A nine year evaluation of carrier erythrocyte encapsulated adenosine deaminase therapy in a patient with adult-type adenosine deaminase deficiency
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ABSTRACT
Adenosine deaminase (ADA) deficiency is an inherited disorder which leads to elevated cellular levels of deoxyadenosine triphosphate (dATP) and systemic accumulation of its precursor, 2-deoxyadenosine (dAdo). These metabolites impair lymphocyte function, and inactivate S-adenosylhomocysteine hydrolase (SAHH) respectively, leading to severe immunodeficiency.  Enzyme replacement therapy with polyethylene glycol-conjugated adenosine deaminase is available, but its efficacy is reduced by anti-ADA neutralising antibody formation.  We report here carrier erythrocyte encapsulated native ADA therapy in an adult-type ADA deficient patient. Encapsulated enzyme is protected from antigenic responses and therapeutic activities are sustained. ADA-loaded autologous carrier erythrocytes were prepared using a hypo-osmotic dialysis procedure. Over a 9 year period 225 treatment cycles were administered at two to three weekly intervals. Therapeutic efficacy was determined by monitoring immunological and metabolic parameters. After 9 years of therapy, erythrocyte dATP concentration ranged between 24 and 44 µmol/l (diagnosis, 234 µmol/l) and SAHH activity between 1.69 and 2.29 nmol.h-1.mg-1 haemoglobin (diagnosis, 0.34 nmol.h-1.mg-1 haemoglobin).  Erythrocyte ADA activities were above the reference range of 40-100 nmol.h-1.mg-1 haemoglobin (0 at diagnosis). Initial increases in absolute lymphocyte counts were not sustained; however despite subnormal circulating CD20+ cell numbers, serum immunoglobulin levels were normal. The patient tolerated the treatment well. The frequency of respiratory problems was reduced and the decline in the forced expiratory volume in 1 second (FEV1) and vital capacity (VC) reduced compared with the 4 years preceding carrier erythrocyte therapy. Carrier erythrocyte-ADA therapy in an adult patient with ADA deficiency was shown to be metabolically and clinically effective. 
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INTRODUCTION

Severe combined immunodeficiency associated with a deficiency of adenosine deaminase (ADA), EC3.5.4.4, is a rare, autosomal, recessive disorder of purine metabolism, which primarily manifests as lymphopenia, SEQ CHAPTER \h \r 1 hypo-gammaglobulinaemia and an inability to mount specific antibody responses.   SEQ CHAPTER \h \r 1 ADA deficiency encompasses a spectrum of disease ranging from severe and lethal,  SEQ CHAPTER \h \r 1characterised by persistent viral, fungal, protozoal, and bacterial infections and a failure to thrive starting before 6 months of age,  SEQ CHAPTER \h \r 1 through to mild, with diagnosis in adult life (adult/late onset) with less severe immunological abnormalities presumably owing to expression of low activity of residual ADA. The majority of patients, however, present within the first year of life with severe clinical manifestations, and without treatment the outcome is fatal (1, 2). 

During the normal turnover of purines, adenosine deaminase catalyses the irreversible deamination of adenosine (Ado) and 2’-deoxyadenosine (dAdo) to inosine and 2’-deoxyinosine, respectively which are then further degraded to uric acid for excretion, or returned to the purine nucleotide pool for re-utilization. In the absence of ADA, Ado and dAdo accumulate in both intracellular and extracellular compartments, leading to preferential intracellular phosphorylation of dAdo to deoxyadenosine triphosphate (dATP), a normally minor pathway. Elevated concentrations of dATP and ADA substrates have a profound effect on lymphocyte differentiation, proliferation and function and also on the functioning of some non-lymphoid tissues. Lymphotoxicity is considered to be due to dATP-induced allosteric inhibition of ribonucleotide reductase, blocking DNA replication in dividing cells, and inducing DNA strand breaks in non-dividing lymphocytes as well as other effects that result in apoptosis.  Elevated concentrations of dAdo also inhibit the action of S-adenosylhomocysteine hydrolase (SAHH), which may interfere with vital transmethylation reactions (3, 4)
Transplantation of bone marrow from an HLA-identical sibling donor is the preferred treatment, offering complete or partial immune correction; however, only 25 to 30% of patients have a suitable matched donor. Neurological and behavioural alterations have been observed in long-term follow-up, and have been attributed to the severity of metabolic derangement at the time of diagnosis (5, 6). The outcome for patients transplanted with bone marrow from haplo-identical or matched unrelated donors is generally poor due to infections and graft-versus-host disease.  Correction of ADA deficiency by gene therapy where the human ADA gene is introduced into autologous haematopoietic progenitors from bone marrow or cord blood has been the focus of much research over the past 16 years. Despite the encouraging results demonstrating metabolic correction and amelioration of systemic toxicity in the clinical trial of Aiuti et al. (7, 8), ADA gene therapy protocols are still regarded as experimental and open trials to date have recruited only small number of patients.   For patients with no available bone marrow donor, or where bone marrow transplantation has failed,  SEQ CHAPTER \h \r 1 enzyme replacement therapy with polyethylene glycol conjugated bovine adenosine deaminase (PEG-ADA) is available (2, 9, 10). Weekly or twice-weekly intramuscular injections of PEG-ADA correct the metabolic abnormality by metabolising plasma Ado and dAdo, leading to a reversal of the expanded intracellular dATP pool and SAHH inactivation, and improved immune function. Polyethylene glycol groups function to increase the plasma half-life of ADA from less than 30 minutes to 72 hours by protecting the enzyme from proteolytic and immunological reactions. However in some patients, neutralising anti-ADA antibodies can eventually form against PEG-ADA, causing a reversal of immune recovery (11). This may possibly be overcome by increasing the dosage of PEG-ADA, but at a cost of £250,000 to £400,000 per year to treat a 12 year old child with a standard dose, and considerably more to treat an adult patient, this may not be an affordable option.

