC class I is constitutively expressed on the cell surface of all nucleated cells, and ILT4 has been shown to compete with CD8 for HLA-A binding, resulting in the perpetual immunosuppression of the myeloid cell population [48]. With regards to this, we further showed that CDX-585 can modulate the inflammatory signature of differentiated innate immune cells that have been exposed to constitutively expressed ligands in culture. Monocyte-derived macrophages or DCs co-cultured with LPS and CDX-585 resulted in a marked increase in TNF-α secretion compared to cells treated with parental mAbs alone or in combination. These results indicate that CDX-585 can shift the inflammatory signature of previously differentiated myeloid cells to a more M1-like state. Further, IFN-γ has been shown to play a direct role in promoting a pro-inflammatory phenotype by antagonizing IL-10 [49,50] and TGF-β [51], inhibiting Treg differentiation [52,53], and promoting apoptosis of human cancer cells [54]. PBMCs sub-optimally primed with OKT3 and cocultured with CDX-585 resulted in a significant increase in IFN-γ secretion. Collectively, these data indicate that the dual blockade of ILT4 and PD-1 checkpoints via CDX-585 promotes a robust pro-inflammatory phenotype for both the myeloid and T cell compartments.



Previous reports have shown that treatment with PD-(L)1 inhibitors led to enhanced T cell activation in MLR assays [55,56,57,58] and that this can be potentiated by the ILT4 blockade [32]. Indeed, in our MLR assays, combined ILT4 and PD-1 mAbs led to significantly greater T cell activation than the individual ILT4 and PD-1 mAbs. Surprisingly, we observed a significant increase in MLR activity with CDX-585 relative to the combination of ILT4 and PD-1 mAbs, suggesting that co-engagement of the receptors with CDX-585 resulted in greater T cell activation. The enhanced activity of CDX-585 relative to parental mAbs may be attributed to more effective bridging of APCs and T cells, contributing to a more productive immune synapse formation. In support of this theory, a separate bsAb targeting PD-L1xILT4, which could primarily target APCs, did not demonstrate this enhanced effect over the combined mAb approach in our MLR assays (data not shown). Further, this enhanced activity was reduced at high CDX-585 concentrations (100 nM). Additionally, we discovered donor pairs influenced CDX-585 synergistic activity in these MLR assays. The mechanisms underlying this discrepancy are still unclear and may include differences in target expression or MHC haplotype. These data suggest that target expression could be a consideration for choosing patient populations in the clinic and, even so, there might be a narrow treatment window to achieve enhanced activity of CDX-585 over combination treatments. While CDX-585 does not need to co-engage both targets to be effective, this co-engagement mechanism might improve upon the clinical efficacy of mAb monotherapy or combination treatments, where these types of interactions are not expected to occur.



While relief of TAM/MDSC immunosuppression can lead to improved antitumor activity, other innate mechanisms can lead to tumor escape. For example, DCs can downregulate the expression of MHC Class I molecules, masking them from CD8+-infiltrating T cells [59] or through the upregulation of PD-L1 to inhibit T cell effector function [60]. An important function of CD40 with its ligand CD40L (CD154) is to license DCs to prime CD8+ effector T cells. We have previously shown that CD40 activation with the anti-CD40 agonist mAb, CDX-1140, promotes DC licensing, B cell proliferation, and CD95 (FAS) expression, leading to increased antitumor activity [42]. Combining the activities of DC licensing with both myeloid and T cell checkpoint inhibition would further polarize the pro-inflammatory microenvironment, potentially leading to improved antitumor activity. We tested this hypothesis by combining CDX-585 with cells primed by the CD40 agonist, CDX-1140, and demonstrated increased immune activation and antitumor activity by combining DC licensing with macrophage re-polarization and T cell checkpoint inhibition. Additionally, it is plausible that the ILT4 blockade, through CDX-585, frees up HLA-A to bind to CD8+ T cells, improving T cell mediated effector functions [61]. These results may provide the basis for simultaneous targeting of DCs, TAM/MDSCs, and T cells in a clinical setting.



