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Progenitor cell expansion

The CD34'CD38™9 population is significantly increased in
haemopoietic cell expansion cultures in serum-free compared to
serum-replete conditions: dissociation of phenotype and function

C Donaldson, P Denning-Kendall, B Bradley and J Hows

University of Bristol, Division of Transplantation Sciences, Southmead Hospital, Bristol, UK

Summary: dose infused correlate with post-transplant sunvval.
Despite optimisation of collection and processing
Expansion of haemopoietic stem cells is proposed to techniques this limits CB transplantation to paediatric
combat graft failure in adult recipients following cord recipients
blood (CB) transplantation. Cultures are traditionally Expansion of stem cells is a strategy to combat graft fail-
performed in medium containing FCS, but to transfer  ure in adult recipient&° Cultures are traditionally perfor-
expansion to the clinic, ‘good manufacturing practice’ med in flasks with medium containing FC%}!2 but to
(GMP) standards are required. This study evaluated transfer expansion to clinical practice, ‘good manufacturing
expansion cultures in culture bags and serum-free (SF) practice’ (GMP) standards are requiréd:®Although GMP
conditions, to comply with GMP, by analysing sub- entails procedure establishment and validation, quality sys-
populations of CD34" cells, colony-forming cells (CFC) tem documentation and maintenance, training and labora-
and long-term culture initiating cells (LTC-IC). CD34*  tory accreditation amongst many directives, there are two
cell analysis has previously been used to measure clon- requirements in particular that may impact on the quality
ogenic capacity and the CD34CD38"9 surface pheno- of the cell expansion. The first is the removal of bovine
type to measure primitive cell numbers. In this study, products from the processing of clinical material following
comparison of expansion in serum-replete medium with  the BSE crisis, and the second is the utilisation of enclosed
that in SF conditions demonstrated a lack of expression culture in bags to produce a reliable, safe and sterile thera-
of CD38 on CD34 cells in the absence of serum. These peutic product comparable to other blood products issued
findings must be considered in clinical studies usingn by the Transfusion Service. This change from culture in
vitro expansion in SF conditions, and the CD34CD38™¢  flasks to bags may be of significance to the health of the
phenotype should not be used to confirm maintenance, cultures because of the larger surface area available for
or expansion, of primitive progenitor cells.Bone Marrow  gas exchange.

Transplantation(2001) 27, 365-371. The measurement of CD34ells provides a rapid practi-
Keywords: cord blood; haemopoietic cell expansion; cal alternative to CFC assd§s”and has been used to mea-
CD38; serum-free culture sure clonogenic capacit§. Similarly, the CD34CD389

surface phenotype has been used to measure primitive cell
number$®2° and their expansion in cultufé! This study

o evaluated expansion cultures in serum-free (SF) media,
Haemopoietic stem cells from cord blood (CB) can beynich would be used under GMP conditions, in culture

disease$:®> The CD34 population contains primitive the number of haemopoietic cells.

haemopoietic cells including marrow repopulating cells

which cannot be quantifieith vitro; long-term culture initi-

ating cells (LTC-IC) which are CD38? with high CD90

(Thy-1) expressiochand committed progenitors such as col-

ony-forming cells (CFC). Committed CD34ells may co-  pMethods
express lineage-specific antigens, for example, CD13 and

CD33 if myeloid, CD71 if erythroid, CD19 if B cell or

CD61 if megakaryocyti€.Results from clinical transplants ce| preparation
show that the total nucleated cell (TNC) and CD3#ll

Cord blood was obtained from normal full term deliver-
Correspondence: Dr C Donaldson, University of Bristol, Division of les CD34" cells were isolated from the CB mononuclear
Transplantation Sciences, Stem Céll Laboratory, Medicai School Unit,cel_I fra(_:tlo_n usmg_ a MiniMACS CD34 isolation kit

Southmead Hospital, Bristol, BS10 5ND, UK (Miltenyi Biotec, Bisley, UK) according to the manufac-
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Expansion cultures adherent cells were harvested from individual wells of three
chosen dilutions by the addition of 0.25% trypsin and
assayed for CF& LTC-IC frequencies were calculated
with the Poisson formula from the percentage of negative
wells using the Strijposch computer programfhe.

