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Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the
Requirements tor the Degree of Master of Science

Ki-67 EXPRESSION IN HUMAN TUMORS
MEASURED BY FLLOW CYTOMETRY

By
Robert L. Williams
December 1990

Chairperson: Raul C. Bravlan
Major Department: Pathclogy and Laboratory Medicine

Kinetic information is important in assessing tumor growth because it
provides sigmficant prognostic and therapeutic information.  Methods for clinical
kinetic analysis include ‘H-thymidine labelling. DNA analysis by flow eviometry
(FCM). and immunonhistochemical detection of cell cvele dependent antigens.
DNA analysis by FCM is most widely used because the method is tast. cells can
be stained easily, the analvsis is automated., and the results are numerical and
objective.  However, simple DNA analysis is somewhat limited since it provides
only partial information on the cell cycle phases and is subject to certain
artitacts such as interterence by nuclear debris or cell clumps.

This study sought to combine FCM analysis of DNA with a proliferation-
associated antigen widely used in immunocytology, Ki-67. This antigen is

expressed in the nucleus of proliferating cells throughout the cell cvele, but not




in nonproliterating cells. Existing methods for simuitancous stamning of DNA
and Ki-67 are unreliable. Theretore, our etforts were directed to developiy a
satistactory staining technique. A short tixation with .55 paratormaldehyde
tollowed by exposure of cells to 0.19% Triton X-100 was found to be eftective.
Ki-67 expression in human tumors measured by FCM was then compared with
immunocytologic measurements and to the S-phase traction calculated by DNA
analysis only. A significant correlation was tound between Ki-67 expression
determined by immunocytology and FCM in non-Hodgkin's lvmphoma (NHL)
ir=0.91). Signiticant correlation was also tound between Ki-67 expression
determined by FCM and DNA S-phase in these tumors (r=0.95). An interesting
finding was the detection ot low levels ot Ki-67 in nonproliferating cells using
FCM. This low level expression is not detectable by immunocytology, a
technique less sensitive than FCM. R

In contrast to NHL, no significant correlation was tound between Ki-67
expression and DNA S-phase in solid tumors such as colon cancers (r=0.53) or
breast cancers (r=1119). These tumors are difficult to disaggregate into single
cell suspensions and the lack of correlation may result trom leakage of the
antigen from the cell nucleus as a result of cell dissociation, or even to
artifactual errors in the cell cycle calculations.  Although pathologists use
empirical Ki-67 expression as an indicator of tumor proliferation. better antigenic
characterization and further technological developments in cell preparation may
be necessary before quantitative FCM analysis of this antigen can be applied

universally to solid tumors.




INTRODUCTION

Cell Cycle Characteristics

The general biological model used to describe proliferating cells was
introduced bv Howard and Pelc (1953). This model was based on DNA content
and divided the growth ot proliferating cells into a ceil cycle with tour phases:
G1.S. G2, and M. Nonproliferating diploid cells all had the same DNA content
and were said to be in the non-growth or GO phase of the cell cvcle. In
projiferating cells. the DNA content remains at the same amount as
nonproliferating cells between the initiation of cell proliferation and the onset ot
DNA synthesis, an interval detined as the first growth or G1 phase. DNA
content increases until it has doubled in the DNA synthesis or S-phase ot the
cvele. DNA content then remains constant at the doubled amount during the
subsequent second growth or G2 phase and during the mitosis or M-phase. At
the completion of the cell cycele the original cell has been replaced by two cells
cach with a DNA content of a nonproliferating diploid cell. The S-phase was
contirmed by pulse labelling of growing cells using radiolabelled DNA
precursors, particularly ‘H-thymidine. in a study by Cleaver (1967).

During the past 10 vears, flow cvtometry has been the most trequently

used technique for studying the cell cycle. To obtain a DNA histogram using




this technigue. a single cell suspension ot the cells 1o be analvzed is prepared.
The cells are then permeabilized using a detergent solution or an appropriite
fixation technique. and stained with a DNA specitic tluorescent dve. The
labelled cells are aspirated into the tlow cvtometer where they are torced to flow
as single cells through a laser beam that excites the tluorescent dve. ‘The
fluorescence emitted is coliected by a lens system. passed through a filter
allowing onlv the desired wavelength to pass. measured by a photomuitiplier
tube, and the intensity recorded. The recorded fluorescence is proportional to
the amount of DNA present in the cell. A computer program then piots the
number of cells with the same tluorescent intensity aganst the range ot
fluorescent intensities measured to produce the DNA histogram.

One type of critical infarmation sought trom DNA histograms is the
proliterative traction or percentage of cells in S-phase.  Informaton about the
percentage of S-phase cells 1s critical because it can be predictive of the bioiogie
behavior ot a tumor. Determination of the percentage of cells - S-phase s
wypically obtained by partiioning DNA histograms inte appropriate segments aid
counting the number of cells in each segment. However. there s no general
method tor assigning mixed cell populations with ditfering DNA contents to
phases ot the cell cvele based completely on the analysis of @ DNA histogram.

Another type of critical information sought from DNA histograms 1s the
presence or not of aneuploidy, a term used to describe a sample containing a
stem line with abnormal DNA content. Ancuploid cell populations are identitied

when two or more discernible peaks representing the normal and aneuploid cells




are present in @ DNA histogram.  [nformation about ancupiowdv is also cnticii

hecause it too can be predictive of the biological behavior ot a tumor.

Tunior Cell Cycle Propertes

Tumors are characterized by uncontrolled growth with differing degrees ot
cell proliferation.  In mast cases, tumors having the worst prognosis and peorest
long term response to iherapy are those with a high proliferaaen rate. For this
reason, chimeal stage and histologic grade are important prognostic criteria for
most maligrant tumors: however. survival remains mostlv unpredctibie nthe
individual panent using these criteria. In an attempt to develop sdditicnal
Drognostic criteria, many imvestigators have studied the relationship between
DNA S-phase and sunvval i patients with cancer.

Most of the criginal studies of the DNA S-phase were done on non-
Hodgkin's lymphoma (NHL). because intact lvmphoma cells can be readily
disavgregated into single cell suspensioas by simple mechanical disruption. With
mprovement m techniques in recent vears, the measurement of DNA conten in
other solid tumors by tlow cvtometry has also become accepted as o valuable
proceaure of diagnostic pathology.  As with NHL. the DNA histograms tor solid
tumor cells can contam sigmticiant diagnostic or prognostic information and may
intfluence therapeuuc decisions. A review ot the literature on the relationship
between measurements of the DNA S-phase of soiid tumors by tlow cytometry
and patient survival was done by Seckinger er al. (1.89). They reported a

significant increase in survival for patients with a low proliterative activity instead




of a high proliterative activity. as determined by the S-phase, in breast and fung
turnors. Simiiar correlations have been found repatedly in lvmphomas.  Stuaies
ot the DNA S-phase in other tumor tvpes have varied in conclusions on survival,
For the calculation of the S-phase in tumaors, DNA histograms are
classitied into three tvpes: dipioid, aneuploid with clear separation ot diploid and
ancuploid cells. wnd aneuploid with overlap of diploid and aneuplcid
populations.  Cell suspensions obtained frorm most solid tumors contain less than
T wmor cells (Frankturt gl 1984). The remaining celis consist mainly ot
nonprobferating leukocytes and strowal cells. Thus, the S-phase DNA in diplod
wamors cetieets the proportion ot tumor cell S-phase amopg mixed populations
ot nenpiohferanng or slowly proliferating normai cells. In two diploid tumors
with simiiar profiteration acuvity, the S-nhase will be lower tor the tamor with a
higher proportion ot normal cells. Artificially low S-phases in diploia tumors
vaused by the presence of normal cells mav be responsible for the lower value
ST S-mhases i diploid tumors as compared with aneupiond tumors { Frankturt ef
al 1984y Clear separation of dipiod and aneuploid peaks, from which precise
>-phise troctiors could be caiculated for the tumor population, were observed in
less than 40%¢ of 656 solid wmors examined (Frankturt er al.. 1984). Problems
i DNA S-phase calculation are also encountered in tetraploid tumors because
of the presence ot overlapping diploid G2'M cells with tetraploid G1 cells. A
turther complication ot DNA analysis is different individual neoplastic ce'l
populations within the tumor may have differing durations of the phases of the

cell cyele. To achieve precision in the calculation of the DNA S-phase in
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diploid, near-diploid. or tetraploid tumors in mixed populations, the ideal
approach is to apply multiparameter tlow cytometry and measure tumor or cell
proliferation antigens simuitaneously with DNA content. By measuring both
parameters, more detailed and accurate information can be obtained. facilitating

DNA analysis.

Determination_of Proliferating Cells

Studies have indicated that cellular proliferation can be ot prognostic
signiticance. In particular, tumors ot similar histological types otten have shown
a wide range ot cell prohiteration and studies show patients having tumors with
high proliterative indices have a worse clinical course than those with low indices
(Kvaloy et al.. 19810 Kvaloy er al.. 1985 Roos er al., 1985: Schrape et al.. 1987).
For the detection ot proliferating cells, approaches used include: mitotic index
evaluation, i viiro or in vivo "H-thymidine labelling index (Steel. 1977), primer-
dependent DNA polymerase (Nelson & Schitfer, 1973), tlow cytometric S-phase
traction. and the more recent monoclonal antibodies against bromodeoxyuridine
(BrdUrd) and prolferating cell nuclear antigen (PCNA).

The identitication of proliferating cells originally required the assessment
of the number of mitoses in histological sections. This method has the specific
disadvantages that mitosis is only part of the cell cycle, mitoses may continue
through to interphase it tissues are not promptly fixed (Graem and Helweg-
Larsen, 1979), and quantitation of mitotic figures in parattin or other histological

material can be unreliable. General disadvantages of this method are that the




interpretation ot histological sections has sutfered from poor reproducibility
(Berard. 1985) and may lack the sensitivity to detect minimal disecase (Weinberg
et al., 1984; Stetlet-Stevenson er al.. 1988).

