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Cryobiophysical Characteristics of Genetically Modified
Hematopoietic Progenitor Cells
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The freezing responses of hematopoietic progenitor cells isolated from normal donors and from donors w
mucopolysaccharidosis type I (MPS I) were determined using cryomicroscopy and analyzed using theoret
models for water transport and intracellular ice formation. The cells from donors with MPS I used in th
investigation were cultured and transduced with a retroviral vector for thea-L-iduronidase (IDUA) enzyme in
preclinical studies for human gene therapy. The water transport and intracellular ice formation (IIF) charact
istics were determined at different time points in the culture and transduction process for hematopoie
progenitor cells expressing CD34 antigen from donors with MPS I and from normal donors. There we
statistically significant changes in water transport, osmotically inactive cell volume fraction, and permeabil
between cells from different sources (normal donors vs donors with MPSI) and different culture conditio
(freshly isolated vs cultured and transduced). Specifically,L pg andEa increased afterex vivoculture of the cells
and the changes in permeability parameters were observed after as little as 3 days in culture. Similarly, the
characteristics of hematopoietic progenitor cells can also be influenced by the culture and transduction proc
The IIF characteristics of freshly isolated cells from donors with MPS I were statistically distinct from those o
cultured and transduced cells from the same donor. The ability to cryopreserve cells which are culturedex vivo
for therapeutic purposes will require an understanding of the biophysical changes resulting from the cult
conditions and the manner in which these changes influence viability.© 1999 Academic Press

Key Words:water transport; hematopoietic stem cells; gene therapy.
en
tor
cifi
ich
n-
ro-
do-
al
ia-
for
in

eth
ls
de
ne

a

lly

no-
u-
ni-
a-
diac
ies
tion
of

or
ect
al-
raft

ve
the
py.
or-

of
for

rol
ina-
py

199
Fa

u.
Tere has been a significant interest in g
therapy involving hematopoietic progeni
cells. One reason for the interest in this spe
cell type is the accessibility of these cells, wh
are found principally in bone marrow. Additio
ally, successful gene transfer into primitive p
genitor cells can permit repopulation of the
nor with modified cells capable of self renew
and therefore resulting in the potential allev
tion of the symptoms of the genetic defect
the lifetime of the donor. Finally, advances
our understanding of hematopoiesis and m
ods ofex vivomanipulation of progenitor cel
have provided a strong foundation for the
velopment of clinical protocols for human ge
therapy.

Mucopolysaccharidosis type I (MPS I) is
disorder resulting from deficiency ofa-L-idu-
ronidase enzyme (IDUA), an enzyme partia
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responsible for the catabolism of glycosami
glycans (GAGs). Without IDUA, GAGs acc
mulate in the lysosome of cells. Clinical ma
festation of MPS I can include hep
tosplenomegaly, mental retardation, and car
and pulmonary failure (14, 24). Human stud
using allogeneic bone marrow transplanta
have shown alleviation of the symptoms
MPS I (25). Genetically modified progenit
cells may permit a similar therapeutic eff
without the additional risks associated with
logeneic bone marrow transplantation (i.e., g
versus host disease).

The ability to cryopreserve cells that ha
been genetically modified is important for
clinical application of human gene thera
Specifically, cryopreservation permits transp
tation of cells to a clinical location, pooling
cells to reach a therapeutic dose, and time
the completion of safety and quality cont
testing. Cryopreservation also permits coord
tion of the infusion of cell-based gene thera
products with donor care regimes.

9.
x:



pre
se
ns-
ar
ell
ie
ce

ely
ob-
cts
se
wth
ell

ne
be
ro
us
av
ro-
s
he
a-
ill
lls
na
ro-
e fo
ten
-

er-
ell
ith
as

fec
ing
se

n i
ell
wa
een
gh
ed

nti
is

ca
is

on
r
lls

igh
on-

ing
e-

also

are
n of
ing.
hal
f IIF
iga-
IIF
ere
nor
be-
om
ith
ort
the
he
op-
for

ed
I.

cal
ors
y
nd
sis

poi-

os-
ed

ith
the

e-
A,
sis

141CRYOPRESERVATION OF HEMATOPOIETIC CELLS
Bone marrow has been successfully cryo
served since 1955 (1). At present, cryopre
vation of bone marrow for autologous tra
plantation, in particular, has become stand
clinical practice (19). Emerging progenitor c
therapies (both somatic cell and gene therap
involve the use of a series of processing pro
dures. Typically, progenitor cells are positiv
selected from a mixed population of cells
tained from bone marrow, apheresis produ
or umbilical cord blood. The cells are sub
quently cultured/expanded in a stem cell gro
medium. In the case of gene therapy, the c
are then transduced with the desired gene.

It is not clear whether conventional bo
marrow cryopreservation protocols would
appropriate for use in the preservation of p
genitor cells that have been manipulated for
in gene therapy. Studies of other cell types h
shown that culturing freshly isolated cells p
duces a change in the freezing characteristic
the cells as a function of time (7, 29). T
additional concern with the culturing of hem
topoietic progenitor cells is that culturing w
promote differentiation of the progenitor ce
(25). The potential exists that conventio
freezing protocols developed for minimally p
cessed bone marrow may not be appropriat
use on progenitor cells that have been ex
sively manipulated. In addition, it will be im
portant to establish the similarities and diff
ences between the freezing behavior of c
from normal donors and that from donors w
a genetic defect, which in this investigation w
MPS I.

