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1 | INTRODUCTION

Umbilical cord blood (UCB) has proven to be an important alterna-
tive to adult sources of haematopoietic stem cells (HSC) for allogeneic

transplantation, particularly for paediatric patients and for those with
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Abstract

To obtain a qualitative as well as quantitative view immune reconstitution following
umbilical cord blood (UCB) transplantation of paediatric patients, we utilised a broad
panel of flow cytometry markers to monitor the phenotypes of lymphoid and myeloid
cells at 1-12 months post-transplant. Samples were received from 46 patients with a
median age of 3.3 years and survival was 76% at 1 year. Monocytes were at similar or
higher median levels than in adult controls at all times tested, with a high CD16+ pro-
portion in the first 3 months. NK cells were also within adult ranges, with a CD56++
high proportion in the first 6 months. B cell recovery was seen from 2 months in most
patients and T cells from 3 months, both were delayed with anti-thymocyte globulin
(ATG) treatment. CD4:CD8 ratios were high in the first 6 months, and the proportion
of T cells with recent thymic emigrant and naive phenotypes rose from 3 months. NK
and plasmacytoid dendritic cell numbers remained at reduced levels in patients not sur-
viving to 1 year. Our results can serve as a useful reference for detailed monitoring of

immune reconstitution in paediatric recipients of UCB.
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no suitable HLA-matched donor [1]. The use of UCB can provide
outcomes equivalent to those for adult bone marrow (BM) and periph-
eral blood HSC for a number of indications, but the main draw-
backs have been limiting cell content and higher rates of graft failure

and non-relapse mortality associated with slower engraftment [1-4].
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Accumulating evidence has indicated the important interplay between
HLA matching and TNC dose for successful outcomes, with optimal
engraftment and survival rates achieved with TNC doses >2.5 x 107 /kg
and allele level matching [5,6]. Although the degree of HLA matching
has generally been lower with UCB grafts, higher stringency is reported
to reduce rates of acute Graft-versus-Host Disease (aGvHD) [5] and
non-relapse mortality (NRM) [6], while increasing relapse rates [7].

Increased rates of NRM with UCB transplants have been ascribed to
slower engraftment, and also to the naive state of the cells in the graft
[4,8]. Delays in the appearance of neutrophils, platelets, and other cells
of the innate immune system following transplantation are associated
with worse outcomes and even well-matched cord grafts are relatively
slow to engraft [5], although NRM does not increase significantly until
the delay is beyond 42 days [2]. UCB recipients have higher rates of
post-transplant infections, particularly those with low levels of immune
reconstitution, but this does not appear to be associated with increased
NRM or survival [8,9].

Neutrophil and platelet recovery remain the primary indicators of
engraftment, but there is increasing evidence that the appearance of
lymphoid and myeloid populations and sub-populations can correlate
with successful transplant outcomes [10,11-19]. Although early indi-
cators of engraftment tend to be delayed with cord blood, some lym-
phoid populations may appear more quickly and/or to higher levels
than with adult sources and therefore compensate to some extent for
other deficits [4,10,20]. Given the limiting numbers of T cells in a UCB
graft, and their reduced propensity to cause GvHD, it has also been
recognised that optimising the use of ATG during conditioning can pro-
vide for improved immune reconstitution [4,11,21].

In order to obtain a more comprehensive view of the dynamics of
lymphoid and myeloid cell regeneration after UCB transplantation, we
set up the Immune Reconstitution Study (IRES) in association with the
Reduced Intensity Conditioning (RIC) and Myeloablative Conditioning
(MAC) trials established to promote increased UCB usage in the United
Kingdom [22]. Our immune panel was designed to capture as many rel-
evant cell phenotypes as possible using a standard diagnostic lab flow
cytometer, and our choice of markers coincides well with those of other
immune monitoring studies [23,24].

The study was designed to obtain information on the developmental
and activation states of important lymphoid and myeloid populations
with the aim of determining reference values for correlation with trans-

plant outcomes.

2 | METHODS
2.1 | Patients and samples

Eligible patients were those under the age of 18 receiving an umbil-
ical cord transplant in the United Kingdom from 2011 to 2017. One
patient was included in the MAC trial (EUDRACT 2009-011818-21)
administered by RH (UCLH). The protocol received national approval
through a Research Ethics Committee (Riverside, 09/H0706/35) and
individual transplant centres joined the study upon receiving approval

by their local R&D committees. The patients were anonymous to the
laboratory. Samples were obtained from a total of 46 patients, out of 49
recruited: Institute for Child Life & Health, University Hospitals Bristol;
Sheffield Children’s Hospital; Great Ormond Street Hospital, London;
Royal Manchester Children’s Hospital; Royal Hospital for Sick Chil-
dren, Glasgow; University College London Hospitals; and The Royal
Marsden Hospital, London. One patient was included in the MAC trial.
Further samples were not collected from patients who relapsed. Evalu-
able samples received (eligible [alive, non-relapsed] patients in paren-
theses): 31 at 1 month (46), 26 at 2 months (41), 27 at 3 months (39),
22 at 6 months (31), 15 at 12 months (27), and eight at 18-24 months.

