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Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the

Requirements for the Degree )f Master tt Science

Ki-67 EXPRESSION IN HUMAN TUMORS
MEASURED BY FLOW CYTOMETRY

By

Robert L. X ,illiams

December 199(

Chairperson: Raul C. Bravlan
Major Department: Path:loz, and Liboratory Medicine

Kinetic information is important in assessing tumor growth because it

provides significant prognostic and therapeutic information. Methods for clinical

kinetic analysis include lH-thvmidine labelling. DNA analysis by flow c.,tmetrv

SFC.M/. and immunohistochemical detection of cell cycle dependent antigens.

DNA analysis bv FCM is most widely used because the method is fast. cells can

he stained easily, the analysis 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 subjct to certain

artifacts 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 cycle, but not
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in nonproliferating cells. Existing methods for simultaneous staining ot DNA

and Ki-67 are unreliable. Therefore, our efforts were directed to developing a

satisfactory staining technique. A short fixation with 0.5% paraformaldehyde

tollowed by exposure of cells to 0.1% Triton X-100 was found to be effective.

Ki-67 expression in human tumors measured by FCM was then conpared with

immunocytologic measurements and to the S-phase fraction calculated by DNA

analysis only. A significant correlation was found between Ki-67 expression

determined bv immunocytology and FCM in non-Hodukin's lymphomra (N-IL)

r= .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

findingz was the detection of low levels of Ki-67 in nonproliferating cells using

FCM. This low level expression is not detectable by immunocvtoloev. a

technique less sensitive than FCM.

In contrast to NHL, no significant correlation was found between Ki-07

:xpression and DNA S-phase in solid tumors such as colon cancers (r=0.53) or

breast cancers (r=).19). These tumors are difficult to disaizgregate into single

cell suspensions and the lack of correlation may result from 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 (f proliferating cells into a ceil cycle with four phases:

GI. S. G2, and M. Nonproliferating diploid cells all had the same DNA content

aind were said to be in the non-growth or GO phase of the cell cycle. In

proliferating cells. the DNA content remains at the same amount as

nonproliferating cells between the initiation of cell proliferation and the onset of

DNA synthesis, an interval defined as the first growth or G I phase. DNA

content increases until it hais doubled in the DNA synthesis or S-phase of the

cycle. DNA content then remiiins constamt at the doubled amount during the

subsequent second growth or G2 phaise and during the mitosis or M-phase. :At

the completion of the cell cycle the original cell has been replaced by two cells

each with a DNA content of a nonproliferating diploid cell. The S-phase was

confirmed by pulse labelling of growing cells using radiolabelled DNA

precursors, particularly 'H-thymidine. in a study by Cleaver (1967).

During the past 10 years. flow cytometry has been the most frequently

used technique for studying the cell cycle. To obtain a DNA histogram usin9



this technique, a single cell suspension of the cells to be analyzed is prepiarecd.

The cells are then permeabilized usingi a detergent solution o)r an appropriate

fixation technique, and stained with a DNA specific fluorescent dye. Fhe

labelled cells art- aspirated into the flow cytometer where they are trced to flow

as single cells through a laser beam that excites the fluorescent dye. Ihe

fluorescence emitted is collected by a lens system, passed through a filter

allowing only the desired wavelength to pass. measured by a photomu tiplier

tube, and the intensity recorded. The recorded fluorescence is proportional to

the amount of DNA present in the cell. A computer program then plo1ts the

number of cells with the same fluorescent intensity atlainst the range t

fluorescent intensities measured to produce the DNA histogram.

One type of critical information smght from DNA histogram is l" the

proliferative fraction or percentage of cells in S-phase. Information about tie

percentage of S-phase cells is critical because it can he predictive o the bioiogic

hehavior ot a turmor. Determination of the percentage of cells in S-phase is

typically obtained by partitioning DNA histograms into appropriate segments ind

counting the number of cells in each segment. However. there is no ,eneral

method for assigning mixed cell populations with differing DNA contents to

phases of the cell cycle based completely on the analysis of a DNA histogran.

Another type of critical info-mation sought from DNA histograms is the

presence or not of aneuploidy, a term used to describe a sample containing a

stem line with abnormal DNA content. Aneuploid cell populations are identified

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



ilret present in a [)NA Histogram. I ntormatnl ii)11 abutanCe iu dV IS a1tcrit fc;i

because it too can he predictivc oft the hioloIical he havior () 1 a una (r.

Tun,,w Cell Cycle Properties

Tumnors are Characterized by uncontrolled gzrowth with ditferinu dcrees()

c:ell proliferation. In most *:ase-s, tumors having the worst prognosis anul pe )rest

long- term response to herapy are those with a high proliferatiOn rate. For this

reason, Clinical stai.!e aind histologic: gradle are importa tt proenost ic criterna tor

m stna ir t tumo rs: howe-ver. Suirivil remains mnost1 illa 11reLI lcUthX II a

iidi idu l tUsing thtese Criteria. Ifl an attem pt to dec lop d1 dit i m

ronost ic criteria. T1Mn invetstiL'atorS have studied thle re lations i i ietxxeela

DNA -,-phase anrd Survkival In patients with Cancer.

\lost of thle cl-rina i studies of the I)NA S-phase \, ere dj)rone lm flu

l, iokn's lx m1phomla (NII L j. because intact lvniphoma~ cells Can lie reaidy

s~ucgc in to sigeCell su.spensa uas lik simple intchanical dIsru p~tIOn. With

nmprovemrienlt In techniques in recent years. thle measurement of' DNA Citt i

other solid tumors by, flow c-x tomnetry has also become accepted las ~vlal

proced ure of diaigno st ic pat holov .As w i NI IL. the DNA liistograrni for solid

(uImor cells can contain signitican: diagnostic or progno( st ic i lrniation and m1a\

influence therapeutic decisions. A review of' the literature oin the relationship

hetw-,een measuirements ot the DNASpae(tad tumors by flow c m nery

aind patient survival was done hy Seckinger et al. (1',~89). They reported a

sigznificant increase in survival for patients with a low proliferative activity instead



of a higzh proliferative activity. as dleternuined h-' the S-phase, iii breast aind uneIL

tumors, Sinmiar correlations hitve been found rep :aredlv in lvmnphonms. Stuulies

ot the DNA S-phase in other tumor types hav- varied il COIClionSMS (M. Suirvv-:il.

