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ABSTRACT 

The present invention relates to methods and apparatuses for 
cell separation. In particular, the invention relates to sepa 
ration of a particular cell type from a mixture of di?cerent cell 
types based on the di?cerential rolling property of the par 
ticular cell type on a substrate coated With molecules that 
exhibits adhesive property With the particular cell type. This 
technology is adaptable for use in implantable shunts and 
devices for cell traf?cking or tumor neutralization. 
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CONTINUOUS FLOW CHAMBER DEVICE FOR 
SEPARATION, CONCENTRATION, AND/OR 

PURIFICATION OF CELLS 

[0001] This application claims priority of US. Provisional 
Patent Application Nos. 60/696,797, ?led Jul. 7, 2005; 
60/682,843, ?led May 20, 2005; and 60/645,012, ?led Jan. 
21, 2005; Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods and appa 
ratuses for cell separation. In particular, the invention relates 
to separation of a particular cell type from a mixture of 
different cell types based on the differential rolling property 
of the particular cell type on a substrate coated With mol 
ecules that exhibits adhesive property With the particular cell 
type. 

BACKGROUND OF THE INVENTION 

[0003] Puri?ed cell populations have many applications in 
biomedical research and clinical therapies (Auditore-Har 
greaves et al., Bioconjug. Chem. 5:287-300, 1994; and 
Weissman, Science 287:1442-1446, 2000). Often, cells can 
be separated from each other through differences in siZe, 
density, or charge. HoWever, for cells of similar physical 
properties, separation is often accomplished by exploiting 
differences in the presentation of molecules on the cell 
surface. Cell-affinity chromatography is based on this 
approach, most often by employing immobilized antibodies 
to speci?c cell surface antigens. Such af?nity column sepa 
rations require several distinct steps including incubation of 
the cells With the antibody, elution of the cells, cell collec 
tion, and release of the conjugated antibody, With each step 
reducing the overall yield of cells and increasing the cost of 
the process. 

[0004] There exists a need for obtaining cellular samples 
from donors that are enriched in desired biological targets. 
Because a heterogeneous sample may contain a negligible 
amount of a biological entity of interest, the limits of 
separation methods to provide viable and potent biological 
target in suf?cient purity and amount for research, diagnostic 
or therapeutic use are often exceeded. Because of the loW 
yield after separation and puri?cation, some cell-types, such 
as stem cells, progenitor cells, and immune cells (particu 
larly T-cells) must be placed in long-term culture systems 
under conditions that enable cell viability and clinical 
potency to be maintained and under Which cells can propa 
gate (cell expansion). Such conditions are not alWays knoWn 
to exist. In order to obtain a su?icient amount of a biological 
target, a large amount of sample, such as peripheral blood, 
must be obtained from a donor at one time, or samples must 
be WithdraWn multiple times from a donor and then sub 
jected to one or more lengthy, expensive, and often loW 
yield separation procedures to obtain a useful preparation of 
the biological target. Taken together, these problems place 
signi?cant burdens on donors, separation methods, techni 
cians, clinicians, and patients. These burdens signi?cantly 
add to the time and costs required to isolate the desired cells. 

[0005] Stem cells are capable of both inde?nite prolifera 
tion and differentiation into specialiZed cells that serve as a 
continuous source for neW cells that comprise such tissues as 
blood, myocardium and liver. Hematopoietic stem cells are 
rare, pluripotent cells, having the capacity to give rise to all 
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lineages of blood cells (Kerr, Hematol./Oncol. Clin. N. Am. 
12:503-519, 1998). Stem cells undergo a transformation into 
progenitor cells, Which are the precursors of several different 
blood cell types, including erythroblasts, myeloblasts, 
monocytes, and macrophages. Stem cells have a Wide range 
of potential applications, particularly in the autologous 
treatment of cancer patients. 

[0006] Typically, stem cell products (true stem cells, pro 
genitor cells, and CD34+ cells) are harvested from the bone 
marroW of a donor in a procedure, Which may be painful, 
and requires hospitaliZation and general anesthesia (Reck 
tenWald et al., Cell Separation Methods and Applications, 
Marcel Dekker, NeW York, 1998). More recently, methods 
have been developed enabling stem cells and committed 
progenitor cells to be obtained from donated peripheral 
blood or peripheral blood collected during a surgical pro 
cedure. 

[0007] Progenitor cells, Whether derived from bone mar 
roW or peripheral blood, can be used to enhance the healing 
of damaged tissues (such as myocardium damaged by myo 
cardial infarction) as Well as to enhance hematologic recov 
ery folloWing an immunosuppressive procedure (such as 
chemotherapy). Thus, improved approaches to purify stem 
cells ex vivo, or to “re-address” circulating stem cells in 
vivo, has great potential to bene?t the public health. 

