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Abstract

:

A homologue of binding immunoglobulin protein/BiP—IRL201805 alters the function of immune cells in pre-clinical in vivo and in vitro studies. The aim of the study was to select biomarkers that clearly delineate between RA patients who respond to IRL201805 and placebo patients and reveal the immunological mode of action of IRL201805 driving the extended pharmacodynamics observed in responding patients. Biomarkers that distinguished between responding patients and placebo patients included downregulation of serum interferon-γ and IL-1β; upregulation of anti-inflammatory mediators, serum soluble CTLA-4, and intracellular monocyte expression of IDO; and sustained increased CD39 expression on CD3+CD4+CD25hi CD127lo regulatory T cells. In the responding patients, selected biomarkers verified that the therapeutic effect could be continuous for at least 12 weeks post-infusion. In secondary co-culture, pre-infusion PBMCs cultured 1:1 with autologous PBMCs, isolated at later time-points during the trial, showed significantly inhibited IL-6 and IL-1β production upon anti-CD3/CD28 stimulation demonstrating IRL201805 alters the function of immune cells leading to prolonged pharmacodynamics confirmed by biomarker differences. IRL201805 may be the first of a new class of biologic drug providing long-term drug-free therapy in RA.
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1. Introduction


Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease predominantly affecting females (3:1) leading to debilitating pain and joint degeneration, with a prevalence of approximately 1% worldwide. The burden of increased morbidity and mortality associated with RA has driven the rapid development of therapeutics during the last three decades. From non-steroidal anti-inflammatory drugs (NSAID) and disease modifying anti-rheumatic drugs (DMARDs) to the biologic DMARDs (bDMARDs) including small-molecule inhibitors, these drugs now target the inhibition of pro-inflammatory mediators, such as cytokines, or cell signalling cascades [1].



Despite the fact that bDMARDs have greatly improved the quality of life for many patients, these drugs still tend to treat the symptoms rather than ‘cure’ the disease. One barrier to this goal of long-term drug-free remission remains the limited mechanism of action of the majority of currently available bDMARDs. Other considerations include the health risks associated with the development of serious infections or cancers or the poor efficacy of a drug in restricting a biological pathway [2]. The limiting factor for many of these drugs is the close association between the pharmacokinetics (PK) and pharmacodynamics (PD) requiring regular dosing with the drug. However, for prolonged drug-free efficacy, the bDMARDs must critically change the cellular immune response. There is a need for a drug that has the potential to deliver long-term alteration of cell surface phenotypes, production of pro- or anti-inflammatory soluble mediators and modify downstream signalling pathways, leading to a significantly prolonged PD beyond PK. Such a molecule is Binding immunoglobulin Protein/glucose regulated protein 78 (BiP/GRP78), a ubiquitous, endoplasmic reticulum resident protein essential for the regulation of protein folding. The intracellular functions of this protein are well characterised [3].



However, extracellular BiP/GRP78 is also defined as a stress protein, and exerts markedly different effects on the immune response, driving the production of anti-inflammatory mediators [4]. In the human immune system, the anti-inflammatory activity of extracellular BiP is principally manifested through myeloid cells that express an as-yet unidentified receptor(s) for BiP. BiP stimulation of monocytes diverts classical myeloid activation to alternative activation, or deactivation. BiP influences the differentiation of peripheral blood monocytes (PBMO) into dendritic cells (DC) and osteoclasts. Treatment of monocytes with BiP, while undergoing maturation to DC, reduced their expression of HLA-DR and downregulated CD86, diminishing their critical antigen presentation function. In animal studies, administration of a single dose of recombinant human BiP prophylactically protects and therapeutically treats animals with murine collagen-induced arthritis (CIA) [5,6]. Earlier, a single parenteral dose of BiP during active disease was sufficient to induce the remission of inflammation in CIA, suggesting that BiP not only mediates anti-inflammatory actions but also drives the resolution of inflammation [5].



This led to the initiation of our previously reported ‘first in human’ double-blind randomised placebo controlled single escalating dose phase I/IIa trial of the homologue of BiP/GRP78, now called IRL201805 [7] in RA (RAGULA trial). During this trial, clinical biomarkers were comprehensively reported. Those included were the disease activity score 28 joint count (DAS28), and serum inflammatory markers such as C-reactive protein (CRP) -interleukin (IL)-8 and the vascular endothelial factor (VEGF), which impact disease pathology and are regularly used as disease activity markers. However, the disconnect between PK and PD additionally required the creation of a panel of biomarkers that clearly identified significant immunological differences between the placebo (Pbo) group and all those patients treated with IRL201805, whether responsive (IRL201805Res) or non-responsive (IRL201805NRes), which would confirm that treatment with IRL201805 was responsible for the changed immune response, forcing the resolution of chronic inflammation in disease.



Herein, we describe changes in influential exploratory biomarkers that increase our understanding of the mechanism of action of IRL201805 that underlie the potential for resolving inflammation and restoring homeostasis in a drug -free environment. This study shows the effect of IRL201805 on the production of soluble mediators, with significant differences between placebo and IRL201805Res patients: in vitro and ex vivo cell surface phenotypic changes; altered regulatory T cells (Treg) markers; and finally, confirmation that altered immune cell function was established during treatment as demonstrated by the altered cytokine profile produced by IRL201805Res patients for 12 weeks post treatment.




2. Results


2.1. Disease Activity as Estimated using DAS28 Was Consistently Reduced in IRL201805 Responders


The DAS28 is a measure of disease activity in RA based on the clinical assessment of 28 specific joints, serum inflammatory markers (e.g., erythrocyte sedimentation rate—ESR or CRP) combined with a visual analogue scale. The DAS28 of the patients was monitored for 12 weeks (Figure 1A–C). The pre-assessment DAS28 was > 4 for all patients. Retrospectively, it was found that all Pbo and 7/8 non-responders had a DAS28 of ≥5. Using the EULAR definition [8], a reduction in the pre-infusion DAS28 score to 3.2 (low activity level) or 2.6 (remission level) when sustained for up to 12 weeks defined IRL201805Res (Figure S1). These responder patients showed a consistent low-level DAS28 from 3 to 12 weeks post-treatment (Figure 1A). The remainder of the IRL201805-treated patients showed inconsistent and transient changes in DAS28 and were grouped as IRL201805NRes (Figure 1C). Despite a detectable clinical response, the DAS28 in the Pbo patients showed only fluctuating, transient changes (Figure 1B). The IRL201805Res group had statistically significant lower DAS28 scores compared to either Pbo or IRL201805NRes patients from week 3 onwards (Figure S1). During the trial, samples were taken to investigate exploratory biomarkers; however, the small number of patients necessitated the pooling of data across the three dosing groups (1, 5, and 15 mg/patient) to form the IRL201805Res and IRL201805NRes groups.




2.2. Serum Endogenous BiP/GRP78 and IRL201805 Concentrations Were Higher in IRL201805 Responders


Throughout the RAGULA trial the serum level of endogenous BiP/GRP78 and the IRL201805 homologue, which are indistinguishable using ELISA, was measured. BiP/GRP78 is an endogenous protein and ELISA data showed that pre-infusion the RA patients had a range of serum concentrations (0–70 µg/mL). Despite the randomisation of patients for placebo or IRL201805 treatment, on unblinding at the trial end, these pre-infusion serum levels revealed that the IRL201805Res group had significantly higher endogenous levels of serum BiP/GRP78 prior to treatment, while the Pbo group and IRL201805NRes patients had little detectable endogenous serum BiP/GRP78 (Figure 1D). We followed the first 72 h post-infusion to investigate whether serum levels in individual patients changed from their pre-infusion level, however, no patient showed any serum concentration change for BiP/GRP78/IRL201805.




2.3. Pharmacokinetic–Pharmacodynamic (PKPD) Analysis of IRL2028 in Mice


The findings of the RAGULA clinical trial confirmed a complete disconnect between IRL201805 PK and PD, which was previously observed in a pre-clinical-collagen-induced arthritis model [5]. Regulatory restrictions prevented PK measurement in either healthy controls or RA patients, so the investigation of IRL201805 PK was limited to animal models. Monitoring the PK in the mouse showed a rapid loss of serum IRL201805 following infusion of each of the doses of IRL201805 with a t 1/2 < 3 h and complete loss from the serum by 10–24 h (Figure 2A). With repeat dosing after 1 week, the PK followed the same kinetics (Figure 2B).




