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INTRODUCTION

Hematopoietic stem cells (HSCs) are currently the only perinatal stem cells routinely used
for treatment of patients. This chapter reviews the collection, processing, and utility of
cord blood (CB) in comparison to adult HSC sources. Also addressed are active areas of
research including double CB transplants.

HEMATOPOIETIC STEM CELL TRANSPLANTS: ADULT
DONOR COLLECTION

In a myeloablative hematopoietic stem cell transplant (HSCT), patients with hematologic
malignancies are given high doses of chemotherapy and/or irradiation to eradicate the
tumor. In the process, however, the patient’s native marrow is destroyed requiring replace-
ment by a source of HSCs. The HSCs can either be collected from the patient prior to
transplant (autologous) or from a related or unrelated donor (allogeneic).

Bone marrow (BM) was the donor source for the first allogeneic HSCT performed
in 1957 and is currently used in �25% of adult transplants in the United States
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[Appelbaum, 2007; CIBMTR, 2007]. Typically, BM is collected from the iliac crest in an
operating room with the patient under general anesthesia. Collection goals are typically
2 � 108 total nucleated cells per kilogram (recipient weight) that can lead to .1 L of
product being collected. The dose of actual HSCs collected from BM, as measured by
CD34þ cell content, is �2–3�106/kg [Bensinger, 2001; Blaise, 2000; Couban, 2002;
Schmitz, 2002].

In the United States, collection of HSCs from peripheral blood has overtaken BM as the
primary graft source in adult patients. Treating donors with growth factors, for example, gra-
nulocyte colony stimulating factor (GCSF) for 4 days leads to mobilization of CD34þ HSCs
from the BM into the peripheral blood. These cells can then be collected by apheresis.
During apheresis, donor blood is separated by centrifugation to allow selective removal of
the cell layer containing the HSCs. The remaining white blood cells, red cells, platelets,
and plasma are returned to the patient. In a single apheresis session, �10–20 L of the
donor’s blood is processed and only one or two sessions are usually required to reach the
typical minimum target dose of 2 � 106 CD34þ cells/kg. These collections yield higher
numbers of CD34þ HSCs (5–10 � 106 CD34þ cells/kg), as well as T cells compared
to bone marrow [Bensinger, 2001; Blaise, 2000; Couban, 2002; Schmitz, 2002].

In general, both BM and peripheral blood stem cells (PBSC) collection are well
tolerated, but there are side effects. The BM donors typically have pain from the procedure
and may have nausea and vomiting from the general anesthesia. The PBSC donors can
experience bone pain from the GCSF injections, as well as symptoms of hypocalcemia
from the citrate anticoagulant infused during the apheresis procedure.

One of the largest studies of collection-related side effects compared 166 BM and 163
PBSC donors who were part of a randomized trial [Favre, 2003]. The rates of adverse events
were similar (57% for BM vs. 65% for PBSC donors). Serious adverse events occurred in
1% of BM donors and 7% of PBSC donors. The BM donors most often had harvest-
related complaints while PBSC donors complained of side effects from GCSF. The BM
donors required longer hospital stays (median of 2 vs. 0 days) and had more days of restricted
activity (median of 6 vs. 2 days).

This study and others confirm that while donations are usually safe, they are not risk-free
[Bredeson, 2004; Favre, 2003; Heldal, 2002; Rowley, 2001]. Overall, complication rates are
similar, but BM donors may take longer to recover and often require overnight hospital stays.
A recent review cited an estimated 1 in 10,000 risk of dying from a BM harvest with the same
or possibly less risk from a PBSC collection [Horowitz, 2005].

HEMATOPOIETIC STEM CELL TRANSPLANTS: ADULT
DONOR TESTING

Extensive testing of adult allogeneic donors is performed prior to collection. Aside from
evaluating the donor’s overall health to ensure they can tolerate the collection procedure,
the FDA (21CFR Part 1271) and the Foundation for Accreditation of Cellular Therapy
(FACT standards, C6.3) require testing and screening for infectious diseases including
human immunodeficiency virus (HIV), hepatitis C virus (HCV), human T-lymphotropic
virus (HTLV), hepatitis B virus (HBV), and syphilis. This testing must be performed
within 30 days of collection. In addition, if a related donor is not available, donors are ident-
ified through registries, for example, the National Marrow Donor Program (NMDP) and
HLA typing must be confirmed.

Until recently, allogeneic transplants were matched at HLA-A, B and DR (i.e.,
a 6/6 match). Matching was typically low-resolution/serological at class I (A, B)
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and high-resolution/allele level at class II (DR). Currently, most BM and PBSC transplant
are matched at high resolution for classes I and II. In addition, for unrelated donor trans-
plants, allele-level matching is also preferred at HLA-C and DQ leading to the ideal of a
10/10 match [Kogler, 2005].

The identification of a donor and the additional testing listed above takes considerable
time. Using adult stem cell sources, �25% of the time, a patient has a first-degree relative
who can provide a source of allogeneic stem cells. If there is no relative, �80% of the
time a donor is found through NMDP for Caucasian patients. Minority patients have a
lower probability of finding a match (e.g., 60% chance for African–Americans). The unfor-
tunate fact is that only 30% of patients actually make it to transplant as they can be very
ill and it takes considerable time to identify, test, and prepare a donor for collection
[Government Accounting Office, 2002].

