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Abstract
Erythrocyte-based drug delivery systems are emerging as potential new solutions for the release of drugs in circulation. The performance of a fully automated process (EDS) for the ex-vivo encapsulation of the pro-drug dexamethasone sodium phosphate (DSP) into autologous erythrocytes in compliance with regulatory requirements has been reported. The loading method is based on a reversible hypotonic hemolysis which allows the opening on cell membranes of transient pores to be crossed by DSP. The efficiency of encapsulation, biochemical and physiological characteristics of processed erythrocytes are investigated using blood from 34 healthy donors. The results show that erythrocytes do not differ too much from normal ones and fully document the reproducibility of the process. A high loading efficiency and a significant reduced variability, compared with previous EDS versions, is obtained. Notably, these results were confirmed by using blood from Ataxia Telangiectasia (AT) patients, 9.33 ± 1.40 and 19.41 ± 2.10 mg of DSP (Mean ± SD, n=134) by using 62.5 and 125 mg DSP loading quantities, respectively. These results, support the use of the new EDS version 3.2.0 to investigate the effect of erythrocyte-delivered dexamethasone in regulatory trials in patients with AT.
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1 Introduction
Dexamethasone is a highly potent and long-acting glucocorticoid that has been widely used for more than 40 years in children, adolescents and adults to treat acute and severe inflammatory, immunological and allergic diseases. However, its short half-life requires frequent administrations resulting in high Cmax (maximum concentration of a drug achieved after dosing) and high dosages, leading to toxic side effects such as osteoporosis, glaucoma, diabetes and high blood pressure (Da Silva et al., 2006; Nishimura and Ikuyama, 2000), especially when long-term therapy is required and more fragile patients are exposed. A rationale approach to overcome these limitations is to develop a controlled-release formulation able to provide prolonged release of low dose dexamethasone over time. So far, a series of control release formulations of dexamethasone have been proposed, including nanocarriers, liposomes and physical method-based formulations, however, the majority of them have been designed for local treatments as compared to sustained drug release in circulation (El Kechai et al., 2016; Goodfriend et al., 2016; Jansook et al., 2016; Ramtin et al., 2016; Robinson et al., 2016). Delivery systems able to release dexamethasone systemically are limited. Recently, a transdermal iontophoresis capable to produce constant dexamethasone plasma levels from 1 to 5 h has been validated in rats (Cázares-Delgadillo et al., 2016). In the last years the possible use of cell-based drug delivery systems are emerging as safe and effective alternatives for the administration of pharmaceuticals at long (monthly) intervals. Among these, human red blood cell-base delivery systems are the most advanced (Wu et al., 2016). Magnani et al. (1998) described an erythrocyte-based delivery system, able to carry out a slow and sustained release of dexamethasone in circulation. This system, consisting of a dedicated medical device, encapsulates the pro-drug dexamethasone sodium phosphate (DSP) into patient’s erythrocytes were it is slowly converted to dexamethasone, which is then released into the blood stream, following re-infusion into patient, for about thirty days or longer (Rossi et al., 2001). A number of clinical investigations have demonstrated the feasibility of the proposed approach, that uses 50mL of patient whole blood only, and the potential benefits for the patients (Bossa et al., 2013; Bossa et al., 2008; Castro et al., 2007; Lucidi et al., 2006; Annese et al., 2005; Rossi et al., 2004). Recently, this device was greatly improved and has evolved from the research stage into the EryDex System (EDS), a novel CE marked fully automated and user friendly delivery system, developed by EryDel S.p.A (Urbino, Italy). The EDS has been classified by the FDA as a Combination Product. In the European Union (EU), the RCL, the EryKit_01 and process solutions are CE marked Class IIb medical devices, in compliance with the EC Council Directive MDD 93/42/EEC. The first fully automated version of the EDS was used in a Phase II study (IEDAT-ERY01-2010) in 22 Ataxia Telangiectasia (AT) patients (Chessa et al., 2014). AT is a rare autosomal recessive disorder with onset in the first years of life. Neurological degeneration is the major contributor to the severe outcome of the disease and most AT subjects die in the second decade of life, although some individuals survive longer (Boder, 1985). In the IEDAT-ERY01-2010 study patients received monthly EDS infusions for 6 months and showed overall statistically significant improvement in neurological symptoms, the primary end point, and of various secondary measures. However, large inter-subject variability in the DSP dose was observed suggesting the need to improving the encapsulation procedure. This effort led to the development of EDS process version 3.2.0, herein described. 
Aim of the present work was to test the EDS process version 3.2.0 in a series of ex-vivo and in-vivo studies to assess the reproducibility of DSP encapsulation and the biochemical and physiological characteristics of processed erythrocytes.

