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A major role for human (h)CXCL8 (interleukin-8) in the pathobiology of myelofibrosis (MF) has been suggested by observations indicating that MF megakaryocytes express increased levels of hCXCL8 and that plasma levels of this cytokine in MF patients are predictive of poor patient outcomes. Here, we demonstrate that, in addition to high levels of TGF-β, the megakaryocytes from the bone marrow of the Gata1low mouse model of myelofibrosis express high levels of murine (m)CXCL1, the murine equivalent of hCXCL8, and its receptors CXCR1 and CXCR2. Treatment with the CXCR1/R2 inhibitor, Reparixin in aged-matched Gata1low mice demonstrated reductions in bone marrow and splenic fibrosis. Of note, the levels of fibrosis detected using two independent methods (Gomori and reticulin staining) were inversely correlated with plasma levels of Reparixin. Immunostaining of marrow sections indicated that the bone marrow from the Reparixin-treated group expressed lower levels of TGF-β1 than those expressed by the bone marrow from vehicle-treated mice while the levels of mCXCL1, and expression of CXCR1 and CXCR2, were similar to that of vehicle-treated mice. Moreover, immunofluorescence analyses performed on bone marrow sections from Gata1low mice indicated that treatment with Reparixin induced expression of GATA1 while reducing expression of collagen III in megakaryocytes. These data suggest that in Gata1low mice, Reparixin reduces fibrosis by reducing TGF-β1 and collagen III expression while increasing GATA1 in megakaryocytes. Our results provide a preclinical rationale for further evaluation of this drug alone and in combination with current JAK inhibitor therapy for the treatment of patients with myelofibrosis.
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Introduction

Primary Myelofibrosis (MF) is due to both a primary clonal myeloproliferation as a result of activating mutations of the JAK/STAT pathway and a secondary inflammatory response characterized by micro-environmental changes and aberrant release of multiple pro-inflammatory cytokines (1). Abnormal megakaryocytes (MKs) play a crucial role in the development of the MF stromal reaction (2), which includes bone marrow (BM) reticulin fibrosis, osteosclerosis, increased microvessel density, a proinflammatory milieu, anemia, splenomegaly, and extramedullary hematopoiesis (1, 3). The current JAK1/2 inhibitor therapy improves clinical symptoms but does not alter the clinical progression to more overt phases of MF or blast phase (4, 5). Therefore, novel therapeutic strategies aiming to reduce the inflammatory microenvironment that contributes to the sustained proliferation of the malignant hematopoietic stem cells (HSCs) are currently being investigated (6).

Human (h)CXCL8 (C-X-C Motif Chemokine Ligand 8) is a member of the chemokine family and exerts its biological activities by signaling through the CXCR1 and CXCR2 receptors. The chemokine family also includes CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, and CXCL7, and together they share an ELR (glutamic, leucine, and arginine) motif that mediates CXCR1/2 binding. Most of the studies published until now have investigated the biological effects exerted by hCXCL8 and its receptors on polymorphonuclear leukocytes. However, the effects exerted by hCXCL8 on other cell types, such as endothelial, epithelial and fibroblasts, known also to express CXCR1/CXCR2, are still poorly defined (7). hCXCL8 is produced by several bone marrow cells, namely, megakaryocytes (MKs) (8), and exhibits many biological functions in inflammation, hematopoietic stem cell (HSC) proliferation, mobilization, and neo-angiogenesis. A previous study demonstrated that hCXCL8 contributes to altered MK proliferation, differentiation, and ploidy in myeloid metaplasia with MF (9). Moreover, high levels of circulating hCXCL8 were detected in patients with MF and were predictive of inferior survival (3). In addition, Dunbar et al. have demonstrated that the malignant CD34+ clones from a subset of MF patients secrete high levels of hCXCL8 in vitro which is associated with adverse clinical outcome and increased marrow fibrosis (10).

Full understanding of the pathophysiological role of hCXCL8 has been limited by known differences between human and rodents. In humans, hIL-8/CXCL8 (and CXCL6, also known as GCP-2) exerts its activity by activating both CXCR1 and CXCR2 (11, 12), whereas the other ELR-CXC chemokines selectively bind CXCR2 (13). For many years, only one functional ELR-CXC receptor was identified in mice and was characterized as the homologue of human CXCR2 (14, 15). This receptor, showing high affinity for the murine counterparts of hCXCL8, mCXCL1(KC) and MIP-2, was believed to be responsible for the functions attributed to the two human receptors. Consistent with this, gene ablation of mouse CXCR2 impairs neutrophil responses to murine MIP-2 and to hIL-8/CXCL8 (16, 17) confirming a critical role for CXCR2 in neutrophil recruitment and activation. The orthologous murine CXCR1 (mCXCR1) (18, 19) was subsequently identified and found to be expressed by BM, peripheral mononuclear cells, CD4+ and CD8+ T cells, and certain lymphoid cell types but was first considered to be a non-functional receptor due to the repeated failure of any attempt to identify its cognate ligand/s. More recently, mCXCR1 has been confirmed to behave as a functional receptor (20), specifically activated by mGCP-2, hGCP-2/CXCL6, and hIL-8/CXCL8, and to play a key role in collagen-induced arthritis (mCIA). This discovery paved the way for novel studies on the biology of CXCR1/2 using mouse models. These studies support the notion that mCXCR1 is the functional murine orthologue of hCXCR1 and that hIL-8/CXCL8 is functionally replaced, in addition to mCXCL1, by CXCL6 in mice (21).