HEMATOPOIETIC STEM CELL TRANSPLANTS: RECIPIENT ISSUES

In North America, the majority of allogeneic transplants are performed for hematologic
malignancies, most often acute and chronic leukemia. The most common cause of death
from allogeneic transplant, �40%, is relapse [CIBMTR, 2007]. As such, disease-free
survival (DFS) is an important outcome measure.

In regard to short-term morbidity and mortality, there can be significant toxicity
from the chemotherapy and/or radiation. Hemorrhagic cystitis, mucositis, cardiac and
renal toxicity are all concerns. In addition, it can take significant time for the donor stem
cells to engraft. Typical outcome measures are time to absolute neutrophil count (ANC)
.500, platelets .20,000 (short-term engraftment) and platelets .50,000 or 100,000
(long-term platelet engraftment). Time to engraftment is correlated with stem cell dose
and can range for ANC .500 from ,2 weeks with PBSC to over a month with CB
[Bensinger, 2001; Blaise, 2000; Couban, 2002; Eapen, 2007; Laughlin, 2004; Rocha,
2001, 2004; Schmitz, 2002; Takahashi, 2004, 2007]. Although patients can be supported
with red blood cell and platelet transfusions, they are at increased risk of infection and
often have to be placed on antibacterial and antifungal medications. Given these early
complications, transplant-related mortality (TRM), often defined as death prior to day 100
post-transplant, is another important outcome measure.

Another source of morbidity and mortality is graft-versus-host-disease (GVHD). Upon
engraftment, donor immune cells may attack the recipient as foreign. Skin is most commonly
involved although any organ can be affected. Aside from complications due to the GVHD
itself, patients are often placed on immunosuppressive regimens that put them at greater
risk for infection. The GVHD accounts for �15% of mortality from allogeneic stem cell
transplants [CIBMTR, 2007]. Due to differences in biologic mechanisms, GVHD is typi-
cally separated into symptoms occurring in the first 100 days of transplant (acute GVHD)
and those occurring post-100 days (chronic GVHD).

Given the significant regimen-related toxicity, many patients are not candidates for abla-
tive conditioning. For this reason, non-myeloablative/reduced intensity conditioning (RIC)
regimens are also utilized. In this setting, the goal of the chemotherapy is not to destroy to the
tumor, but to create enough immunosuppression to allow engraftment of the donor HSCs.
Once the HSCs engraft, the donor immune system will attack the tumor. This phenomenon,
known as the graft-versus-leukemia/lymphoma effect, was first identified in patients with
chronic myelogenous leukemia (CML). In these patients, improved survival was correlated
with GVHD suggesting that the donor immune system was attacking the tumor, as well
as the recipient’s normal tissue. Consistent with this model, further studies demonstrated
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that infusion of donor lymphocytes (DLI) can help treat leukemic relapses [Kolb, 1990]. The
DLI is now a standard treatment for relapses posttransplant of several hematologic malignan-
cies, but is not a possibility with cord blood transplant [Chen, 2007; Daly, 2003; Dey, 2003].

COLLECTION AND PROCESSING OF CORD BLOOD UNITS

Unlike BM and PBSC for HSCT, a major advantage of using CB is that there is no potential
for harm to the donor (mother or child). As such, almost any normal pregnancy can produce a
potential cord blood unit (CBU) for transplant. In addition, all required testing is done “up
front” avoiding delays for transplant. One study from the University of Minnesota found that
the median time of donor availability was 13.5 days for CB and 49 days for BM, an important
difference to patients with aggressive leukemias [Dalle, 2004].

Cord blood units can be collected either pre- or postdelivery of the placenta. The umbi-
lical vein is cannulated and �100 cc of blood is collected in a bag containing citrate antic-
oagulant. Products are typically frozen in 10% dimethyl sulfotide (DMSO). Many centers
also plasma and red cell reduce products prior to cryopreservation. This process leads to
smaller volumes allowing for easier storage and reduction of cellular debris upon thawing.

The CBU collection and processing protocols are under investigational new drug (IND)
status and are not standardized. Although national and international accrediting agencies,
for example, FACT and AABB, provide oversight, there are still differences in collection
center procedures. Recently, as a step toward product licensure, the Food and Drug
Administration (FDA) has drafted a guidance document for CBUs intended for HSC trans-
plant [FDA, 2006]. The recommendations are similar to those required for other minimally
manipulated stem cell products (21CFR Part 1271) including testing and screening for
HIV, HTLV, HBV, HCV, syphilis, and cytomegalovirus to determine communicable
disease risk. The testing should be performed on the mother and must occur within 7 days
of collection. Additional recommended testing and screening includes analysis for hemoglo-
binopathies and HLA and blood group typing. Although some European centers perform
follow-up testing of the donors 6 months after product collection or shortly before
product release to determine if there has been any significant change in the donor health,
similar requirements are not in the draft guidance document.

The FDA has also proposed guidelines for validating processing procedures to confirm
purity and potency. Acceptance criteria include .¼ 5 � 108 TNC with .¼ 85% viable
and .¼ 1.25 � 106 CD34þ cells per CBU. In regard to cyropreservation, a validated
freeze–thaw procedure must allow recovery of 70% of viable nucleated cells. As these
criteria demonstrate, the total nucleated cell (TNC) and CD34þ cell dose from a
CBU is approximately 10-fold lower than the dose that can be obtained from a BM
collection [Eapen, 2007; Laughlin, 2004; Rocha, 2001, 2004; Takahashi, 2004, 2007].