A novel therapeutic approach to treating ADA deficiency is enzyme replacement with ADA encapsulated within autologous erythrocytes (12).  Encapsulation within erythrocytes protects the ADA from antigenic responses; this therapeutic approach is thus particularly suitable for patients who have previously formed neutralising anti-ADA antibodies against PEG-ADA. The requirement for polyethylene glycol conjugation is negated, and consequently enzyme-replacement costs are substantially reduced. Erythrocytes are able to maintain sustained ADA activity within the circulation, whilst permitting the degradation of plasma dAdo which is able to permeate the erythrocyte membrane. We report here the metabolic and immunological parameters and respiratory function of a patient with adult-type ADA deficiency who has been treated with carrier erythrocyte encapsulated ADA therapy for over nine years.
METHODS

Patient profile

The early clinical course of this patient, and other aspects related to her diagnosis have been previously reported (13-15). In brief she SEQ CHAPTER \h \r 1

 SEQ CHAPTER \h \r 1 was first diagnosed with asthma in childhood, but remained essentially healthy until her twenties when she had two episodes of pneumonia and required courses of oral antibiotics and corticosteroids for acute asthma exacerbations, the latter of which she now requires in low dose as maintenance therapy for her chronic respiratory disease. She had two successful pregnancies, but developed a severe deterioration in respiratory function during her second pregnancy, at the age of 31, necessitating mechanical ventilation for acute respiratory distress syndrome. Chest X rays and CT scan showed diffuse alveolar shadowing and open lung biopsy confirmed alveolar and interstitial inflammation and fibrosis with no specific features and no evidence of bacterial, viral or fungal infection. There was minimal effect of high dose steroids but there was a prompt and dramatic response to intravenous cyclophosphamide. When reviewed at the age of 34 the patient had smoked 10 cigarettes per day until 5 years earlier. She gave a history of chronic pulmonary insufficiency, recurrent bacterial pneumonia, viral warts and five episodes of dermatomal herpes zoster, and candidiasis. Forced expiratory volume in 1 second (FEV1) was 1.5 l (47% predicted), vital capacity (VC) 3.4 l (93% predicted), peak expiratory flow (PEF) 300 l/min (70% predicted), carbon monoxide transfer coefficient (TLCO) was 6.65 mmol.min-1.kPa-1 (76% predicted). Chest X-ray showed large volume lungs with minor apical scarring. She had very severe warts affecting all digits. She was found to have reduced T-lymphocyte numbers and function, no circulating B cells, CD4+ and CD8+ lymphopenia (0.08 x 109/l and 0.15 x 109/l, respectively) and natural killer (NK) cells at the lower limit of the normal range. Serum IgG, IgA, IgM, and IgG subtypes 1, 3 and 4 were within the normal reference range, although IgG2 levels were abnormally low.  Specific IgG antibodies to the pooled 23 pneumococcal polysaccharide serotypes in Pneumovax were low at 20mg/l and antibodies to Haemophilus influenzae B polysacchaccharide (HiB) were undetectable. Biochemical studies revealed erythrocyte dATP concentrations of 234 µmol/l packed erythrocytes (normal value <1 µmol/l), erythrocyte ADA activity of 0 (normal range 40-100 nmol.h-1.mg-1 haemoglobin), lymphocyte ADA activity of 68 mmol.h-1.mg-1 protein (normal range 1162-4500) and erythrocyte SAHH activity of 0.34 nmol.h-1.mg-1 haemoglobin (normal range, 3.6-9.0). This established the diagnosis of adenosine deaminase deficiency, and her sister was also shown to be affected (13-15). Molecular studies demonstrated that both sisters were compound heterozygotes for two mutations at the ADA locus, an exon 1 null allele and an exon 7 missense mutation, R211C (14).  The patient was without a matched bone marrow donor and started enzyme replacement therapy with PEG-ADA (Adagen, Enzon) by intramuscular injection at a dosage of 24 IU/kg per week (1500 IU per week). Twelve months after initiating enzyme replacement therapy, correction of the metabolic abnormalities was noted; erythrocyte dATP concentration had fallen to 1µmol/l and erythrocyte SAHH activity reached 4.2 nmol.h-1.mg-1  haemoglobin. An improvement in the patient’s immune status was observed, but after a further twelve months of therapy circulating CD4+ T cell numbers declined from 0.28 to 0.14 x 109/l.  In response to increasing the dosage of PEG-ADA to 36 IU/kg (2250 IU per week), CD4+ T cell numbers rose only transiently.  In parallel with the decline in CD4+ T cell number there was a decrease in plasma PEG-ADA activity, from a trough value of 24.3 µmol.h-1.ml-1 to 4.5 µmol.h-1.ml-1, an increase in erythrocyte dATP  concentration to 54µmol/l packed erythrocytes and a decline in SAHH activity to 1.49 nmol.h-1.mg-1  haemoglobin. CD8+ T cell number also declined to 0.08 x 109/l. The ELISA value for anti-ADA antibody was 49.6 at this stage, and serum from the patient was found to possess ADA-inhibitory activity, measured as described by Chaffee et al. (11), indicating that the patient had developed neutralising antibodies to PEG-ADA.