Reparixin is a dual, non-competitive allosteric antagonist of the hCXCL1 receptors hCXCR1/R2 with a marked selectivity for hCXCR1 (IC50 = 1 nM for hCXCR1; IC50 = 400 nM for hCXCR2) and cross-reactivity with mCXCR1/2 (22, 23). In particular, the allosteric modulation exerted by Reparixin inhibits human and murine CXCR1/R2 activation independently of the cognate ligand (24) and without blocking the binding of the ligand to its receptors (25). The mechanism of action of Reparixin accounts for the functional selectivity of the drug that allows it to switch off the G-protein mediated pathway activation without impairing ligand-induced internalization and scavenging thus not affecting the extracellular levels of mCXCL1. The in vivo activity of Reparixin was originally evaluated in animal models of ischemia/reperfusion injury (22) and the therapeutic potential of CXCR1/R2 inhibition was further investigated in the airway inflammation of several mouse models. In particular, Reparixin was shown to ameliorate pulmonary fibrosis caused by the administration of particulate matter and bleomycin in mice (26). Similarly, the CXCR1/R2 inhibition exerted by ladarixin, a dual allosteric blocker of CXCR1/R2 structurally similar to Reparixin, has been shown to reduce neutrophil infiltration and collagen deposition in the bleomycin-induced mouse model of pulmonary fibrosis (27). These data suggest CXCR1/2 inhibition might have anti-fibrotic effects across numerous organs.

Mice carrying the hypomorphic Gata1low mutation express the same MKs alterations observed in MF patients and develop progressive MF closely resembling human disease, namely, a BM failure syndrome and development of extramedullary hematopoiesis (28–30). Previous studies have demonstrated that MKs from the BM of Gata1low mice express not only high levels of TGF-β1 (31), but also high levels of mCXCL1, the murine equivalent of hCXCL8 (32). Using these data as a foundation, in the current study we have evaluated whether MKs from Gata1low mice express CXCR1 and CXCR2 and tested whether treatment with Reparixin affects the development of MF in this mouse model.



Materials and Methods


Mice

Gata1low mice were originally obtained from Dr. S. Orkin and bred in the animal facility of the Istituto Superiore di Sanità as described (30). Littermates were genotyped at birth by PCR as previously described (33) and those found not to carry the mutation were used as wild-type (WT) controls. All the experiments were performed according to the protocols approved by the institutional animal care committee according to the European Directive 86/609/EEC.



Treatment

Sixteen eight-month-old Gata1low mice were then anesthetized with 2–3% isoflurane and implanted subcutaneously with an ALZET® Osmotic Pump (model 2002) pre-filled with 200 μl of vehicle (sterile saline) or Reparixin (7.5 mg/h/kg in sterile saline) as described by the instructions of the manufacturer. The concentration of Reparixin was chosen on the basis of previous concentration–response and efficacy studies in which the selected concentration of 7.5 mg/h/kg administered by continuous infusion was proven to be able to reduce pathological outcomes in preclinical models of liver ischemia and reperfusion, neuropathic pain, and acquired epilepsy (34–36) Before treatment, the mouse genotype had been confirmed by PCR as described (33). The scheme of the two experiments and of their end-points is outlined in Figure 1.




Figure 1 | Scheme of the two treatments of Gata1low mice with either vehicle or Reparixin for 20 (experiment 1) or 37 (experiment 2) days. In experiment 1, mini-pumps were removed at day 17 and three mice per experimental group were sacrificed at day 17 for end-point determination. In experiment 2, mini-pumps were removed at day 17 from three vehicles and six Reparixin-treated mice and the mini-pumps were replaced with a second implant. These mice were then treated for 17 additional days and sacrificed at day 37. Red asterisks indicate the timing of the sacrifice in the first (i) and second (ii) experiment.



In the first experiment, mini-pumps were removed on day 17, and three mice per experimental group were weighed, bled for blood count determinations and plasma collection, and sacrificed for histopathological evaluation of the BM and spleen at day 20. Since the manufacturer guarantees that the Alzet model 2002 mini-pumps deliver the drug with the predicted rates only for 14 days, to mimic the clinical situation in which Reparixin is likely to be administered to patients for long time, in the second experiment, mini-pumps were removed from three mice treated with vehicle and seven mice treated with Reparixin and replaced with newly filled devices. These mice were then treated for 17 additional days and analyzed on day 37, when they were weighed, bled for blood count determinations and plasma collection, and sacrificed for histopathological analyses.