Postthaw processing is not discussed in the FDA guidance document and there is
variation between centers. Since early cord blood transplants were performed on children
with non-red cell reduced CBUs, products were washed after thawing to remove the
potentially toxic effects of DMSO or cellular debris. Washing, however, may also lower
the cell dose [Laroche, 2005]. Chow et al. found delays in engraftment, presumably due
to differences in cell dose, in washed versus nonwashed products [Chow, 2007]. Both
neutrophil (ANC .500: 20 days vs. 27 days, p , 0.02) and platelet engraftment
(.20,000: 47 vs. 54 days, p ¼ 0.0003) were faster with nonwashed cord blood. Their
study, as well as others, also demonstrates that unwashed products can be safely infused
without significant adverse events [Chow, 2007; Hahn, 2003; Nagamura-Inoue, 2003].
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Although there are no results from randomized trials, some centers infuse CBUs after
thawing without a wash step.

BONE MARROW VERSUS SINGLE CORD BLOOD: PEDIATRIC

The first cord blood transplant (CBT) was performed in 1989 on a child in France with
Fanconi’s anemia [Gluckman, 1989]. He received a cryopreserved CBU from a female
sibling. Since that time, thousands of unrelated CBTs have been performed. Due to the
concern over low cell dose, the majority of early CBTs were performed in children.
Observational studies comparing CB with adult hematopoietic stem cell sources have
demonstrated both the advantages and disadvantages of these transplants (Tables I.1, I.2).

The largest comparison study in children looked at 785 patients (,¼ 16 years old) with
acute leukemia; 503 received cord blood and 283 received bone marrow [Eapen, 2007]. Only
7% of CBUs were a 6/6 match with the recipient (40% were a single-antigen and 53% were a
two-antigen mismatch). In addition, 41% of the bone marrow transplant (BMT) patients
were allele-level matched at both class I and class II. The CBUs were obtained at a
median of 10–16 months while BM was obtained at a median of 20–23 months. As will
be the case for all the cord blood studies reviewed below, CB recipients received an approxi-
mately 10-fold lower TNC dose.

Time to engraftment was delayed in recipients of cord blood. Recovery of ANC .500
and platelets .20,000 occurred at a median of 25 and 59 days for CBU recipients compared
to 19 and 27 days for BM recipients. In addition, 19% of CBT compared to 3% of BMT
patients had primary graft failure. Although 100-day transplant related mortality (TRM)
was greater in the patients receiving mismatched cord blood, rates of acute and chronic
GVHD, and 5-year leukemia-free survival were similar when compared to patients receiving
allele-matched BM. Fully matched CB recipients had improved survival compared to unre-
lated BM recipients.

Another large study in children compared 99 myeloablative CBT with 262 unrelated
BM transplants for patients, ages 2–12, with acute leukemia [Rocha, 2001]. Overall
results were comparable to the above study. Only 8% of the CBUs were 6/6 matches
with the recipient (43% were 5/6 and 41% were 4/6 matches) compared with 80% of the
BM products and the time from complete remission (CR) to transplant was faster in the
patients receiving CBUs (84 days vs. 113 days). Neutrophil engraftment was also delayed
in the CBU recipients (32 days vs. 18 days) as was platelet recovery (.20,000: 81 days
vs. 29 days). Only 4% of BMT compared to 20% of CBT patients had not recovered their

TABLE I.1. Comparative Studies of Unrelated Myeloablative Single CB versus BM Transplant in
Children with Leukemiaa

Study
N

(CB/BM)
% DFS (follow-up in

months)

Engraftment GVHD (%)

ANC
(day)

Plts
(day)

Primary Failure
(%)

Acute
II–IV Chronic

Rocha, 2001 99/262 31/43 (19/30) 32/18 81/29 20/4 35/58 12/43
Eapen, 2007 503/282 33/38b (44/60) 27/19 59/25 19/3b 41/46b 15/32b

aAbbreviations: DFS ¼ disease-free survival; ANC ¼ absolute neutrophil count .500; Plts ¼ platelets .20,000; GVHD ¼ graft versus
host disease.
bTwo HLA antigen-mismatch CB/HLA allele-matched BM.
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neutrophil counts by day 60. In contrast to the above study, perhaps due to the lack of allele-
level typing of BM, CBU recipients also had significantly less acute and chronic GVHD.
When adjusted for prognostic factors, CBU recipients had an increased risk of 100-day
TRM, but overall post-100-day survival was equivalent.

Although the majority of CBTs are performed for hematologic diseases, there also has
been success treating metabolic disease in children. For example, Staba et al. treated 20
children with Hurler’s disease with single cord blood transplant [Staba, 2004]. Hurler’s
disease is a mucopolysaccharidosis that leads to neurologic disease and death. Overall sur-
vival and rates of GVHD appeared better than historical reports of BMT for this condition.
Improvements in neurological development were also demonstrated. Other nonmalignant
diseases including thalassemia and X-linked adrenoleukodystrophy also have been treated
with CBT [Beam, 2007; Jaing, 2005].