2.4. Detection of Cytokine Changes Post ILR201805 Treatment


As previously reported, a single-dose infusion of IRL201805 in RA patents led to the significant inhibition of inflammatory biomarkers C-reactive protein (CRP), IL-8 and vascular endothelial growth factor (VEGF) specifically in IRL201805Res patients when compared to the placebo (Pbo) group. These changes were already visible by 3 weeks and persisted until week 12 [7].



Interleukin (IL) IL-2, IL-4, IL-6, IL-10, IL-17, IL-1 receptor antagonist (Ra), tumour necrosis factor (TNF) α, interferon (IFN) γ, cytotoxic T lymphocyte antigen (CTLA)-4, and monocyte chemoattractant protein (MCP)-1. These were all detectable, but of these only IL-1β, TNFα, and IFNγ showed statistically significant changes in serum concentration between the groups, as noted (Table 1). As a means of predicting and monitoring drug treatment in rheumatoid arthritis, cytokines have been considered as potential biomarkers to use in parallel with CRP and ESR to monitor disease activity, but even these established acute phase-reactant levels can be discordant among RA patients with active disease [9]. IL-10 is an important anti-inflammatory in the rheumatoid joint and synovial tissue, where it binds to IL-10 receptors on a number of immune cells, including Tregs. However, the monitoring of free soluble IL-10 levels as a strategy to predict disease amelioration is not routinely used. Meyer and co-workers showed that serum IFNγ, IL-1β, IL-1R, TNF-α, GM-CSF, and VEGF significantly correlated with disease activity in patients with high DAS28 scores [10]. Moreover, the IRL201805 study has also shown a reduction in IFNγ, IL-1β, VEGF, and CRP in the clinically responding patients specifically [7]. Others have shown that serum levels of IL-6, IL-10, and IFNγ have modest correlation when assessed with the radiological progression of RA [11], but we did not perform this correlation in the current study. As shown in Figure S2, there was a wide range of IL-10 concentrations in all three patient test groups where the IRL201805Res group appeared to have generally higher levels of IL-10 compared to the other test groups throughout the study. We saw no correlation with IL-10 concentrations and drug dosage.



In PBMC in vitro studies, we observed IRL201805 upregulated expression of the cell surface CTLA-4 on RA peripheral blood mononuclear cells (PBMCs) compared with healthy control samples (control, 8.6 ± 5.1% vs. IRL201805, 13.2 ± 8.4%, n = 23, p = 0.02) (Figure 3A). We explored these findings further as CTLA-4 derives from activated T-cells, especially Tregs, and can bind to CD80/CD86 on APCs with higher affinity than CD28. Abatacept, a CTLA-4-Ig fusion protein, binds to CD80/CD86 and blocks inflammatory pathways in T-cells and is used to treat progressive RA [12]. Mechanistically, evidence suggests soluble CTLA-4-Fc induces tolerogenic conditions via indolamine dioxygenase (IDO) and Tregs, by increasing the production of enzymatically active IDO, but not necessarily increasing the Treg number [13]. In physiologically relevant whole-blood cultures, the addition of IRL201805 induced soluble CTLA-4 (sCTLA-4) production (24 h, range 1–18 pg/mL; 72 h, range 50–72 pg/mL) (Figure 3B) when the control cultures showed no detectable CTLA-4. Monitoring RAGULA-trial derived sera, sCTLA-4 levels between pre-infusion and 12 weeks, both placebo and IRL201805Res groups showed a slight drop in serum sCTLA-4 at 2 weeks; although, sCTLA-4 levels in placebo patients remained significantly lower than the IRL201805Res group (p < 0.044) (Figure 3C). Within this group, significant upregulation of serum sCTLA-4 (p = 0.031) was detected by 12 weeks.



This posed the question as to whether IRL201805, like CTLA-4Ig, could induce IDO, a monocyte and DC anti-inflammatory mediator that metabolises tryptophan, thus inhibiting T cell proliferation. In following in vitro experiments, PBMCs were cultured with CTLA-4Ig [14] or IRL201805 for 24 h. A rapid increase in intracellular IDO was observed in myeloid cells after treatment with both CTLA4Ig and IRL201805. The increase in the IRL201805-treated cells vs. control (TCM) cells was statistically significant (p = 0.02) (Figure 3D). Similarly, ex vivo samples from IRL201805Res patients revealed a strong trend (p < 0.06) at 72 h for greater intracellular expression of IDO when compared with Pbo at the same time-point. This increased expression of IDO appeared to be maintained for 4 w (Figure 3E).




2.5. IRL201805 Is Not a General Immunosuppressive


The possibility that IRL201805 might be generally immunosuppressive in patients was excluded by a comparison of patient’s PBMC proliferative responses pre- and post- treatment. The data showed no reduction in T cell responses either to anti-CD3+anti-CD28 antibody coated beads or tuberculin-purified protein derivative (PPD) in any patient group at any time point throughout the 12 weeks of the trial (Figure 4A,B, respectively). It was noted, however, that the recall antigen cell-mediated immune response to tuberculin PPD was significantly raised (p = 0.011) in the IRL201805Res patients between 2 and 12 weeks.




2.6. Frequency of Phenotype Changes of Regulatory T Cells


An established Treg phenotype, CD3+CD4+CD25hiCD127lo, was monitored ex vivo in patient samples over 12 weeks. Figure 5A,B show that at 12 weeks post-infusion a slight but significant fall in circulating Tregs was observed in IRL201805Res patients only when compared to Pbo patients (12 weeks, Pbo, % of T cell population, 6.6 ± 2.7%; change from baseline, 0.41 ± 4.8 vs. IRL201805Res, % of T cell population, 6.0 ± 2.0%; change from baseline, −0.76 ± 12.96; change in expression from baseline p = 0.017) (Figure 5A,B).



In a previous in vitro culture, the cell surface phenotype following 24 h in culture in the presence of IRL201805 showed significant upregulation of CD39 with CD73 on the surface of the CD4+CD25hi regulatory T cell subpopulation (Figure 5C). CD39 has become a marker for stability and the increased efficacy of the CD4+CD25hiCD127lo Treg [15], so for consistency the frequency of expression of CD39+ was also monitored. The ectoenzyme CD39 was upregulated and was significantly higher on IRL201805Res Treg by 24h (Figure 5D) and maintained for at least 12 weeks post-infusion in the absence of further dosing (Pbo, % expression, 38.4 ± 19.9%, an increase from mean pre-infusion expression, 0%, vs. IRL201805Res, % expression, 54.0 ± 25.2%, an increase from mean pre-infusion expression, 6.6%, p = 0.017) (Figure 5D,E).




2.7. IRL201805Res Treatment Confers an Altered Cytokine Profile


To interrogate any functional changes that might have occurred, in vivo PBMCs from Pbo or IRL201805Res patients were taken at 72 h or 4-week time-points and cultured 1:1 with autologous pre-infusion PBMCs stimulated with anti-CD3+anti-CD28 antibody coated beads.



The proliferative response was extremely variable within the groups, and consequently no significant difference between the IRL201805Res group and Pbo group was observed.



Serum IFNγ levels were significantly reduced compared to pre-infusion levels from IRL201805Res patients at the 2-week timepoint compared with Pbo (p < 0.03) (Figure 6A). Taking PBMCs from these blood samples for co-culture with autologous, stimulated pre-infusion PBMCs the IRL201805Res 4-week samples also produced significantly less IFNγ than the equivalent Pbo cultures (Figure 6B). In these same cultures, TNFα production, although not significantly decreased (Figure 6C), showed a strong trend towards reduced production in the IRL201805Res cultures. These cultures also showed a significant reduction in IL-1β production at 72 h (p = 0.05), while a strong trend to reduced production also remained at 4 weeks. This was not observed in the Pbo group (IL-1β, fold change from pre-infusion: 72 h, Pbo, 2.6 ± 1.8 versus IRL201805Res, 0.82 ± 0.6, p = 0.05; 4 weeks, Pbo, 1.52 ± 0.31 vs., 0.86 ± 0.56, p = 0.06 ns, n = 5) (Figure 6D); similarly, significantly lower IL-6 production at the 4 week time point was also detected (IL-6, fold change from pre-infusion: 72 h, Pbo, 2.5 ± 1.5 vs. IRL201805Res, 0.97 ± 0.5, p = ns; 4 weeks, Pbo, 1.28 ± 0.1 vs. IRL201805Res, 0.86 ± 0.35, p = 0.035, n = 5) (Figure 6E).





3. Discussion


The retrospective analysis of the RAGULA samples has highlighted several changes that clearly separated IRL201805Res patients from Pbo or IRL201805NRes, namely reduced serum IL-1β, TNFα, and IFNγ in parallel with increased sCTLA-4 indicative of regulation of the inflammatory response. Additionally, two constant changes in immune cell expression (i) CD39 on Tregs and (ii) increased intracellular IDO in monocytic cells were maintained over 12 weeks in IRL201805Res following IRL201805 infusion.



