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Abstract

Transplantation of one or two umbilical cord blood products is a useful alternative stem cell
source. However, the limited number of stem cells in the infusion results in slow engraftment. In
mouse models, administration of parathyroid hormone is an effective way to enhance the ability of
limited numbers of hematopoietic stem cells to support hematopoiesis. In this study, patients
received either a myeloablative or a reduced intensity double umbilical cord blood transplantation
followed by parathyroid hormone at 100 g daily for 28 days. Thirteen patients (median age 42
years) were enrolled. All patients engrafted; the median time to neutrophil and platelet
engraftment >20x10°? cells/L were 30 and 61 days respectively. The incidence of Grades 11-1V
acute GVHD was 38.5% at day 100. There were four deaths prior to Day 100, prompting early
study closure. No patients receiving a myeloablative regimen relapsed. Overall survival at 6
months after transplantation was 62% and disease-free survival at 2 years was 39%. At the dose
and schedule studied, there was no evidence that PTH influenced blood count recovery.
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Introduction

The hematopoietic stem cell niche is critically important in the maintenance of
hematopoiesis and osteolineage cells are an intrinsic component of the niche.l In mouse
models, the Scadden laboratory has shown that activation and stimulation of osteoblastic
cells with parathyroid hormone (PTH) or the PTH-related protein (PTH-rP), through the
PTH/PTHTrP receptor (PPR), influences hematopoietic stem cell numbers and function to the
extent that hematopoietic function can be restored when limiting numbers of stem cells are
infused.2~4 This takes place at least in part through the Notch signaling pathway via the
Notch ligand Jagged 1.5 Activation of the PPR on osteoblastic cells increases expression of
the Notch ligand. °

Based on promising data in the mouse models, we performed a Phase | study of PTH in
patients with lymphoma or myeloma who had failed chemotherapy and/or growth factor
mobilization.6 PTH was well tolerated up to doses of 100 g daily and there was no dose
limiting toxicity (defined as serum calcium level >11.5 mg/dl, an ionized calcium level > 1.5
mM, systolic blood pressure < 80 mm Hg, or phosphate < 1.0 mg/dl). Forty-seven percent of
patients who had failed one prior stem cell mobilization had a successful mobilization
(peripheral blood with > 5 CD34+ cells/.L) and 40% of patients who had failed two prior
stem mobilizations had a successful stem cell mobilization.

Umbilical cord blood transplantation (UCBT) is a setting in which limiting numbers of
hematopoietic stem cells are often used. Even with the use of two UCB units, engraftment
and immune reconstitution can be slow, contributing to a high risk of infection and second
malignancies.”~10 Various ex vivo expansion strategies have been undertaken to improve
these results, but an improvement in survival has never been documented.11-13

Since PTH administration was able to facilitate hematopoietic reconstitution when limiting
doses of hematopoietic stem cells were administered to mice, we hypothesized that a similar
effect might be observed after UCBT. Thus, based on data demonstrating safety with PTH
administration in our prior autologous stem cell transplantation trial, we performed a Phase
Il study of PTH following double UCB transplantation as an approach to enhance
hematopoietic recovery in a clinical setting of low stem cell numbers. Although we could
not reproduce the PTH dosing used in the murine experiments, we selected a dose of 100 pg
daily, which was well tolerated in our Phase | study of mobilization, and could be given
once daily as five subcutaneous injections. 14-15

PATIENTS AND METHODS

Patients

Patients aged 18 to 65 years with acute leukemia in first complete remission with high risk
cytogenetics or second or subsequent remission, relapsed chemotherapy sensitive Hodgkin
or non Hodgkin lymphoma, myelodysplasia, aplastic anemia, myelofibrosis, chronic
myelogeneous leukemia in accelerated or second stable phase, advanced chronic
lymphocytic leukemia, or multiple myeloma were eligible for this study. Patients with serum
calcium >10.5 mg/dl or a phosphate level <1.6 mg/dl were excluded. Other transplantation
eligibility criteria included ECOG performance status of 0, 1, or 2, creatinine < 2.0, bilirubin
< 2.0, ejection fraction >50%, and DLCO =50% predicted. All subjects signed an informed
consent form for this clinical trial approved by the Institutional Review Boards of both Dana
Farber/Harvard Cancer Center and the University of Florida.
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Treatment Plan