For the calculation of tV e S-phase in tumors, DNA\ ihistoilrams ajre

claissified into three types: diploid, aneuploid with clear separation ot diploiid mnd

ancuploid cells. a~nd aneuploid with overlap of diploid and aneurlo:J

t10[)UiiitiOrIS. Cell Suspensions Obtained from mos~t solid ILTors contain less than

5' tumor cells (Flrankfurt t (it., 1984). The rem-ainino ceiis consist minly (,I

on nroiiterazine Ic uk c~ tes and stroi~ial cells. Thus tN %-h~ IN in JIph

--niors cticcts the proportion of tumnor cell S-phase any. me mixed populations

,it noinpioliter.-ing or ,hlov prol iferatiniz normal cells. InI twok( diploid tumors

with sim dar pronite rati( n activity, the 5- phase wkill be lokker l( r hei tumor with aI

highber propo rt ion ot normial cells . Artificially lOW S-phaWSes in UIP1o1u t umor01S

a o Sed b% the presence oft normal cells -,ay be responsible for the lowecr vaIlue

t S-l'ha~s an J1 pld tUn1-tot' sas compared %kith ane uploid tumt-ors (FranirkfUrt et

I/.. !(184). Clear sepoaration of di ploid and ane uploid peaks. tromn which precise

S -phaise tr;actior's could be ca iculated for the tumor population. were observNed in

less Ohin 40r.2 of (ISO solid tumors examined (Frankfurt a it.. 1984). Problems

inI DNA S-phase calcu!!ation are also encountered in tetraploid tumors because

oA the presence of overlapping diploid (i2,'M cells with tetraploid GII cells. A

fUrt her complication of DNA analysis is different Individual neoplastic ceel

populations within the tumor may have differing durations ot the phases oif the

cell cycle. T,, achieve precision in thle calculation of the DNA S-phase in



diploid, near-diploid. or tetraploid tumors in aixed populations. the ideal

approach is to apply multiparameter flow cvtometrv and measure tumor or cell

proliferation antigens simultaneously with DNA content. By measuring both

parameters, more detailed and accurate information can be obtained, facilitating

DNA analysis.

Determination of ProliferatinT Cells

Studies have indicated that cellular proliferation can be of prognostic

icnaticance. In particular, tumors of similar histological types often have shown

a wide range ot cell proliferation and studies show patients having tumors with

high proliferative indices have a worse clinical course than those with low indices

(Kvalov c al.. 1981; Kvalov et al.. 1985, Roos et al., 1985: Schrape et aL.. 1987).

For the detection of proliferating cells, approaches used include: mitotic index

evaluation, in i1iro or ini vivo 'H-thvmidine labelling index (Steel, 1977), primer-

dependent )NA polymerase (Nelson & Schiffer, 1973), flow cvtometric S-phase

traction. ind the more recent monoclonal antibodies against bromodeoxvuridine

(BrdUrd) and proliferating cell nuclear antigen (PCNA).

The identification of proliferating cells originally required the assessment

(it 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 if tissues are not promptly fixed (Graem and Helweg-

Larsen, 1979), and quantitation of mitotic figures in paraffin or other histological

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



interpretation of histological sections has suffered from poor reproducibility

(Berard. 1985) and may lack the sensitivity to detect minimal disease (Weinberg

et al., 1984: Stetlet-Stevenson et 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 et at.. 1977: Bravlan et al.. 1980: Kvalov el

at., 1985). Emerging as the predominant techniques were 3H-thvmidine

incorporation and fltow cvtometrv. With regard to microscopy, both techniques

were numerical, more reproducible. and more objective. Peckham and Cooper

1970) performed one of the earliest studies of NHIL utilizingz 'H-thvmidine and

found no correlation between labelling index and response to treatment or

survival. More recently Kvalov et a!. (1985) used B-cell lymphomas to determine

DNA synthesis by H-thvmidine uptake and ftound 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 in 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 flow 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 et al. (1978) and Diamond and Braylan (1980) showed a

correlation between the S-phase cells present and histological type of NHL with

more S-phase cells present in high grade than in low grade tumors. Bravlan et

al. (1980) and Silvestrini et al. (1988) both showed a correlation between the

DNA S-phase and .H-thymidine uptake. In the study by Braylan et al.. patients

with Lreater than a 5% S-phase had a significantly worse survival than those

with a S-phase less than 5%. Using histological grading of tumors as the

standard for comparison, DNA S-phase was shown to correlate well by Hansen

el al. (1981) and Bravlan et al. (1984). Thus. DNA analysis using flow cvtometrv

was confirmed as supplying useful prognostic information. Still, the limitations of

tlow cvtometrv 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 large increase in available techniques in immunohistochemistry

of recent years, interest has been focused on cellular antigens that reflect

cellular proliferation. One of the first proliferation antigens to be studied was

the transferrin receptor (TfR). Proliferating normal and tumor cells require iron

and it could be expected they would express receptors for transferrin. A TfR

binding monoclonal antibody was found 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 et al. (1983) applied a monoclonal antibody to

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



TfR positive cells and histological grade. However, subsequent studies of

expression of the TfR by Schrape et al. (1987) and Piler; c: al. (i')87) both

concludec the expression of this receptor is not exclusive to proliferating cells.

Since then, research using this antigen for detection of proliferation has declined.

A monoclonal antibody to BrdUrd was described by Gratzner (1982).

Ctlls exposed to BrdUrd incorporate it into their DNA when replicating and the

antibody can be used to detect incorporation. Using flow cytometry. it was

found the binding of the antibody was equivalent to results obtained in 'H-

thvmidine uptake studies and the fluorescent intensity was proportional to the

amount of BrdLrd bound in each cell (Silvestrini ef al., 1988). Schrape et al.

(1987) used anti-BrdUrd on high and low grade NHL and showed high grade

lvmphomas had more labelled cells than did low grade ones. Limitations in the

use of BrdUrd for the determination of proliferating cells include: tluorescent

intensity of 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 for the

most effective labelling, and the inability of BrdUrd to incorporate after as little

as overnight refrigeration (personal observation).