BONE MARROW VERSUS CORD BLOOD: ADULTS

Given the success in pediatric patients, �50% of CBTs are now performed in adults
[Netcord, 2007]. Similar to the pediatric literature, there are also observational studies
in adults treated with ablative regimens comparing BM with CB (Table I.2). Rocha et al.
compared 584 adult patients receiving unrelated donor BM to 98 patients receiving unrelated
CBUs for acute leukemia [Rocha, 2004]. Only 6% of CBUs were a 6/6 match (cf. 100%
of BM), 39% were a 4/6 match and 4% were a 3/6 match. Median time to neutrophil
engraftment was delayed (19 days for BM and 26 days for CB) and graft failure occurred
in 7% of patients in the BM group and 20% in the CB group ( p , 0.001). The rate of
acute GVHD (aGVHD) was significantly lower in the CB group with a similar trend for
chronic GVHD (cGVHD). There were no significant differences in TRM, relapse, or
disease free survival.

Laughlin et al. compared 150 single unrelated cord blood transplants to 450 unrelated
bone marrow transplants for acute leukemia [Laughlin, 2004]. While 82% of BMs were 6/6
matches (the rest were 5/6 matches), 77% of CBUs were 4/6 matches with the rest being 5/6
matches. Both neutrophil and platelet recovery were delayed. The time to an ANC .500

TABLE I.2. Comparative Studies of Unrelated Myeloablative Single CB versus 6/6 Matched BM
Transplant in Adultsa

Study
N

(CB/BM)
% DFS (follow-up in

months)

Engraftment GVHD (%)

ANC
(day)

Plts
(day)

Primary
Failure (%)

Acute
II–IV Chronic

Laughlin, 2004 150/367 23/33 (40/48) 27/18 60/29 30/10b 41/48 51/35c

Rocha, 2004 98/584 33/38 (27/24) 26/19 N/S 20/7 26/39 30/46
Takahashi, 2004d 68/45 74/44 (26/59) 22/18 40/25 8/0 50/67 78/74c

Takahashi
related, 2007d

100/71 70/60 (22/32) 22/17 40/22 5/0 55/60 89/90c

aAbbreviations (also see Table I.1): N/S ¼ not stated.
bApproximate.
cExtensive chronic GVHD greater in patients who received BM.
dTakahashi, 2004: results include 6 patients with 5/6 matched adult donors. Takahashi, 2007: results include 11 patients with 5/6, 6 patients
with 4/6 matched. Adult donors and 16 related peripheral blood stem cell transplants.
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occurred at a median of 27 days for CBT versus 18–20 days for BMT patients and the time to
platelets .20,000 occurred at median of 60 versus 29 days. There was also an increase in
graft failure with CB when compared to BM, but this only reached statistical significance
when measured against 6/6 matched marrow ( p , 0.01).

The rate of acute GVHD in the CB recipients was similar to that of patients who received
6/6 matched bone marrow and better than that of patients who received 5/6 BM. While there
was significantly more chronic GVHD in CB compared to matched BM recipients, the rate of
extensive chronic GVHD was lower in CB recipients when compared to all BM recipients. In
regard to TRM and overall mortality, CB was essentially equivalent to 5/6 matched marrow,
but worse than 6/6 matched marrow (OR ¼ 1.53, 95% CI ¼ 1.21–1.94).

A third retrospective study from Japan included adults (.16 years old) with leukemia,
myelodysplastic syndrome, or non-Hodgkin’s lymphoma [Takahashi, 2004]. All patients
received a myeloablative conditioning regimen followed by infusion of unrelated CB
(n ¼ 68) or unrelated BM (n ¼ 45). None of the CB units were a 6/6 match with the
recipient and 22% were a 3/6 match. In contrast, 87% of the BM was a 6/6 match with
the remainder being a 5/6 match with the recipient. The duration of the donor search was
significantly shorter for CBU recipients (3 months vs. 11 months) with a similar trend for
time from diagnosis to transplant (17 months vs. 20 months).

Neutrophil engraftment occurred at day 22 for CB and day 18 for BM recipients and
short- and long-term platelet engraftment was also significantly delayed (.20,000: 40 vs.
25 days; .50,000: 48 vs. 28 days). The graft failure rate was also higher with CBT (8%
vs. 0%). In regard to GVHD, the rate of grade III/IV acute GVHD was significantly
higher with BM transplant with a similar trend for extensive chronic GVHD. The 1-year
TRM (9% vs. 29%) and 2-year disease-free survival (74% vs. 44%) was significantly
better with CB transplant.

A follow-up study from Japan included patients aged 16 years or older with a variety of
hematologic malignancies who received a myeloablative unrelated CB transplant (n ¼ 100),
a related BM transplant (n ¼ 55) or related PBSC transplant (n ¼ 16) [Takahashi, 2007]. The
majority of patients had acute or chronic leukemia and none of the CB units were a 6/6 match
compared to 76% of the BM. Additionally, 28% of the CBUs were a 3/6 match. Likely
due to better availability of related donors, the difference in time from diagnosis to
transplant was shorter for BMT, but this did not reach statistical significance (17.5 months
for CB vs. 15 months for BM, p ¼ 0.3). Similar to the above studies, both neutrophil (22
vs. 17 days) and short-term platelet engraftment (.20,000; 40 days vs. 22.5 days) was
delayed with CB compared to BM. There was also a significant delay in long-term platelet
engraftment (.50,000; 46 vs. 27 days) and a slightly higher rate of graft failure rate
(5% vs. 0%) in the CB group. The above engraftment issues may have led to the increase
in hospital length of stay in recipients receiving CB (121 vs. 89 days, p ¼ 0.1).