2 Materials and Methods
2.1 Whole blood (WB) samples
[bookmark: _Toc416277947]Blood was collected from 34 healthy donors included in the Italian blood donor registry (registered A.V.I.S. donors) after obtaining approval from the San Salvatore Hospital Blood Bank in Pesaro, Italy. Blood donations had a volume of approximately 400-450 mL, including a fixed volume (63 mL) of citrate phosphate dextrose as anticoagulant. Each donation was microbiologically tested (HIV, HBV, HCV-free blood) and qualified as virus free. All donations had complete blood count in the normal range for blood donors. No further exclusion criteria were applied. The whole blood samples were processed in a time interval comprised between 2 and 7 hours from withdrawal and kept at 4°C before use. Volume was adjusted as appropriate to compensate for anticoagulant-induced changes in hematocrit (HCT) and differences between subjects, to approximate a HCT physiological value of roughly 40% in all procedures, with the exception of 5 procedures conducted with HCT increased to roughly 50%, to test the influence of this parameter on DSP encapsulation. Only 50 mL of whole blood are required to perform the EDS process. A subset of experiments was performed with leukodepleted blood samples. Leukodepletion was obtained using a leukodepletion filter BioR 01 BS PF VP (Fresenius Kabi, Bad Homburg, Germany), connected to a 50 ml sterile syringe without plunger. Roughly, 100 mL of WB was filtered in order to obtain about 80 ml of leukodepleted blood.

2.2 Dexamethasone sodium phosphate (DSP) solution
DSP solution (the investigational medicinal drug product) is formulated at 25 mg/ml in water for injection (WFI). No excipients, buffers or preservatives are used. Each single use glass ampoule contains 250 mg in 10 ml of water for injection (manufactured by an aseptic filtration and filling process) and no other excipients. DSP loading quantities of 50, 62.5, 75, 125, 200 and 250 mg (obtained with 2.0; 2.5; 3.0; 5.0; 8.0; 10.0 mL of DSP solution, respectively) were always diluted with 11 mL of water for injection in a syringe just before use in the EDS: the drug preparation was injected in contact with red blood cells (RBCs) via an injection port when prompted by the EDS software.
The DSP solution is produced in accordance with CGMP and sterile procedures by the Laboratorio Farmacologico Milanese S.r.l. (LFM, Caronno Pertusella, VA, Italy).

[bookmark: _Toc416277948]2.3 EryDex System (EDS) process summary and process solutions
Three sterile product-specific process solutions were used in the EDS process. The solutions facilitate encapsulation in the erythrocytes of DSP. All three sterile process solutions contain only inactive ingredients and are CE marked for exclusive use with the EDS process. EryDel is the manufacturer.
Erythrocytes were swollen and their pores were “opened” in two steps using two process solutions (Hypotonic Solution 1 and 2) that were progressively more hypotonic. DSP loading amount was added after the second more hypotonic solution (Hypotonic Solution 2). Osmotic pressure was then restored by a hypertonic solution referred to as PIGPA Hypertonic Solution, which “reseals” the erythrocytes (closing the pores and encapsulating the DSP). Non-encapsulated drug was removed by extensive washing with injectable saline solution. Drug-loaded erythrocytes, ready for infusion to the subject, were contained into final bag, namely the EDS end product (EDS-EP). The EDS-EP volume was determined with a calibrated scale (model EG4200-2NM, Kern, Balingen, Germany) by the differential weight of the full and empty final infusion bag and its value was independent from the DSP loading quantity. 
The EDS-EP is usually infused (within 30 minutes) at the end of EDS process to the same subject (autologous use).
[bookmark: _Toc416277949]Hypotonic solution 1: Hypotonic Solution 1 is a sterile non-pyrogenic solution used at an early step in the EDS process to produce a small reduction of osmolality, which causes RBCs swelling. Hypotonic solution 1 has an osmolality of 180 mOsm/kg and pH range between 4.5 and 7.0. 
[bookmark: _Toc416277950]Hypotonic solution 2: Hypotonic Solution 2 is a sterile non-pyrogenic solution used in the EDS process to produce a further reduction in osmolality, causing RBCs to swell further. Hypotonic solution 2 has an osmolality of 120 mOsm/kg and pH range between 4.5 and 7.0. 
[bookmark: _Toc416277951]PIGPA hypertonic resealing solution: PIGPA Hypertonic Solution is added to the EDS process to reseal RBC membrane pores, thereby restoring the initial osmolality and ATP levels, and entrapping DSP. Each single use sterile non-pyrogenic vial of PIGPA Hypertonic Solution is formulated at pH 7.4 ± 1.2 at a target osmolality of 3785±285 mOsm/kg.

2.4 Erykit_01 device
The EryKit_01 (Figure 1) is a disposable, sterile, medical device consisting of a set of single use non-pyrogenic accessories including a wash set equipped with a centrifuge (bowl), an hemoconcentrator (blood concentrator filter), associated tubing, bags and containers, and an ultra-filtrate collection reservoir. 
The EryKit_01 is CE marked and EryDel is the manufacturer. It is sterilized by EtO (Ethylene Oxide) and duly degassed before use (Steril Verona Srl, Erbè, Italy) according to harmonized regulations. The EryKit_01 components are detailed in Figure 2.