Blood Collection

Mice were topically anesthetized with lidocaine (one drop/eye) and blood was collected from the retro-orbital plexus into microcapillary tubes using sodium citrate 3.2% (ratio 1:9) as an anticoagulant. Hematocrit (Htc), platelet (Plt), and white blood cell (WBC) counts were evaluated by an accredited commercial laboratory which provides diagnostic services on laboratory animals (Plaisant Laboratory). For drug concentration determinations, plasma was separated from whole blood by centrifugation for 20 min at 10,000 rpm and stored at −20°.



Determination of the Plasma Concentration of Reparixin

Determinations of Reparixin levels in plasma samples involved protein precipitation by the addition of acetonitrile (Sigma-Aldrich, S. Louis, MO, USA) (ratio 1:3). Samples were then centrifuged (20,000×g for 15 min at 4°C) and supernatants were analyzed by high-performance liquid chromatography (HPLC, Dionex-Thermo Fisher Scientific, Sunnivale, CA, USA) using an electrospray ionization (ESI) source for detection. The chromatographic column was a Gemini C18 100 × 2.0 mm, 5 µm (Phenomenex, Torrance, CA, USA) and the lower limit of quantification is 0.05 µg/ml.



Histological Analyses

Femurs were fixed in formaldehyde (10% v/v with neutral buffer), treated for 1 h with a decalcifying solution (Osteodec; Bio-Optica, Milan, Italy) and paraffin embedded. Spleens were fixed in formaldehyde as previously described (32) and embedded in paraffin. Paraffin-embedded tissues were cut into consecutive 3 μm sections and stained either with Hematoxylin–Eosin (H&E; Hematoxylin cat no. 01HEMH2500; Eosin cat no. 01EOY101000; Histo-Line Laboratories, Pantigliate, MI, Italy) or Gomori silver (cat no. 04-040801; Bio-Optica) or Reticulin (cat no. 04-040802; Bio-Optica) staining. These two last stainings both reveal the presence of reticulin fibers and were used as independent evaluations of fibrosis to increase the rigor of the assessment of the findings. BM sections were immune-stained with anti-CXCL1 (cat# ab86436, Abcam, Cambridge, UK), anti-CXCR1 (cat# GTX100389, Genetex, Irvine, CA, USA), anti-CXCR2 (cat# catalog ab14935, Abcam) or anti-TGF-β1 (cat no. sc-130348, Santa Cruz Biotechnology, Santa Cruz, CA, USA, from now on we use TGF-β1 or TGF-β, depending whether results were obtained with reagents which recognize the TGF-β1 isoform or all the three TGF-β isoforms), antibodies. Immunoreactions were detected with avidin–biotin immune-peroxidase (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) and the chromogen 3,3′-diaminobenzidine (0.05% w/v). Slides were counterstained with Papanicolaou’s hematoxylin (Histo-Line Laboratories). Images were acquired with an optical microscope (Eclipse E600; Nikon, Shinjuku, Japan) equipped with the Imaging Source “33” Series USB 3.0 Camera (cat no. DFK 33UX264; Bremen, DE). Images were processed and the intensity of the immunostaining quantified with the software ImageJ (version 1.52t) (National Institutes of Health).



Immunofluorescence Analysis

Three micron-thick BM sections were dewaxed in xylene and treated with EDTA buffer pH = 8 for 20’ in a pressure cooker (110–120°C, high pressure) for antigen retrieval. Sections were labeled with antibody against CD42b (a rat monoclonal antibody that recognizes the alpha chain of platelet glycoprotein I, cat no. ab183345, Abcam), GATA1 (rat monoclonal, cat no. sc-265, Santa Cruz), and Collagen III (rabbit polyclonal, cat no. ab7778, Abcam) overnight at 4°C. Detection of primary antibodies was visualized with a secondary antibody goat anti rat Alexa Fluor 488 (cat no. ab150165, Abcam) and goat anti rabbit Alexa Fluor 555 (cat no. ab150078, Abcam). Sections were counterstained with DAPI (cat no. D9542-5MG, Sigma-Aldrich, Darmstadt, DE) and mounted with Fluor-shield histology mounting medium (Catalog F6182-10MG, Sigma-Aldrich). Slides were examined using a Nikon Eclipse Ni microscope equipped with filters appropriate for the fluorochrome to be analyzed. Images were recorded with a Nikon DS-Qi1Nc digital camera and NIS Elements software BR 4.20.01. Confocal microscopy determinations were performed at ×40 magnification on at least 120 CD42b positive cells (MKs) per area (0.720 mm2) of bone marrow section per mouse. We have analyzed a total of 6 mice treated with vehicle, three mice treated with Reparixin for three days and 7 mice treated with Reparixin for 37 days.



Data Analysis

Data were analyzed and plotted using GraphPad Prism 8.0.2 software (GraphPad Software, San Diego, California United States) and presented as Mean (± SD) or as box charts, when appropriate. Shapiro–Wilk test was used to confirm that the data are normally distributed. Comparisons between the two groups were performed with one way ANOVA while comparisons between multiple groups were performed with the Tukey’s multiple comparisons test. Linear correlations were calculated by the Pearson R test. Differences were considered statistically significant with a p <0.05.




