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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 with
mucopolysaccharidosis type | (MPS 1) were determined using cryomicroscopy and analyzed using theoretical
models for water transport and intracellular ice formation. The cells from donors with MPS | used in this
investigation were cultured and transduced with a retroviral vector forthéduronidase (IDUA) enzyme in
preclinical studies for human gene therapy. The water transport and intracellular ice formation (IIF) character-
istics were determined at different time points in the culture and transduction process for hematopoietic
progenitor cells expressing CD34 antigen from donors with MPS | and from normal donors. There were
statistically significant changes in water transport, osmotically inactive cell volume fraction, and permeability
between cells from different sources (normal donors vs donors with MPSI) and different culture conditions
(freshly isolated vs cultured and transduced). SpecifichlfyandE. increased afteex vivoculture of the cells
and the changes in permeability parameters were observed after as little as 3 days in culture. Similarly, the IIF
characteristics of hematopoietic progenitor cells can also be influenced by the culture and transduction process
The IIF characteristics of freshly isolated cells from donors with MPS | were statistically distinct from those of
cultured and transduced cells from the same donor. The ability to cryopreserve cells which are eutltived
for therapeutic purposes will require an understanding of the biophysical changes resulting from the culture
conditions and the manner in which these changes influence viabikity999 Academic Press
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Tere has been a significant interest in gen@sponsible for the catabolism of glycosamino:
therapy involving hematopoietic progenitorglycans (GAGs). Without IDUA, GAGs accu-
cells. One reason for the interest in this specifimulate in the lysosome of cells. Clinical mani-
cell type is the accessibility of these cells, whicliestation of MPS | can include hepa-
are found principally in bone marrow. Addition-tosplenomegaly, mental retardation, and cardiz
ally, successful gene transfer into primitive proand pulmonary failure (14, 24). Human studies
genitor cells can permit repopulation of the dousing allogeneic bone marrow transplantatio
nor with modified cells Capable of self renewahave shown alleviation of the Symptoms of
and therefore resulting in the potential alleviayps | (25). Genetically modified progenitor
tion of the symptoms of the genetic defect foge|ls may permit a similar therapeutic effect
the lifetime of the donor. Finally, advances inyjthout the additional risks associated with al-
our understanding of hematopoiesis and metlgeneic bone marrow transplantation (i.e., graf
ods ofex vivomanipulation of progenitor cells yorsus host disease).
have provided _a.strong foundation for the de- e ability to cryopreserve cells that have
velopment of clinical protocols for human geng,een genetically modified is important for the

therapy. clinical application of human gene therapy.

di Mu(;;opolys?c_:chafrldo&j tfype ! (MQZS 2 IS aSpecificaIIy, cryopreservation permits transpor
Isorder resulting from deficiency at-L-1du- aion of cells to a clinical location, pooling of

ronidase enzyme (IDUA), an enzyme p""rti""”ycells to reach a therapeutic dose, and time fc
the completion of safety and quality control
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Bone marrow has been successfully cryoprémbalance is that intracellular ice formation
served since 1955 (1). At present, cryoprese(HF), which is lethal to the cell (cf. 21 for
vation of bone marrow for autologous transreview), is observed. At low cooling rates, cells
plantation, in particular, has become standarare exposed for long periods of time at high
clinical practice (19). Emerging progenitor cellsubzero temperatures to high extracellular con-
therapies (both somatic cell and gene therapiesgntrations, resulting in potentially damaging
involve the use of a series of processing procdvigh intracellular concentrations (10, 18). Me-
dures. Typically, progenitor cells are positivelychanical stresses during slow freezing are also
selected from a mixed population of cells obeonsidered to contribute to damage (12).
tained from bone marrow, apheresis products, Water content and the transport of water are
or umbilical cord blood. The cells are subseeommon elements in the previous description of
quently cultured/expanded in a stem cell growtthe response of a biological system to freezing.
medium. In the case of gene therapy, the celSimilarly, the correlation between IIF and lethal
are then transduced with the desired gene. damage necessitates the determination of IIF

It is not clear whether conventional bonecharacteristics. The purpose of this investiga-
marrow cryopreservation protocols would bdion was to quantify the water transport and IIF
appropriate for use in the preservation of proeharacteristics of progenitor cells which were
genitor cells that have been manipulated for usaodified for use in gene therapy to treat a donor
in gene therapy. Studies of other cell types haweith MPS I. A comparison was also made be-
shown that culturing freshly isolated cells protween the freezing characteristics of cells from
duces a change in the freezing characteristics afnormal donor and those from a donor with
the cells as a function of time (7, 29). TheMPS I. Determination of IIF and water transport
additional concern with the culturing of hema-characteristics are important in quantifying the
topoietic progenitor cells is that culturing will effect of the manipulation protocols on the
promote differentiation of the progenitor cellsphysical properties of the cells and in develop-
(25). The potential exists that conventionaing appropriate cryopreservation protocols for
freezing protocols developed for minimally pro-gene therapy products.
cessed bone marrow may not be appropriate for
use on progenitor cells that have been exten- MATERIALS AND METHODS
sively manipulated. In addition, it will be im- .
portant to establish the similarities and differCell Isolation
ences between the freezing behavior of cells Mononuclear cells (MNCs) were obtained
from normal donors and that from donors witfrom normal donors and donors with MPS |I.
a genetic defect, which in this investigation wasnformed consent and permission from the local
MPS I. Institutional Board were obtained. The donors