Despite the huge variability in endogenous serum BiP/GRP78 levels in health and disease, as in [4], it was noted that IRL201805Res tended to have higher levels than other patients. It was speculated that this increase in baseline endogenous BiP/GRP78 levels might aid the responsiveness of IRL201805Res patients by possibly enhancing self-antigen-recognising Tregs [16].



The production of serum cytokines is evidence of excessive cellular activation and an important indicator of the imbalance of the immune response that drives chronic inflammation. The successful use of anti-TNF therapy is evidence that this cytokine is a major driver of RA pathology. Having demonstrated that IRL201805 inhibits TNFα production and function, both in vitro [17] and in a xenogeneic severe combined immunodeficiency (SCID) mouse model with human synovial tissue transplants [18], the switch from pro- to anti-inflammatory mediators was targeted in this biomarker investigation. Overall, reduced serum IFNγ, already an established biomarker for successful anti-TNF therapy [19], and downregulated serum IL-1β and TNFα suggest an anti-inflammatory drift. When investigating the serum cytokine profile, one conundrum that arose was why the copious production of IL-10 was always observed in in vitro human PBMC cultures [17], and our primary in vitro biomarker before the clinical trial was not replicated in vivo. An explanation may be that, in vivo, secreted IL-10 is rapidly bound to receptors and consumed at the source. The significant decrease in serum IFNγ and TNFα, specifically in IRL201805Res patients, might suggest that IL-10 was active in the downregulation of nuclear factor kappa B (NF-κB), a transcription factor that drives production of many pro-inflammatory cytokines, and as expected would reduce pro-inflammatory cytokine transcription. This would correspond with the pre-clinical xenogeneic study where inflamed human synovial membrane was transplanted into SCID mice where the essential function of IL-10 was only confirmed using neutralizing IL-10 antibody [18].



Similarly, evidence of the deviation of monocyte development into alternatively activated macrophages with downregulation of antigen presentation by HLA-DR with costimulatory molecules CD86 and CD80 [20] also was previously observed in vitro [17] but was absent in the small group of IRL201805Res patients.



This shift away from a predominantly pro-inflammatory environment is accompanied by cellular changes. Monitoring CD3+CD4+CD25hiCD127lo Treg [21], synonymous with Foxp3+positivity [22], showed no increase in Treg over 12 weeks in IRL201805Res patients. However, there was significant and prolonged upregulation of CD39 expression, known to increase Treg stability and potency. CD39, an ectoenzyme, regulates immune responses by hydrolysing ATP, increasing adenosine release which prevents T cell function and differentiation [23], ultimately making Treg function more effective and less reliant on Treg numbers. Low expression of CD39 is a biomarker for an inadequate response to methotrexate (MTX) [24]. Since several IRL201805Res patients had previously failed on MTX, but highly expressed CD39, these data strengthen the finding that IRL201805 has a different mechanism of action.



Also, associated with Tregs, an anti-inflammatory mediator, soluble CTLA-4, was significantly increased in IRL201805Res following treatment for 12 weeks. This is relevant as CTLA-4 contains two single nucleotide polymorphisms associated with susceptibility to RA [25]. While CTLA-4 is essential for the maintenance of T cell subset homeostasis [26] and Treg activity, any genetic variation may alter this regulatory role in RA patients [26,27]. By increasing expression and secretion, IRL201805, may rebalance and restore immune regulation. Additionally, increased soluble CTLA-4 would mimic CTLA-4Ig function preventing T cell activation through costimulatory molecules, CD80 and CD86 [28]. Pre-clinical work has shown that IRL201805 downregulated CD86 sharply, and, although not observed in IRL201805Res patients, this may be due to variability of expression within the small patient numbers. CTLA-4 is also known to induce IDO, detected in monocytic cells [29] and which controls the degradation of tryptophan through the kynurenine pathway. Tryptophan is an essential amino acid for T cell proliferation [30] and metabolites also inhibit monocyte maturation to macrophages inducing a DC phenotype. The consequent upregulation of CTLA-4 and IDO and reduction in IFNγ would severely limit T cell activation and reduce inflammation (Figure 7).



IRL201805 is a synthetic homologue of human BiP, effectively a ‘self-antigen’, which as well as being a chaperone is a stress/heat shock protein (HSP) with evolutionary conserved features to bacterial HSPs recently reviewed [4]. Much of the pre-clinical work performed by Corrigall et. al, studying recombinant human BiP, observed changes in dendric cells characteristic of differentiation towards a tolerogenic DC (tolDC) phenotype [5,6,17,31,32,33]. Some of the features of tolDCs are low expression of CD40, CD80, CD86, and MHC class II molecules—all critical in the DC-T cell cross communication observed in both pro- and anti- inflammatory progression by promoting T cell anergy/depletion or Treg differentiation, respectively. TolDCs also generate potent inhibitory molecules including IDO and IL-10 among others. In this context, IRL201805 administration may work in part, by producing tolDC in vivo. Perhaps a more controlled way to generate tolDC is to manufacture them from autologous patients’ peripheral blood monocytes. The application of tolDC to restore immune tolerance has been tested in a series of completed phase I/II clinical trials in RA (NCT03337165/NCT01352858) [34], type 1 diabetes (NCT04590872), and multiple sclerosis patients (NCT02283671), and in most cases treatment was reported to be safe and well tolerated. The manufacture of autologous tolDC necessitates some ex vivo manipulation of the cells, including exposure to tolerogenic agents (e.g., Dexamethasone + Vitamin D3), a maturation agent to help cells display an anti-inflammatory profile [35] (e.g., monophosphoryl lipid A), and a specified antigen. An intra-nodal multi-dose 5–15 × 106 tolDC (phase I/II) RA trial that is currently recruiting (NCT05251870) is employing a bacterial chaperone/HSP70 B-29 peptide at the antigen stimulant. This is of interest as the Mycobacterium tuberculosis B-29 peptide (VLRIVNEPTAAALAY) is believed to generate HSP-specific Tregs that suppress arthritis through the cross-recognition of human HSP homologues [36], and this is one aspect of IRL201805 we are aiming to assess in future studies to elucidate its mode of action further.



There are limitations of the biomarker analysis of this phase IIa randomised double-blind study. First, the samples size was limited to eight active RA patients per dosing arm (1, 5, or 15 mg single dose) who had all failed at least one DMARD. Of the 24 patients, 21 participants were women, potentially limiting the generalisability. There has been a rise in the placebo response in RA clinical trials over the past 20 years [37], with a possible explanation being RA severity has decreased over time due to early diagnosis and improved pharmacological intervention. As our patients were in a randomly selected double-blinded single-dose escalating study, our placebo group in general had higher DAS28 scores pre-infusion than our IRL201805 responders. Our Pbo group may reflect the undulating nature of the DAS28, which fluctuates despite the use of DMARDs. However, in the IRL201805Res, unlike the Pbo groups, they maintained a lower DAS28 score for the 12 week duration of the study.



The sum of the diverse biomarker changes observed upon treatment with IRL201805 in patients who responded to treatment indicated by reduced DAS28 scores, imply that not a single, but multiple immune and metabolic pathways may be altered by the drug in vivo. We are currently investigating this possibility by employing a number of molecular techniques to assess the in vitro action of IRL201805 on immune cells isolated from RA patients with active disease. We know that IRL1805 directly interacts with monocytes (see Figure 7) which are key cells that can initiate and regulate inflammation. In addition, monocytes can differentiate into osteoclast that are responsible for bone erosion in RA. Previously, we showed in healthy controls that IRL201805 inhibited osteoclastogenesis and its function by altering the mitogen-activated protein kinases (MAPKase) signalling pathway, by reducing phosphorylation of the p38 MAPKase, and the extracellular signal-regulated kinases (ERK) 1/2, with the suppression of essential osteoclast transcription factors, c-Fos and NFATc1, and finally preventing nuclear translocation of NF-κB components in both the canonical and non-canonical pathways [38]. We are currently performing in vitro RNA-seq analysis on monocytes from RA patients compared with healthy donors with and without IRL201805 treatment. So far, our evaluation of transcription profile changes in monocytes from active RA patients suggest that IRL201805 has the capacity to selectively reset a number of cell–cell and metabolic linked inflammatory pathways in RA monocytes, without altering the genes in healthy monocytes [39]. Moreover, upon further examination of osteoclasts derived from CD14+ monocytes isolated from active RA patients, in vitro application of IRL201805 appears to inhibit the receptor activator of nuclear factor-kB ligand (RANKL)-induced osteoclastogenesis and downregulate several vacuolar ATPases involved in the acidification of osteoclasts and bone resorption [40]. These observations support the biomarker changes observed in the former [38] and current study.