Results


Treatment With Reparixin Is Well Tolerated Without Significant Changes in Body Weight and Blood Counts

The body weight of the mice included in the two experiments and its variations during treatment are shown in Figure 2. Probably due to sampling bias, before treatment the weight of the mice included in the vehicle and Reparixin group is statistically different (p <0.01). The difference in weight of the Reparixin-treated mice remains statistically different from that of the vehicle mice at day 20 (p <0.05). However, there is no statistically significant difference between the Reparixin-treated mice and the corresponding vehicle group both at days 20 and 37 (Figure 2). The wellbeing of the treated mice was monitored daily by a veterinarian. Death was not recorded and the mice remained active with no significant changes in behavior (no lethargy, no excessive grooming, no change in coat luster) during all the period of observation. The Hct and WBC counts remained within normal ranges in all experimental groups, while Plt counts were low as has been previously observed in Gata1low mice (Table 1). In-depth analyses of the WBC populations, revealed significant greater neutrophil counts at day 37 versus day 20 (Table 1), while the lymphocyte and monocyte counts remained similar among groups (Figure S1).




Figure 2 | Treatment with Reparixin did not affect animal weights. Body weight determinations performed before (Pre-treat) and after 20 or 37 days of treatment with Reparixin. Data are presented as box charts and as value per individual mouse (each symbol a different mouse). The data are normally distributed by Shapiro–Wilk test and the Reparixin pre-treatment (p < 0.01) and at day 20 (p < 0.05) group are statistically different from the vehicle group by Turkey’s multiple comparison test.




Table 1 | Blood parameters observed in mice treated with vehicle or with Reparixin for 20 or 37 days.





Plasma Levels of Reparixin

According to the specification provided by the manufacturer, Alzet model 2002 mini-pumps have an approximate 0.2 ml reservoir that delivers a preloaded drug or vehicle solutions continuously for at least 14 days at a rate of 5 μl/h. To confirm that mice remained to the drug at the time of sacrifice, the plasma levels of Reparixin at days 20 and 37 were determined. Plasma levels ranged from 3.24 to 17.87 μg/ml. These levels are similar to those observed in previous experiments using the same device (36). Notably, plasma levels of Reparixin were significantly higher in mice treated for 20 days (13.90 ± 4.18) compared to those that underwent a second implantation and were treated for 17 additional days (6.71 ± 4.18) (Figure 3). Although the levels of drug detected at the second time-point were similar to those determined in prior studies (36), the observation that mice treated with the same concentration for a longer time have a plasma level of the drug lower than those treated for lower times is puzzling. It is possible that changes in the cell composition of the longer treated mice lead to greater amounts of tissue-bound Reparixin reducing the free levels of the drug found in plasma. However, it is also possible that the plasma levels of Reparixin at the two time points reflect differences in the efficiency of the derma to absorb the drug. This alternative hypothesis is supported by the observation that, since GATA1 regulates the differentiation of dermal mast cells, derma of Gata1low mice contains great numbers of these cells (37). In addition, wild-type CD1 mice, the background in which we harbor the Gata1low mutations express a systemic pro-inflammatory signature which determines chronic dermatitis with dermal fibrosis (32). This baseline dermal fibrosis is also present in Gata1low mice (ARM, unpublished observations) and it is possibly exacerbated once the mast cells are activated by the mechanical stress induced by the mini-pumps implanted subcutaneously, reducing the efficiency of the dermal absorption and of the plasma levels of the drug. Therefore, the plasma levels of Reparixin are a true reflection of the concentration of the drug delivered by the mini-pumps to the animals.




Figure 3 | Plasma levels (μg/ml) of Reparixin detected at days 20 and 37. Plasma levels of Reparixin were significantly higher in Gata1low mice scarified at day 20 as compared to those sacrificed at day 37. Data are presented as Mean (± SD) and are analyzed by Tukey’s multiple comparisons test. Dots represent values observed in the individual mice. P < 0.05 was considered statistically significant. Abbreviations: BD, below detectable levels (i.e., <20% of the lower limit of quantitation (0.2 µg/ml).





The Reduction of Fibrosis in the BM of Gata1low Mice Induced by Reparixin Correlates With the Concentration of the Drug in the Blood

The BM from Gata1low mice is characterized by reduced cellularity due to accumulation of reticulin fibers with age (30). Overall, the treatment had modest effects on BM cellularity (Table 2).


Table 2 | Bone marrow cellularity and spleen weight determined in Gata1low mice treated either with vehicle or with Reparixin for 20 or 37 days.



However, a reduction in BM fibrosis was observed by both Gomori and Reticulin stainings in mice treated with Reparixin compared to those treated with vehicle alone to a statistically significant degree on day 20 (Figures 4A, B). Since mice treated for 20 days had higher concentrations of the drug in the plasma, we assessed whether the effects exerted by Reparixin on fibrosis was concentration-dependent rather than time-dependent by performing concentration/effect correlation analyses. Notably, this analysis revealed that the levels of fibrosis were inversely correlated with the plasma levels of the drug in individual mice (Figure 4C).




