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Hematopoietic stem cell (HSC) biology studies have shown that several adhesion molecules
such as CXCR4, VLA4, VLA5, CD44, Cd11a and L-selectin are involved in self-renewal,
trafficking, survival and adhesion of HSC to their niches (1). Similarly to adult HSC,
umbilical cord blood (UCB) HSC have been shown to highly express CXCR4 and other
adhesion molecules involved in engraftment and trafficking (2, 3).

The applicability of UCB transplantation had been historically limited by the small cell
number available from a single unit (4). Over the last decade the utilization of double UCB
(dUCB) unit grafts was shown to, at least in part, overcome the cell dose limitation and has
been adopted by several institutions (5, 6). Our group (7) and others (5, 8) have shown that
despite the infusion of two UCB units, in the vast majority of cases only a single unit will
predominate and provide long-term lympho-hematopoietic recovery. Available data shows
that UCB unit predominance is influenced by the T-cell content an interaction between T-
cells from both donor units (5, 7). Identifying additional factors that determine the long-term
predominant unit after dUCB transplantation will allow us to further refine UCB graft
selection, and potentially improve outcomes. Thus, we studied whether the expression of
CXCR4 on UCB CD34+ cells and different CD34+ cells subsets were also involved in unit
predominance after dUCB transplantation.

We studied patients with hematologic malignancies undergoing dUCB transplantation after
myeloablative (MA) or nonmyeloablative (NMA) conditioning regimens at the University of
Minnesota between 2005 and 2009. To be included in this analysis, patients were required to
have achieved neutrophil engraftment with chimerism and had post-thaw flow cytometry
data for the 2 UCB donor units. Patient demographics, laboratory and engraftment data were
prospectively collected and available from the University of Minnesota Blood and Marrow
Transplant Database. Graft selection, conditioning, immunosuppressive regimens and
supportive care have been previously reported (4, 9) Sixty-eight patients were included in
this analysis. Forty-one patients (60%) were male. The majority of the patients (62%, n=42)
were older than 35 years old. The median recipient weight was 82 kg (range: 22–145). Most
patients received a unit with at least 1 HLA mismatch (54%, n=37), and in 37% of the cases
(n=25), both units were 4/6 HLA matched with the recipient. Acute leukemias were the
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indication for transplantation in 52% of the cases (n=35), and lymphoid malignancies in
23% (n=33), and other diagnoses in 25% (n=10). Forty-two patients (62%) received a NMA
conditioning regimen. In 54 patients (80%) there was gender mismatch between the 2 units
and in 55 patients (81%) there was ABO incompatibility between the 2 units. The median
follow up time was 2 years (range 1.0–3.2 years).

Cord predominance, investigated descriptively by looking the median dose between the
predominant and non-predominant units among the study population, and was defined as ≥
70% of chimerism by day +100 post-transplantation by PCR of informative polymorphic
variable number tandem repeat (VNTR) and more commonly, short tandem repeat (STR)
regions in the recipient and donor as previously described (7). Donor chimerism was
determined in BM at days 21, 100, 180, 360, and 720 after transplantation, with additional
time points as needed. Engraftment studies showed that by day +100 and subsequent time
points after transplantation a median chimerism from the predominant unit >70% was
observed in 97% and 94% of MA and NMA, respectively (p=0.35).

CXCR4 was highly expressed in 98% of the CD34+ cells in UCB grafts, with no significant
differences between the predominant and non-predominant units regarding MFI (Figure 1A–
D). It has been reported that UCB CD34+CXCR4+ cell subset ranges from 8 to 80% (2, 10).
Discrepancies may, at least in part, be due to technical differences on UCB processing,
staining and source. In our study, we only included clinically utilized UCB units obtained
from 6 cord blood banks (CBB) in contrast to Timeus et al. (10) and Ohno et al. (2) that used
‘research’ cord blood units. In part, cryopreservation may have been produced a slight
decrease on CXCR4 expression levels as reported (10). In our study, thawing and staining
process were uniform for all units, and CXCR4 expression should not have been
significantly influenced by this factors.

It has been shown that CXCR4 is involved in homing and engraftment (11). In addition,
priming of hematopoietic progenitors with reagents, such as complement fragment 3a (12)
and prostaglandins(13), leads to CXCR4 activation with increased migration towards a
SDF1 gradient and improved engraftment. The proportion of CD34+CXCR4+ cells in the
predominant UCB unit was 1.7% (range 0.5–6.5%) vs. 2.0 (0.6–5.2) in the non-
predominant. The intensity of expression of CXCR4 on CD34+ cells, as measured by MFI,
was similar for the predominant (36.5; range 3.7–214) and non-predominant unit (44.1;
range 3.7–219) (p=.34). Thus, both the proportion of CD34+CXCR4+ cells and the intensity
of CXCR4 expression on CD34+ cells were found to be similar between the predominant
and non-predominant units (Table 1). We also found no difference in the time to neutrophil
recovery whether the CXCR4 expression on the predominant unit was above (18 days, range
6–40) or below (22 days; range 0–39) the median MFI (p=0.26).