Multiple processes have been found to affeatere given 7.5ug/kg of granulocyte colony
the post freeze—thaw survival of cells. Duringstimulating factor (G-CSF) (Amgen, Thousand
freezing, solute is rejected from the solid phas&aks, CA, U.S.A.) for 4 days prior to apheresis
producing an abrupt change in concentration iim order in increase the number of hematopoi-
the unfrozen portion of the solution. A celletic progenitor cells in circulation.
responds to this perturbation by expressing wa- Upon completion of the apheresis, using pos-
ter to reach a new equilibrium state betweeitive selection, the cell population was enriched
intracellular and extracellular solutions. At highin cells expressing the CD34antigen. In the
cooling rates, equilibrium cannot be maintainedase of apheresis collections from donors with
because the rate at which the chemical potentiPS |, enrichment of cells expressing the
in the extracellular solution is being lowered iSCD34" antigen was performed using the Ce-
much greater than the rate at which water cgorate SC system (CellPro, Inc., Bothell, WA,
diffuse out of the cell. The end result of thisU.S.A.). The cells obtained from the apheresis
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product were treated with a monoclonal antieell factor R & D Systems, Minneapolis, MN,
body to the CD34 antigen. The cells were thek).S.A.). The culture medium was circulated
passed over a column of avidin-coated beadssing a media pump (Quad Pump, Cellco) ac-
which allowed the CD cells to bind to the cording to manufacturer instructions.
beads in the column. Unlabeled cells were not ]
retained in the column and passed through. F€ll Transduction
nally, the CD34 cells that were bound to the After approximately 72 h in culture, the cells
beads in the column were removed using gentfeom donors with MPS | were transduced with
agitation. the retroviral vector LP1CD (obtained from Dr.

For cells obtained from normal donors, pos€. Whitley). The construction and validation of
itive selection for cells expressing the CD34 the vector have been described previously (17).
antigen was performed using the Isolex 50he cells were transduced twice per day for 2
(Baxter, Deerfield, IL, U.S.A.). Anti-CD34 mu- days, resulting in a total of four transductions. A
rine monoclonal antibody (primary antibody)frozen bag of supernatant containing the retro-
was mixed with the cell suspension to permiviral vector was thawed in a 30°C water bath
binding of the antibody to the target cell. Theand then supplemented with protamine sulfate
suspension was washed to remove unbound ao-a final concentration of pg/ml. The average
tibody, and target cells (CD34cells) were ro- viral titer of LP1CD was 5x 10° colony form-
setted with Dynal paramagnetic microsphereisig units/ml. The multiplicity of infection was
coated with sheep anti-murine antibody. Th&. The transduced cells were harvested on the
rosetted target cells were then separated fromorning of day 5. For experiments using cells
the rest of the cell suspension using the Isoleixom normal donors, the cells were transduced
50 magnet cell separator. After washing, thavith retroviral vector LNGFR described previ-
target cells were released from the beads by tloeisly (20), using the same culture media and
use of PR34 stem cell releasing agent. Thetransduction protocols used with cells from do-
remaining Dynabeads were then separated fronors with MPS |.
the freed target cells using the magnetic sepa- )
rator. Cryomicroscopy System

The final purity of the cells (using either The controlled freezing experiments were
method of separation) was determined usingerformed using a cryomicroscope that con-
flow cytometry. Cells were labeled with phyco-sisted of a Zeiss general research microscope
erythrin-conjugated antibody to CD34 and th€Carl Zeiss, FRG) fitted with a specially de-
fraction of cells expressing the antigen was designed cryostage described in detail elsewhere
termined. The percentage of cells expressing tt{8). The response of the cells during freezing
CD34 antigen after purification with the columnwas detected by a camera (Optronics LX450A)
ranged from 60 to 80%. and transmitted to a video cassette recorder

(JVC HR-S6900U) and a color monitor (Sony

Cell Culture PVM 1344Q) for subsequent image analysis. A

For cells obtained from donors with MPS l,computer-based temperature controller and
approximately 15-20< 10° cells were inocu- video interface (Thermascope and Datavideo,
lated into a cellulose acetate hollow-fiber biointerface Technigues, Cambridge, MA, U.S.A.)
reactor (HFBR) cartridge (Cellco, Germantownwere used to specify and control the stage tem-
MD, U.S.A.). The cells were cultured using aperature. A 4& bright-field objective (Carl
serum-free medium containing X-Vivo 10 (Bio-Zeiss) was used with a>2 optivar (Carl Zeiss)
Whittaker, Walkersville, MD, U.S.A.) supple- for magnification of the experiments. The freez-
mented with 1% human serum albumin (Baxteiing studies were performed on a thin convection
Round Lake, IL, U.S.A.), 2 mM-glutamine, 20 stage. The experimental sample was placed on a
ng/ml rIL-3, 75 ng/ml rIL-6, and 25 ng/ml stem composite window consisting of an optically
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transparent heating layer made of indium tirextracellular media (11), the following equation
oxide, a thermocouple for sensing temperaturean be written,
and a sapphire substrate designed to isolate the