2.5 Red Cell Loader (RCL)
The RCL (Figure 3) is a non-invasive electromechanical device that automates the 17 steps of the EDS process version 3.2.0 described in Table I, by handling the blood, processing solutions and the single use EryKit_01 kit, that are used in conjunction.
[bookmark: _Toc334008054][bookmark: _Toc343372911]Table I. EDS process steps (version 3.2.0). The numbers in brackets refer to Figure 2.
	1. [bookmark: _Toc416277957]50 mL of whole blood are loaded into the rotating bowl (13)

	2. The RBCs in the bowl are separated and washed with saline for immediate plasma removal in waste bag (8) connected to port (5)

	3. The washed RBCs are transferred from the bowl to the transfer bag (9)

	4. Hypotonic solution 1 is added (port 2) to the transfer bag (9)

	5. The transfer bag is incubated at room temperature on the RCL shaker plate 

	6. The RBCs are concentrated in the rotating bowl (13)

	7. The RBCs are transferred back from the bowl (13) to the transfer bag (9)

	8. Hypotonic solution 2 is added (port 3) to the transfer bag (9)

	9. The transfer bag content is incubated at room temperature on the RCL shaker plate

	10. The RBCs are concentrated in the haemoconcentrator filter (12) and then returned to the transfer bag (9)

	11. Dexamethasone sodium phosphate solved in water for injection is added to the concentrated RBCs with a syringe via the injection port (14). 

	12. The transfer bag content is incubated for10 minutes at room temperature (25°C) on the RCL shaker plate

	13.  The sealing solution (PIGPA) is added with a syringe via the injection port (14)

	14. The transfer bag content is incubated for 30 minutes at 37°C ± 2 on the RCL shaker plate

	15. The RBCs are transferred from the transfer bag (9) to the rotating bowl (13)

	16. The RBCs in the bowl are extensively washed with saline solution

	17. The RBCs are transferred into the final collection bag (7). Total duration of the procedure is about 1h and 30 min



The RCL includes a centrifuge unit, 3 pumps, 6 automatic clamps, 2 loads cells (scales), an air sensor, a vacuum pump and a shaker/heater plate. It has no direct or indirect contact with the subject’s blood. Software version 3.2.0 runs on the RCL and all interactions with it (other than turning it on and off) are displayed on the touchscreen user interface. The user interface guides the user through the EryKit_01 self-diagnostic tests, processing fluid bag placements, and the steps in the EDS process. The process is fixed and does not allow for any modification. The operator is required to perform only two interventions during the EDS process: adding the DSP loading quantity and the PIGPA hypertonic (resealing) solution. Otherwise, the system operates automatically. The RCL is CE marked and EryDel is the Manufacturer.

2.6 Other materials
The following chemicals were also used: May-Grunwald and Giemsa were from “VWR International PBI” (Milano, Italy); methanol (99.9% v/v), glucose anhydrous, perchloric acid 65%, ethylenediaminetetraacetic acid (EDTA), potassium carbonate and bi-distilled water were from “Carlo Erba” (Milan, Italy), potassium phosphate monobasic (KH2PO4, HPLC grade), potassium phosphate dibasic (K2HPO4, HPLC grade), Tris (Trizma-base), Drabkin’s solution, tetrabutylammonium hydrogen sulfate (99.9 % purity) and inosine were from Sigma-Aldrich (St. Louis, US). Bags of injectable saline solution (2L) are commercially available from Galenica Senese Industria Farmaceutica (Siena, Italy).

2.7 Experimental groups
Eighty-five EDS processes were performed using whole blood samples (WB donations) from 34 healthy donors. In some cases, WB from the same subject was used for more than one EDS procedure.

2.8 HPLC determinations
The HPLC measurements of DSP were carried out using a Jasco HPLC equipped with an automatic injector connected to an UV detector as previously described (Magnani et al., 1998) except the addition of methanol R (ratio methanol:water = 3:1) to the boiled aqueous extract.
Analyte separation and quantification was performed through HPLC analysis as described in the European Pharmacopeia monograph 01/2008:0549, related substances.
The HPLC mobile phase and other maintenance and cleaning solutions were prepared from HPLC grade reagents. Analysis was performed in isocratic conditions and consisted of 40 mM KH2PO4, 24 mM hexylamine R and 27% CH3CN (v/v).
For chromatographic separation a 5 μm particle size ODS reversed phase column (25 cm x 4.6 mm internal diameter) was used at room temperature. The injection volume was 20 μL, the flow rate was 1.0 mL/min and the running time was 30 min. The monitoring wavelength was at 254 nm.
Quantitative measurements were obtained by a 6 points calibration curve. The linear regression coefficient (r2) was calculated along with its equation. The instrumental Lower Limit Of Quantification (LLOQ) for DSP was 0.6 µg/mL.