The rate of grade III/IV acute GVHD and extensive chronic GVHD was significantly
lower with CB transplant. As a result, more BM recipients required steroid treatment for
acute GVHD and had a slower taper of their immunosuppressive regimens. There were no
significant differences in TRM, relapse or survival.

CORD BLOOD TRANSPLANT: ADVANTAGES AND DISADVANTAGES

Review of the above studies clearly demonstrates the advantages and disadvantages of single
CBT. The CB allows faster time to transplant. In most studies in which it was measured,
time from diagnosis or complete remission to transplant was months shorter than with
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an unrelated BM donor. As discussed above, this reflects the fact that all testing is done “up
front” with CB and should allow more patients to obtain transplants.

Another advantage is that a less than perfect HLA match is adequate for CBT. The
majority of units transplanted in the above studies were a 4/6 match with the recipient.
Some were even 3/6 matches with all typing performed at the low-resolution level for
class I. Even with this degree of mismatch, the rates of acute GVHD or extensive chronic
GVHD were either the same or lower in the CBT patients. This increased flexibility with
HLA matching will allow more individuals to be transplanted. Stevens et al. calculated,
based on the ethnic distribution of donors and patients in New York City, that ,170,000
units would be required to guarantee a minimum 5/6 match for 80% of adult transplant can-
didates [Stevens, 2005]. While some studies indicate better HLA matching may lead to
improved engraftment and survival, it is clear that CBU 4/6 matches, unlike for BM and
PBSC, are acceptable and can lead to good results with no increase in GVHD [Eapen,
2007; Kamani, 2008]. Further research is needed on the effect of HLA mismatch and
high- versus low-resolution HLA matching on CBT outcomes [Delaney, 2007].

The above studies demonstrate that the major disadvantage of CB is the low-cell dose.
In all studies, TNC dose was approximately 10-fold lower in the CBUs and this likely led to
the delays in engraftment, increased rates of primary graft failure, as well as increases in
TRM. Several groups have directly correlated infused cell dose to engraftment and TRM
[Gluckman, 2000; Wagner, 2002].

Despite worse engraftment with CBT, disease-free survival generally showed no differ-
ence when compared to BM. Perhaps, any increase in early mortality is compensated by the
decrease in late mortality due to GVHD. The study by Laughlin et al., in which CBT was
equivalent to one-antigen mismatched marrow, but worse than fully matched BM, is an
exception among the above studies [Laughlin, 2004]. In this study, however, transplants
were performed in an earlier time period when only the sickest adult patients with no
other options were transplanted with CB [Sanz, 2004].

Another exception is the unrelated transplant trial by Takahashi et al. [Takahashi, 2004].
The authors found that CB recipients did significantly better than unrelated BM recipients.
This study involved only a single institution and perhaps there were differences in care or
patient makeup that led to this result. For example, Japan has a more homogeneous popu-
lation than Europe and North America and HLA disparity may have less impact on out-
comes. Note that the same group did not find this difference in their study of related BM
donors. These results might be explained by differences in GVHD related deaths in the
two studies. With unrelated BM transplants, 10 of the 24 BM recipients died of GVHD
(42%) as compared to none of the 16 expired CB recipients. In the study with related BM
donors, 26 in the BM group and 25 in the CB group died. In both groups, GVHD was the
cause of death for 12% of patients. The sharp drop in GVHD related deaths in the BM reci-
pients may reflect better (allele-level) HLA matching when there is a related BM donor.

DOUBLE CORD BLOOD TRANSPLANTS: ABLATIVE REGIMENS

Prior studies indicate that cell dose is an important factor for engraftment and survival in the
setting of CBT. As such, several groups have attempted infusion of two cord blood units to
overcome this limitation (Table I.3).

In 2005, Barker et al. published the largest study of myeloablative DCBTs to date
[Barker, 2005]. Twenty-three patients aged 13–53 with leukemia received myeloablative
conditioning followed by infusion of two CBUs (median TNC dose of 3.5 � 107/kg).
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Most patients received 4 or 5/6 matched units with only two receiving a 6/6 matched CBU.
All the units were a minimum 4/6 match with each other. The median time to neutrophil
engraftment was 23 days (range: 15–41), which is slightly better than the times reported
in most retrospective studies of myeloablative single cord blood transplants. While there
was no graft failure, median time to platelets .50,000 was �90 days. Thirteen percent of
patients had severe grade III or IV acute GVHD and 23% of patients had chronic GVHD.
The predicted 1-year survival was 57%.

DOUBLE CORD BLOOD TRANSPLANT: NON-MYELOABLATIVE
REGIMENS

A number of studies also have investigated the use of RIC regimens followed by DCBT
(Table I.3). Although DLI cannot be administered following CBT, these studies have
shown promise in regard to transplant outcomes. Considering at least 40% of allogeneic
transplants utilize RIC regimens, CBT is an important option for patients without a
matched adult donor [CIBMTR, 2007].