2.2 | Flow cytometry

One-millilitre samples of EDTA blood were routine for the younger
patients, whereas larger volumes were obtained from the adolescents.
Samples were transported to NHSBT and processed for whole blood
(WB) staining within 48 h of drawing. Plasma samples were frozen if
there was sufficient material. Incubations were performed with 30 uL
WB made up to a final volume of 50 pL with antibody master mixes
and PBS/2.5% Foetal Calf Serum (Gibco, UK). All antibodies were from
BioLegend (London, UK) except for anti-CCR7 (R&D Systems, Abing-
don, UK). Antibodies and fluorophores are listed in Table 2. Absolute
count beads (CountBright, ThermoFisher, UK) were added to tubes 1,
2, and 8, and 7-aminoactinomycin D (7AAD) was used to determine
cell viability in tube 13. Anonymous control samples were run in par-
allel, either cord blood (UCB) from redundant units provided by the
NHS Cord Blood Bank, Colindale, or adult blood (AB) from healthy
donors provided by the Testing Department, NHSBT Colindale. Sam-
ples were incubated with antibodies at room temperature for 20 min,
and then lysed for 15’ with 250 pL 1.2% ammonium oxalate (Sigma,
Gillingham, UK) before running on a FacsCanto flow cytometer (Bec-
ton Dickinson [BD], Reading, UK). Analysis of cell populations was per-
formed with Infinicyt (Cytognos, Salamanca, Spain) and FacsDiva (BD)
software. Granulocytes were defined according to forward/side scat-
ter, and antibody-positive populations were determined in relation to
the blank tube of unstained blood, and on negative populations within
a stained sample (eg, CD19 on non-B lymphocytes).

Clinical information for patients was provided by Eurocord. Statis-
tics and plotting were performed in Prism (GraphPad, La Jolla, CA,
USA) and Excel (Microsoft, Seattle, USA). Student’s unpaired t-test with
Welch'’s correction was used for statistical comparison of cell popula-
tions, the Mann-Witney non-parametric test was used for GvHD com-
parisons, and a Kaplan-Meier plot was used for displaying survival.

Confidence intervals and difference of means were calculated in Prism.

3 | RESULTS

The clinical and demographic characteristics of the study cohort are
presented in Table 1. The 1-year survival was 76%; in the patients with
malignant disease (MD), there were five deaths due to relapse and four
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TABLE 1 Characteristics of paediatric cord blood recipients in

study
Patients 46"
Age Median 3.3, range 0.3-17.1
1year survival 76% (73% MD, 85% non-MD)
Gender Female 50%
Disease
Malignant 29 Acute leukaemia

1 myelodysplastic syndrome (MDS)
3 combined MDS/myeloproliferative disorder

1 histiocytosis

2 bone marrow failure

4 inborn error of metabolism
1 autoimmune disease

5 primary immune deficiency

Non-malignant

Conditioning MAC 59%

Cords Singles 91% (4 doubles, >12 years of age)

TNC Median dose 8.1 x 107/kg (range 2.3-32)**

Relapse 15% within 12 M of those treated for malignancy

NRM 11% within 12 M

Engraftment Neutrophil 93% by 100 days, median 20.5 days

CMVPOs at tx 62% male, 18% female (P < .005)

SeroATG 14 of 46 (31%)

HLA Match Serological A,B,C,D:8x 8/8,11x7/8,9 x 6/8,
5x5/8,2x4/8

aGvHD Grade 0, 10.5%; 1,21%; 2, 55%; 3, 5%; 4, 8%

cGvHD 20%

*A further three patients were enrolled but no samples were received.
**Same median value was seen for ‘TNC collected’ and ‘TNC infused’.

to NRM, both non-malignant deaths were NRM. There was no neu-
trophil engraftment by 100 days for three patients, although all were
alive at 1 year (Figure 1B). A higher proportion of males were CMV+
at transplant, and this did not appear to be due to a higher average age
compared to the females and was not associated with higher mortality
(M: 19/23 and F: 16/23 alive at 1 year). Recipients above the median
age (3.3 years) were more likely to have MD (12/23 vs 21/23; P=.003)
and to have received TBI (1/22 vs 9/21; P=.002).