Figure 4 | Reparixin decreases in a concentration-dependent fashion the fibrosis present in the BM from Gata1low mice. (A) H&E, Reticulin, and Gomori staining of BM sections from representative Gata1low mice treated either with vehicle or Reparixin for 20 or 37 days, as indicated. Untreated Gata1low and WT littermates are presented as positive and negative controls, respectively. Magnification ×400. (B) Levels of fibrosis quantified by computer image analyses on BM sections stained with Gomori or Reticulin from multiple Gata1low mice treated either with vehicle or Reparixin, as indicated. Data are presented as Mean (± SD) and are analyzed by Tukey’s multiple comparisons test. P < 0.05 was considered statistically significant. (C) Linear regression analyses between fibrosis plasma concentration or Reparixin in individual mice (Pearson R = −0.66, p < 0.01 for Gomori staining; Pearson R = −0.71, p < 0.01 for Reticulin staining). Each dot represents an individual mouse.





The Reduction of Fibrosis in the Spleen of Gata1low Mice Induced by Reparixin Correlates With the Levels of the Drug in the Blood

Gata1low mice developed extramedullary hematopoiesis with fibrosis in the spleen and associated splenomegaly. Despite the fact that the treatment with Reparixin did not induce significant changes in spleen volumes (Table 2), histological analyses indicated a remarkable reduction in the fibrosis expressed by the spleen in the Reparixin-treated mice (Figure 5A). As for BM, the reductions observed in the spleen were statistically significant only at day 20 (Figure 5B) but analyses of all the time points revealed a significant inverse correlation between fibrosis detected by reticulin staining and plasma levels of Reparixin in individual mice (Figure 5C).




Figure 5 | Reparixin decreased in a concentration-dependent fashion the degree of fibrosis present in the spleen of Gata1low mice. (A) H&E, Reticulin, Gomori and reticulin stainings of spleen sections from representative Gata1low mice treated either with vehicle or Reparixin for 20 or 37 days, as indicated. Untreated Gata1low and WT littermates are presented as positive and negative controls, respectively. Magnification ×400. (B) Levels of fibrosis quantified by image analyses in spleen sections stained with Gomori or Reticulin from Gata1low mice treated either with vehicle or Reparixin, as indicated. Data were presented as Mean (± SD) and were analyzed by Tukey’s multiple comparisons test. P < 0.05 was considered statistically significant. (C) Linear regression analyses of fibrosis and plasma levels of Reparixin in individual mice (Pearson R = −0.48, not significant for Gomori staining; Pearson R = −0.53, p < 0.05 for Reticulin staining). Each dot represents a single mouse.





Treatment With Reparixin Reduced the Levels of TGF-β1, But Not That of mCXCL1or its Receptors CXCR1/2 in the BM of Gata1low Mice

To gain greater insights on the effects of Reparixin on fibrosis reduction in Gata1low mice, we determined by immunohistochemistry the content of CXCL1, and of its receptors CXCR1 and CXCR2, in the BM of Gata1low mice treated either with Reparixin or with vehicle. We had previously demonstrated that the BM from Gata1low mice contain high levels of TGF-β and express an altered TGF-β signature which was thought to be the cause of the marrow fibrosis since treatment of the mice with the receptor-1(R1) kinase inhibitor SB431542 (31) or with a TGF-β trap (38) reversed both the abnormal TGF-β signature and the increase in marrow fibrosis, restoring hematopoiesis in BM, of these mice. On the basis of these data, the content of TGF-β in the BM of Gata1low mice treated either with Reparixin or with vehicle was determined. These analyses indicated that the MKs from the Reparixin-treated mice express significantly lower levels of TGF-β1 than the corresponding cells from animals receiving vehicle alone. By contrast the levels of CXCL1, CXCR1, and CXCR2 expressed by the Reparixin-treated MKs remained comparable to that of the vehicle-treated cells (Figure 6). Although the reductions in TGF-β1 content were not correlated with the plasma levels of Reparixin of individual mice (data not shown), these results suggest that Reparixin may decrease fibrosis by reducing the levels of TGF-β1.




Figure 6 | Treatment with Reparixin decreases the TGF-β1 content of the BM from Gata1low mice. (A) Immunohistochemical staining for TGF-β1, mCXCL1, mCXCR1, and mCXCR2 of BM sections from representative Gata1low mice treated either with vehicle or Reparixin for 20 or 37 days, as indicated. Magnifications ×40. (B) Quantification by computer assisted imaging of the TGF-β1, mCXCL1, mCXCR1, and mCXCR2 content in the BM from Gata1low mice treated with either with vehicle or Reparixin for 20 or 37 days, as indicated. Data are presented as Mean (± SD) and were analyzed by Tukey’s multiple comparisons test. Values observed in individual mice are presented as dots. P < 0.05 were considered statistically significant.