thermocouple from the freezing solution andLV: LpART[ n( V-V )
reduce temperature gradients. Gaseous nitrdT  v,B (V =V + vu(vhy 1
gen, chilled in a bath of liquid nitrogen, pro- AH (1 1 (4
vided refrigeration for the cryostage. Stage tem- "R (Tr - T)] ,

perature during experiments was controlled by

adjusting the amount of power to the heatingyhereV is the cell volumeT is the temperature
layer using a Tempsoft software package (In@bsolute) L, is the hydraulic permeability’
terface Techniques). For a freezing experiment the surface area of the ceB, is the cooling

a 3- to 5uL sample of the cell suspension wagate, v, is the partial molar volume of watep,
placed between the cryostage window and ig the partial molar volume of sal, is the
glass coverslip. Silicone grease was used to seg&lmotically inactive cell volume fractiom, is
the edges of this system to prevent evaporatiahe dissociation constant for NaCT, is the

of the solution and to act as an anchor for thequilibrium freezing temperature for pure water
coverslip. The sample was cooled from roon273.15 K), andAH; is the latent heat of fusion
temperature to a holding temperature of amf water.

proximately —2°C. At that time, a chilled  The hydraulic permeability of the membrane,
probe was used to seed ice formation in thk,, is a function of the temperature. Assuming
extracellular solution. Immediately after seedan Arrhenius relationship (8, 23), the perme-
ing, the sample was cooled at a constant rate &bility is expressed as a function of temperature
a final temperature of-60°C. The stage was

then warmed to room temperature and the sam- Lo=L exp( _E (l _ l)) 2]

ple removed. No viability tests were performed P R\T T/’

on the samples because of the difficulty of re-

covering cells from the stage after a freezin@mere"pg is the permeability of the cell mem-
protocol. rane to water at the reference temperattire,

The total water content of the cell mcludesand E. is the apparent activation energy for the
. water transport process.
both water available for transport and osmoti- R

Implicit within the development of these

cally inactive water. In a series of mdependenéquations is the assumption that thermal equi-

experiments, the osmotically inactive cell voI-”Prium exists within the immediate region

umes were determined. A series of solutions g .
around the cell and the temperature difference

increasing osmolarity (0.3 to 1.0 osm) were cross the cell membrane is less than 0.01°C.

made by adding sucrose to Iscove’s modifie he intracellular solution is assumed to be ideal

Dulbecco’s medium (IMDM, GIBCO, Grand and dilute. As with most mammalian cells, it is

Island, NY, U.S.A.). The cells were added 0 ssumed that the hydrostatic or turgor pressure

these solutions. The static cell volumes for thgCrOSS the cell membrane is negligible. A more
cells resuspe_nded ir_1 the_:se hypertoni_c Sc’lutior&%mplete discussion of the assumptions behind
were determined using image analysis. this model and the errors associated with these
assumptions can be found in Lewhal. (9) and

Water Transport Model more recently in Toneet al. (23).

The flow of water across the cell membrane .
at subzero temperature has been modeled usifigracellular ice-Nucleation Model
a nonequilibrium model developed by Mazur Experimental evidence suggests that there is
(11). Assuming that equilibria of temperaturea correlation between IIF and fatal cell injury
and pressure prevail between the intra- and tlier many cell types (21). As such, cryobiolo-
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resent the process of IIF and to characterize the PIFSN = 1 — ex
mechanism by which IIF damages the cell. Re-
cently, a model for ice formation in biological
cells has been developed (22) based on heteMhereA is the surface area of the plasma mem-
geneous nucleation theory for condensed Sygrane and is time. The nucleation rate not only
tems (24). Subsequently, the model has beéfflects the influence of the nucleation parame-
expanded to include the effects of different facters but also reflects the solution undercooling.
tors, such as the presence of cryoprotectivdn estimate for the undercooling of the cytosol
agents (CPAs) and diffusion-limited crystaccan be obtained using the water transport equa-
growth (5, 6). tions (Egs. [1] and [2]). The fraction of cells

If the nucleation of ice crystals within cellsWith ice observed during a freezing protocol
results from a series of bimolecular reaction&eflects a coupling between IIF and water trans-
and if IIF results from the heterogeneous nucle?o't:

ation seeded by a structure within the cell, the This model for lIF has been used to analyze
nucleation rate can be written as a variety of biological systems, including mouse

oocytes, islet B-celldprosophila melanogaster
NS, [ T2 kg [T\ embryos, rat hepatocytes, and isola_lted protg-
Jhet = Qom— [T] exp[w (T) } , Pplasts from secale cereale (21). Th|§ analysis
MLl fo has involved the correlation of experimentally
measured kinetics of IIF with the theory and the
[3]  determination of multistep protocols based on
model predictions.

gists have attempted to develop models to rep- T
p[—f Addt|,  [4]