[0008] Hematopoietic stem and precursor cells (HSPC) 
are able to restore the host immune response through bone 
marrow transplantation, yet the demand for these cells far 
exceeds the available supply. HSPC also shoW great promise 
for treatment of other hematological disorders. HSPC are 
believed to adhesively roll on selectins during homing to the 
bone marroW in a manner analogous to the (much better 
understood) process of leukocyte trafficking. Previous Work 
has demonstrated that CD34+ cells (shoWing a marker of 
stem cell immaturity) roll more sloWly and in greater 
numbers than more differentiated CD34- cells. By exploit 
ing this difference in rolling affinity it should be possible to 
construct a How chamber device for continuous separation 
and puri?cation of CD34+ cells from an initial mixture of 
blood cells, While maintaining viability of the cells for 
subsequent use in clinical applications. Such a process 
Would hold several distinct advantages over current affinity 
column methods. The feasibility of cell separation based on 
rolling af?nity has been demonstrated only for arti?cial 
adhesive microbeads, but not for live stem cell populations. 

[0009] CD34 is a surface marker of stem cell immaturity. 
Recent Work has shoWn that CD34+ cells from the adult 
bone marroW and fetal liver roll more sloWly and to a greater 
extent on P- and L-selectin, compared to CD34- cells 
(Greenberg et al., Biophys. J. 79:2391-2403, 2000). Further, 
Greenberg et al. (Biotechnol. Bioeng. 73:111-124, 2001) 
demonstrated that rolling a?inity-based separations of car 
bohydrate-coated microspheres is possible. HoWever, there 
remains a need for methods and apparatus for separation of 
a particular type of cells, particularly, immature stem cells 
from other cells, such as more mature cells, in a continuous, 
single-pass, high-throughput ?oW chamber. 

SUMMARY OF THE INVENTION 

[0010] Applicants have discovered a novel method and 
apparatus for continuous separation or puri?cation of cells 
by taking advantage of differential rolling velocities of 
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different cell types. Generally, cells rolls at about the same 
velocity on a surface; however, applicant have discovered 
that if a surface is rendered “sticky” to a particular cell type 
While not affecting other cells, the particular cell type 
exhibits a different rolling velocity and the other cells. By 
taking advantage of the difference in rolling velocity, the 
particular cell type can be separated, concentrated, or puri 
?ed from a cell mixture. 

[0011] The advantage of the present invention is that it 
requires feWer steps and subjects the cells to a more physi 
ologically relevant environment, as opposed to the arti?cial 
and harsh environment utiliZed by current other methods of 
cell separation. The present invention does not use expen 
sive puri?ed antibodies, and is cheaper, faster, and more 
ef?cient. The present device Will enable physicians to treat 
cancers, immunode?ciency, hematological, and, potentially, 
cardiac diseases With greater ef?cacy. 

[0012] The device of the present invention contains a 
surface for cell rolling, Wherein the surface has been coated 
With a substance that chemically or physically adheres to the 
type of cell being separated, concentrated, or puri?ed (the 
desired cells). In use, a mixture of cells is alloWed to How 
along the surface. Because the desired cells roll at a different 
velocity than the other cells in the mixture due to the 
adhesion betWeen the desired cells and the coated surface, it 
can be separated, concentrated, or puri?ed from the other 
cells. 

[0013] The adhesion molecule may be speci?c for a region 
of a protein, such as a prion, a capsid protein of a virus or 
some other viral protein, and so on. A target speci?c adhe 
sion molecule may be a protein, peptide, antibody, antibody 
fragment, a fusion protein, synthetic molecule, an organic 
molecule (e.g., a small molecule), or the like. In general, an 
adhesion molecule and its biological target refer to a ligand/ 
anti-ligand pair. Accordingly, these molecules should be 
vieWed as a complementary/anti-complementary set of mol 
ecules that demonstrate speci?c binding, generally of rela 
tively high af?nity. Cell surface moiety-ligand pairs include, 
but are not limited to, T-cell antigen receptor (TCR) and 
anti-CD3 mono or polyclonal antibody, TCR and major 
histocompatibility complex (MHC)+antigen, TCR and super 
antigens (for example, staphylococcal enterotoxin B (SEB), 
toxic shock syndrome toxin (TSST), etc.), B-cell antigen 
receptor (BCR) and anti-immunoglobulin, BCR and LPS, 
BCR and speci?c antigens (univalent or polyvalent), NK 
receptor and anti-NK receptor antibodies, FAS (CD95) 
receptor and FAS ligand, FAS receptor and anti-FAS anti 
bodies, CD54 and anti-CD54 antibodies, CD2 and anti-CD2 
antibodies, CD2 and LFA-3 (lymphocyte function related 
antigen-3), cytokine receptors and their respective cytok 
ines, cytokine receptors and anti-cytokine receptor antibod 
ies, TNF-R (tumor necrosis factor-receptor) family members 
and antibodies directed against them, TNF-R family mem 
bers and their respective ligands, adhesion/homing receptors 
and their ligands, adhesion/homing receptors and antibodies 
against them, oocyte or fertilized oocyte receptors and their 
ligands, oocyte or fertilized oocyte receptors and antibodies 
against them, receptors on the endometrial lining of uterus 
and their ligands, hormone receptors and their respective 
hormone, hormone receptors and antibodies directed against 
them, and others. Other examples may be found by referring 
to Us. Pat. No. 6,265,229; U.S. Pat. No. 6,306,575 and WO 
9937751, Which are incorporated herein by reference. Most 
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preferably, the adhesion molecules are antibodies, selectins, 
cadherins, integrins, mucin-like family, immunoglobin 
superfamily or fragments thereof. The adhesion betWeen the 
selected cells and the adhesion molecule is preferably tran 
sient, such that When exposed to the shear rate of a How ?eld, 
preferably in the range of 50-1000 s_l, the cells do not bind 
to tightly to the adhesion molecule, but rather roll along the 
coated surface. 