Because of these disadvantages, a method more objective than microscopy
has been sought. A variety of methods for the analysis of tumor cell
proliferation were used to study the relationship between proliferation and
histological grade in NHL (Silvestrini er al.. 1977: Bravian e al.. 1980: Kvaloy e
al., 1985). Emerging as the predominant techniques were ‘H-thvmidine
incorporation and tlow cytometry.  With regard to microscopy. both techniques
were numerical, more reproducible. and more objective.  Peckham and Cooper
(1970) performed one of the earliest studies of NHL utilizing "H-thvmidine and
found no correlation between labelling index and response to treatment or
survival.  More recently Kvaloy et al. (1985) used B-cell lvmphomas to determine
DNA synthesis by ‘H-thymidine uptake and tound uptake was greater among
high grade than low grade specimens. Even among patients with low grade
specimens. patients with specimens having higher uptake had shorter survival
than patients with specimens having lower uptake. Still. ‘H-thymidine
incorporation had its disadvantages including: its use of radioactivity. its
requirement for i vitro incorporation, and it is labor and time intense.

In comparison with 'H-thymidine incorporation, flow cytometry is fast,
labelling easy, analysis more automated. and dual labelling can be done. DNA
analysis using tlow cytometry has been applied to NHL more than any other

type of human tumor. principally because of the ease of tumor disaggregation.




Studies by Bravlan er al. (1978) and Diamond and Braylan (1980) showed a
correlation between the S-phase cells present and histological tvpe of NHL with
more S-phase cells present in high grade than in low grade tumors. Braylan e
al. (1980) and Silvestrini er al. (1988) both showed a correlation between the
DNA S-phase and “H-thymidine uptake. In the study by Braylan er al.. patients
with greater than a 5% S-phase had a significantly worse survival than those
with a S-phase less than 3%. Using histological grading ot tumors as the
standard tor comparison. DNA S-phase was shown to correlate well by Hansen
et al. (1981) and Bravian er al. (1984). Thus. DNA analvsis using tlow cvtometry
was contirmed as supplying useful prognostic information. Still. the mitations of
tflow cvtometry in DNA analysis must be considered. The S-phase cannot always
be evaluated when the tumor is aneuploid or tetraploid. Similarly, S-phase size
alone gives only a partial picture of tumor kinetics. Kinetic parameters.
including the duration of the cell cycle and of its phases, may be important.
With the lurge increase in available techniques in immunohistochemistry
of recent vears, interest has been tocused on cellular antigens that retlect
cellular proliferation. One of the first proliferation antigens to be studied was
the transterrin receptor (TfR). Proliferating normal and tumor cells require iron
and it could be expected they would express receptors tor transferrin. A TfR
binding monoclonal antibody was tound by Trowbridge and Omary (1981). Since
it seemed likely the numbers of TfR positive cells in a tumor would be related
to its growth fraction, Habeshaw er al. (1983) applied a monoclonal antibody to

cell suspensions of high and low grade NHL and showed a correlation between




TtR positive cells and histological grade. However, subsequent studies of
expression of the TfR by Schrape er al. (1987) and Pileri ¢ al. (1987) both
concludea the expression of this receptor is not exclusive to proliferating cells.
Since then, research using this antigen tor detection of proliferation has declined.

A monoclonal antibody to BrdUrd was described by Gratzner (1982).
Cells exposed to BrdUrd incorporate it into their DNA when replicating and the
antibody can be used to detect incorporation. Using flow cvtometry, it was
tound the binding of the antibody was equivalent to results obtained in "H-
thvmidine uptake studics and the tluorescent intensity was proportional to the
amount of BrdUrd bound m each cell (Silvestrini er al., 1988). Schrape et al.
(1987) used anti-BrdUrd on high and low grade NHL and showed high grade
lymphomas had more iabelled cells than did low grade ones. Limitations in the
use of BrdUrd tor the determination ot proliferating cells include: tluorescent
intensity ot the bound antibody is extremely dependent on the procedure used to
denature the DNA to expose the incorporated BrdUrd. cell losses resulting from
the denaturation procedure. the safety of in vivo injection of BrdUrd tor the
most effective labelling, and the inability of BrdUrd to incorporate after as little
as overnight retrigeration (personal observation).

Miyachi et al. (1978) detected autoantibodies in patients with systemic
lupus erythematosus that reacted with the nuclei of mitogen-stimulated human
lymphocytes and proliferating cell lines. Two studies showed the antigen
detected was PCNA, an acidic polypeptide with a molecular weight of about 36

Kilodaltons (Miyachi er al., 1978; Celis er al.. 1984). PCNA has been shown to
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be identical to another nuclear proliferation antigen called cyclin (Takasaki ef al..
1984: Ogata er al.. 1985). The principal limitation of the use of PCNA for the
determination of proliferating cells is its peak expression being limited to the S-
phase ot the cell cycle. This S-phase association has been shown for both the
autoanubody and a monoclonal antibody produced (Kurki er al.. 1986: Kurki er
al., 1988). Also. PCNA cannot separate GO cells from G1 cells or G2 cells from

M-phase cells (Landberg er al., 1990).

Monoclonal Antibody Ki-67

Of the immunohistochemical techniques for investigating proliferating
cells. the most commonly used procedure involves an antibody produced in 1983
and designated ‘Ki-67" (Gerdes et al.. 1983). Ki-67 was originally produced
against a crude nuclear traction of the L428 cell line derived trom Hodgkin's
disease tissue. The study was aimed at producing monoclonal antibodies specitic
to Hodgkin and Sternberg-Reed cells by injection into mice of L428 nuclei
abtained by incubation in NP-40. When the antibody was used to stain frozen
sections of human tonsil. the chromosomes were stained. The antibody was
turther characterized by means of a differentiation-inducing stimulant applied to
K562 erythroleukemic cells and peripheral blood lymphocytes after mitogen
stimulation (Gerdes er al., 1984b). This study used DNA analysis by flow
cytometry to follow the expression of the Ki-67 antigen through the cell cycle,

and found Ki-67 was present in the Gi. S, G2, and M phases, but absent in GJ.
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Evidence supports the antibody recognizing the Ki-67 antigen can be used
as a maiker of cellular proliferation. First, Ki-67 immunoreactivity was present in
cells that appear to be proliferating (Gerdes er al.. 1983). Second. the induction
of antigen expression in mitogen-triggered peripheral blood lymphocytes and loss
of the antigen on induction of difterentiation in phorbol ester-treated HL60 cells
(Gerdes et al.. 1984b). Third, a close relationship between the degree of
expression of the antigen and phases of the cell cycle (Gerdes er al., 1984b:
Schwarting er al., 1986). Fourth, a good correlation was tound between Ki-67
immunocytology and uptake of BrdUrd (Schrape et al.. 1987).

The nature ot the nuclear proliferation antigen that reacts with Ki-67
remains unknown. Nuclel, nucleoli, and chromosomes in metaphase are well
outlined with this antibody. with preterential staining of nucleoh and condensed
chromatin (Sasaki er al., 1987). Demonstration of the localization of Ki-67 by
electron microscopy has not been done, nor has it been identitied by Western
blot or immunoprecipitation assavs, probably because the antigen appears to be
disturbed by the usual ftixatives and experimental procedures. The antigen is
known to be sensitive to DNAse I, but not RNase, thus indicating the antigen
has DNA binding properties (Sasaki et al., 1987). In addition, the antigen has
been shown to have inhibitory activity against DNA polymerase o (Loke er al.
1987). Similarities have been observed in nuclear localization by
immunocytology between Ki-67 and topoisomerase Il and although the

similarities are not sufficient to conclude these two proteins are the same,




neither do any differences exist to conclude they are different (Bading er al..
1989: Verheijen er al.. 1989).

The potential value of Ki-67 in the assessment of lymphomas was shown
in a study by Gerdes er al. (1984a). They showed 93.8% of the high grade and
88.5% of the low grade specimens evaluated could be assigned accurately to
their histological groups, according to the Kiel convention, on the basis of their
counts of Ki-67 positive cells. Reports also indicate Ki-67 immunocytology gives
cell proliferation data in NHL comparable to results of other methods (Gerdes
ef al.. 1984a: Schrape er al.. 1987). The range and median values of Ki-67 for
all histological groupings. including low and high grade lymphomas taken
together, were very similar in the studies ot both Gerdes er «l. (1984a) and
Schrape er al. (1987). indicating the reproducibility of Ki-67 immunocytology.

Ki-67 expression has been used to assess tumor cell proliferation in breast
tumors (Gerdes er al.. 1986: Barnard er al.. 1987). colorectal tumors (Horny and
Horst. 1988). lung tumors (Gatter er al.. 1986). and intracerebral tumors (Burger
et al., 1986: Robson et al., 1987). These studies demonstrate Ki-67
immunocvtology is a useful means ot measuring solid tumor growth fractions.