Study design

The patient was 37 years of age at the start of the study. For the first 12 months the patient received combined weekly intramuscular injections of PEG-ADA (1500 IU per week) and infusions of carrier erythrocyte encapsulated ADA administered every two to three weeks. On the first day of each treatment cycle, the patient attended a morning clinic for blood harvesting and returned later in the day for re-infusion of the autologous ADA-loaded carrier erythrocytes. After 12 months when circulating pre-treatment cycle erythrocyte ADA activity had attained normal levels, PEG-ADA was withdrawn and carrier erythrocyte-ADA therapy continued as sole treatment. To enable an improved intra-cycle control and reduction of dATP concentrations, the activity of entrapped ADA administered was subsequently increased in incremental steps over the period of 25 months by increasing the volume of blood taken for carrier erythrocyte preparation (see Table 1). This study was approved by the Wandsworth Local Research Ethics Committee and written informed consent was obtained from the patient.

Preparation and administration of adenosine deaminase-loaded carrier erythrocytes

Sterile, single-use materials and reagents were used throughout. Therapeutic grade ADA from bovine calf intestine was obtained as a suspension in 3.1 mol/l ammonium sulphate (minimum specific activity, 200 IU/mg protein, measured at 25oC) from Roche Diagnostics GmbH, Germany.  Prior to the erythrocyte loading procedure (see below), the enzyme was separated from the ammonium sulphate solution by centrifugation.

Whole blood was collected using aseptic techniques into tubes containing low molecular weight heparin, dalteparin sodium (9 units/ml blood). Using Class III radiopharmacy facilities, the blood was centrifuged and after removal of plasma and buffy coat (both retained for later use), the erythrocytes were washed twice in cold (4oC) phosphate buffered saline (PBS) with centrifugation. 

ADA-loaded carrier erythrocytes were prepared using a hypo-osmotic dialysis procedure as described previously (16). Briefly, 7 volumes of  washed and packed erythrocytes were mixed with 3 volumes of cold  PBS containing varying concentrations of therapeutic grade native ADA and the suspension placed into dialysis bags with a molecular weight cut-off of 12,000 daltons.  The cells were dialysed against hypo-osmotic buffer (5 mmol/l KH2PO4, 5 mmol/l K2HPO4, pH 7.4) at 4oC in a specially modified LabHeat refrigerated incubator (BoroLabs, Berkshire, UK) with rotation at 6 rpm for 120 minutes.  Erythrocyte  resealing was achieved by transferring the dialysis bags to containers of pre-warmed iso-osmotic PBS supplemented with 5 mmol/l adenosine, 5 mmol/l glucose and 5 mmol/l MgCl2, pH 7.4, and continuing rotation at 6 rpm for 60 minutes in a LabHeat incubator set at 37oC.  The carrier erythrocytes were washed three times in 3 volumes of supplemented PBS with centrifugation at 100 x g for 20 minutes.  SEQ CHAPTER \h \r 1The washed and packed ADA-loaded carrier erythrocytes were gently mixed with the retained buffy coat, and re-suspended in an equal volume of plasma. The suspension was taken up into 60ml syringes and returned to the patient by slow intravenous infusion. Treatment cycles were administered at intervals of two to three weeks.
Metabolic parameters

Prior to each treatment cycle (before the infusion of ADA-loaded carrier erythrocytes i.e. 14 or 21 days after the last administered dose of carrier erythrocyte encapsulated ADA), 5ml blood samples were collected into potassium-EDTA treated tubes and separated into plasma and packed erythrocyte fractions for the determination of plasma ADA activity and erythrocyte dATP, SAHH and ADA levels. In treatment cycles 1-165 (0 to 86 months of treatment) an additional blood sample was taken between 5 and 7 days after infusion of carrier erythrocyte encapsulated ADA to monitor circulating ADA activity. For each treatment cycle, a sample of the prepared carrier erythrocytes (prior to re-suspension in autologous white cells and plasma) was retained for the determination of infused encapsulated ADA activity and cell number.
Haematological parameters
Haematological parameters of carrier erythrocytes and pre-treatment and within cycle blood samples were routinely measured for the purpose of expressing data with reference to haematological indices and for monitoring the patient’s haematological profile, respectively. Percentage haematocrit (Hct) was determined using a microhaematocrit centrifuge (Hawksley, West Sussex) and a microhaematocrit reading device. Cell number, haemoglobin concentration (Hb), mean cell volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC) were determined using an AcT Coulter counter.
Immunological evaluation