Biomarkers, common to both pre-clinical and clinical studies, indicate unequivocally that IRL201805 is an immunoregulator and that the long-term therapeutic properties of IRL201805, in the absence of a detectable drug, confirm a dissociation between the PK and PD. Figure 7 now places these exploratory biomarkers in context, explaining the multifaceted mechanism of action, and suggests that IRL201805 is a new class of biologics able to drive drug-free therapy by resetting the immune response and restoring homeostasis [4,41]. It appears that IRL201805 may target not one but multiple pathways common to many inflammatory and autoimmune diseases and joins the growing family of extracellular chaperone-derived molecules that may aid in the long-term remission of a number of chronic diseases and inflammation [42,43,44,45,46].




4. Materials and Methods


4.1. Reagents


IRL201805, an exact copy of clinical-grade GMP rhuBiP used in the RAGULA trial and a near homologue of endogenous BiP/GRP78, was re-manufactured by Revolo Biotherapeutics (Gaithersburg, MD, USA) and renamed IRL201805.




4.2. Study Design and Patient’s Characteristics


Twenty-four RA patients with active disease severity defined by their DAS28-ESR score who had failed one or more DMARDs were sequentially recruited to a double-blinded placebo-controlled, single-dose escalating phase I/IIA clinical trial for IRL201805 in RA. RA was defined using the 1987-revised ACR diagnostic criteria [47], for at least 6 months with active RA was defined by having at least six swollen and six tender joints, CRP  > 4 mg/L and/or ESR  > 15 mm/h, despite adequate dosage of at least one DMARD with a normal chest X-ray within 3 months of randomization. Major exclusion criteria were treatment with any biologic drug within 3 months of screening (6 months for rituximab), functional Class IV by ACR Criteria [48], safety screening pathology results outside pre-defined ranges, hepatitis B or C, HIV-positive status, and any other active systemic infection within 2 weeks before baseline. Patients with a history of malignancy (except basal cell carcinoma or adequately treated carcinoma in situ of the cervix), significant cardiac, renal, neurological, psychiatric, endocrine, metabolic, or hepatic disease were also excluded. Treatment regimes of the patients before and during the trial are reported in Table 1 of Ref. [7].



Six patients in each of the three dosing groups were infused with 1, 5, and 15 mg IRL201805/patient in a single dose. Patients were monitored for 12 weeks. In each group, two patients were randomly chosen to be placebo controls and were grouped at the end of the study. Due to the small number of patients, data were analysed in three groups across the dosing groups: (i) the placebo-treated group (Pbo), (ii) BiP-treated responder (IRL201805Res) patients, with a persistent moderate/good clinical response or in remission as measured using the DAS28-ESR from week 3 to week 12 and (iii) IRL201805-treated non-responder (IRL201805NRes) patients with no response to treatment but not withdrawn from the study due to worsening disease. Six patients were withdrawn during the trial, with four out of six for worsening disease, requiring treatment; two out of six withdrew due to spontaneous symptom relief. The variability of the pre-infusion DAS28.ESR scores between the three randomized groups was checked, employing the Kruskal–Wallis Test, and no significance was found (p = 0.0708). The median and IQR (Interquartile range) for each group were as follows: placebo, 5.2 (1.7); IRL201805Res, 4.4 (0.7); and IRL201805NRes, 6.0 (1.9). A pre-clinical in vitro study was also performed, in which heparinised blood samples from RA patients were collected from the Outpatients Clinic at Guy’s Hospital. All patients and healthy controls gave fully informed consent in line with the Helsinki Declaration and ethical standards for research. Research undertaken was approved by the Guy’s and St Thomas’ Hospital Research Ethics Committee (ref: 01/05/01).




4.3. Cell Culture


All cultures used tissue culture medium (TCM); (RPMI 1640) obtained from Sigma (Poole, UK) supplemented with 10% v/v foetal calf serum. PBMCs were prepared using Lymphoprep from Axis-Shield, (Dundee, UK), separated using density centrifugation, washed three times in phosphate-buffered saline (PBS) from BioWhittaker-Lonza (Cambridge, UK), and adjusted to 106/mL/well in Corning Costar® 24 well plates from Fisher Scientific (Loughborough, UK). When required, T cells were separated using negative selection using a Dynabeads™ untouched T cell purification kit from ThermoFisher Scientific (Waltham, MA, USA) according to manufacturer’s instructions. Heparinised blood samples from RA patients or healthy controls were obtained after fully informed consent from the rheumatology outpatient clinics at Guy’s Hospital and blood samples from the RAGULA trial were also processed for PBMCs (see details above). When required, PBMCs were frozen in 50% freezing medium (80% v/v foetal calf serum and 20% v/v dimethyl sulphoxide) and stored in liquid nitrogen.




4.4. Cytokines Production and Detection


PBMCs (106/mL/well) were cultured in 24-well plates with and without stimulants, as indicated. Supernatants were collected, aliquoted, and frozen. An enzyme-linked immunosorbent assay (ELISA) kit used to detect IL-10 was obtained from Becton Dickenson (Oxford, UK). ELISA kits used for individual MMP3, TIMP1, sTNFR, and CTLA-4 detection were purchased from R&D Systems (Oxford, UK), and ELISA was performed according to each manufacturer’s recommendations. Serum levels of BiP were measured using ELISA, carried out as previously described [31]. A DuoSet® commercial ELISA from R&D systems (Oxford, UK) was used to measure MMP-3/TIMP complexes. The high-variability cytokine concentrations in serum required normalisation of data for analysis. The fold change in cytokine concentration from the individual pre-infusion baseline concentration was used for each patient.




4.5. Cell Surface and Intracellular Flow Cytometry Analysis


Cell surface phenotypic analysis: in vitro PBMCs were stained for surface expression of CD45.fluorescein isothiocyanate (FITC), CD3 peridinin chlorophyll protein (Per-CP), CD4. phycoerythrin (PE), CD8.allophycocyanin (APC), CD69.PE, CD39.FITC, CD73.APC, CD14.PE, HLA-DR.FITC, CD86.FITC conjugated antibodies. For detection of CD39+ Treg ex vivo, whole blood was stained with a panel of fluorochrome conjugated antibodies from Biolegend® (London, UK) including CD45.pacific blue, CD3.APC Cy7, CD4.FITC, CD25.APC, CD39.PE-Cy7, and live dead stain. CD127.PE was purchased from BD Biosciences (Oxford, UK). All antibody panels, clone numbers and fluorochrome compensation information are described in Table S1. After 30 min, red blood cells were lysed with isotonic ammonium chloride solution [48], and cells were washed three times in PBS and analysed within 1 h. Each sample was stained in parallel with an internal control to ensure technical consistency in the staining and analysis. The gating strategy employed to monitor phenotypic changes in CD39+ Tregs ex vivo is shown in Figure S3. Acquisition by BD CANTO II used application settings to ensure the consistency of results across the time points. Ex vivo monocytes and dendritic cells were cell surface stained for CD14, CD86, HLA-DR, CD1a, and intracellular IDO. All cells were stained as previously described [49].



Intracellular phenotypic analysis: in vitro PBMCs were cell surface stained for lymphocyte markers CD3.FITC and CD4.APC prior to being fixed with 4% paraformaldehyde and solubilised with 0.3% saponin, all purchased from Sigma (Poole, UK). Cells were counterstained with the appropriate fluorochrome conjugated antibodies to CTLA-4.PE or IDO.PE and washed thereafter in 0.3% saponin-containing buffer as previously described [33].




4.6. Ex Vivo Assessment of Patient Lymphocytes Retention of Antigen-Induced Proliferation and T-Cell Activation


Monitoring antigen-induced lymphocyte proliferation allows the assessment of the ability of immune cells to retain their ability to recognise ‘foreign’ antigens post treatment with tolerogenic therapy. PBMCs from all clinical time points were cultured in the presence of the recall antigen, tuberculin purified protein derivative (PPD) (5 µg/mL) from Central Veterinary Services (Weybridge, UK), or anti-CD3 and anti-CD28 antibody coated Dynabeads (20 beads/cell) from ThermoFisher Scientific (Paisley, UK). PBMCs (2 × 105/200 µL/well) were set up in triplicate in Corning Costar® 96-well plates (proliferation was measured using uptake of tritiated thymidine obtained from Perkin Elmer Inc., (Pierce, Beaconsfield, UK), as described previously) [32].