Reparixin Increases the GATA1 Content While Reducing That of Collagen III in MKs From the Bone Marrow of Gata1low Mice

Previous studies have established that in both MF patients and in MPN driver mutation animal models of myelofibrosis the reduced levels of GATA1 is due to a ribosomopathy that reduces the GATA1 content in the malignant MKs (2, 39). In addition, MK-restricted expression of JAK2V617F, the most common driver mutation of MF, is sufficient to induce myelofibrosis in mice (40). The finding from the Balduini laboratory that a large proportion of the malignant MKs in the BM of MF patients express collagen, suggests that hypomorphic GATA1 MKs are directly responsible for the fibrosis observed in these patients (41). This hypothesis is supported by recent single cell profiling of BM cells that has identified a previously unrecognized population of MKs poised to exert niche-functions by secreting collagen and other extracellular matrix proteins. These niche supporting MKS morphologically resemble immature MKs (low ploidy levels with reduced presence of granules and platelet-territories in their cytoplasm) the maturation of which is sustained by low levels of GATA1 and high levels of TGF-β signaling (42–44).

Since the hypomorphic Gata1low mutation is characterized by reduced expression of GATA1 in MKs and the BM from these mice express high levels of TGF-β (32, 44), we hypothesized that this fibrosis may be sustained by increased numbers of niche-poised MKs with low levels of GATA1 due to the increase in BM TGF-β and that the reduced levels of TGF-β induced by Reparixin would reduce the degree of marrow fibrosis by reducing the frequency of this niche-poised MKs present in BM. To test this hypothesis, we first analyzed the content of GATA1 in MKs from BM sections of mice treated either with vehicle or with Reparixin (Figure 7). This analysis confirmed that the BM from Gata1low mice contained greater numbers of MKs and that the GATA1 content of these MKs was reduced (Figure 7A). Although the number of MKs in both vehicle- and Reparixin-treated mice remained greater than normal, the GATA1 content of the MKs from the Reparixin-treated mice was greatly increased (Figures 7B, C). Of note, the percentage of MKs expressing high GATA1 levels was directly correlated with the plasma levels of Reparixin detected in individual mice (Figure 7D).




Figure 7 | Reparixin restores in a concentration-dependent fashion the GATA1 content of the MKs in the BM of Gata1low mice. (A) Double immunofluorescence staining with GATA1 (FITCH-green) and CD42b (TRITCH-red), as a marker of MKs (45), antibodies of BM sections from representative wild-type (WT) and untreated Gata1low mice, as indicated. The hypomorphic Gata1low mutation selectively reduces expression of GATA1 in the MKs from the BM of Gata1low mice compared to the correspondent cells from WT littermates. Magnification ×400. (B) Double immunofluorescence staining with GATA1 (FITCH-green) and CD42b (TRITCH-red) of BM sections from representative mice treated either with vehicle or Reparixin for 20 or 37 days, as indicated. Magnification ×400. The boxes in (A) and (B)_ indicate the MKs shown at greater magnification on the bottom of the panels. (C) Frequency of MKs and percentage of MKs positive for GATA1 in BM sections from multiple treated mice. Data are presented as Mean (± SD) and as values in individual mice (each symbol a mouse). Results were analyzed by Tukey’s multiple comparisons test. P < 0.05 were considered statistically significant. (D) Correlation between the percent of MKs positive for GATA1and plasma levels of the Reparixin in individual mice (Pearson R = 0.76, p < 0.01). Each dot represents a single mouse.



We then compared the percent of MKs expressing Collagen III in the BM of Gata1low and WT mice (Figures 8A, B). Since the anti-ColIII antibody is conjugated with the same fluorochrome that labels most of the commercially available mouse CD42 antibodies, in these studies MKs were recognized on the basis of their large size and their polylobulated nuclei as revealed by DAPI staining. Greater number of the MKs in the BM from Gata1low expressed increased levels of collagen III while these cells were rare in WT mice, suggesting that the BM from Gata1low mice was enriched for niche-poised MKs.




Figure 8 | The bone marrow from Gata1low mice contains great numbers of megakaryocytes that express Collagen III. (A) Representative immunofluorescence staining with an anti-Col III (TRITCH-red) antibody showing that the MKs from Gata1low mice express higher levels of Col III than those from their WT littermates. Megakaryocytes were recognized on the basis of their morphology (size and morphology of the nucleus). Magnification ×400. The white boxes indicate representative MKs shown at greater magnification on the right bottom side of each panel. (B) Percent of MKs positive for CollIII (Col IIIpos MKs) over the total numbers of MKs observed in BM sections from WT and Gata1low littermates. Data are presented as Mean (± SD) and as frequency per individual mouse (dots) and were analyzed by One-way ANOVA. Each dot represents a single mouse. P < 0.05 was considered statistically significant.



Notably, we then demonstrated that treatment with Reparixin reduced in a concentration-dependent fashion the frequency of MKs expressing collagen III in the BM from Gata1low mice while the frequency of these cells in the BM of the vehicle treated mice remained increased (Figure 9).




