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Abstract

Alternative donor transplantation with the haplo-cord platform allows the use of a lower-dose single umbilical cord blood
unit (CBU) by co-infusion of third-party CD34 "-selected cells from a haploidentical relative, which provides early transient
engraftment while awaiting durable CBU engraftment. In our experience, ~15% of patients lack a suitable haploidentical
donor. Here we report 26 patients who underwent haplo-cord transplant using CD34"-selected partially matched unrelated
donor grafts. Twenty-four were conditioned with fludarabine/melphalan +/— low-dose TBI (n = 16). Twenty-five received
ATG and all received posttransplant tacrolimus and mycophenolate mofetil. Median time to neutrophil and platelet recovery
was 11 and 18 days. CBU engraftment, with CD33 and CD3 >5% cord chimerism in the myeloid/lymphoid compartment by
day 460, occurred in 20 of 24 patients (83%). Incidence of grade 2—4 acute graft-versus-host disease (GVHD) was 27% at
day +100, and chronic GVHD was 4% at 1 year. Overall survival at 1 year was 54%. For patients in need of an alternative
transplant who lack a haploidentical donor, haplo-cord transplantation using CD34 " -selected partially matched unrelated
donor grafts results in rapid engraftment with no increased rate of cord graft failure or GVHD.

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-
HCT) is a curative treatment for hematological malig-
nancies. For patients without a human leukocyte antigen
(HLA) identical sibling or a suitably matched unrelated
donor (URD), alternative sources of hematopoietic compo-
nents have been used. Umbilical cord blood is a rapidly
available hematopoietic progenitor cell source, associated
with an increased graft-versus-malignancy effect, with lower
incidence of relapse, and with low rates of chronic graft-
versus-host disease (GVHD) [1-6]. Widespread adoption in
adults has been limited by the low cell dose infused that can
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result in delayed engraftment and poor immune cell recon-
stitution, with early posttransplant morbidity and mortality.
We have circumvented this by using haplo-cord transplants,
combining a lower dose single umbilical cord blood unit
(CBU) and third-party CD34"-selected cells from a
haploidentical-related donor, which provides early transient
neutrophil recovery, a “myeloid bridge” from the initial
haplo engraftment, while awaiting durable CBU engraftment
[7-11]. We have recently shown how this approach results
in faster neutrophil recovery with lower rates of chronic
GVHD than the more widely used haploidentical trans-
plantation with posttransplant cyclophosphamide [8]. Over
the years we have encountered patients lacking a suitable
haploidentical 1st or 2nd degree relative for stem cell
donation. For such patients we have utilized partially mat-
ched URDs from the donor registry as third-party donors.
Here we report the outcomes, particularly the incidence of
cord graft engraftment, patterns of chimerism, and incidence
of GVHD, for the patients undergoing cord transplant sup-
plemented by CD34%"-selected partially matched URD
grafts. We labeled such transplants “unrelated haplo-cord,”
which though semantically incorrect, evokes the similarity to
true haplo-cord transplants.
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Patients and methods

Patients referred for transplant and who lacked HLA-
identical sibling donors (12/12) or fully matched (12/12)/
permissively mismatched (10/12 or 11/12 DP permissive)
URDs, were offered participation in studies of haplo-cord
transplantation. To this purpose we encouraged typing of
first- and second-degree family members. For patients
lacking suitable haploidentical-related donors, or who had
excessive levels of donor-specific anti-HLA antibodies
(DSA) against such donors, we identified unrelated hap-
loidentical donors in the donor registry. Such donors
were matched at no more than 5 or 6 HLA alleles in HLA-
A, -B, -C, or -DQ and in no less than 4/8 alleles. Most
patients were treated on a prospective study of reduced
intensity conditioning and haplo-cord transplantation
(NCTO01810588). For five patients, CBUs were obtained
through NCTO01351545, a multicenter access and distribu-
tion protocol for unlicensed cryopreserved CBUs. The study
was conducted in accordance with the Declaration of Hel-
sinki and approved by the Institutional Review Board of
Weill Cornell Medical College. All patients provided writ-
ten informed consent.