T cell activation via the TCR complex is required for the in vitro expansion of numerous immune signalling pathways. Treatment of T cells with monoclonal anti-CD3/anti-CD28 provides a generic co-stimulatory signal that engages the TCR. To investigate if lymphocytes post-treatment with IRL201805 in vivo retain their activation capabilities, RA trial PBMC secondary co-culture experiments were set up. Thawed autologous PBMC from the pre-infusion visit were mixed 1:1 with PBMCs (5 × 105) from later time-points during the trial. All co-cultures for each patient were carried out simultaneously to ensure consistency. Cells were cultured for 72 h in the presence of a suboptimal dose of anti-CD3/CD28 antibody coated beads (20 cells:1 bead). Supernatants were aliquoted and frozen for cytokine detection.




4.7. Pharmacokinetic Determination


During the clinical trial, we were unable to measure PK in RA patients as blood collection, and both volume and frequency, were severely limited by the ethical committee. We knew from pre-clinical work that there was rapid uptake of IRL201805 (within a few hours) and an extended PD (several months); therefore, biomarker monitoring was a necessity to gauge drug efficacy. However, to confirm the rapid removal of IRL201805 from the circulation, it was relevant to measure the PK of the current drug batch in an animal model. Retrospectively, the PK study was performed by Aptuit (Verona, Italy) in rodents, as described below. In a GLP-compliant 7-day repeat-dose toxicity study, IRL201805 was administered to CD-1 mice at 0 (PBS vehicle), 5, 15, and 25 mg/kg/day by IV bolus injection for 7 consecutive days. The groups dosed for pharmacokinetic evaluation consisted of 9 mice/sex/group. Plasma samples were collected according to a composite profile of 3 mice/sex/timepoint on Day 1 and Day 7 at pre-dose, 1 and 10 min and 1, 5, 10, and 24 h after dosing. Plasma samples from animals given vehicle were collected at 1 min and 10 h after dosing.



Plasma concentrations of IRL201805 plus endogenous BiP were evaluated with a validated electrochemiluminescence assay (ECL) method suitable for the measurement of IRL201805 in mouse K2-EDTA plasma in the concentration range of 75.0–10,000 mg/mL.



Individual concentration data at the same nominal time were averaged where feasible and a composite concentration-time profile was constructed for each sex at each dose level. The following parameters were determined where feasible, using non-compartmental pharmacokinetic analysis, using the linear–logarithmic trapezoidal rule calculation method: Cmax, Tmax, t1/2, AUClast.




4.8. Statistical Analysis


SPSS Statistics for Windows (Version 22.0, IBM Corp, Armonk, NY, USA) or GraphPad Prism software version 10.2.2 were used for data analysis. Individual variables were assessed descriptively as median values and interquartile ranges. A non-parametric Mann Whitney test was used to assess the difference in median between the groups. To compare the medians for all three clinical groups a Kruskal–Wallis Test was used. To assess within-group comparison (between two time points), paired Wilcoxon or Spearman Rank tests were used. All p-values were two-sided and the significance level was set at 5% level. Statistics were supervised by Prof Toby Prevost Director of the Nightingale-Saunders Clinical Trials and Epidemiology Unit, a specialist section of the King’s Clinical Trials Unit (CTU).





5. Conclusions


IRL201805 joins the class of evolving biologic treatments that aim for the resolution of inflammation. IRL201805 has many modes of action, one of which is to enhance the generation of tolDC in vivo to treat RA and other autoimmune diseases. This is in contrast to conventional symptom-reducing immunosuppressive treatments. The development of therapeutics that have the capacity to reset immune responses specifically at targeted inflammatory sites, with minimal adverse side-effects, may be a future powerful and sustainable way to treat inflammatory and autoimmune diseases.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms25084394/s1.





Author Contributions


V.M.C. and G.S.P. planned the in vitro investigations and identified possible biomarkers; C.H., J.P., O.H. and V.M.C. performed all the laboratory investigations; C.H., analysed and interpreted the patient data; J.P., analysed and interpreted the in vitro cytokine data; O.H., analysed the IDO; P.E., wrote and edited the manuscript and formatted the illustrations; G.S.P. and B.K. planned the clinical trial analysed patient data and assisted manuscript preparation; V.M.C., involved in all aspects of the biomarker investigation in vitro and in the RAGULA clinical trial. All authors have read and agreed to the published version of the manuscript.




Funding


The RAGULA clinical trial was funded by an Experimental Medicine Grant from Versus Arthritis and Revolo Biotherapeutics (PK study only). BRC at Guy’s and St Thomas’, King’s Health Partners Academic Health Sciences Centre funded consumables for the cytokine investigations.




Institutional Review Board Statement


The Rheumatoid Arthritis Regulatory (RAGULA) Phase I/IIA clinical trial of BiP/1805 (registration study number ISRCTN2288225 (http://isrctn.com) and EudraCT (https://eudract.ema.europa.eu/) number 2011-005831-19.) Approved by the Medicines and Healthcare Products Regulatory Agency (MHRA reference 40945/0001/001-0001) and the London Bridge Research Ethics Committee (12/LO/0012).




Informed Consent Statement


Each patient gave signed informed consent. The clinical trial is reported in full and contains demographic details in full [7].




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to thank all the patients involved in the study and the legion of nurses, phlebotomists, and clinicians who helped obtain the blood samples. We are grateful for the support from Revolo Biotherapeutics especially R. Foulkes, J. De Alba, K. Lichti-Kaiser and L Ravanetti for help in designing and funding the PK study and for advice during the preparation of the manuscript. We are grateful to A. Prevost, the Nightingale-Saunders Chair of Complex Clinical Trials and Statistics. Director of Nightingale-Saunders Clinical Trials & Epidemiology Unit who performed the statistical analysis.




Conflicts of Interest


V.C. and G.S.P. hold shares in Revolo Biotherapeutics; V.M.C. is a consultant for Revolo Biotherapeutics; P.E. is a Revolo Biotherapeutics employee. The funding bodies had no role in the design or execution of the clinical trial or biomarker study.




References


	



Quan, L.D.; Thiele, G.M.; Tian, J.; Wang, D. The Development of Novel Therapies for Rheumatoid Arthritis. Expert Opin. Ther. Pat. 2008, 18, 723–738. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Choe, Y.H.; Lee, S.I. Lessons From the Success and Failure of Targeted Drugs for Rheumatoid Arthritis: Perspectives for Effective Basic and Translational Research. Immune Netw. 2022, 22, e8. [Google Scholar] [CrossRef]

	



Gething, M.J. Role and regulation of the ER chaperone BiP. Semin. Cell Dev. Biol. 1999, 10, 465–472. [Google Scholar] [CrossRef]

	



Eggleton, P.; De Alba, J.; Weinreich, M.; Calias, P.; Foulkes, R.; Corrigall, V.M. The therapeutic mavericks: Potent immunomodulating chaperones capable of treating human diseases. J. Cell Mol. Med. 2023, 27, 322–339. [Google Scholar] [CrossRef] [PubMed]

	



Brownlie, R.J.; Myers, L.K.; Wooley, P.H.; Corrigall, V.M.; Bodman-Smith, M.D.; Panayi, G.S.; Thompson, S.J. Treatment of murine collagen-induced arthritis by the stress protein BiP via interleukin-4-producing regulatory T cells: A novel function for an ancient protein. Arthritis Rheum. 2006, 54, 854–863. [Google Scholar] [CrossRef]

	



Corrigall, V.M.; Bodman-Smith, M.D.; Fife, M.S.; Canas, B.; Myers, L.K.; Wooley, P.; Soh, C.; Staines, N.A.; Pappin, D.J.; Berlo, S.E.; et al. The human endoplasmic reticulum molecular chaperone BiP is an autoantigen for rheumatoid arthritis and prevents the induction of experimental arthritis. J. Immunol. 2001, 166, 1492–1498. [Google Scholar] [CrossRef] [PubMed]

	



Kirkham, B.; Chaabo, K.; Hall, C.; Garrood, T.; Mant, T.; Allen, E.; Vincent, A.; Vasconcelos, J.C.; Prevost, A.T.; Panayi, G.S.; et al. Safety and patient response as indicated by biomarker changes to binding immunoglobulin protein in the phase I/IIA RAGULA clinical trial in rheumatoid arthritis. Rheumatology 2016, 55, 1993–2000. [Google Scholar] [CrossRef]

	



