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of pores (65) sized i reain o  allowing smaller diameter interferants 1T2) o pass throngh the menihbrane. The apparatns
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APPARATUS AND METHOD FOR BIOLOGICAL
SANPLE PREPARATION AND ANALYSIS

TECHNICAL FIELD

The invention relates genarally to the field of bialogical sample
preparation and analysis. More particularly, the subject invention relates to a
method and apparatus for enhancing the sensitivity of blood call analysis.

BACKGROUND ART

Flow cytometry is a well known technigue for gualitatively and
quaniitatively znalyzing a large number of individual cells for a specific
cellular marker in a rapid manner. In a typical application, a fluarescent
molecular probe that selectively binds fo a pradetermined cell marker, such
as a fluorochrame-conjugated antibody that specifically binds an intracellutar
or cell surface anfigen, is added {o a cell sample to be analyzed so that the
probe can bind cr "stain” the cels within the sample that express the
predetermined cell marker. The sample is then placed in flow cytemeter and
iluminated with a light source to enable the fluoresoence associated with
each cell in the sample te be quantified. The magnitude of fluorescence
emitted from a particular cell correlates with the quantity of cell marker on or
in that particular celt. By exirapolating this fuorescence data, the relative
quantity of specific phenofypic markers expressed by ceils in 2 sample can be
rapidly and accurately determined. For an averview of flow cylometric
analysis see, “Flow Cytemeiry and Sorting,” Myren R. Melamed, Tore Lindme,
and Mortimer L. Mendslsohn, eds., New YoricWiley-Liss, Inc., (3rd ed., 1895);
Shapiro, H.M., “Fractical Flow Cytometry,” New York:Wilay-Liss, inc., (2nd
ed,, 1580).

Sample preparation for flow eytometric analysis is typically performed
in a non-automated fashion, wherein a saturating concentration of a cell
marker-specific probe is added o a cell sample by manual pipetting, and the
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mixture is tﬁen incubated for a pericd of tme sufficient to allow the probe to
bind the cell marker of interest. For analyses where red blood cells might
cause interfarence {.9., immunoc-phenctyping leukocyies), the red blood cells
can be removed from the sample using an agent that specifically lyses
arythrocytes (for example, a hypotonic solution, ammonium chloride or
carboxylic acid). Traditionally, to ramove interfering unbound probe from the
cell sample pner to flow cytometric analysis, the mixiure is washed by adding
exeess buffer to the mixiure, centrifuging the mixture to separate the cells
from the buffer, removing the buffer containing the tnbound probe, and
resuspending the cells in fresh buffer. The washing procedure can be
repeated multiple times to further remove any remaining unbound probe.
This non-automated technique is advantageous in that it results in a relatively
glean sample that containg few interferants (for exampla, unbound probe or
call debris) which might generate background neise or interferense during the:
flow cytomstric analysis. For many applications, however, this non-
automated fechnique is relatively time-consuming, can result in significant cell
loss due o one or more wash steps, and exposes the cells to the potentially
deleterious effects (for example, activation of enzymatic processes, granule
releage, cell destruction, high gravity forces produced by centrifugation, etc).
While the foregoing technique is acceptable for infreguent analyses
invelving a smal number of samples, it is lees suitable for protocols involving
repeated analyses of a large number of samples. A more automated
procedure is generally preferred when flow cyfometric analysis is employed
for clinical diagnostics, high-throughput screening, orthe like. Feor example,
in a typical clinical assay where leukocytes are immunaphenatyped using flow
cytometry, a sample of whele blood is placed inte an apparatus that
aufomatically processes the sample prior te analysis. One such apparatus is
the COULTER® TQ-Prep™Workstation systern manufactured by Beckman
Coulter, Inc. (Miami, Florida). Afier adding a probe to the sample, this
apparatus uses computer-controlled devices to aufomeatically add an agent

2
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that lyses erythrocytes in the sample and a cell fixing agent (for axample,
paraformaldehyde). The prepared sample can then be analyzed using a fiow
cytometer without further processing. This actomated techrique is
advantageous in that samples of whole bloot can be prepared for analysis
quickly and gfficiently, )

A drawback of this lysing technique can be encountarad in applications
requiring a high dagree of sensitivity. In such applications, in the absence of
a washing step, the automated technigue does not remoeve interferants, such
as unbound probe ar debris from the lysed erythrooytes from the sample.

The high backgraund signal caused by ihe flucrescence from the unbound
probe, non-speciic probe hinding, and/or autofluorescence from the cells and
debris can chscure results generated from the analysis.

Where a fluorescently-labeled antibody is used to analyze a cell
sample for 2 marker present in low quaniities, the absence of a washing step
can result in high background fluarescence caused by the unbeound antibody
present in the sample. Thus, if too many unbound flucrescent antibody
molecules are present in the sample, the flow cytometer can not distinguish
ihe signal emitted from the antizody-bound cells from the “noise” genérated
by the unbound antibody. That is, the “noise” in the sample overwhelms the
“signal” emanating from the cells of interest. To aveid this, the signal fo noise

ratio in the sample can be improved by removing the interferants by manually -

washing. An example of manual washing comprises centrifuging the sample
{o pellet the cells, decanting the interferanis gontained in the supematant, and
resuspending the cells in fresh buffer. As described above for the non-
automated technique, this manual washing is disadvantageous becauss itis
fime consuming, causas cell damage, and can result in sighificant cell loss.

A need therefore exists for an apparatus and method for quickly and
efficiently rempving interferants from a cell sample pricr to analysis. In
addition, the apparatus and method should minimize the risk of exposure to
infectious blood becauss of operator handling of the blcod cell sample. An

3
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apparatus that performs the foregeing method with only negligible celi loss,
and does not expose cells to high gravitational forces or cell packing caused
by cenirifugation would be especially advantagesus,

DISCLOSURE OF INVENTION

It has been discovered that filters, such as microporous hollow fiber
mambranes, can be utilized in cell sampie preparation devices to quickly and
efficienily remove interferants from a celt sample. More specifically, it has
been found that the use of a hollow fbar membrane having a plurality of
pores with a mean diameter less than the diameter of the cells of interest can
be ufilized to remove interferants from a cell sample te improve the signal-to-
noise ratio in a cellular assay. Application of vacuum to the hollow fiber
membrang permits interferants tu be removed from a blood cell sample within
a lumen of the filter with litile or no cell damage. As the cells themselves do
not pass through pores of the membrane, compared with conventionzl
continuous filfration devices, clogaing of the fitter is less frequent, and cells
ara exposed to less delstericus forces. Filters within the invention can be
installed in a cell processing apparatus such that a blood cell sample can be
washesd and analyzed automatically. ‘

Accordingly the invention features an apparalus for automatically
removing inferferants from a sample containing cells. The apparaius
includes & vacuum source; a fillration device comprising an impenmeable
housing thai forms an extramembrane chamber wherein said chamhber
contains a filter that selective retains cells of interest while allowing
Interferants to pass through the filter, and wherein said housing contains at
least three port and wherein at least ona port is connected by a canduit o ihe
vacuum soures; a cenduit from ene of said poris in said housing which is
adapted to aspirate a cell sample from a sample container into the filiration
device by said vacuum source; and a conduit from one of said ports in said

4
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housing which fluidly connects to a buffer reserveir, which provides a means
for buffer to enter into said fitration device to recover the retained cells
thraugh one of said ports.

In a preferred embodiment, the apparatus for automatically removing
interferants from a sample containing cells includes a sample confairer holder
adapted for holding a sample container containing the sample of cells; a
filtration device comprising a filler that seleciively retains the cells while
allpwing the interferants {0 pass therathrough; at least one condut fluidly
connecting the sample container 1o the filtration device whereby the sample
can move between the sample container and the filtration device; and a
means for recovering the cells from the filtration device. The filler of the
apparatus prefarably includes a microporous hollow fiber membrane having a
plurality of pores sized such that cells are prevented from passing
therethrough. Far example, the pores can have a mean diameter of between
about 0.1 and 5.0 migrons. In prefemred versions of the apparatus, the
microporous holiow fiber membrane is fashioned into at least one fube
defining a lumen, the fube having a first port providing a first opening in the
tube, and a second port providing a second opening In the tube. In this
preferred embediment, $he conduit can be fluidly connected to the at least
ane lumen via the first port such that the cell sample can be moved from the
cell sample container through the first port info the at least one lumen. The
second port can be fluidly connected to a buffer reservoir containing a buffar
and also fluldly connected to a detergant solution reservalr containing 2
detergent salution, The means for recovering the cells from the filtration
device can include a fluid pump that can be in fluid communication with a
huffer reservoir suitable for housing a buffer so that the fluid pump can cause
the buffer to flow from the buffer reserveir into the filtration device. In
variations, the fluid pump can alsc cause the buffer to fiow from the filtration
davice inta the at ieast ene conduit.
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In another aspect of the apparatus of the invention, the filtrafion
device gan also include an impermeable housing that formes an
extramembrane chamber between the impermeable housing and the
microporous hollow fiber membrang, A vacuum source can be fluidly
connecied to the extramembrane chamber such thal application of a vacuum
from the vacuum source to the exframembrane chamber causes the sample
of cells to be aspirated from the cell sample container through the at least one
conduit into at least one lumean of the microporous holiow fiber membrane via
the first port, and a portion of the sample of cells to flow through tha
microporous hollow fiber membrane inte the extramembrane chamber.