Several reports in the literature compared Ki-67 staining with other
techniques tor determining cellular proliferation.  When applied to frozen
sections of human tonsil. the antibody appeared to be reactive with a mitotic
spindle-associated protein. It bound strongly to centroblasts, to a lesser extent
to centrocytes, and variably to mantle zone lvmphocytes. This corresponded with

the findings for 'H-thymidine uptake in tonsil tissue in the same study (Gerdes et
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al., 1983). Another study evaluating Ki-67 expression in the monocytic/histiocyte
cell line U937 and a concanavalin-A stimulated lymphocyte cuiture and also
demonstrated a good correlation between Ki-67 expression and “H-thymidine
uptake (Schwarting et al., 1986). Schwartz er al. (1989) compared Ki-67
expression measured by immunocytology to DNA content in 74 cases of NHL
and found a positive correlation between these two methods. Schrape er al.
(1987) compared Ki-67 and TfR labelling in frozen sections of NHL and BrdUrd
uptake in cell suspensions of NHL and showed TfR positive cells were numerous
in low grade NHL regardless of histological type, but the numbers ot Ki-67
positive celis correlated well with histological grade. An approach used by
Sasaki et al. {1988) was to stain with both Ki-67 and anti-BrdUrd in a series ot
human malignancies. A wide range of Ki-67 and BrdUrd labelling was found.
the latter generally exceeding the former. The ratio of BrdUrd to Ki-67 positive
cells had a mean ot (.58 and the two parameters had a high linear correlation
coetticient (r=0.89). This same approach was used by Kawauchi er al. (1989) on
NHL with nearly identical results for labelling ratio and a high correlation

hetween the two methods.

Research Objectives

Objectives Established for this Research

1. Development of a method for simultaneous staining of Ki-67 and DNA

to

Evaluation of the expression of Ki-67 in non-Hodgkin's lymphoma

3. Correlation of Ki-67 expression with DNA analysis in human solid tumors




Development of a Method for Simultaneous Staining of Ki-67 and DNA

Since the production of Ki-67 in 1983, over 150 studies have been
published examining the expression of Ki-67 by immunocytology technigues. but
only 12 studies have used tlow cvtometry to measure Ki-67. In a comparison ot
these 12 studies, five ditferent fixation techniques were used to permeabilize the
cells examined. Also, the commercial producer ot this antibody states alcohols
destroy the antigen and four of the studies were pertormed using alcohols.
Thus. there appears to be no consensus as to the most etfective fixation
technique.  Also noted was the use of unstained cells. or cells stained only with
secondary antibody in indirect procedures, as the negative control in 11 of these
studies. The only study using an irrelevant. isotypic. mouse monoclonal antibody
as a negative control was one in which an alcohol was used as the tixative. For
these reasons, it is imperative to develop the most etfective preparatory and

fixation technique to uvse for simultaneous aeantitation of Ki-67 and DNA

content by flow cvtometry.

Evaluation of the Expression of Ki-67 in Non-Hodgkin's Lymphoma

All studies of Ki-67 expression measured by flow cvtometry, but one. were
pertormed measuring Ki-67 expression in cell lines or stimulated lymphocytes.
This results in the expected values being at the extremes of 100% or 0% Ki-67
expression, with no values expected between these extremes. The one study
examining NHL used periodate-lysine-paratormaldehyde, a fixation technique

seldom cited in the hterature for use in flow cvtometry. For these reasons, it is




necessary to evaluate Ki-67 expression in NHL as measured by tlow cytometry.
utilizing the fixation technique developed. and to determine the correlation ot

these results with the traditional microscope-based immunocytology technique.

Correlation of Ki-67 Expression with DNA Analysis in Human Solid Tumors

S-phase analysis by measuring DNA content using tlow cytometry has
become established as the primary method for quantitation ot proliferating cells.
The few limitations associated with measurement ot the S-phase could be
eliminated by the performance of multiparameter tlow cvtometry using DNA
staining in combination with a marker for cellular proliteration.  Since Ki-67 has
emerged in the literature in recent years as a useful marker for detection ot
proliferating cells, it tollows that examination of the correlation between Ki-67
expression and DNA analysis both measured by tlow cytometry in NHL and

other sohid tumors should be carried out.




MATERIALS AND METHODS

Specimens Analvzed

Fresh tissues obtained from the lymph node biopsies of 30 patients
diagnosed as having non-Hodgkin's lymphoma. nine biopsies identified as breast

tumors, and eight biopsies identitied as colon tumors were included in this studv.

Cell Lines

KS62 Cell Line

The human ervthroleukemia cell line KS62 (ATCC. Rockville. MD) was
grown in RPMI-1640 (GIBCO. Grand Island. NY) containing 15%% heat-
inactivated. defined fetal calf serum (Hyclone Laboratories, Logan. UT)
supplemented with L-glutamine (2 mm), HEPES (10 mm). penicillin G (100
units/mi). streptomycin sultate (100 pg/ml), and gentamicin sultate (500 pg/ml).
all from GIBCO (Grand Island. NY). The cells were cultured at 37°C with a
7% CO, atmosphere. Cells were maintained in log phase growth by subculturing
two to three times weekly with passage at a concentration ot 1 X 107 cells/ml

All experiments were pertormed with ceils in log phase growth.
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NALM Cell Line

The human T-cell acute leukemia cell line NALM was an oniginal git

from T. Minowada and was cultured the same as the K562 cell line.

Epstein-Barr Virus Transtormed Lymphocvtes

Fourteen ml of heparinized (Becton Dickinson, Rutherford. NJ)
peripheral blood were processed as per the procedure for peripheral blood
lvmphocytes (see below). T-cells were removed from the resuiting cell
suspension by sheep red blood cell (Baxter Scientitic, Ocala. FL) rosetting prior
1o Epstein-Barr Virus (EBV) transtormation. Sheep red blood cells were
treated with 0,14 2-amionethylisothiouronium bromide hyvdrobromide (Sigma. St
Louis, MO). pH 8.0, for 30 min at 37 C prior to rosetting.  Atter removal ot T-
cells. the B-cells remaining were cultured with EBV at a density ot 2 X 10"
cellsyml in RPMI-1640 medium containing 109 FCS. 3% heat-inactivated.
detined equine serum (Hyvclone Laboratories. Logan, UT). HEPES (10 mm). L-
glutamine (2 mm). penicillin G (100 units/ml), streptomycein sultate (100 ggeml).
gentamicin sultfate (500 pg/ml), and 2-mercaptoethanol (35 m)(GIBCO. Grand
Island. NY). EBV from the B95-8 marmoset cell line (ATCC, Rockville. MD)
was obtained by harvesting tissue culture supernatant from B95-8 cells grown to
contluence. Supernatant containing EBV was added at a volume of 200 ul per
ml of cell suspension. The cells were cultured at 37°C with a 7% CO,
atmosphere. Cells were fed by replacing one-half of the spent medium with

fresh culture medium every 4 to S days until the cultures began to transtorm.




Once transformation had occur:ed, cells were maintained in log phase growth by

subculturing twice weekly with passage at a concentration of 1 X 10" cells/ml.

Specimen Preparation

Peripheral Blood Lvmphocytes

Seven mi of peripheral blood were drawn into a vacutainer tube
containing EDTA (Becton Dickinson. Ruthertord. NJ). Blood was transterred to
¢ 15 ml comeal tube and diluted with 3.5 ml RPMI-1640. Four mi ot
Lymphocvie Separation Media (LSM) (Organon Teknika, Durham. NCj owas
lavered on the bottom of the tube by adding it through a pipet with the up
resung on the bottom. The tube was centrituged tor 20 min at 700g. The
medit on top was aspirated to within 1 em ~f the media/LSM intertace.  Cells at
the interface were collected with & pipet and transterred to a new 15 mi conical
tube. Five ml of phosphate butfered saline (PBS) was added and a cell count
pertormed.  The tube was centrituged tor 5 min at 300g and cell pellet
resuspended in sufficient RPMI-1640 with 106 newborn calt serum (NCS)

(Sigma. St Louis. MO) to result in a concentration of 1 X 10" cellsyml.

Phytohemaggiutinin Stimulated Lymphocvtes

Fourteen ml ot heparimzed (Becton Dickinson, Kuthertord. NJ)
peripheral blood were processed per procedure tor PBL except cells were
counted and suspended at 1 X 10° cells/ml in RPMI-1640 plus 10% NCS and 50

mg/ml gentamicin. Half of the resulting suspension was transterred into each of




two T-23 flasks. Cne vial of phytohemagglutinin-M (GIBCO Grand Island. NY )
was reconstituted with 5 ml stenle water. Two hundred fitty gl of
phytohemagglutinin-M (PHA-M) was added 1o one tlask and 100 ui was added
to the other tlask., Flasks v-ere incubated for 72 hours at 37°C with a 772 €O,
atmosphere.  Viability of ach tlask was determined by trvpan blue exclu 1

(GIBCO. Grand Island. NY) and the tlask with the highest viability was utilized

N experiments.

Lymphoma and Tumor Specimens

Grossly hemorrhagic, tibrotic, or necrotic tissue was trimmed trom
speaimens.  The bottom of a 60 x 15 mm plastic petri dish was coated with 1.0
m{ NCS und then 3 ml RPMI-1640 was added and mixed with the NCS. Tissue
was added to the petri dish. While holding the tissue with toothed toreeps, it
wus minced with scissors. Using a transter pipet, tissue fragments were aspirated
and added to a holder having a screen on the bottom.  Tissue was gently rolled
with a pestle against the screen and holder sitting in the petri dish. Cells

released into the medium were transtferred to a S0 mi conical tube. [t the cell

concentration appeared dense, cells were diluted with RPMI-1640. An aliquot of

cells was assayed for viability by trypan blue exclusion and a cell count
pertformed. Cells were centrifuged (10 min at 500g), supernatant aspirated. and
cetl button resuspended to a concentration of 1 X 107 cells/ml in RPMI-1640

plus 10% NCS.




Cytospins

For euach specimen examined by immunocytology, 100 ul of a cell
suspension at a concentration of 1.1 X 10" cells/ml was placed in a cytospin cup.
100l of NCS was then added to each cup. Cups and slides were then placed
in a Shandon Cvtospin centrituge (Shandon Southern Products, Pitsburgh, PA)
were they were spun tor 5 sec once 16,000 rpm was reached.  Slides were
removed from the centrituge, allowed to air dry for 10 min, were fixed with
aeeteone (Fisher, Fair Lawn, NJ) tor 3 min. and allowed to air v tor 10 min.