3.1 | Enumeration and characterisation of white
blood cell populations

The main aim of this study was to monitor the dynamics of immune
cell populations following UCB transplantation, and the antibody panel
for capturing their surface marker expression is shown in Table 2.
Tube 1 was used to quantify the main lymphocyte populations, as
well as monocytes and their CD16+ subset. Tube 2 was included
to follow circulating haematopoietic progenitor and stem cells but
numbers were very low, below those found in average adult sam-
ples, and no further analysis was performed. T cells with a regulatory
(CD3+CD4+CD25+CD127low) and Recent Thymic Emigrant (RTE)

phenotypes (CD3+CD45RA+CD31+) were identified with Tube 3[25].
Further markers of T cell maturation and function were used in Tubes
6,7,10,and 12. The TCR usage of T and NKT cells was measured with
Tube 4, but there was a very low rate of gamma-delta positive cells and
no further analysis was performed. Antibodies against CD8 were not
included for all T cell analyses but results from tube 6 showed that
there were negligible numbers of double negative CD3+ cells (data
not shown), so CD3+CD4- cells were considered to be CD8+. A few
samples contained T cells with significant proportions that were posi-
tive for Cutaneous Lymphoid Antigen (CLA). Correspondence with the
transplant centres indicated that the patients had GvHD or infections,
but more detailed correlation with clinical events would be required
to determine if CLA or homing receptors could be used as informative
markers. B cell markers were included in Tubes 9 and 11, and we con-
centrated on CD24hiCD38hi Transitional B (TrB), and CD27+ memory
B for this analysis. Myeloid and plasmacytoid dendritic cells were anal-
ysed with tube 8. In addition to Tube 1, NK subsets were detected with
Tube 12.

Most patients had granulocytes within normal ranges by 1-2 months
(Figure 2) and recipients below the median age had relatively higher
levels at 6 and 12 months (Figure S1). Monocytes were above the
healthy adult mean from 2 to 6 months and then returned to lower
levels. An apparent overshoot of B and T cell numbers compared to
average AB concentrations was observed; however, the higher levels
are consistent with reference median values for healthy children [26]
(see also Figure S1). There was no significant difference between the
recovery of CD4 and CD8 T cells, although the CD4:CD8 ratio declined
over the first year (Figure S2). For most patients, NK cells remained
within normal adult ranges during the first year, whereas NKT were
generally low but with some outliers at 3-12 months. Dendritic cell
numbers tended to increase with time but in the first year remained
within ranges seen for adult controls, with PDC showing greater
variation.

The use of ATG in the conditioning regimen was associated with
lower T cell numbers at 1-6 months in comparison with untreated
patients (Figure 3A). T cell numbers had started to rise by 3 months
without ATG (cf. 1 month), whereas significant increases were not seen
until 12 months in the treated patients. B cell numbers were also sig-
nificantly lower at 3 months (Figure 3B). The proportion of T cells with
an RTE or naive phenotype at 3-12 months did not differ according to
ATG use (data not shown). The CD4:CD8 ratio was lower at 1 and 2
months in the few ATG-treated patients where T cells were present
(Figure S2C). ATG use was associated (P = .0125) with a decrease
in aGvHD (l11-1V), but did not correlate with development of cGvHD
(Figures 3C and 3D).

3.2 | Lymphocyte maturation markers

In patients with detectable levels of T cells at 1 month post-transplant,
there were relatively low proportions of CD4 and CD8 T cells exhibit-
ing RTE and naive phenotypes, and the patterns of maturation and
activation markers were similar to those seen in adults rather than
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FIGURE 1 A, Overall survival of paediatric cohort. MD solid line (73%: 24 alive at one year out of 33 patients), non-MD dotted line (85%:
11/13). B, Relapse-free survival of patients treated for MD. C, Neutrophil engraftment (93%: 43/46), median 20.5 days
TABLE 2 Staining panel for flow cytometry
Tube Type Fitc PE PerCp PE-Cy7 APC APC-Cy7
1 Mono, B, TNK, NK-T 14 56 3 45 19 16
2 Stem DR 117 34 38 133 45
3 Treg/RTE 45RA 31 3 25 127 4
4 TCR yé af 3 25 56 4
5 Homing CLA CXCR4 CCR6 3 CXCR3 4
[ T stages 45RA CCR7 3 25 8 4
7 Activation HLA-DR 69 3 25 14 4
8 DC 1c 11c DR 123 304 19
9 B stage 1 24 21 38 10 27 19
10 Effector T 28 56 161 3 27 4
11 B stage 2 43 27 DR 20 5 19
12 NK 57 94 3 621 56 16
13 Viability - - 7AAD - - 45
14 Blank - - - - - -