Figure 9 | Reparixin reduces in a concentration-dependent fashion the frequency of Col IIIpos MKs in the bone marrow of Gata1low mice. (A) Immunofluorescence analyses with an anti-Col III (TRITCH-red) antibody of BM sections from representative Gata1low mice treated either with vehicle or with Reparixin for 20 or 37 days, as indicated. Megakaryocytes were recognized by morphology. Magnification ×400. The white rectangles indicate representative MKs shown at greater magnification on the bottom right of each panel. (B) Frequency of MKs positive for Col III over the total number of MKs per sections quantified by computer image analyses. Data are presented as Mean (± SD) and as values per single mouse (each dot a mouse) and were analyzed by Tukey’s test multiple comparisons test. P < 0.05 was considered statistically significant. (C) Linear regression analyses between the frequency of CollIIIpos MKs and plasma levels of Reparixin in individual mice (Pearson R = −0.53, p < 0.05). Each dot represents a single mouse.





Niche-Poised and Platelet-Poised MK Have Distinctive Morphologies

On average, niche-poised MKs are smaller than platelet-poised cells and their nuclei contains lower number of lobi (43). The analyses of the morphology of the MKs shown in Figure 7 at greater magnification revealed that the MKs from the Reparixin-treated mice that contained GATA1 are on average smaller and with less lobated nuclei than those that were negative for GATA1 (Figure S2). These results suggest that Reparixin may have specifically increased the GATA1 content in the niche-poised MKs, explaining why, in spite of the increase of GATA1 in the MKs, the Plt numbers of the treated mice did not increase (Table 1). This hypothesis was tested by performing immunofluorescence studies to assess whether Reparixin increased the GATA1 content in the same MK population that expresses collagen (Figure 10). This analysis was performed only on the mice that had been treated for day 20 which exhibited the greatest reduction of fibrosis. The frequency of MKs expressing collagen III which were also positive for GATA1 was significantly greater in mice treated with Reparixin suggesting that Reparixin had specifically increased GATA1 content in niche-poised MKs, possibly hampering their pro-fibrotic functions.




Figure 10 | Reparixin increases the GATA1 content in the MK subpopulation that express high levels of Col III. (A) Double immunofluorescence staining with anti-GATA1 (FITCH-green) and Col III (TRITCH-red) antibodies of BM sections from representative Gata1low mice treated with either vehicle or Reparixin for 20 days. Magnification ×400. The rectangles indicate a representative MK shown at greater magnification on the bottom right of each panel. (B) Frequency of MKs positive for Col III (Col IIIpos MKs), for GATA1 (Gata1pos MKs) and of the subsets of MKs positive or negative for Col III that were also positive for GATA1, respectively. Data are presented as Mean (± SD) and as values for individual mouse (each mouse a dot). Statistical analyses were performed by One-way ANOVA. P < 0.05 was considered statistically significant.






Discussion

hCXCL8 is one of the pro-inflammatory cytokines expressed at high levels in MF and is associated with the poorest patient outcomes (3). In addition, malignant CD34+ cells and MKs from MF patients express high levels of hCXCL8 (10). We have now determined that the BM from the Gata1low MF mouse model contains MKs that not only express increased levels of TGF-β, but also of mCXCL1, the murine equivalent of hCXCL8, and that the MKs from these mice express higher levels of CXCR1 and CXCR2 receptors. The recent consideration of CXCR1/R2 allosteric inhibitors for therapy of inflammatory lung diseases associated with fibrosis (26, 27) suggests that these inhibitors might be effective in treating BM fibrosis. This hypothesis was tested in the present study that assessed the effects of the CXCR1/R2 inhibitor Reparixin on the myelofibrotic phenotype expressed by Gata1low mice.

In accordance with the observations that allosteric modulation of CXCR1/2 is well tolerated (46–48), treatment with Reparixin showed no significant changes in body weight and in blood parameters in Gata1low mice, and no deaths were recorded during the entire period of observation.

Having found that an intrinsic variability in circulating drug levels was associated with prolonged administration of Reparixin by mini-pumps (36 and this manuscript), we performed correlative analyses to assess concentration-dependent treatment effects. Notably, by histological analysis we observed that Reparixin reduced in a concentration-dependent fashion the degree of BM and splenic fibrosis of Gata1low mice. Since CXCL1 and its CXCR1 and CXCR2 receptors contribute to the control of megakaryocytic proliferation, differentiation, and ploidy in MF (9), we evaluated whether inhibition of the CXCR1/R2 signaling might reduce the fibrosis by restoring the MKs abnormalities observed in Gata1low mice.

First, immunohistochemistry staining showed for the first time that mCXCR1, the recently characterized murine orthologue of hCXCR1 is highly expressed, together with mCXCR2 specifically in the MKs from Gata1low mice. Consistent with the fact that allosteric modulation does not block the binding of the endogenous ligand to its receptors or alter its constitutive activity (22), we observed that Reparixin treatment did not alter the expression of CXCL1 or CXCR1/R2 receptors by MKs from the BM of Gata1low mice. Since CXCR1/CXCR2 are also activated by CXCL6 and MIP2, we may not formally exclude that altered levels of these two chemokines are also involved in the development of myelofibrosis in our model and that their levels where normalized by treatment with Reparixin. This hypothesis will be tested as part of a separate study.