In four paired experiments, enriched CB CD3®lls were
seeded at % 10°%ml into 25cn? vented culture flasks
(Fahrenheit, Milton Keynes, UK) and VueLife FEP culture
bags (a gift from Amgen, Thousand Oaks, CA, USA). Cells
were cultured in IMDM (Sigma, Poole, UK) containing
20% FCS (Stem Cell Technologies, Vancouver, Canada) %Results

serum-free ‘Modified Ex-vivo Expansion Medium’ (a gift

from Amgen). All cultures contained 10 ng/ml FIt-3, IL-3, .

IL-6 (PeproTech EC, London, UK), G-CSF, SCF and M- EXPansion cultures

GDF (gifts from Amgen). On days 7 and 10, flasks andThe expansion of TNC, CD34cells and CFC obtained in
bags were fed by half medium changes and TNC, CD34the first series is shown in Table 1. The mean fold expan-
and CFU-GM content assessed. It was not possible tgjon after 14 days serum-replete flask culture conditions
assess the number of LTC-IC present at day O in this firsiyere TNC 2475 (s.d. 468), CD34 20 (s.d. 15), CFC 14 (s.d.
series because of the number of cells required for thg1) compared to TNC 1416 (s.d. 158), CD34 79 (s.d. 20),
initiation of the four expansion cultures and the otherCFC 16-fold (s.d. 7) with serum-free culture in bags
parameters being measured. (n=4). This series of experiments demonstrated no sig-

Subsequent to these experiments, which showed thergificant difference between culture in flasks compared to
was no significant difference in expansion in flask or bagbags, whereas culture in SF conditions in flasks or bags
cultures, a second series of experiments were performe@sulted in less TNC expansio® € 0.01), but greater
(n=4), in which CD34 cells were seeded only into tissue CD34 cell expansionR=0.003) than in the presence of
culture bags in either serum-free or -replete medium. Thigerum. Consequently for the subsequent four paired expan-
enabled _the assessment of LTC-IC expansion in addition tgion experiments, CD34ells were only seeded into tissue
the previous parameters. culture bags with either IMDM FCS or SF medium.

The details of all eight cord blood samples expanded in
culture bags in the presence of serum-replete or serum-free
medium are given in Table 2. Overall mean fold expansion
Cells from expansion cultures were assessed for Cb8#  with serum was TNC 2308 (s.d. 478), CD34 19 (s.d. 8)
content by dual labelling with FITC-conjugated anti-CD45 CFC 17 (s.d. 12) and without TNC 1096 (s.d. 486), CD34
(DAKO, High Wycombe, UK) and with a phycoerythrin 54 (s.d. 31) and CFC 18 (s.d. 7). The expansion of LTC-
(PE)-conjugated anti-CD34 (HPCA-2 clone, BectonIC obtained after 14 days pre-culture in both conditions was
Dickinson (BD), Cowley, UK) on a Coulter Epics XL flow comparable, the mean fold expansion with FCS was 4.9
cytometer and analysed with System Il software (Beckmarfs.d. 0.88) and in serum-free conditions 4.4 (s.d. 0.78).
Coulter, High Wycombe, UK). CD34cell subset analysis
was performed using FITC-conjugated CD38, CD13, CD33 . :
(DAKO), PE CD90 (BD) and Cy5-conjugated CD38 Cell surface antigen expression
(Beckman Coulter). Subset analysis of CD34 cells in the two culture conditions
demonstrated significantly different CD38 expression
(Table 3), mean CD388" 12% (s.d. 7) in SF conditions
compared to 96% (s.d. 4) in mediunFCS @ < 0.001,
CFCs were assayed as described previé@shusing 1.3% N =8). There was no significant difference in the expression
methylcellulose in IMDM containing 2 U/ml erythropoietin of CD90, approximately 6%, nor CD61, approximately 7%
(Eprex; Janssen-Cilag Ltd, High Wycombe, UK), 10% under both conditions (data not shown). Most CD8élls
5637 conditioned medium, 10% BSA (Stem Cell co-expressed CD13 after 7 days in culture (90.2%, s.d. 3.1
Technologies) and 30% FCS. Triplicate cultures werein IMDM +FCS and 98.3%, s.d. 1.3 in serum-free con-
plated in 0.25 ml volumes in 24-well tissue culture plates.ditions, n=4), with very little variation after 10 and 14
CD34" enriched cells were plated at 125 cells per well.days. At no time did the difference between the levels of
After the percentage of CD34 cells in the expansion cul-CD13 co-expression on the CD3dells under the different
tures had been determined, the CFC assays were seededture conditions reach statistical significance. There was
with appropriate cell concentrations, ranging fromx 10 great sample variation in the expression of CD33. In one
to 1x 10°/ml, to give 125 CD34 cells per well. After 14 cord blood sample, only 12.9% of CD34cells co-
days at 37C in a humidified air/5% CQ@atmosphere, cells expressed CD33 after 7 days of culture with IMDMFCS
were scored for the presence of CFC. and 11.3% in SF conditions, while in another sample the