Lymphocyte subset enumeration was performed using immunofluorescence analysis. Pre-treatment blood samples were collected into potassium-EDTA treated tubes and processed within 3 hours. T-cells (CD4+, CD8+), B-cells (CD20+) and NK-cells (CD16+) were labeled using commercially available dye-conjugated monoclonal antibodies that recognize cell specific CD antigens, and identified using flow cytometry with a fluorescence-activated cell sorter (FACSCalibur, BD Biosciences).

Serum immunoglobulin levels and IgG antibody titres against specific antigens were measured by ELISA. These assays were undertaken by St. George’s Hospital NHS Trust routine diagnostic laboratory. Polymerase chain reaction assays were employed for the screening serum hepatitis C, hepatitis B, Epstein-Barr and Cytomegalovirus viral DNA. ELISA for antibody to bovine ADA and measurement of circulating ADA-inhibitory activity were performed as described by Chaffee et al. (11)
A cytokine array kit (ProteoPlex, Novagen) was used to measure pre-treatment plasma pro- and anti-inflammatory cytokines including IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12p70, GM-CSF, IFNγ and TNFα.  The microarray slide was scanned using an excitation of 635 nm and an emission of 660 nm. The data were extracted using ArrayVision 8.0 software and then analysed using ProteoPlex Analyzer Excel.

Clinical status

Prior to initiating carrier erythrocyte-ADA therapy, she suffered with recurrent episodes of chronic productive cough, wheezing and breathlessness. Lung function showed FEV1 of 1.0 l (32%), VC 2.75 l (77%), PEF 290 l/min (69%), TLCO was 5.60 mmol.min-1.kPa-1 (72% predicted). She was troubled with large, painful, digital warts affecting hands and feet and had some relief from cryotherapy.
RESULTS

Correction of metabolic abnormalities

Immediately prior to the initiation of carrier erythrocyte-ADA therapy, when the dose of intramuscular PEG-ADA injection was 1500 IU per week, trough circulating plasma ADA activity was 2.8 µmol.h-1.ml-1, and erythrocyte dATP concentration and SAHH activity were 54 µmol/l  and 0.87 nmol.h-1.mg-1  haemoglobin, respectively.  The numbers of ADA-loaded carrier erythrocytes prepared were increased during the initial period of concurrent PEG-ADA administration to enable an approximate doubling of encapsulated ADA activity administered. The encapsulation efficiency of ADA ranged between 28 and 39% and erythrocyte recovery, between 80 and 88% (Table 1).  Figure 1 shows that during this time period erythrocyte dATP concentrations continued to rise, reaching a maximum concentration of 125 µmol/l and at 10 months, erythrocyte SAHH activity increased to 1.52 nmol.h-1.mg-1 haemoglobin. Erythrocyte ADA activity (i.e. a measure of encapsulated therapeutic ADA) gradually increased to levels within the normal control range. Plasma ADA activity (i.e. from PEG-ADA) remained below the recommended therapeutic range of 15-35 µmol.h-1.ml-1, despite the continuation of PEG-ADA therapy. 
On withdrawal of the PEG-ADA therapy, the dose of encapsulated ADA administered was increased from a mean activity of 7450 µmol/min to 16400 µmol/min (Table 1, cycle 18) by preparing approximately 29% more carrier erythrocytes. From cycle 41 (25 months) onwards, the same amount of ADA activity was entrapped within 13% more erythrocytes than used in cycles 18 to 40, thus distributing the encapsulated activity over a greater number of red cells. Between 25 and 60 months erythrocyte dATP concentrations gradually decreased to levels below those observed pre-carrier erythrocyte therapy (trough 6 µmol/l). Erythrocyte SAHH increased (peak 1.9  nmol.h-1.mg-1  haemoglobin) to more than double the activity determined prior to carrier erythrocyte therapy. Circulating erythrocyte ADA activity increased to supraphysiological levels; 5 to 7 days after infusion the mean activity was 455.1 nmol.h-1.mg-1 haemoglobin, and 14 or 21 days after infusion the mean activity for treatment cycles 41-225 was 273 nmol.h-1.mg-1 haemoglobin, the latter representing trough circulating ADA activity (Table 1).  By adhering to treatment cycles of 14 days in length, intra-cycle increases in erythrocyte dATP concentration and decreases in erythrocyte ADA activity were minimised. The large declines in erythrocyte activity that occurred between 61 and 63 months, and 75 and 77 months were due, in each case, to consecutive treatment cycles of three weeks in length.   Plasma ADA activity, as expected, declined to baseline levels. 