Multiple processes have been found to af
the post freeze–thaw survival of cells. Dur
freezing, solute is rejected from the solid pha
producing an abrupt change in concentratio
the unfrozen portion of the solution. A c
responds to this perturbation by expressing
ter to reach a new equilibrium state betw
intracellular and extracellular solutions. At hi
cooling rates, equilibrium cannot be maintain
because the rate at which the chemical pote
in the extracellular solution is being lowered
much greater than the rate at which water
diffuse out of the cell. The end result of th
-
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imbalance is that intracellular ice formati
(IIF), which is lethal to the cell (cf. 21 fo
review), is observed. At low cooling rates, ce
are exposed for long periods of time at h
subzero temperatures to high extracellular c
centrations, resulting in potentially damag
high intracellular concentrations (10, 18). M
chanical stresses during slow freezing are
considered to contribute to damage (12).

Water content and the transport of water
common elements in the previous descriptio
the response of a biological system to freez
Similarly, the correlation between IIF and let
damage necessitates the determination o
characteristics. The purpose of this invest
tion was to quantify the water transport and
characteristics of progenitor cells which w
modified for use in gene therapy to treat a do
with MPS I. A comparison was also made
tween the freezing characteristics of cells fr
a normal donor and those from a donor w
MPS I. Determination of IIF and water transp
characteristics are important in quantifying
effect of the manipulation protocols on t
physical properties of the cells and in devel
ing appropriate cryopreservation protocols
gene therapy products.

MATERIALS AND METHODS

Cell Isolation

Mononuclear cells (MNCs) were obtain
from normal donors and donors with MPS
Informed consent and permission from the lo
Institutional Board were obtained. The don
were given 7.5mg/kg of granulocyte colon
stimulating factor (G-CSF) (Amgen, Thousa
Oaks, CA, U.S.A.) for 4 days prior to aphere
in order in increase the number of hemato
etic progenitor cells in circulation.

Upon completion of the apheresis, using p
itive selection, the cell population was enrich
in cells expressing the CD341 antigen. In the
case of apheresis collections from donors w
MPS I, enrichment of cells expressing
CD341 antigen was performed using the C
prate SC system (CellPro, Inc., Bothell, W
U.S.A.). The cells obtained from the aphere
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142 HUBEL, NORMAN, AND DARR
product were treated with a monoclonal a
body to the CD34 antigen. The cells were t
passed over a column of avidin-coated be
which allowed the CD1 cells to bind to th
beads in the column. Unlabeled cells were
retained in the column and passed through
nally, the CD341 cells that were bound to th
beads in the column were removed using ge
agitation.

For cells obtained from normal donors, p
itive selection for cells expressing the CD31

antigen was performed using the Isolex
(Baxter, Deerfield, IL, U.S.A.). Anti-CD34 mu
rine monoclonal antibody (primary antibod
was mixed with the cell suspension to per
binding of the antibody to the target cell. T
suspension was washed to remove unboun
tibody, and target cells (CD341 cells) were ro
setted with Dynal paramagnetic microsphe
coated with sheep anti-murine antibody. T
rosetted target cells were then separated
the rest of the cell suspension using the Is
50 magnet cell separator. After washing,
target cells were released from the beads by
use of PR341 stem cell releasing agent. T
remaining Dynabeads were then separated
the freed target cells using the magnetic s
rator.

The final purity of the cells (using eith
method of separation) was determined u
flow cytometry. Cells were labeled with phyc
erythrin-conjugated antibody to CD34 and
fraction of cells expressing the antigen was
termined. The percentage of cells expressing
CD34 antigen after purification with the colum
ranged from 60 to 80%.

Cell Culture

For cells obtained from donors with MPS
approximately 15–203 106 cells were inocu
lated into a cellulose acetate hollow-fiber b
reactor (HFBR) cartridge (Cellco, Germantow
MD, U.S.A.). The cells were cultured using
serum-free medium containing X-Vivo 10 (B
Whittaker, Walkersville, MD, U.S.A.) suppl
mented with 1% human serum albumin (Bax
Round Lake, IL, U.S.A.), 2 mML-glutamine, 20
ng/ml rIL-3, 75 ng/ml rIL-6, and 25 ng/ml ste
s,
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cell factor (R & D Systems, Minneapolis, MN
U.S.A.). The culture medium was circula
using a media pump (Quad Pump, Cellco)
cording to manufacturer instructions.

Cell Transduction

After approximately 72 h in culture, the ce
from donors with MPS I were transduced w
the retroviral vector LP1CD (obtained from D
C. Whitley). The construction and validation
the vector have been described previously (
The cells were transduced twice per day fo
days, resulting in a total of four transductions
frozen bag of supernatant containing the re
viral vector was thawed in a 30°C water b
and then supplemented with protamine sul
to a final concentration of 5mg/ml. The averag
viral titer of LP1CD was 53 105 colony form-
ing units/ml. The multiplicity of infection wa
2. The transduced cells were harvested on
morning of day 5. For experiments using c
from normal donors, the cells were transdu
with retroviral vector LNGFR described pre
ously (20), using the same culture media
transduction protocols used with cells from
nors with MPS I.