Mian, A.N.; Ibrahim, F.; Scott, D.L.; Galloway, J.; TITRATE Study Group. Optimal responses in disease activity scores to treatment in rheumatoid arthritis: Is a DAS28 reduction of >1.2 sufficient? Arthritis Res. Ther. 2016, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Kay, J.; Morgacheva, O.; Messing, S.P.; Kremer, J.M.; Greenberg, J.D.; Reed, G.W.; Gravallese, E.M.; Furst, D.E. Clinical disease activity and acute phase reactant levels are discordant among patients with active rheumatoid arthritis: Acute phase reactant levels contribute separately to predicting outcome at one year. Arthritis Res. Ther. 2014, 16, R40. [Google Scholar] [CrossRef]

	



Meyer, P.W.; Hodkinson, B.; Ally, M.; Musenge, E.; Wadee, A.A.; Fickl, H.; Tikly, M.; Anderson, R. Circulating cytokine profiles and their relationships with autoantibodies, acute phase reactants, and disease activity in patients with rheumatoid arthritis. Mediat. Inflamm. 2010, 2010, 158514. [Google Scholar] [CrossRef]

	



Tukaj, S.; Kotlarz, A.; Jozwik, A.; Smolenska, Z.; Bryl, E.; Witkowski, J.M.; Lipinska, B. Cytokines of the Th1 and Th2 type in sera of rheumatoid arthritis patients; correlations with anti-Hsp40 immune response and diagnostic markers. Acta Biochim. Pol. 2010, 57, 327–332. [Google Scholar] [CrossRef] [PubMed]

	



Blair, H.A.; Deeks, E.D. Abatacept: A Review in Rheumatoid Arthritis. Drugs 2017, 77, 1221–1233. [Google Scholar] [CrossRef] [PubMed]

	



Massalska, M.; Ciechomska, M.; Kuca-Warnawin, E.; Burakowski, T.; Kornatka, A.; Radzikowska, A.; Pawlak, D.; Muz, B.; Loniewska-Lwowska, A.; Palucha, A.; et al. Effectiveness of Soluble CTLA-4-Fc in the Inhibition of Bone Marrow T-Cell Activation in Context of Indoleamine 2.3-Dioxygenase (IDO) and CD4+Foxp3+ Treg Induction. J. Inflamm. Res. 2022, 15, 6813–6829. [Google Scholar] [CrossRef] [PubMed]

	



Sucher, R.; Fischler, K.; Oberhuber, R.; Kronberger, I.; Margreiter, C.; Ollinger, R.; Schneeberger, S.; Fuchs, D.; Werner, E.R.; Watschinger, K.; et al. IDO and regulatory T cell support are critical for cytotoxic T lymphocyte-associated Ag-4 Ig-mediated long-term solid organ allograft survival. J. Immunol. 2012, 188, 37–46. [Google Scholar] [CrossRef] [PubMed]

	



Timperi, E.; Barnaba, V. CD39 Regulation and Functions in T Cells. Int. J. Mol. Sci. 2021, 22, 8068. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, C.S.; Lee, H.M.; Lio, C.W. Selection of regulatory T cells in the thymus. Nat. Rev. Immunol. 2012, 12, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Corrigall, V.M.; Bodman-Smith, M.D.; Brunst, M.; Cornell, H.; Panayi, G.S. Inhibition of antigen-presenting cell function and stimulation of human peripheral blood mononuclear cells to express an antiinflammatory cytokine profile by the stress protein BiP: Relevance to the treatment of inflammatory arthritis. Arthritis Rheum. 2004, 50, 1164–1171. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, K.; Ochiai, A.; Matsuno, H.; Panayi, G.S.; Corrigall, V.M. Binding immunoglobulin protein resolves rheumatoid synovitis: A xenogeneic study using rheumatoid arthritis synovial membrane transplants in SCID mice. Arthritis Res. Ther. 2011, 13, R149. [Google Scholar] [CrossRef]

	



Cacciapaglia, F.; Buzzulini, F.; Arcarese, L.; Ferraro, E.; Afeltra, A. The use of an interferon-gamma release assay as a biomarker of response to anti-TNF-alpha treatment. Drug Dev. Res. 2014, 75 (Suppl. S1), S50–S53. [Google Scholar] [CrossRef]

	



Gordon, S.; Taylor, P.R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 2005, 5, 953–964. [Google Scholar] [CrossRef]

	



Walter, G.J.; Fleskens, V.; Frederiksen, K.S.; Rajasekhar, M.; Menon, B.; Gerwien, J.G.; Evans, H.G.; Taams, L.S. Phenotypic, Functional, and Gene Expression Profiling of Peripheral CD45RA+ and CD45RO+ CD4+CD25+CD127(low) Treg Cells in Patients With Chronic Rheumatoid Arthritis. Arthritis Rheumatol. 2016, 68, 103–116. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Putnam, A.L.; Xu-Yu, Z.; Szot, G.L.; Lee, M.R.; Zhu, S.; Gottlieb, P.A.; Kapranov, P.; Gingeras, T.R.; Fazekas de St Groth, B.; et al. CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J. Exp. Med. 2006, 203, 1701–1711. [Google Scholar] [CrossRef] [PubMed]

	



Herrath, J.; Chemin, K.; Albrecht, I.; Catrina, A.I.; Malmstrom, V. Surface expression of CD39 identifies an enriched Treg-cell subset in the rheumatic joint, which does not suppress IL-17A secretion. Eur. J. Immunol. 2014, 44, 2979–2989. [Google Scholar] [CrossRef]

	



Peres, R.S.; Liew, F.Y.; Talbot, J.; Carregaro, V.; Oliveira, R.D.; Almeida, S.L.; Franca, R.F.; Donate, P.B.; Pinto, L.G.; Ferreira, F.I.; et al. Low expression of CD39 on regulatory T cells as a biomarker for resistance to methotrexate therapy in rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 2015, 112, 2509–2514. [Google Scholar] [CrossRef]

	



Plenge, R.M.; Padyukov, L.; Remmers, E.F.; Purcell, S.; Lee, A.T.; Karlson, E.W.; Wolfe, F.; Kastner, D.L.; Alfredsson, L.; Altshuler, D.; et al. Replication of putative candidate-gene associations with rheumatoid arthritis in >4000 samples from North America and Sweden: Association of susceptibility with PTPN22, CTLA4, and PADI4. Am. J. Hum. Genet. 2005, 77, 1044–1060. [Google Scholar] [CrossRef]

	



Devarajan, P.; Miska, J.; Lui, J.B.; Swieboda, D.; Chen, Z. Opposing effects of CTLA4 insufficiency on regulatory versus conventional T cells in autoimmunity converge on effector memory in target tissue. J. Immunol. 2014, 193, 4368–4380. [Google Scholar] [CrossRef]

	



Flores-Borja, F.; Jury, E.C.; Mauri, C.; Ehrenstein, M.R. Defects in CTLA-4 are associated with abnormal regulatory T cell function in rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 2008, 105, 19396–19401. [Google Scholar] [CrossRef]

	



Picchianti Diamanti, A.; Rosado, M.M.; Scarsella, M.; Germano, V.; Giorda, E.; Cascioli, S.; Lagana, B.; D’Amelio, R.; Carsetti, R. Abatacept (cytotoxic T lymphocyte antigen 4-immunoglobulin) improves B cell function and regulatory T cell inhibitory capacity in rheumatoid arthritis patients non-responding to anti-tumour necrosis factor-alpha agents. Clin. Exp. Immunol. 2014, 177, 630–640. [Google Scholar] [CrossRef] [PubMed]

	



Hryniewicz, A.; Boasso, A.; Edghill-Smith, Y.; Vaccari, M.; Fuchs, D.; Venzon, D.; Nacsa, J.; Betts, M.R.; Tsai, W.P.; Heraud, J.M.; et al. CTLA-4 blockade decreases TGF-beta, IDO, and viral RNA expression in tissues of SIVmac251-infected macaques. Blood 2006, 108, 3834–3842. [Google Scholar] [CrossRef]

	



Ogbechi, J.; Clanchy, F.I.; Huang, Y.S.; Topping, L.M.; Stone, T.W.; Williams, R.O. IDO activation, inflammation and musculoskeletal disease. Exp. Gerontol. 2020, 131, 110820. [Google Scholar] [CrossRef]

	



Bodman-Smith, M.D.; Corrigall, V.M.; Berglin, E.; Cornell, H.R.; Tzioufas, A.G.; Mavragani, C.P.; Chan, C.; Rantapaa-Dahlqvist, S.; Panayi, G.S. Antibody response to the human stress protein BiP in rheumatoid arthritis. Rheumatology 2004, 43, 1283–1287. [Google Scholar] [CrossRef] [PubMed]