Between 91 and 98 months of carrier erythrocyte-ADA therapy, PEG-ADA was reintroduced (1500 IU/week) due to concern over falling CD4+ and CD8+ counts. Initially the dATP level declined to below 10 µmol/l, however this was not sustained with reversion to dATP levels not dissimilar to those observed with sole carrier erythrocyte-ADA therapy. Erythrocyte ADA activity fell during this period, and plasma ADA activity increased, though to levels at the lower end of the recommended therapeutic range for PEG-ADA. While SAHH activity initially increased, this increase was not sustained despite continued PEG-ADA therapy.  Since no sustained therapeutic or biochemical gain was demonstrated, the PEG-ADA was withdrawn after 7 months. The reason for the ineffectiveness of PEG-ADA during this trial, in contrast to the success 13 years previously, is not clear. IgG antibodies to ADA, as measured against unmodified ADA by ELISA and which occur in most PEG-ADA treated patients [17], were present in very low titre (5.7 units) before re-initiation of PEG-ADA, but there may have been an anamnestic rise in neutralising antibodies, which occur in < 10% of PEG-ADA treated patients (2), after the PEG-ADA therapy was re-started. Following the discontinuation of PEG-ADA at 98 months the metabolic parameters were more stable, with smaller differences between the inter-cycle measures. Erythrocyte ADA activity gradually increased to levels observed before the re-introduction of PEG-ADA, and SAHH activity increased to a maximum activity of 2.29 nmol.h-1.mg-1 haemoglobin. Although basic cycle duration continued at 14 days, it was possible to introduce the occasional 21 day cycle without perturbing the metabolic status. 

Immunological function

Over the period of PEG-ADA therapy, and subsequent carrier erythrocyte-ADA therapy, there was a gradual reduction in the absolute number of circulating CD4+T cells. On withdrawal of PEG-ADA therapy the absolute number of CD8+ T, CD3+ and CD16+ NK cells gradually increased to reach peak levels of 0.34 x 109/l, 0.46 x 109/l and 0.14 x 109/l, respectively.  Between 70 and 80 months of therapy  there was a sharp fall in the  absolute CD4+, CD8+, CD3+ T cells and CD16+  NK cell numbers, although the CD8+ T cell count remained above  pre carrier erythrocyte-ADA therapy values.  This decline in cell numbers coincided with a major fracture to the femoral neck sustained in a heavy fall.  The reintroduction of  PEG-ADA therapy between 91 and 98 months had no effect on CD4+, CD8+ and CD3+ T cell numbers, although CD16+  NK cells returned to the values at the lower end of the normal range (Figure 2). In terms of the circulating percentages of CD4+ T and CD8+ T cells, this reflected the decline in CD4+ T cell numbers, with a gradual fall in the CD4/CD8 ratio. However, after 9 years of therapy, the percentage of CD3+ T cells remained at pre-carrier erythrocyte therapy levels of 70% (reference range 58-91%). The percentage of NK16+ NK cells increased gradually from zero to reach minimum and maximum levels of 20% and 45%, respectively, after 90 months of therapy (reference range 9-16%). The initial increase in the percentage of CD20+ B cells from 2 to 9%  (reference range 12-22%) on co-administration of PEG-ADA and carrier erythrocyte-ADA therapy was not sustained (Figure 3).
Serum immunoglobulin levels remained within the reference range, with IgG levels towards the upper end over the 9 years of carrier erythrocyte-ADA therapy (Table 2). At 60 months of therapy the patient was immunised with Pneumovax and this resulted in an increase in IgG antibodies to Pneumococcal polysaccharides from a pre-immunisation level of 4 to 43mg/l at 3 months post immunisation. However, after 19 months the levels declined to 5mg/l where they currently remain. Functional antibodies to Haemophilus influenzae type B have remained consistently very low, whereas IgG antibodies to Tetanus toxoid have remained protective throughout the 9 years of carrier erythrocyte-ADA therapy. At 106 months of therapy, IgG antibodies to Epstein-Barr virus (both viral capsid antigen and Epstein-Barr virus nuclear antigen) were positive and IgM antibodies to viral capsid antigen, negative. Serum was negative for Epstein-Barr, Cytomegalovirus, hepatitis C and hepatitis B viral DNA.
Plasma levels of the pro-inflammatory cytokines IL-6, IFN-γ and TNF-
Clinical progress

Over the 9 years the patient has suffered frequent exacerbations of productive cough, wheeze and increased breathlessness, sometimes waking at night. She has been treated with inhaled and nebulised beta2 agonist and anticholinergic bronchodilators, inhaled corticosteroids, latterly in combination with a long-acting beta agonist, continuous low dose prednisolone, with booster courses, prolonged courses of oral antibiotics and physiotherapy. Serial chest X rays showed no significant change for the first 60 months on carrier erythrocyte-ADA therapy. HRCT scans showed increased attenuation and some areas of ground glass shadowing compatible with small airways disease, some plugging and widespread bronchiectasis with no real change for the first 24 months. There was the development of some left upper zone cavitation after 84 months of therapy with shrinkage and scarring but no other changes recorded at 108 months. Between diagnosis and initiating carrier erythrocyte-ADA therapy FEV1 fell from 47% of predicted to 32% and VC fell from 93% predicted to 77%. Overall lung function is detailed in Figure 4. Only PEF showed a consistent decline since commencement of carrier therapy. VC, TLCO and PEF demonstrated an initial increase after 9 to 10 months of introduction of carrier erythrocyte therapy.  The patient remained reasonably fit with unlimited exercise tolerance on the flat and rode a bicycle until her hip fracture. She has suffered painful, disabling digital warts affecting hands and feet despite cryotherapy and lasering. Acetretin was helpful but caused hair loss. 