Cryomicroscopy System

The controlled freezing experiments w
performed using a cryomicroscope that c
sisted of a Zeiss general research micros
(Carl Zeiss, FRG) fitted with a specially d
signed cryostage described in detail elsew
(3). The response of the cells during freez
was detected by a camera (Optronics LX45
and transmitted to a video cassette reco
(JVC HR-S6900U) and a color monitor (So
PVM 1344Q) for subsequent image analysis
computer-based temperature controller
video interface (Thermascope and Datavid
Interface Techniques, Cambridge, MA, U.S.
were used to specify and control the stage t
perature. A 403 bright-field objective (Car
Zeiss) was used with a 23 optivar (Carl Zeiss
for magnification of the experiments. The fre
ing studies were performed on a thin convec
stage. The experimental sample was placed
composite window consisting of an optica
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143CRYOPRESERVATION OF HEMATOPOIETIC CELLS
transparent heating layer made of indium
oxide, a thermocouple for sensing temperat
and a sapphire substrate designed to isolat
thermocouple from the freezing solution a
reduce temperature gradients. Gaseous n
gen, chilled in a bath of liquid nitrogen, pr
vided refrigeration for the cryostage. Stage t
perature during experiments was controlled
adjusting the amount of power to the hea
layer using a Tempsoft software package
terface Techniques). For a freezing experim
a 3- to 5-mL sample of the cell suspension w
placed between the cryostage window an
glass coverslip. Silicone grease was used to
the edges of this system to prevent evapora
of the solution and to act as an anchor for
coverslip. The sample was cooled from ro
temperature to a holding temperature of
proximately 22°C. At that time, a chille
probe was used to seed ice formation in
extracellular solution. Immediately after se
ing, the sample was cooled at a constant ra
a final temperature of260°C. The stage wa
then warmed to room temperature and the s
ple removed. No viability tests were perform
on the samples because of the difficulty of
covering cells from the stage after a freez
protocol.

The total water content of the cell includ
both water available for transport and osm
cally inactive water. In a series of independ
experiments, the osmotically inactive cell v
umes were determined. A series of solution
increasing osmolarity (0.3 to 1.0 osm) w
made by adding sucrose to Iscove’s modi
Dulbecco’s medium (IMDM, GIBCO, Gran
Island, NY, U.S.A.). The cells were added
these solutions. The static cell volumes for
cells resuspended in these hypertonic solut
were determined using image analysis.

Water Transport Model

The flow of water across the cell membra
at subzero temperature has been modeled
a nonequilibrium model developed by Ma
(11). Assuming that equilibria of temperatu
and pressure prevail between the intra- and
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extracellular media (11), the following equat
can be written,

dV

dT
5

LpART

nwB F lnS V 2 Vb

~V 2 Vb! 1 nw~nsns!
D

2
DH f

R S 1

Tr
2

1

TDG ,

[1]

whereV is the cell volume,T is the temperatur
(absolute),L pg is the hydraulic permeability,A
is the surface area of the cell,B is the cooling
rate,nw is the partial molar volume of water,ns

is the partial molar volume of salt,Vb is the
smotically inactive cell volume fraction,ns is

the dissociation constant for NaCl,Tr is the
equilibrium freezing temperature for pure wa
(273.15 K), andDH f is the latent heat of fusio
of water.

The hydraulic permeability of the membra
L p, is a function of the temperature. Assum
an Arrhenius relationship (8, 23), the perm
ability is expressed as a function of tempera

Lp 5 LpgexpS2
Ea

R S 1

T
2

1

Tr
DD , [2]

whereL pg is the permeability of the cell mem
brane to water at the reference temperatureTr,
andEa is the apparent activation energy for
water transport process.

Implicit within the development of thes
equations is the assumption that thermal e
librium exists within the immediate regio
around the cell and the temperature differe
across the cell membrane is less than 0.0
The intracellular solution is assumed to be id
and dilute. As with most mammalian cells, it
assumed that the hydrostatic or turgor pres
across the cell membrane is negligible. A m
complete discussion of the assumptions be
this model and the errors associated with th
assumptions can be found in Levinet al.(9) and
more recently in Toneret al. (23).

Intracellular Ice-Nucleation Model

Experimental evidence suggests that the
a correlation between IIF and fatal cell inju
for many cell types (21). As such, cryobio
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144 HUBEL, NORMAN, AND DARR
gists have attempted to develop models to
resent the process of IIF and to characterize
mechanism by which IIF damages the cell.
cently, a model for ice formation in biologic
cells has been developed (22) based on he
geneous nucleation theory for condensed
tems (24). Subsequently, the model has b
expanded to include the effects of different f
tors, such as the presence of cryoprotec
agents (CPAs) and diffusion-limited crys
growth (5, 6).