While homing of HSCs depends the CXCR4/SDF1 axis, the expression of CXCR4 in UCB
CD34+ cells was not associated with unit predominance (Figure 1E). Subsequent to homing
and engraftment, as shown by our group (7) and others (8), the unit that will provide long-
term lympho-hematopoietic recovery is largely determined by T-cell content and
interactions between the T-cells of the 2 donor UCB units (5). Although CD34+ viability has
also been shown to predict predominance after dUCB transplantation, it is only predictive
when one of the two units’ viability is below 75% (6) and was not a factor in our study.

In summary, our data shows that in dUCB transplantation CXCR4 expression is not a
predictor of long-term predominant UCB unit. While CXCR4 expression on UCB CD34+
cells did not influence unit predominance in our study, it is possible that function/activation
rather than expression alone may influence homing, engraftment and possibility long term
predominance. Thus, as most CD34+ cell express CXCR4, functional responsiveness to a
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SDF-1 gradient in a transwell system may be better parameter to be considered in future
studies. An ongoing phase I/II studies, based on pre-clinical data (12, 13), is testing this
hypothesis by priming one of two UCB unit composing the graft with C3a and Prostaglandin
E2 (14, 15).
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Figure 1.
Panels A through D describe the gating strategy for CXCR4 expression. Flow cytometry
was performed on the FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) using
CellQuest Pro Software (BD Biosciences, San Jose, CA). Samples for flow cytometric
analysis were obtained from the final product prior to its release to the transplant floor and
were stained and analyzed within 24 hours of thaw without fixation. Briefly, aliquots
containing 5×105 CB cells were incubated with fluorochrome-conjugated monocolonal
antibodies at 4°C for 20 minutes. To lyse the red blood cells the samples were treated with
Optilyse B (Beckman Coulter, Brea, CA) per manufacturer’s instructions. Samples were
stained for CD45 (PerCP, BD Biosciences, San Jose, CA), CD34 (APC, BD Bioscience, San
Jose, CA), CXCR4 (PE, BD Bioscience, San Jose, CA), CD33 (FITC, BD Bioscience, San
Jose, CA) and the corresponding fluorochrome-conjugated isotype controls (BD
Biosciences, San Jose, CA). CXCR4 was substituted by CD38 (PE, BD Bioscience, San
Jose, CA) in other tube set. Results were analyzed using FlowJo Software (TreeStar,
Ashland, OR). The live lymphoid CD34+/CD45+ subpopulation was determined by creating
a gate on the lymphocyte population (A). Next, a plot of CD34 (y-axis)/CD45 (x-axis) cells
was determined to select the double positive population that represents progenitor/stem cell
subpopulation (B). The double positive population was analyzed for median CXCR4
fluorescence intensity (MFI) and percentage of positive cells (C). Panel D shows a
representative MFI of 2 cords infused to a single patient. CD34 subpopulation was
determined by creating a gate on the lymphocyte population followed by a plot of CD34 (y-
axis)/forward scatter to select the single CD34 positive population. Similarly, following the
lymphocyte population subpopulation, a plot of CD34 (y-axis)/CD33 (x-axis) cells was
determined to select the double positive population. Another plot of CD34 (y-axis)/CD38 (x-
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axis) cells was determined to select the CD34+/CD38− subpopulation. In panel E we show
the proportion of cord blood units that predominate long-term by their expression, as
measured by the mean fluorescence intensity, of CXCR4 in CD34+ cells. The open circles
represent patient for whom the predominating unit had a similar or similar HLA-match as
compared to the non-predominant one; the open circles represent predominating unit that
were better HLA matched as compared to the non-predominant one.
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Table 1

Logistic regression showing the univariate odds of the 1st Unit randomly chosen UCB unit predominating
depending on the expression of surface markers

Factors N Odds Ratio of 1st Unit Winning (95% CI) P-value

Proportion CD34+

 1st Unit < 2nd Unit 28 1.0

 1st Unit > 2nd Unit 33 0.9 (0.3–2.6) 0.91

 1st Unit = 2nd Unit 7 0.8 (0.1–4.0) 0.74

Proportion CD34+/CD38+

 1st Unit < 2nd Unit 26 1.0

 1st Unit > 2nd Unit 39 1.4 (0.5–3.9) 0.43

 1st Unit = 2nd Unit 3 2.7 (0.2–34.0) 0.48

Proportion CD34+/CD33+

 1st Unit < 2nd Unit 23 1.0

 1st Unit > 2nd Unit 40 1.2 (0.4–3.4) 0.72

 1st Unit = 2nd Unit 5 0.3 (0.1–2.8) 0.28

Proportion CD34+/CXCR4+

 1st Unit < 2nd Unit 22 1.0

 1st Unit > 2nd Unit 20 0.6 (0.2–1.9) 0.40

 1st Unit = 2nd Unit 26 0.5 (0.2–1.6) 0.36

CXCR4 MFI in CD34+

 1st Unit < 2nd Unit 22 1.0

 1st Unit > 2nd Unit 20 0.6 (0.2–1.9) 0.40

 1st Unit = 2nd Unit 26 0.5 (0.2–1.6) 0.36

CD, cluster of differentiation; MFI, mean fluorescent intensity
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