Miyachi et al. (1978) detected autoantibodie,; 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 et al., 1978; Cefis et al., 1984). PCNA has been shown to
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be identical to another nuclear proliferation antigen called cyclin (Takasaki Ct al..

19S4, Ogata et 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 of the cell cycle. This S-phase association has been shown for both the

autoantibody and a monoclonal antibody produced (Kurki et at.. 1986: Kurki et

at., 1988). Also. PCNA cannot separate GO cells from G I cells or G2 cells from

M-phase cells (Landberg et al.. 1990).

Monoclonal Antihodv Ki-07

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 fraction of the L428 cell line derived from Hodgkin's

disease tissue. The study was aimed at producing monoclonal antibodies specific

to Hodgkin and Sternberg-Reed cells by injection into mice of L428 nuclei

obtained by incubation in NP-40. When the antibody was used to stain frozen

sections of human tonsil, the chromosomes were stained. The antibody was

further characterized by means of a differentiation-inducing stimulant applied to

K562 erythroleukemic cells and peripheral blood lymphocytes after mitogen

stimulation (Gerdes et 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 GO.
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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 et al.. 1983). Second. the induction

of antigen expression in mitogen-triggered peripheral blood lymphocytes and loss

of the antigen on induction of differentiation 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 et al., 1984b:

Schwarting et al., 1986). Fourth, a good correlation was found between Ki-67

immunocytologv and uptake of BrdUrd (Schrape et al., 1987).

The nature of the nuclear proliferation antigzen that reacts with Ki-67

remains unknown. Nuclei, nucleoli, and chromosomes in metaphase are well

outlined with this antibody, with preferential staining of nucleoli and condensed

chromatin (Sasaki et al., 1987). Demonstration of the localization of Ki-67 by

electron microscopy has not been done, nor has it been identified by Western

blot or immunoprecipitation assays, probably because the antigen appears to be

disturbed by the usual fixatives 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 at., 1987). In addition, the antigen has

been shown to have inhibitory activity against DNA polymerase a (L ke et al..

1987). Similarities have been observed in nuclear localization by

immunocytology between Ki-67 and topoisomerase 11, and although the

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

P



neithei Jo any differences exist to conclude they are different (Bading et at..

1989: Verheijen ei al., 1989).

The potential value of Ki-67 in the assessment of lymphomas was shown

in a study by Gerdes et 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

ct al.. 1984a: Schrape et at., 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 of both Gerdes et at. (1984a) and

Schrape et al. (1987). indicating the reproducibility of Ki-67 immunocytology.

Ki-67 expression has been used to assess tumor cell proliferation in breast

tumors (Gerdes et at.. 1986: Barnard et al.. 1987), colorectal tumors (Horny and

Horst, 1988'). hng tumors (Gatter el al.. 1986), and intracerebral tumors (Burger

el al.. 1986: Robson et al., 1987). These studies demonstrate Ki-67

immunocytology is a useful means of measuring solid tumor growth fractions.

Several reports in the literature compared Ki-67 staining with other

techniques for 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 lymphocytes. This corresponded with

the findings for 'H-thymidine uptake in tonsil tissue in the same study (Gerdes ei



al., 1983). Another study evaluating Ki-67 expression in the monocvtic/histiocyte

cell line U937 and a concanavalin-A stimulated lymphocyte culture and also

demonstrated a good correlation between Ki-67 expression and 'H-thymidine

uptake (Schwarting el al., 1986). Schwartz et 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 et 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 of Ki-67

positive cells 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 of

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 of 0.58 and the two parameters had a high linear correlation

coefficient (r=().89). This same approach was used by Kawauchi et al. (1989) on

NHL with nearly identical results for labelling ratio and a high correlation

between the two methods.

Research Objectives

Objectives Established for this Research

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

2. 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
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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 immunocvtology techniques, but

only 12 studies have used flow cytometry to measure Ki-67. In a comparison of

these 12 studies, five different fixation techniques were used to permeabilize the

cells examined. Also, the commercial producer of this antibody states alcohols

destroy the antigen and four of the studies were performed using alcohols.

Thus, there appears to he no consensus as to the most effective 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 I I 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 fixative. For

these reasons, it is imperative to develop the most effective preparatory and

fixation technique to use for simultaneous u(j-mtdiion of Ki-67 and DNA

content by flow cvtometr,.

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

All studies of Ki-67 expression measured by flow cytometry. but one, were

performed 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-paraformaldehyde, a fixation technique

seldom cited in the literature for use in flow cytometry. For these reasons, it is



necessary to evaluate Ki-67 expression in NHL as measured by flow cytometry.

utilizing the fixation technique developed, and to determine the correlation of

these results with the traditional microscope-based immunocytol)ogy technique.

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

S-phase analysis by measuring DNA content using flow cytometry has

become established as the primary method for quantitation of proliferating cells.

The few limitations associated with measurement ef the S-phase could be

eliminated by the performance of multiparameter flow cvtometrv using DNA

staining in combination with a marker for cellular proliferation. Since Ki-67 has

emerged in the literature in recent years as a useful marker for detection of

proliferating cells, it follows that examination of the correlation between Ki-67

expression and DNA analysis both measured by flow cytometry in NHL and

other solid tumors should be carried out.



MATERIALS AND METHODS

Specimens Analyzed

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 identified as colon tumors were included in this study.

Cell Lines

K562 Cell Line

The human ervthroleukemia cell line K562 (ATCC. Rockville. MD) was

grown in RPMI-1640 (GIBCO. Grand Island. NY) containing 15% heat-

inactivated, defined fetal calf serum (Hvclone Laboratories, Logan. UT)

supplemented with L-glutamine (2 miM), HEPES (10 mm), penicillin G (100

units/ml). streptomycin sulfate (100 ug/ml), and gentamicin sulfate (500 4gjml),

all from GIBCO (Grand Island. NY). The cells were cultured at 37C with a

7% CO. atmosphere. Cells were maintained in log phase growth by subculturing

two to three times weekly with passage at a concentration of 1 X 105 cells/mi.