The frequency of week 5 LTC-ICs was determined usingnumber of CD34 cells co-expressing CD33 by day 7 were
a limiting dilution assay as previously descrid@dCells  91.8% and 91.9%, respectively.
from expansion cultures were diluted to give six different
concentrations of CD34cells, ranging from 12.5 to 400
CD34" cells per well, and cultured with cryopreserved
irradiated bone marrow strorffan 96-well plates with 24  The increase of the CD3® population under SF con-
replicates per dilution. After 5 weeks non-adherent andlitions, in comparison with culture in the presence of

Flow cytometry

Clonogenic assays

CD38 expression
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Table 1 Comparison of expansion of TNC, CD34ells and CFC after 14 days culture under four different culture conditions
Day 0 Day 7 Day 10 Day 14
TNC
mean (s.d.) Flask IMDM/FCS a5 946 (280) 4395 (353) 12375 (2333)
x10* Flask SF 5 475 (133) 2523 (692) 8535 (1074)
Bag IMDM/FCS 10 2078 (697) 9380 (2751) 21967 (6862)
Bag SF 10 1037 (353) 4560 (598) 14150 (1605)
CD34
mean (s.d.) Flask IMDM/FCS 4.6 (0.4) 73 (22) 99 (61) 93 (72)
x 10¢ Flask SF 4.6 (0.4) 86 (23) 204 (81) 425 (133)
Bag IMDM/FCS 9.2 (0.8) 189 (88) 271 (174) 154 (73)
Bag SF 9.2 (0.8) 207 (69) 446 (126) 742 (235)
CFC
mean (s.d.) Flask IMDM/FCS 1.7 (0.9) 8 (3) 14 (9) 20 (13)
x 10t Flask SF 1.7 (0.9) 12 (3) 19 (9) 26 (8)
Bag IMDM/FCS 3.4 (1.9) 19 (13) 31 (21) 29 (13)
Bag SF 3.4 (1.9) 27 (11) 28 (15) 44 (9)

aCD34" cells were seeded at>610%ml into culture flasks (10 ml) and culture bags (20 nm)=(4).

Table 2 Comparison of expansion of cord blood CD3zlls in tissue culture bags in the presence of serum-replete or serum-free medium
Experiment

1 2 3 4 5 6 7 8
Day 0
TNC x 1P 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
CD34 x 10° 0.97 0.94 0.98 0.80 0.95 0.93 0.93 0.97
CFUx 10° 0.26 0.63 0.24 0.24 0.17 0.17 0.23 0.24
LTC-IC freq 1/26 1/22 1/24 1/55
LTC-IC 3846 4545 4146 1818
Day 14 IMDM/FCS
TNC x 1P Inf 1572 2088 2936 2244 2910 2180 2228
CD34 x 10° Inf 17.60 21.30 7.21 6.72 23.90 25.30 24.50
CFUx 10° Inf 3.26 4.01 1.56 1.27 6.13 6.63 3.57
LTC-IC freq 1/14285 1/14706 1/10753 1/20000
LTC-IC 15681 19787 20273 11150
SF medium
TNC x 1P 1608 1224 1392 1440 1492 756 468 389
CD34" x 1P 87.60 86.90 83.30 39.00 23.10 30.20 24.00 28.20
CFUx 10° 4.94 3.10 4.82 461 3.66 4.70 4.06 2.70
LTC-IC freq 1/10417 1/3957 1/2710 1/3906
LTC-IC 14304 19202 17269 9959