The apparatus can also include cne or mere pumps and a plurality of
valves. The pumps provide a hydraulic force for transporting the buffar from
the buffer reservoir irto the lumens of the microporous hollew fiker
membrane, and the detergent sclution from the detergent solution reservoir
ini the lumens of the microperous hollow fiber membrane; and the plurality of
valves being adapted te open and close such that the vacuum from the
vaculm source can be applied {o the extramembrane chamber such that the
buffer, the detergant sclution, and portiens of the sample of cells within the
lumens of the micrgporous hollow fiber can be controllably aspirated from the
lumens to the extramermbrane chamber; and the hydraulic force provided
from the pumps can be directed to transport the buffer from the buffer
reservair to the lumens, the buffer from the buffer reservoir to the cell sample
container, and the detergent solutien from the detergent solution reservoir to
the lumens. In another aspect, the apparatus of the invention can include a
computar contreller for controlling the pumps and valves.

The invention also features a cell analyzing apparatus that inctudes
hoth a cell washer for removing interferants from a sample of cells and a cell
analyzer for analyzing the sample of gells, The cell washer is deseribe above
and the cell analyzer can be any cell analyzers. Preferably the cell analyzer
measures fluorescence, such as a flow cytometer.

i
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Also within the invention is an automated method for removing
interferants from a sample containing cells. This method includes the steps of
applying a vacuum force to a blood cell sample in a first sample container to
cause the blood cell sample to contact a filter; applying a force to the blood
cell sample in contact with the fitter, whereby interferants in the bloed cell
sample pass through the filier while the cells in the blood cell sample da not
pass ibrough the fiter; and racovering the celis from the filter. In thie method,
the filter can include a microporous hollow fiber membrane having a plurality
of pores sized such that the cells are pravented frem passing therethrough.

The invention also features an automated method of analyzing 2
phenoiypic marker on cells within & sample. This mathed incledes the steps
of adding at least one reagent that reacts with blood cells o a blood cell
sample to form a test sample mixture; automatically removing interfarants
fram the test sample mixture fo yield a washed blood cell sampls; and
analyzing the washed blood cell sample to determine characteristics of the:
blopg cells. The af least one reagent can be an antibody that specifically
binds the phenotypic marker ang the antibody can include a fluorescent test
|label. The step of automatically removing interferants fromn the test sample
mixture can remove greater then 50% of the interferants from the test sample
mixture.

Tre methed can also further inchude the step of lysing erythrocytes in
the sample of celis to be analyzed, andfor the step of quantifying the amount
of probe bound to the cells in the test sample mixture by use of a flow

cytomster.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 is a schematic view of an apparatus within the invention,
Figure 2 is a schermatic view of a filtration device within the invention.
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Figure 3 Is a cross-sectional view of the fifration device of the
invention shown with interferants removed from a sample of ¢ells within a
lumen of a hollow fiber membrane of a filiration device.

Figures 4A-4K are schematic views illustrating the operation of an
apparatus of the invention.

Figure 5 iz an outline of a methad of the invention.

Figure 6 is an outling of another method of the invention.

Figure 7 is a graph showing data obtained from flow cytometric
analysis of blood cell samples reacted with flucrescent labeled CD56
mongaclonal antibedies. Data are presented as percent debris, percent CD56",
and signakto-noise ratio. Data shown are averages of ten replicates using
one donar.

Figure B is a graph showing data obtained from flow cytometric
analysis of cell recovery from erythrocyte-iysed and fixed blood cell samples
subject to different washing protocols. Data from lymphoeyte (“Ly."} fractions,
manooyfe (“Mo,”} frastions, granulocyte ("Gr.") fractions, and a combination of
all three fractions are shown. Fractions were selected based on light scatter.
Data are shown as averages with error bars indicating standard deviations.

Figure 8 is a graph showing data cbtained from flow cytometric
analysis of blood celt samples taken fram 12 deners and stained for CD58,
erythrocyte-lysed, and fixed, Data are presenfed as percent CD56°, ang are
shown as averages of two to twelve replicates per doror. Eor bars indicate
standard deviation.

Figure 10 is a graph showing the amount of cell carryover from
conoentrated cell samples washed with a hollow fiber membrane apparatus.
After washing the ¢ell sampte and then cleaning the hollow fiber membrane,
blank sample tubes were *washed” using the same hoilew fiber membrane.
The number of cslls carried aver frem the ¢ell sample te the blank sample
tube were guantified using flow cytometry. Data are shown as percent of

cells from coll sample carried over to blank sample. Seventeen samples from

3
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one donor wete tested. The percent of carryover cells from the original total
numker of evenis is 0.03% or less. Conseguently, Fig. 10 does not show a
Bar for the number of cells that were carry overed.

Figure 11 is a graph showing data obtained from flow cytometric
analysis of plateiet samples stainad for CD42b and GDE3. 20 ul of anti-
CD42b and 20 ul of ant-CDE&3 fluorescentiy-labeled antihodies were
incubated with 100 ul of plateiet rich plasma {aiter gravity sedimentation) for
10 minutes without shaking or mixing. "Control” samples were not washed;
“Sorvall’ samples were washed in a SORVALL® Cellwasher 2 {E.l. du Pont de
Memours) using the AUTO mode per the manufacturers instructions; “Quick
Spin” samples were washed according to the Quick Spin protocol described
herein; and “Invention” samples were washed one time using a hollow fiber
membrane apparatus. Data were obtained using a COULTER® EPICS®
XI-™ flow cytameter (Beckman Coulter, Ing,, Miami, Florida) and presented
as size {determined based on forward and orthogonal light scatter), percent
CD42k (mean channel flucrescence), and percent CDE3 (mean channel
fluorescence). Dala shown are averages of three replicates using ore donor.

Figure 12 is @ graph showing dafa obtained from flow cytometric
analysis of bone marrow cell samples stained for CD56, erythrocyte-lysed,
and fixed using a TQ-Prep™ apparatus (Beckman Coulter, Inc., Miami,
Florida). *Sorvall” samples were washed in a SORVALL® Cellwasher 2 using
the AUTO mode per the manufacturers instructions, and "Invention” samples
were washed one time using a hollow fiber membrane apparaius. Data were
obtained using an EPICS XL flow cytometer and are presented as cell
recovery {number of avent in a thitty secend run) and signak-to-noise ratio (as
described herein). Data shown are averages of three donars with one
replicate per donor. Error bars represent standard deviation.

Figure 13 Is a graph showing data obtainad from flow cytemetric
analysis of blood cell samples stained for hemoglobin, 200ul of whole blood
were crass-linked, permeabilized, ang stabilized using commercially available
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reagents accarding to standard profocols. 20ui of the prepared permeabilized
RBCs were stained with the following amounts of individual antibodies:
MslgG1-PE/MslgG1-FITC-20ul, PanHb-FITC-10ul, HRG-FITC-30ul {cross
reactive with HbAa), HbS-FITC-20u, HbF-FITG-30ul, or HbA{c-FITC-10ul;
mixed for 20 min; and then washed. *Quick Spin” samples were washad
according to the Quick Spin protacol described herein; and “Invention”
samples were washad one time using & hokow fiber membrans apparatus.
Data were obtained using an EPICS XL flow cytometer and are presented as
signal-te-noise ratios {(as described herein). Data shown are based on ona
replicate per test candition.

Figure 14 is a graph showing lhe percent of intact cells recovered after
three wash cycles wherein the wash buffer had increasing amounts of fetal

calf serum.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The below described preferred embodiments illustrate various
adaptations of the invention. Nenetheless, frem the description of these
embodiments, other aspects of the invention can be readily fashioned by
making slight adjustments or modifications to the componenis and steps
discussed below.

All publications, patent appiications, patents, and other references
mentioned hereiis are incorporated by reference in their entirsty. in the case
of conflict, the present specification, including definitions will control. In
addition, the particular embediments discussed below are illustrative only and
notintended to be limiting.

Unless otherwise defined, all technical terms used herein have the
same meaning as commonly understood by one of ardinary skill in ihe arf to

which this invention belongs.
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The invention provides an automatic apparatus and automatic method
utilizing a filter to remove interferants from a bedy fluid prior to analysis. As
used hersin the term “automatic” means parformed without direct human
infervention. For example, an auiomatic apparatus automatically performs a
method when a compenent of the apparatus, rather than a huran operater,
performs one or mere steps of the method, aven though a human operator
might input instructions into the machine or even perform one of the steps
manualy. Similarly, an "automated” method is a methed performed
automatically. The term “intetferants” means substances or pariicles that
obscure an analysis. Mcre specifically, the interferants comprise non-reacted
chemical agents; non-reacted biological agents; and biclogical paricles, such
as red biood cell debris and cellular matter smaller than the cellular matter of
interest. Interferants in a cell sample analyzed fluorescently typically include
unbound fluarescent probe and autofluorescent cell debris. A particular
percentage of interferants is removed from & sample when either (a) the
amount of dabris in the sample is decreased by that percentage or (b) the
signal ta noise ratio is improved by that percentage.