DISCUSSION

We report here the metabolic, immunological, and clinical findings of a nine year study of an adult patient with ADA deficiency treated with ADA encapsulated within autologous erythrocytes. The use of the autologous erythrocyte for enzyme replacement therapy of inherited metabolic disease was first proposed by Ihler et al. (18) with the concept of the carrier erythrocyte for enzyme and drug therapy being subsequently developed by Chalmers and colleagues (19).  Advantages of erythrocyte carriers are that they are biocompatible, biodegradable and possess long circulation half-lives (12, 16). In application SEQ CHAPTER \h \r 1 to ADA deficiency, carrier erythrocyte encapsulated ADA is able to diminish pathological concentrations of circulating dAdo, with the products undergoing normal metabolism.  Encapsulated ADA is protected from an enhanced plasma clearance, thereby producing the same therapeutic gain as polyethylene glycol conjugated enzyme, but without the expensive requirement of pegylation.
This study has shown that carrier-erythrocyte-ADA therapy was effective in correcting the metabolic defects of ADA deficiency and maintaining this correction where PEG-ADA was losing its efficacy. The resulting dATP levels were not only below those prior to starting erythrocyte-ADA therapy, but also substantially below the levels reported in patients who have undergone bone marrow transplantation (20, 21). Erythrocyte ADA activities gradually increased over 9 years of therapy and are currently sustained above the normal range of 40-100 nmol.h-1.mg-1 haemoglobin. The latterly reduced inter-cycle variability in both erythrocyte dATP concentration and ADA activity has enabled the occasional cycle extension to 21 days (22). Erythrocyte SAHH activity, a putative marker of dAdo toxicity, has remained well above the immediate pre-carrier erythrocyte-ADA therapy level of 0.87 nmol.h-1.mg-1  haemoglobin and approximately half of the highest activity observed, which was twelve months after the very first administration of PEG-ADA and prior to the development of  anti-PEG-ADA antibodies.
Previous in vitro studies demonstrated an encapsulation efficiency of 50% for native ADA (12).  Although different dialysis parameters were investigated with the aim of improving encapsulation using this scaled-up dialysis procedure, we have been unable to increase the encapsulation of ADA above the 39% reported here.  Earlier in vivo survival studies in humans  demonstrated that the unloaded carrier erythrocyte has a normal half-life of 19 to 27 days (16); it is evident from this study that ADA encapsulation shortens the half-life of the carrier erythrocyte, and this is reflected by the requirement for cycle durations of 14 days to achieve greater metabolic control. The reduced cell half-life may be caused by elevated activities of encapsulated adenosine deaminase altering the balance of the erythrocyte adenine nucleotide pool, and possibly also, due to cells going through a repeated dialysis process. 

Clinically the patient has remained relatively stable and free of life-threatening infections, and has only required hospitalization for a hip fracture. She has not been colonised with Pseudomonas and her progress has been similar to that of a patient with steroid-dependent asthma and significant bronchiectasis.  For the duration of the carrier erythrocyte therapy the antibiotic prophylaxis has continued essentially unchanged, as has the dose of regular oral and inhaled steroids to control symptoms. The decline in FEV1 and VC that had occurred between diagnosis and initiation of carrier erythrocyte-ADA therapy appears to have been arrested.

T-lymphocytes, B-lymphocytes and NK cells are derived from the same lymphoid progenitor cells and are absent or severely decreased in numbers in ADA deficiency due to the lymphotoxicity of elevated dATP and dAdo concentrations.  For the first 70 months of carrier-ADA therapy there was an improvement in CD8+, CD3+ and CD16+ NK lymphocyte counts, compared to values observed immediately before starting therapy, although the CD8+ and CD3+  numbers were still subnormal. This initial improvement was not sustained and progressively declined between 70 and 80 months of therapy.  The CD4+, CD8+ and CD20+ B cells counts are currently stable and within the same ranges as those observed at the time of diagnosis. This decline in T- lymphocyte numbers over time has also been observed in patients receiving long term PEG-ADA therapy (23); these patients have also been free of significant infections or prolonged hospitalizations, and their clinical course was also far superior to the expected course. Despite subnormal circulating CD20+ B cell numbers, our patient had normal levels of serum immunoglobulins, indicating that plasma cells were being generated in the tissues, in accordance with the observations of Chan et al. (23). The increase in NK cell numbers over the 9 year period of carrier erythrocyte-ADA therapy has also been observed in patients receiving replacement therapy with PEG-ADA (24). The cytokines IL-2, IL-7 and IL-12 play a role in the proliferation, survival, and activation of NK cells, respectively, possibility contributing to a relative sparing of the suppression of this lymphocyte subset. Also four of the six most elevated plasma cytokines (IL-1α, IL-8, IL-12 and GM-CSF) are secreted by monocytes and macrophages, the cells which sequester senescent erythrocytes from the circulation. This provides a mechanism for a direct effect of the entrapped ADA on the observed cytokine profile. It is not known whether the decline in lymphocyte numbers was associated with the patient’s hip fracture. Although there is no published evidence to support this, bone remodelling is under the control of various hormones and local factors including cytokines and growth factors, and an imbalance of these in response to a bone fracture could possibly have caused a derangement in the proliferation of lymphocytes. 