Tseed

whereAT = (T, — T) is the undercoolingT ,
is the equilibrium melting point, an@, andx, Data Analysis
are the kinetic and thermodynamic coefficients The volumetric response of the cells during a

of the nucleation rate. A more complete descrifreezing experiment was analyzed to provide an
tion of Eq. [3] can be found in Ref. (22). Theestimate of the water transport from each cell.
prefactor (), is a function of the number of The corresponding image analysis was done on
water monomers present, the viscosity of thg Gateway PS90 computer (Gateway Corp.,
solution, and a heterogeneous nucleation factQ{orth Sioux City, SD, U.S.A.)) using Meta-
which accounts for the interaction between thﬁ‘/lorph image processing software (Universal
catalytic surface and a cluster of water molemmaging Corp., West Chester, PA, U.S.A.). Im-
cules (6). The exponential factot,, is a func- ages obtained at specific time points were dig-
tion of the interfacial free energy between thetized from the videotape and stored on optical
ice and the solution and a heterogeneous nuclgiscs. A cursor was used to trace the outline of
ation factor, which accounts for the interactionhe cell boundary and the enclosed area was
between the catalytic surface and a cluster @lculated and entered into a spreadsheet that
water molecules. At present, theoretical modeigicluded other information, such as the temper-
to predict values of), and k, for specific cell ature. The cross-sectional area of the cell was
types do not exist. As with the water permeabilrelated to the cell volume, assuming spherical
ity parameters, values fd, and k, must be geometry. For each cooling rate, cell volumes
obtained empirically from experimental data. were obtained at approximately 10 different
Toner et al. have hypothesized that IIF istemperatures, and for the same experimental
catalyzed by the plasma membrane. Assumingpnditions, between 6 and 12 cells were ana-
sporadic nucleation of identical cells, the problyzed.
ability of IIF assuming surface-catalyzed nucle- As indicated previously, the hydraulic perme-
ation, PIF®" can be expressed as ability, L, and its temperature dependengg,
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can be estimated from the experimental meauantify those differences, the cross-sectional
surements of cell area as a function of timedrea was determined using the image analysis
temperature using the previously describedoftware previously described. The cell size,
model. The inverse curve-fitting method used toepresented by the cross-sectional area of the
relate the experimental measurements to theell, increases during the culture and transduc-
models uses nonlinear regression analysis tmn protocol. Freshly isolated cells from a do-
produce the permeability values that wouldhor with MPS | had an average cross-sectional
yield the best fit between experimental volumarea of approximately 50.1 11.1 um?®
measurements and theoretical volumes with tHenean= SD). After 3 days in culture but before
criteria of minimizing they” statistic (9). The transduction with the retroviral vector, the av-
values ofL ,, andE, can be used to predict watererage area increased to 1#143 um?®. Upon
transport and water content for an arbitrargompletion of the culture and transduction pro-
freezing protocol. The predictions of water coneess (day 5 in culture), the average area of cells
tent as a function of temperature used in thisom patients with MPS | was 10& 29 um?,
investigation were calculated using Cryosinwhich was similar to that measured on day 3.
software (26). Control experiments were performed in which
Cells with internal ice exhibit an increase inthe cells from the same donor were cultured for
opacity during the freezing process, which cab days using the stem cell culture media previ-
be observed and recorded as a function of coabusly described. On days 3 and 4 of the proto-
ing rate, time, and temperature. Estimates faol, the cells were sham transduced with culture
the values of(), and k, can be obtained from medium that did not contain viral particles. As
the fraction of cells which form internal ice as asuch, the cells in the control experiments were
function of temperature for a specific coolingcultured under the same conditions but not ex-
rate using equations and an inverse fitting teclposed to the viral supernatant and therefore not
nigue very similar to those described for thegenetically modified. The average area for the
water transport analysis. cells in these control cultures was 126 33
Statistical analysis of the water transport angm?®. The cell cross-sectional area for cells at
IIF data obtained from different donors andday O (freshly isolated cells) was statistically
culture conditions was performed using Statdifferent from that measured at either day 3 or
View software (Berkeley, CA, U.S.A)). Cellday 5 P < 0.0001). Thecross-sectional area
size (cross-sectional area) was analyzed usingthe cultured and transduced cells from donors
an unpaired test. Water transport and dehydrawith MPS | after culture and transduction was
tion characteristics were compared using andkss than that of cells from the same donor that
ysis of variance (ANOVA). The statistical anal-had been cultured but sham transduced<(
ysis of the fraction of IIF as a function of 0.0002).
temperature and the cumulative fraction of cells The average cross-sectional area of a freshly
with IIF as a function of cooling rate was per-isolated CD34 cell from a normal donor was
formed using the Wilcoxon signed-rank test. 57 = 13 um?, and after culture and transduction
the average cross-sectional area increased to
RESULTS 116 + 33 uwm? As with the cells from donors
with MPS |, the differences in cross-sectional
area measurements were statistically distinct
The cell size and corresponding initial celiwhen freshly isolated cells were compared with
volume are of interest in freezing studies beeells after 5 days in culture®(< 0.0001). The
cause of the influence of total water content odifferences in cross-sectional area of the cells
cell freezing response. It was observed thdtom normal donors after culture and transduc-
there was a change in cell size with time as thgon (day 5) and CD34cells cultured for 5 days
cells were cultured and transduced. In order twith sham transduction were not statistically

Water Permeability Parameters
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FIG. 1. Normalized cell volume fractiorly/V,, as a function of the inverse solution osmolarity for freshly
isolated cells from (A) donors with MPS | and (B) normal donors. Error bars indicate standard deviations of the
mean. Linear regression was used to determine the Boyle—van't Hoff relationship for the data represented. The
number of cells used in these experiments ranged between 41 and 100.

significant, in contrast to that observed in cell®btained after culture and transduction (data not
from donors with MPS 1. shown).