	



Bodman-Smith, M.D.; Corrigall, V.M.; Kemeny, D.M.; Panayi, G.S. BiP, a putative autoantigen in rheumatoid arthritis, stimulates IL-10-producing CD8-positive T cells from normal individuals. Rheumatology 2003, 42, 637–644. [Google Scholar] [CrossRef] [PubMed]

	



Corrigall, V.M.; Vittecoq, O.; Panayi, G.S. Binding immunoglobulin protein-treated peripheral blood monocyte-derived dendritic cells are refractory to maturation and induce regulatory T-cell development. Immunology 2009, 128, 218–226. [Google Scholar] [CrossRef]

	



Bell, G.M.; Anderson, A.E.; Diboll, J.; Reece, R.; Eltherington, O.; Harry, R.A.; Fouweather, T.; MacDonald, C.; Chadwick, T.; McColl, E.; et al. Autologous tolerogenic dendritic cells for rheumatoid and inflammatory arthritis. Ann. Rheum. Dis. 2017, 76, 227–234. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Gonzalez, P.A.; Schinnerling, K.; Sepulveda-Gutierrez, A.; Maggi, J.; Hoyos, L.; Morales, R.A.; Mehdi, A.M.; Nel, H.J.; Soto, L.; Pesce, B.; et al. Treatment with Dexamethasone and Monophosphoryl Lipid A Removes Disease-Associated Transcriptional Signatures in Monocyte-Derived Dendritic Cells from Rheumatoid Arthritis Patients and Confers Tolerogenic Features. Front. Immunol. 2016, 7, 458. [Google Scholar] [CrossRef]

	



van Herwijnen, M.J.; Wieten, L.; van der Zee, R.; van Kooten, P.J.; Wagenaar-Hilbers, J.P.; Hoek, A.; den Braber, I.; Anderton, S.M.; Singh, M.; Meiring, H.D.; et al. Regulatory T cells that recognize a ubiquitous stress-inducible self-antigen are long-lived suppressors of autoimmune arthritis. Proc. Natl. Acad. Sci. USA 2012, 109, 14134–14139. [Google Scholar] [CrossRef] [PubMed]

	



Bechman, K.; Yates, M.; Norton, S.; Cope, A.P.; Galloway, J.B. Placebo Response in Rheumatoid Arthritis Clinical Trials. J. Rheumatol. 2020, 47, 28–34. [Google Scholar] [CrossRef]

	



Zaiss, M.M.; Hall, C.; McGowan, N.W.A.; Babb, R.; Devlia, V.; Lucas, S.; Meghji, S.; Henderson, B.; Bozec, A.; Schett, G.; et al. Binding Immunoglobulin Protein (BIP) Inhibits TNF-alpha-Induced Osteoclast Differentiation and Systemic Bone Loss in an Erosive Arthritis Model. ACR Open Rheumatol. 2019, 1, 382–393. [Google Scholar] [CrossRef] [PubMed]

	



Yamamura, Y.; Woolcock, K.; Corrigall, V.; Ravanetti, L.; De Alba, J.; Foulkes, R.; Eggleton, P.; Goodyear, C. Biologic IRL201805 Drives Differential Cell-contact and Metabolism Transcriptional Profiles in Monocytes from RA Patients Compared to Healthy Donors. Arthritis Rheumatol. 2023, 75 (Suppl. S9), a2149. [Google Scholar]

	



Yamamura, Y.; Corrigall, V.; Ravanetti, L.; De Alba, J.; Foulkes, R.; Eggleton, P.; Goodyear, C. Novel Biologic IRL201805 Inhibits Osteoclastogenesis in Monocytic Cells from RA Patients. Arthritis Rheumatol. 2023, 75 (Suppl. S9), a2150. [Google Scholar]

	



Shields, A.M.; Panayi, G.S.; Corrigall, V.M. A New-Age for Biologic Therapies: Long-Term Drug-Free Therapy with BiP? Front. Immunol. 2012, 3, 17. [Google Scholar] [CrossRef] [PubMed]

	



Stack, M.E.; Mishra, S.; Parimala Chelvi Ratnamani, M.; Wang, H.; Gold, L.I.; Wang, H. Biomimetic Extracellular Matrix Nanofibers Electrospun with Calreticulin Promote Synergistic Activity for Tissue Regeneration. ACS Appl. Mater. Interfaces 2022, 14, 51683–51696. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Zhao, R.; Fan, K.; Iwanowycz, S.; Fan, H.; Li, Z.; Liu, B. Regulation of dendritic cell function improves survival in experimental sepsis through immune chaperone. Innate Immun. 2019, 25, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Riffo-Vasquez, Y.; Kanabar, V.; Keir, S.D.; RR, E.L.; Man, F.; Jackson, D.J.; Corrigall, V.; Coates, A.R.M.; Page, C.P. Modulation of allergic inflammation in the lung by a peptide derived from Mycobacteria tuberculosis chaperonin 60.1. Clin. Exp. Allergy 2020, 50, 508–519. [Google Scholar] [CrossRef] [PubMed]

	



Mulyani, W.R.W.; Sanjiwani, M.I.D.; Sandra; Prabawa, I.P.Y.; Lestari, A.A.W.; Wihandani, D.M.; Suastika, K.; Saraswati, M.R.; Bhargah, A.; Manuaba, I. Chaperone-Based Therapeutic Target Innovation: Heat Shock Protein 70 (HSP70) for Type 2 Diabetes Mellitus. Diabetes Metab. Syndr. Obes. 2020, 13, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Noori, L.; Saqagandomabadi, V.; Di Felice, V.; David, S.; Caruso Bavisotto, C.; Bucchieri, F.; Cappello, F.; Conway de Macario, E.; Macario, A.J.L.; Scalia, F. Putative Roles and Therapeutic Potential of the Chaperone System in Amyotrophic Lateral Sclerosis and Multiple Sclerosis. Cells 2024, 13, 217. [Google Scholar] [CrossRef] [PubMed]

	



Arnett, F.C.; Edworthy, S.M.; Bloch, D.A.; McShane, D.J.; Fries, J.F.; Cooper, N.S.; Healey, L.A.; Kaplan, S.R.; Liang, M.H.; Luthra, H.S.; et al. The American Rheumatism Association 1987 revised criteria for the classification of rheumatoid arthritis. Arthritis Rheum. 1988, 31, 315–324. [Google Scholar] [CrossRef]

	



Eggleton, P.; Gargan, R.; Fisher, D. Rapid method for the isolation of neutrophils in high yield without the use of dextran or density gradient polymers. J. Immunol. Methods 1989, 121, 105–113. [Google Scholar] [CrossRef]

	



Ceeraz, S.; Hall, C.; Choy, E.H.; Spencer, J.; Corrigall, V.M. Defective CD8+CD28+ regulatory T cell suppressor function in rheumatoid arthritis is restored by tumour necrosis factor inhibitor therapy. Clin. Exp. Immunol. 2013, 174, 18–26. [Google Scholar] [CrossRef]








[image: Ijms 25 04394 g001] 