2.9 Evaluation of RBC characteristics
2.9.1 Hematological parameters
Hematological parameters such as Mean Cell Volume (MCV), Mean Corpuscular Hemoglobin (MCH), Mean Corpuscular Hemoglobin Concentration (MCHC), Red Blood Cells count (RBC), White Blood Cells count (WBC) and Platelets counts (PLT), total hemoglobin (Hb) and hematocrit (HCT) were measured using an automatic Act5diFF Coulter (Beckmann, Miami, FL) on 200 μl samples.
2.9.2 Free hemoglobin in the last washing outflow
Quantification of fHb was performed on 20 μl samples of the last fraction (last 5 mL) of the washing solution during the final washing step of the process by using an automatic instrumentation, HemoCue® Plasma/Low Hb System (HemoCue, Ängelholm, Sweden). 
In tests performed mimicking massive hemolysis during the EDS process, 20 mL of WFI were added instead of DSP and PIGPA solutions. These conditions were artificially created to test the efficiency of the EDS washing step in case hemolysis would have unexpectedly occurred.
2.9.3 Other physiological parameters
Osmolality was measured with a Gonotec 030-RS osmometer, (Berlin, Germany), on 60 μl samples, following manufacturer instruction.
Glucose, lactate, sodium (Na+), potassium (K+) concentrations were measured using a Gem Premier 3000 hemogas analyzer (Instrumentation Laboratory, Bedford, MA, USA) both in basal conditions (prior to EDS) and in the EDS-EP.
pH was measured using a Crison GLP 21 + pHmeter (Barcelona, Spain), on 5 ml samples. 
In addition, antigens on the RBC membrane and optical microscope analysis of cellular morphology were evaluated (see Supplementary Materials).

2.10 Evaluation of metabolic characteristics of RBCs
RBC lactate production was measured as above mentioned both in processed and unprocessed RBCs. Briefly, WB was centrifuged and extensively washed with saline to remove WBC and PLT. HCT was determined and adjusted to 40% in all these control samples. Samples from the EDS-EP were also adjusted to 40% HCT. Glucose was added at the final concentration of 5 mM. Then, samples were incubated at 37°C for 3 hours. Samples were collected every 30 min for the total incubation time. Lactate production was normalized for hemoglobin content as calculated on the mean of samples from 30 min to 3 hours and expressed as µmol/gHb/h.
The quantitative detection of ATP was performed by bioluminescence assay using the commercially available CLS II kit (Roche Diagnostics GmbH, Mannheim, Germany), following the manufacturer instructions. Concentrations of 2,3-BPG were measured using a commercial kit (Roche Diagnostics GmbH, Mannheim, Germany) and following the manufacture instructions. Values for ATP and 2,3-BPG were normalized for hemoglobin content and expressed as μmol/g Hb.

2.11 Sterility test
Analytical tests of sterility were performed according to European Pharmacopeia and UNI EN ISO 11737-2. The procedure was repeated 3 times collecting 10 mL of sterile solution (before process) and the entire final bag content (after process). The samples were stored at -20°C until analyzed.

2.12 Compassionate use of EDS in patient with ataxia telangiectasia (AT)
Patients with AT who participated and completed the Phase II clinical trial IEDAT-ERY01-2010 (Chessa et al., 2014) were enrolled in a separate compassionate use (CU) protocol, to allow them to continue receiving monthly treatment with EDS-EP. This was based on the request from the families, recommendation by the investigators and approval of the local Ethics Committees of the two Italian sites that participated to the previous study (Department of Pediatrics, "Spedali Civili", Brescia and Department of Pediatrics and Child Neurology and Psychiatry, Sapienza University, Roma). Data reported in this study refer to results obtained from April 2013 to February 2015. The DSP loading quantities used were 62.5 and 125 mg in 4 and 8 patients, respectively. A 2 mL sample from EDS-EP was taken at the end of each process and immediately frozen at -20°C. A total of 134 samples were collected (98 for the 62.5 mg and 36 for the 125 mg DSP loading quantity). The analyses of DSP encapsulated in EDS-EP (DSP dose) were performed at EryDel Biological Laboratory, according to the method described above.

2.13 Statistics
Data on encapsulated DSP are shown as Mean ± SD, together with two sided 95% Confidence Limits (CL) and % Coefficient of Variation (CV). In order to find the optimal regression function to predict encapsulated DSP (dependent variable) from the DSP loading quantities (independent variable), both a linear regression function and a monotone spline regression were evaluated.
Statistical comparison of the DSP encapsulation efficiency using whole or leukodepleted blood and of the effect of increased initial HCT from 40% to 50% were performed by paired t-test.
Statistical comparisons of physiological parameters before and after process were conducted using a mixed linear model with a fixed effect for each dose level and a random effect for each subject.

3 Results
3.1 EDS process efficiency
[bookmark: _Ref425780488][bookmark: _Toc425860904][bookmark: _Toc426367833]The efficiency of EDS in encapsulating DSP into RBCs (DSP dose) was evaluated in different sets of experiments (Table II). Various DSP quantities (50, 62.5, 75, 125, 200 and 250 mg) were added to the EDS process performed using 50 ml WB samples from 34 healthy donors, (number of subjects per group ranging from 6 to 12). Due to the use of different protocols, some experiments involved multiple samples from individual subjects, as illustrated by the frequency distribution for the number of measurements per DSP loading quantity and per subject. Moreover, in some cases, different DSP loading quantities have been tested on the blood from the same donor. Thus, in all, 85 loading procedures on blood from 34 healthy donors have been carried on.
Table II. Frequency distribution for the number of measurements and DSP dose obtained from each DSP loading quantity
	DSP loading quantity (mg)
	Number of measurements per DSP loading quantity within each subject
	Number of Subjects
	DSP dosea

	
	
	
	Mean ± SD (mg/bag)
	CV %
	95% CL (mg/bag)