All experiments were performed with cells in log phase growth.
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\ALM Cell Line

The human T-cell acute leukemia cell line NALM was an original gift

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

Epstein-Barr Virus Transformed Lymphocytes

Fourteen ml of heparinized (Becton Dickinson. Rutherford. NJ)

peripheral blood were processed as per tile procedure for peripheral blood

!ymphocytes (see below). T-cells were removed from the resulting cell

suspension by sheep red blood cell (Baxter Scientific, Ocala. FL) rosetting pror

to Epstein-Barr Virus (EBV) transformation. Sheep red blood cells were

treated with 0.1 4M 2-amionethvlisothiouronium bromide hvdrobromide (Sigma. St

Louis. MO). pH .0. for 30 mm at 37 C prior to rosetting. After removal of T-

cells, the B-cells remaining were cultured with EBV at a density of 2 X I0'

cells/ml in RPMI-1640 medium containing 10)C FCS. 5% heat-inactivated.

defined equine serum (Hvclone Lihoratories. Logan. UT). HEPES (10 mM). I.-

glutamine (2 mM), penicillin G ( 100 units/ml). streptomycin sulfate (100 pgnill).

oentamicin sulfate (500 pgiml), and 2-mercaptoethanol (55 ,)(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

confluence. Supernatant containing EBV was added at a volume of 200 til per

ml of cell suspension. The cells were cultured at 3TC with a 7% CO,

atmosphere. Cells were fed by replacing one-half of the spent medium with

fresh culture medium every 4 to 5 days until the cultures began to transform.



Once transformation tiad occur: ed. cells were maintained in log phase growth hY

s ubculturing twice weekly with passage at a concentration of I X I (V cellsmI.11

Specimen Preparation

Peripheral Blood Lymphocytes

Seven ml of peripheral blood were drawn into a vacutainer tube

wontaininE. EDTA (Becton Dickinson, Rutherford. NJ). B~lood was transferred to

15 mrl conical tube and diluted with 3.5 mil RPM'I- 1640. Four mli ot

Lymphocvte Separation Media (LSM) (Oig.~inori Tcknika. Durham. NC) was

layered on the bottom of the tube by adding, it th rough a pipet with the tip

restine: on the bottom. The tube was centrifuued for 20 mmi at 700g. The

media on top was atspirated to within I cm -f the media/LSM interftace. Cells aIt

the intertact' were collected with a pipet and transferred to a wmw 15 mil conical

iw.he. Five mil of phosphate buffered Saline (PBS) wvas addedl and a cell count

pe rt ormed. The tube w,\',S centrifu~ed for 5 min at 50(k, and cell pellet

resuspended in sufIficiefnt RPMI-1640 wvith 10%( newborn calf serum (NCS)

Sieyma. St Lowis. \,1) to result in a concentration of I X 10'P cells, ml.

PhvtohemagjglUtinin Stimulated Lymphocytes

Fourteen nil of' heparinized (B~ecton Dickinson, Rutherford. 'NJ)

peripheral blood were processed per procedure for PBL excpt cells were

counted and suspended at I X 10"' cells/mI in RPMI-1640 plus 10% NCS and 50

mg/ml gentamicin. Half of the resulting suspension %as transferred into each of'



two T-2i flasks. One vial Of 0hVtohernaggtlutinin-NI (GIBCO 'Ji rnd I>ad '

was reconstituted with 5 ml sterile water. Two hundred titty P1 of

phytohemnauflutinin-M (PHA-M) was added to one flask and 100) 1i was addeJ

to the other flask. Flasks N -ere incubated for 72 hours at 37' with a (1)

atmosphere. Viabilitx of teach flask was determined by trvpan blue eXCIL 1

(GLBCO. Grand Island, NY) and the flask with the highest viability wvas utilized

in experiments.

Ly.mph oimi and TLImor Specimens

Grossly hemorrhaic. fihrotic, or necrotic tissue was trimmed from

specimens. The bottom of a 00 x 15 mim plastic petri dish wais coated with I .0

mli NCS iind then 5 nil RPMI- 1641) was added zind) mixed with the .NC.S. TissueC

w%";s aldded to the petri dish. While holding the tissue with toothed forceps, it

wa,-is minced with scissors. Ujsing at transfer pip:., tissue fragments we re aspirated!

aind added to at holder havingz a screen on the bottom. Tislsue was ventlv rolled

with at pestle against the screen and holder sittingz In the petri dish. Cells

released into the medium wtre transferred to at 50) ml conical tube. If the cell

concentration appeared dense, cells were diluted with RPMI-1640. An aiiquo1t of

cells wats assayed for viability by trvpan blue eXCliSon and at cell count

performed. Cells were centrifuged (1(0 min at 500K), supernatnnt aspirated, and

cell button resuspendeu to at c~ncentration of I X 1 0' cells/mI in RPMI- 1640

plus 10% NCS.



Cyt spins

For each specimen examined by immunocytoloev, 100 ul of a cell

,uspension at a concentration of 1.1 X 10' cells/ml was placed in a cytospin cup.

M00 pl of NCS was then added to each cup. Cups and slides were then placed

a a Shandon Cytospin centiifuge (Shandon Southern Products, P!L,.bgUIt. PA)

kere they were spun for 5 sec once 16,000 rpm was reached. Slides were

removed from the centrifuge, allowed to air dry for ) min. were fixed with

,icctone (Fisher. I air Lawn, NJ) for 5 min. and allowed to air t:rx for 10 mim.

Slides %erc immediately stored at -70"C until stained.

.Ionocional Antibody Ki-67

The anti-Ki-07 monoclonal mouse antibodies utilized in this research are

commercially af all from Dakopatts, Carpinteria, CA. These antibodies are

both ot the IL() 1. kappa subclass and are obtained from tissue culture

Nupernatant dialyzed against 0.05i TrislICI, pH 7.2, with 15 ml NaN. The

[I[(-conjugated a ntmbodv had a mouse fgG concentrition of 10(1 pg/nl -s

determined by single radial immunodiffusion. The FITC/protein ratio of the

conjugated antibody is approximatelv 6:1 as determined by spectrophotometry.

1)0 pl ot antibody was utilized after diluting 1:10 in 20% NCS in PBS for a final

concentration of I pg per test. The unconjugated antibody had a mouse IgG

concentration of 292 ug/ml as determined by single radial immunodiffusion. 100

pl of antibody was utilized after diluting 1:10 or 1:33 in 20%74 NCS in PBS for a

final concentration of 3 ug per test or I mg per test respectively.