Refering to FIG. 1 of the drawings, a presently preferred embodiment
of a cell wash apparatus 1% includes a sample container holder 14 and 2
filtration device 24 mounted to a frame 12. Sample container halder 14
accommodates a sample container 16 containing a sample of calls 20 in an
arrangement such that an end of a sample hose 22 can be inserted info the
sample of cells 20 which can contain interferants. Sample hose 22 is fluidly
connecied to vacuum source 30 so that actuation of vacuum source 30
supplies & vacuum force which aspirates the sample of cells 20 from sampla
confainer 15 into hose 22. More specifically, there is an absence of airin
filtration device 24 such that when vacuum force 30 is applied, the cell sample
20 s aspirated form the sample container 16 into the filtration device 24,

Vacuum source 30 can take the form of any device that can pravide a
vacuum or hydraulic force for meving fluids. For example, vasuum source 30

11
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can be a fluid pump or an extemal vacuum line. Preferably, the vacuum
sourge 30 is a sytinge pump, for exampie a & ml syringe pump, that can
provide a vacuum to filtration device 24 when its plunger is withdrawn and a
Torward hydraulic foree when its plunger is depressed.

Devices that cause a vacuum force rather thar a positive pressure are
the preferred form of source 30, hecause it has been found that a vacuum is
less damaging to cels. More specifically, the sample of blood cells 20 does
not circulate through a pump to anter into the lumen 68 {not shown). Ifthe
cells circulate through a pump, then cell deformation, aggregation and
deierioration ocour. Thereforz, the sample of cells 20 enter the lumen 56 by
action of a vacuum force rather than by the action of a force which is applied
o the sample of bicod cells 20 which cause the sample of eells 20 to ke
pushed into the lumen 68.

Filtration device 24 is attached tc frame 12 by a filtration device
fastener 26 and inferposad between sample hese 2Z and vacuum source 30
so that application of a vacuum by vacuum source 30 causes aspiration of
sample of cells 20 inte filtration device 24, Filtration device 24 can be any
device that can remove interferants such as unbound antibody molecules or
cellular gebris from sample of celis 20. In a preferred embodiment, filtration
device 24 includas a fiter through which interferants can pass. Filters that
can be used include fine mesh screens, flat microfiltration membranes, spiral
waund membrane cartridges, or any other media that can separate
irderferants from the cells of inlerest. In a more preferred embodiment, the
filter is a microporous hollow fiber membrane that has a plurality of pores
sized less than the blood cefls within sampie of calls 20 but greater than the
interferants.

Suitable hollow Hher membranes for use as fifration device 24 can be
fashionad by one of skill In the art or can be purchased from a variety of
commercial scurces. Hollow fiber membranes usefu in the invention

comprise & material which is non reactive with the cells of interest and can be
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a hydraphobic or hydrophilic material, polysulfone, polyestersulfone, nylon,
methylacrylates, Peek™ (Upchurch Scientific, (nc.), The fillter will have pores
sized so that cells of interest cannot pass therethrough, The pore size will
range from approximately 0.1 microns to about & micrens in diameter.
Preferably, the pere size will range from approximately ¢.1 microns to about 3
microns, which can efiminate platelets as interferants from the cells of
interast. More preferably, the pore size will range from approximately 0.2
microns to about 2 microns and most prefarably the pore size will range from
approximately 0.3 microns to about 1 micron. In the present invention, & pore
size of about 0.65 microns has been successfully used to eliminate
interferants leaving a majority of cellular components for analysis, One
preferred commercially available pelysulfons hellow fiber membrane device
having a plurality of pores with & mean diameter of 0.8% microns is sold as
Catalog # CFP-6-D-H22LA by A/G Technology Corpaoration (Needham,
Massachusetts), This device is suitable for remaoving the majority of
interferants from a typical sample of 100 microliter of whole human blood that
has been stained with a fluorescent antibody, erythrocyte-lysed, and diluted to
a total volume of about 4ml using an isofonic buffer or reagent. Cther davices
useful for variations af the Tnvention inglude GFP-5-D-MBO1 (15 en?), and
CFP-8-D-MMO1A {24 cm?) from A/G Technology Corporation; and X15E300
04N and X25E201 02N from Spectrum Laborafories, inc. (Rancho
Dominguez, California).

A sample hose valve 23 for regulating fluid flow between sample
containgr 16 and filtration device 24 is positioned on hose 22, Valve 23 can
takia the ferm of any device that can confrol the flew of fluid through hose 22,
Preferably, valve 23 is switchable between an cpen position and a closed
position. in the open position, sample 20 can flow belween container 16 and
filtration dewvice 24 when a suitable force is applied, such as by vacuum
source 30. In the clesed position, the fluid connection is biccked so that
sample 20 cannot flow between container 18 and filtration device 24. Ina

13
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praferred variation of the foregoing, valve 23 also has a partially open position
that directs fuid flow from hose 22 to a waste reserveir 39 by another fluid
cohnection.

Although in the embodiment shown in FIG. 1 the fluid connection
batween sempla container 16 and filtration device 24 is provided by sample
hose 22 and reguiated by vaive 23, in an alternate preferred embodiment,
mare than one fluid connection can exist hetween sample container 16 and
filtration device 24. For example, sample hose 22 can be utilized for
transporting sample of gells 20 from container 16 fo fifiration device 24 and a
return hose or fluid connector can be provided for returning sample of cells 20
fram device 24 to sample container 18. A fiuid flow regulaior analogous to
valve 23 can be interposed in the return hose. T addition, rather than having
a fluid connection for returning sample 20 from device 24 to sample container
16, the apparatus can feature another pathway for fransporting sample 20
fram device 24 o a clean sample centainer, such as an unused test tube,
rather than sample contairer 16.

Refeming again to FIG. 1, vacuum source valves 32 are positicned
within the fluid connection betwesn vasuum source 30 and filirafion device 24
so that they can centrel transfer of vacuum between vacuum source 30 and
filtration device 24. Valves 32 are preferably switchable between an open
and a closed position. In the open position, actuation of vacuum source 30
causes a vacuum force to be applied to filtration device 24. The vacuum will
cause aspiration of sample 20 from container 16 into device 24. In the closed
position, no foree is transmitted between vacuum source 30 and device 24,

Vaguum source 30 gan also be fluidly connected to a waste reservoir
39 by a waste hose 37, As indicated above, vacuum source 30 is also
adapted to provide a forward hydraulic force. This hydraylic force can be
used to move fluid from locations preximal te vacuum source 30 to waste
reserveir 38, For example, when vacuum source 30 takes the preferred form
of a syringe pump, with valves 32 and 23 open, withdrawal of the plunger of

14
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the syringe pump causes a vacuum that aspirates & liquid which contains
interferants and sample of eells 20 to be dispersed into the interior of the
syringe's barrel. Depressing the plunger at this peint forcibly expels the liquid
from the syringe. With valves 32 closed, the liquid is directed through waste
hose 37 inte waste reservoir 22, In an alternative variation of the faregoing,
rather than using vacuurn source 30, an additional vacuum source, pump, or
hydraulic force transducer can be utilized to move fluid from locations
proximal to vasuum source 30 to waste raservoir 39, This latier variation is
preferred where it is dasired to avaid potential cross contamination between
waste resarvoir 39 and sample container 18 and thelr associated fluid
connections.

Filtration device 24 can aiso be fluidly connected to buffer reservoir 48
by buffer hose 48. Buffer reservoir 48 is a container for housing buffer 49
which can be any isotonie solution compatible with sample of cells 20,
Suitable buffers include physiological saline or phosphate buffered saline
{PBS) and Hanks Buffer. Preferred isoionic solutions for use as buffer 49
include IsoFlow™ buffer, PBS, and IMMUNG-TROL™ Final Storage buffer (all
available from Beckman Coulter, Inc., Fullerton, Califomia).

Interposed between device 24 and reservoir 48, and fiuidly
communicating with hose 46 is buffer pump 40, Buffer pump 40 supplies an
hydrauliic force which moves buffer 48 from reservoir 48 threugh hose 486,
filtration device 24, and sample hose 22 inte sample container 16. Pump 40
can take the form of any device that can cause a hydraulic force between
buffer reservoir 48, device 24, and sample container 16. For example it can
be a vacuum pump, peristaltic pump, reciprocating pump, or cther type of
pump known to those skiled in the art. In preferred embodiments, however, it
i5 a syringe pumg.