If the nucleation of ice crystals within ce
results from a series of bimolecular reacti
and if IIF results from the heterogeneous nu
ation seeded by a structure within the cell,
nucleation rate can be written as

Jhet 5 Vo

N s

No

ho

h F T

Tfo
G 1/2

expF 2ko

DT2T3 S Tf

Tfo
D 4G ,

@3#

hereDT 5 (Tm 2 T) is the undercooling,Tm

is the equilibrium melting point, andVo andko

are the kinetic and thermodynamic coefficie
of the nucleation rate. A more complete desc
tion of Eq. [3] can be found in Ref. (22). T
prefactor Vo is a function of the number

ater monomers present, the viscosity of
olution, and a heterogeneous nucleation fa
hich accounts for the interaction between
atalytic surface and a cluster of water mo
ules (6). The exponential factor,ko, is a func-

tion of the interfacial free energy between
ice and the solution and a heterogeneous n
ation factor, which accounts for the interact
between the catalytic surface and a cluste
water molecules. At present, theoretical mo
to predict values ofVo andko for specific cel
types do not exist. As with the water permea
ity parameters, values forVo and ko must be
obtained empirically from experimental data

Toner et al. have hypothesized that IIF
catalyzed by the plasma membrane. Assum
sporadic nucleation of identical cells, the pr
ability of IIF assuming surface-catalyzed nuc
ation, PIFSCN can be expressed as
-
e
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e
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PIFSCN 5 1 2 expF2E
Tseed

T

AJhetdtG , [4]

whereA is the surface area of the plasma m
brane andt is time. The nucleation rate not on
eflects the influence of the nucleation para
ers but also reflects the solution undercool
n estimate for the undercooling of the cyto
an be obtained using the water transport e
ions (Eqs. [1] and [2]). The fraction of ce
ith ice observed during a freezing proto

eflects a coupling between IIF and water tra
ort.
This model for IIF has been used to anal
variety of biological systems, including mou
ocytes, islet B-cells,Drosophila melanogaste
mbryos, rat hepatocytes, and isolated pr
lasts from secale cereale (21). This anal
as involved the correlation of experimenta
easured kinetics of IIF with the theory and
etermination of multistep protocols based
odel predictions.

ata Analysis

The volumetric response of the cells durin
reezing experiment was analyzed to provide
stimate of the water transport from each c
he corresponding image analysis was don
Gateway PS90 computer (Gateway Co

orth Sioux City, SD, U.S.A.) using Met
orph image processing software (Univer

maging Corp., West Chester, PA, U.S.A.). I
ges obtained at specific time points were

tized from the videotape and stored on opt
iscs. A cursor was used to trace the outlin

he cell boundary and the enclosed area
alculated and entered into a spreadsheet
ncluded other information, such as the temp
ture. The cross-sectional area of the cell
elated to the cell volume, assuming spher
eometry. For each cooling rate, cell volum
ere obtained at approximately 10 differ

emperatures, and for the same experime
onditions, between 6 and 12 cells were a
yzed.

As indicated previously, the hydraulic perm
bility, L pg, and its temperature dependence,Ea,
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145CRYOPRESERVATION OF HEMATOPOIETIC CELLS
can be estimated from the experimental m
surements of cell area as a function of tim
temperature using the previously descri
model. The inverse curve-fitting method use
relate the experimental measurements to
models uses nonlinear regression analysi
produce the permeability values that wo
yield the best fit between experimental volu
measurements and theoretical volumes with
criteria of minimizing thex2 statistic (9). The
values ofL pg andEa can be used to predict wa
ransport and water content for an arbitr
reezing protocol. The predictions of water c
ent as a function of temperature used in
nvestigation were calculated using Cryos
oftware (26).
Cells with internal ice exhibit an increase

pacity during the freezing process, which
e observed and recorded as a function of c

ng rate, time, and temperature. Estimates
he values ofVo and ko can be obtained fro
the fraction of cells which form internal ice a
function of temperature for a specific cool
rate using equations and an inverse fitting te
nique very similar to those described for
water transport analysis.

Statistical analysis of the water transport
IIF data obtained from different donors a
culture conditions was performed using S
View software (Berkeley, CA, U.S.A.). Ce
size (cross-sectional area) was analyzed u
an unpairedt test. Water transport and dehyd
tion characteristics were compared using a
ysis of variance (ANOVA). The statistical an
ysis of the fraction of IIF as a function
temperature and the cumulative fraction of c
with IIF as a function of cooling rate was p
formed using the Wilcoxon signed-rank test

RESULTS

Water Permeability Parameters

The cell size and corresponding initial c
volume are of interest in freezing studies
cause of the influence of total water conten
cell freezing response. It was observed
there was a change in cell size with time as
cells were cultured and transduced. In orde
-
/
d

e
to

e

s

l-
r
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quantify those differences, the cross-sectio
area was determined using the image ana
software previously described. The cell s
represented by the cross-sectional area o
cell, increases during the culture and transd
tion protocol. Freshly isolated cells from a d
nor with MPS I had an average cross-sectio
area of approximately 50.16 11.1 mm2

(mean6 SD). After 3 days in culture but befo
transduction with the retroviral vector, the a
erage area increased to 1116 43 mm2. Upon
completion of the culture and transduction p
cess (day 5 in culture), the average area of
from patients with MPS I was 1086 29 mm2,
which was similar to that measured on day
Control experiments were performed in wh
the cells from the same donor were cultured
5 days using the stem cell culture media pr
ously described. On days 3 and 4 of the pr
col, the cells were sham transduced with cul
medium that did not contain viral particles.
such, the cells in the control experiments w
cultured under the same conditions but not
posed to the viral supernatant and therefore
genetically modified. The average area for
cells in these control cultures was 1266 33
mm2. The cell cross-sectional area for cells
day 0 (freshly isolated cells) was statistica
different from that measured at either day 3
day 5 (P , 0.0001). Thecross-sectional are
of the cultured and transduced cells from don
with MPS I after culture and transduction w
less than that of cells from the same donor
had been cultured but sham transduced (P ,
0.0002).