CBUs were selected based on HLA typing and cell
count. We utilized high-resolution HLA typing for HLA-A,
-B, -C, and -DR for cord graft selection [7]. In contrast to
common practice, we prioritized matching (at least four of
eight HLA loci by the standard criteria) over cell dose and
established a minimum cell count of 1.2 x 107 total nucle-
ated cells (TNC)/kg of the recipient’s body weight. After
collection, partially matched URD grafts underwent CD34"
cell enrichment and T-cell depletion using the Miltenyi
CliniMACS device under an Investigational New Device
permit from the United States Food and Drug Administra-
tion (IND 15912). The infused cell dose of the adult donor
graft was fixed at a minimum of 3 x 10® CD34" cells/kg and
a maximum of 5 x 10° CD34" cells/kg of recipient weight.
Adult donor cells were infused on day 0, and CBU units
were infused either later on the same day or on the
following day.

Definitions and study endpoints

Neutrophil recovery was defined as the first of three con-
secutive days with an absolute neutrophil count of at least
500/uL, and platelet recovery was defined as the first of
seven consecutive days with platelet count of at least
20,000/uLL without receiving platelet transfusion [12].
CBU engraftment was the primary endpoint, defined as
umbilical cord chimerism >5% at day 60 in the myeloid and
lymphoid compartments irrespective of hematopoietic
function [7]. Patients who died before day 60 were excluded
from the primary CBU engraftment analysis because cord

engraftment may be either lost or gained at time points
before day 60. Secondary outcomes included neutrophil
recovery by day 30; platelet recovery by day 60; primary
CBU graft failure, with CBU chimerism of <5% in the
myeloid and lymphoid compartment by day 60; secondary
CBU failure defined as loss of CBU chimerism (<5%) in
both CD3 and CD33 compartments without evidence of
relapse at the time of analysis; cumulative incidences of
acute and chronic GVHD; cumulative incidences of relapse
and NRM; progression-free survival (PFS); and overall
survival (OS).

Statistical analysis

Patient and disease characteristics were tabulated. Sta-
tistical analysis used to determine association between
CBU engraftment and predictor variables were the Fish-
er’s exact test for dichotomous and Kruskal-Wallis for
continuous predictor variables. The limited number of
events precluded multivariable models. The cumulative
incidences of neutrophil and platelet engraftment were
estimated at 30 days and 60 days, respectively. Donor
chimerism was evaluated at day 30, day 60, day 180, and
1 year. The cumulative incidences of relapse and NRM
were analyzed together in a competing risk framework
[13]. The probability of developing acute GVHD or
chronic GVHD was calculated using the cumulative
incidence function, with death or relapse, as competing
risks. For neutrophil engraftment and platelet engraft-
ment, the competing events were graft loss, relapse, and
death before any of these events. PFS, OS, and GVHD-
free/relapse-free survival (GRFS) were estimated by the
Kaplan-Meier method. Events for GRFS included
grade 3-4 acute GVHD, systemic therapy-requiring
chronic GVHD, relapse, or death in the first post-HCT
year. P values reported reflect 2-sided tests with an
alpha of 0.05 considered significant. All estimates are
reported with 95% confidence intervals (95% CI).
Statistical analyses were performed using Stata v13.0 and
R Studio.

Results

Between December 2014 and June 2018, 126 patients with
hematological malignancies were candidates for haplo-cord
transplant. Twenty-six patients (21%) had no suitable hap-
loidentical relative and partially matched URDs were
selected. The most common reasons were: no first or second
degree partially matched related donors or unavailable
relative (n=23), high titers of DSA against all relatives
(n=1) and evidence of a familial hematological condition
(n=2). The latter included one patient with primary
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myelofibrosis who had two siblings with the disease and
one young patient with myelodysplastic syndrome (MDS)
who had a matched sibling with pancytopenia and evidence
of EZH2 deletion on myeloid molecular panel.

Patient characteristics are summarized in Table 1. There
were eighteen patients with acute myeloid leukemia (AML)/
MDS including one with post primary myelofibrosis

Table 1 Patient characteristics.