LTC-IC freq=frequency of LTC-IC per nucleated cell. LTC-IC assessment was not performed in the first four experiments.
Inf = culture infected.

serum, was consistent in all experiments and was seen omere re-cultured in IMDM+ FCS, with no additional
all cells, not just the CD34 This is clearly demonstrated growth factors, and their CD34/CD38 levels measured 4
in Figure 1 which shows the results from a representativénourly over a 24 h period. After 14 days in serum-free
experiment examining the co-expression of CD13, CD34medium only 5.3% of the CD34 cells expressed CD38. This
and CD38 after 7 days culture in both conditions. Theremained relatively unchanged for the first 8 h in serum-
CD34'CD38™¢ cells apparently expanded in SF conditionsreplete medium, but by 16 h 25% of the CD3zlls were
were not immature as CD13 and CD33 were co-expresse@D38', rising to 42% after 20 h and 77% by 24 h.
(Figures 1 and 2).

The lack of expression of CD38 on CD3dells after 14
day culture in serum-free conditions led to the apparenDiscussion
mean fold expansion of CD3@D38"¢ cells of 489, com-
pared to a corresponding mean fold expansion of only 18Ve had previously reported expansion of cord blood pro-
in medium containing FCS. After 14 day expansion culturegyenitor cells in traditional culture flasks with growth factors
in serum-free conditions there were sufficient cells to perin medium containing FC®. However, expansion cultures
form all the required assessments and retain half the celf®r clinical transplantation require the adherence to GMP
for further tests. Cells that had been cultured in SF mediuntonditions**-**To ensure a reliable, safe and sterile thera-
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368 Table 3 Analysis of CD34 cells in serum-free and -replete medium demonstrating significantly different CD38 expression
Experiment
1 2 3 4 5 6 7 8
Day 0
CD34" cells x 10° 0.97 0.94 0.98 0.80 0.95 0.93 0.93 0.97
% 38" 93.49 90.38 89.41 90.78 95.08 94.5 91.35 79.71
% 389 6.51 9.62 10.59 9.22 4.92 5.5 8.65 20.29
CD34" CD38" x 1¢° 0.91 0.85 0.88 0.73 0.90 0.88 0.85 0.77
CD34' CD38"™9 x 10° 0.06 0.09 0.10 0.07 0.05 0.05 0.08 0.20
Day 14 IMDM/FCS
CD34 cells x 10° Inf 17.60 21.30 7.21 6.72 23.90 25.30 24.50
% 38" 98.23 99.67 98.18 96.05 86.9 96.36 98.97
% 389 1.77 0.33 0.82 3.95 131 3.64 6.03
CD34 CD38 x 10° 17.29 21.23 7.08 6.45 20.77 24.38 24.25
CD34" CD38™9 x 1(° 0.31 0.07 0.06 0.27 3.13 0.92 1.48
SF medium
CD34" cells x 10° 87.60 86.90 83.30 39.00 23.10 30.20 24.00 28.20
% 38" 8.37 25.38 19.92 9.42 13.6 4.1 9.78 5.33
% 389 91.63 74.61 80.08 90.58 86.4 95.9 90.22 97.67
CD34" CD38 x 10° 7.33 22.06 16.59 3.67 3.14 1.24 2.35 1.50
CD34" CD38™9 x 1(° 80.27 64.84 66.71 35.33 19.96 28.96 21.65 27.54