Slides were mmmeediately stored at -70°C unul stained.

Monocional Antibody Ki-67

The anu-Ki-07 monocional mouse antibodies utilized in this research are
commercially avatluble trom Dakopatts, Carpinteria, CA. These antibodies are
hath ot the lgG 1 kappa subclass and are obtained trom tissue culture
supernatant dialyzed against 0.05m Tris/HCL pH 7.2, with 15 mm NaN.. The
FITC-comugated antibodyv had a4 mouse [gG concentration of 100 pg/ml as
Jdetermined by single radial immunodittusion.  The FITC/protein ratio of the
comjugated antibody s approximately 6:1 as determined by spectrophotometry.
100 ul of antibody was utilized after diluting 1:10 in 209 NCS in PBS for a tinal
concentration of 1 ug per test. The unconjugated antibody had a mouse IgG
concentration ot 292 ug/ml as determined by single radial immunodiftusion. 100
sl of antibody was utilized after diluting 1:10 or 1:33 in 20% NCS in PBS for a

tinal concentration ot 3 pg per test or | ug per test respectively.
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Fixation

Acetone Fixation

For each specimen tested, 1 ml of cells in suspension at 1 X 10" celis/ml
was pelleted (5 min at 500g) in each of two tubes. The cells were fixed in 1 ml
95¢% acetone in PBS for 10 min at room temperature. The cells were pelleted
and washed in I ml of PBS (5 min at 500g and 4°C). One tube of cells was
incubated with 100 ul FITC-conjugated monocional antibody (MoAb) Ki-67 (1:10
in PBS with 209 NCS) for 15 min at 4°C. The other tube ot cells was
incubated with 100 ul FITC-conjugated irrelevant. isotypic. mouse monocional
antibody (mlgG)(1:5 in PBS with 20% NCS) (Becton Dickinson, San Jose. CA)
for 15 min at 4'C. The cells were pelleted and washed in 1 ml of PBS (5 min
at 500g and 4°C). Cells were resuspended in 250 ul RNase (8.33 Kunitz units/ml
in 1.12% sodium citrate in dH,0) (Sigma. St Louis. MO) and incubated for 30
min at 37°C. Two hundred fifty gl of isotonic propidium iodide (PI) (30 pg/mi
in 1.12% sodium citrate in dH.O) (Calbiochem. La Jolla. CA) was added to the
RNase and incubated ftor 30 min at room temperature. Cells were ftiltered

through 44 um mesh and analyzed within 60 min by flow cytometry.

Periodate-Lysine-Paratormaldehyde Fixation

For each specimen tested. 1 ml of cells in suspension at 1 X 10" cells/ml
was pelleted (S min at 500g) in each of two tubes. The cells were fixed in 1 mi

periodate-lysine-paratormaldehyde (PLP) for 15 min at -10°C. PLP fixative
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consisted of 37mm phosphate butfer saiine at pH 7.4 containing 75mm sodium m-
periodate, 10mm lysine monohydrochloride (both trom Sigma, St Louis, MO). and
2% paratormaldehyde (Eastman Kodak, Rochester, NY). The cells were
pelleted and washed in 1 mi of PBS (5 min at 500g and 4°C). One tube of cells
was incubated with 100 xl FITC-conjugated MoAb Ki-67 (1:10 in PBS with 20%
NCS) for 15 min at 4°C. The other tube of cells was incubated with 100 gl
FITC-conjugated irrelevant monoclonal mlgG antibody (1:5 in PBS with 20%
NCS) for 15 min at 4$°C. The cells were pelleted and washed in 1 ml of PBS (3
min at 300g and 4'C). Cells were resuspended in 250 ul RNase (8.33 Kunitz
units/ml in 1.12% sodium citrate in dH,0) and incubated ftor 30 min at 37°C.
250 ul of isotonic Pl (50 pg/ml in 1.129 sodium citrate in dH.O) was added to

the RNase and incubated for 30 min at room temperature. Cells were filtered

througnh 44 pm mesh and analyzed within 60 min by tlow cytometry.

Paratormaldehvde/Triton X-100/Ethanol Fixation

For each specimen tested, 1 ml of cells in suspension at 1 X 10" cells/ml
was pelieted (5 min at 300g) in each of two tubes. The cells were tixed in 1 mi
.5 paratormaldehyde in PBS for 5 min at $°C. Cells were soaked in 1 ml
0.1% Triton X-100 in PBS (Sigma. St Louis, MO) for 10 min at 4°C and
pellieted (S min at S00g). One tube of cells was incubated with 100 gl FITC-
conjugated MoAb Ki-67 (1:10 in PBS with 209% NCS) for 15 min at 4°C. The
other tube of cells was incubated with 100 ul FITC-conjugated irrelevant

monoclonal migG antibody (1:5 in PBS with 20% NCS) for 15 min at 4°C. The
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cells were pelleted and washed in | ml of PBS {3 min at 500g and 4'C). Celis
were fixed in 70% ethanol in PBS (AAPER. Shelbyville, KY) tor 10 min at 4°C
and pelleted (5 min at 500g). Cells were soaked in 0.02% Triton X-100 in
1.12%% sodium citrate (in dH,O) for 20 min at 4°C and pelleted (5 min at 500g).
The cells were pelleted and washed in 1 ml of PBS (5 min at 500g and 4°C).
Cells were resuspended in 250 ul RNase (8.33 Kunitz units/ml in 1.12% sodium
citrate in dH.O) and incubated for 30 min at 37°C. 250 ul of isotonic PI (50
pml in 1.12% sodium citrate in dH,O) was added to the RNase and incubated
tor 30 min at room temperature. Cells were tiltered through 44 um mesh and

analyzed within 6() min by tlow cvtometry.

Ethanol Fixation

For each specimen tested, 1 ml of cells in suspension at 1 X 107 cells/ml
was pelleted (5 min at 500g) in each of two tubes. The cells were fixed in | ml
0% ethanol in RPMI-1640 tor 15 min at 4°C. The cells were pelleted (5 nun
at 300g), soaked in 1 ml of PBS for 1S min at 4°C, and pelleted (5 min at 500g)
again. One tube of cells was incubated with 100 ul FITC-conjugated MoAb Ki-
67 (1:10 in PBS with 209 NCS) for 15 min at $°C. The other tube of cells was
incubated with 100 ul FITC-conjugated irrelevant monoclonal mlgG antibody
(1:5 in PBS with 209 NCS) tor 15 min at 4'C. The cells were pelleted and
washed in 1 ml of PBS (5 min at 500g and 4°C). Cells were resuspended in 250
ul RNase (8.33 Kunitz units/ml in 1.12% sodium citrate in dH,O) and incubated

for 30 min at 37°C. 250 4l of isotonic PI (50 ugg/mi in 1.12% sodium citrate in
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dH.O) was added to the RNase and incubated for 30 min at room temperature.

Cells were filtered through 44 um mesh and analvzed within 60 min by tlow

cytometry.

1.0% Paraformaldehyde/Triton X-100

For each specimen tested, 1 ml of cells in suspension at 1 X 10" cells/ml
was pelleted (5 min at 500g) in each of two tubes. The cells were fixed in 1 ml
1.0% paratormaldehyde in PBS for 15 min at 4°C. Cells were soaked in 1 ml
0.1% Triton X-100 in PBS for 10 min at 4°C and pelleted (5 min at 300¢). The
cells were washed in 1 ml of PBS (5 min at 500¢ and 4°C). One tube of celis
was incubated with 100 ul FITC-conjugated MoAb Ki-67 (1:10 in PBS with 20%
NCS) for 15 min at 4°C. The other tube of cells was incubated with 100 ul
FITC-conjugated irrelevant monoclonal mlgG antibody (1:5 in PBS with 20%
NCS) tor 15 min at 4°C. The cells were pelleted and washed in 1 ml of PBS (5
min at 500g and 4°C). Cells were resuspended in 250 ul RNase (8.33 Kunitz
units/ml in 1.12% sodium citrate in dH.O) and incubated for 30 min at 37°C.
250 ul of isotonic PI (50 pg/mlb in 1.12% sodium citrate in dH.O) was added to
the RNase and incubated for 30 min at room temperature. Cells were filtered

through 44 um mesh and analyzed within 60 min by flow cytometry.

0.5% Paratormaldehyde/Triton X-100

For each specimen tested. 1 ml of cells in suspension at 1 X 10° celis/ml

when no cytospin was prepared, or 1.1 X 10" cells/ml when a cytospin was




prepared, was pelleted (5 min at 500g) in each of two tubes. The cells were
fixed in 1 ml 0.5% paratormaldehyde in PBS for 10 min at 4°C. Cells were
soaked in 1 ml 0.1% Triton X-100 in PBS for 3 min at 4°C and pelleted (5 min
at 500g). On specimens for immunocytology, 100 ul of cell suspension was
removed during this soak for cytospin preparation and 100 ul of 0.1% Triton X-
100 was added to the flow cytometry sample. One tube of cells was incubated
with 100 ul FITC-conjugated MoAb Ki-67 (1:10 in PBS with 209% NCS) for
direct testing, or 100 ul unconjugated MoAb Ki-67 (1:33 in PBS with 20% NCS)
ror indirect testing, tor 15 min at $°C. The other tube of cells was incubated
with 100 gl FITC-conjugated irrelevant monoclonal migG antibody (1:5 in PBS
with 20% NCS) for direct testing, or 100 gl unconjugated irrelevant monoclonal
mlgG antibody (1:100 in PBS with 209 NCS) (Coulter, Hialeah. FL) for indirect
testing, tor 15 min at 4°C. For indirect testing, cells were pelleted and washed
in 1 ml of PBS (3 min at 500¢ and 4°C) and then incubated with 100 gl ot
sheep anti-mouse FITC-conjugated antibody (1:500 in NCS) (Cappel. Malvern.
PA) tor 13 min at $°C. Whether direct or indirect testing, cells were now
pelleted and washed in 1 ml of PBS (5§ min at 500g and 4°C). Cells were
resuspended in 250 wl RPMI-1640 and 250 gl of isotonic P1 (50 pg/ml in 1.12%
sodium citrate in dH,O) was added with incubation tor 30 min at room
temperature.  Cells were filtered through 44 pm mesh and analyzed within 60

min by flow cytometry.
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Immunocvtology