The total volume of the cell consists of the The increase in concentration of the extracel-
volume of water available for water transportular solution observed during freezing provides
plus the osmotically inactive volume fraction ofa driving force of the exoosmosis of water. The
the cell. The osmotically inactive cell volumedecrease in cell volume as a function of tem-
fraction was determined based on the equilibperature for a given cooling rate was determined
rium volume of cells in hypertonic solutions offrom the video recordings of the experiments.
increasing concentration. Assuming that cellBased on these measurements, estimates for the
behave as perfect osmometers, the decreasehydraulic permeabilityl ,,, and activation en-
cell volume observed at increasing solutiorergy, E,, can be obtained. The normalized vol-
concentrations can be extrapolated linearly tome,V/V, (volume at a given temperaturg,
obtain an estimate for the cell volume fractiordivided by the initial volume), as a function of
which is osmotically inactive. temperature for cultured and transduced cells

In Fig. 1, the normalized cell volume (vol- obtained from donors with MPS | frozen at a
ume at a given concentration divided by theate of 10°C/min is given in Fig. 2. Based on the
volume under isotonic conditions) as a functiomormalized volume as a function of tempera-
of the inverse of solution osmolarity is given forture, L ,, was calculated to be 1.36 10" ** m*/N
donors with MPS 1 and for normal donorss and E, was 103 kJ/mof. The dehydration
(Boyle—van't Hoff plot). Extrapolating to infi- behavior of the cells was also determined as a
nite concentration, the osmotically inactive celfunction of cooling rate. The cells from a donor
volume fraction for freshly isolated cells waswith MSP | which were cultured and transduced
0.17 for donors with MPS | and 0.29 for normalwere frozen at cooling rates ranging from 10 to
donors. After culture and transduction, the 0s40°C/min. For the cells frozen at 10°C/min,
motically inactive cell volume fraction was 0.21there is extensive dehydration. As the cooling
for donors with MPS | and 0.20 for cells fromrate increases, the time for transport out of the
normal donors. Osmotically inactive cell vol-cell decreases and this is reflected in the nor-
ume fractions were determined for cells after 3
days in culture (pretransduction) and these val-z 1o convertL,, to um/atm/s, multiply by 6.078< 10
ues were not statistically different from thosero convertE, to kcal/mol, multiply by 0.239.
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FIG. 2. Normalized cell volume fractionV/V,, as a

function of temperature for cultured and transduced cells FIG. 3. Normalized cell volume fractiony/V,, as a

from donors with MPS | frozen in IMDM at a cooling rate function of temperature for freshly isolated cells and for

of 10°C/min. The dashed line indicates the best fit for datgultured and transduced cells from donors with MPS I. The

for the water transport parametdrs, andE.. (cf. Egs. [1] cells were frozen in IMDM at a cooling rate of 10°C/min.

and [2]). Five cells were used in these experiments. Error bars were omitted to improve clarity. The experiments
used 5 cultured and transduced cells and 11 freshly isolated
cells.

malized volumes measured. Estimates Qg
andE, were obtained from the normalized vol-_.

umes as a function of temperature measured Eltg' 3, the normalized volume as a function of

each cooling rate (cf. Table 1). temperature for freshly isolated CD34ells

Changes in the membrane permeability witﬁmd cultured and transduced cells from donors

time resulting from the culture and transductior){‘".th MPS 1 is given for a cooling rate of 10°C/

process should be reflected in differences in t in. The differences in dehydration between

observed dehydration under specific freezin esh a”‘?' cultured and tran'sduced cells from
conditions and in the values fdr,, andE,. In onors with MPS | as a function of temperature

for a constant cooling rate were statistically
significant @ < 0.001)using ANOVA. Water

TABLE 1 transport characteristics were determined for

Water Transport Characteristics of CD34ells Ob- cells from donors with MPS | during specific
tained from Donors with MPS | and Cultured and Transpoints in the culture process. The average val-

duced at Various Cooling Rates ues ofL ,, andE, for freshly isolated cells, cells
g Lo Ec & at day 3 in culture (pretransduction), cultured
CC/min)  (10“m*Ns) (k¥mol) n? (109 and transduced cells (day 5), and control cul-
tures (day 5, nontransduced) are given in Table

10 1.35 130 17 6.7 2. These results indicate that the water perme-
gg 2-;2 ‘7‘1 3(1) 22 ability does not change after an additional 2
40 0.58 24 24 1g daysinculture. ,
Avg + std 1.0+ 0.4 60+ 35 In order to compare the osmotic response of
a less purified population of cells, cryomicros-
* Cooling rate. copy experiments were performed using freshly

27"3H})</drau|ic permeability at reference temperature,= isolated MNCs from donors with MPS I.
* Apparent activation energy. Freshly isolated MNCs frqm donors Wlth MPS
¢ Number of cells. | were frozen at three different cooling rates