Patients under age 50 were eligible to receive a myeloablative conditioning (MAC) regimen
of cyclophosphamide 1800 mg/m?/day on days -5 and —4 (total dose 3600 mg/m?),
fludarabine 25 mg/m2/day on days -6, -5, -4 (total dose 75 mg/m?) and total body radiation
1400 cGy in 7 divided fractions (days -3, -2, -1, 0). The study was later amended to include
a reduced intensity conditioning(RIC) regimen for patients up to age 65 which consisted of
fludarabine 30mg/m?2/day on days -8 to -3 (total dose 180mg/m?), melphalan 100 mg/m? on
day —2, and rabbit antithymocyte globulin (ATG) 1.5 mg/kg/day on days —7-5,-3,-1 (total
dose 6.0 mg/kg) as described previously.?10 All subjects received commercial human PTH
1-34 (teriparatide) 100 g given as 5 subcutaneous injections once daily (each dosing pen
contains 20 pg per injection) for Days 1-28 of the study or until neutrophil engraftment
(absolute neutrophil count (ANC) > 0.5x10°9 cells/L). Patients received filgrastim from day
+ 5 after UCB transplantation until neutrophil engraftment. Graft vs host disease (GVHD)
prophylaxis was tacrolimus (starting dose 0.05 mg/kg orally or intravenously), adjusted to
maintain serum trough level of 5-10 ng/ml and mycophenolate mofetil (MMF) at a dose of
15 mg/kg intravenously starting on day —3 prior to transplantation. In the absence of GVHD,
MMF was tapered after day +60 with the goal of discontinuation by day +100 after
transplantation and tacrolimus was tapered after day +100 with the goal of discontinuation
by 6-9 months after transplantation.

Umbilical Cord Blood Units

UCB units were obtained from national and international UCB banks. All patients received
two UCB units. UCB units were required to be a human leukocyte antigen (HLA) 4/6 A, B,
DR match with the patient and with each other and achieve a minimal cell dose of >3.7x107
nucleated cells (NC)/kg combined pre-cryopreservation. Typing for HLA-A and -B was
performed at molecular intermediate resolution and for HLA-DR at the allele level. Each
individual UCB unit cell dose was at least > 1.5x107 NC/kg pre-cryopreservation. On Day
0, UCB were thawed according to the methods of Rubinstein and sequentially infused within
2-5 hours of each other. 16 The UCB unit with the higher total nucleated cells /kg pre-
cryopreservation was infused first.

Definitions of Toxicity and Response

Statistics

Calcium levels, phosphate level, ionized calcium, and albumin were monitored thrice
weekly to determine any additional toxicity from the parathyroid hormone. Neutrophil
engraftment was defined as the first of 3 consecutive days with neutrophil recovery to at
least 0.5x109 cells/L. Platelet engraftment was defined as the first day of an unsupported
platelet count >20x102 cells/L (no platelet transfusion within 7 days). Early graft failure was
defined as the absence of neutrophil engraftment by day + 42 after transplantation. Late graft
failure was defined as the presence of neutrophil engraftment by day +42, followed by
decline of neutrophil count to less than 0.5x10° cells/L after day +42 and loss of donor
chimerism. GVHD was graded according to the consensus criteria.1” Donor chimerism was
determined from peripheral blood at weeks 2, 4, 8 and 12 and at months 6, 12, and 24.
Chimerism assays were performed by short tandem repeat analysis.®

The primary objective was to evaluate the time to neutrophil engraftment among patients
receiving parathyroid hormone following double unrelated UCBT. The target sample size of
40 had power to allow us to observe a 30% reduction in the median time to neutrophil
engraftment using a historical median time of 23 days in our institution, with 80% and one-
sided significance level of 10%. The incidence of neutrophil, platelet engraftment, acute
GVHD, chronic GVHD and relapse were calculated using the cumulative incidence
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function, treating death as the competing risk.18 The probability of overall survival (OS) was
calculated using the Kaplan-Meier estimator.1® Death from any cause after transplantation
was considered the event with patients censored at the last date of follow-up. Analyses were
performed using the SAS System (Cary, NC) version 9.2 and R version 2.8.1.

Immune Reconstitution Studies

RESULTS

T cell receptor excision circles (TREC) analysis was performed according to previously
described protocol. 20 DNA was isolated from PBMCs using the Q1Aamp DNA Mini Kit
(Qiagen, Valencia, CA). Quantitation of signal-joint TCR excision circle (s5TREC) DNA
was performed by Tagman real-time PCR (RT-PCR) using an AB 7000 gPCR machine from
Applied Biosystems. Quantitation of the sjTREC copy number for each patient sample was
performed as described previously using a standard curve prepared with 10-fold dilutions of
a plasmid containing the sjTREC sequence (kindly provided by Dr. Daniel Douek,
NIAID).2!