Cytospin slides were removed trom storage at -70°C and allowed to warm
at room temperature tor 30 min. Slides were placed in PBS tor 5 min, cytospin
spots were covered with normal horse serum (1:100 in 2% bovine serum
albumin (BSA) in PBS), and slides were incubated 2 min. Slides were tilted to
remove excess normal horse serum. Cytospin spots were covered with MoAb
Ki-67 (1:200 in 20% NCS in PBS) and incubated at room temperature for 15
min. Slides were rinsed with PBS. Cytospin spots were covered with
biotinylated horse anti-mouse (1:125 in PBS) (Vector Laboratories. Burlingame.
CA) and incubated at room temperature tor 10 min. Slides were rinsed with
PBS. Cytospin spots were covered with Avidin DH:Biotinylated Horseradish
Peroxidase mixture (each reagent 1:125 in PBS) (Vector Laboratories.
Burlingame. CA) and incubated at room temperature for 10 min. Slides were
rinsed with PBS. Peroxidase substrate solution was prepared by dissolving 10 mg
diaminobenzidene (DAB) in 10 ml of SO mm Tris-HCI butfer at pH 7.6 and then
filtering the solution. 8 drops of a 3% H.O. solution (100 gzl 30% H,O, in 10 ml
dH,0) was then added to the DAB solution (all reagents Sigma, St Louis, MO).
Cytospin spots were covered with DAB solution and incubated at room
temperature tor 5 min. Slides were rinsed with running water tor 10 min,
counterstained with hematoxylin for 20 sec, and washed 5 times with dH.O.
Slides were then dehydrated through graded alcohols, cleared with xylene, and
coverslipped with permanent media. A positive control slide of the K562 cell

line and a negative control slide of PBL were included each time slides were
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stained. Ki-67 was quantified by determining the percentage ot positive cells
(brown colored cells) among the total number of cells (negative blue colored
plus positive brown colored cells) using an oil immersion objective. Field
selection sought areas of strongest Ki-67 staining intensity evident by lower

power scanning. The total cell count performed on each slide was 500 cells.

Flow Cvtometry

Samples were measured on a FACStar Plus or FACStar tlow cytometer
(Becton Dickinson. Mountain View. CA) equipped with an argon-ion laser
emitting at a wavelength of 488 nm. FITC fluorescence was measured using a
530/30 nm bandpass filter and PI fluorescence was measured using a 570/40 nm
bandpass filter. Alignment of the flow cytometer was performed using Pl
stained chicken erythrocvte nuclei (CEN) prepared in this lab. The same
voltage and gain settings. initially determined using PBL, were utilized each day
tor torward and side light scatter measurements. The instrument was
standardized cach day tor mean green fluorescence with 1.5 uM green
fluorescent microspheres (Polysciences. Warrington, PA) and tor mean red
fluorescence with PI stained CEN. Red fluorescence was used as the trigger.
with a threshold setting of 200. FL1-FL2 compensation was set to 0.6, and a
laser power setting of (0.250 watts used. 20.000 events were counted for each

sample »nd the results were stored in list mode tiles.




Data Analysis

List mode data were analyzed using Consort 30, LYSYS, or FACStar Plus
Research software (Becton Dickinson, Mountain View, CA). Initially no gates
were used to exclude cells. In later experiments when pulse processing was
utilized, initial gating consisted of exclusion ot cells which were not singlets on a
dot plot of red fluorescence area on the X axis (linear scale) and red
tfluorescence width on the Y axis (Yinear scale). Two-parameter correlated data
were displayed as dot plots. with DNA content shown as height of red
tfluorescence on the X axis (linear scale) and Ki-67 expression shown as height
of green tluorescence on the Y axis (log scale). Gated dot plots of mlgG
controls and Ki-67 stained cells were compared to determine values to use as
markers tor quantitation of Ki-67 on subsequent FITC histograms. A single-
parameter FITC histogram of the gated cell population was displayed to set
markers to quantitate Ki-67 positive and Ki-67 negative cell populations. A
single-parameter DNA histogram of the gated cell population was displayed to
set markers to allow the quantitation of GO/G1. S, and G2/M phases ot the cell

cycle.

Statistical Analysis

Correlations between resulting data were calculated using linear
regression. Regression analysis results and scatter plots of the best fit line were
produced using the data regression tunction of Lotus 1-2-3 (Lotus Development

Corp., Cambridge, MA).




RESULTS

Determination of Fixation Technique

Studies in the literature were utilized to determine the fixation techniques
to initially examine. No consensus existed as to the most effective fixation
technique trom the 12 studies examining Ki-67 expression by tlow cytometry.
However, eight of the these studies used one ot three techniques: acetone.,
periodate-lysine-paratormaldehvde (PLP), or paratormaldehyde/triton/ethanol
(PTE). Each technique was evaluated for ettectiveness by examining the
percentage of Ki-67 expression, quality of DNA staining, and ratio of the mean
fluorescence of Ki-67 positive and negative populations compared to the control
mean tluorescence of cells exposed to an irrelevant, isotypic. mouse monoclonal
antibody (mlgG). Representative histograms resulting trom flow cvtometric
analysis of a specimen and the use of the histograms to calculate the factors
evaluated are shown in Figure 1.

The cell line samples tested were estimated to have 100% ot the cells
expressing Ki-67 since a cell line should consist almost exclusively of proliterating
cells. The normal blood lvmphocytes tested were estimated to have (09 of the
cells expressing Ki-67 since these are not proliferating cells. The cell mixtures

tested were estimated to have 50% of the cells expressing Ki-67 since these

28
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consisted of a suspension of 50% normal lymphocytes and 50% cells from a cell
line.

Staining for DNA content was pertormed simultaneously with staining for
Ki-67 expression on the different cell types. DNA histograms with low
coetticients of variation (CVs) for the GO/G1 peak were established as 1
requirement, since one of the final objective of this research was to examine the
relationship between DNA content and Ki-67 expression. For this research. a
DNA GO/G1 peak CV of 3 = 19 was the desired goal. The DNA staining also
served as an indication ot the etfectiveness of cell permeabilization because ot
the relative ease with which entry of PI into the nucleus can be achieved
compared to entry of an antibody.

Assuming that Ki-67 is exclusively expressed in cycling cells. an eftective
tixation technique should result in the mean tluorescence tor a Ki-67 negative
population (e.g. nonproliferating cells) being similar to the mean tluorescence tor
the mlgG negative control. and a Ki-67 positive population (e.g. highly
proliferative cells) having as great a change in mean tluorescence value from the
control as possible.

The results of analysis using these three techniques on cell lines. normal
lymphocytes, and mixtures of both cell types are summarized in Table 1.
Acetone and PLP fixation resulted in mean percentages of Ki-67 positive cells
far from the expected results for both cell lines and cell mixtures. Normal
lymphocytes had little Ki-67 expression detected by either. but due to the poor

positive results, little contidence can be placed in these values. The mean DNA
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GO/G1 peak CVs obtained with acetone were not in the range desired and those
of PLP were of an unacceptable level.

PTE was the most etfective of these three tixatives because it detected
the highest expression of Ki-67 in cell lines. had the lowest detection of Ki-67
expression in normal lymphocytes. had the largest separation between positive
and negative Ki-67 populations, and had DNA G0/G1 peak CVs ciosest to those
desired.

Tests using PTE fixative at differing concentrations ot paratormaldehyde
and without ethanol were conducted since paratormaldehvde and Triton X-100
treatment of cells can produce satistactory DNA GO/G1 peak CVs and the
commercial producer of the Ki-67 antibody states alcohols can destroy the Ki-67
antigen.  Thus, ethanol in the PTE fixative could be contributing to the higher
DNA G0/G1 peak CVs and lower percentage of positive cells than expected.
However, tour of the 12 published studies used alcohol tixation to permeabilize
cells tor detection of Ki-67 by tlow cvtometry, because poor results were
obtained with acetone fixation. Ethanol fixation was evaluated to determine its
effectiveness in detection of Ki-67, because of these conflicting reports. The
results of analysis are summarized in Table 2. Ethanol and 1.0% PT fixation
resulted in much better detection of Ki-67 expressing cells for the cell lines and
cell mixtures than the acetone. PLP. or PTE fixatives. Little detection of Ki-67
expression by either occurred in the normal lvmphocytes. The mean CVs for
DNA were not as good as desired for ethanol alone and those of 1.0% PT were

sufficiently large to be considered unacceptable.
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Fixation with 0.5¢z PT was the most etfective technique for dotecuon ol
Ki-67 expression and DNA staining of the tixatives evaluated. This fixative
resulted in one of the two highest means ot tluorescence tor Ki-67 expressing
cells. In addition, it was the most accurate in deterniining the correct
nercentage of Ki-67 expressing cells in the cell mixtures. produced the lowest
detection of Ki-67 expression in normal ly:aphocytes, and the DNA G0/G1 peak
CVs were the lowest observed. In all criteria used for evaluation of tixation. this
technique had the smallest standard deviations associated with the
measurements.  For these reasons. fixation with 0.5¢% PT was the technique uced

in the analvsis of human tumor samples.