Note. Numbers refer to CD nomenclature. The blank tube contained an unstained blood sample and was used to set baselines, and adjust FSC/SSC if neces-
sary. 7AAD exclusion was used to determine if there were acceptable levels of viability in the gated CD45+ populations (>90% for lymphoid cells). Mono:
Monocyte, B; B lymphocyte, T: T lymphocyteTreg: T Regulatory Cell, TCR: T Cell Receptor, DC: Dendritic Cell, NK: Ntural Killer lymphocyte.

cords (Figure 4). RTE proportions continued to decrease until 3
months, then increased until they were above those seen in adults
by 12 months (Figures 4A and 4B). Naive cell (CD45RA+ CCR7+)
proportions at 3 months dropped below those seen in adults but
then recovered by 12 months to similar (CD4) or greater (CD8) levels
(Figures 4C and 4D). Therefore, the increase in T cell number from 3 to

6 months appears primarily due to the generation of new, thymically
derived lymphocytes.

Functional markers on T cells show substantial changes from UCB
levels by 1 month post-transplant (Figure 5). There were significant
decreases in CD3+ cells expressing the co-stimulatory membrane pro-
teins CD27 and /or CD28, with the effect more pronounced in CD8+
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FIGURE 2 Absolute cell counts for the main white blood cell populations. Flow cytometry was performed on whole blood with counting beads
to determine the number of cells /mL for (A) monocytes (CD14+), (B) granulocytes (FSC/SSC), (C) T cells (CD3+), (D) B cells (CD19+), (E) NK cells
(CD56++ and CD56+/16+), (F) NKT cells (CD3+ CD56+), (G) Myeloid dendritic cells (HLA-DR+ CD19- CD1c+ CD11c+), and (H) plasmacytoid
dendritic cells (PDC: HLA-DR+ CD123+ CD304+). The Y-axes are 106 cells/mL for A-E, 10* cells/mL for F, and 103 cells/mL for G-H and the X-axes

are months after transplant. The ‘> 18’ group includes eight patients sampled at 18-36 months. Values for umbilical cord blood (C) and adult
peripheral blood (A) controls are provided for reference. The FACS files for outlying samples were reanalysed for confirmation. Horizontal bars
represent means with standard error. Key: The boxes below the plots represent t-test comparisons against the values for UCB (upper row) and AB
(bottom row): white P> 0.5; grey P <.05; black P <.005. UCB and AB differed significantly (P < .05) for cell types in (A-E). Further statistical

information in Table S1

cells (Figure 5B). The trend to a more naive CD27+CD28+ pattern
became evident from 3 to 6 months. The proportion of CD4+ CD161+
cells increased in the first few months and then decreased to AB lev-
els by 6 months (Figures 5C and 5D). CD57 expression, characteris-
tic of late stage effector memory T cells [27], was at AB levels in most
patients by 1 month but dropped significantly after 1 year (Figure 5E).
CD3+CD4+CD25+CD127lo T cells showed a great deal of variation
among patients, and were relatively higher as a proportion of CD4+
cells at 2-6 months (Figure 5F). Although this surface phenotype is

characteristic of T regulatory cells, we cannot rule out the inclusion of
activated effector cells given the difficulty of discriminating between
them.

B lymphocytes are notable by their absence at 1 month after trans-
plant, but in most patients they rebounded to adult levels by month 2
(see Figure 2D). The high proportion of TrB and low levels of memory B
cells indicate that they are being newly generated in the marrow (Fig-
ure 6). The maturation profile appears to stabilise by 12 months with

TrB higher, and memory B cells at lower levels than seen in adults.
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grades of aGvHD (C) and development of cGvHD (D) by ATG use. Asterisks indicate P < .05. Further statistical information for A and B in Table S2

3.3 | Innate immune cells

Most patients had circulating monocytes similar to or higher than the
adult mean within 1 month of transplant. The CD16+ subset was signif-
icantly higher than found in UCB or AB and then decreased by 6 months
(Figure 7A). NK cells drop from the concentrations found in UCB but
most patients were within adult ranges from 1 month post-transplant
(Figure 1), with age differences (Figure S1). Early NK cells (CD56++
CD16lo) are a significant proportion of the total NK population in the
first 6 months after transplant (Figure 7B). Most patients had a high
proportion of CD62L+ NK cells (Figure 7C), but a low CD57+ ratio
(Figure 7D).