Brunstein et al. have reported the largest group of patients undergoing CBT with a RIC
regimen [Brunstein, 2007]. Patients with hematologic malignancies were conditioned with
fludarabine, cytoxan, and total body irradiation (TBI). Of 110 patients, 85% received two
CBUs. Patient were selected to receive DCBT if the total TNC dose from a single unit
was ,3 � 107/kg. The TNC and CD34þ cell dose were statistically equivalent in recipients
of one or two CBUs, but the CD3þ cell dose was two times higher in recipients of two units.
The majority of units (64%) were a 4/6 HLA match with the recipient. In most DCBT
patients, both units were a 4/6 match (43%) or one was a 4/6 match and one was a 5/6
match (33%). Rates of neutrophil recovery were similar for single and DCBT recipients

TABLE I.3. Double Cord Blood Transplant (DCBT) Studiesa

Study N-DCBT Diagnosis

% DFS
(follow-up
in months)

Engraftment GVHD (%)

ANC
(day)

Plts
(day)

18
Failure

(%)
Acute
II–IV Chronic

Barker,
2005

23 ALL, AML, CML 57 (10) 23 N/S 0 65 23

Brunstein,
2007, RICb

110 High-risk heme
malignancy

38 (19) 12 N/S 6 59 23

Ballen,
2007 RIC

21 AML, ALL, NHL,
CLL, HD, MDS,
AA

55 (18) 20 41 10 40 31

Cutler, 2007
RIC

27 AML, ALL, NHL,
CLL, HD, MDS,
CML

54 (15) 21 42 0 11 7

Majhail,
2006 RICa

9 HL 25 (17) 10 N/S 0 33 (III/IV) 11

aAbbreviations (also see Table I.1): RIC ¼ reduced intensity conditioning; AML ¼ acute myeloid leukemia; ALL ¼ acute lymphocytic
leukemia; CLL ¼ chronic lymphocytic leukemia; CML ¼ chronic myelogenous leukemia, NHL ¼ non-Hodgkin’s lymphoma; HD ¼
Hodgkin’s disease; MDS ¼ myelodysplastic syndrome, AA ¼ aplastic anemia.
bOutcomes also reflect several single CB transplants (Majhail: 2, Brunstein: 17).
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(94% vs. 91%). Neutrophil and platelet recovery .50,000 occurred at a median of 12 and 49
days, respectively, but data was not stratified for recipients of one or two CBUs. The overall
rate of grades II–IV aGVHD was 59% and of cGVHD it was 23%. The DCBT patients had a
statistically significant higher risk of aGVHD and a trend for better event-free survival. For
all patients, 3-year survival was 45%.

In our initial study of DCBT, we enrolled 21 adult DCBT recipients conditioned with
fludarabine, melphalan, and anti-thymocyte globulin [Ballen, 2007]. The median combined
TNC dose was 4 � 107 and 78% of the CBUs were a 4/6 match with the recipient at the
allele level for both class I and class II MHC. Median times of neutrophil and platelet
(.20,000) recovery were 20 and 41 days, respectively. Two patients had primary graft
failure and one had a successful second DCBT using a different conditioning regimen.
Only one patient developed severe (grade III) aGVHD and 5 of 16 evaluable patients
(31%) developed cGVHD with two having extensive disease. With a median follow up of
18 months, 2-year projected overall survival was 55%. There were no significant associ-
ations between cell dose and degree of HLA match with GVHD or survival.

In a second study, we utilized the same conditioning regimen, but altered GVHD pro-
phylaxis from cyclosporine and mycophenolate mofetil to sirolimus and tacrolimus, based
on studies with this GVHD regimen in the related and unrelated donor setting [Cutler,
2004]. Twenty-seven patients with hematologic malignancies have been enrolled. Median
times to engraftment were 21 days for ANC .500 and 42 days for platelets .20,000.
All patients initially engrafted, although three were not platelet transfusion independent
by day 100 and three had late graft failure. The rate of aGVHD was lower than in our pre-
vious trial (11.1%) and only two patients developed cGVHD. Two-year disease-free survival
was 54.4% [Cutler, 2007].

Only one small study utilizing a reduced intensity conditioning regimen has compared
DCBT to BM transplants [Majhail, 2006b]. Patients either received a busulfan/fludarabine/
TBI or a cytoxan/fludarabine/TBI regimen. Twelve patients with Hodgkin’s disease who
received related BM were compared to nine patients who received unrelated CB (seven of
these patients received two CBUs). While there were no graft failures, neutrophil recovery
was delayed for the CB patients (10 vs. 7 days). There were no significant differences in
rates of acute or chronic GVHD or progression-free survival. Although the authors
suggest that BM is comparable to CB, the numbers are too small to generalize this
conclusion.

The above results are very promising and indicate there can still be significant graft
versus tumor effect without high rates of GVHD in CBTs. Comparison of these trials is
difficult due to variations in conditioning regimens [Barker, 2003].

CHIMERISM

In the setting of HSC transplant, chimerism refers to the percentage of donor versus recipient
contribution to hematopoiesis. Typically, DNA fingerprinting techniques (i.e., amplification
of short tandem repeat loci) are used to measure chimerism [Baron, 2005]. As opposed to
standard transplants in which there is only one donor and one recipient, in the setting of
DCBT there are two donors and the recipient. Initially, there was a concern that DCBT
could lead to a “graft versus graft” effect and impair engraftment, but fortunately this does
not appear to commonly occur. Although several early case reports demonstrated double
chimerism post-transplant, subsequent studies indicate that generally only one CBU
usually contributes to long-term engraftment [Barker, 2001; de Lima, 2002; Haspel, 2007].
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The first DCBT study that analyzed chimerism was the myeloablative study of Barker
et al. [Barker, 2005]. By day 21, 76% of the patients showed hematopoiesis from only a
single cord and this increase to 100% by day 100. In the study by Brunstein et al., for 81
patients with sustained chimerism that received a RIC regimen and DCBT, 57% of patients
had complete single donor chimerism at day 21, 91% at day 100 and 100% at 1 year. The
median percentage contribution of the predominant unit was 83% (range: 8–100%) at
day 21 and 100% (range: 34–100%) after day 100 [Brunstein, 2007].