To study in vivo activity of CDX-585, we utilized humanized CD34-NCG mice. These humanized mice were implanted with human melanoma SK-MEL-5 tumor cells, which express ILT4 and PD-(L)1 [62,63]. CDX-585 provided a superior response over the combination of ILT4 and PD-1 mAbs in this SK-MEL-5 melanoma model, consistent with the effect observed in in vitro co-culture assays. These data indicate treatment with CDX-585 promotes tumor volume reduction through direct inhibition of both ILT4 and PD-1.



Incorporation of an intact human IgG1 Fc domain, including YTE point mutations, promoted mAb-like PK through enhanced FcRn binding. In cynomolgus monkeys, we discovered transient increases in pro-inflammatory serum cytokine levels, consistent with the expected mechanism of CDX-585. Additionally, no obvious toxicity was observed. These data support direct activation of innate immune pathways in vivo by CDX-585. One of the animals developed strong antidrug antibodies (ADA) that resulted in rapid drug clearance that hampered longer term evaluation. A repeat dose non-human primate GLP-compliant toxicology study in cynomolgus monkeys supported a good safety and PK profile, with a NOAEL at the highest dose tested at 60 mg/kg/dose.



Along with current clinical data, collectively, these data support CDX-585 as a promising approach to enhance the clinical activity of the PD-1 blockade. Currently, a clinical study has been opened, evaluating CDX-585 in treating patients with solid tumors (NCT05788484). Engineering ILT4 and PD-1 blockade into a single molecule will provide us additional flexibility to effectively target more than two modalities at once. Therefore, in our clinical development strategy, CDX-585 is poised to be used in combination treatments with other therapeutic modalities, such as CD40 agonists, chemotherapy, or radiation, which may provide additional benefit to patients.
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Figure 1. Characterization of anti-ILT4 antibody 7B1 and anti-PD-1 antibody E1A9. (a) Immunoglobulin-like transcript (ILT) family members with the highest homology to ILT4 were transiently expressed on the surface of HEK-293 cells. The 7B1 mAb or human IgG1 control was allowed to bind to cells and detected by flow cytometry with a phycoerythrin (PE)-labeled goat anti-human IgG Fc-specific polyclonal reagent. (b) HEK-293 cells expressing human ILT4 were pre-incubated with antibodies followed by fluorescently labeled HLA-G tetramer. HLA-G binding was assessed by flow cytometry. (c) HEK-293 cells expressing human ILT4 were pre-incubated with antibodies followed by fluorescently labeled HLA-A2 tetramer. HLA-A2 binding was assessed by flow cytometry. (d) Monocyte-derived macrophages (differentiated with M-CSF 100 ng/mL for 6 days) were incubated overnight with antibodies and lipopolysaccharide (LPS) 10 ng/mL. Supernatant was harvested and analyzed for TNF-α production by ELISA. (e) ELISA plates were coated with recombinant human PD-1, as well as blocked and incubated with mAbs. Bound mAb was detected with a goat anti-human IgG Fc-specific polyclonal antibody reagent. (f) The HEK-293 cell line expressing PD-1 was incubated with mAbs and bound mAb was detected by flow cytometry with a PE-labeled goat anti-human IgG Fc-specific polyclonal reagent. (g) PD-1 effector cells and PD-L1 APCs were co-cultured in the presence of mAbs. Activation of the NFAT pathway via PD-1/PD-L1 blockade was detected as increased luminescence using the Bio-Glo™ reagent (Promega kit J1250). (h). ELISA plates were coated with recombinant human PD-1, blocked, and incubated with E1A9, followed by PD-L2. Bound PD-L2 was detected with an anti-mouse Fc horse radish peroxidase (HRP) reagent. This is a figure. Schemes follow the same formatting. 
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Figure 2. Analytical characterization of CDX-585. (a) Schematic of CDX-585. (b) SDS-PAGE of CDX-585 and E1A9 mAb run under reducing conditions. (c) HPLC profile of CDX-585 and E1A9 mAb on a TSK3000 size exclusion chromatography (SEC) column. (d) Bifunctional binding of CDX-585 to both antigens. HEK-293-ILT4 cells were incubated with CDX-585 or controls, followed by soluble PD-1-mouse Fc fusion. The bound PD-1 was detected with PE-labeled anti-mouse IgG. 