3.4 | Age-related differences

Patients below the median age had higher levels of CD3 cells at 12
months (Figure S1A), whereas those above had lower levels of CD8 RTE
until 12 months post-transplant (Figure 8A). Granulocytes and NK cells
were also higher at 12 months in the younger patients (Figures S1B and
S1C). The CD4:CD8 ratio in the entire cohort was higher than the usual
2:1 for the first 6 months (Figure S2B), with younger patients showing
aprolonged elevation (Figure 8B). Patients below the median age had a
delayed appearance of TrB (Figure 8C), but higher levels of total B cells
by 12 months (Figure S1D).

4 | DISCUSSION

The 1 year survival rate of 76% for our cohort was favourable in
relation to the outcomes for paediatric UCB transplants in the United
Kingdom from 1998 to 2012 [28], and the Eurocord cohort from
1994 to 2011 [2]. Despite the relatively high TNC/kg that can be
achieved with paediatric patients, the median time of 20.5 days for
neutrophil engraftment was relatively slow compared to other SC
sources [29]. Monocytes and NK were within or above normal range
from 1 month, with granulocytes recovering by the second month
after transplant. An elevated proportion of CD16+ monocytes was
notable in the first few months after transplant, but the significance of
intermediate and non-classical monocytes [30] in immune reconstitu-
tion is unclear. The proportion of NK cells with a CD62L+ phenotype
was also raised post-transplant but further studies will be required
to determine if this affects tissue-homing patterns, and is due to the
nature of the graft and/or responses to the paediatric post-transplant
milieu.

T cell reconstitution was delayed with the use of ATG, as noted
by others [4]. ATG treatment was associated with a lower CD4:CD8
ratio and a delayed recovery in B cell numbers. Even with ATG, T and
B numbers were above normal adult values by 12 months, consistent
with reference counts for children [26]. The proportion of CD27+
(Memory) B cells remained significantly lower than seen in healthy
adults which may be a corollary of the higher B cell numbersin children.
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months after transplant. The boxes below the plots represent t-test comparisons against UCB and AB (as in Figure 2) for black bar sub-populations:
RTE (CD45RA+ CD31+) and naive cells (CD45RA+ CCR7+). The number (n) of samples analysed for each set of markers is indicated above the

bars in Figure 4A

The proportions of RTE and naive T cells dropped until 3
months indicating activation by alloantigens or pathogens, although
lymphopaenia-induced proliferation may also contribute [31]. These
proportions started to increase from 3 months, indicating the net con-
tribution of new cells from the thymus. Even within our cohort, there
were age-related differences, with those above the median showing a
lower recovery of CD8 RTE. Further investigation will be needed to see
if this correlates with nature of the patients’ disease, post-transplant
infections, or age-related differences in homeostatic settings. The
proportion of CD27+CD28+ T cells dropped over the first few months
post-transplant, particularly in the CD8 population (CD4- in our anal-
ysis) with a concomitant increase of CD27+CD28-. CD27+28- ‘inter-
mediate’ CD8 cells can represent the majority of virus-specific cells in
some cases [32]. By 1 year, the CD27+28+ cells had recovered and sur-
passed the proportion seen in healthy adults.

An inversion of the usual CD4:CD8 ratio is seen with BM transplan-
tation and has also reported for CB transplants [33,34], but in agree-
ment with others we found the usual CD4 majority [3,35]. Although

a few patients with very high ratios skew the average, most had a
value >1 at all time points. The ratio was significantly higher at early
time points in the absence of ATG use. Until several years of age,
healthy children have a 4:8 ratio >2 [26], and again it will be necessary
to distinguish between age effects of the recipients and the intrinsic
survival and recovery rates of the T lymphocyte subsets.

There was a notable increase in the proportion CD4+ T cells
expressing of CD161+ post-transplant. Th17 cells are known to
express the C-type lectin CD161, but it is also found on other T cell
sub-populations and further investigation would be required to char-
acterise the cells [36,37]. At each time point, some patients expressed
relatively high levels of CD4 cells with a Treg surface phenotype, but
without FoxP3 or other discriminating markers it is difficult to discount
them being activated effector T cells.

