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Timing of alemtuzumab with respect to day of bone marrow infusion and its effects upon engraftment and graft-versus-host disease in patients with hemoglobinopathy: A single institutional study. 

Abstract
 Background: Reduced intensity conditioning followed by allogeneic hematopoietic stem cell transplantation can often be curative for the treatment of hemoglobinopathies. 
Procedure: This is a prospective IRB-approved (NCT02435901) clinical trial, reporting the possible impact of “late” alemtuzumab (administered on days -10 to-8) versus “early” alemtuzumab (-19 to -17) with respect to engraftment and acute/chronic graft-vs-host disease (GvHD) in a group of 35 pediatric patients with sickle cell disease (SCD) or thalassemia undergoing bone marrow transplantation (BMT) following conditioning with alemtuzumab, fludarabine and melphalan.  The first 9 patients with SCD received “late” alemtuzumab followed by BMT from HLA matched siblings (MSD). The next 26 patients (21 with SCD and
five thalassemia major) received “early” alemtuzumab. Of the 26 patients, 17 received transplant from MSD and nine from matched unrelated donors (MUD). 
Results: In the “late” group, one patient (11%) developed acute GvHD, six (67%) achieved sustained engraftment.   Three patients (33%) ultimately experienced graft rejection, leading to early termination of enrollment of patients on this regimen. In the “early” alemtuzumab group, acute and chronic GvHD developed in 50% and 34% patients, respectively none of the patients experienced graft rejection. Three patients died, 2 due to GvHD-related complications and 1 from sepsis. Five patients developed stable mixed chimerism while 14 demonstrated 100% donor chimerism at one year post-transplant and beyond. 
Conclusions: These results suggest a benefit with respect to engraftment of administering “early” vs “late” alemtuzumab in this RIC regimen but with the possible cost of an increase in acute, and possibly chronic GvHD.