In our study of 38 patients, we reported three chimerism patterns [Haspel, 2007]. Group
1 consisted of patients in whom a single CBU contributed to .¼ 95% of hematopoiesis.
In group 2, both CB units contributed to hematopoiesis. The third group consisted of
patients with contributions of one CBU and the recipient. At day 30, 29% of patients had
single CBU hematopoiesis (group 1). As time progressed, patients transitioned to complete
single unit chimerism with 50% in this group by day 60 and 66% in this group by day
100 (Fig. I.1).

Of the 16 patients followed over 1 year, 14 had chimerism from a single CBU by day
100 and all have retained complete single donor chimerism (five of these over 2 years
and two over 3 years). The two other patients followed at least 1 year continue to have
contributions of both CBU to hematopoiesis with 83 and 66% chimerism of the
predominant CBU.

In our prior study of 21 patients, we also found a significantly different rate of chronic
GVHD (0–100%) when comparing patients with complete single donor chimerism at 6
weeks to those with either contribution of two CBUs or one CBU and the recipient to hema-
topoiesis [Ballen, 2007]. Chimerism pattern, however, does not appear to affect engraftment.
Small numbers may limit the above results and further studies are needed to determine the
effect of chimerism patterns on outcomes.
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Figure I.1. Chimerism patterns. The numbers of patients with different chimerism patterns are
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PREDICTING THE WINNER

The DCBT offers a unique opportunity to study “competitive” transplants in humans. These
studies may help us understand important and potentially modifiable preinfusion character-
istics that may improve engraftment. The initial ablative Barker study found a link between a
higher CD3þ cell dose and cord blood predominance [Barker, 2005]. The authors hypothe-
sized an immunomodulatory effect, but this association disappeared as more patients were
accrued [Majhail, 2006a]. In the Brunstein et al. study of 110 patients receiving a RIC
regimen, neither TNC dose, CD34þ cell dose, CD3þ cell dose, ABO match, gender
match or order of infusion predicted CBU predominance [Brunstein, 2007].

In our series of 38 patients, we also investigated preinfusion parameters (TNC dose,
CD34þ cell dose, ABO match, gender match and age of the CBU) for an effect on CBU
predominance [Haspel, 2007]. We found that both a higher TNC and CD34þ cell dose
(p ¼ 0.06, p ¼ 0.03), as well as order of infusion (p ¼ 0.03) were all independently associ-
ated with cord predominance. In 26/38 transplants (68%), the predominant cord blood unit
was the first one infused.

What accounts for the differences in results? One possibility relates to recent find-
ings on the nature of the hematopoietic stem cell (HSC) niche. First hypothesized by
Schofield in 1978, the niche is a specific area in the BM that promotes the maintenance
of the HSC [Schofield, 1978]. Early data, based on radiation studies and selective
isolation of BM regions, suggested that the niche space might be near the endosteum
[Gong, 1978; Schofield, 1978]. In 2001, Nilsson et al. formally demonstrated that injected
HSCs, but not more mature progenitors home preferentially to near the endosteal surface
[Nilsson, 2001].

The support cell in the niche is the osteoblast. Zhang et al. were able to image the HSC in
contact with endosteal osteoblast [Zhang, 2003]. Through conditional inactivation of the
BMP (bone morphogenetic protein) receptor, they also demonstrated that the subsequent
increase in osteoblasts led to an increased number of HSCs. Similarly, Calvi et al. increased
the number of osteoblasts and HSCs by injecting parathyroid hormone (PTH) into mice
[Calvi, 2003]. The PTH treatment of mice prior to lethal irradiation also lowered the
minimum transplant cell dose for hematopoietic rescue. This important proof-of-principle
experiment suggests that stem cell niche quality can be an important factor in HSCT
outcomes.

More recently, Czechowicz et al. demonstrated that the niche is saturable at a fixed quan-
tity of HSCs in nonconditioned murine recipients [Czechowicz, 2007]. That is, once 250
HSCs are infused there is only a minimal increase in donor chimerism even at 70-fold
higher doses. The authors then “cleared” the niche using a monoclonal antibody to c-kit,
which is a receptor on the surface of mouse HSCs. Creating this “space” allowed greater
engraftment in these animals. The authors hypothesized that creating greater niche space
may allow HSC transplants in humans with less intense conditioning.

Taken together, this data suggests that niche size may be a limiting factor in the setting
of HSC transplant. Due to differences in oxygen tension between the fetus and adult, the
endosteal niche space may also be less supportive for cord blood than adult HSCs [Dao,
2007]. As such, niche size may be especially limiting in the setting of CBT leading to the
unit that is infused first taking up the available HSC space and having an engraftment advan-
tage. In addition, as only a certain percentage of stem cells home correctly to the BM, a
higher cell dose would lead to a greater number of cells being able to reach and survive
in the niche space.
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The Minnesota group found no relationship between order of infusion or cell dose and
cord predominance. This difference might reflect the fact that in those studies the CBU were
infused ,1 apart [Brunstein, 2007]. In our study, as the second unit was not thawed and
processed until confirmation of successful infusion of the first unit, 94% of units were
infused .4 h apart. The Nilsson study demonstrated that HSCs can home to the endosteal
space in under 5 h [Nilsson, 2001]. The effect of timing of infusion on outcomes from
DCBT needs to be further investigated.