Dendritic cells are crucial to initiating immune responses and influ-
encing their nature. Low PDC levels post-transplant have been associ-
ated previously with poor outcomes [13,38], although high PDC have
been correlated with increased relapse rates in paediatric recipients
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statistical information for (C-F) in Table S3

FIGURE 6 B Lymphocytes. The percentages of CD19+ B cells A B B CD19+ CD27+
that have a (A) TrB (CD24hiCD38hi) or (B) memory (CD27+)
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FIGURE 8 Age-related differences in lymphocyte sub-populations. A, CD3+ CD4- CD45RA+ 31+ cells as a proportion of CD3+ 4- by median
age (- below, + above median). B, CD4:CD8 ratio. (C) TrB by median age as a proportion of total CD19+ lymphocytes. (*P <.05; **P < .005). Further

statistical information in Table S6

[12]. In our cohort, there was a wide variation in PDC levels between
individuals and, although patient numbers were low, those with very
low levels had poorer survival, with most succumbing to NRM rather
than relapse (Figure S3). PDC are characterised by their stores of type
| interferons, but it is not known if viral infections were the primary
cause of mortality. NK cells, but not MDC or monocytes (Figure S3),
were also reduced in the non-survivors but it's conceivable that low
PDC and NK numbers were associated with the use of steroids or other
agents, rather than directly contributing to mortality.

The nature of immune reconstitution in a patient will be determined
by the complex interplay among the stem, progenitor, and effector cells
in the graft and the environment of the patient that has been sub-
jected to conditioning, and post-transplant treatments, infections, and
potential immune complications such as GvHD. The power of our study
was limited by the diversity of the patients and transplant protocols,
but there were consistent patterns of reconstitution that may serve as
references for UCB recipients and indicate avenues for future exam-
ination. The immune system undergoes substantial changes from the
neonatal period through to puberty, and even within our paediatric

cohort there were distinct age-related patterns of cell numbers and

phenotypes. The maturation profiles of T, B, and NK lymphocytes in the
recipients at 1 year post-transplant were distinct from those seen in
healthy adults, but the relative contributions of the SC source and age-
related homeostatic settings need to be investigated. The relatively
high CD4:CD8 ratio we observed is in contrast to the pattern seen with
adult SC sources, and is likely to have fundamental consequences for
immune behaviour following UCB transplantation. Although the abso-
lute numbers of T cells are low in the first months after transplant,
the proportions of some subsets, such as CD4+CD161+, are elevated
and merit further investigation as to their significance. The analysis of
immune cell subsets will be facilitated by the rapid development of high
information content cytometric methods, which may allow for diagnos-

tic and prognostic monitoring of SC recipients.

ACKNOWLEDGEMENTS

We are indebted to the patients and their families who consented to
join our study, and we would like to credit the generous efforts of the
clinical staff of the transplant centres who recruited patients and pro-
vided samples. The study was supported by a grant from the NHSBT

Trust Fund, and a programme grant from the NIHR.



GIRDLESTONE ET AL.

217

AUTHOR CONTRIBUTIONS

JG, BES, ST, AM, RH, and CVN proposed and designed the study. JG,
RD, and AS supervised the sample analysis. JG, MR, ST, and VRD per-
formed sample analysis. TA organised regulatory affairs and hospital
liaison. RH, PV, AV, DIM, BG, and RW provided patient material. AR pro-
vided patient data. JG wrote the manuscript. BES, RD, PV, AV, DIM, RW,
AM, and CVN reviewed the manuscript.

ORCID
John Girdlestone ([2) https://orcid.org/0000-0001-7422-9674
REFERENCES

1. RochaV.Umbilical cord blood cells from unrelated donor as an alterna-

10.

11.

12.

13.

tive source of hematopoietic stem cells for transplantation in children
and adults. Semin Hematol. 2016;53:237-45.

. Ruggeri A, Labopin M, Sormani MP, Sanz G, Sanz J, Volt F, et al.

Engraftment kinetics and graft failure after single umbilical cord
blood transplantation using a myeloablative conditioning regimen.
Haematologica2014;99:1509-15.

. Elfeky R, Lazareva A, Qasim W, Veys P. Immune reconstitution follow-

ing hematopoietic stem cell transplantation using different stem cell
sources. Expert Rev Clin Immunol. 2019;15:735-51.

. Lucchini G, Perales MA, Veys P. Immune reconstitution after cord

blood transplantation: peculiarities, clinical implications and manage-
ment strategies. Cytotherapy2015;17:711-22.

. Barker JN, Scaradavou A, Stevens CE. Combined effect of total

nucleated cell dose and HLA match on transplantation outcome
in 1061 cord blood recipients with hematologic malignancies.
Blood2010;115:1843-9.

. Eapen M, Wang T, Veys PA, Boelens JJ, St Martin A, Spellman S, et al.

Allele-level HLA matching for umbilical cord blood transplantation for
non-malignant diseases in children: a retrospective analysis. Lancet
Haematol. 2017;4:325-33.