	50.0
	1
	12
	9.85±0.84
	8.6
	9.32 - 10.39

	62.5
	3
	6
	11.22±0.87
	7.8
	10.63 - 11.81

	75.0
	1
	9b
	11.93±1.14
	9.6
	10.46 - 13.46

	125.0
	3
	6
	18.34±2.42
	13.2
	16.00 - 20.68

	200.0
	1
	10
	27.20±2.65
	9.8
	25.85 - 28.55

	250.0
	3
	6
	29.40±3.20
	10.9
	26.38 - 32.41


a DSP dose is the DSP quantity encapsulated in RBCs at the end of the EDS process; data are shown as Mean ±SD, coefficient of variation (CV%), 95% Confidence Limits (CL); b One missing sample referring to the testing of DSP 75 mg in one subject.
[bookmark: _Ref425844939][bookmark: _Toc425860915][bookmark: _Toc426368666]To assess whether a linear relationship exists between DSP loading quantity and DSP dose, a linear regression analysis was carried out. The linear regression was fitted for each loading quantity. The results were based on a simple linear regression that treats all measurements as independent and ignores the possible dependency between the samples belonging to the same subject (Figure 4). 
[bookmark: _Ref286416159][bookmark: _Ref280616001][bookmark: _Toc415652305][bookmark: _Toc415667546][bookmark: _Toc416277864][bookmark: _Toc416281080]Since more than one measurement per subject was used, the regression analysis was repeated using a Mixed Model that takes possible within-subject dependency into account. The mixed model analysis showed almost identical results in terms of equation derived and P-values (data not shown). These results indicated that DSP dose linearly correlates with DSP loading quantity independently from the subject donor of the blood sample (r2=0.92). The Confidence Limits of the Mean and the Prediction Limits are also shown.
The EDS-EP volume (volume of the EDS-EP actually infused) was 78.3 ± 1.0 mL (mean±SD, n=19) with a CV% of 1.3%.
Leukodepletion (tested with the DSP loading quantity of 50 mg, n=12) did not affect the level of encapsulated DSP: 9.85 ± 0.84 vs 9.97 ± 0.73 mg (Mean ± SD), with a CV of 8.6% vs. 7.3% in the untreated WB and leukodepleted WB, respectively (n.s., by paired.t-test, see Table SI). 
The effect of hematocrit on DSP loading was determined by comparing the DSP dose obtained by adjusting the hematocrit at approximately 40% or 50%. Tests were performed using DSP loading quantity of 62.5 mg, n=5). No systematic difference could be detected in the amount of DSP loaded: 11.41 ± 0.65 vs 11.19 ± 1.22 mg/bag (n.s. by paired t-test), when a hematocrit of 40 ±0.5 % or 50 ±0.1 % was used. See Table SII for individual values.

3.2 Effects of the EDS process on erythrocyte characteristics
3.2.1 Hematological parameters
Table III compares the hematological parameters of the erythrocytes before (WB) and after the EDS process (n=49   non sono 85 le procedure totali?). After EDS, RBC count, total hemoglobin, HCT, WBC and PLT were all significantly lower (p<0.01) than the initial values, as expected after the dilution that samples undergo at the end of the loading procedure. The percentage of RBC recovery was approx. 50% for all DSP doses tested. Statistical significant changes were observed in MCV, MHC and MHCH of processed RBCs. Changes are observed in each group and are not dose dependent. In case of MCV, changes were modest, ranging from -3.4% to +2.4 % as compared to unprocessed RBCs. Minimum (Min) and Maximun (Max) MCV values of each group are reported in Table SIII.
Table III. Comparison of hematological parameters before and after EDS starting with different DSP loading quantities.

	DSP
loading
quantity
(mg)
	Number
of
Subjects
	MCV (fl) a
(Mean±SD)
	MCH (pg) a
(Mean±SD)
	MCHC (g/dl) a
(Mean±SD)

	
	
	WB
	EDS-EP
	WB
	EDS-EP
	WB
	EDS-EP

	50
	12
	88±3
	90±4*
	30.1±1.2
	18.5±1.2**
	34.3±0.4
	20.6±1.1**

	62.5
	6
	89±2
	86±4**
	31.3±0.6
	21.2±1**
	35.2±0.4
	24.6±1.3**

	75
	9
	87±2
	88±3
	30±0.5
	17.6±0.9**
	34.5±0.3
	20.0±0.7**

	125
	6
	84±6
	86±5*
	29±2.5
	18.1±1.6**
	34.7±0.6
	21.3±1.6**

	200
	10
	87±2
	89±3*
	30±0.6
	17.6±1.1**
	34.5±0.3
	19.9±1.5**

	250
	6
	84±6
	85±6*
	29±2.5
	21.1±2.4**
	34.7±0.
	24.5±3.2**


a Data are expressed as Mean ± SD of (n) subjects. * p<0.05, ** p<0.01 from WB.
After EDS, the HCT was approx. 11% (see Table SIV), WBC and PLT depletion were approx. 50% 70% and 90% as compared to pre-EDS values, respectively (see Table SV).
3.2.2 Free hemoglobin in the last washing outflow
Free hemoglobin was under the Lower Limit of Quantification (LLOQ = 0.03 g/dL) when measured both in unprocessed cells and in the last fraction of the final washing outflow of the EDS process (n=30).
To further verify the efficiency of the washing step, a modification of the EDS process was introduced that significantly reduced the osmotic pressure to which processed RBCs were exposed (n=6) (see Methods section). Free hemoglobin measurements just before the final washing step confirmed that massive hemolysis occurred (>95% of fHb). Notably, even under these artificially stressed conditions, the amount of fHb in the last fraction of the final washing outflow was below the LLOQ.
3.2.3 Other physiological parameters
Physiological parameters measured in the EDS-EP, such as pH, Na+, K+ concentration and osmolality, were all in the physiological range (Table IV). Lactate and glucose were under the detection limit, as expected after the extensive final washing step with saline.
Table IV. EDS-EP: physiological characteristics.
	Parameter
	EDS-EP a
(n=12)