Patient Characteristics

Toxicity

Patient and UCB characteristics are outlined in Table 1. Thirteen patients were enrolled
before the trial was halted due to early deaths, thought unrelated to PTH. The median age
was 42 years (range, 25-67). Nine patients received the MAC regimen and four patients
received the RIC regimen. A majority of patients (77%) were a 4/6 HLA A, B, DR match
with both UCB units. The median infused (post thaw) TNC/kg dose for the combined units
was 4.2x107/kg (range 3.4-6.6). The median infused (post thaw) CD34+ cell dose/kg for the
combined units was 2.1x10%/kg(range 0.4-9.0).

The trial was halted due to excess early mortality after four patients expired prior to day 100,
triggering review by the Data Safety Monitoring Board. Three stopping rules were in place.
The first stopping rule, which required closure for graft failure, was not reached. All patients
who survived engrafted by Day 42. The second rule, also not reached, called for early study
closure if 3 or more patients developed Grades I11-1VV GVHD,; there were 2 patients with
Grade I11-1VV GVHD. The third stopping rule mandated a review after four patients died of
transplant-related mortality (TRM) within the first 100 days after transplantation. The causes
of death were polymicrobial sepsis (day +24), hepatic venoocclusive disease (day +35),
RSV and aspergillus pneumonia (day +25) and polymicrobial sepsis, liver and respiratory
failure (day +59). Autopsy in this last case revealed pneumonia, venoocclusive disease of
the liver, and GVHD. Three of the four early deaths were among patients who had received
the MAC regimen. Importantly, none of the deaths were thought likely due to PTH, but
given the early stopping rule and after discussion with the Data Safety Monitoring Board,
the study was closed to accrual after 13 patients were treated. Two additional patients were
consented but had not started treatment and did not receive PTH. Additional toxicities
included four patients with a syndrome of fever, rash and diarrhea within the first two weeks
after transplantation, thought consistent with an immune reaction, as described by other
centers. 22 One patient was treated with topical steroids; three of the four patients had
complete resolution of symptoms and one patient had progression of rash to acute GVHD.
No hypercalcemia or other toxicities felt to be related to PTH were reported.

Engraftment of Neutrophils and Platelets

Patient outcomes are illustrated in Table 2. Engraftment of neutrophils to at least 0.5x10°
cells/L occurred at a median of 30 days after UCBT, with a range of 19 to 37 days. The
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incidence at day 42 was 76.9% (95% CI, 47.3%-100.0%), as shown in Figure 1. There were
no cases of graft failure among the patients who survived to Day +42. The three patients
who died prior to day +42 had not yet engrafted neutrophils. Analysis of donor/host
engraftment in the peripheral blood showed the first unit infused to be the predominant
dominating unit in 50% of patients by day 14 and 67% of patients at day 100. Engraftment
to platelet count >20x10° cells/L occurred at a median of 61 days with a range of 33 to 76
days and an incidence at day 180 of 46.2% (95% CI, 17%—76%). Engraftment to platelet
count >50x10°9 cells/L occurred among 4 patients at days 49, 62, 68, and 68 with a
cumulative incidence at day 180 of 30.8% (95% CI, 4%-58%).

Graft versus Host Disease and Relapse

The incidence of Grades I1-1V and Grades I11-1V acute GVHD was 38.5% (95% Cl,
10.3%-66.7%) at day 100 and 15.4% (95% ClI, 0.0%—-36.2%) at day 100 respectively. Three
patients had Grade Il acute GVHD and 2 patients had Grades I11-1V acute GVHD. Five
patients developed chronic GVHD, all limited, with an incidence of 38.5% (95% CI, 8.1%-—
68.9%) at 2-years. Three patients (all of whom received RIC conditioning) relapsed at days
101, 214, and 751. The incidence of relapse at 2-years was 15.4% (95% ClI, 0.0%-36.2%).
There were no relapses in the patients who received a MAC regimen.

Overall and Disease-Free Survival

With a median follow up among the survivors of 733 days (range, 720-768), the overall
survival probability at 6 months and 2 years was 61.5% (95% CI: 30.8-81.8) and 38.5%
(95% CI: 14.1-62.8), respectively (Figure 2A). Disease free survival probability at 6 months
and 2 years was 61.5% (95% CI: 30.8-81.8) and 38.5% (95% CI: 14.1-62.8), respectively
(Figure 2B). Eight patients have died; four patients died prior to Day +100 as described
above. Four patients died after Day +100, two of relapsed disease, one of diffuse alveolar
hemorrhage and one of central nervous system infection with JC virus. Disease-free survival
probability at 2-years was 25.0% (95% CI: 0.9-66.5) for the RIC patients and 44.4% (95%
Cl: 13.6-71.9) for the MAC patients.