[0014] Adhesion molecules can be coated on the surface 
by directly physisorbing (absorbing) the molecules on the 
surface. Alternatively, the adhesion molecules can be 
covalently attached to the surface by reacting 4COOH With 
iNHZ groups on silanated glass surfaces. Another method 
for attachment of adhesion molecules is to ?rst absorb or 
attach avidin protein (including variants such as “Neutravi 
din” or “Superavidin”) to the surface, and then reacting this 
avidin-coated surface With adhesion molecules containing a 
biotin group. Electrostatic charge or hydrophobic interac 
tions can be used to attach adhesion molecules on the 
surface. Other methods of attaching molecules to surfaces 
are apparent to those skilled in the art, and depend on the 
type of surface and adhesive molecule involved. 

[0015] In a preferred embodiment, the adhesive molecule 
is micropattemed on the rolling surface to improve separa 
tion, concentration, and/or puri?cation ef?ciency. The pat 
tern is preferably a punctated disctribution of the adhesive 
molecule as described by King (Fractals, l2(2):235-24l, 
2004), Which is incorporated herein by reference. Here, 
punctate refers to adhesion molecule concentrated in small 
discrete spots instead of as a uniform coating, Which can be 
in any variety of patterns Punctate micropattems or other 
micropattems can be produced through microcontact print 
ing. This is Where a microscale stamp is ?rst incubated 
upside-doWn With the adhesion molecule solution as a drop 
resting on the micropatterned (face-up) surface. Then the 
drop is aspirated off, the microstamp surface quickly bloWn 
dry With nitrogen gas, and then the microstamp surface 
quickzly placed face doWn on the substrate. A small 10-20 
g/cm Weight can be added to the stamp to facilitate transfer 
of the adhesion molecule onto the substrate. Then the 
substrate is removed and a micropattem of adhesion mol 
ecule remains on the surface. 

[0016] FIG. 4 compares adhesion of ?oWing cells on 
either micropatterned or uniform adhesive surfaces. In FIG. 
4A, the average rolling velocity of cells on a micropattem is 
signi?cantly loWer than on a uniform surface of equal 
average density, and the micropattern is even sloWer than a 
uniform surface With a much higher average density. In FIG. 
4B, it is shoWn the rolling ?ux (number of adhesively rolling 
cells) is high on the micropattern, is high on the uniform 
surface With a much higher average density than the micro 
pattem, and is loW on the uniform surface With average 
density matched to the micropattern. Thus, micropattems of 
adhesive molecule can be used to capture speci?c ?oWing 
cells much more effectively and e?iciently than uniform 
adhesive surfaces. FIG. 4C shoWs as picture of a punctate 
micropattem of adhesive molecule, 3x3 micron squares of 
P-selectin micropattemed on tissue culture polystyrene. 

[0017] FIG. 5 shoWs the rolling velocity and the number 
of molecular adhesion bonds from a computer simulation of 
adhesion of a ?oWing cell to an adhesive surface With a (A) 
micropattem of molecule or (B) a uniform coating of 
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adhesive molecule. FIG. 5 shows that over the micropattern 
(“punctate”) distribution that the velocity and number of 
bonds ?uctuates in a oscillatory, periodic Way, Whereas on 
the uniform surface the ?uctuations are random. Thus, 
micropatterned molecular surfaces can be used to deliver 
regular, periodic surface signals to ?owing cells. 

[0018] FIG. 13 shoWs a different micropattem of adhesion 
molecule consisting of repeating linear stripes. Cells ?oWing 
past the micro-striped surface adhere to the surface and roll 
along. If the stripes are aligned at an angle to the direction 
of ?oW, then the cells folloW the stripe and can be moved 
perpendicular to the ?oW direction. Thus, stripes of adhesion 
molecules can be used to “steer” rolling cells in one direc 
tion or the other, and the cells can be led into various 
chambers at the end of the ?oW device and sorted in this 
Way. One embodiment is to use microstripes of adhesion 
molecules to “steer” targeted adhesive cells into a side 
chamber for storage and later retrieval, While alloWing most 
cells or Weakly adherent cells to pass through the device and 
not be “steered” toWards the holding chamber. 

[0019] In a particularly preferred embodiment, the inven 
tion exploits the natural rolling properties of hematopoetic 
stem cells (HSCs), separating them from other blood cells in 
a method that is simpler, faster, cheaper, and more effective 
than current solutions. A novel feature is using the differ 
ential rolling properties to separate out HSCs from other 
cells in the blood. In this embodiment, the blood cells are 
rolled along a surface coated With selectin proteins. The 
adhesion betWeen the selectins and the HSC retards the 
rolling rate of HSC along the surface, While other cells rolls 
their normal rate. The difference in rolling rates concentrates 
and separates the HSCs from the other cells. 