. Page KM, Labopin M, Ruggeri A, Michel G, Diaz de Heredia C, et al.

Factors associated with long-term risk of relapse after unrelated cord
blood transplantation in children with acute lymphoblastic leukemia in
remission. Biol Blood Marrow Transplant. 2017;23:1350-8.

. Bejanyan N, Brunstein CG, Cao Q, Lazaryan A, Luo X, Curtsinger

J, et al. Delayed immune reconstitution after allogeneic transplan-
tation increases the risks of mortality and chronic GVHD. Blood
Advances2018;2:909-22.

. Montoro J, Pifana JL, Moscardé F, Sanz J. Infectious complications

after umbilical cord-blood transplantation from unrelated donors.
Mediterr J Hematol Infect Dis. 2016;8:2016051.

Bartelink IH, Belitser SV, Knibbe CA, Danhof M, dePagter AJ, Egberts
TC, et al. Immune reconstitution kinetics as an early predictor for mor-
tality using various hematopoietic stem cell sources in children. Biol
Blood Marrow Transplant. 2013;19:305-13.

Castillo N, Garcia-Cadenas |, Barba P, Canals C, Diaz-Heredia C, Mar-
tinoR, et al. Early and long-term impaired T lymphocyte immune recon-
stitution after cord blood transplantation with antithymocyte globulin.
Biol Blood Marrow Transplant. 2017;23:491-7.

Elze MC, Ciocarlie O, Heinze A, Kloess S, Gardlowski T, Esser R, et al.
Dendritic cell reconstitution is associated with relapse-free survival
and acute GVHD severity in children after allogeneic stem cell trans-
plantation. Bone Marrow Transplant. 2015;50:266-73.

Gongalves MV, Yamamoto M, Kimura EY, Colturato VA, deSouza
MP, Mauad M, et al. Low counts of plasmacytoid dendritic cells
after engraftment are associated with high early mortality after allo-
geneic stem cell transplantation. Biol Blood Marrow Transplant.2015;21:
1223-9.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

Kim HT, Frederick D, Armand P, Andler E, Kao G, Cutler C, et al. White
blood cell recovery after allogeneic hematopoietic cell transplantation
predicts clinical outcome. Am J Hematol. 2014;89:591-7.

Lee SE, Lim JY, Ryu DB, Kim TW, Jeon YW, Yoon JH, Cho BS, et al. Cir-
culating CD3+CD4+CD161+ cells are associated with early complica-
tions after autologous stem cell transplantation in multiple myeloma.
Biomed Res Int. 2018;2018:5097325.

Nguyen S, Achour A, Souchet L, Vigouroux S, Chevallier P, Furst S,
et al. Clinical impact of NK-cell reconstitution after reduced inten-
sity conditioned unrelated cord blood transplantation in patients with
acute myeloid leukemia: analysis of a prospective phase Il multi-
center trial on behalf of the Société Francaise de Greffe de Moelle
Osseuse et Thérapie Cellulaire and Eurocord. Bone Marrow Transplant.
2017;52:1428-35.

Perko R, Kang G, Sunkara A, Leung W, Thomas PG, Dallas MHGamma
delta T cell reconstitution is associated with fewer infections and
improved event-free survival after hematopoietic stem cell trans-
plantation for pediatric leukemia. Biol Blood Marrow Transplant.
2015;21:130-6.

Rubio MT, Moreira-Teixeira L, Bachy E, Bouillié M, Milpied P, Coman T,
et al. Early posttransplantation donor-derived invariant natural killer
T-cell recovery predicts the occurrence of acute graft-versus-host dis-
ease and overall survival. Blood2012;120:2144-54.

Servais S, Hannon M, Peffault de Latour R, Socie G, Beguin Y. Recon-
stitution of adaptive immunity after umbilical cord blood transplan-
tation: impact on infectious complications. Stem Cell Investig. 2017;4:
40.

Mehta RS, Bejanyan N, Cao Q, Luo X, Brunstein C, Cooley S, et al.
Immune reconstitution after umbilical cord blood versus peripheral
blood progenitor cell transplantation in adults following myeloablative
conditioning. Blood2016;128:2246.

deKoning C, Admiraal R, Nierkens S, Boelens JJ. Immune reconstitution
and outcomes after conditioning with anti-thymocyte-globulinin unre-
lated cord blood transplantation; the good, the bad, and the ugly. Stem
Cell Investig. 2017;4:38.