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Figure 3. CDX-585 inhibits PD-1 signaling and HLA-G binding. (a) PD-1 effector cells and PD-L1 APCs were co-cultured in the presence of antibodies. Activation of the NFAT pathway via PD-1/PD-L1 blockade was detected by increasing luminescence using Bio-Glo™ reagent (Promega kit J1250). (b) Titrated antibodies preincubated with ILT4-expressing 293 cells, block fluorescently labeled HLA-G tetramer binding. 
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Figure 4. CDX-585 drives M1 macrophage polarization and proinflammatory cytokine release. Human monocytes were incubated for six days with M-CSF in the presence of antibodies (6.7 nM). After differentiation, cells were activated with LPS overnight. Supernatant was harvested and analyzed for TNF-α (a) and IL-10 (b) production by ELISA. The cells were stained for PD-L1 (CD274) expression and analysis by flow cytometry (c). Macrophages (cultured with M-CSF) (d) or dendritic cells (cultured with GM-CSF/IL-4) (e) were incubated overnight with antibodies and LPS. Supernatant was harvested and analyzed for TNF-α production by ELISA. (f) Human peripheral blood mononuclear cells (PBMC) were incubated overnight with a sub-optimal concentration of anti-CD3 antibody (OKT3) before the addition of antibodies (33 nM) and then incubated for three days. Supernatant was harvested and analyzed for IFN-γ production by ELISA. Statistical significance vs. human IgG1 control was measured by Student’s paired t-test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 5. CDX-585 enhances T cell activation in mixed lymphocyte reactions. Purified CD4+ T cells and dendritic cells were prepared from independent donor PBMCs (n = 8). Dendritic cells were activated overnight with LPS, and then they were co-cultured with allogeneic CD4+ T cells in the presence of antibodies (5 nM) for four days. Supernatant was harvested and analyzed for IFN-γ and IL-2 production by ELISA. Statistical significance vs. human IgG1 control was measured by Student’s paired t-test, ** = p < 0.01. 
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Figure 6. CDX-585 potentiates CD40-mediated immune cell activation. (a) Monocyte-derived dendritic cells (cultured with GM-CSF/IL4) were incubated overnight with antibodies (6.7 nM) and CDX-1140 (5 µg/mL). Supernatant was harvested and analyzed for TNF-a production by ELISA. (b) Purified CD4+ T cells and monocyte-derived dendritic cells were prepared from independent donors. Dendritic cells were activated overnight with CDX-1140 (0.5 µg/mL), and then they were co-cultured with allogeneic CD4+ T cells in the presence of antibodies (5 nM) for four days. Supernatant was harvested and analyzed for IFN-γ production by ELISA. Statistical significance vs. human IgG1 control was measured by Student’s paired t-test, * = p < 0.05, ** = p < 0.005. 
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Figure 7. Anti-tumor activity of CDX-585 in a humanized mouse melanoma model. Thirty HuCD34-NCG mice (Charles River Laboratories) were divided into five groups of six mice each. Mice were implanted with 2 × 107 SKMEL-5 cells subcutaneously. Starting on the day following implantation, mice were treated as follows: Group 1: Human IgG1 isotype control (25 mg/kg), Group 2: CDX-585 (25 mg/kg), Group 3: 7B1 (18.75 mg/kg), and Group 4: E1A9 (18.75 mg/kg), and Group 5: 7B1 (18.75 mg/kg) and E1A9 (18.75 mg/kg). Mice were dosed once a week for five weeks. Tumor volumes were measured three times per week. Statistical significance vs. human IgG1 control was measured by Student’s t-test, * = p < 0.05, *** = p < 0.005. 
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Figure 8. Pharmacokinetics of CDX-585 in cynomolgus macaques. Three non-naïve cynomolgus monkeys (one male, two females) were administered a single 10 mg/kg slow bolus intravenous injection of CDX-585. (a) Serum concentrations of CDX-585 were measured by ELISA. (b) Blood levels of MCP-1, MIP-1β, and MDC following a single intravenous dose of CDX-585 using a Mesoscale Discovery method are shown. Each line represents the data from a single animal (Animal #1 being male and Animal #2 being female). 
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