We observed, however, that the BM of Reparixin-treated mice expressed lower levels of TGF-β as compared to vehicle treated mice. The effect of Reparixin on TGF-β expression was independent of the plasma concentration of Reparixin. Since Reparixin is a >100 fold more potent inhibitor of CXCR1 (both h and m) than CXCR2 (both h and m), (22, 23), we hypothesize that TGF-β production by murine MKs is primarily regulated by mCXCR1 and therefore is not influenced by the variability in circulating drug levels. The suggested role of mCXCR1 in the regulation of TGF-β content is supported by recent data highlighting the prominent role of the CXCL6/CXCR1 axis in the release of TGF-β by liver Kupffer cells both in patients with liver fibrosis and in a mouse model of carbon tetrachloride-induced chronic liver injury and fibrosis (49). We may not exclude however, that Reparixin reduced TGF-β content in the bone marrow indirectly by reducing the frequency of pathological MKs emperipolesis with the neutrophils which triggers the release of this factor in the bone marrow. In fact, since it is well known that CXCL1 induces neutrophil chemotaxis (50), it is possible that Reparixin, by decreasing neutrophil chemotaxis toward the MKs reduces their pathological emperipolesis with these cells reducing the amount of TGF-β they release in the microenvironment. This hypothesis is currently under investigation as part of a separate study (Dunbar et al., under revision). In conclusion, our results indicate that, in addition to CXCR2 indicated by loss of function studies in mouse models, (Dunbar et al., under review), CXCR1 is also involved in the regulation of profibrotic signaling at least in Gata1low mice.

We previously reported that pharmacological inhibition of TGF-β signaling in Gata1low mice restored the maturation of MKs and increased their content of GATA1 (31). Since we observed a significant decrease of the TGF-β expressed by MKs following Reparixin-treatment, we hypothesized that Reparixin might restore MK functions by reducing TGF-β content. This hypothesis is counterintuitive since Reparixin did not increase platelets numbers, which are typically low in Gata1low mice. This apparent paradox was explained by recent single cell profiling analyses indicating that murine BM contains three distinctive MK populations, each one exerting a different function. In addition to MKs poised to generate platelets, the BM contains MK poised to exert immune functions in the lungs (51) or niche functions during the embryogenesis but possibly also in adult organs undergoing tissue repair (42–44, 51). The BMs from Gata1low mice, and also that of MF patients, are characterized by an increased proportion of immature MKs that express increased levels of collagen (41, 52 and this manuscript). By immunostaining, we observed that Reparixin increased GATA1 expression while reducing the collagen III content in Gata1low mouse MKs. Notably, we demonstrated that the increase of GATA1 levels was most evident in the subpopulation of MKs expressing collagen, suggesting that Reparixin may target the niche-poised MKs reducing their ability to mediate collagen deposition and fibrosis in this animal model. At the moment, there is little experimental indication on the mechanism(s) that increased GATA1 content in the MKs from the Reparixin-treated mice. On the basis of published data, we suggest that this increase is mediated by the decreased TGF-β levels observed in these mice. In fact, it is well known that TGF-β, through a mechanism still poorly identified, retains MK immature (53). Since MK maturation requires GATA1 upregulation [with consequently downregulation of GATA2, a maturation mechanism defined the GATA1 to GATA2 switch (54)], it is conceivable that TGF-β reduces MK maturation by reducing expression of GATA1 and increasing that of GATA2. This hypothesis has been directly tested by the finding that a small TGF-β inhibitor rescues the abnormal maturation (and myelofibrosis) in Gata1low mice by increasing the levels of Gata1 mRNA while reducing those of Gata2 (31, 55). Due to the hypomorphic mutation, Gata1low cells lacks one of the three major hypersensitive sites of the gene but still contain two other important regulatory sequences (56, 57), which may be the target of the TGF-β inhibitors which have been demonstrated to be capable to upregulate its expression (31). Although drugs that increase GATA1 in MKs, such as Aurora kinase inhibitors, have been shown to be effective in reduce fibrosis in myelofibrosis patients (58), it may be debated whether drugs, such as Reparixin, that increase GATA1 protein in a mouse model in which the transcription of the gene is reduced by deletion of its regulatory sequence, will be effective in patients where the GATA1 content is reduced by inefficient translation of GATA1 mRNA (39). However, since Reparixin appears to act via TGF-β and the TGF-β TRAP AVID200 is capable to downregulate GATA2 (and therefore presumably to upregulates GATA1), restoring the maturation of MKs expanded in vitro from CD34+ cells in the subset of patients who are responsive to the drug (38), we believe that Reparixin will be effective also in patients.

In conclusion, these results indicate that treatment with Reparixin rescues the MF phenotype of Gata1low mice and provides a rationale for considering Reparixin as a therapeutic option to treat MF patients.
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