Shaw BE, Veys P, Pagliuca A, Addada J, Cook G, Craddock CF,
et al. Recommendations for a standard UK approach to incorporat-
ing umbilical cord blood into clinical transplantation practice: con-
ditioning protocols and donor selection algorithms. Bone Marrow
Transplantation2009;44:7-12.

Hartmann FJ, Babdor J, Gherardini PF, Amir ED, Jones K, Sahaf B, et al.
Comprehensive immune monitoring of clinical trials to advance human
immunotherapy. Cell Rep. 2019;28:819-31

Maecker HT, McCoy JP, Nussenblatt RStandardizing immunophe-
notyping for the human immunology project. Nat Rev Immunol.
2012;12:191-200

Douaisi M, Resop RS, Nagasawa M, Craft J, Jamieson BD, Blom B,
et al. CD31, a valuable marker to identify early and late stages of
T cell differentiation in the human thymus. J Immunol. 2017;198:
2310-9.

Shearer WT, Rosenblatt HM, Gelman RS, Oyomopito R, Plaeger S,
Stiehm ER, et al. Lymphocyte subsets in healthy children from birth
through 18 years of age: the Pediatric AIDS Clinical Trials Group P1009
study. J Allergy Clin Immunol. 2003;112:973-80.

Kared H, Martelli S, Ng TP, Pender SL, Larbi A. CD57 in human
natural killer cells and T-lymphocytes. Cancer Immunol Immunother.
2016;65:441-52.

Veys P, Danby R, Vora A, Slatter M, Wynn R, Lawson S, et al. UK experi-
ence of unrelated cord blood transplantation in paediatric patients. Br
J Haematol. 2016;172:482-6.

Ruggeri A, Labopin M, Sanz G, Piemontese S, Arcese W, Bacigalupo A,
et al. Comparison of outcomes after unrelated cord blood and unma-
nipulated haploidentical stem cell transplantation in adults with acute
leukemia. Leukemia2015;29:1891-1900.


https://orcid.org/0000-0001-7422-9674
https://orcid.org/0000-0001-7422-9674

218

GIRDLESTONE ET AL.

30.

31

32.

33.

34.

35.

36.

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart
DN, et al. Nomenclature of monocytes and dendritic cells in blood.
Blood2010;116:€74-80.

Zwang NA, Turka LA. Homeostatic expansion as a barrier to lympho-
cyte depletion strategies. Curr. Opin. Organ Transplant.2014;19:357 -
62.

Appay V, Dunbar PR, Callan M, Klenerman P, Gillespie GM, Papagno L,
et al. Memory CD8+ T cells vary in differentiation phenotype in differ-
ent persistent virus infections. Nature Med. 2002;8:379-85.

Maury S, Mary JY, Rabian C, Schwarzinger M, Toubert A, Scieux C, et al.
Prolonged immune deficiency following allogeneic stem cell transplan-
tation: risk factors and complications in adult patients. Br J Haematol.
2001;115:630-41.

Rénard C, Barlogis V, Mialou V, Galambrun C, Bernoux D, Goutagny
MP, et al. Lymphocyte subset reconstitution after unrelated cord
blood or bone marrow transplantation in children. Br J Haematol.
2011;152:322-30.

Oshrine BR, Li Y, Teachey DT, Heimall J, Barrett DM, Bunin N. Immuno-
logic recovery in children after alternative donor allogeneic transplan-
tation for hematologic malignancies: comparison of recipients of par-
tially T cell-depleted peripheral blood stem cells and umbilical cord
blood. Biol Blood Marrow Transplant. 2013;19:1581-9.

Fergusson JR, Smith KE, Fleming VM, Rajoriya N, Newell EW, Sim-
mons R, et al. CD161 defines a transcriptional and functional phe-

37.

38.

notype across distinct human T cell lineages. Cell Rep. 2014;9:
1075-88.

Maggi L, Santarlasci V, Capone M, Peired A, Frosali F, Crome SQ, et al.
CD161 is a marker of all human IL-17-producing T-cell subsets and is
induced by RORC. Eur J Immunol. 2010;40:2174-81.

Peric Z, Cahu X, Malard F, Brissot E, Chevallier P, Guillaume T, et al.
Peripheral blood plasmacytoid dendritic cells at day 100 can predict
outcome after allogeneic stem cell transplantation. Biol Blood Marrow
Transplant. 2015;21:1431-6.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Support-

ing

Information section at the end of the article.

How to cite this article: Girdlestone J, Raymond M, Shaw B,

et al. Immune reconstitution following umbilical cord blood
transplantation: IRES, a study of UK pediatric patients. eJHaem.
2020;1:208-218. https://doi.org/10.1002/jha2.12



https://doi.org/10.1002/jha2.12