® x? statistic as a measure of goodness-of-fit. (10, 20, and 40°C/min). The average value of
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TABLE 2 1
Average Water Transport Characteristics of CD®klls
Obtained from Donors with MPS | at Different Time Points ®
in Culture = 0.751
i3
L g E. V, 3 2 0.5
Culture condition (10 m*N's)  (kJ/mol) (%) £S
28
Freshly isolated 0.25 33 40 X L 025
Pretransduction =
(day 3) 1.9 70 )
Transduced 0 *r—o T
(day 5) 1.0 60 17 1 10 100 1000
Control (day 5, Cooling Rate (C/min)
nontransduced) 1.2 70 b
—®— Cultured and transduced cells
a L . . . from a donor with MPS 1
Percentage of volume which is osmotically inactive.
® Not determined. --0-- Freshly isolated cells
from a normal donor

Lpg was 1.7+ 1.0 X 10 * m®N s and that oE, FIGf. 4. _I\/Iaxirfnuml_cumultati;/e féag;igcn |(|)f ;:ells \c/jvith IIF
V.Vas 153+ 18 kl/mol. ANOVA of the dehyd_ra- \i/?t: Mugcst.lolntﬁatcc\i\?elpeg :ljltirg; and tfar?scrlzg]ed Ogr?crisfor
tion of MNCs and CD34 from donors with freshly isolated cells from normal donors. The cells were
MPS | indicated that the dehydration charactefrozen in IMDM. The number of cells per data point ranged
istics of the two different cell populations werebetween 32 and 134.
different (P < 0.001).

The dehydration characteristics of freshly
isolated and of cultured and transduced CD34distinct decrease in the estimated valueEf
cells from normal donors were also analyzetbased on dehydration characteristics of cultured
(cf. Table 3). The values df,, andE, measured and transduced cells. The valuelg§, for cells
for cultured and transduced cells from normarom normal donors that had been cultured and
donors were quite similar to those obtainettansduced was less than that observed for
from a donor with MPS |. There were morefreshly isolated cells.
distinct differences between the values Lgf,
andE, determined using fresh cells. These difintracellular Ice Formation Parameters

ferences result principally from differences in The maximum cumulative fraction of cells
dehydration at fairly high subzero temperatureg;yh || js strongly influenced by cooling rate.
which result in the higher estimate f&. for the cymulative fraction of cells with IIF as a
freshly isolated cells from a normal donor. ASunction of cooling rate is given in Fig. 4 for

with cells from donors with MPS |, there was & tred and transduced cells from a donor with

MPS | and freshly isolated cells from a normal

TABLE 3 donor. The fraction of cells with IIF increased

Average Water Transport Characteristics of Cb®ells  from 0% at approximately 10°C/min to 100% at
Obtained from Normal Donors at Different Time Points in4Q0°C/min for cells from a donor with MPS 1.
Culture For freshly isolated cells from a normal donor,
L E v, the cumulative fraction of cells with IIF in-

Pg a o H o

Culture condition  (10“m¥N's)  (kd/mol) (%) creased from O at 5°C/min to 100% at 50°C/
min. The cumulative fraction of cells with IIF as

Freshly isolated 6.4+ 3.7 69+ 45 29  afunction of cooling rate for cultured and trans-
Transduced duced cells from a normal donor was also de-
(day 5) 0.41+ 0.19 29+ 33 20

termined and exhibited little difference from
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o isolated cells and cultured and transduced cells
from normal donors and for cultured and trans-
08| %  Cumredandansdiced g E duced cells from normal donors and from do-
£ nors with MPS |, the fraction of cells with IIF as
0.6- :' f a function of temperature isot statistically
g distinct.
0.4 . = The kinetics of IIF obtained at 200°C/min for
’ o U the cell types tested can be used in conjunction
°.n. o with the model for IIF described previously to
0.29 RN obtain estimates for the values@f, and«, (cf.
o B=200 C/min Table 4). The results indicate that there is a
0 g T T T decrease in the value of bofd, and k, after

o ~-10 -20 -30 -40 -50 (yjtyre and transduction.

i
o Freshly isolated s O

Fraction of cells with IIF

Temperature (C) DISCUSSION

FIG. 5. Cumulative fraction of cells with IIF as a func- (}Nater Permeability Parameters

tion of temperature for freshly isolated cells and for culture
and transduced cells from donors with MPS I. The cells The change in cell size over the duration of

were frozen in IMDM at a cooling rate of 200°C/min. Thethe culture and transduction process is one of
number' of cells used in these experiments was 48 and 4%e most noticeable changes that take place with
respectively. in the cells. There is an approximately 55%
increase in cross-sectional area of the cell (two-
that observed in freshly isolated cells from ao threefold increase in cell volume) over the
normal donor (data for donors with MSP | notperiod of culture and transduction. It is not clear
shown). why the observed changes in volume are occur-
The ability to predict the probability of IIF ring. One potential explanation is that tles
requires the experimental determination of th@ivo culture of the cells results in differentiation
ice nucleation parameters), and .. If the of the cells and the changes in size reflect such
cooling rate used is sufficiently high to suppresghanges in differentiation. The percentage of
water transport out of the cell, the cumulativesells expressing the CD34 antigen was deter-
fraction of cells as a function of temperature foiined using flow cytometry on the freshly iso-
a specific cooling rate (200°C/min for this in-jated cells and on the cells which had been
vestigation) can be used to estimate the IlEultured and transduced for all the experiments.
parameters. In Fig. 5, the cumulative fraction oA dimming in the average fluorescence inten-
cells with IIF as a function of temperature for asity of cells which had been cultured and trans-
cooling rate of 200°C/min cells obtained fromduced was noted but the percentage of cells