[0020] A particularly useful application of the present 
invention is the separation of HSCs for use in the treatment 
of many cancers, hematological, and immunode?ciency 
diseases. The treatment of cancers and immune diseases 
require aggressive radiation and chemotherapy that kills 
healthy bone marroW required for blood production. Bone 
marroW and peripheral HSC transplantation enables doctors 
to replace the diseased or destroyed bone marroW With 
health marroW that produces normal blood cells. The prob 
lem our device solves hoW to separate HSC’s out of the 
peripheral blood supply for later readmission to the body. 
Our approach to the solution is to separate HSCs in ?oW 
chambers. The ?oW chamber surfaces are coated With selec 
tin proteins that sloW doWn and separate HSCs from the rest 
of the blood cells. 

[0021] In an embodiment of the present invention, an 
implantable device is provided to effect in vivo cell sepa 
ration, concentration, and/or puri?cation in bodily ?uid. The 
implantable device preferably contains a chamber having a 
surface, through Which the bodily ?uid passes, that is coated 
With an adhesion molecule that selectively adheres to a 
desired cell type. The implantable device refers to any article 
that may be used Within the context of the methods of the 
invention for changing the concentration of a cell of interest 
in vivo. An implantable device may be, inter alia, a stent, 
catheter, cannula, capsule, patch, Wire, infusion sleeve, ?ber, 
shunt, graft, and so on. An implantable device and each 
component part thereof may be of any bio-compatible 
material composition, geometric form or construction as 
long as it is capable of being used according to the methods 
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of the invention. The literature is replete With publications 
that teach materials and methods for constructing implant 
able devices and methods for implanting such devices, 
including: U.S. Pat. No. 5,324,518; U.S. Pat. No. 5,976,780; 
U.S. Pat. No. 5,980,889; U.S. Pat. No. 6,165,225; U.S. 
Patent Publication 2001/0000802; U.S. Patent Publication 
2001/0001817; U.S. Patent Publication 2001/0010022; U.S. 
Patent Publication 2001/0044655; U.S. Patent Publication 
2001/0051834; U.S. Patent Publication 2002/0022860; U.S. 
Patent Publication 2002/0032414; U.S. Patent Publication 
2004/0191246; EP 0809523; EP 1174156; EP 1101457; and 
WO 9504521, Which are incorporated herein by reference. 

[0022] In an embodiment, the implantable device of the 
present invention contains chamber Whose surfaces are 
coated With adhesive molecules, such as selectin, integrins, 
cadherins, mucins, immunoglobin superfamily, and cad 
herins, and a molecule that neutraliZes the tumor-forming 
capacity of the circulating cancer cells, such as TRAIL 
(signal TNF-related apoptosis-inducing ligand), Fas ligand, 
and chemotherapeutic drug, (e.g. doxorubicin). The tumor 
neutraliZing molecule is preferably connected to the surface 
by a molecular stalk that can be cleaved by the cell surface 
metalloproteases and then enter the cell. In this embodiment, 
the implantable device retards the rolling of cancer cells 
along its Wall, While TRAIL kills the cancer cells sloWly 
rolling along the coated surface of the device before they are 
released from the ?oW chamber back into the circulation. 
The device, once implanted in a patient, screens circulating 
blood and neutralize the tumor forming potential of circu 
lating metastatic cancer cells Without interruption of blood 
?oW. This technology has the potential to provide signi?cant 
bene?t as an adjunct cancer therapeutic to prevent the spread 
of metastatic tumors, Which have a signi?cant impact on 
cancer related mortality and degradation of quality of life. 
Furthermore, this technology has the potential to be tuned 
for speci?c cancers to increase its effectiveness by custom 
iZing the geometric constraints, molecular interactions, and 
applied therapeutic agents to optimiZe potency against spe 
ci?c cancer types. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 describes experiments using the MAD 
computer simulation program: (A) Dimensionless rolling 
velocity of a collection of nearby cells as a function of the 
area fraction of adherent cells on the surface, obtained from 
either computer simulations (solid and dashed lines) or in 
vitro experiments (symbols) With sLexcoated beads rolling 
on P-selectin. (B) Diagram of the hexagonal array of 14 
spheres used in MAD simulations of A. (C) Measured 
rolling velocity of leukocytes in a live mouse microvessel as 
a function of the center-to-center distance betWeen each cell 
and the nearest neighboring cell. Data is compared to a 
simple hr hydrodynamic scaling argument. (D) Captured 
image of a typical post-capillary venule in mouse cremaster 
muscle under mildly in?ammatory conditions. 