Introduction
Sickle cell disease (SCD) is a group of inherited red cell disorders arising as a result of a single nucleotide mutation of the beta globin gene, which renders the red cell ineffective in carrying oxygen within the circulation. (1) This leads to end organ damage, manifesting as painful crises, stroke, pulmonary hypertension, renal impairment and other systemic manifestations, thereby compromising quality of life and shortening life expectancy. Specific treatment has remained limited and includes blood transfusions and hydroxyurea (2-6) neither of which offers cure of the underlying disease.
Allogeneic hematopoietic stem cell transplantation (HSCT) has repeatedly been shown to be curative of sickle cell disease.  In the largest study published to date, of 87 patients with SCD receiving HLA-identical sibling transplants following a myeloablative conditioning regimen, overall survival and event-free survival were 93 percent and 86 percent, respectively, with an estimated five-year transplant-related mortality (TRM) of 6.9 percent. There was a five-year cumulative graft rejection rate of 3 percent in patients receiving antithymocyte globulin (ATG) as a component of the conditioning regimen versus 23 percent in patients who did not receive ATG.  In that study, acute graft-vs-host disease (GvHD) of grades II-IV was observed in 20 percent of subjects while 13 percent of evaluable patients developed chronic GvHD (7). 
Treatment related complications in patients receiving myeloablative regimens have led to more frequent use of reduced-intensity conditioning (RIC) regimens, particularly for children undergoing HSCT for nonmalignant disorders (8-11). The feasibility of a highly immunosuppressive RIC regimen was explored at our center in children with hemoglobinopathies in order to reduce transplant associated late effects.  Modeled on the success of such regimens for patients with other nonmalignant disorders (Shalini Shenoy, BMT 2005), we elected to use the potent T cell inhibitor alemtuzumab (humanized anti-CD52 monoclonal antibody), fludarabine and melphalan as the conditioning regimen.(10). 
We report here the clinical outcome of pediatric patients with either SCD or with transfusion-dependent thalassemia major, receiving a RIC regimen in which alemtuzumab was administered at different time points with respect to the day of marrow infusion.  We reviewed the possible impact of “late” alemtuzumab (i.e., administered on days -10 through -8) and compared it to “early” alemtuzumab (administered on days -19 through -17) with respect to durable engraftment and to acute/chronic GvHD.
Methods 
This is an ongoing single-institution, IRB-approved study (NCT02435901). Appropriate signed informed consent/assent was obtained for all enrolled subjects. Group 1 patients (N = 9) were those who received “late” alemtuzumab and were enrolled between July 2010 and December 2011. Group 2 patients (N = 26) were those who received “early” alemtuzumab and were enrolled between January 2012 and October 2018. Inclusion criteria for patients with SCD were
 age up to 21 years with one or more of the following disease complications: Recurrent
 vaso-occlusive crises (VOC) of at least 3 to 4 episodes/year; acute chest syndrome, 2 to 3 episodes in the previous 4 years; neurological complications, including stroke, abnormal transcranial Doppler despite chronic transfusion therapy, and impaired neuropsychological function with an abnormal MRI scan; recurrent priapism, 3-4 episodes/year requiring intervention; osteonecrosis of multiple bones with documented destructive changes; and
 allo-sensitization, on chronic transfusion therapy. Patient inclusion criteria for β thalassemia major were: age less than or equal to 21 years who were on a regular blood transfusion protocol. HLA matched donors were identified by high resolution typing at A, B, C, DR and DQ.  Exclusion criteria for both sickle cell disease and β thalassemia major included:  Serum creatinine greater than twice the upper limit of normal; pulmonary disease with FVC, FEV1 or DLCO parameters < 50% predicted; acute hepatitis/biopsy evidence of cirrhosis; pulmonary hypertension; or Lansky/Karnofsky performance score <70%. 