Fixation

Acetone Fixation

For each specimen tested, 1 ml of cells in suspension at I X 10' cells/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 500,g and 4"C). One tube of cells was

incubated with 100 pl FITC-conjugated monoclonal antibody (MoAb) Ki-67 (1:10

in PBS with 20% NCS) for 15 min at 4"C. Tile other tube of cells was

incubated with 10)0 i FITC-conjugated irrelevant. isotvpic, mouse monoclonal

imtibodv (mlgG)( 1:5 in PBS with 20% NCS) (Becton Dickinson. San Jose. CA)

for 15 min at 4C. 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) (Sigma. St Louis. MO) and incubated for 30

rmin at C7. Two hundred fifty 4 of isotonic propidium iodide (PI) (50 Ag&ml

in 1.12% sodium citrate in dH.O) (Calbiochem, La Jolla. CA) was added to the

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

through 44 Am mesh and analyzed within 60 min by flow cvtometrv.

Periodate-Lysine-Paraformaldehyde Fixation

For each specimen tested, I ml of cells in suspension at I X 10' cells/nil

was pelleted (5 min at 500y) in each of two tubes. The cells were fixed in I ml

periodate-lysine-paraformaildehyde (PLP) for 15 min at -10'C. PLP fixative
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consisted of 37 ,nM phosphate buffer saline at pH 7.4 containing 75niM sodium m-

periodate, 1(mM lysine monohydrochloride (both from Sigma, St Louis. MO), and

2% paraformaldehyde (Eastman Kodak, Rochester. NY). The cells were

pelleted and washed in 1 ml of PBS (5 min at 500g and 4"C). One tube of cells

was incubated with 100 pl 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 AL

FITC-conjugated irrelevant monoclonal mlgG antibody (1:5 in PBS with 20%

NCS) for 15 min at 4C. The cells were pelleted and washed in I ml of PBS (5

inm at 50(, and 4'C). Cells were resuspended in 250 Al RNase (8.33 Kunitz

units/ml in 1.12% sodium citrate in dHO) and incubated for 30 min at 37"C.

250 11 of isotonic PI (50 peiml in 1.12% sodium citrate in dH.O) was added to

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

througn 44 pm mesh and analyzed within 60 min by flow cvtometrv.

ParaformaldehydeFriton X-100/Ethanol Fixation

For each specimen tested, 1 ml of cells in suspension at I X 10' cellsmIl

was pelleted (5 min at 5((,) in each of two tubes. The cells were fixed in I nil

0.5 % paraformaldehyde in PBS for 5 min at 4"C. Cells were soaked in I ml

0.1% Triton X-100 in PBS (Sigma. St Louis, MO) for 10 min at 4"C and

pelleted (5 min at 50(k). One tube of cells was incubated with 100 il 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 pl 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 (5 min at 500g and 4"C). Cells

were fixed in 70% ethanol in PBS (AAPER. Shelbyville. KY) for 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 dHO) for 20 min at 4'C and pelleted (5 min at 50(t).

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 dHO) and incubated for 30 min at 37"C. 25) Al of isotonic PI (50

jiml in 1.12% sodium citrate in dHO) was added to the RNase and incubated

for 30 min at room temperature. Cells were filtered through 44 um mc'h and

analyzed within 60 min hv flow cvtometrv.

Ethanol Fixation

For each specimen tested, 1 ml of cells in suspension at I X 10' cellsiml

was pelleted (5 min at 50(y) in each of two tubes. The cells were fixed in 1 ml

50[% ethanol in RPMI-1640 for 15 min at 4'C. The cells were pelleted (5 min

at 500(g), soaked in I ml of PBS for 15 min at 4"C. and pelleted (5 min at 50f,)

again. One tube of cells 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 ol FITC-conjugated irrelevant monoclonal mIgG antibody

(1:5 in PBS with 20% NCS) for 15 min at 4-C. The cells were pelleted and

washed in I ml of PBS (5 min at 500, and 4"C). Cells were resuspended in 250

pl RNase (8.33 Kunitz units/ml in 1.12% sodium citrate in dHO) and incubated

for 30 min at 37C. 250 ul of isotonic PI (50 jug/ml in 1. 12% sodium citrate in
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dHO) 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.

1.0% Paraformaldehyde/Triton X-100

For each specimen tested, 1 ml of cells in suspension at I X 10' cells/ml

was pelleted (5 min at 50(,) in each of two tubes. The cells were fixed in I ml

1.0% paraformaidehyde 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 50(k). The

cells were washed in I ml of PBS (5 min at 50(k and 4"C), One tube of cells

was incubated with 100 p] FITC-conjugated MoAb Ki-67 (1:10 in PBS with 20%c

NCS) for 15 min at 4"C. The other tube of cells was incubated with 100 l

FITC-conjugated irrelevant monoclonal mlgG antibody (1:5 in PBS with 20%,

NCS) for 15 min at 4C. The cells were pelleted and washed in I ml of PBS (5

min at 50(, and 4"('). Cells were resuspended in 250 pl RNase (8.33 Kunitz

units/ml in 1.12% sodium citrate in dH.O) and incubated for 30 nin at 37"C.

250 pl of isotonic PI (50 gg/ml in 1.12% sodium citrate in dHO) was added to

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

through 44 pm mesh and analyzed within 60 min bv flow cytometry.