[0024] FIG. 2 describes experiments using the MAD 
computer simulation program: (A) Representative trajecto 
ries of ?uorescent tracer beads in a 40 um venule in mouse 
cremaster muscle. The arroW denotes the position of a 
leukocyte adherent on the vessel Wall. (B) The velocity 
pro?le in the microcirculation is approximately parabolic. 
(C) A random distribution of red blood cells increases the 
average de?ection angle of the ?oW. The trajectory deviation 
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angle from horizontal Was found to increase monotonically 
With increasing hematocrit in the numerical simulation 
(squares, circles), and in the in vivo experiments (stars). 
Note that the in vivo data have been reduced by a factor of 
5 to account for the fact that real vessels are not mathemati 
cally smooth surfaces, and have some inherent non-unifor 
mity. (D) In the computational model the red blood cells 
Were modeled as rigid spheres With volume equal to that of 
a mature red blood cell. The case shoWn corresponds to 40% 
hematocrit. 

[0025] FIG. 3 is a description of experimental methods 
used to study the How of cells in vitro. (A) is a schematic 
diagram of a cell rolling on a surface With attached adherent 
molecules. (B) is a schematic of a protocol for preparing an 
experimental surface. 

[0026] FIG. 4 is a diagram of experimental results dem 
onstrating the assertion of the inventors that P-Selectin can 
be used to selectively sloW cells as they encounter a surface 
coated With said protein. (A) Mean rolling velocity V. shear 
stress; (B) mean rolling ?ux V. shear stress; and (C) a 
punctated pattern of adhesion molecules on a surface. 

[0027] FIG. 5 is a diagram describing the interaction of 
cells With a coated surface. 

[0028] FIG. 6 shoWs cell rolling velocity as a function of 
Wall shear rate. (A) KGla (blue lines) and HL60 (red lines) 
cells roll at similar velocities on 0.5 ug/ml P-selectin only 
but in the presence of 40 ug/ml anti-CD34 (dashed lines), 
KGla cells roll signi?cantly sloWer than HL60 cells. (B) 
CD34+ HSPCs (blue lines) roll signi?cantly sloWer than 
CD34- ABM cells (red lines) on 0.5 ug/ml P-selectin140 
ug/ml anti-CD34. 

[0029] FIG. 7 shoWs surface cell retention of CD34+ and 
CD34- cells. (A) KGla cells (black line) had higher reten 
tions than HL60 cells (blue line) on 0.5 ug/ml P-selectin and 
40 ug/ml anti-CD34. (B) Similarly, CD34+ HSPCs (black 
line) had higher retentions than CD34- ABM cells (blue 
line) on 0.5 ug/ml P-selectin only. These experiments Were 
performed at 3 dyn/cm2 for 10 minutes. 

[0030] FIG. 8 shoWs experimental con?rmation of com 
puter simulation (A) We predict (green bars) and con?rm 
With experiments (red bars) that there should be signi?cant 
enrichment of KGla cells on the P-selectin/antibody sur 
face. The original concentrations (blue bars) are included for 
easier observations. (B) A more modest increase in CD34+ 
HSPCs purity (red bars) should be possible With our current 
system. 

[0031] FIG. 9 shoW determination of optimum enrichment 
time. While optimum enrichment should take betWeen 10-25 
minutes for KGla cell mixtures (A), We can expect optimum 
enrichment to take 25-45 minutes for HSPC cell mixtures 

(B). 
[0032] FIG. 10 is a picture depicting better separation for 
loading of a small portion of the rolling surface. Loading a 
small portion of the surface instead of the Whole surface may 
(“bolus” system) be better for separation. 

[0033] FIG. 11 shoWs velocity distribution of cells at 3 
dyn/cm2. Experimental data ?tted to exponentially modi?ed 
Gaussian for (A) HL60/KG1a cells, (B) HSPC/CD34- ABM 
cells, all at 3 dyn/cm2. 
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[0034] FIG. 12 predicts the separation abilities of a ‘bolus’ 
cell loading system. Optimum separation should be possible 
Within 5 minutes for all cell mixtures on a 1 mm long 
functional surface. Increasing the length of the functional 
surface proportionally increases the cell retention time and 
hence the tie for enrichment. 

[0035] FIG. 13 shoWs a micropattem (punctated pattern) 
of adhesion molecule consisting of repeating linear stripes. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0036] Because perfusion ?oW rates and selectin density 
on the chamber Wall can both be used to control the average 
rolling velocity, computer simulations (using a computer 
algorithm called multiparticle adhesive dynamics (MAD) 
designed by the inventor speci?cally to study the adhesion 
of complex suspensions of cells to surfaces under How) are 
used to determine the optimal conditions that cause CD34+ 
cells to doWnregulate their L-selectin expression While they 
are in close contact With the surface. 

[0037] Using the MAD computer algorithm, simulations 
have previously shoWn that the adhesive dynamics simula 
tion can accurately predict the rolling velocity and rolling 
fraction of cells as a function of shear rate, selectin density 
and species, and PSGL-l density on the leukocyte (King et 
al., Biophys. J. 81:799-813, 2001; and King et al., Proc. 
Natl. Acad. Sci. USA. 98:14919-14924, 2001). Thus, the 
computer simulation can be used to generate design param 
eters that optimiZe the performance of the separation device. 
A key parameter that the simulations Will determine is the 
optimal delay time until the perfusion buffer is sWitched 
from calcium-containing to calcium-free media, in order to 
release the sloWly rolling CD34+ cells from the surface into 
the ?nal outlet fractions (See FIG. 1). 