Pesitienad oh hose 46 betweean resorvoir 48 and device 24 is a buffer
valve 42 for cantreling flow of buffer between reservoir 48 and device 24.
Although it can be any fluid flow regulating device, valve 42 is preferably a
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three position stopcock-like valve that can be placed in either a fill position, a
dispense position, ar a closed position. In the fill position, pump 40 is in fluid
connection with buffer reservoir 48 such that it can transmit an hydraulic force
1o hese 48 that causes pump 40 to aspirate buffer 49 from buffer reservoir 48
into buffer hose 46 or into the chamber of tha syringe when pump 40 is a
syringe pump. In the dispense position, pump 40 is in fluid communication
with dewige 24 such that actuation of purmp 40, for example depressing the
plunger of the syringe, causes buffer 48 to be transported from pump 40 to
device 24 and, where valve 23 is open, info sample container 16. Thus,
referring fo FIG. 1, with valve 42 in the open position, valves 32 in the closed
position and valve 23 in the open posifion, actuation of pump 40 can cause
buffer 49 to flush semple of blood cells 20 positioned within filtration device 24
back into sample container 16. With valve 42 in the closed position, the fluig
connection between reservoir 48, device 24, and container 186 is blocked.

Detergent solufion reservoir 58 is fluidly connected to filiration device
24 by detergent solution hose §8. Detargent solution reservair 58 is a
goniainer far housing a detergent solution 52 which is suitabie for cleaning
filtration device 24 and the fluid connections of apparatus 10, Detergant
solution 59 can be any solufion that can remaove residual samples,
accumulated deposits, preteins, nucleic acids and ihe like from the fluid
connections of apparatus 10. For example, detergent solution can be 0.5N
NaQH solution, 1N KOH solution, HPQ, seiutien, 0.05-10% blsach solution,
or & similar solution. The detergent solution can include subsiances such as
Triton X-100 {Rohm and Haas), Tween 80°(ICI America), pluranic acids
[BASF Corp.), ethylenediarnine fetraacetic acid (EDTA), proieases,
nucleases, azide, and other substances which ¢an clean fluid connections.
Onie preferred compusition for use as detergent solution 59 is the selution
sold under the trade nama COULTER CLENZ® (Backman Coultsr, Inc.,
Fullerton, California).

1s
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Detergent solution pump 50 supplies a hydraulic force which moves
detergent salution 58 from reservoir 58 through hose 58 into filtraticn device
24. Similar to pump 40, pump 50 can take the form of any device that can
cause an hydraulic force batwoen detergent solution reservoir 58 and device
24. For example it can be a vacuum pump, peristatic pump, reciprocating
pump or other fype of pump known to those skilled in the art. In preferred
embodiments, however, it is 2 syringe pump.

Pasitioned on hose 56 between detergent solution pump 50 and buffer
hose 56 is a detergent solufion valve 52 for contrelling flow of detergent
solution 59 between reservoir 58 and device 24, As with valve 42, although it
can be any suitable fiuid flow regutating device, valve 52 is preferably a three
position stopcock-like valve that can be placed in either a fill position, a
dispense position, or a closed position. In the fill position, detergent solution
pump 50 is in fluid connection with detergent solution reservoir 58 such that i
can transmii a hydrawlic force io hase 56 that causes pump 50 o aspirate
detergent solution 59 from detergent soluticn reservoir 58 into detergent hoss
&6 or into the chamber of the syringe when pump 50 is a syringe pump. In
the dispensge position, purmp 50 is in fluid communication with device 24 such
that when valve 32 is closed and valve 23 is open, actuafion of pump 50, for
example depressing the plunger of the syringe, causes detergent solution 59
to ba transported from purnp 50 to device 24. And when valves 32 are in the
open position and valve 23 in the clesed position, actuation of pump 50, with
or without the cooperation of vacuum saurce 30, can cause detergent solution
59 o wash any fluid or material within filtration device 24 into waste reservoir
39. With valve 52 in the closed positicn, the flui¢ connection batween
reservoir 58 and davice 24 is blacked.

In addition to the above-described buffer and detergent solution
devices, other devices can be included within apparatus 10, For example,
devices for adding an erythrocyte lysing agent can be included. Similarly,
devices for adding one or more call marker probes, such as flucrescently-

17
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labeled antigen-spacific antibedies, can be included within apparatus 10. In
addition, fluid connections to one or more cell analyzers, such as hematology
and flow cytometry analyzers, czn also be provided. Thus, the invention can
include an apparatus that can automatically process a sample of whole blaog

" by lysing the red blood cells within the bloed czll sample, adding a cell marker

probe to the blood cell sample, removing the lysed red blood cell debris and
unbound cell marker probe from the blood cell sample, and quaniifying the
remaining cells and guantifying specific cell markers using a cell analyzer.

In a preferred embodiment, the varicus components of the apparatus
are controlled by an information processing unit, such as a computer. That is
valves 23, 32, 42, and 52, and vacuum saurce 30 and pumps 40 and 50 are
operatively connected to an information processing unit (not shown in the
drawings) having programmed therein operating algorithms for switching the
valves and actuating the pumps and vacuur sources, The information
processing unit can be connected to electrlcal, hydra‘ulic, or machanical
marnipllators such as servos, robotic arms, gears and the ke to aperate the
pumps, valves, and vacuum source as well as other compaonents of apparatus
10. For sxample, In one embodiment, hose 22 can be attached {0 a robotic
arm that can move hese 22 between sample container 16 and a different site,
for examnple where another containar is located, according to instructions
provided by the informaticn progessing unil.

Refarring now ta FIG. 2, a particularly preferred embodiment of
filfration device 24 is shown in further detail. In this preferred embodiment of
the apparatus of the invention, fittration device 24 includes a hollow fiker
membrane 60 fashioned nto a tube having a wall that defines a lumen 68,
The filtration device 24 further includes a bottom port 62, which is kongitudinal
1o the filtration device, so that tubular shaped membrane B0 fluidly connects
sample hose 22 and lumen 66. Fluids, such as sample of cells 20, can enter
iumen B6 from sample hose 22 by port 82. Filtration device 24 also includes
a top port 64, which is longitudinal to the filtration device, so that tubular
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shaped membrane 60 fluidly connects hoses 46 and 56 1o lumen 86. Buffer
49 (nef shown) can enter lumen 66 from buffer hose 46 by port 84. Likewise,
detergent salution 58 (not shown) can enter lumen 66 from detergent solution
hose 58 by port 84,

Although the devices in FIGS. 2, 3 and 4 A-K show only one
mambrane 0. In another prefemed embodiment, device 24 can include mofe
ihan 1 membrane 60 which forms more than 1 lumen 66, More specifically,
the filtration device can have 2 membranes each forming a lumen so that the
filtration device confzins 2 lumens. More preferably, the filtration device
contains three membranes which form 3 lumens. Most preferakly, the filtration
device contains four membranes which form 4 Jumens. It has been found
having mare than 1 luman will increase the processing flow rate, In addition,
having more than 1 lumen will have less fouling and require less cleaning
cycles, However, it is also preferred that the firation device contains less
than 20 membranes which form less than 20 lJumens, and most preferred that
it contains less than 10 membranes which form less than 10 lumens.

As nated in FIG. 2, the ouier surface of filtration device 24 preferably
includes a nen-reactive impermaable housing 70 which envelopes holiow
fiber membrane 60 and extramembrane chamber 68. The extramembrane
chamber 66 is defined as the space between the mner wall of housing 70 and
the outer wall of tubular membrane 80. Vacuum and waste port 34, which
can be lateral to the filtration device 24, is an opening that fluidly connects
extramembiane chamber §8 to vacuum scurce 30 and waste hose 37. Port
34 can thus project through the wall of impermeable housing 70, such that
application of a vaguum force ta port 34, for example from source 30,
fransfers the vacuum force to exiramembrane chamber 68. Vacuum in
chamber 68 causes fluid and interferants 72 to be withdrawn from lumen 66
across membrane 60 into chamber 68 and out through port 34. After closing
vaives 32 and anplying a forward hydraulic force from scurce 30, the

withdrawn fluid and interferants 72 can be transported to waste reservoir 39,
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Davice 24 is prefarably aranged such that fluid and interfzrants can be
withdrawn throughout the entire portion of membrane 60 contained within
heusing 70. For example, part 34 is preferably positioned on the device such
that a vacuum from vacuum source 30 is directed approximately
perpendisular with respect to the length of membrane 60. Application of a
vacuum i such a crasswise manner is prefarred as compression of cells is
reduced compared to devices that force cells o one end of membrane 60,
which oceurs when a pump is used to increase pressure within the lumen of
membrane 6¢ to expel cells through the: pores of the membrane.