	pH
	6.93 ± 0.06

	Na+ (mmol/L)
	156 ± 2

	K+ (mmol/L)
	2.4 ± 0.4

	Osmolality (Osm/kg)
	290 ± 1

	Lactate (mmol/L)
	<0.2

	Glucose (mmol/L)
	<0.3


a Data are expressed as Mean ± SD of 12 subjects with 50 mg DSP as loading quantity.
In addition, characterization of cell membrane antigens of the erythrocytes did not detect any change after processing (see supplementary materials Table SVI). Optical microscope analysis detected only few minor changes on cell morphology unrelated to the DSP loading quantity (Figure S1).

3.3 Effects of the EDS process on erythrocyte metabolism
3.3.1 Glucose metabolism
The ability of DSP-loaded erythrocytes to metabolize glucose was assessed by measuring lactate production. Processed RBCs showed a statistically significant increase in lactate production as compared with unprocessed cells (values normalized for hemoglobin content, Table V). (maximal increase of +1.74 µmol/g Hb/h, i.e. +36.7 % from baseline with 125 mg DSP loading quantity). The consistency of changes in all samples is confirmed by paired t-test analysis (p<0.01).
Table V. Lactate production (µmol/g Hb/h) before and after EDS process and change from baseline.
	DSP loading 
quantity (mg)
	Number
of
Subjects
	Lactate
(µmol/gHb/h; Mean±SD) a

	
	
	Before
EDS process
	EDS-EP
	Change from
baseline

	75
	9
	4.17 ± 0.57
	5.43 ± 0.54**
	+1.25 ± 0.55

	125
	6
	4.74 ± 0.41
	6.48 ± 0.60**
	+1.74 ± 0.55

	200
	10
	4.15 ± 0.44
	5.18 ± 0.40**
	+1.03 ± 0.38

	250
	6
	4.74 ± 0.41
	6.21 ± 0.88**
	+1.47 ± 0.56


Whole blood was centrifuged and extensively washed with saline to remove WBC and PLT in the samples before EDS process. HCT was adjusted to 40% in all samples. a Values were normalized for hemoglobin content and expressed as Mean ± SD of (n) experiments. ** indicates statistically significant difference vs respective control values (Before) (p<0.01).

3.3.2 ATP and 2,3-BPG content
The cellular content of adenosine-5´-triphosphate (ATP) and 2,3-bisphosphoglycerate (2,3-BPG) before and after the EDS process are presented in Table VI.
Table VI. Erythrocyte ATP and 2,3-BPG content (µmol/g Hb) before and after the EDS process and changes from baseline.

	Metabolite
	Number
of Subjects.
	Before
EDS process
	EDS-EP
	Change from 
baseline

	ATP
(µmol/g Hb)
	12
	3.34 ± 0.30
	3.83 ± 0.42**
	+0.49 ± 0.39

	2,3- BPG
(µmol/g Hb)
	9
	13.3 ± 1.8
	8.8 ± 2.5**
	-4.49 ± 1.69


Analyses were performed in RBCs before EDS process and in EDS-EP processed with DSP 50 mg as loading quantity. Values were normalized for hemoglobin content and expressed as Mean ± SD of (n) subjects. ** indicates statistically significant difference vs respective control values (Before) (p<0.01).
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3.4 Sterility test
The results of 3 independent experiments confirmed the property of EDS to maintain sterility during process and in EDS-EP.

3.5 EDS 3.2.0 in ataxia telangiectasia (AT) patients
The EDS process version 3.2.0 has been used for DSP loading into erythrocytes of patients with AT, as described in the Methods section. Descriptive patient statistics and individual data are reported in Table VII.
Table VII. Descriptive statistics of DSP doses in AT patients receiving EDS compassionate use.
	DSP loading quantity (mg)
	Patient Identification 
(n= total procedures per patient)
	DSP dose (mg/bag)

	
	
	Mean ±SD
	CV (%)