All nine patients in group 1 (all with SCD) had a history of frequent VOC, two of whom had also experienced repetitive episodes of acute chest syndrome, while one patient had an abnormal TCD and silent CNS infarcts. Group 2 was comprised of 21 patients with SCD and 5 with thalassemia major.  All 21 SCD patients had a history of VOC, 10 of whom had also experienced multiple episodes of acute chest syndrome and 4 who had an abnormal transcranial Doppler (2 of whom were found to have had silent CNS infarcts). Patient and donor characteristics for both groups are listed in Table 1.
Donors and grafts:  In Group 1, 8 patients received bone marrow and 1 received marrow plus cord blood from HLA identical siblings. Five patient / donor pairs were both CMV seronegative, two pairs were both CMV seropositive and two patients were CMV negative but received marrow from CMV seropositive donors. In Group 2, 15 patients received marrow, 1 received cord blood, and 1 received marrow plus cord blood, from HLA identical siblings. Nine patients received fully matched unrelated donor marrow. Eight patient / donor pairs were both CMV seronegative, eleven patient / donor pairs were both CMV seropositive and rest of the 
patient /donor pairs were either CMV seronegative or positive.
In Group 1, all nine patients received intravenous alemtuzumab on 3 successive days from 
day -10 to -8 (10 mg/day for patients <10 years old, 15 mg/day for patients ≥ 10 years old) following a 3 mg test dose on day -11. All patients received intravenous fludarabine
 35 mg/m2/day on days -7 through -4 and intravenous melphalan 70 mg/m2/day, on days -3
 and -2. The median nucleated cell dose was 2.6 x 108/kg (Range: 0.84-4.3), with a median CD34+ cell dose of 1.6 x 106/kg (range: 0.9-5.5) (Table 2). In Group 2, twenty one SCD patients and five patients with thalassemia major received identical doses of alemtuzumab as described for Group 1 patients, but on days -19 through -17 following administration of a 3 mg test dose on day -20.  The rest of the conditioning regimen was identical to the first group of the patients. Fifteen patients received HLA identical sibling bone marrow, one patient received HLA identical sibling cord blood plus bone marrow and one patient received sibling cord blood only. Nine patients (including 4 patients with thalassemia major) received HLA identical unrelated donor marrow.  The median nucleated cell dose for Group 2 patients (excluding the patient who received cord blood) was 2.56 x 108/kg (Range: 1.25-6.4), with a median CD34+ cell dose of 3.27 x 106/kg (range: 1.27-15.1) (Table 2). The patient with cord blood transplant received a nucleated cell dose of 1.32 x108/kg and a CD34+ cell dose of 0.35 x106/kg. All patients received GvHD prophylaxis consisting of cyclosporine (1.5 mg/kg IV q12h) and mycophenolate mofetil
 (15 mg/kg PO/IV q12h), beginning on day -1. Mycophenolate was tapered 5 to 6 months post-transplant in the absence of GvHD, followed by a cyclosporine taper. Cyclosporine dosing was adjusted in order to maintain trough levels between 150-300 ng/mL
Supportive care:  
All SCD patients underwent a pre-admission exchange transfusion in order to achieve a hemoglobin S percentage of <35%.  Of the SCD patients, 5 patients in group 1 and 17 patients in group 2 had been receiving daily hydroxyurea at the time of their referral for stem cell transplantation; this was maintained until 24 hours before starting the conditioning regimen. Platelet counts was maintained at or above 50,000x109/ L and hemoglobin ≥9 gm/dL. Patients with thalassemia major were transfused for platelets ≤10,000x109/L and hemoglobin ≤ 9gm/dl. All patients received filgrastim subcutaneously at a dose of 5 micrograms/kg/day starting when the absolute neutrophil count (ANC) dropped to less than 1000/microliter and was continued until the ANC surpassed 1,500/microliter for three consecutive days or 5,000/microliter for one day. 
All patients received anti-viral, antifungal, antibacterial and VOD prophylaxis as per institutional guidelines. Viral PCR screening for CMV, EBV and adenovirus was performed on blood on a weekly basis. Blood pressure was strictly monitored and was maintained within two standard deviations of normal for age. Acute GVHD was graded according to the IBMTR grading system (12) and chronic GVHD according to National Institutes of Health criteria (13)
Donor engraftment/chimerism analysis was done on peripheral blood by amplification of genetic loci containing tandemly repeated sequences (VNTR) for sex match and fluorescence in situ hybridization (FISH) for sex mismatched donors.