The average cross-sectional area of a fre
isolated CD341 cell from a normal donor wa
576 13mm2, and after culture and transduct
the average cross-sectional area increase
116 6 33 mm2. As with the cells from donor
with MPS I, the differences in cross-sectio
area measurements were statistically dis
when freshly isolated cells were compared w
cells after 5 days in culture (P , 0.0001). The

ifferences in cross-sectional area of the c
rom normal donors after culture and transd
ion (day 5) and CD341 cells cultured for 5 day
with sham transduction were not statistica
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146 HUBEL, NORMAN, AND DARR
significant, in contrast to that observed in c
from donors with MPS I.

The total volume of the cell consists of t
volume of water available for water transp
plus the osmotically inactive volume fraction
the cell. The osmotically inactive cell volum
fraction was determined based on the equ
rium volume of cells in hypertonic solutions
increasing concentration. Assuming that c
behave as perfect osmometers, the decrea
cell volume observed at increasing solut
concentrations can be extrapolated linearl
obtain an estimate for the cell volume fract
which is osmotically inactive.

In Fig. 1, the normalized cell volume (vo
ume at a given concentration divided by
volume under isotonic conditions) as a funct
of the inverse of solution osmolarity is given
donors with MPS 1 and for normal dono
(Boyle–van’t Hoff plot). Extrapolating to infi
nite concentration, the osmotically inactive c
volume fraction for freshly isolated cells w
0.17 for donors with MPS I and 0.29 for norm
donors. After culture and transduction, the
motically inactive cell volume fraction was 0.
for donors with MPS I and 0.20 for cells fro
normal donors. Osmotically inactive cell v
ume fractions were determined for cells afte
days in culture (pretransduction) and these
ues were not statistically different from tho

FIG. 1. Normalized cell volume fraction,V/Vo, as
isolated cells from (A) donors with MPS I and (B) n
mean. Linear regression was used to determine t
number of cells used in these experiments range
-

s
in

o

l

-

l-

obtained after culture and transduction (data
shown).

The increase in concentration of the extra
lular solution observed during freezing provid
a driving force of the exoosmosis of water. T
decrease in cell volume as a function of te
perature for a given cooling rate was determi
from the video recordings of the experimen
Based on these measurements, estimates fo
hydraulic permeability,L pg, and activation en
ergy,Ea, can be obtained. The normalized v
ume,V/Vo (volume at a given temperature,T,
divided by the initial volume), as a function
temperature for cultured and transduced c
obtained from donors with MPS I frozen a
rate of 10°C/min is given in Fig. 2. Based on
normalized volume as a function of tempe
ture,L pg was calculated to be 1.353 10214 m3/N
s and Ea was 103 kJ/mol.2 The dehydratio
behavior of the cells was also determined a
function of cooling rate. The cells from a don
with MSP I which were cultured and transduc
were frozen at cooling rates ranging from 10
40°C/min. For the cells frozen at 10°C/m
there is extensive dehydration. As the coo
rate increases, the time for transport out of
cell decreases and this is reflected in the

2 To convertL pg to mm/atm/s, multiply by 6.0783 1012.
To convertEa to kcal/mol, multiply by 0.239.

unction of the inverse solution osmolarity for freshly
al donors. Error bars indicate standard deviations of t
oyle–van’t Hoff relationship for the data represented.

etween 41 and 100.
a f
orm

he B
d b
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147CRYOPRESERVATION OF HEMATOPOIETIC CELLS
malized volumes measured. Estimates forL pg

andEa were obtained from the normalized v
umes as a function of temperature measure
each cooling rate (cf. Table 1).

Changes in the membrane permeability w
time resulting from the culture and transduct
process should be reflected in differences in
observed dehydration under specific freez
conditions and in the values forL pg andEa. In

FIG. 2. Normalized cell volume fraction,V/Vo, as a
function of temperature for cultured and transduced
from donors with MPS I frozen in IMDM at a cooling ra
of 10°C/min. The dashed line indicates the best fit for
for the water transport parametersL pg andEa. (cf. Eqs. [1]
and [2]). Five cells were used in these experiments.