Nonspecitic Protein Staining

An increase in the tluorescent tensity was seen trom the mean
tluorescence tor the migG negative control to the mean tluorescence of the
negative populauion of the Ki-67 antibody stained samples in all the hxatives.
One possible explanation tor this increase is nonspecific stuuning of cellular
protein by unconjugated FITC in the MoAb Ki-67 reagent. To evaluate this
possibility. a sample of spleen trom a patient with hairyv-cell leukemia was
analvzed. These cells have very abundant cytoplasm and a low proliteration
rate. [he staining of the hairy-cell lymphocytes was compared to normal
lvmphocytes and PHA-stimulated lymphocytes. The ratios resulting are listed in

Table 3.




The ratios tor the hairy-ceil '=ukemia were lower than both rormal
wmphocyvtes 'nd PHA-stimulated lymphocytes.  Higher ratios for the hury-cell
leukemia would have been expected to resulft had nonspecific protein staining by
FITC occurred. Theretore, it was concluded the difference observed 1s not a

result of nonspecific staining bv unconjugated FITC to cellular protein.

Direct Versus Indirect Procedures

A second possible explanation for the increase in the tluorescence of the
negative populaton is nonspecitic binding of the Ki-o7 anubody.  This could
result from differe,.ces in the FITC/prowin ratio ot the FITC-labelled migG
negative control and FITC-labelled Ki-67 anubody reagents. To evaluate this
possibility, direct ond indirect staining procedures were compared.  Indirect
staining can detect nonspecitic binding, because the FITC/protein ratio will be
identical tor the control and Ki-07 samples since the same FITC-conjugated
secondary antibedy is used. Results of this comparison are listed in Table 4 and
indicate mdirect stuning leads o improvement in the differences. For this

reuson, indirect stning was utilized to analvze the human tumor specimens.

Antibody Titration

A third possibie explanation for the increase in the negative population
fluoreacence 1s variation in the methods used tor quantitation ot the antibody in
the primary antibody reagents. This could result in differences in the amount *

control and Ki-67 antibodies used p.r test. To evaluate this possibility titration
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of all antibodies utilized was performed to determine the optumum antibody
concentrations to use. The titration resuits are listed in Table 3.

The titration results tor the mlgG and Ki-67 antibodies were essentially
equal in the K562 cell line with the sheep anti-mouse secondary antibody
dilution 1:300 producing the most difference in the positive cells and the least
difference in the negative cells. It was concluded theretore the optimal
concentrations for testing human tumors was with the primary antibodies at a
concentration of lpegitest and the secondary antibody at a dilution of 1:500. Use
ot the antibodies at these concentrations failed to turther decrease the change in

mean tluorescence observed in the negative cell populations.

Specimen Storage Conditions

The storage conditions utilized tor the human tumor samples were
investigated to determine it they had contributed to the increase in the negative
population fluorescence seen. To evaluate these conditions, retrigeration over
tume and the serum concentration of the storage media were monitored with a
human tonsil specimen.  The results of this study are listed in Table 6.

Changes in the Ki-67 negative and positive populations were essentially
the same regardless of the length of refrigeration or serum concentration.  An
increased ratio of the Ki-67 negative population fluorescence to the mlgG
negative control occurred for 15% NCS. Since 0% NCS was used on human
tumor specimens and the results for this fixative on cell mixtures was nearly

identical to the 5% serum concentration results, it was concluded that



refrigeration and serum concentration did not contribute to the direrence

observed between the mlgG negative control and the Ki-67 negative populations.

Ki-67 Flow Cvtometrv Correlation with Immunocytology

Using the fixation technique developed. the percentages of Ki-67
expression in 12 lymph node biopsies from patients with NHL were determined.
Representative dot plots trom tlow cytometric analysis of these specimens. with
FL1 being Ki-67 expression and FL2 being DNA staining, are shown in Figure 2.

Cvtospin shdes prepared trom the same cell suspensions analvzed bv tlow
~vtometry were stained by an immunocytology procedure using the same Ki-67
antibody reagent and the percentages ot Ki-67 expression were determined. The
data obtained were compared by linear regression and the correlation between
the two data sets was calculated. The cerrelation resulting is shown in Figure 3.

Excellent correlation between the percentages of Ki-67 expression
obtained by immunocytology and those by tlow cvtometry resulted (r=0.91). It

was concluded the fixation technique developed was satisfactory for the

determination of Ki-67 expression in NHL using flow cytometry.

Ki-67 Expression in Non-Hodgkin's Lymphoma

The percentage of Ki-67 expression and the DNA S-phase were
determined by simultaneous staining and flow cytometric analysis for 30 lymph

node biopsies obtained from patients with NHL. The data obtained were
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compared by linear regression and the correlation between the two data sets was
calculated. The correlation resulting is shown in Figure 4.

Excellent correlation between the percentage of Ki-67 expression and
DNA S-phase resulted (r=0.95). It was concluded the simuitaneous staining for
Ki-67 expression and DNA S-phase was satisfactory and a linear relationship

benween the proliferation parcmeters existed in INHL.

Ki-67 Expression in Breast and Colon Tumors

The expression of Ki-67 and the DNA S-phase were examined in solid
tumors other than lymphomas. Biopsy specimens trom nine breast tumors and
eight colon tumors were analyzed using the tixation technique developed. The
Ki-67 expression and DNA S-phase measured for each tumor type were
compared by linear regression and the correlation between the two data sets tor
each type tumor was calculated. The correlation resulting for the breast tumors
is shown in Figure 5 and the correlation for colon tumors in Figure 6.

No significant correlation was found between Ki-67 expression and DNA
S-phase in either the breast tumors (r=0.19) or the colon tumors (r=0.53). The
lack of correlation may be due to further development in fixation technique
being needed betore simultaneous staining for Ki-67 expression and DNA S-

phase cun be applied to solid tumors other than lymphoma.
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Figure 1.

Representative Histograms ot Cells Exposed to either FITC-
Labelled Mouse Monoclonal IgG (Negative Control) or Ki-67, and
Stained Simultancously tor DNA (PI). For each histogram.
tfluorescent intensity is on the x-axis and relative cell number is on
the v-axis. FL1 indicates green (FITC) fluorescence and FL2
indicates red (PI) tluorescence. The percentage of positive cells
evaluated was calculated by dividing the number of Ki-67 stained
cells with a tluorescent intensity greater than the maximum
fluorescent intensity of the isotypic mouse monoclonal control by
the total number of cells in the histogram and multiplying by 100.
The DNA coetficient of variation (CV) evaluated was determined
from the GO/G1 peak of the red (PI) tluorescence histogram. The
negative ratio evajuated was calculated by dividing the mean
fluorescent intensity of the Ki-67 stained negative population by the
mean tluorescent intensity of the isotypic mouse monoclonal
control. The positive ratio evaluated was calculated by dividing the
mean tluorescent intensity of the Ki-67 stained positive population
by the mean tluorescent intensity of the isotypic mouse monoclonal
control.




Table 1.

Fixation Results for Acetone, PLP, and PTE.

e

Acetone PLP? PTE’
Percent 10.00s = 19.78 =+ 7817 =
Positive 1.63 (3) 13.62 (9) 19.78 (6)
Negative 1.06 = 1.18 = 4.89 =
Cell Ratio® 0.08 (3) 0.33 (9) 4.10 (6)
Lines
Positive 1.54 = 1.90 = 11.00 =
Ratio® 0.23 (3) 1.63 (9) 12.23 (6)
DNA 6.00 = 11.00 = 5.17 =
CV! .58 (6) 2.67 (16) 1.16 (12)
Percent 1.00 = 233 = 2.50 =
Positive 0.00 (3) 1.89 (6) 1.66 (4)
Normal
Lymph- Negative 1.00 = 1.36 = 219 =
ocytes Ratio 0.04 (3) 0.57 (6) 0.95 (4)
DNA 5.75 = 10.73 = 4.29 =
C.V. (.42 (6) 3.80 (9) 1.26 (8)
Percent 5.00 = 15.00 = Not
Positive 245 (3) 10.00 (3) Done
Negative 1.32 = 293 » Not
Cell Ratio 0.24 (3) 0.40 (3) Done
Mixtures
Positive 1.59 = 5.43 * Not
Ratio (.27 (3) 1.79 (3) Done
DNA 5.46 + 9.96 = Not
C.V. 0.39 (6) 1.26 (6) Done

Periodate-lysine-paraformaldehyde fixative
Paratormaldehyde/Triton X-100/ethanol fixation
Mean = 1SD (Number performed)
Ratio of Ki-67 negative fluorescence to mlgG control fluorescence
Ratio of Ki-67 positive tluorescence to mlgG control fluorescence
DNA coefficient of variation
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Table 2. Fixation Results for Ethanol. 1.0% PT, and 0.5% PT.

Ethanol 1.0% PT* 0.5¢:PT"
Percent 85,10 = 92.82 + 86.70 =
Positive 23.07 (21)  6.90 (11) 10.63 (13)
Negative 1.37 = 1.64 = 1.35 =
Cell Ratio® 0.58 (20) 0.70 (9) 0.22 (8)
Lines
Positive 1.91 = 2.49 1.77 =
Ratio® 0.95 (20) 1.09 (11) 0.41 (13)
DNA 5.05 + 7.39 + 1.80 =
CV! 1.77 (40) 2.18 (22) 1.08 (26)
Percent 4.53 = 340 = 233 =
Positive 2.04 (19) 1.96 (5) 1.89 (3)
Normal
Lymph- Negative 1.49 = 1.91 = 111 =
ocvtes Ratio 0.42 (19) 0.92 (5) 0.08 (3)
DNA 6.60 = 10.39 =+ 319 =
C.V. 2.29 (38) 3.29 (1) 0.10 (6)
Percent 54.60 = 37.50 = 48.50 =
Positive 15.46 (3) 9.63 (4) 3.50 (2)
Negative 2,15 = 2.00 = 1.16 =
Cell Rauo 1.44 (5) 0.91 (3) 0.01 ¢(2)
Mixtures
Positive 2.99 + 3.92 + 1.87 =
Ratio 1.91 (5) 1.53 (4) 0.01 (2)
DNA 4.37 = 11.23 = 331 =
C.V. 1.38 (8) 2.80 (6) 0.42 (4)

L __________________________ ]
* 1.0% paratormaldehyde/0.1% Triton X-100
" 0.5% paratormaldehyde/0.1% Triton X-100

Mean = 1SD (Number performed)
Ratio of Ki-67 negative fluorescence to mlgG contro! fluorescence
* Ratio of Ki-67 positive tluorescence to mlgG control tluorescence
DNA coefticient of variation




Table 3. Non-specitic Protein Staining Ratios.