The alternative treatment options for ADA deficiency are unavailable for this patient; she is not a candidate for HLA-identical sibling donor bone marrow transplantation and with her late presentation and severe lung disease, a haplo-identical or unrelated matched donor transplantation would carry a very high risk of graft-versus host disease and a significant infection risk. Furthermore, the efficacy of somatic cell gene therapy in this older patient is likely to be suboptimal, not only due to an age-dependent decrease in thymic output of naïve T-cells (25, 26), but possibly also, to the years of metabolic injury and continued steroid use restricting thymic recovery. Attempts to measure thymus activity by the presence of T-cell receptor excision circles (TREC) in peripheral blood T-cells were technically difficult because of the lymphopenia, but were undetectable in the DNA extracted from 20ml of blood.  Another strategy would have been to ‘turn off’ the putative ADA inhibiting antibodies with immunosuppressive agents such as methotrexate, although there is no evidence that immunosuppression can consistently eliminate neutralising antibodies to PEG-ADA. The reintroduction of PEG-ADA therapy between 91 and 98 months revealed no benefit in terms of immune recovery, with plasma ADA activity increasing to levels at the lower end of the recommended therapeutic range for PEG-ADA, indicative of an enhanced clearance of this enzyme preparation. Approximately 10% of patients treated with PEG-ADA have been reported to develop anti-ADA neutralising antibodies (17). The fall in erythrocyte ADA activity on reintroduction of PEG-ADA was an unexpected finding, particularly as two-weekly treatment cycles were adhered to, and the encapsulated ADA was protected from immune recognition, as evidenced by the fall of antibody titre from 50 to 6.  A possible explanation is that PEG-ADA in the plasma compartment was able to bind to the erythrocyte membrane, interfering with the erythrocyte membrane during the hypo-osmotic dialysis process to the extent of reducing the in vivo survival of the infused ADA-loaded cells, thus reducing the circulating erythrocyte ADA activity. 
The reasons for applying and continuing carrier erythrocyte-ADA therapy in this case were three-fold. Firstly, PEG-ADA was losing its therapeutic efficacy and carrier erythrocyte therapy was a cost-effective alternative. In addition, a subsequent 7 month therapeutic trial demonstrated continuing ineffectiveness of PEG-ADA. Secondly, the erythrocyte-encapsulated ADA would be protected from inhibiting antibodies in the circulation. Thirdly, monthly transfusions with red cells from healthy, unaffected individuals would not provide the levels of ADA activity required for metabolic correction, and without regular venesection, would lead to iron-overload. 

In conclusion, our study demonstrates the safety and efficacy of carrier erythrocyte-ADA therapy in ameliorating the metabolic defect in a patient with adult-type adenosine deaminase deficiency. For this patient, carrier erythrocyte-ADA offers the only therapeutic approach in view of the development of neutralising anti-ADA antibodies.  At a cost of £100,000 per year (covers all direct research costs, both materials and labour), this is in the same range as Cerezyme for the treatment of Gaucher Disease (27). The expense of PEG-ADA therapy is a barrier to its use, particularly in older patients in some countries, and two European cases are known of adult patients with ADA deficiency who were refused funding for enzyme replacement with PEG-ADA (10, 28). The current regimen for blood volume was the optimum balance between handling capacity in radiopharmacy and practicality for the patient’s life-style; two-weekly treatment cycles are less onerous than thrice-weekly haemodialysis, compensating for the extra distance the patient has to travel. Although this therapy was not able to expand peripheral blood lymphocyte populations to levels seen in healthy individuals, it does appear to have maintained adequate clinical immunity for over 9 years in terms of preventing hospital admissions for respiratory disease.
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TABLES
Table 1. Volume of erythrocytes dialysed, infused number of cells and encapsulated ADA activity, and circulating carrier erythrocyte encapsulated ADA.
	Treatment cycle

[months of treatment] 
	Volume of packed erythrocytes dialysed (ml)
	Mean number carrier erythrocytes infused 