(0.5% ParaformaldehydefTriton X-100

For each specimen tested. I ml of cells in suspension at i x 10 cells/ml

when no cytospin was prepared. or 1.1 X 10' cells/ml when a cytospin was



24

prepared, was pelleted (5 min at 500K) in each of two tubes. The cells were

fixed in 1 ml 0.5% paraformaldehyde in PBS for 10 min at 4"C. Cells were

soaked in I 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 p1 of cell suspension was

removed during this soak for cytospin preparation and 100 11 of 0.1% Triton X-

100 was added to the flow cytometry sample. One tube of cells was incubated

with 100 p1 FITC-conjugated MoAb Ki-67 (1:10 in PBS with 20% NCS) for

direct testing, or 100 p1 unconjugated MoAb Ki-67 (1:33 in PBS with 20% NCS)

ror indirect testing, for 15 min at 4"C. The other tube of cells was incubated

with 100 p] FITC-conjugated irrelevant monoclonal mlgG antibody (1:5 in PBS

with 20% NCS) for direct testing, or 100 al unconjugated irrelevant monoclonal

mlgG antibody (1:100 in PBS with 20% NCS) (Coulter, Hialeah. FL) for indirect

testing, for 15 min at 4"C. For indirect testing, cells were pelleted and washed

in I ml of PBS (5 min at 50(g and 4"C) and then incubated with 100 U] of

sheep anti-mouse FITC-conjugated antibody (1:500 in NCS) (CappeL. Malvern.

PA) for 15 min at 4C. Whether direct or indirect testing, cells were now

pelleted and washed in I ml of PBS (5 min at 500g and 4"C). Cells were

resuspended in 250 pl RPMI-1640 and 250 ul of isotonic P1 (50 pg/ml in 1.12%

sodium citrate in dHO) was added with incubation for 30 min at room

temperature. Cells were filtered through 44 pm mesh and analyzed within 60

min by flow cytometry.



Immunocvtoloazy

Cytospin slides were removed from storage at -70"C and allowed to warm

at room temperature for 30 min. Slides were placed in PBS for 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

biotinvlated horse anti-mouse (1:125 in PBS) (Vector Laboratories. Burlingame,

CA) and incubated at room temperature for 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 50 mM Tris-HCI buffer at pH 7.6 and then

filtering the solution. 8 drops of a 3, H.O, solution (100 ,al 301% H,O, in 10 ml

dHO) 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 for 5 min. Slides were rinsed with running water for 10 min,

counterstained with hematoxylin for 20 sec, and washed 5 times with dHO.

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



stained. Ki-67 was quantified by determining the percentage of 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 flow cvtometer

(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 PI

stained chicken erythrocyte nuclei (CEN) prepared in this lab. The same

voltage and Lain settings, initially determined using PBL, were utilized each day

for forward and side light scatter measurements. The instrument was

standardized each day for mean green fluorescence with 1.5 p.M green

fluorescent microspheres (Polysciences. Warrington, PA) and for mean red

fluorescence with PI stained CEN. Red fluorescence was used as the trigger.

with a threshold setting of 200, FLI-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 files.
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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 of cells which were not singlets on a

dot plot of red fluorescence area on the X axis (linear scale) and red

fluorescence width on the Y axis (linear scale). Two-parameter correlated data

were displayed as dot plots. with DNA content shown as heig"ht of red

fluorescence on the X axis (linear scale) and Ki-67 expression shown as height

Of green fluorescence on the Y axis (log scale). Gated dot plots of mgG

controls and Ki-67 stained cells were compared to determine values to use as

markers for quantitation of Ki-67 on subsequent FITC histograms. A single-

parameter FITC histogram of the gatel 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/GI, S, and G2/M phases of 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 function of Lotus 1-2-3 (Lotus Development

Corp., Cambridge, MA).

C 
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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 from the 12 studies examining Ki-67 expression by tlow cvtometrv.

However, eight of the these studies used one of three techniques: acetone.

periodate-Ivsine-paraformaldehvde (PLP). or paraformaldehyde/tritoniethano

(PTE). Each technique was evaluated for effectiveness 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 fluorescence of cells exposed to an irrelevant, isotypic. mouse monoclonal

antibody (mlgG). Representative histograms resulting from 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% of the cells

expressing Ki-67 since a cell line should consist almost exclusively of proliferating

cells. The normal blood lymphocytes tested were estimated to have 0% 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 performed simultaneously with staining for

Ki-67 expression on the different cell types. DNA histograms with low

coefficients of variation (CVs) for the GO/GI peak were established as i

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/GI peak CV of 3 z 1% was the desired goal. The DNA staining also

served as an indication of the effectiveness 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 effective

fixation technique should result in the mean fluorescence for a Ki-67 negative

population (e.g. nonproliferating cells) being similar to the mean fluorescence for

the mIgG negative control, and a Ki-67 positive population (e.g. highly

proliferative cells) having as great a change in mean fluorescence 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 confidence can be placed in these values. The mean DNA



GO/GI peak CVs obtained with acetone were not in the range desired and those

of PLP were of an unacceptable level.

PTE was the most effective of these three fixatives 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 GO/GI peak CVs ciosest to those

desired.

Tests using PTE fixative at differing concentrations ot paratormaldehyde

and without ethanol were conducted since paraformaldehyde and Triton X-I0)

treatment of cells can produce satisfactory DNA G0/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 G G1 peak CVs and lower percentage of positive cells than expected.

However, four of the 12 published studies used alcohol fixation to permeabilize

cells for detection of Ki-67 by flow cytometry, 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 1.0c% 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 lymphocytes. 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.



Fixation with 0.5% PT was the most eftective technique for detection ol

Ki-67 expression and DNA staining of the tixatives evaluated. This fixative

resulted in one of the two highest means of tluorescei.ce for Ki-67 expressing

cells. In addition, it was the most accurate in determining the ct rrect

nercentage ot Ki-67 expressing cells in the cell mixtures. produced the lowest

detection of Ki-67 expression in normal I ,iphocytes, and the DNA GO/G I peak

CVs were the lowest observed. In all criteria used for evaluation of fixation. this

technique had the smallest standard deviations associated with t-,,c

measurements. For these reasons. tixation with 0.5% PT was the technique u eCd

in the a nalvsis of human tumor samples.

Nonspecific Protein Staining

An increase in the fluorescent i..tensitv was seen trom the mean

fluorescence for the mluG negative control :) the mean tluorescen.e of the

negative popu a Lion of the Ki-67 antibody stained samples in all the fixatives.

One possible explanation for this increase is nonspecific staining of cellular

protein by unconjugated FITC in the MoAh Ki-67 reagent. To evaluate this

possibility. a sample of spleen from a patient with hairy-cell leukemia was

analyzed. These cells have very a'bundant cytoplasm and a low proliferation

rate. Fhe staining of the hairy-cell lymphocytes was compared to normal

lymphocytes and PHA-stimulated lymphocytes. TIe ratios resulting are listed in

Table 3.