[0038] The applicant developed this entirely neW algo 
rithm to study multiparticle cell adhesion under How, that 
builds on early Work in AD. AD is a computational algo 
rithm designed to simulate the adhesion of a rigid spherical 
cell to a planar surface in linear shear ?oW (Hammer et al., 
Biophys. J. 62:35-57, 1992; Chang et al., Proc. Natl. Acad. 
Sci. USA. 97:11262-11267, 2000). The AD algorithm tracks 
the motion of each molecular bond betWeen the cell and 
substrate as the cell rolls over or moves relative to the other 
surface. Bonds are stochastically formed and broken accord 
ing the instantaneous probability of formation and failure as 
dictated by the instantaneous length (or hypothetical length 
in the case of an unforrned bond) of a compliant spring With 
endpoints on either surface. Other surface interactions such 
as electrostatic repulsion, and body forces such as gravity, 
are included in the model. 

[0039] To address these and other limitations of the origi 
nal AD algorithm, MAD Was developed. This approach is 
based on a boundary elements method for calculation of the 
hydrodynamic mobilities of a suspension of small particles 
in a viscous ?uid (Kim et al., Microhydrodynamics: Prin 
ciples and Selected Applications, ButterWorth-Heinemann, 
Stoneham, Mass., 1991). This method, called CDL-BIEM is 
of general applicability, in that it can consider any number 
of arbitrarily-shaped particles in a general ?oW ?eld con 
?ned by an arbitrary set of bounding surfaces. A modi?ca 
tion of CDL-BIEM exists to consider elastically-deformable 
particles (Phan-Thien et al., ZAMP 47:672-694, 1996), and 
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the method is computationally e?icient insofar as being an 
0(N2) process (Where N is the number of boundary ele 
ments) and is easily paralleliZable (Fuentes et al., AIChE J. 
38:1059-1078, 1992; and Amann et al., Eng. Anal. Bound. 
Elem. 11:269-276, 1993). This multiparticle hydrodynamic 
calculation Was fused to an improved version of AD. 

[0040] Once the MAD simulation has been validated, the 
model Was tested With observations of leukocyte-endothelial 
interactions in intact venules of an appropriate animal model 
of in?ammation. P-selectin-mediate rolling is visualiZed in 
post-capillary venules of diameter 22-37 pm in cheek pouch 
of anesthesiZed hamsters using intravital microscopy. Roll 
ing velocity is found to be a strong function of the center 
to-center separation distance to the nearest cell, and also to 
correlate strongly With the number of nearby cells. These 
effects are beyond that attributable to variations in vessel 
Width or molecular expression along the length of the vessel. 
Adherent leukocytes is observed to provide a nucleation site 
precipitating further adhesion events of free-stream cells, 
con?rming that the hydrodynamic recruitment mechanism 
?rst demonstrated in simulations and cell-free experiments 
is indeed an important mechanism for cell capture. These 
results agree With their previous theoretical considerations 
of the ?oW ?eld induced by multiple nearby cells. FIG. 2 
shoWs representative results from the MAD simulationg, in 
vitro cell-free experiments and in vivo measurement of 
rolling velocity, demonstrating the excellent agreement 
betWeen the engineered system and the animal in?ammation 
model. 

[0041] The modi?cation of the surface expression of 
CD34+ cells can be achieved by immobiliZing NPPB (a 
broad-spectrum Cl channel inhibitor) to the ?oW chamber 
Wall. Short exposures to NPPB have been shoWn to decrease 
L-selectin levels by a factor of 2. The inventors have 
successfully used this method to decrease the L-selectin 
expression on mature leukocytes, and furthermore, prelimi 
nary adhesion experiments have con?rmed that these 
changes in L-selectin expression signi?cantly affect both 
average rolling velocity and rolling ?ux on sLeX. 

[0042] In one preferred embodiment of this invention, this 
chemical modi?cation, immobilization of NPPB on the Wall 
of a ?oW chamber, alters the adhesion of this subclass of 
HSPC (Hematopoletic stem and precursor cells) and alters 
the tra?icking behavior of these cells. These results can be 
adapted to other surface-modifying or differentiation reac 
tions. 

[0043] In another preferred embodiment of the invention, 
the perfused cell suspension leaves the ?oW chamber and is 
collected into the pump syringe and then stored after ?xation 
until such time as the outlet stream can be tested by ?oW 
cytometry to determine the extent to Which the L-selectin 
expression of CD34+ cells has been successfully altered. 
The invention can be tested and optimiZed With dilute 
suspensions of CD34+ cells alone, folloWed by test mixtures 
of CD34+ and Whole blood. 

[0044] Selectins are proteins that HSCs and White blood 
cells bind or stick to transiently. CD34+ stem cells are the 
immature stem cells and have maximum stem cell activity, 
and have been shoWn to roll more e?iciently (or sloWer) than 
CD34- stem cells, Which are the more committed or di?fer 
entiated cells. Red blood cells and platelets do not roll on 
selectins, While White blood cells and some tumor cells 
exhibit rolling. 
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[0045] The technology aims at exploiting the differential 
rolling abilities of these cells and accordingly designing a 
?oW chamber coated With an optimum distribution of selec 
tin, molecules that can ?lter out the PBSCs (peripheral blood 
stem cells) from the remaining blood components. 