TABLE 1
Water Transport Characteristics of CD341 Cells Ob-

ained from Donors with MPS I and Cultured and Tra
uced at Various Cooling Rates

Ba

(°C/min)
L pg

b

(1014 m3/N s)
Ea

c

(kJ/mol) nd

kb

(104)e

10 1.35 130 17 6.7
20 0.78 41 21 3.3
30 1.35 71 30 3.2
40 0.58 24 24 1.8

Avg 6 std 1.06 0.4 606 35

a Cooling rate.
b Hydraulic permeability at reference temperature,Tr 5

273 K.
c Apparent activation energy.
d Number of cells.
e x2 statistic as a measure of goodness-of-fit.
at

e
g

Fig. 3, the normalized volume as a function
temperature for freshly isolated CD341 cells
and cultured and transduced cells from don
with MPS I is given for a cooling rate of 10°
min. The differences in dehydration betwe
fresh and cultured and transduced cells f
donors with MPS I as a function of temperat
for a constant cooling rate were statistica
significant (P , 0.001)using ANOVA. Wate
transport characteristics were determined
cells from donors with MPS I during speci
points in the culture process. The average
ues ofL pg andEa for freshly isolated cells, cel
at day 3 in culture (pretransduction), cultu
and transduced cells (day 5), and control
tures (day 5, nontransduced) are given in T
2. These results indicate that the water per
ability does not change after an additiona
days in culture.

In order to compare the osmotic respons
a less purified population of cells, cryomicr
copy experiments were performed using fres
isolated MNCs from donors with MPS
Freshly isolated MNCs from donors with MP
I were frozen at three different cooling ra
(10, 20, and 40°C/min). The average value

s FIG. 3. Normalized cell volume fraction,V/Vo, as a
function of temperature for freshly isolated cells and
cultured and transduced cells from donors with MPS I.
cells were frozen in IMDM at a cooling rate of 10°C/m
Error bars were omitted to improve clarity. The experim
used 5 cultured and transduced cells and 11 freshly iso
cells.
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148 HUBEL, NORMAN, AND DARR
L pg was 1.76 1.03 10214 m3/N s and that ofEa

was 1536 18 kJ/mol. ANOVA of the dehydra
tion of MNCs and CD341 from donors with
MPS I indicated that the dehydration charac
istics of the two different cell populations we
different (P , 0.001).

The dehydration characteristics of fres
isolated and of cultured and transduced CD1

cells from normal donors were also analy
(cf. Table 3). The values ofL pg andEa measure
for cultured and transduced cells from norm
donors were quite similar to those obtain
from a donor with MPS I. There were mo
distinct differences between the values ofL pg

andEa determined using fresh cells. These
ferences result principally from differences
dehydration at fairly high subzero temperatu
which result in the higher estimate forEa for
freshly isolated cells from a normal donor.
with cells from donors with MPS I, there was

TABLE 2
Average Water Transport Characteristics of CD341 Cells
btained from Donors with MPS I at Different Time Poi

n Culture

Culture condition
L pg

(1014 m3/N s)
Ea

(kJ/mol)
Vb

(%)a

Freshly isolated 0.25 33 4
Pretransduction

(day 3) 1.9 70 —b

Transduced
(day 5) 1.0 60 17

Control (day 5,
nontransduced) 1.2 70 —b

a Percentage of volume which is osmotically inactive
b Not determined.

TABLE 3
Average Water Transport Characteristics of CD341 Cells
btained from Normal Donors at Different Time Points
ulture

Culture condition
L pg

(1014 m3/N s)
Ea

(kJ/mol)
Vb

(%)

reshly isolated 6.46 3.7 696 45 29
ransduced
(day 5) 0.416 0.19 296 33 20
-

l

s

distinct decrease in the estimated value oEa

based on dehydration characteristics of cultu
and transduced cells. The value ofL pg for cells
from normal donors that had been cultured
transduced was less than that observed
freshly isolated cells.

Intracellular Ice Formation Parameters

The maximum cumulative fraction of ce
with IIF is strongly influenced by cooling rat
The cumulative fraction of cells with IIF as
function of cooling rate is given in Fig. 4 f
cultured and transduced cells from a donor w
MPS I and freshly isolated cells from a norm
donor. The fraction of cells with IIF increas
from 0% at approximately 10°C/min to 100%
40°C/min for cells from a donor with MPS
For freshly isolated cells from a normal don
the cumulative fraction of cells with IIF in
creased from 0 at 5°C/min to 100% at 50
min. The cumulative fraction of cells with IIF
a function of cooling rate for cultured and tra
duced cells from a normal donor was also
termined and exhibited little difference fro

FIG. 4. Maximum cumulative fraction of cells with II
as a function of cooling rate for CD341 cells from donor
with MPS I that were cultured and transduced and
freshly isolated cells from normal donors. The cells w
frozen in IMDM. The number of cells per data point ran
between 32 and 134.
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149CRYOPRESERVATION OF HEMATOPOIETIC CELLS
that observed in freshly isolated cells from
normal donor (data for donors with MSP I n
shown).

The ability to predict the probability of II
requires the experimental determination of
ice nucleation parameters,Vo and ko. If the
cooling rate used is sufficiently high to suppr
water transport out of the cell, the cumulat
fraction of cells as a function of temperature
a specific cooling rate (200°C/min for this
vestigation) can be used to estimate the
parameters. In Fig. 5, the cumulative fraction
cells with IIF as a function of temperature fo
cooling rate of 200°C/min cells obtained fro
donors with MPS I is given. For both fresh
isolated and cultured and transduced cells,
fraction of cells with IIF increases with decre
ing temperature.