The ratios tor the hairy-cel lt~ukeinia were lower than both 1 o)rrmal

i,,mphocvtes -!nd PHA-stimulated lymphocNytes. Hfigher ratios for the hairy-cell

leukemia would have been expected to result had nonspecific protein staining t v

FITC occurred. Therefore, it was concluded the difference observed is not a

result of nonspecific staining by unconjugated FITC to cellular protein.

D~irect Versus Indirect Procedures

A second possible explan;,tion for the increase in the fluorescence of the

ncat ive population is nonspecitic binding of the Ki-t,7 anftitodv. This could

reslt from diff re,. ces in the FITC' r~in rati ofteF -labe lied rnilgG

nevative control and FITC-labelled Ki-07 anitibody reaizents. To evaluate this

posstbilivw. direct .)nd Indirect staining procedures were compared. Indirect

staininiz can detect nonspecific binding, because the FITC/protein ratio willl he-

identical for the control aid KI-07 samples since the same FITC-conjugated

,;econdarv aintibody& IS u;sed. Results of this compar-ison are listed in Table 4 and

indicate indliect staininiz leads to improvement in the differences. For this

reajson. indirect staining wasl' Utilized to analyze the human tumnor specimens.

Antibody Titration

A third possible explanation for the increase in the negative population

tluore. cence is variation in the miethods used for ClUantitation of the antibody in

the primary antibody; reagents. This could result in differences in the amount 0

control and Ki-67 antibodies used p r test. To evaluate this possibility titrationl



of all antibodies utilized was performed to determine the optimum antibody

concentrations to use. The titration results are listed in Table 5.

The titration results for the mIgG and Ki-67 antibodies were essentially

equal in the K562 cell line with the sheep anti-mouse secondary antibody

dilution 1:500 producing the most difference in the positive cells and the least

difference in the negative cells, It was concluded therefore the optimal

concentrations for testing human tumors was with the primary antibodies at a

concentration of lggtest and the secondary antibody at a dilution ot 1:500. Use

ot the antibodies at these concentrations failed to further decrease the cihane in

mean fluorescence observed in the negative cell populations.

Specimen Storage Conditions

The storage conditions utilized for the human tumor samples were

investigated to determine if they had contributed to the increase in the negative

population fluorcscence seen. To evaluate these conditions, retrigeration over

time 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

..he same regardless of the length of refrigeration or serum concentration. An

increased ratio of the Ki-67 negative population fluorescence to the mlIgG

negative control occurred tbr 15% NCS. Since 10% 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
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refrigeration and serum concentration did not contribute to the diterence

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

Ki-67 Flow Cytometrv Correlation with Immunocytoloa

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 from flow cytometric analysis of these specimens, with

FLI being Ki-67 expression and FL2 being DNA staining, are shown in Figure 2.

Cytospin slides prepared from the same cell suspensions analyzed by flow

"-vtometrv were stained by an immunocytology procedure using the same Ki-67

antibody reagent and the percentages of Ki-67 expression were determined. The

data obtained were compared by linear regression and the correlation between

the two data sets was calculated. The ce-relation resulting is shown in Figure 3.

Excellent correlation between the percentages of Ki-67 expression

obtained by immunocytology? and those by flow cytometrv 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



compared by linear regression and the correlation between the two data sets was

calculated. The currelation 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 simultaneous staining for

Ki-67 expression and DNA S-phase was satisfactory and a linear relationship

!'ezx"ten the proliferation parameters existed in NHL.

Ki-67 Expression in Breast and Colon Tumors

The expression of Ki-07 and the DNA S-phase were examined in solid

tumors other than lvmphomas. Biopsy specimens from nine breast tumors and

eight colon tumors were analyzed using the fixation 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 for

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 before simultaneous staining foi Ki-67 expression and DNA S-

phase can be applied to solid tumors other than lymphoma.
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Figure 1. Representative Histograms of Cells Exposed to either FITC-
Labelled Mouse Monoclonal IgG (Negative Control) or Ki-67, and
Stained Simultaneously for DNA (PI). For each histogram.
fluorescent intensity is on the x-axis and relative cell number is on
the y-axis. FLI indicates green (FITC) fluorescence and FL2
indicates red (PI) fluorescence. The percentage of positive cells
evaluated was calculated by dividing the number of Ki-67 stained
cells with a fluorescent 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 coefficient of variation (CV) evaluated was determined
from the GO/GI peak of the red (PI) fluorescence histogram. The
negative ratio evaluated was calculated by dividing the mean
fluorescent intensity of the Ki-67 stained negative population by the
mean fluorescent 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 fluorescent intensity of the isotypic mouse monoclonal
control.
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Table 1. Fixation Results for Acetone, PLP, and PTE.

Acetone PLP' PTE'

Percent 10.00f -+ 19.78 -t 78.17 __
Positive 1.63 (3) 13.62 (9) 19.78 (6)

Negative 1.06 _ 1.18 t 4.89 t
Cell Ratio' 0.08 (3) 0.33 (9) 4.10 (6)
Lines

Positive 1.54 t 1.90 ±t 11.00 t
Ratio' 0.23 (3) 1.63 (9) 12.23 (6)

DNA 6.00 t 11.00 t 5.17 t
C.V.0 .38 (6) 2.67 (16) 1.16 (12)

Percent 1.00 t 2.33 _t 2.50 t
Positive 0.00 (3) 1.89 (6) 1.66 (4)

Normal
Lymph- Negative 1.00 t 1.36 t 2.19 t
ocytes Ratio 0.04 (3) 0.57 (6) 0.95 (4)

DNA 5.75 t 10.73 t 4.29 t
C.V. 0.42 (6) 3.80 (9) 1.26 (8)

Percent 5.00 _t 15.00 t Not
Positive 2.45 (3) 10.00 (3) Done

Negative 1.32 t 2.93 t Not
Cell Ratio 0.24 (3) 0.40 (3) Done
Mixtures

Positive 1.59 t 5.43 t Not
Ratio 0.27 (3) 1.79 (3) Done

DNA 5.46 t 9.96 t Not
C.V. 0.39 (6) 1.26 (6) Done

Periodate-lysine-paraformaldehyde fixative
Paraformaldehyde/Triton X-100/ethanol fixation
Mean ± ISD (Number performed)
Ratio of Ki-67 negative fluorescence to mIgG control fluorescence
Ratio of Ki-67 positive fluorescence to mIgG control fluorescence
DNA coefficient of variation



Table 2. Fixation Results for Ethanol. 1.0% PT, and 0.5% PT.