donors with MPS [ is given. For both freshlyexpressing the CD34 antigen at the end of the
isolated and cultured and transduced cells, the

fraction of cells with IIF increases with decreas-

ing temperature. TABLE 4
Using a Wilcoxon signed-rank test, the frac- IIF Characteristics of CD34 Cells Obtained

tion of cells with IIF as a function of tempera- from Donors with MPS |

ture for freshly isolated cells from donors with Qe K

MPS | is statistically different from that of  culture condition (10°*m2s?)  (10°K"

cultured and transduced cells from the same

donor P = 0.001), from that of freshly iso- Fresh 2337 439
Cultured and transduced 1064 347

lated cells from normal donordP(< 0.001),
and from that of cultured and transduced cells = prefactor (cf. Eq. [3]).
from normal donors® < 0.0001). Forfreshly ® Exponential factor (cf. Eq. [3]).
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culture and transduction process was similar tmr cells (CD34CD33") from normal donors
that obtained from freshly isolated cells seededas determined to be 0.21.
into the HFBR. The similarity between the frac- The culture and transduction of the CD34
tion of CD34" cells before and after culturecells also influenced the water transport charac-
makes it unlikely that changes in differentiatiorteristics. Specifically, there was an increase in
could account for the changes in cell size obthe values oL, andE, after as few as 3 days
served. in culture for cells from donors with MPS I. The
It is noteworthy that there were statisticabbserved changes in water transport remained
differences in the cross-sectional areas of tHargely constant for an additional 2 days in
cells from a donor with MPS | under differentculture and there was little difference observed
culture conditions. Specifically, the size of then the water permeability between the cultured
cultured and transduced cells was less than tlaad transduced and the cultured and sham-trans-
size of the cells from the control experimentgluced cells. In contrast, thex vivoculture of
that had been cultured for the same period afells from normal donors resulted in a decrease
time but not sham transduced. The retrovirah the values ot ,; andE, with time in culture,
supernatant contains high levels of IDUA enwhich is consistent with a previous study of
zyme produced by the packaging cells line (17)water permeability characteristics of hepato-
In a previous study using genetically modifiectytes culturedex vivo (29). In that studyl
lymphocytes for the treatment of MPS II, re-andE, were determined to decrease with time in
duced levels of glycosaminoglycan (CAC) aceulture.
cumulation were observed for cells that had The permeability parameters determined in
been transduced with the corrective gene. Levhis investigation are consistent with those de-
els of GAG accumulation were also reducedermined in a study of the subzero water trans-
when cells were simply exposed to culture meport characteristics of monocytes by McCaa and
dia containing lysomal enzymes but no infeceolleagues (13). In this study performed at su-
tious particles (2). These results suggest that tipeazero temperatures, a value lof; of 5.8 X
size difference observed between the culturetd ** m%N s and a value oE, of 61 kJ/mol
and transduced cells and the sham-transduceere determined for monocytes. The hydraulic
cells from donors with MPS | may have resultegpbermeability parameters for hematopoietic pro-
from production of IDUA after genetic correc-genitor cells were determined previously in a
tion and/or from uptake of IDUA from the su- study by McGann and colleagues (14). In this
pernatant that permitted the completion of thetudy performed at suprazero temperatukgg,
catabolism of GAGs. was determined to be 0.46 10 * m*/N s and
As indicated under Results, the osmoticallf, was 27 kJ/mol. The value df,, determined
inactive cell volume fractiony,, for fresh cells in the study by McGann and colleagues was
from a donor with MPS | was approximatelyconsistent with the measurements of freshly iso-
0.17. After culture and transduction, the osmotated cells from normal donors found in this
ically inactive cell volume fraction was largely investigation (6.4< 10~** m%N s) and slightly
the same (0.21). In contrast, there was a changeger than that observed for freshly isolated
in the osmotically inactive cell volume fractioncells from donors with MPS | (0.25% 10"
observed when cells from a normal donor weren®/N s). The activation energy., for freshly
studied (0.29 for freshly isolated cells and 0.2@solated cells from normal donors determined in
for cultured and transduced cells). The osmotihis investigation was 69 kJ/mol, which was
cally inactive cell volume fractions measured irconsiderably higher than that observed for
this investigation are consistent with those fronfreshly isolated cells from donors with MPS |
a recent study by Gao and colleagues (4) i(83 kJ/mol) and that observed in the study by
which the osmotically inactive cell volume frac-McGann and colleagues (27 kJ/mol). The dif-
tion for freshly isolated hematopoietic progeniferent values foE, may reflect the difference in
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experimental conditions between the two studseen hypothesized that a change in the slope of
ies. The studies performed in this investigatiokinetics of IIF at low temperatures may corre-
were performed at subzero temperatures in thgpond to a shift in the mechanism of IIF. It has
presence of external ice. As has been observeden hypothesized that, at lower temperatures,
in other cell types, there can be a discontinuitgatalysis results from molecular structures
in the value of the activation energy betweemvithin the cells. This mechanism is known as
suprazero and subzero temperatures (cf. 15 feolume-catalyzed nucleation (21, 22). The po-
review). The differences between the activatiotential exists that lysomal inclusions could act
energy measured in this investigation and thats nucleating sites for ice formation and the
of McGann and colleagues may reflect suchmodel used for the prediction of IIF should be
differences in experimental conditions. modified to include both surface- and volume-
In analyzing IIF characteristics for the cellscatalyzed IIF nucleation. Further studies would
studied in this investigation, the interaction bebe needed to verify the site of nucleation within
tween water transport and IIF and the cellthe cell during freezing and the correlation of
specific IIF kinetics have been studied. The¢hose sites with the observed kinetics of IIF.
increase in the cumulative fraction of cells with The results of this investigation indicate that
IIF as a function of cooling rate from 0 to 100%there can be changes in the subzero character-
is consistent with the IIF characteristics deteristics of hematopoietic progenitor cells when
mined for other cell types (21) and reflects theubjected to relatively short periods ex vivo
interaction between water transport and IIF. Theulture (5 days). Specifically, the cell cross-
similarity in the cumulative fraction of cells sectional area increases and water permeability
with IIF as a function of cooling rate for cul- parameters change aftex vivo culture. Fur-
tured and transduced cells from donors witlthermore, cells obtained from patients with
MPS | and for freshly isolated cells from normalMPS | exhibit cryobiophysical characteristics
donors is consistent with the fact that the dehydifferent from those observed in cells obtained
dration and IIF kinetics for those two cell pop-from normal donors. For freshly isolated cells,
ulations are not statistically different (for thethe potential exists that the differences in cryo-
same cooling rate). biophysical characteristics may reflect the influ-
The fraction of cells with IIF as a function of ence of the method of isolation. The changes in
temperature for a high cooling rate reflects avater permeability parameters for donors with
cell-specific IIF characteristic (21). There areVIPS | after culture and transduction are differ-
statistically significant differences between thent from those observed for normal donors. The
fraction of cells with IIF as a function of tem- IIF kinetics for freshly isolated cells from nor-
perature for freshly isolated cells from donorsnal donors was not statistically different from
with MPS | and those fractions for: (1) culturedthat of cultured and transduced cells from the
and transduced cells from donors with MPS Isame donor. For donors with MPS I, however,
(2) freshly isolated cells from normal donorsthe culture and transduction process does result
and (3) cultured and transduced cells from noiin statistically significant changes in IIF char-
mal donors. The fraction of cells with IIF as aacteristics. The studies performed in this inves-
function of temperature for freshly isolated cellgigation used CD34 cells, a subset of hemato-
from normal donors is not statistically distinctpoietic progenitor cells. This population is still
from cultured and transduced cells from normatomewhat heterogeneous, containing uncom-
donors or from donors with MPS 1. mitted and lineage-specific progenitor cells. The
The model for IIF used in this investigationpotential exists that the heterogeneity of the cell
assumes surface catalysis of IIF. As shown ipopulation may contribute to the scatter of val-
Fig. 5, there is a slight discontinuity in the slopaues obtained in some of the experiments, in
of the data for freshly isolated cells from donorgparticular, the water transport experiments.
with MPS | at approximately—30°C. It has  The results of this investigation do not pro-
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vide the specific mechanisms for the change irf. Karlsson, J. O., Cravalho, E. G., and Toner, M. A
cryobiophysical characteristics of cells after model of diffusion-limited ice growth inside of bi-