	62.5
	IEDAT-CU 02-01 (n=23)
	8.47±1.15
	13.6

	
	IEDAT-CU 02-02 (n=25)
	9.07±1.55
	17.1

	
	IEDAT-CU 02-05 (n=25)
	9.96±0.92
	9.2

	
	IEDAT-CU 02-08 (n=25)
	9.75±1.46
	15.0

	
	Total (n=98)
	9.33±1.40
	15.0

	125
	IEDAT-CU 01-01 (n=4)
	20.20±2.52
	12.5

	
	IEDAT-CU 01-02 (n=4)
	18.20±1.83
	10.1

	
	IEDAT-CU 01-03 (n=4)
	19.82±2.45
	12.4

	
	IEDAT-CU 01-04 (n=4)
	18.84±2.08
	11.0

	
	IEDAT-CU 01-08 (n=4)
	20.57±1.32
	6.4

	
	IEDAT-CU 02-02 (n=6) a
	18.81±2.32
	12.3

	
	IEDAT-CU 02-05 (n=6) a
	19.51±1.53
	7.8

	
	IEDAT-CU 02-08 (n=4) a
	19.56±3.25
	16.6

	
	Total (n=36)
	19.41±2.10
	10.8


a Patients: 02-02, 02-05 and 02-08 switched to a DSP loading quantity of 125 mg since September 2014 Data are shown as Mean± SD and CV of (n) procedures per patient starting from the DSP loading quantities of 62.5 and 125 mg.

Calculated mean values show that the DSP doses entrapped were 9.33 ± 1.40 mg (CV = 15.0%) and 19.41 ± 2.10 mg (CV = 10.8%) for the 62.5 and 125 mg loading quantities, respectively. The efficiency of DSP loading were similar to that observed in experiments conducted with blood taken from healthy donors (CV ranging from 8.6% to 13.2% among all doses). 


4 Discussion
Erythrocyte-based drug delivery systems are emerging as potential solutions for the systemic release of drugs in circulation. These new technologies require the use of fully automated medical devices able to process the cells ex-vivo and encapsulate the drug of interest in compliance with regulatory requirements. This paper describes the performance of the EryDex System (EDS) version 3.2.0, used for the encapsulation of dexamethasone sodium phosphate (DSP) into autologous erythrocytes. The relationship between the amount of DSP added to the EDS process and the amount encapsulated (DSP dose) into the erythrocytes in the final product (EDS-EP), was determined in ex vivo experiments using human erythrocytes from healthy donors. These results showed that the DSP dose is significantly correlated (r2=0.92) with the DSP loading quantity and, that, within the normal range of the standard hematological parameters, is independent from blood characteristics of each individual. This was further confirmed by tests performed by artificially modifying hematocrits within the 40% to 50% range. Moreover, it was shown that the presence of WBC did not affect the efficiency of encapsulation, as demonstrated by leukodepletion experiments. 
It is known that transfusions of autologous blood may have the advantage of significantly reducing risks of immunologically mediated hemolytic, febrile, allergic reactions or Transfusion Related Acute Lung Injury (TRALI) as compared to methods based on the use of homologous blood (Bourgeaux et al., 2016). In addition, the risk of post transfusion immunomodulation (i.e. a decreases in cellular immune functions) have been documented after allogeneic, but not autologous, transfusions (Vanderlinde et al., 2002). However, since EDS process revealed efficient in removing free hemoglobin (fHb) from totally lysed RBCs, it could be supposed that plasma proteins too could be removed during the washing steps thus avoiding immunologically risks even if homologous blood is used. Notwithstanding, donor RBCs contain secondary minor antigens that are not routinely typed but may still cause problems if the recipient's serum contains antibodies that will target them, avoiding the biocompatibility of carrier RBCs and causing toxicity. It is documented that the recipient’s immune system is facing non-self structures onto the surface of allogenic RBC, inducing an immunization rate of 15-30% in multi-transfused patients (63,64 submitted review). Moreover, a further advantage related to the autologous transfusion is the absence of risks due to blood-born pathogens from allogenic blood sources.
Furthermore, as reported in this paper, the residual amount of PLTs in the EDS-EP is almost negligible, thus reducing risks of frequent febrile reactions to PLTs transfusions. The EDS, minimizes the risk of fluid overload since the volumes of blood withdrawn from patient and then reinfused (EDS-EP) are very similar and close in time. 
Extracellular fHb has been found to trigger specific pathophysiologies that are associated with adverse clinical outcomes in patients with hemolysis, such as acute and chronic vascular disease, inflammation, thrombosis, and renal impairment (Schaer et al., 2013). The acceptance limits of fHb established by the FDA for transfusion products is 1% of total Hb infused. The fHb content in EDS-EP was assessed and always found to be within the FDA acceptance limits. Further, to exclude that unexpected substantial hemolysis during the EDS can cause damage to patients, condition of massive hemolysis were artificially created by altering process steps and process solution composition. The results, showed that fHb in the last fraction of the final washing step was under the LLOQ (i.e less than 1% of total Hb). These data show that even when significant hemolysis would occur, the final washing step of the EDS, effectively removes any excess of fHb.
The volume of the EDS-EP was highly consistent; 87.3 ± 1.0 mL (Mean ± SD , n=19). 
When examining the physiological characteristics of processed erythrocytes, MCV showed modest changes (< 3.5%) as compared to unprocessed RBCs. On the other hand, processed RBCs showed a significant reduction in MCH and MCHC. The lack of correlation with the DSP dose suggests that these changes were not related to the DSP loading quantity but likely due to the opening of the pores on the RBC membrane associated with the concomitant loss of hemoglobin from inside the RBCs during the encapsulation process. 
There were no effects of the EDS process on the physiological parameters of the EDS-EP: pH, Na+, K+ concentration and osmolality were all in the physiological range. Lactate and glucose in the EDS-EP were under the detection limit. The percentage of RBC recovery was approximately 50% for all DSP doses, again suggesting high reproducibility of the EDS process. As expected, due to the dilution of the initial sample occurring during the EDS procedure, hematological parameters such as RBC count, total Hb and HCT were all significantly lower than the initial values. Notably, the observed alterations in the RBCs’ parameters induced by the EDS process, such as the decrease in MCH and MCHC, did not impact on their recovery and survival in circulation (manuscript in preparation). It should also be noted that the amount of EDS-processed RBCs that are infused into human subjects constitutes less than 1% of the total RBCs in circulation; therefore, these minor changes should not have an impact on blood functions. 
Interestingly, the ATP cellular content and lactate production, when expressed as proportion of hemoglobin, were higher in processed cells as compared to baseline. This finding suggests that the loss of hemoglobin that is associated with the DSP encapsulation is not paralleled by proportional loss of other cellular proteins, such as the enzymes involved in energy production. The finding that intracellular ATP is maintained after the EDS process, further support the hypothesis that processed erythrocytes should maintain vital functions and normal survival when re-infused by releasing dexamethasone over a period of approximately 4-weeks. Also, the 33.8% decrease in 2,3-BPG levels from baseline, given the small number of RBCs infused is unlikely to have any meaningful physiological effects. Moreover, this change might be transient as it may result from the absence of glucose in the EDS-EP and in the final solution where erythrocytes are maintained before infusion (saline solution). As the RBCs appeared to maintain metabolic properties, the observed decrease in 2,3-BPG cellular content might normalize when the cells are infused although no data are available so far to confirm this hypothesis. It should also be considered that a significant fraction of cellular 2,3-BPG is commonly hemoglobin bound and that, because of the reduction of cellular hemoglobin concentration, the free (unbound) 2,3-BPG is likely maintained constant.
Of importance, no changes were observed on cell membrane antigens after the EDS process. Comparison of DSP dose when EDS was applied to blood samples from healthy donors or AT patients showed similar loading efficiency and limited inter-subject variability: 11.22 ± 0.87 vs 9.33 mg ± 1.40 (mean ± SD, 62.5 mg DSP loading quantity) and 18.34 ± 2.42 vs 19.41 ± 2.1 (mean ± SD, 125 mg DSP loading quantity) for healthy donors or AT patients, respectively.
These results showed for the new EDS version 3.2.0 a very limited inter-subject loading variability as compared to the one obtained with previous EDS version (Chessa et al., 2014). Also, for EDS version 3.2.0, the variability of DSP encapsulation was not influenced by the DSP loading quantity.
At completion of the 6-month IEDAT-ERY01-2010 Phase II study in patients with AT (Chessa et al., 2014), patients that continued treatment in a compassionate study, were switched to the EDS version 3.2.0 (Leuzzi et al., 2015). Patients experienced a continuous neurologic improvement with respect to their pretreatment status, whereas controls showed a progressive neurologic deterioration (according to the natural history of the disease) after the discontinuation of the treatment. The EDS proved to be safe and well-tolerated, and none of the side effects usually associated with the chronic administration of corticosteroids were observed during the entire trial (Leuzzi et al., 2015).