Cell Type PLP: Ethanol 0.5% PT"
Tested Fixation Fixation Fixation

Normal

Lymphocytes 1.78° 1.87 1.48

PHA-Stimulated
Lymphocytes 2.40 2.09 2.06

Hairy-Cell

Leukemia 1.68 1.49 1.43
L ]
* Periodate-lysine-paratormaldehvde fixative
0.5%¢ paratormaldehyde/0.1% Triton X-100 fixation
Phytohemagglutinin-stimulated lvimphocytes
Ratio ot Ki-67 negative tluorescence to mlgG control
tluorescence




— e ——

40

Table 4. Direct and Indirect Staining Results.

S0 S

Cell Type Direct Indirect Number
Tested Procedure  Procedure  Tested

Cell

Lines 1.57 1.21 6

Normal

Lymphocytes 1.37 1.07 2

Cell

Mixtures 1.40 1.18 2

]
* Ratio of Ki-67 negative tluorescence to mlgG
control tluorescence




Table 5. Results of Antibody Titration.

Sheep Sheep Sheep Sheep
Anti-Mouse Anti-Mouse Anti-Mouse Ant-Mouse
1:50¢ 1:100 1:200 1:500
mlgG and
Ki-67 at +47.90 68.06 113.97 116.80
K562 Sug/test®
Cell
Line mlgG and
Ki-67 at 49.03 63.22 100.36 102.72
lug/test
Normal mlgG and
Lymph- Ki-67 at 21.51° 20.55 19.44 9.55
acytes lug/test

a

newborn calf serum (NCS)

Dilution of sheep anti-mouse FITC-conjugated secondary antibody in

Concentration of isotypic mouse negative control or MoAb Ki-67 in
20% NCS in PBS

Ditference in mean fluorescence between mlgG negative control and
Ki-67 positive population

Ki-67 negative population

Ditference in mean fluorescence between mlgG negative control and

41




Table 6. Refrigeration and Serum Concentration Effects.

Hours
of
Refrigeration

5% NCS*

mlgG Ki67 Kio7
Cont.” Neg.© Pos.”

15% NCS
migG Ki67 Ki67
Cont. Neg. Pos.

Fresh

24 Hours

48 Hours

72 Hours

67 76 131

76 99 157

82 97 155

76 97 149

+ Concentration of newborn calf serum in the storage media

o

Mean fluorescence of the mlgG negative control

Mean tluorescence of the Ki-67 negative population

d

Mean fluorescence of the Ki-67 positive population
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Correlation of Ki-67 Expression Measured by Flow Cytometry and
Immunocytology. The correlation coetficient (r) = 0.91
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Figure 4. Correlation of Ki-67 Expression and DNA S-Phase in Non-Hodgkin's
Lvmphoma. The correlation coetficient (r) is 0.95
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Fieure 3. Correlation ot Ki-67 Expression and DNA S-Phase in Breast Tumors.
The correlation coefficient (r) is 0.19
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The correlation coetlicient (r) is .33




DISCUSSION

Research Importance

Kinetic information resuiting from the determination of cell proliferation
properties is important in assessing the growth of tumors since these
measurements can provide significant prognostic and therapeutic information.
The measurement of DNA content by tlow cytometry has become the most
usetul and trequently applied technique tor measuring cell prohiteration. From a
clinical perspective a correlation of DNA S-phase with both the histological
grade of tumors and the length of patient survival is observed and the S-phase
fraction as 4 measure of cellular proliteration has been veritied in comparative
studies with other methods for the measurement of cellular proliferation. From
a technical viewpoint DNA analysis is pertormed more easily than other
technical techniques. For these reasons. tlow cytometric analysis of DNA
content i1s now widely employed both in research as well as in clinical
Jaboratories.

Computer programs are normally utilized to determine the number ot
cells in each phase ot the cell cvele from the DNA histogram.  However, these
programs fail when used to analyze cell suspensions having diploid and

aneuploid popufations not clearly separated by DNA content. tetraplowd

48



- e ce——— ————

49
populations without a clearly discernible S-phase and G2/M, or when multiple
aneuploid populations are present. Manual interactive calculations can be
pertormed in these cases to approximate S-phase fractions, but this can be very
subjective and introduce artifactual errors in cell cycle analysis. When tumor
cells are diploid or close to diploid and contain an undetermined amount of
non-neoplastic cells. stromal elements, or intflammatory cells, accurate
determination of tumor cell fractions using just DNA content cannot be done.
However, if a separate marker unique to either the tumor or normal cell
populations 1s available. 1t can be used simultaneously with DNA staining to
allow ditferentiation of the two populations. Thus. detection of two populations
with identical or nearly identical DNA content not recognized by DNA
histogram analysis can be accomplished. A ceflular antigen unique to celfular
proliferation would be such a marker and could contribute to a2 more accurate
estimation of cell cvele tfractions.

An ideal marker of cellular proliferation would be the Ki-67 antigen.
Expression of this antigen measured by immunocytology has been extensively
documented in the literature. In excess of 40 studies of lymphomas and 60
studies of non-lymphoid solid tumors have been published examining the
expression ot XKi-67 measured by immunocytology. In these studies. close
correlations with histological grade of the tumor and length of patient survival
have been found to exist. In addition to these studies, the value of Ki-67
expression measured by immunocytology as a marker of cellular proliferation has

been confirmed in comparative studies with other clinical methods tor the
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measurement of cell cycle kinetics including ‘H-thymidine, simple DNA analysis
by tlow cvtometry, and incorporation of BrdUrd. Again. close correlation with
these established techniques was found. These studies of tumors and method
comparisons result in conclusive evidence of the association of this antigen with
cellular proliferation and support development of its use in multiparameter tlow
cytometry.

Ditficulties in measurement of cell cvcle phases would be overcome by
the applcation of multiparameter tlow cytometry. In particular, measurement of
profiteraton-associated antigens simultaneously with DNA analysis would
improve evaluation of proliferative activity in tumor cells in mixed cell
populations. The measurement ot Ki-67 expression in conjunction with DNA
staining would also theoretically allow the resolution of G1 cells from GO cells
rather than only determining the S-phase as the proliferation-associated markers
BrdUrd and PCNA have done. In addition, the ability to analvze large numbers
of cells in a short period of time and the quantitative aspects of tlow cytometry
are superior to the more cumbersome and subjective technique of traditional

microscopic examination of immunocytology preparations.

Preparation and Fixation Procedure

Since there has been no consensus as to the fixation technique most
suttable tor measurement of Ki-67 expression by tlow cytometry, this research
had as one of its objectives the determination of the most appropniate technique

for Ki-67 measurement. Because the fixation technique desired for Ki-67




measurement in this research needed to produce simultancously useful DNA
staining, the methods utilized for DNA analysis should first be considered. A
number of methods exist tfor propidium iodide (PI) staining and flow cytometric
quantitation of cellular DNA content. These methods generally utilize hypotonic
solutions (Tate et al., 1983), alcohols (i.e., ethanol or methanol), or detergents
(i.e.. Triton X-100 or NP-40) to tix and permeabilize cells prior to PI staining.
Though the application ot alcohol tixation tor DNA analysis is well accepted. cell
suspensions fixed with alcohols and stained tor both nuclear immunofluorescence
and DNA content. in general. vield poor immunotluorescence.  In addition.
fixation with the standard alcohols or detergents often leads to a loss ot nuclear
antigen localization. In alcohol fixation. these effects are probably caused by a
significant alteration of nuclear and cellular architecture due in part to the
hvpotonicity and dehydrating ettects of alcohols.

Another well utilized fixative for tlow cytometry that could be relevant to
this research was paratormaldehyde. In contrast to alcohols, paratormaldehyde
is recognized as one of the best tixatives for cell surtace markers and stabilizes
cell surtace markers even  er freatment with 2 N HCI (Houck and Loken,
1985). The action of paratormaldehyde in crosslinking proteins (Puchtler and
Meloan, 1985) may serve to stabilize the cell surtace markers. But
paraformaldehyde fixed cell suspensions vield fluorescence distributions with poor
DNA resolution. In paraformaldehyde fixation, these ettects are most likely due
to crosslinking of the nuclear proteins, thereby altering the interaction of

intercalating dyes. such as PI, with DNA.
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For these reasons, fixation techniques other than accepted methods have
been reported for nuclear antigens. Until recently, tlow cytometry has been
largely limited to analysis of DNA content or cell surface antigens and has had
less application for quantitying nuclear antigens. because of the ditficulty
involved in introducing antibodies into cells without destroying antigenicity and
cell integrity. Still, several methods have been described tor localizing nuclear
antigens. Most of these methods duplicate staining for DNA content by
employing either alcohols (Jacobberger et al., 1986; Kurki er al.. 1986; Schutte ¢r
al.. 1987) or aldehyvdes combined with a detergent (Clevenger ef al., 1985:
Czerniak er al.. 1987 Mann er al., 1987) to permeabilize cells tor accessibility ot
antibody to the cell interior. Use of these approaches for tlow cytometric
detection of nuciear antigens have been reported. though these techniques have
not gained wide acceptance.