. . . ological cells during freezingl. Appl. Physics75,
culture and transduction nor an elucidation of />~ - (1994),

the role that a SpeCiﬁC genetic defect (MPS |)7. Karlsson, J. O. M., and Toner, M. Long-term storage of

may play in determining the values of the pa- tissues by cryopreservation: Critical issuBsooma-

rameters measured in this investigation. Further  terials 17, 243-256 (1996).

studies are needed to determine the mechanisn$s Levin, R. L., Cravalho, E. G., and Huggins, C. E. A

responsible for the observed changes in water ~ MemPrane model describing the effect of tempera-
. ture on the water conductivity of erythrocyte mem-

transport and IIF and the influences of these branes at subzero temperatur€ryobiology 13,

factors on the protocol. In experiments using 415-429 (1976).

genetically modified peripheral blood lympho- 9. Levin, R. L., Ushiyama, M., and Cravalho, E. G. Water

cytes, the optimal survival of the genetically permeability-ofyeast cells at sub-zero temperatures.

modified lymphocytes is considerably less than ~ J- Membr. Biol.46,94-107 (1979).

that of freshly isolated lymphocytes from the 0. Lovelock, J. E. The haemolysis of human red blood

) . cells by freezing and thawingBiochem. Biophys.

same donor (data not shown). This study rein- Acta 10, 414426 (1953).

forces the point that in the development of newz1. Mazur, P. Kinetics of water loss from cells at subzero

hematopoietic therapies careful consideration

should be given to understanding the influence

temperature and the likelihood of intracellular freez-
ing. J. Gen. Physiol47,347-369 (1963).

of cell source and manipulation on the freezin

response of cells.

. Mazur, P. Freezing of living cells: Mechanisms and
implications. Am. J. Physiol.247, C125-C142
(1984).
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