N=26
Male, n (%) 13 (50)
Age, median (range) 57 (24-75)
Race/ethnicity, n (%)
Non-Hispanic white 12 (46)
Non-Hispanic black 5(19)
Hispanic 5(19)
Asian 14)
Disease, n (%)
AML/MDS 18 (69)
ALL 5(19)
MF 14
NHL 14
MM-PCL 14
Aplastic anemia 14
ASBMT risk classification, n (%)
Low 9 (27)
Medium 7 (32)
High 6 (27)
N/A 4 (15)
CIBMTR Disease Risk Index, n (%)
Intermediate 12 (46)
High 10 (38)
Very high 2(8)
Disease not applicable 2 (8)
Karnofsky performance score, n (%)
70-80 7(32)
90-100 19 (73)
HCT-CL, n (%)
0 3 (12)
1-2 5(19)
3-5 9 (35)
>5 9(35)
Reason for unrelated donor, n (%)
No Ist or 2nd degree relative or unavailable 23 (88)
Familial hematological condition 2 (8)
High titers of HLA antibodies against relative 14

AA aplastic anemia, AML acute myeloid leukemia, ALL acute
lymphoblastic leukemia, HCT-CI hematopoietic cell transplantation-
specific comorbidity index, MDS myeloidysplastic syndrome, MF
myelofibrosis, MPN myeloproliferative neoplasm, NHL non-Hodgkin
lymphoma, MM multiple myeloma, PCL plasma cell leukemia.
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(MF)-AML and one patient with MDS and chronic phase
chronic myeloid leukemia (CML), five with acute lym-
phoblastic leukemia (ALL), and one each with primary MF,
non-Hodgkin lymphoma (NHL), and plasma cell leukemia
(PCL). For two patients, this was the second allo-HCT after
graft failure from previous double cord or related haplo-
cord. Median age was 57 (range 24-75), with 7 (27%) older
than 60. CIBMTR Disease Risk Index (DRI) was inter-
mediate in 46%, high in 38%, and very high in 8%, and
HCT-CI was 0-2 in 31%, 3-5 in 35%, and >5 in 35%
patients. Twenty-four patients (92%) were conditioned with
Fludarabine and Melphalan, 16 of them with additional low-
dose total body irradiation (TBI) (400cGy in 15 and
200 cGy in one). One ALL patient was conditioned with
high-dose etoposide and TBI 1200 cGray and one AML
patient with fludarabine/cyclophosphamide for second
transplant. All patients received ATG 4.5 mg/kg except for
one patient with aplastic anemia who had previously
received ATG and therefore received alemtuzumab (60 mg).
All received posttransplant tacrolimus and mycophenolate
mofetil as previously reported [11]. HLA matching for
URDs was 9/12 (4%), 8/12 (31%), 7/12 (35%), 6/12 (27%),
and 4/12 (4%). For URDs, median CD34+ collected cell
dose was 5 (range 3.03-6.06) x 10%/kg. Infusion was limited
to a maximum of 5 x 10%kg. CBU HLA matching was 8/8
(4%), 718 (27%), 6/8 (31%), 5/8 (23%), or 4/8 (15%). For
CBU, median cells collected was 2.1 (range 1.1-4.1) x 107
TNC/kg and the median CD34+ cell dose was 0.6 (range
0.1-1.9) x 10°/kg. No patients had DSA against the unre-
lated adult graft and two patients had DSA against CBU,
peak 2016 MFI, and 2853 MFI. The latter was treated with
desensitization protocol with bortezomib and velcade [14].
At the time of infusion DSA were <2000 MFI for both
patients.

Count recovery, chimerism, and graft failure

Median time to neutrophil recovery was 11 days (range
9-35). The cumulative incidence of neutrophil recovery was
96% (95% CI 88-100%) at day 30 (Fig. la). The median
time to platelet recovery was 18 days (range 11-124); three
patients died prior to platelet recovery. At day 30 and day
60, the cumulative incidence of platelet recovery was 65%
(95% CI 47-83%) and 81% (95% CI 65-96%) (Fig. 1b).
Myeloid (CD33) and lymphoid (CD3) compartment
chimerism results at day 460, +100, +180, and +365 are
presented in Fig. 2. At day 460, for 24 assessable patients,
myeloid chimerism patterns were as follows; 13 patients
(54%) had mixed URD-cord chimerism, 4 patients (17%)
had 100% cord donor chimerism, 4 patients (17%) remained
with 100% adult URD chimerism, and 3 patients (12%) had
mixed recipient chimerism. For lymphoid chimerism, 8
patients (54%) had mixed URD-cord chimerism, 7 patients
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Fig. 1 Transplant outcomes. Cumulative Incidence of a neutrophil engraftment, b platelet engraftment, ¢ grade II-IV acute GvHD, and d

chronic GvHD.