Immune Reconstitution

Immune reconstitution studies were performed in seven patients. To examine immune
reconstitution, we evaluated recovery of thymic function by assessing T cell receptor
excision circles. TRECs are useful for evaluating the de novo production of T cells
originating from newly engrafted stem cells. Prior to transplantation, median TREC values
were within normal range for this age group, at 52,475 copies/.g. After transplantation,
median TREC values fell substantially but were below the limit of detection only at 8 weeks
after transplantation (Figure 3). Average TREC values reached the lower limit of normal
range at six months (819 copies/p.g), returning to the normal range around 1 year after
transplantation. This return of TREC levels is in contrast to prior work from our center in
double UCBT patients receiving the same RIC regimen but without PTH which
demonstrated TREC levels of 0 at 100 days and 74.9 copies/j.g at 6 months.2! The rapid
kinetics of TREC reconstitution in the PTH patients was not observed in our prior studies.
CD4 counts at Day 100 were also higher in the PTH treated patients than in our historical
control population, 142 cells/ul vs 86 cells/ul.

DISCUSSION

We undertook this study because delayed engraftment and poor immune reconstitution
remain significant causes of mortality after double UCB transplantation in adults. The
optimal strategy to enhance the kinetics of myeloid recovery and immune reconstitution
remain unclear; however, preclinical data suggested that PTH might enhance hematopoietic
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recovery in the setting of limited stem cell dose by stimulating an in vivo increase in the
number of HSC as a result of increased levels of osteoblastic expression of the Notch ligand
Jagged 1 and thereby activation of Notch1 signalling.2 The Seattle group has successfully
used immobilized Notch ligands for the ex vivo expansion of UCB progenitor cells to
enhance neutrophil recovery following a MAC regimen. 12 In our study, an early stopping
rule was met based on early TRM and accrual was stopped early. No clear pattern of toxicity
was apparent, as the patients died of common transplantation complications, and there was
no evidence that PTH contributed to the early TRM. The decision to halt the study was also
supported by no indication of positive PTH effect on engraftment in the first 13 patients.

Studies in mouse models contribute to the understanding of the importance of the
osteolineage cells in the regulatory stem cell niche; increasing osteoblastic cell activity by
PPR stimulation affects hematopoietic stem cell number and function.?3 Jung and colleagues
demonstrated that PTH increases bone marrow stromal derived factor-1 (SDF-1) expression,
possibly leading to increased homing of stem cells.?* However, in this limited sample size,
the neutrophil engraftment did not appear to be enhanced, and in fact, may even have been
delayed, compared to our historical control of 23 days. This lack of effect may have been
secondary to a lack of biologic activity of the PTH, the small sample size, or inability to
administer equivalent doses to humans that were effective in mice.2%> Conversion of the dose
and type of hormone used in the mouse to the human is difficult due to different sensitivity
of mice to PTH. Mice and rats can tolerate bigger doses of PTH than humans can, and these
high peptide doses produce in mice and rats dose-dependent improvements in bone mass and
bone strength which are greater than the benefits produced by exogeneous or endogeneous
PTH in humans.26:27 We chose a dose of 100 g daily based on safety data from a Phase |
study on mobilization as well as a desire to limit the number of injections to 5 daily
injections (each dosing pen contains 20 g per injection).® However, the study was
hampered by no prior Phase | data for PTH dose escalation after double UCB
transplantation. The FDA approved dose of PTH is 20 g daily; the large osteoporosis
studies in men and postmenopausal women have used doses of 20-40 g daily of PTH 1-
34.28-30 Sjde effects in these studies have included elevated calcium level, headaches, joint
pain, muscle aches, and fatigue. The dose for the current study of 100 g might be too low
to obtain the effect seen in mice with respect to enhanced engraftment, and it is unclear that
the appropriate dose (and delivery) was identified in the setting of an UCB transplantation.
In addition, the kinetics of the effect of PTH may be different in the mouse, and a
meaningful change in the microenvironment may only be achieved after a longer interval of
exposure to PTH.