[bookmark: h.9huvu9pgi1be]Results:
 For Group 1 patients, the median time to neutrophil engraftment (ANC >500 for three days) and platelet engraftment (>50,000 for 7 days independent of platelet transfusion) 
was 12 and 24 days, respectively. The median length of stay in the hospital was 17 
days. 1 patient developed Stage 1 acute skin GvHD and none of the patients developed 
chronic GvHD. None of the patients in this group developed CMV reactivation. Six 
patients (67%) established durable donor engraftment (65 to 100% donor chimerism) without any requirement for blood transfusions or recurrence of disease symptoms. Three (33%) of 9 patients experienced secondary graft failure (less than 10% donor chimerism). All three showed mixed chimerism (80-88%) at 30 days post-transplant. Out of these 3 patients, one patient had 88% donor chimerism at day 30 and 0% at day 100, second patient had 80% on day 30 and 20% donor chimerism at 100 days and 4% at one year, third patient also showed 80% chimerism at day 30 and 57% at 100 days and 6% at 1 year post transplantation thus leading to secondary graft failure.  These results led to modifications in the timing of alemtuzumab administration.  All patients in group 1 are alive and well and have been followed a minimum of 7.5 years post-transplant. Two patients received a second transplant from their previous donors after receiving myeloablative conditioning. A third patient elected to continue monthly blood transfusions and never underwent a second transplant procedure.  
For Group 2 patients, the median time to neutrophil engraftment and platelet 
engraftment was 12 and 23 days, respectively. The median length of stay in the hospital 
was 24 days.  Acute skin GvHD (grade 1-2) was seen in 7 patients (27%), 4 of whom had undergone matched unrelated transplantation; 5 patients (19%) had grade 2-3 acute gut GvHD, 3 of whom were recipients of MUD transplants.  One patient developed both skin and gut acute GvHD (4%). This patient had also received a MUD transplant.
Seven patients (27%) had limited to extensive cutaneous chronic GvHD and 2 patients 
developed chronic gut GvHD. Six of these 9 patients had received MUD transplants. Eight patients experienced CMV viremia (by PCR) but all responded to preemptive therapy. Fourteen patients in this group demonstrated full donor chimerism at one year post-transplant and beyond.  Five patients have stable mixed chimerism (76 -82% donor elements) and continue to maintain this status with hematologic parameters resembling those of their donors. 
 Four patients have not yet reached the one-year mark. None of the patients in this 
group experienced graft rejection. Two patients in this group (both of whom received 
unrelated donor grafts) died due to GvHD related complications. One patient died of 
overwhelming central line sepsis. The median follow-up post-transplant for group 2 
patients is 4 years (Table 2).
Discussion: 
Pretransplant conditioning regimens have undergone significant evolution over the last
 ten years, particularly for patients with nonmalignant disorders, where a trend towards
 substituting reduced intensity regimens for myeloablative conditioning has occurred 
(14-19). However, with reduction in the intensity of conditioning comes an increased risk
 of nonengraftment or graft rejection, particularly in patients who come to transplant with 
essentially normal immune function.  This may be particularly true for patients with
 hemoglobinopathies, many of whom may be considered to have supernormal immune 
systems by virtue of a significant transfusion history.  The conditioning regimen in our 
group 1 patients was based on the experience of Shenoy et al (10). However, the timing
 of alemtuzumab administration was moved closer to the day of stem cell infusion
 with intent of achieving more effective immunosuppression, thereby decreasing the 
probability of clinically significant GvHD.  Although our experience with our first nine 
patients appeared to support this theory, we also observed an unacceptably high 
incidence of nonengraftment and/or graft rejection, possibly due to the high blood levels
 of alemtuzumab on day 0, which would be expected with this approach and which may
 have led to inadvertent in-vivo T-cell depletion of donor graft (20). 
Alemtuzumab has become an important component of numerous RIC regimens due to
 its potent immunosuppressive effect.  However, its long half-life (20) may have a 
significant impact on transplant outcome, depending upon when it is administered with 
respect to the day of stem cell infusion.  Administering it shortly before day 0, as in our 
Group 1 patients, while likely having a beneficial effect on the incidence and severity of 
acute GvHD, may also have the unintended consequence of in vivo depletion of donor T
 cells contained in the marrow aliquot, leading to an increased risk of graft rejection, as 
we observed in that group of patients.  We therefore changed the timing of 
alemtuzumab administration for the Group 2 patients.  This modification was associated 
with a significant improvement in durable engraftment but with, perhaps, a higher incidence of acute and chronic GvHD. Marsh et al (21) have also observed a correlation between alemtuzumab levels on day 0 and post-transplant outcomes regarding acute GVHD and mixed chimerism in nonmalignant diseases. Proximal timing of administration of alemtuzumab in relation to graft infusion resulted in higher levels of alemtuzumab leading to T cell depletion of the graft thus reducing the risk of GvHD but increasing the risk of graft failure. This observation was also described by Oshrine et al in patients with nonmalignant diseases receiving proximal/distal alemtuzumab (22).   
It is quite possible that patients undergoing stem cell transplantation for the treatment of 
hematologic malignancies (i.e., those who have had a significant exposure to 
immunosuppressive chemotherapeutic agents) may be much more likely to successfully
 engraft with donor marrow, even if they receive alemtuzumab close to the day of
 transplantation. The challenge of balancing the risk of graft rejection with the risk of 
GvHD allows opportunity for introduction of novel approaches to help these patients.
  Ex-vivo CD34+ cell selection of the donor graft allows transplantation of high numbers 
of CD34+ cells with low CD3 cell count, thus reducing the potential for acute and 
chronic GvHD, yet allowing a reduced intensity conditioning to be successful (23-24). 
 Post-transplant cyclophosphamide in recipients of HLA haploidentical marrow may also 
reduce the probability of significant GVHD but also involves exposure of patients to an 
agent which can have a significant adverse effect on fertility (25).
Newer treatments such as Co- stimulation blockade with abatacept has been tried. The 
ligand–receptor pair of CD28 on T cells and B7 molecules (CD 80/86) on the antigen 
presenting cells presents an opportunity to provide an inhibitory signaling.
Patients receiving abatacept demonstrated significant inhibition of early CD4 (+) T cell 
proliferation and activation, with 7- and 10-fold fewer proliferating and activated CD4 (+) 
Tem cells, respectively, at day+28 consistent with low rate of aGVHD (26-27).
Other methods of T cell depletion are currently being explored but none has yet been 
brought into the main stream.
In summary, we were able to overcome the barrier to successful engraftment in this 

patient population by moving the administration of alemtuzumab to an earlier time point 

with respect to the day of marrow infusion but at the cost of an increased incidence of

acute and chronic GvHD, with a consequent decrease in quality of life and overall 

survival. Further work is needed to identify a pretransplant conditioning regimen that will 

both reliably prevent graft rejection while also ensuring an acceptably low incidence of 

acute and chronic GvHD.
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