5 Conclusions
Overall these findings suggest that RBCs processed with the EDS version 3.2.0 exhibit near normal morphological, biochemical and immunological properties. Tests performed with wide range of DSP loading quantities (50 to 250 mg) confirmed these results showing significantly reduced variability in DSP dose as compared with previous EDS versions. Additionally, the same results were obtained when blood from healthy donors or AT patients was used, making the new EDS version 3.2.0 suitable to investigate the effect of EDS in large regulatory trials in patients with AT.
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7 Figure captions
Figure 1. EryKit_01 in its tray. Picture of the disposable sterile device EryKit_01 (tubing set) disposed into its tray.
Figure 2. Scheme of EryKit_01. Drawing of the disposable device EryKit_01 and schematic of its sub-components (see numbered descriptions below): 
1.	cassette (rear view);
2.	connector for the Hypotonic Solution 1
3.	connector for the Hypotonic Solution 2
4.	connector for 2 liter bag of injectable saline solution (washing)
5.	connector for waste bag
6.	luer connector to the patient's blood (50cc syringe)
7.	final collection bag 
8.	waste bag
9.	transfer bag
10.	connector to pump of Red Cell Loader
11.	reservoir (for ultrafiltration collection)
12.	hemoconcentrator filter
13.	bowl, centrifuge (blood separation and washing)
14.	injection port (for injection of DSP and PIGPA resealing solution)

Figure 3. Red Cell Loader equipment with EryKit_01 disposable kit and process solution bags installed. Picture of the Red Cell Loader (bench top equipment) set-up with the EryKit_01 (disposable tubing set) and process solutions (bags).

Figure 4. Linear Regression, including Confidence Intervals and Prediction Intervals of DSP doses encapsulated by the EDS starting from different DSP loading quantities
Linear regression graph of DSP encapsulated doses by the EDS starting from 50 mg, 62.5 mg, 70 mg, 125 mg, 200 mg and 250 mg, DSP loading quantities, respectively. 
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