Using a Wilcoxon signed-rank test, the fr
tion of cells with IIF as a function of temper
ture for freshly isolated cells from donors w
MPS I is statistically different from that
cultured and transduced cells from the sa
donor (P 5 0.001), from that of freshly iso
lated cells from normal donors (P , 0.001)
and from that of cultured and transduced c
from normal donors (P , 0.0001). Forfreshly

FIG. 5. Cumulative fraction of cells with IIF as a fun
ion of temperature for freshly isolated cells and for cultu
nd transduced cells from donors with MPS I. The c
ere frozen in IMDM at a cooling rate of 200°C/min. T
umber of cells used in these experiments was 48 an
espectively.
s

f

e

e

s

isolated cells and cultured and transduced
from normal donors and for cultured and tra
duced cells from normal donors and from
nors with MPS I, the fraction of cells with IIF a
a function of temperature isnot statistically
distinct.

The kinetics of IIF obtained at 200°C/min f
the cell types tested can be used in conjunc
with the model for IIF described previously
obtain estimates for the values ofVo andko (cf.
Table 4). The results indicate that there i
decrease in the value of bothVo and ko after
culture and transduction.

DISCUSSION

Water Permeability Parameters

The change in cell size over the duration
the culture and transduction process is on
the most noticeable changes that take place
in the cells. There is an approximately 5
increase in cross-sectional area of the cell (t
to threefold increase in cell volume) over
period of culture and transduction. It is not cl
why the observed changes in volume are oc
ring. One potential explanation is that theex
vivo culture of the cells results in differentiati
of the cells and the changes in size reflect s
changes in differentiation. The percentage
cells expressing the CD34 antigen was de
mined using flow cytometry on the freshly is
lated cells and on the cells which had b
cultured and transduced for all the experime
A dimming in the average fluorescence int
sity of cells which had been cultured and tra
duced was noted but the percentage of c
expressing the CD34 antigen at the end of

TABLE 4
IIF Characteristics of CD341 Cells Obtained

from Donors with MPS I

Culture condition
Va

(1028 m22 s21)
ko

b

(1028 K5)

Fresh 2337 439
Cultured and transduced 1064 347

a Prefactor (cf. Eq. [3]).
b Exponential factor (cf. Eq. [3]).

9,
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150 HUBEL, NORMAN, AND DARR
culture and transduction process was simila
that obtained from freshly isolated cells see
into the HFBR. The similarity between the fra
tion of CD341 cells before and after cultu
makes it unlikely that changes in differentiat
could account for the changes in cell size
served.

It is noteworthy that there were statisti
differences in the cross-sectional areas of
cells from a donor with MPS I under differe
culture conditions. Specifically, the size of
cultured and transduced cells was less than
size of the cells from the control experime
that had been cultured for the same perio
time but not sham transduced. The retrov
supernatant contains high levels of IDUA
zyme produced by the packaging cells line (1
In a previous study using genetically modifi
lymphocytes for the treatment of MPS II,
duced levels of glycosaminoglycan (CAC)
cumulation were observed for cells that h
been transduced with the corrective gene. L
els of GAG accumulation were also redu
when cells were simply exposed to culture m
dia containing lysomal enzymes but no inf
tious particles (2). These results suggest tha
size difference observed between the cultu
and transduced cells and the sham-transd
cells from donors with MPS I may have resul
from production of IDUA after genetic corre
tion and/or from uptake of IDUA from the s
pernatant that permitted the completion of
catabolism of GAGs.

As indicated under Results, the osmotic
inactive cell volume fraction,Vb, for fresh cells
from a donor with MPS I was approximate
0.17. After culture and transduction, the osm
ically inactive cell volume fraction was large
the same (0.21). In contrast, there was a ch
in the osmotically inactive cell volume fracti
observed when cells from a normal donor w
studied (0.29 for freshly isolated cells and 0
for cultured and transduced cells). The osm
cally inactive cell volume fractions measured
this investigation are consistent with those fr
a recent study by Gao and colleagues (4
which the osmotically inactive cell volume fra
tion for freshly isolated hematopoietic proge
o
d

-

e

e

f
l

.

-

-

e
d
ed

-

e

-

n

tor cells (CD34 CD33 ) from normal donor
was determined to be 0.21.

The culture and transduction of the CD31

cells also influenced the water transport cha
teristics. Specifically, there was an increas
the values ofL pg andEa after as few as 3 da
in culture for cells from donors with MPS I. Th
observed changes in water transport rema
largely constant for an additional 2 days
culture and there was little difference obser
in the water permeability between the cultu
and transduced and the cultured and sham-t
duced cells. In contrast, theex vivoculture of
cells from normal donors resulted in a decre
in the values ofL pg andEa with time in culture
which is consistent with a previous study
water permeability characteristics of hepa
cytes culturedex vivo (29). In that study,L pg

andEa were determined to decrease with tim
culture.