(29%) had 100% cord chimerism, 1 patient (4%) remained
with 100% URD chimerism, 7 patients (12%) had mixed
recipient chimerism, and for one patient CD3 chimerism
failed.

By day 100 for 20 evaluable patients, CD33 and CD3
chimerism showed increasing cord dominance. For the
myeloid component: eight patients (40%) with mixed URD-
cord chimerism, seven patients (35%) with 100% cord
donor chimerism, two patients (10%) remained with 100%
URD chimerism, and three patients (15%) had mixed reci-
pient chimerism. For lymphoid chimerism, two patients
(10%) with mixed URD-cord chimerism, ten patients (50%)
with 100% cord donor chimerism, seven patients (35%) had
mixed recipient chimerism, and for one patient, CD3

chimerism failed. By day 180 for 15 evaluable patients; 7
patients (50%) had 100% cord chimerism in the myeloid
and lymphoid compartment.

Primary CBU graft failure, with cord donor chimerism of
<5% in the myeloid and lymphoid compartment by day 60,
occurred in 4 out of 24 assessable patients (17%), three with
AML and one with aplastic anemia.

Predictors of CBU engraftment at day 60
We were unable to identify significant predictors for CBU
engraftment at day 60, although small numbers limited the

power of this analysis. Table 2 lists individual HLA
matching, cell dose of the CBU and level of DSA against

SPRINGER NATURE
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the CBU. Fourteen of fifteen patients receiving TBI-based
conditioning had CBU engraftment vs. six of nine patients
receiving chemotherapy only (p =0.13). Engraftment of
better matched CBU (26/8) was similar to that of less well-
matched ones (p=0.85). CBU cell dose by TNC and
CD34+ cells was similar for those with CBU engraftment
and for patients with CBU graft failure [1.96 x 10’ TNC/kg
vs. 2.51x 107 TNC/kg (p=0.12), and 0.6 x 10%kg vs.
0.4x10%kg (p=0.57), respectively]. None of the four
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patients with CBU graft failure at day 60 had DSA against
the CBU and both patients with DSA against the CBU had
adequate cord engraftment.

Acute and chronic graft-versus-host disease
The estimated cumulative incidence of grade 2—4 acute

GVHD was 27% (95% CI 9-45%) at day +100 and 31%
(95% CI 13-49%) at day +180 (Fig. 1c). Grade 3 acute
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GVHD occurred in five patients: four with stage II-1II GI
involvement and one patient with stage III liver involve-
ment. There was one patient with stage-IV lower GI
GVHD. The estimated cumulative incidence of chronic
GVHD was 4% (95% CI 0-12%) at 1 year and 8% (95% CI
0-20%) at 2 years (Fig. 1d).

Non-relapse morbidity, mortality, relapse, GRFS,
and survival

Table 2 details characteristics and outcomes of individual
patients. Of the four patients with primary graft failure, two
subsequently relapsed. One died from his disease and the
second is still alive receiving ruxolitinib for MPN. The
latter patient had delayed detection of the cord blood graft
after day 180. Over time the cord blood graft accounted for
up to 50% of CD33 cells and 7% of CD3 cells, and it has
persisted at the time of last follow-up, more than 4 years
after transplant. One patient died from infectious compli-
cations and one patient with AML had autologous hema-
topoietic reconstitution and is still alive and in remission
more than 5 years after transplant. There were no cases of
secondary CBU graft failure.

The cumulative incidence of NRM was 15% (95% CI
0-31%) at day +100 and 38% (95% CI 20-56%) by 1 year.
Most non-relapse deaths by 1 year were due to infections
including CMV (1) adenovirus (2), EBV-related PTLD (1),
and fungal infection (1). One was attributed to CBU graft
failure and one to early intracranial hemorrhage.

The cumulative incidence of relapse was 23% at 1 year
(95% CI 5-41%). The patients who relapsed within 1 year
included one patient each with PCL (high DRI); NHL (high
DRI), MDS with concomitant CML, post MF-AML (high
DRI), and three AML patients [two high and one inter-
mediate DRI], for one of whom, this was the second
transplant.