There may be clinical consequences of predicting cord predominance. In our study of 38
patients, only the CD34 dose of the winning unit, not the combined dose nor dose of the
losing unit, correlated with time to platelets .100,000 ( p ¼ 0.05) with similar trends for
ANC .500 and platelets .20,000 [Haspel, 2007]. This result provides direct evidence
that only the winning cord is able to successfully occupy the niche space and only charac-
teristics of this cord can specifically impact long-term engraftment.

This finding also suggests that infusing the CBU with the higher CD34þ cell dose first
may lead to that unit predominating and faster recovery of cell counts. In 20 transplants, we
infused the CBU with the higher prethaw TNC dose first. In 14 of these transplants (70%),
the unit with higher CD34þ cell dose, based on our postthaw determination, also was
infused first. In 10 of these 14 transplants (71%), the CBU infused first (higher CD34þ
cell dose) was predominant [Haspel, 2007]. Consistent with the known poor correlation
between collection and transplant center CD34þ cell dose, using the prethaw CD34þ
cell dose would have led to the unit with the higher postthaw CD34þ infused first only
65% of the time [Wagner, 2006]. Our results reflect the imperfect correlation between
TNC and CD34þ cell counts and the variability in methods for determining cellular
content of products. A method to accurately determine CD34þ cell dose prior to infusion
might be beneficial to insure that the unit with the higher dose is infused first. In this
way, that unit would be more likely to predominate with subsequent faster engraftment.

ARE TWO CORDS BETTER THAN ONE?

There is limited data to suggest DCBT is better than single CBT in regard to engraftment.
In the largest study, Brunstein et al. compared patients treated with a RIC regimen followed
by single or DCBT [Brunstein, 2007]. Although there was no difference in graft failure, the
authors do not report the separate median engraftment times for the single versus the DCBTs.
While there was a trend for better overall survival with DCBT, there was also a higher rate of
acute GVHD, which may be a reflection of greater infused CD3þ cell dose. In agreement
with the authors, an accompanying editorial concluded that DCBT “seems likely to
emerge as a standard” for CBT in adults [Shpall, 2007]. This statement should be taken
cautiously as this trial included only 15 single CBT patients and was not randomized. It is
possible that if DCBT recipients were simply infused with the unit with the higher cell
dose, similar results would have been obtained.

One might expect stem cell dose would still be an issue with DCBT as bone marrow still
has approximately five times the TNC dose of two CBUs. In addition, only a single CBU is
often detected by chimerism studies days to weeks prior to ANC and platelet engraftment.
Consistent with these facts, we found that only the CD34þ cell dose of the predominant
unit actually predicts engraftment.

If a second cord is promoting engraftment or enhancing survival, this benefit is likely
not due to HSC support, but perhaps through some other accessory cell mechanism. For
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example, two groups have reported that infusion of mesenchymal cells with CB in mouse
models of CBT leads to improved engraftment [Kim, 2004; Noort, 2002]. Improved survival
may also be a reflection of increased numbers of infused T-cells in DCBT leading to a greater
graft versus leukemia effect. A randomized trial is needed to determine whether DCBT is
truly better than single CBT and is underway in the pediatric population.

OTHER EXPERIMENTAL STRATEGIES

Other approaches to improve engraftment are being investigated. A Spanish group has
attempted coinfusion of adult HSCs with a single CBU in 27 patients receiving an ablative
regimen [Magro, 2006]. The adult HSCs were CD34þ cell selected and infused at a median
dose of 2.3 � 106 cells/kg. The majority (85%) of the adult HSCs were from haploidentical
donors while the remainder were from unrelated donors. The median TNC dose of the CBUs
was 2.37 � 107/kg. Neutrophil engraftment occurred rapidly at a median of 10 days.
Engraftment of platelets .20,000 and 50,000 occurred at a median of 33 and 57 days,
respectively. At the time of engraftment, chimerism studies showed a predominance of
hematopoiesis from the adult HSCs. Over time, there was a gradual increase in contribution
to hematopoiesis by the CBU such that 93% of the patients eventually achieved full donor
CBU chimerism at a median of 55 days.

Other groups have attempted to expand the HSCs in CBUs ex vivo [Hofmeister, 2007].
Systems generally involve addition of stromal cells and/or cytokines. Patients in human
trials, however, have not had faster engraftment possibly due to loss of HSCs during
culture. The HSC expansion is further discussed in Chapter 2.

In contrast to increasing the number of infused HSCs, a unique approach to improving
outcomes in CBT involves enhancing the ability of cord blood stem cells to engraft. As noted
above, PTH has been shown to enhance the HSC niche space and minimize the number of
stem cells required to rescue mice following lethal irradiation [Calvi, 2003]. A study is
currently underway to determine whether PTH may enhance engraftment in the setting
of DCBT. In another approach, North et al. have used prostaglandin E2 to expand HSCs
in mouse and zebrafish models. This treatment may also prove useful in cord blood
transplants [North, 2007].

SUMMARY

Cord blood transplant is a viable option for patients with hematologic malignancies. Many
clinical and scientific questions remain, however, regarding strategies to improve engraft-
ment and other outcomes. As the only procedure involving perinatal stem cells in widespread
clinical use, cord blood transplant serves as a paradigm for new approaches in this area of
regenerative medicine.
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