A preferred mechanism by which filtration device 24 selectively retains
the cells of interest while allowing the interferants fo pass through is ilustrated
in FIG. 3. Sample of cells 20 is shown in lJumen 66 as a mixture comprising
gells 74 and interferants 72, such as unbound probe and cellular debris,
which is dispersed in a liguid medium, Hollow fiber membrane 80 is shown as
having a plurality of pores 65 having a mean diameter of less than the mean
diameter of cells 74 but greater than the diameter of interferants 72.
Interferants 72 can thus pass through pores 65 while the larger diameter cells
74 cannot. Applicatien of a vacuum te chamber 88, through port 34, causes
the liquid in which sample of cells 20 is dispersed to be withdrawn through
pares 80 into chamber B8 along with interferants 72 contained within the
liquid. Cells 74, being foo large to pass through pores 65, are selectively
retzined in lJumen 686,

In the embadiment shown in FIG. 3, membrane 60 can be compesed
of any suitable material. For example, it can be composed of a hydrophabic
or hydrophilic potymer. In one preferred version it is composed of
microporous polysulfone. Suitable sizes of pores 65 of membrane 80 can be
selected by ene of skilt in the art depending an the particular characteristics of
the cell sample to be analyzed. For applications whare human leukocytes are
analyzed, pores §5 preferably have a mean diameter of betwesn about 0.2
and 2.0 microns, and more preferably have a mean diameter of about 0.3
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microns to about 1 micron. The surface area of the membrane 60 can also be
selected by one of skill in the ant depending on such factors as the particular
characteristics of the sample fo be analyzed, the sample volume, and the type

of membrane used. For example, for a 100 microliter sample of & whole

human blood processed and then diluted to a total velume of about 4 ml using
an isotonic buffer, 20 cm® of a hallow fiber mambrane with G.65 micran
diameter pores is sufficient ta remove the majority of interferants in the
sample. Far a 1ml sample, preferred lumen volumes range from about 50 pl
o about 2500 1) and preferably about 200 pl to about 1000 W, and preferred
exiramembrane chamber volumes range from about 100 pl to about 2500 pI
and prefgrably about 500 pl to abeut 1000 ol Other lumen and
exiramembrane chamber volumes can be preferred depending on the volume
and types of sample. Mernbrane 60 can alsc be treated with non-lytic
surfactants such as Plurenic F68 and Pluronic 25R8 (BASF Carp.) to
anhanca its reusahility without having 2 material adverse effect on cell count
or cell marker density on cells in sample 20.

An overview of a preferred operation of an apparatus of the invention is
shown in FIGS. 4A-4E. In FIG. 4A, apparaius 10 is shown with sample hose
22 in fiuid communication with sample of cells 20. For example, the sample
of cells 20 can be 100 pl of whole blood having been processed using a
lysing reagent, & stabilizing buffer, and a fixative such as IMMUNOPREP™
reagents {manufactured by Beckman Couiter, Inc., Miami, Florida). As
illustrated in FIGS. 4B and C, sample 20 is diluted with buffer 49 to faciitate
removing a greater percentage of interferants 72, To transfer a predetermined
valume of buffer 49, such as to bring the total volumz of the sample to about
4 mil, from buffer reserveir 48 into sample container 16, apparatus 10 is
asranged by & computer control mechanism (net shown), so that valve 23 Is
apen, and valves 32 and 52 are closed. As shown in FIG. 4B, buffer valve
42 is then switched to the fill position and buffer pump 48 is acivated to
aspirate the predetermined volume of bufier 49. As indicated in FIG. 42,
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valve 42 is then switched iz the dispense position and pump 40 is astivated 1o
dispense the aspirated volume of buffer 49 through filtration device 24 into
sample container 16 thereby diluting sample of cslls 20

As shown in FIG. 4D, sample 20 is then aspirated into filtration device
24 wihere interferants are removed from the sample by having them pass
through membrane 60. In this step, apparatus 10 is configured so that valves
42 and 52 are closed, and valves 23 and 32 are open. Vacuum source 30 is
then activated to produce a vacuum to aspirate sample of calls 20 from
container 16 inip filiralion device 24, Whiie the vacuum is baing suppiied, the
liquid in sample 20 that containg interferanis is passed through device 24 into
vacuum source 30, while cells are retained in device 24, within lumen 66. As
showin in FIG. 4E, valves 32 are then closed and vacuum source 30 is
activated to provide a forward hydrauiic force to expel the aspirated fiquid
thraugh waste hose into waste reservoir 35.

As illustrated in FIGS. 4F and G, sample of cells 20 from which
interfarants have been remeved is then transferred back inte container 16. In
this step, apparatus 10 is configured so that valve 23 is open, and valvas 32
anc 52 are closed. In FIG, 4F, buffer valve 42 is then switched ta the fill
positicn and buffer pump 40 is activated to aspirate a predetermined volume
of buffer 49, for example 1.25 ml, from buffer reservoir 48. Valve 42 is then
switched o the dispense position and pump 40 is activated to dispense the
aspirated volume of buffer 4% through filtration device 24 into sample
container 18 as Hlustrated in FIG, 4G. Movement of buffer 49 through device
24 flushes sample of cells 20 from the device intos contairier 16. Inan
alternative embediment {not shown), an additional fluid connection from
device 24 to a clean sample container rather than sample centainer 16 can be
provided, such that after the interferants have been removed from sample of
calis 20, the sample can be transported from davice 24 to the clean container.

The apparatus 10 can be washed as shown in FIGS, 4H-K. The
washing of the apparatus can be after each sampie, after a predeiemmined
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number of samples, or upon fouling of the membrane 60. In the washing step,
apparatus 10 is set up o that valve 23 is partially open, and valves 32 and 42
are closad. As shown in FIG, 4H, detergent solution valve 52 is then
switched to the fill pesition and detergent salution pump 50 is activated to
aspirate a predstermined volume of detergent solution 59, for exampla 3 mi,
from detergent solution reservoir 58. As indicated in FIG 41, valve 52 is then
switched to the dispense position and pump 50 is activated to dispense the
aspirated volume of solutfon 59 through filtration device 24. Because valve
23 is partially open, solution 58 can flow through hose 100 info waste
reservoir 39, Te purge any detergent solution 59 remaining in device 24, as
shown in FIG. 4J, buffer valve 42 Ts then swilched to the fill posilion ang
buffer pump 40 is activated to aspirate a predetermined volume of buffer 49,
for example 3 ml, from buffer reservair 48,

In FIG. 4K, prior to the buffer dispensing step, valve 23 can be closed
and valva 32 can be switched to the open posifian. Valve 42 is switched o
the dispense position and pump 40 is activated so that buffer 49 is dispensed
and the remaining detergent solution 52 in the filtration device and huffer 43
are transferred to waste reservoir 39 by a waste hose. Altematively, or in
addition, valve 23 is switched to being partially apen, and valve 32 is closad,
and valve 42 is switched to the dispense position and pump 40 is activated to
dispense the aspirated volume of buffer 4% through filtration device 24 and
hose 100 into reservoir 38. The foregeing steps can be repeated so that
device 24 is washed with multiple volumes of buffer prior to analysis of the
next sample.

Refeiring now o FIG. §, the invention also includes methods for
removing intesferants from a sample of cells. A preferred method for
removing interferants from a sample of cells comprises a first step 80 of
applying a vacuum force to a bicod eall sample 10 cause the blood cell
sample 1o leave the sample container 16 and contact & filer. As previously
explained, this is accomplished by a vacuum force; which typically is capable
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of causing approximately 4 ml of a blood cell sarmple 1o be withdrawn from the
sample coniainer and pass through the membrane filter in approximately 7
seconds. As appreciaied by one skilled in the art, the amount of biocd cell
sample withdrawn from the sample container 16 can be increased or reduced
and the tme can also be increase or reduced. The limitation on the vacuum
force is that it will be less than the amount of force that would cause the cells
1o aggregate when being retained in the lumen 66. Preferably, the force will
be less than that which wouid cause the cells fo deform.

The method includes a second step 82 of applying a foree fo the hlood
cell sample in contact with the fiter, whereby interferants in the blood celi
sample pass through the fiter while the cells of interest in the blood cell
sample do not pass through the filter. tn a preferred embediment of the
inventlen, the force that is applied to the blood cell sample to cause the
interferants to pass through the filter is the same vacuum force which is used
to withdraw the blood cell sample fram the sample halder. However, it is
appreoiated that the force could be a separate hydraulic force which after the
biood cell sample is withdrawn from the sample contaiker 18, could be
applied to the blood cell samyple to push the blood cell sample into the lumen
and through the membrane. However, it has been found that 2 vasuum is less
darnaging to cells. The limitation on the force is that it will be less than the
armount of farce, which would cause the cells to aggregate wien being
retained in the lumen 86, Preferably, the force will be less than that which
would cause the cells fo deform.

The method includes a third step 84 of recovering the cells from the
filter. In a preferred embodiment, the cells are recoverad by the apparatus of
ihe invention wherein a volume of buffer is pumped through the top portion of
the lumen causing the cells that were retained in the iumen to pass through
the bottom pertion of the lumen back into the sample contalner. Alternative,
the retained bleod cells ¢an pass through the bottom portion of the lumen inte
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a new sample container which can be employed te stere the recovered blood
cells.