With a median follow of 29 months (range 11-53), the
estimated PFS and OS was 38% (95% CI 20-53%) and
54% (95% CI 33-71%), respectively at 1 year. The 1-year
GREFS was 28% (95% CI 13-46%).

Discussion

Advances in transplant methodologies have resulted in
steady improvements in outcome, particularly in the area of
alternative donor transplantation [6]. We have used hap-
loidentical donors as donors of third-party CD34-selected
cells to support engraftment of single unit CBU grafts
resulting in rapid count recovery and low rates of chronic
GVHD [7-10]. This method has relied on the use of hap-
loidentical family members as donors of third-party adult
stem cells. Here we confirm the observation that up to 17%

of patients—because of family structure (smaller families,
older patients, international patients, etc.) [15, 16], high
titers of donor-directed HLA antibodies [14, 17], or familial
hematological disorders with underlying germline predis-
position [18]—Ilack adequate haploidentical-related donors
and would thus also not be candidates for the widely used
haploidentical transplantation with a posttransplant cyclo-
phosphamide platform.

For these patients, we used a CD34% cell-enriched T-
cell-depleted graft from a partially matched adult URD to
support the engraftment of a CBU graft. This strategy has
also been used by Spanish centers for haplo-cord trans-
plantation using alternative conditioning with fludarabine,
cyclophosphamide, IV Busulfan, or 10 Gy TBI, with
rabbit ATG [19, 20]. Most patients achieved very early
neutrophil recovery with a median time of 11 days and
96% attaining neutrophil recovery by day 13. This com-
pares favorably with other CBU approaches [21-23].
Patterns of chimerism were also similar to haplo-cord
transplant using family donors and in the majority of
patients, early dominance of the adult graft was ultimately
replaced by persistence of the umbilical cord blood graft
[10, 24]. CBU engraftment, defined as more than 5% CBU
chimerism in the CD3 and CD33 compartments at day
460, occurred in 20 out of 24 (83%). The rate of CBU
graft failure of 17% was similar to our previously reported
rate of CBU graft failure for haplo-cord transplant using
family donors of 15% [7] and to other platforms of CBU
transplant with different conditioning intensities and
without use of ATG, where it ranges from 10 to 20%
[25, 26]. Lastly, rate of acute and chronic GVHD were
low and similar to those observed after haplo-cord trans-
plant. In our analysis, CBU HLA matching, CBU cell
dose, and intensity of the conditioning with additional
TBI were not predictors for CBU engraftment.

Based on the limitations of our report, mainly the small
number of high-risk patients with significant heterogeneity,
our results can only be hypothesis generating and this
strategy needs to undergo further validation and optimiza-
tion, but it is reassuring that 1-year GRFS of 28% (95% CI
13-46%), is similar to 31% (95% CI 27-35%) at the Uni-
versity of Minnesota over a 12-year period for recipients of
single and double UCB transplants [27]. In a previous
comparison of haplo-cord transplants vs. double UCB grafts
reported to CIBMTR, haplo-cord transplants had better
engraftment, lower incidence of GVHD, improved relapse-
free survival, and better GRFS (38% with haplo cords vs.
21% with double cords) [28]. OS, however, was the same
and suggests different long-term complications. In the cur-
rent study, the main cause of non-relapse mortality was late
infections occurring after myeloid engraftment and the risk
might have been exacerbated by ATG [29-31]. Preliminary
analysis of immune reconstitution patterns after haplo-cord
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transplants using ATG show early normalization of B- and
NK-lymphocytes, but a delay T-cell immune recovery that
might affect incidence of viral reactivations and incidence
of relapse [32, 33]. Minimization and/or replacement of
ATG is currently being investigated as a means to further
improve outcomes.

Conclusion

Haplo-cord transplant using CD34-selected partially mat-
ched URD grafts resulted in rapid engraftment. Transition
to durable CBU grafts occurred in the majority of cases, and
the rate of CBU engraftment was 84%. This is similar to our
experience using CD34-selected cells from related haploi-
dentical donors as a myeloid bridge. The rates of acute
GVHD were acceptable, and incidence of chronic GVHD
was very low. Further studies should aim at decreasing non-
relapse mortality and infections complications.
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