‘%CD38" and ‘%CD38"*¢ denote the percentage of CD3dells expressing CD38.
Inf =infected culture.
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Figure 1 Lack of CD38 expression in SF culture. These flow cytometric dotplots from a representative experiment show the down-regulation of CD38
on the same cells cultured for 7 days in either IMDM/FCS or SF medium demonstrating that CD38 loss was seen on all cells, not just t&l€D34
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peutic product laboratories are utilising enclosed culturel8 (s.d. 7) for the CFC. Thus the correlation between 369

systems in bags and, subsequent to the BSE/CJD concer®D34" cells and CFE® held true in serum-replete culture,
have moved away from the use of bovine serum. This studyput not in SF medium. The expansion of LTC-IC was com-
therefore set out to evaluate the expansion of LTC-IC, CFCparable between traditional serum-replete (4.9-fold) and
TNC, total CD34 cells and their subsets obtained with serum-free conditions (4.4-fold). As there was also no dif-
serum-free medium in tissue culture bags in comparison téerence in the expansion of CFC over all eight experiments
traditional flask culture. (P =0.5), the increase in expansion of CD34 SF con-
The first series of expansion experiments were controlledlitions over that in serum-replete was considered due to
with expansion cultures in flasks with serum-free mediummaturing CD34 cells which had lost clonogenic potential.
and bags with IMDM/20% FCS (Table 1). There was no This conclusion was at odds with CD34 subset analysis
significant difference between culture in flasks compared tahat demonstrated significantly different CD38 expression
bags, with the larger surface area for gas exchange, whereasthe two culture conditionsR< 0.001). In serum-replete
culture in SF conditions in either flasks or bags resulted irculture 96% (s.d. 4) of CD34cells expressed CD38,
less TNC expansior® = 0.01, but greater CD34 cell expan- resulting in 10-fold expansion of CD32D38*¢ cells,
sion, P =0.003. Thus, SF conditions expanded the CD34compared to 12% (s.d. 7) in SF conditions, equivalent to an
population and induced less maturation than traditional culapparent 489-fold expansion of CD®D38"™9cells. These
ture conditions. Although there was greater expansion ofesults indicate that while analysis of CD&D38™9
CFC in SF, compared to serum-replete conditions, this wagxpression to measure primitive cell numBérmay be
not statistically significantR =0.14). valid for traditional culture medium, it is not applicable
In the subsequent experiments the CD&dlls were only to SF culture, where in comparison to four-fold LTC-IC
seeded into tissue culture bags in either serum-free cexpansion CD34CD38™9 cells apparently expanded 489-
-replete medium, allowing sufficient cells for the assessfold.
ment of LTC-IC expansion. After 14 days in cultures con- LTC-IC are CD34 cells that co-express CD%90are
taining FCS, overall mean fold expansion of CD3%lls CD38° or CD38%9°2° without lineage-specific antigens.
was 19 (s.d. 8)r(=8) and CFC 17 (s.d. 12), but because During culture CD34 cells acquire CD38 and differentiate
of the greater expansion of CD3ith less maturation to into lineage-specific progenitofsDifferentiation into the
mature cells, the mean fold expansion obtained in serummyeloid lineage is characterised by acquisition of CD13
free conditions was 54 (s.d. 31) for CD3dells, but only and CD33%* Phenotypic analysis indicated that only CD38

1000 1000
100

100 3

10 4

CD34
CD38

0% ¢

0.1 4 0.1

200 400 600 800 1000 01 1
SS CD34

r.,1.00 L) .1.1"600

1000 3

100

10

CD33

0.1

o1 1 10 100 1000
CD34
Figure 2 CD33 expression on CD3€D38"¢ cells. The same cells were examined for co-expression of CD34, CD38 and CD33. Gating first on CD34

cells (Region A), then those CD34hat were also CD38(Region E) demonstrated that the CD3D38"9 cells were also CD33and that CD38 was
the only surface antigen whose expression was affected by SF culture.
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370 expression was altered in SF culture, with no corresponding4 Craig W, Kay R, Cutler RL, Lansdorp PM. Expression of Thy-