[0046] United States Patent Application US20040191246, 
“Process For In Vivo Treatment of Speci?c Biological 
Targets in Bodily Fluid,” addresses the need for a device 
capable of sorting and separating useful cell types based on 
their biological properties. The patent application describes 
an invention comprised of “a process for the in vivo treat 
ment of the bodily ?uid of a biological organism Wherein 
said organism is implanted With a device, the bodily ?uid is 
brought into contact With a binding agent Within the device 
and the ?oW velocity of at least one of the cellular compo 
nents of the ?uid is reduced.” 

[0047] The device proposed in this application improves 
upon the device described in US2004/0l9l246 by adding 
the capability to manipulate adult stem cells ?oWing in the 
peripheral blood. The basic premise of the device is to 
transiently capture ?oWing adult HSPC from the blood, and 
While the cells are in close contact With the surface, to 
modify the surface receptor presentation of the captured cell 
so as to modify its homing properties. In this manner, stem 
cells may be redirected in the body. Examples of improve 
ments beyond the scope of US2004/0l9l246 in the present 
case include adding a recycle stream, and assembling mul 
tiple stages of ?oW chambers in series. 

[0048] One embodiment of the device, Which can be 
implanted in a human or an animal, or used ex vivo, can 
speci?cally modify targeted cells including cancer cells and 
early progenitor cells as described. 

[0049] In one preferred embodiment of the current inven 
tion, cells in the circulating blood are (i) transiently cap 
tured, (ii) chemically modi?ed on their surface to alter their 
adhesive properties, and (iii) released into the bloodstream 
While retaining their viability. This embodiment has particu 
larly preferred application in the formation of an implantable 
device for the selective neutraliZation of the tumor forming 
potential of circulating metastatic cancer cells. The implant 
able device preferably contains a chamber Whose surfaces 
are coated With an adhesive molecule for cancer cells, 
preferably selectin, and a molecule that neutraliZes or kill 
cancer cells, preferably TRAIL, Fas ligand, or chemothera 
peutic drug. Here the adhesive molecule causes the cancer 
cells to sloWly roll along the surfaces of the chamber, While 
the TRAIL (or other molecules that neutraliZes cancer cells) 
neutraliZes the tumor-forming capacity of the circulating 
cancer cells before they are released from the ?oW chamber 
back into the circulation. Because the TRAIL (or other 
molecules that neutraliZes cancer cells) molecule is attached 
to the device surface and not freely injected into the blood 
stream, it produces minimal TRAIL-related side effects and 
contributes to an improved quality of life for the patient. 

[0050] The device, once implanted in a patient, screens 
circulating blood and neutraliZe the tumor forming potential 
of circulating metastatic cancer cells Without interruption of 
blood ?oW. This technology has the potential to provide 
signi?cant bene?t as an adjunct cancer therapeutic to pre 
vent the spread of metastatic tumors, Which have a signi? 
cant impact on cancer related mortality and degradation of 
quality of life. Furthermore, this technology has the potential 
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to be tuned for speci?c cancers to increase its effectiveness 
by customizing the geometric constraints, molecular inter 
actions, and applied therapeutic agents to optimize potency 
against speci?c cancer types. 

[0051] In another preferred embodiment, the device here 
described contains a recycle stream. Where part of the outlet 
stream from the device is recycled back to the inlet stream. 
This effectively increases the inlet concentration of the 
desired cells, thus improving the concentration of the outlet 
stream. 

[0052] In yet another preferred embodiment, the device 
here described contains a multiple stages of How chambers 
in series. In this case, at least tWo devices are connected in 
series, Where the outlet stream of one device feeds into and 
inlet of the next device. Each subsequent device further 
concentrates, separates, and/or puri?es the desired cells. 

[0053] One preferred embodiment of this device Will 
consist of a glass microcapillary netWork With an inner 
coating of adhesive molecules in Whole or part of the 
netWork. Because the binding is not permanent, the bonds 
formed can dissociate quickly alloWing the bound cell to 
“roll” When subjected to a How stream in the microcapillary. 
The microcapllary system, also referred to as micro?uidic or 
micro-total analysis systems (uTAS), are commonly knoWn 
in the art and are disclosed in detail in US. Pat. No. 
6,692,700 to Handique et al.; US. Pat. No. 6,919,046 to 
O’Connor et al.; US. Pat. No. 6,551,841 to Wilding et al.; 
US. Pat. No. 6,630,353 to Parce et al.; US. Pat. No. 
6,620,625 to Wolk et al.; and US. Pat. No. 6,517,234 to 
Kopf-Sill et al.; Which are incorporated herein by reference. 
The microcapillary netWork is especially usefull in cell 
separation, concentration, and/or puri?cation of small vol 
ume samples at high throughput. 