Immune reconstitution remains a major limitation of UCB transplantation. T-cell receptor
rearrangement excision circle (TREC) analysis was performed to evaluate the de novo
production of T cells originating from newly engrafted cells. We compared the results in this
study with TREC analysis performed in our historical control double UCB patients treated
with fludarabine, melphalan, and ATG without PTH. Previous work from our group in
double UCBT patients treated without PTH indicated median TREC levels of 0 at 100 days
post UCBT and 117 copies/pg at 6 months after UCBT. Patients who achieved TREC levels
of 2000 or more copies/ig DNA had improved survival. 21 Although the number of patients
in our study is small and included patients treated with both MAC and RIC regimens, more
rapid TREC reconstitution was observed compared to our historical controls: an average of
365 copies/itg DNA at 100 days in the PTH group compared to 0 in the historical control
group, and 819 copies/pg in the PTH group compared to 74.9 copies/pg in the group
without PTH at 6 months. These results are encouraging as higher TREC levels have been
correlated with lower TRM and improved survival. However, in our study, there were a
number of opportunistic infections including JC virus, respiratory syncytial virus (RSV), and
aspergillus. There were two patients with CMV infection and one patient with EBV
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infection post transplant, which is similar to our historical control population. %10 CD4
counts at Day 100 were higher in the PTH treated patients than in our historical control
population. ? The small sample size of this study might have prevented appreciation of any
clinical benefit of improved TREC levels or higher CD4 counts.

There are concerns about administration of PTH to humans with malignancies because of an
increased incidence of osteosarcoma in Fischer rats receiving high doses of PTH.
Intermittent administration of PTH may induce chromosome and DNA breaks in osteoblasts,
but has never been associated with human cancer.20 In this study, with limited follow-up,
there was no evidence of secondary malignancies. In this group of heavily pretreated
patients, there were only three relapses, all of which occurred in patients who received a
reduced intensity conditioning regimen with ATG, and it is possible that the use of ATG
may have contributed to the relapses after RIC transplantation.3! There were no relapses in
the patients treated with the MAC regimen. This low incidence of relapse in our small
cohort is encouraging, but the number of patients is too small to definitively establish the
safety of PTH therapy after transplantation. In addition, there may be a competing risk with
early TRM since some of the patients receiving a MAC regimen died within the first 100
days, and did not live long enough to relapse. Further studies to address the potential effect
of PTH on the leukemia stem cell will involve patients with acute myeloid leukemia and
chronic myeloid leukemia undergoing standard, non transplantation treatment. While we
were unable to observe an improvement in hematopoiesis in this trial, it is possible that
different approaches to stimulation of osteoblastic cells will be more effective, and may
warrant further investigation.
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Figure 1.
Neutrophil and Platelet Engraftment.
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Overall Survival and Disease-Free Survival.
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Figure 3.

T cell receptor excision circles (TREC) levels. TREC counts per microgram PBMC DNA
were determined by quantitative PCR. The line connects the average values of the individual
time points. The limit of detection of the TREC assay was 10 copies / ug DNA. The dashed
line to the far right shows range of values for 10 normal controls of similar ages.
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Table 1

Baseline Patient and Unit Characteristics

13 Patients Transplanted

Race:
White 10 (76.9%)
Asian 1(7.7%)
Other 2 (15.4%)
Ethnicity: Hispanic 4 (30.8%)
Ageat Transplantation (years): Median (Range) 39 (25-67)
Primary Disease
MDS 2(15.4%)
Aplastic Anemia 2(15.4%)
Hodgkin’s Disease 1(7.7%)
Chronic lymphocytic leukemia 1(7.7%)
Acute myeloid leukemia 5(38.5%)
Acute lymphoblastic leukemia 2(15.4%)

ECOG Performance Status at Transplantation

0- 4(30.8%)

1- 8(61.5%)

2- 1(7.7%)
HLA Match: Recipient to Unit 1 and Unit 2

416, 4/6 10 (76.9%)

46, 5/6 1 (7.7%)

5/6, 5/6 2 (15.4%)
HLA Match: Unit 1to Unit 2

4/6 10(76.9%)

5/6 3(23.1%)
Combined Post-thaw Cell Doses

TNC dosex107/kg 4.2 (3.4-6.6)

CD34 dosex105/kg 2.1(0.4-9.0)
Conditioning Regimen

Myeloablative 9 (69.2%)

Reduced Intensity 4 (30.8%)

Notes: N and (%) or median (minimum-maximum) are displayed. ECOG=Eastern Cooperative Oncology Group, TNC=Total nucleated cell
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