Regardless of the fixation technique utilized. a procedure tor simultaneous
DNA and nuclear antigen staining must meet the following criteria to be
clinically useful: 1) low DNA content coefficient of variation, 2) minimal cellular
clumping, 3) well-preserved immunotluorescence staining., and 4) ease and speed
ot cellular fixation and staining. The fixatives reported in the literature tor Ki-
67 measurement by tlow cvtometry: acetone. ethanol, periodate-lysine-
paratormaidehyde, and paratormaldehyde/triton/ethanol all failed to meet one or
more of these criteria. For this reason, they were judged unsatisfactory for use
in this research. Because of the success ot the paratormaldehyde/triton/ethanol

technique in determining Ki-67 measurements, even though the DNA staining




was unacceptable. evaluation of these reagents using modifications of a
procedure reported by Clevenger et al. (1985) was continued. After a short
fixation in 0.5% paratormaldehyde, tixed cells exposed to a short incubation with
(.1% Triton X-100 showed substantial improvement in DNA staining without an
appreciable loss in the detection of Ki-67 expression. Cells fixed in 0.5% PT
and stained with PI demonstrated improved fluorescence and lowered CVs in
comparison to cells fixed with the other tixatives. Only the 1.0% PT fixed cells
had better measurements of Ki-67 expression n ceil lines. Because this fixation
technique met both the experimental and clinical criteria necessary. it was

considered appropriate for use in the second objective of this research.

Expression of Ki-67 in Nonproliterating Cells

An interestiing and unexpected tinding of this research was the shght
change in tluorescence observed between the cells stained with the FITC-
labelled irrelevant, isotypic, mouse monoclonal antibody used as a negative
control and the fluorescence ot nonproliterating cells stained with the FITC-
labelled Ki-67 antibody. The mouse monoclonal control utilized is frequently
employed in the clinical laboratory for diagnostic flow cytometry procedures and
it has been proven to be a reliable reagent. For this reason. it was important to
determine if this change was due to an artifactual error resulting from the
tixauon technique.

To examine this change, a series of experiments were performed. An

experiment designed to determine if nonspecific staining ot cellular protein by
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free FITC was occurring resulted in data supporting the conclusion that this had
not taken place. A subsequent experiment showed the results were not due to
nonspecific binding of the Ki-67 antibody either.

The use of an indirect staining technique resulted in improvement of the
data denoted by a decrease in the Ki-67 fluorescence in nonproliferating cells.
Therefore, this approach was utilized for the remainder of the research. Even
with the improvement, the excess fluorescence in nonproliferating cells exposed
to Ki-67 antibody remained and turther investigation continued. An experiment
was then performed to titrate both the mouse monoclonal control and the Ki-67
antibody to determine if the results were due to differences in antibody
concentration. Since these reagents are produced by ditferent commercial
companies, there may be variations in the techniques used to quantitate the
amount of immunoglobulin present in each antibody reagent, even though the
antibodies were used at the same concentration per test based on the labelled
content.  Ki-67 antibody titration resulted in better resolution ot proliferating
and nonproliferating cells. However. mild Ki-67 binding was still detected
despite the variation in antibody concentrations. Having eliminated the reagents
as & cause of the increased tluorescence in nonproliferating cells. an experiment
was carried out to determine if the conditions used for storage of the samples
analyzed could be responsible.  Expression of the Ki-67 antigen was monitored
over a period of 72 hours at 4°C in cell media with ditfering amounts of
newborn calf serum. This was done to rule out low temperature artifacts or

serum deprivation as causing an increase in autotluorescence. It was concluded
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the refrigeration and serum concentration used tor this research were not
contributing to the results seen.

As a result of this series of experiments, it was concluded the change in
fluorescence between the negative cell populations stained by the mouse control
antibody and Ki-67 antibody was due to faint staining ot nonproliferating cells.
This suggests that contrary to accepted beliet. the Ki-67 antigen is expressed at
fow levels in nonproliterating cells. Expression ot the Ki-67 antigen at this fow
level could make 1t undetectable by standard techniques in immunocytology,

techniques known to be less sensitive than tlow cvtometry.

Correlation of Flow Cytometry with Immunocytology

Having developed a fixation technique suitable for use with cell lines and
normal lymphocytes. a comparison was pertormed of its etfectiveness in
measuring Ki-67 expression by tlow cytometry in non-Hodgkin's lymphoma versus
the measurement of Ki-67 expression by the traditional immunocytology
technique in these specimens. The comparison ot the two techniques was
evaluated by determining the linear correlation between the two measurements.
Finding signiticant correlation between the two techniques was critical because of
the wide acceptance of the measurement of Ki-67 expression by immunocytology.
hoth in the literature and in clinical practice. When Ki-67 is measured by
immunocytology, pathologists make an empirical estimate of the number ot
positive stained cells present and report a semi-quantitative approximation of the

degree of proliferation present. Adding to the difficulty in the empirical
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estimation is the considerable degree of heterogeneity in staining intensity that
can be present in a specimen examined. This variation in staining intensity is
probably due to differential expression of the antigen at the various phases of
the cell cycle. Ditfering degrees of heterogeneity were observed in the slides
examined for this research and this has been observed and reported by other
investigators as well (Gerdes et al., 1984a; Hall et al., 1988). The objective
quantitation by tlow cytometry of the heterogenetic expression of the Ki-67
antigen seen in clinical samples could be of considerable benetit in predicting
prognosis or guiding therapeutic decisions. In a comparison pertormed on
twelve non-Hodgkin's lvmphoma (NHL) specimens, a significant linear
correlation was found (r=0.91). confirming the utility of the developed fixation

technique tor determination of Ki-67 expression in NHL.

Correlation of Ki-67 and DNA S-Phase in Lymphoma

Having proven the acceptability of the developed fixation technique for
quantitation of the expression of the Ki-67 antigen in NHL. a comparison ot Ki-
67 expression with the measurement of DNA S-phase was pertormed in these
tumors. The comparison of these two techniques was also evaluated by
determining the linear correlation between the two measurements. In a
comparison performed on 30 NHL biopsies, a significant linear correlation was
found (r=0.95) validating this methodology for multiparameter tlow cytometry.
As observed in the cell lines and normal lymphocytes, an increase in mean

fluorescence intensity of Ki-67 labelled nonp. .ferating cells was aiso detected in
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NHL. This observation further supports the suggestion of a low level expression
of Ki-67 in GO cells as evidenced by a taint staining of nonproliferating cells.
Also observed in the clinical specimens was a continuum of expression of Ki-67
antigen from the GO cell population through the G1 cell population. Only in
the case of a cell population with a large proliferating compartment was a
distinct break observed between the GO and G1 populations, duplicating the
results seen when testing cell lines. Two possible explanations for the continuum
seen are: 1) GO cells have low levels of the Ki-67 antigen expressed, or 2) not
all the G1 cells are staining positive tor the Ki-67 antigen. Lack ot staining of
the Ki-67 antigen in G1 cells has been reported as the conclusion for explaining
this continuum in two studies (Wersto er al., 1988; Verheijen er al.. 1989), but
the evidence resulting from this research supports the conclusion of a low level

Ki-67 antigen expression in GO cells.

Correlation of Ki-67 and DNA S-Phase in Non-Lymphoid Tumors

Having tound significant correlation between the expression of Ki-67 and
the DNA S-phase in lvmphomas, the relationship of these two parameters in
non-lymphoid tumors was examined. Specimens chosen for evaluation were nine
biopsies from breast tumors and eight biopsies trom colon tumors. The
relationship between the expression of Ki-67 and the DNA S-phase was
evaluated by determining the linear correlation between the two measurements.
In contrast to the results obtained with lymphoma biopsies. neither the breast

tumor biopsies (r=0.19) nor the colon tumor biopsies (r=0.53) had a sigmficant
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correlation between the two parameters. Possible explanations for these results
include 1) artitactual errors in cell cycie calculations occurred or 2) the
disaggregation procedure utilized resuited in loss ot the Ki-67 antigen trom the
cell nucleus. As the majority of the biopsies consisted of tumor cells in mixed
populations of non-neoplastic cells, stromal elements, and/or inflammatory cells,
errors in cell cvele calculations could have occurred as a result of the limitations
inherent in calculation of the DNA S-phase in mixed cell populations. In
addition. more cell debris results from disaggregation of non-lymphoid tumors,
thus contributing to the ditficulties in calculation of the S-phase traction.
However. a more likely explanation tor the fack ot signiticant correlation 1s
leakage of the Ki-67 antigen from the cell nucleus. Since these tumors are
difficult to disaggregate into intact single cell suspensions, leakage due to cell
membrane rupture could occur. This conclusion is supported by the results of
testing tor exclusion of trypan blue stain and by cytospin preparations ot these
hiopsies stained by immunocvtology technigues.  When the non-lvmphoid tumor
cells were mixed with trypan blue, staining of over 75¢¢ of the cells occurred in
these tumors, in contrast to the less than 25% staining of the lymphoma tumor
cells. Staining of cells with trypan blue reveals cell membrane damage. and the
present observations suggest damage ot the nuclear membrane may have
occurred with subsequent leakage of the Ki-67 antigen possible.  Also, 1n a
preliminary examination of immunocytology preparations ot non-lymphoid solid
tumors, tumor cells were seen displaying cytoplasmic staining by the Ki-67

antibody without nuclear staining. Though cytoplasmic staining by the Ki-67
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antibody has not normally been reported in the literature. this may also have
contributed to the poor results in these tumors. Further charactenization of the
Ki-67 antigen and development of improved fixation techniques may be
necessary betore quantitative tlow cytometric analysis of this antigen can be

applied universally in solid tumors.
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