[0054] Reproducible test data produced by the inventor 
shoWs that a precise combination of multivalent P-selectin 
chimera together With anti-CD34 antibodies is able to 
increase the difference in rolling velocity betWeen HSCs and 
mature leukocytes from zero to a factor of tWo. This differ 
ence in rolling velocity, With the HSCs rolling consistently 
sloWer over a Wide range of physiological Wall shear stresses 
(1-10 dyn/cm2) Will serve as the basis for a high-throughput, 
?oW-based cell separation process. 

[0055] In one preferred embodiment of the current inven 
tion, a parallel plate ?oW chamber device, functionalized 
With a P- and E-selectin-presenting surface to support rolling 
interactions of the HSPC and mature hematocyte suspen 
sions is connected to the circulation of a patient. 

[0056] Previously, the applicant has used a system to study 
leukocyte adhesion focused on the cell-free assay, Where 
leukocyte and endothelial adhesion molecules are reconsti 
tuted in a synthetic system consisting of polymer micro 
spheres (model leukocytes) presenting sLe", PSGL-l, or 
other selectin-binding ligand (Brunk et al., Biophys. J. 
72:2820-2833, 1997; and Rodgers et al., Biophys. J. 79:694 
706, 2000) Which serves as a model for the construction of 
the current device. The loWer surface of a parallel plate ?oW 
chamber is coated With P-selectin, E-selectin, L-selectin, or 
other adhesion molecule constitutively expressed by the 
endothelial cells that line blood vessels. The cell-free assay 
has been shoWn to exhibit noisy rolling behavior similar to 
leukocytes interacting With intact post-capillary venules. 
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Cell-free experiments have been useful in identifying the 
physiological role of the myriad of receptors and counter 
receptors present on the surface of blood and endothelial 
cells (Goetz et al., Biophys. J 66:2202-2209, 1994). The 
applicant has published on these experimental techniques in 
several papers (King et al., Langmuir 17: 41394143, 2001; 
King et al., Biophys. J 81:799-813, 2001; and King et al., 
Proc. Natl. Acad. Sci. USA. 98:14919-14924,2001). 

[0057] Coating of the rolling surface or chamber may be 
accomplished With a protocol such as folloWs. The rolling 
surface is incubated With concentrations of soluble P- or 
L-selectin (R&D Systems) ranging from 2-20 ug/mL for 2 h. 
The coated surface Will be assembled into a commercially 
available adhesion ?oW chamber (Glycotech), and con 
nected to a computer-controlled syringe pump (NeW Era 
Systems). Isolated HSPC Will be suspended in PBS buffer 
with 1 mM calcium ion and 0.5% HSA to minimize non 
speci?c adhesion With the surface. A mixture of cells con 
taining CD34+ cells is used in the cell separation, and fed 
into the How chamber With shear rates ranging from 50-1000 
s_l. The cells not containing CD34, Which have been shoWn 
to exhibit Weaker and more transient adhesion to selectin 
presenting surfaces, Will preferentially pass ?rst through the 
How chamber system and exit to the outlet stream. Prefer 
ably, the cell mixture contains calcium because calcium ion 
is necessary for selectin to adhere to its carbohydrate ligand. 
At certain point after How is initiated, the inlet solution is 
sWitched to calcium-free media Which “releases” the CD34+ 
cells from the selectin surface, and these cells Will be mostly 
contained Within the ?nal fractions of outlet suspension. The 
precise time at Which to sWitch perfusion media is not yet 
knoWn. HoWever, assuming an average CD34+ rolling 
velocity of 20 um/s at a shear rate of 200 s'1 and a usable 
selectin surface length of 13.5 mm, then to minimize the 
number of CD34+ cells exiting into the calcium-containing 
fractions, a sWitchover time of ~14 min. should be used. This 
sWitchover time Will be optimized to achieve the maximum 
separation of cells, by performing computer simulations of 
the separations experiment as described beloW. The relative 
concentrations of CD34+ and CD34- cells can be assessed 
via ?oW cytometry, by ?rst treating the cell suspensions With 
antiCD34 primary antibodies (R&D Systems, Rockville, 
Md.) and ?uorescent secondary antibody (Molecular 
Probes). 
[0058] In yet another embodiment of the present inven 
tion, separation of CD34+ cells from Whole blood mixtures 
is achieved using a combination of selectin and anti-CD34 
antibody adhesion. This includes separation of CD34+ and 
CD34- HSPC based on differences in selectin-mediated 
rolling. 

[0059] In another embodiment of this invention, a varia 
tion on, and extension of, the concept of separating cell 
populations that differ in CD34 surface presentation but are 
alike in physical characteristics, mixed HSPC populations in 
Whole blood suspensions are isolated via selectin-mediated 
rolling from Whole blood. In this case it Will be necessary to 
coat the How surface With both P-selectin (or L-selectin) and 
immobilized hapten-conjugated anti-CD34 monoclonal 
antibody (e.g. QBEND/IO, IgGl, 0.5 p.g/106 cells). Note that 
the selectin molecule is necessary since it has been demon 
strated that antibody molecules alone are insuf?cient to 
capture cells from the freestream, most likely due to the 
loWer rate of bond formation compared to the selecting. In 