In a more preferrad smbediment of the present methed, the blood cell
sample is first diluted with at least ohe volurme of buffer fo each velumea of
blood cell sample. Even more prefarabls is that the blocd cell sample be
diluted with af least two volumes of buffer before entering the lumen ta
remeve the interferants. # has been found that with a one volume dilutich of
ihe blood cell sample that greater than 70% of the interferants are removed
frem the blood cell sample, and with a two valume dilution, greater than 80%
of the inferferanis are removed from the bloed cell sample. A three volume
dilution of the blood cell sample is preferred to remove greater than $0% of
the interferants from the bloog cell sample.

The steps of this method can be accomplished using the apparatus of
ihe inyention which will provide automation of the steps described above, As
definad herein, one eycle of the method is considerad to be one wash cygle of
the blood cell sample. More spesifically, one wash cycle of the blood ceil
sample comprises apgelying & vacuum force to a blood cell sample to cause
the blood cell sample contact a filter; applying a force to the Blood cell sample
in coniact with the filter, whereby interferants in the blood cell sample pass
threugh the fiter while the celis in the blood cell sample do not pass through
the filter; and recoverying the cells from the lumen. Accordingly, one wash
cyule of the blood cell sample wash cydle of this invention can be performed
n Iess than 5 minutes. Preferably, one wash cycle of the blood cell sample is
perfermed in less than 3 minutes, and more preferably fess than f minute. In
an even mare preferred embodiment one wash cycle of the blood cell sample
is performed in less than 30 secends. Finally, in a most preferred
embadiment, cne wash cycle of the biood cell sample is performed in less
than 15 seconds.

it has been found that multiple wash cycles cause the cslls to
deteriorate such as shrinkage of the celt membranas and rupture of the cell
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membranes. It has been further found that the addition of a serum substance
1o the buffer which dilutes the biood cell sample minimizes the deterioration.
As defined herein, serum substance comprises cholesterol, cholesterol
estars, and cholsstorof which has been combined with one or more other
sompounds found in serum plasma, and mixtures thereof. Preferably, such
other compounds further comprise lipeproteins and phaspholipids, and
mixtures thereof. As appreciated by those skilled in the art, typically
cholesterol will contain approximately 30% esters. As further appreciated by
thosge skifled in the art, the lipoprotein will maintain the cholesterol in an
aqueous sclution. Preferably, the serum substance is selected from the
group comprising cholesterol, cholesterol esters, Jipoprotein cholesteral,
lipaprotein cholesterel esters, cholesterol combined with phospholipids and
mixtures thereof.

FIG. 14 depicts an increass in the recovery of ceflular events as
related to the percent addition of feial calf serum in a buffer. In this figure, the
Bload cell sample was washsd 3 times with a hollow fiber membrane
apparatus shown as "Invenrtion” in the figure. An increase of feta! calf serum
indicates that there will be an increase in the percent of cells recovered after
muliiple wash cycles.

It has aiso been found that one wash cycle of the bicod cell sampie
without the addition of a serum subsiance eliminates the banana appearance
between the lymphocytes and neutrephils subpopulations in histograms of
blood call samplas containing a high lipid content.

In an example of the present method, first step 80 is performed by
providing a sample of cells such as a 100 microliters of whole human blood
obtained by venipunciure from a human subject. If the removal of
erythrocytes is desired, the sample can ke diluted in a reagent which lyses
red blood cells such as 800 microliters of formic acid, and then further diluted
by addition of a reagent that neutralizes tha red blood cell lysing agent such
as 285 microliters of a carbanate buffer. Qptionally, a fixative such as 100 pl
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of a paraformaldehyde solution can alse be added fo fix the cell sample. The
blood cell sample is diluted to a total volume of abeut 4 ml with an isotonic
buffer. Suitable reagents for these steps can be chizined from Beckman
Coulter, Inc. (IMMUNOPREP™ reagent system part no. 7546999 or
SCATTER PAK™reagent system). A vacuum foree is than applied to the
diluted blood cell sample to cause it to contact a filter. Preferably the filter is a
hellow fiber membrane (g.9., Gat# GFP-6-D-H2ZLA from A/G Technology
Corparation).

In second step 82, a force is applied fo the blood cells sample which is
in contact with the filfer to cause the interferants in the diluted blood cell
sample to pass through the filter while the cells of interest in the hlood cells
sample are retained by the filter. More specifically, the cells of interest in the
diluted blood cell sample do not pass through the filker, When the hollow fiber
membrane is vsed, the cells of interest will be retained in the luman.
Preferably, a vacuum force is applied to the blood cell sample to cause the
interferants to pass threugh the lumen while the cells of interest are retained
irs the lumen,

In a mast prefarred embodiment, the vacuum force that is used to
cause the interferants to pass through the filter also aspirates the blood cell
sample from the sample confainer. More specifically, the fillration device is in
fluid communication with the sample container since it is filed with 2 buffer.
Therefore, when a sufficient vacuum force is applied to the diluted blood ce
sample in the sample sontainer, the diluted blood cell sample is aspirated
from the sample container into the filtratien device and the interferants pass
through the filter. This is accomplished by a continuous fiow of ihe bloed cell
sample from the sampla container through the filter. As previously discussed,
the apparatus of this inveniion can automatically apply the vacuum force
necessary to perform these functions.

The Thirc step B4 is recoveiing the cells frotn the filter, This can be
accomplished by providing a force, such as a flow of liquig, to the filter in‘a
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direction opposite the direction from which the hlood cell sample contacted
the filler in step 80. The flow of liquid will move the cells of interest away from
the filter. The recavered cells can thereafter be transperted by fluid
communicatian to an analytical instrument. Preferably, the recovered cells
are returned to a test tube that is then transported to an instrument for
analysis.

Referring now to FIG. 6, methods for analyzing cells for phenotypic
markers are also included in the invention. A preferred method of anaizing a
phenotypic tmarker on cells within a sample includes: a first step 90 of adding
a probe that binds the phenotypic market o the sample of cells to be
analyzed to form a fest sample mixture; a second siep 92 of applying a
vacuum force to & bloogd cell sample o cause the bload cell sample contact a
filter; a third step 94 of applying a force 1o the bloed cell sampie in coniact
with the filter, wherehy interferants in the bleod cell sample pass through the
fiter while fhe cells in the blood cell sample de not pass through the filter; a
fourth step 86 of recovering the cells from the filter. The method can further
incluge a fifth step 98 (not shown) of quantifying the amount of probe and
differentiating tha cell populations.

Steps 92, 24 and 98 can be performed as described above for FIG. 6
for Steps 80, 82 and 84 respectively. Step 98 can ha performed by analyzing
the test sample from which the interferanis have been removed using flow
cytometry or a similar analyiical device.

For examgle, in a preferred version of this methad, first step 80, a
saturating concentration of a fluorescently-labeled antigen-specific antibody Is
added to the blood cell sample to form the test sample mixturs. And fifin step
98 can be performed by running the precessed test sample mixture on & flow
cytomeier equipped to quantitatively measure the amount of fluorescently-
labeled antigen-specific antibody associated with @ach cell in the processed

iest sample mixture.
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From the foregoing, it can be appreciaied that the apparatus and
methods of the invention fachitate the removal of inferferants from a sample of
cells to be analyzed. The invantion will be further described in the following
exampies, which do not limit the scope of the invention described in the

claims.

Example 1- Cell Washing Apparatus

An apparatus was built with a hollow fiber membrane cariridge cat#
CFP-8-D-HZ22IA from AIG Technology Corporation. The apparatus included a
carausel-type ceil sample hoider adapted to hotd several 12 X 756 mm culiure
tubes. Alternatively, the apparatus can include other types of ube holders
such as & cassetie. The apparatus alsa included vasious hoses, valves, and
pumps so that a sample of cells could be aspirated from the fube, filtered
through the hollow fiber membrane cartridge to remove interferants from the
sample, and then returned io the tube. As described in the detailed
description (for example see, discussion of FIGS. 4A-4K), the apparatus alsa
included various hoses, valves, and pumps se that waste fluids (for example,
filtrate containing inferfarants) could be removed to a waste reservair, and the
hollow filker membrane could be cleaned for use with additional samples. The
apparatus alsa included a computerized system for coordinating the cell
sample washing process and the membrane cleaning procedure. The
carousel-type cell sampls holder was rotatable and also controlled by the
computerized system such that after processing a first cell sample, a secong
tube cantaining a second cell sample could be repositioned to atow the
second cell sample to ba aspirated from the tube, filtered through the hollow
fiber membrane cartridge to remove interferants from the sampte, and then
returned te the second tube. This cycle was repeatable stch that all samples
in the carousel could be washed.
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Example 2- Method of Wasking Cells

Various methads, including a method employing the apparatus of
Example 1, ware used for removing interferants from a cell sample processed
according to the genaral method described below, A cell population was
stained with a fluorescently labeled antibody according to standard
techniques. For example, 100 ul of whole human blood was obtained by
venipuncture from & human subject, anad then 10 uwlof a 1 mg/ml solution of
an antigen-specific FITC-labeled antibody was added to the blood sample.
Samples were then incubated far 10 minutes at room temperature, after
which erythrocytes were lysed using Beckman Coulter's IMMUNOPREP
reagent system and TQ-Prep apparatus according lo the mamsacturer's
instructions (600 pl of solution A for 8 seconds with mixing; 265 y! of solution
B for 10 seconds with mixing; and 100 p! of solution C for 10 secands with
rixing). Separate aliquots of the processed tlood cells samples were then
subjected te one of thrae different protocols:

A, dilued with an isotonic buffer to a total volume of about 4 ml
and then washed 1 time per a "Quick Spin” wash protecol. The Quick Spin
was protocel means cenfrifuge 400Xg for 5 minutes using a standard
centrifuge, decant supematant, and resuspend in 1 ml of an isolonic buffer ;

B. Situted with an isotonic buffer to a total volume of aboui 4 mi
and then washed 1 time per a “Sorvall” protocol using s Sorvall® Celi Washer
2 (auto mode 80 seconds, high speed 2950-3000 rpm; decant 600 pmy)
according to the manufacturer's instructions (washed cells resuspended in
final volume of 1 ml isotonic buffer) ; or

c. diluted with an isotonic buffer to a toial valume of about 4 ml
and then washed f time using the apparatus described in Example 1 (washed

cells in fingl volume of 1 mi isotenic buffar).
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Exampls 3- Analysis of Call Samples

Samples of whele human blood were reacted with a fluorescent
|abeled monocional antibody directed against the cell surface anligen
designated CD56, erythrocyte lysed and fixed according to Example 2. “TQ-
Prep” samples were not washed. "Quick Spin” samples were washed
according to the Quick Spin protocel described in Example 2. “3 mi
predilution” samples were washed one time using a hollow fiber mambrane
apparatus according o the protocol described in Example 2C. “2x wash”
samples ware washed two times (second wash with a 2 ml prediluiion) using
a hollow fiher membrane apparatus according to the protacol described in
Example 2C. The processed blood cell samples were then subjected to flow
cytometric analysis using a COULTER EPICS XL flow cytomstar according fo
the manufacturer's instructions. Results for %dehns as determined by light
scatler analysis, % CD56 positive cells, and signal-to-nolse ratio (extrapolated
from histograms) are shown in FIG. 7.

The amcunt of debris was low for all samples, although more debris
was noted in the samples subjected to two washings with the hollow fiber
membrane agparatus. The increase of debris was caused by cell degradation
because no serum substance was employed in the diluent. The percent of
CD56 cells was about the same whether the Quick Spin was used cr the
hollaw fiber membrane apparatus was used. Signalto-noise ratios were
greatly improved over the no wash control, ne maiter which washing protocol
was used. Washing the sample twe times with the hellow fiber memkrane
apparatus produced the best signal-to noise ratic.

In similar experiments, for unwashed samples the average percent of
debris was 10.3% and the averags signal to nalse ratio was 11,4, As defined
herein, debris means events falling below threshold measurement values, In

camparigon, using the hollow fiber membrane apparaius, the average percent
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of debris was 2.5%, whioh reans that greater than 75% of the original 10.3%
of debris was removed. In addition, the average signal o noise ratio was
23.8, which means that there was greater than a 200% improvement in the
signal fo noise ratio. Using the Quick Spin protocol, the average percent
debris was 2.8% and the average sighal to noise ratio was 38,7, In other
axperiments, when cell samplas were washed 2 or 3 times with the hollow
fiber membrana apparatus mare interferants wera removed and the signal to

noise ratio further improved.

Example 4-Evaluaticn of Cell Recovery

Samples of whate human blood were processed, and washed
according te the profocols described in Example 2, and then subjected to flow
cylomelric analysis using an EPICS XL flow gytometer according te the
manufacturer's instructions. As shown in FIG. 8, results for cell recovery
{number of indicated fype of cells recovered from 100 microliter sample of
whole blopd after processing) show that little or no cell loss ocours in either
the lymphocyte, monocyte, granulocyte {cell type determined by light scatter)
fractions of the samples. Moreover, cell recovery using the apparafus of
Example 1 was about equivalent to that abtained using the Quick Spin
protocel. "TQ-Prep” samples {n=5) were not washed; "Quick Spin” samples
{n=5) were washed according to the Quick Spin protocol described herein.
"Aute” samples (n=32) were washed one time using a hollew fiber membrane
apparatus.

Example S-Accuracy

Sampies of whole human bleod from several different donors were
stalned for CD58, pracessed, and washed according to the protocols
describad in Example 2, "TQ-Prep” samples wera not washed; “Quick Spin”
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samples were washed according to the Quick Spin protocol described herein;
and "Hollow Fiber” samples wera washed one time using a hollow fiber
membrane apparatus. The samples were then subjected to flow cytometric
analysis using an EFICS XL flow cytometer according to the manufacturers
nstructions. As shown in FIG. 9, the percentage of cells that ware CDSG"
varied from donor fo danor but, for any one danor, was about the same
whether the Quick Spin was used or the hollow fiber membrana apparatus
was used.

Example 8-Precision

Thirty-twa aliquats of one sample of whole human blood were staineg
for G596, processed, and washed agcording to the profocols described in
Example 2, and then subjected to flow cytometric analysis using a COULTER
EPICS XL flow cytometer according to the manufacturers instructions to
determine the percent of CD56™ cells in each aliquof. The average percent of
CDEB' cells among the aliguots was 17.44% with a standard deviation of 0.74
and a cosfficiznt of variaticn of 4.27%. in a similar experiment using 28
aliquots, the average percent of CD56* cells among ihe aliquots was 16.6%
with a standand deviation of 0.6 and a coefficient of varation of 3.5%.

Example 7-Cell Carryover

Whole Blood cell samples were processed as described in Example 2
and then cancentrated to four times nermal call concentrations. Each sampla
was then washed using the apparaius of Example 1 {per the protocol of
Example 20 with cleaning of the hellow fiber membrane after sample
washing). The apparatus was then used to “wash” a blank sampie containing
only buffer withcut cells. The blank sample was analyzed for the presence of
cells using a flow cytometer. As shown in FIG. 10, carryover of cells from test
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1o test was vary low, ranging frem 0.00% to .03% of cells being varried over
o subseguent analysis.

Example B- Other Applications

The apparatus and methodology of the invention are also suitable for
other analyses not explicitly described in detail herein. Such other
applications include protein analysis of urine. In addition, applications which
have traditionally utilized cenfrifugation as part of their cellular analysis
method are specifically envisioned for use with the disclosed hollow fiber
membrane apparatus and method desciibed herein. For example, many
different cell populations have been analyzed using the apparatus.
Additionally, many differant probe types have been used in the invention. For
insiance, aside from erythrocyte-depleted whole blood samples, the hollow
fiber membrane apparatus has heen successiully used with ¢l lines, purified
white blood cell subsets; erythrocytes; platelets; bone marrow calls; and cells
in cerebrospinal, synovial, peritoneal, ascites, pleural, pericardial ﬁuids and
homagenized fissue. The erythroeyte agglutination technigues commonly
practiced in the blood banking field for the typing of blood and for cbmpatibility
testing, which ara traditionzally centrifugation dependent, can be readily
adapied for performance using the methodology ang apparatus of the
invention. Probes that have been successfully used in the inveniion include
fluorescently labeled monoelonal antibodies that are specific for the cell
surface antigens such as immunoglobulin, kappa and lambda factors, CD5,
CD7, CD10, G213, CD18, CO33, CC34, CD38, CD41, CD45, CD 41, CD42b,
CD 61, CDB3, CDB4, CD71, and CD117; as well as intracellular antigens
such as various types of hemeglobin. Various other antibody and non-
antibody probes such ae chemical and biologic constructs that bind to
receptor melecules on the cell surface, enzymatic substrates which react with
cellular enzymes within the cell, antibody and non-antibody probes which
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react with cytoplasmic antigens within the cell, DNA and RNA probes which
react with nucleic acids sequences within the celis and various intragsliular
dyes that react with cytoplasmic and nuclear structures within the csll are
expected to be compatible with the invention. It is thus envisioned thai most
types of cells and probes are compatible with the invention, especially if the
selecter cell type is larger and the selected prabe is smaller than the pores of
the selected holtow fiber membrane.

Fer example, refarring to FIG. 11, application of the invention to
platelet samples is shown by flow cylometric analysis of platelet samples
stained for CD42h and CDB3. Additionally, as another example, referring to
FI5. 12, application of the invention to bone marrow samples is shown by
Tlow cytomeiric analysis of bone marrow cell samples stained for CD56.  Cell
recovery and signal-fo-noise ratic were comparable between “lnvention”
which is the apparatus and method described herein and the Sorvall
apparatus and washing method. Referring now to FIG. 13, application of the
invention for intracellular analysis is shown by flow oytometric analysis of
permeabilized blood call samples stained for hemeglobin,  SighaHo-noise
ratios were comparable between “Hallow Fiber” which is the apparatus ang
method described herein and Quick Spin washing method described in
Example 2.