Figure 1. Clinical biomarkers and detection of serum BiP/GRP78 and homologue IRL201805. (A–C) Three different single doses of IRL201805 (1, 5, 15 mg/human) or placebo were infused randomly into patients entering the RAGULA trial. Disease activity scores from a 28 joint count (DAS28), using ESR, were monitored over the 12 weeks of the trial. Each patient’s score is shown for pre-infusion (screen) and at 3 weeks and 12 weeks post infusion. Dotted line represents the DAS28 score 3.2, representative of low disease activity cut-off. (D) Serum BiP/GRP and IRL201805 homologue concentration was monitored in sera using enzyme linked immunoassay from before administration until 12 weeks after the single intravenous infusion. 
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Figure 2. Pharmacokinetics of IRL201805 in mice. (A) The disappearance of IRL201805 from the sera of mice given three increasing doses from 5 to 25 mg/mouse, and (B) the time-course repeated one week post the original infusion. 
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Figure 3. Cytotoxic T lymphocyte-4 is induced by IRL201805. (A) In vitro culture of peripheral blood mononuclear cells (PBMCs) from RA patients for 24 h with and without IRL201805 were stained and analysed using flow cytometry for expression of intracellular and cell surface CTLA-4 on T cell. n = 23. (B) Secretion of sCTLA-4 into tissue culture medium over time was monitored over 72 h. sCTLA-4 was measured using ELISA (n = 3). (C) sCTLA-4 detected in patient’s serum using ELISA from the placebo (Pbo) and IRL201805 responsive (IRL201805Res) patients. (D) The induction of intracellular indoleamine dioxygenase (IDO) in monocytic cells by CTLA-4Ig or IRL201805 after culture for 72 h. (E) Detection using intracellular flow cytometry comparing the frequency of cells expressing IDO in Pbo and IRL201805Res patients at different time-points as indicated. The fold increase from pre-infusion is shown (n = 3). Ns = non-significant. 
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Figure 4. IRL201805 is not an immunosuppressive drug. RA peripheral blood mononuclear cells (PBMCs) samples from the placebo (Pbo) or responsive IRL201805-treated patients (IRL201805Res) pre-infusion, at 72 h or 12 w, were (A) cultured for 72h in the presence or absence of anti-CD3 and antiCD28 antibody coated beads, or (B) cultured for 120h in the presence or absence of tuberculin purified protein derivative (PPD). Proliferation was measured by addition of tritiated thymidine to cultures for the last 24 h. Ns = non significant. 
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Figure 5. IRL201805 alters regulatory T cell phenotype. Ex vivo heparinised peripheral blood samples were stained for regulatory T cell phenotype CD45+CD3+CD4+CD25hiCD127lo (Treg) in whole-blood samples and monitored over 12 weeks. (A) 24 h and (B) 12 w timepoints are shown (n = 6). (C) In vitro preincubation of RA peripheral blood mononuclear cells (PBMCs) in tissue culture medium with or without IRL201805 for 24 h before staining with anti-CD39 and anti-CD73 fluorochrome conjugated antibodies and analysis using flow cytometry (n = 23). (D,E) Whole-blood samples as in (A,B) stained for Treg phenotype described above and CD39 expression (n = 6/group). NS = non significant. 






Figure 5. IRL201805 alters regulatory T cell phenotype. Ex vivo heparinised peripheral blood samples were stained for regulatory T cell phenotype CD45+CD3+CD4+CD25hiCD127lo (Treg) in whole-blood samples and monitored over 12 weeks. (A) 24 h and (B) 12 w timepoints are shown (n = 6). (C) In vitro preincubation of RA peripheral blood mononuclear cells (PBMCs) in tissue culture medium with or without IRL201805 for 24 h before staining with anti-CD39 and anti-CD73 fluorochrome conjugated antibodies and analysis using flow cytometry (n = 23). (D,E) Whole-blood samples as in (A,B) stained for Treg phenotype described above and CD39 expression (n = 6/group). NS = non significant.



[image: Ijms 25 04394 g005]







[image: Ijms 25 04394 g006] 





Figure 6. IRL201805 treatment changes inflammatory cytokine release by immune cells from responding patients. (A) Fold change from pre-infusion serum IFNγ levels in placebo (Pbo) vs. responding patients (IRL201805Res) at 2 weeks and 12 weeks. (B–E) Peripheral blood mononuclear cells from pre-infusion were cultured 1:1 with autologous PBMCs from later time-points, as stated. After 24 h, Luminex technology was used to measure (B) IFNγ, (C) TNFα, (D) IL-1β, and (E) IL-6 in the supernatants (n = 6). All data were recorded in replicate. Data shown as fold-change from pre-infusion cells alone. Ns = non significant. 
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Figure 7. IRL201805 proposed mechanism of action promoting tolerogenic responses. A schematic cartoon of the proposed mechanism of action of IRL201805. Left hand side is of a classically activated monocyte expressing HLA-DR, CD86, and CD80 to present antigen to T cells and drive an inflammatory response with the production of IL-1β, IL-6, and TNFα. Right hand side is of the monocyte and shows the IRL201805-induced deactivation of the monocyte with reduced surface expression of HLA-DR and CD86. TNF, IL-1β, and IL-6 are downregulated. Although not found significantly in vivo, in vitro IL-10 is upregulated; IFNγ production is reduced. Increased release of sCTLA-4 blocks cell surface CD86 and CD80 required as costimulatory molecules in antigen presentation. sCTLA-4 causes the rapid induction of IDO. Decreased tryptophan inhibits T cell activation. Tregs are stabilized and have improved potency with expression of CD39 which digests ATP releasing adenosine which also downregulates T cell activity. Overall inflammatory cytokine release is reduced. The arrows show whether the biomarkers are increased or decreased, and the colour indicates whether the in vitro and ex vivo results are comparable or disparate. 
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Table 1. Comparative analysis of serum cytokine concentration in appropriate patients groups in the RAGULA clinical trial two weeks post-infusion of IRL201805.
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	Cytokine
	Significance
	Comparative Patient Groups





	IFNγ
	p = 0.02
	Pbo>Res



	TNFα
	p = 0.085 (ns)
	Pbo>Res



	IFNγ
	p = 0.03
	NRes>Res



	IL1β
	p = 0.01
	NRes>Res



	TNFα
	p = 0.054 (ns)
	NRes>Res







Pbo, placebo; Res, IRL201805Res responders; NRes, IRL201805NRes non-responders. Ns, non significant.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
e

[

tott






media/file4.png
Plasma Concentration (ng/mL)
g

:

?

:

—O— 5 mg/kg

Day 1: Hours Post-dose

Plasma Concentration (ng/mL)

250000

200000

150000

Qo
8
Qo
o

:

AT T T
Day 7: Hours Post-dose

20

24





nav.xhtml


  ijms-25-04394


  
    		
      ijms-25-04394
    


  




  





media/file2.png
Placebo
] Screen 7~ Week3 EE week 12

Responder

77 Week3 mEE week 12

Consistent DAS28 reduction

[ Screen

—
NN NN NN NN, o
n . R B N 2
O
=
O I
.w ANNARRNRNN ARNRNNNNN
L
o
o <
N AN ANNRNNNNN . 4
7)) [
<<
() A
= ANNRRRARRRRRRANN B
e |
-—
w I
7 ACNRNRNNNNN
m [
= I
SBENNNRARRN ARRARNRRN S
| H
- | - L} - . | — L}
@ (] << o™~ o
dy0-82Svd
ANNNNNNNNY S
L
I
ANNNNNNNNY BN
|

V///A//al -

Z//////Al e

| |
ANNNNNNNN SR
|

A ARRRRRES

g ¥ I v @ "
© = N

d¥0-8ZSva

n
v

Patient ID

Patient ID

5 mg

1mg

=
23 OfF <
S " @\\N\
3 al3 9
o~ : ) Q%
&« © N, 7
I 0 an
a %, <)
0 %, Y
c % %@
) v %
= N <,
.na_ M %@ /4
€ QA@
e o O & VO
o =3 o 8,
o o &u )
I % )
% %, &
1 T ¥ ».Va\
OCO0O00 O © O © © 4
OCO0O00 © O © O
OO0 O VW O v
OOON (N ™ «
0O <
(lw/Bu) Go8L0Z 1M B
(O 8.dyo/d'g snouabopu3
nNRNNaaaaag- ¥
L ” ) | g
1 E
AR 2 w0
mV_ [ M | -
>
; | H
o
: ] 2|8
8 % g1
S S
m S
N
m —
o
3 E
| | .. T m. T m =
@ @w b 4 ™~ o
dyO-8ZSva
@)

No DAS28 reduction





media/file5.jpg





media/file3.jpg
P il

i

Plasma Concentration ngimL)

o= smorg
- 15m0%
- 2smakg

T o smohg
$ “a s
g\__ R
o
i.m

ay 7:Hours Postose






media/file1.jpg
7 Wooks mm week 12

Placebo

3 Soen

Responder
3 Scrwen 72 Wook3 mm weok 12

Inconsistent DAS28 reduction

|

Consistent DAS28 reduction

o

=
—

—

——
e

=t

=
—

A S

“auoizsva

| —
S

| S

=

e

-

PatientiD

15mg

awoszsva

&
=,

1)
5mg

5mg

No DAS28 reduction

Patent 0

Non-responder
7 Wosk3 mm week 12

1)

© saven






media/file7.jpg
Stimulation index (I

(CDYCD28 boads)

H

H

B

h 1w PL_T2n 1o

Placebo  IRL201805Ros.

72n

Piacebo

P 12w
IRL201805Res





media/file10.png
ns

3 '3
ooo_.o ¢H«¢0_:o m * " w%To . o
;_.- | ” % | , “
Q < ;h.ﬁ <« q MM a |edee] < L
2| )
m m lTl'l_'ﬂ m " l%l ..m
o 3 :
" g :
o La id o ° a :
il 1 *° I£ %@o .m
e & 