increase in expression of CD90 (5.0% with serum, 6.3% 1 on human hematopoietic progenitor cellsExp Med1993;
without), which would be expected if the increase in the 177 1331-1342. _ o
CD38*9subset was due to an expansion of the more primi- Baech J, John;en HE. '_I'echnlcal aspect;_anc_i clinical impact
tive CD34' cells. That the CD34D38"¢ cells in SF con- gggg,”l‘g_m?%o'ggc progenitor subset quantificatitem Cells
ditions were not Immature was F:onflrmed by their co- 6 Wagner JE, DeFor T, Rubinstein P, Kurtzberg J. Transplan-
expression of CSD13 and CD33 (Figure 2). tation of unrelated donor umbilical cord blood (UCB): out-
Dorrell et aP® reported the down-regulation of CD38  comes and analysis of risk factoBiood 1997:90 (Suppl. 1):
expression within a population of cultured CD8D38" 398 (Abstr. 1767).
cells. They only cultured in SF conditions and concluded 7 Gluckman E, Rocha V, Boyer-ChammardeA al. Outcome
that the relationship between stem cell function and cell of cord-blood transplantation from related and unrelated
surface phenotype was not reliable for cultured cells. Our donors.New Engl J Medl997,337. 373-381.
paired experiments demonstrated similar lack of CD38 in 8 Donaldson C, Armitage WJ, Laundy ¥t al Impact of
SF conditions but not in serum-replete medium, indicating obstetric factors on cord blood donation for transplantation.
the absence of FCS in the culture, not cultpes se to be Br J Haematol1999;106 128-132. . .
responsible for the lack of CD38 expression. To test this ° E;i‘ig'segg dwéeﬁigi\g\?v;’ gaﬁtrtr?atl %'}ifq’i(ttisgs'r:’:magég’gi’eﬂc
hyp%theS'S' cells that Pad ge‘?” cultured in SF "Qedr']“’.“ for stem cells from cord bloodlood 1997; 89: 2644—2653.
14 days were re-cultured in IMDMFCS and t elr. 0 Denning-Kendall PA, Nicol A, Horsley Ht al. Is in vitro
CD34/CD38 levels measured 4 hourly over a 24 h period. ~ eypansion of human cord blood cells clinically relevaBthe
CD38 expression remained relatively unchanged for the Marrow Transplant1998;21: 225-232.
first 8 h, but by 16 h 25% of the CD34ells were CD38 11 De Bruyn C, Delforge A, Bron Dt al. Ex vivo expansion
rising to 42% after 20h and 77% by 24 h. The rapid of CD34+ CD38- cord blood cells.J Hematother1997; 6:
increase in the number of CD34ells expressing CD38 93-102.
brought about simply by placing the cells in medium con-12 Shih CC, Hu MC, Hu &t al. Long-term ex vivo maintenance
taining FCS, and in the absence of any growth factors, and expansion of transplantable human hematopoietic stem
underlines the point that these cells were highly unlikely _ cells. Blood 1999;94: 1623-1636.
to be primitive progenitor cells. 13 Bharucha C, Elliott S, Campbell Bt al. The Belfast Cord

In conclusion, direct comparison with expansion in  Blood Bank.Ulster Med J1997;66: 9-12.
serum-replete medium demonstrated that SF conditions® Warwick RM, Barbara JA. Safety aspects of cord blood bank-
; ) . . ing. Bone Marrow Transplani998;21 (Suppl. 3) S40-42.
interfere with CD38 expression. Because of the previou

; ; 5 Kogler G, Nurnberger W, Fischerel al. Simultaneous cord
Correlatlon_betW(_een CD?.’S expression on CD34 cells an blood transplantation ofx vivoexpanded together with non-
cell function in traditional culture systems, the

: expanded cells for high risk leukemiBone Marrow Trans-

CD34°CD38"9 phenotype has been used as a direct meas- plant 1999;24: 397-403.

ure of primitive cell expansiof!®** The dissociation 16 Gratama JW, Orfao A, Barnett & al. Flow cytometric enu-

between phenotype and function in serum-free medium meration of CD34 hematopoietic stem and progenitor cells.

reported here must be considered in clinical studies using European Working Group on Clinical Cell AnalysiS8ytome-

in vitro GMP expansion culture, and the CD8D38"9 try 1998;34: 128-142.

phenotype should not be used to confirm maintenance, ¥/ Sutherland DR, Keating A, Nayara fil Sensitive detection

expansion, of primitive progenitor cells. and enumeration of CD34cells in peripheral and cord blood
by flow cytometry.Exp Hematol1994;22: 1003-1010.

18 Denning-Kendall P, Donaldson C, Nicolét al. Optimal pro-
cessing of human umbilical cord blood for clinical banking.
Exp Hematol1996;24: 1394-1401.

) ) 19 Conneally E, Cashman J, Petzer A, Eaves C. Exparision
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