Example 9- Cell Washing Apparatus Integrated with a Cell Analyzer

It is specifically envisioned that the cell washing apparatus of the
inventior can be integrated with one or more conventional cell analyzers
thereby obviating a manval step of traneferdng a sample of washed cells from
the washing device to the analyzer. For example, the cell washing apparatus
described herein could be integrated with a flow cytometer such as a
COULTER EPICS® brand flow cytometer by providing robotic means for
transferring a test tube from a cell sample washed using the cell washing
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apparatus of the invention such that the tube becomes positioned sa thai it
can be analyzed in the flow cylemeter. As one example, a conveyor could
transpart a carougel containing several washed samples from a position
suitable for washing the calls (2.g., proximal to the cell washing device) o
another position suitable for analyzing the samples (e.g., proximal o the flow
cytometer). Fluid connections and conduits would aspirate washed cell
samples inte the flow cytometer for analysis.

Alternatively, the cell washing apparatus of the inventian can bs
integrated with one or more hematology instruments. In this embadiment, the
blood cell sample would be washed after lysing the erytirocytes to remove
remaining cellular debris. Still further, the blood cell sample could be washed
priof 10 @ny biological or chemical reaction with the blood ¢ell sample so that
interferants are removed from the blood cell sample.

While the abova specification contains many spegifics, these should
not be consirued as limitations on the scope of the invention, but rather as
examples of preferred embodimants thereof. Many other variations are
possible, For example, the inventior includes an apparatus for removing
intarfarants from a cell sample that has only one hydraulic force {ransducer
rather than two pumps and a vacuum source. The various hoses and valves
within thie apparatus can be connected in a manner to cooperate with the
sole hydraulic force trarsducer, so that the apparatus functions much as the
dascribed prefemed embodiments. As another example, 8 method of
concentrating a cell sampie by removing liguid from the sample using a
microporous hollow fiber membrane is included within the invention.
Accordingly, the scope of the invention should be determined not by the
embodiments illustrated, but by the appended claims and their legal
syuivalents.
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What is claimed is:

1. An apparatus for automatically removing interferants from a sample of
cells containing cells of interest and interferants, the apparatus comprising:

a) a vacuum Sourcs;

b) a filtration device comprising an impermeable housing that forms an
extramembrane chamber wherein said chamber contains a filter that selective
retains cells of interest white alfowing interferants to pass through the filter,
ang wherein said housing confains af least three port and whereln at least
one port is connected by a cenduit to the vacuum source;

¢) a conduit from one of said ports in said housing which is adapted to
aspirate a cell sample fiom a sample container into the filtration device by
sald vacuum source; and

d) a conduit fram one of said ports in said heusing which fluidly connects
to a buffer resarvolr, which provides & means for buffer to enter into said
filfration device to recover the retained celis through one of said ports.

2. The apparatus of claim 1, wherein the port in said housing which
fluldly connects to a buifer reservoir is different from the port in said housing
which is adapted to aspirate a cell sample from & sampie gontainer into the
fittration device by said vacuum source.

3. The apparatus ¢f claim 1, wherein recovery of the retained cells
oceurs through the same conduit which is adapted to aspirate a cell sample

from a sample container.
4. The apparatus of olaim 3, wherein the recovery of the retained cells

pogurs in the sample centainer from which the cell sample has been
aspirated.
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5. The apparatus of claim 1, wherein the filler comprises a
microporaus hallow fiber membrane having a plurality of pores sized such
that the cells are prevented from passing therethrough.

6. The apparatus of claim 5, wherein the pores have a diametar of

approximately 0.1 micrens to about § microns.

7. The apparatus of claim 5, wherein the poras have a diameter of
approximately 0.2 microns to about 2 microns.

8. The apparatus of claim 5, wherein the microporous hollow fiber
membrare is fashioned info at least one tube defining a lumen, and wherein
the tube having a first opening in the tube, and at the opposite end of the tube

has is a second opening.

9. The apparatus of claim B, wherein the first opening s fluidly
connected ta the condult such that the sample of cells can be moved from the
¢ell sample container through the first opening into the lumen.

0. The apparatus of claim 8, wherein the second opening is fluidly
connected to ithe condult such that the buffer can be moved from the buffer
reservoir through the second opening inta the lumen.

11, The apparatus of cleim 1, wherein said vacuum source is
fluidly connected to the exiramembrane chamber such that application of a
vacuum from the vacuum source te the exiramembrane chamber cavses the
sample of cells to be aspirated from a cell sample container thraugh the
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conduit infa the filiration device, and interferents cantained in the sample of
eells ta flow through the filter inte the extramembrane chamber and exit
through a second conduit.

12. The apparatus of claim 11, further comprising at least one pump
and & pluraliiy of valves, the at least one pump providing an hydraubc force
for transpariing a buffer contained within a buffier reservoir into the filtration
device, and a detergant solution contained within a detergent solution
reservoir into the fitration device; and the plurality of valves being adapted to
gpen and close such that the vacuum from the vacuum source can be applied
{o the extramemirane chamber such that the buffer, the detergent solution,
and inferferants contained in the sampie of cells within the filtration device
can be conirollably remeved from the filtration device; and the hydraulic force
provided from the atleast one pump can be direcied to transport the buffer
from the buffer reservoir to the filiration device, and the buffer from the buffer
reservorr to the cell sample container, and the detergent solufion from the
detergent soluticn reservoir to filtration device.

13. The apparatus of claim 12, further comprising a computer
controlier for controlling the af least one pump and the pluraliy of valves.

14. The apparatus of glaim 1, wherein one of the ports is fluidly
connected to a detergent selution reserveir adapted fos containing a

detergent solution.

15. The apparatus of olaim 1, further comprising a conduit which is
fluidly connected to a cell analyzer.

18. The apparatus of claim 15, wherein the cell analyzer measures
fluorescence.
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.17. The apparatus of claim 15, wherein the cell analyzer is a flow
cytometer.

8. An automated mathod for removing imterferants from a sample
containing cells comprising:

a) applying a vacuum force to & blood cell sample in a first sampla
container to cause the blood cell sample to contact a filter;

b) applying a force to the blood cell sample in contact with the filter,
whereby interferants in the blood cell sample pass through the filter while the
cells in the blood cell sample do not pass through the filter; and

c) recovering the cells fromn the filter,

19. The method of claim 18, wherein the force which causes the
interfsrants in the blood cell sample to pass through the filter is a vacuum
force.

20. The method of claim 18, which further comprises diluting the blood
call sample with a buffer prior to applying the force which causes the
interferants in the blood cell sample to pass through the filter.

21. The method of claim 20, whaerein diluting the blood cell sample with
at least one volume of buffer to each volume of bleoed cell sample.

22.- The methed of claim 18, wherein the recovening the ceils from the
filter is inte the first blood cel container.

23. The method of claim 22, which furthsr comprises:
a) applying a vasuum foree to the recovered blood cell sample to
cause the blood cell sampie to contact a filter;
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b) applying a force to the blood cell sample in contact with the filter,
whereby interferanis in the blood cell sample pass through the filter while the
cells ins the bloed cell sample de not pass through the filter; and

¢) recovering the cells from the filter.

24. The method of claim 18, wherein the recovering the cells from the
fitter is into a second blood cell container which is different than the first blood

cell container.

25. The method of claim 24, which further comprises:

a} applying & vacuurn force 1o the recovered blood cell sample to
cause the blood cell sample to contact a filter;

b} applying & Teree 1o the blood gell sample in confact with the filter,
whereby interferants in the blood cell sampla pass through the filtler while the
cells in the blood cell sample do net pass through the filter; and

¢) resavering the cells from the filter.

26. The methed of claim 18, which further comprises adding a serym
substance to the blood gells sample.

27. The method of claim 18, wherein the method is performed in less
than & minufes.

2B. The methog of claim 27, wherein the method is performed in less
than 1 minute.

29. The mathod of claim 18, which further comprises analyzing the
gells which are recovered from the filter.
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30. The method of claim 29, which further comprises lysing
erythrocytes in the blood cell sample prior to recovering the cells from the
fiker.

31. The method of claim 29, which fisrther comprises lysing
erythrocytes in the blood sll sample aftar the cells are recovered from the
filter.

32, The method of claim 18, wherein greater than 75% of the
interferants in the blood cell sample pass through the fitter.

33.  Anautomated method of preparing blood cells for analysis
comprising:

&} adding ai least one reagent that reacis with blood cells fo a blood
cell sample te form a test sample mixture;

b) automatically removing interferants from the test sample mixture to
yizld a washed blood cell sample; and

c) anafyzing the washed blood cell sample to determine characteristics
of the blood cells.

34. The method of claim 33, wherzin the reagent comprises at least
ong antibody that specifically binds to at least one target antigen an the
surface of the blood cells within the blood cell sampie.

35. The method of claim 34, wherein the antibody contains a
fluorescant test label,

36. The method of claim 33, wherein analyzing the washed blood cell
sample is by electrical or optical measurements.
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37. The method of claim 33, wherein the reagent comprises a lytic
reagent that lyses erythrocytes in the bicod cell sample to be anaiyzed.
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