The permeability parameters determined
this investigation are consistent with those
termined in a study of the subzero water tra
port characteristics of monocytes by McCaa
colleagues (13). In this study performed at
prazero temperatures, a value ofL pg of 5.8 3
10214 m3/N s and a value ofEa of 61 kJ/mo
were determined for monocytes. The hydra
permeability parameters for hematopoietic p
genitor cells were determined previously in
study by McGann and colleagues (14). In
study performed at suprazero temperaturesL pg

was determined to be 0.463 10214 m3/N s and
Ea was 27 kJ/mol. The value ofL pg determined
in the study by McGann and colleagues w
consistent with the measurements of freshly
lated cells from normal donors found in t
investigation (6.43 10214 m3/N s) and slightly
larger than that observed for freshly isola
cells from donors with MPS I (0.253 10214

m3/N s). The activation energy,Ea, for freshly
isolated cells from normal donors determine
this investigation was 69 kJ/mol, which w
considerably higher than that observed
freshly isolated cells from donors with MPS
(33 kJ/mol) and that observed in the study
McGann and colleagues (27 kJ/mol). The
ferent values forEa may reflect the difference
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151CRYOPRESERVATION OF HEMATOPOIETIC CELLS
experimental conditions between the two s
ies. The studies performed in this investiga
were performed at subzero temperatures in
presence of external ice. As has been obse
in other cell types, there can be a discontin
in the value of the activation energy betwe
suprazero and subzero temperatures (cf. 1
review). The differences between the activa
energy measured in this investigation and
of McGann and colleagues may reflect s
differences in experimental conditions.

In analyzing IIF characteristics for the ce
studied in this investigation, the interaction
tween water transport and IIF and the c
specific IIF kinetics have been studied. T
increase in the cumulative fraction of cells w
IIF as a function of cooling rate from 0 to 100
is consistent with the IIF characteristics de
mined for other cell types (21) and reflects
interaction between water transport and IIF.
similarity in the cumulative fraction of cel
with IIF as a function of cooling rate for cu
tured and transduced cells from donors w
MPS I and for freshly isolated cells from norm
donors is consistent with the fact that the de
dration and IIF kinetics for those two cell po
ulations are not statistically different (for t
same cooling rate).

The fraction of cells with IIF as a function
temperature for a high cooling rate reflect
cell-specific IIF characteristic (21). There
statistically significant differences between
fraction of cells with IIF as a function of tem
perature for freshly isolated cells from don
with MPS I and those fractions for: (1) cultur
and transduced cells from donors with MPS
(2) freshly isolated cells from normal dono
and (3) cultured and transduced cells from n
mal donors. The fraction of cells with IIF as
function of temperature for freshly isolated ce
from normal donors is not statistically distin
from cultured and transduced cells from nor
donors or from donors with MPS I.

The model for IIF used in this investigati
assumes surface catalysis of IIF. As show
Fig. 5, there is a slight discontinuity in the slo
of the data for freshly isolated cells from don
with MPS I at approximately230°C. It has
-

e
d

or

t

-

-

e

-

,

-

l

n

een hypothesized that a change in the slop
inetics of IIF at low temperatures may cor
pond to a shift in the mechanism of IIF. It h
een hypothesized that, at lower temperatu
atalysis results from molecular structu
ithin the cells. This mechanism is known
olume-catalyzed nucleation (21, 22). The
ential exists that lysomal inclusions could
s nucleating sites for ice formation and
odel used for the prediction of IIF should
odified to include both surface- and volum

atalyzed IIF nucleation. Further studies wo
e needed to verify the site of nucleation wit

he cell during freezing and the correlation
hose sites with the observed kinetics of IIF

The results of this investigation indicate t
here can be changes in the subzero chara
stics of hematopoietic progenitor cells wh
ubjected to relatively short periods ofex vivo
ulture (5 days). Specifically, the cell cro
ectional area increases and water permea
arameters change afterex vivo culture. Fur
hermore, cells obtained from patients w
PS I exhibit cryobiophysical characterist
ifferent from those observed in cells obtain

rom normal donors. For freshly isolated ce
he potential exists that the differences in cr
iophysical characteristics may reflect the in
nce of the method of isolation. The change
ater permeability parameters for donors w
PS I after culture and transduction are diff
nt from those observed for normal donors.

IF kinetics for freshly isolated cells from no
al donors was not statistically different fro

hat of cultured and transduced cells from
ame donor. For donors with MPS I, howev
he culture and transduction process does r
n statistically significant changes in IIF ch
cteristics. The studies performed in this inv

igation used CD341 cells, a subset of hemat
poietic progenitor cells. This population is s
somewhat heterogeneous, containing unc
mitted and lineage-specific progenitor cells. T
potential exists that the heterogeneity of the
population may contribute to the scatter of v
ues obtained in some of the experiments
particular, the water transport experiments.

The results of this investigation do not p
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152 HUBEL, NORMAN, AND DARR
vide the specific mechanisms for the chang
cryobiophysical characteristics of cells af
culture and transduction nor an elucidation
the role that a specific genetic defect (MPS
may play in determining the values of the
rameters measured in this investigation. Fur
studies are needed to determine the mechan
responsible for the observed changes in w
transport and IIF and the influences of th
factors on the protocol. In experiments us
genetically modified peripheral blood lymph
cytes, the optimal survival of the genetica
modified lymphocytes is considerably less t
that of freshly isolated lymphocytes from t
same donor (data not shown). This study r
forces the point that in the development of n
hematopoietic therapies careful considera
should be given to understanding the influe
of cell source and manipulation on the freez
response of cells.
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