[Mean %  recovery]
	Encapsulated ADA infused  (µmol/min)*

[Mean ± SEM % encapsulation efficiency]
	Circulating erythrocyte encapsulated ADA
 (nmol.h-1.mg-1 hb) †

Day 5 to 7                        Day 14 or 21

	1 -3 [0-1]
	28
	19.95 x 1010 [80 ± 7]
	  3390 ±  378   [35 ± 3]
	  47  ± 22
	  11 ± 58

	4 -9 [2-5]
	56
	41.09 x 1010 [88 ± 3]
	  6090 ±  611   [39 ± 3]
	  92  ± 6
	  34 ± 8

	10-17 [6-11]
	84
	66.17 x 1010 [88 ± 2]
	  7450 ±  1070 [28 ± 4]
	117 ± 38
	  52 ±6

	18-40 [12-24]
	112
	85.16 x 1010 [79 ± 1]
	16400 ±  1060 [39 ± 2]
	395 ± 59
	  89 ±7

	41-225 [25-115]
	134
	95.97 x 1010 [81 ± 1]
	15700 ±  329   [32 ± 1]
	455 ± 18 ‡
	273 ±9


* Mean ± SEM.  SEQ CHAPTER \h \r 1Activity is defined as the amount of enzyme required to convert 1 μmol of adenosine to inosine per min at 37o C
 † Mean ± SEM.

 ‡ Mean ± SEM for treatment cycles 41-165. Circulating ADA activity was not determined

  between days 5 and 7 after treatment cycle 165
Table 2. Immunological parameters during carrier erythrocyte-ADA therapy.
	Parameter


	Months of carrier erythrocyte therapy



	

	Ig (g/l)
	3
	7
	21
	35
	87
	114

	  IgG


	12.8
	13.8
	14.2
	13.5
	15.5
	17.1

	  IgG1


	-
	9.9
	-
	11.4
	13.7
	-

	  IgG2


	-
	1.2
	-
	1.9
	1.2
	-

	  IgG3


	-
	0.4
	-
	0.4
	0.5
	-

	  IgG4


	-
	0.4
	-
	0.3
	0.3
	-

	  IgA


	0.8
	0.8
	0.8
	0.7
	0.8
	0.9

	  IgM
	1.0
	1.1
	1.3
	1.1
	1.6
	2.0



	Specific IgG antibodies
	
	79
	85
	103
	114

	Tetanus Toxoid (IU/ml)
	1.82
	0.79
	1.42
	1.03

	Haemophilus influenzae type B (mg/l)
	-
	   < 0.15
	   < 0.11
	   < 0.11

	Pneumococcal polysaccharides (mg/l)
	5
	-
	3
	5

	Cytokine (pg/ml)
	48
	60
	72
	84
	108
	115

	IL-1α
	10
	87
	10
	25
	102
	97

	IL-1β
	34
	0
	0
	20
	27
	0

	IL-2
	41
	0
	0
	271
	0
	165

	IL-4
	0
	40
	0
	10
	21
	0

	IL-6
	0
	0
	0
	0
	0
	0

	IL-7
	192
	538
	0
	200
	661
	462

	IL-8
	0
	730
	142
	160
	306
	328

	IL-10
	0
	0
	0
	0
	0
	0

	IL-12
	0
	682
	0
	0
	647
	328

	GM-CSF
	128
	449
	370
	21
	427
	0

	IFN-γ
	0
	0
	0
	0
	0
	0

	TNF-α
	0
	0
	0
	0
	0
	0


-  Not measured
Reference values determined in healthy adult controls: < 3 pg/ml (IL-2, IL-4, IL-6, IL-7, GM-CSF); < 10 pg/ml (IL-1 α, IL-1β, IL-8, IL-10, IFN-γ, TNF-α);  < 35 pg/ml ( IL-12) 
LEGENDS
Figure 1  Metabolic parameters over time with carrier erythrocyte-ADA therapy.  a) Erythrocyte dATP concentration; b) Erythrocyte ADA activity; c) Plasma ADA activity; d) Erythrocyte SAHH activity.  Parameters were measured at day 14 or 21 days post infusion of carrier-erythrocyte ADA (end of cycle) prior to the administration of the next treatment cycle. 

Figure 2 Absolute lymphocyte numbers over time with carrier erythrocyte-ADA therapy. Shaded areas represent periods of co-administration of PEG-ADA. Absolute numbers were determined at day 14 or 21 days post infusion of carrier-erythrocyte ADA (end of cycle) prior to the administration of the next treatment cycle.

Figure 3  Percentage lymphocyte numbers over time with carrier erythrocyte-ADA therapy. Shaded areas represent periods of co-administration of PEG-ADA. Percentage numbers were determined at 14 or 21 days post infusion of carrier-erythrocyte ADA (end of cycle) prior to the administration of the next treatment cycle.
Figure 4 Serial lung function as a percentage of predicted value. Shaded areas represent periods of co-administration of PEG-ADA. VC= vital capacity; TLCO = carbon monoxide transfer coefficient; PEF = peak expiratory flow; FEC1 = forced expiratory volume in 1 second.
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Figure 4
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