Ethanol 1.0% PT 0.5%PT"

Percent 85.10' Y: 92.82 _t 86.70 ±t

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 -t 7.39 ± 4.80 ±t

C.V! 1.77 (40) 2.18 (22) 1.08 (26)

Percent 4.53 ± 3.40 _ 2.33 =
Positive 2.04 (19) 1.96 (5) 1.89 (3)

Normal
Lymph- Negative 1.49 ± 1.91 _ 1.11 ±

ocvtes Ratio 0.42 (19) 0.92 (5) 0.08 (3)

DNA 6.60 ± 10.39 ,t 3.19 ±t

C.V. 2.29 (38) 3.29 (10) 0.10 (6)

Percent 54.60 ± 37.50 -t 48.50 ±
Positive 15.4t) (5) Q.63 (4) 3.50 (2)

Negative 2.15 z 2.00 ± 1.16 ±
Cell Ratio 1.44 (5) 0.91 (4) 0.01 (2)
Mixtures

Positive 2.99 ± 3.92 ± 1.87 -
Ratio 1.91 (5) 1.53 (4) 0.01 (2)

DNA 4.37 ±t 11.23 _t 3.31 ±

C.V. 1.38 (8) 2.80 (6) 0.42 (4)

1.0% paraformaldehyde/0.1% Triton X-100
0.5% paraformaldehyde/0.1% Triton X-100

c Mean ± ISD (Number performed)
Ratio of Ki-67 negative fluorescence to mIgG control fluorescence
Ratio of Ki-67 positive fluorescence to mlgG control fluorescence

f DNA coefficient of variation



Table 3. Non-specific Protein Staining Ratios.

Cell Type PLP3  Ethanol 0.5% PT
Tested Fixation Fixation Fixation

Normal
Lymphocytes 1.78d 1.87 1.48

PHA-Stimulated
Lymphocytes' 2.40 2.09 2.06

Hairy-Cell
Leukemia 1.68 1.49 1.43

Periodate-lysine-paraformaldehyde fixative
0.5 ,c paraformaldehyde/0. 1% Triton X- 100 fixation
Phytohemagglutinin-stimulatcd Ivmiphocywts

J Ratio of Ki-67 negative fluorescence to mIgG control
fluorescence
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Table 4. Direct and Indirect Staining Results.

Cell Type Direct Indirect Nu-frr
Tested Procedure Procedure Tested

Cell
Lines 1.57' 1.21 6

Normal
Lymphocytes 1.37 1.07

Cell
Mixtures 1.40 1.18

Ratio of Ki-67 negative fluorescence to mlgG
control tluorescence
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Table 5. Results of Antibody Titration.

Sheep Sheep Sheep Sheep
Anti-Mouse Anti-Mouse Anti-Mouse Anti-Mouse
1:50' 1:100 1:200 1:500

mIgG and
Ki-67 at 47.90' 68.06 113.97 116.80

K562 3,ugztest

Cell
Line mlgG and

Ki-67 at 49.03 63.22 100.36 102.72
Ig/test

Normal mlgG and
Lymph- Ki-67 at 21.51" 20.55 19.44 9.55
OCYvtes Ig/test

Dilution of sheep anti-mouse FITC-conjugated secondary antibody in
newborn calf serum (NCS)
Concentration of isotypic mouse negative control or MoAb Ki-67 in
20% NCS in PBS
Difference in mean fluorescence between mlgG negative control and
Ki-67 positive population
Difference in mean fluorescence between mlgG negative control and
Ki-67 negative population
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Table 6. Refrigeration and Serum Concentration Effects.

Hours 5% NCS' 15% NCS
of mIgG Ki67 Ki67 mlgG Ki67 Ki67
Refrigeration Cont.' Neg.' Pos? Cont. Neg. Pos.

Fresh 67 76 131 67 76 131

24 Hours 90 103 158 76 99 157

48 Hours 86 100 157 82 97 155

72 Hours 74 99 157 76 97 149

Concentration of newborn calf serum in the storage media
Mean tluorescence of the mIgG negative control
Mean fluorescence of the Ki-67 negative population
Mean fluorescence of the Ki-67 positive population
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Figure 2. Representative Dot Plots of Ki-67 Expression in Non-Hodgkin's
Lymphoma. FL1 = Ki-67 Expression / FL2 = DNA Staining.
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DISCUSSION

Research Importance

Kinetic information resulting from the determination of cell proliferation

properties is important in assessing the growth of tumors since these

measurements can provide signiticant prognostic and therapeutic information.

Fhe measurement of DNA content by tow cytometry has become the most

useful and frequently applied technique for measuring cell proliferation. From a

clinical perspective a correlation (f DNA S-phase with both the histological

grade of tumors and the length of patient survival is observed and the S-phase

fraction as a measure of cellular proliferation has been verified in comparative

studies with other methods for the measurement of cellular proliferation. From

a' technical viewpoint DNA analysis is performed more easily than other

technical techniques. For these reasons, flow cytometric analysis of DNA

content is now widely employed both in research as well as in clinical

laboratories.

Computer programs are normally utilized to determine the number of

cells in each phase of the cell cycle from the DNA histogram. However, these

programs fail when used to analyze cell suspensions having diploid and

aneuploid populations not clearly separated by DNA content, tetraploid

48
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populations without a clearly discernible S-phase and G2,r, or when multiple

aneuploid populations are present. Manual interactive calculations can be

performed 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 inflammatory 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 is available, it can be used simultaneouslv with DNA staining to

allow differentiation 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 cellular antigen unique to cellular

proliferation would be such a marker and could contribute to a more accurate

estimation of cell cycle fractions.

An ideal marker of cellular proliferation would he the Ki-67 antigen.

Expression of this antigen measured by immunocytologw 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 of Ki-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 for the
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measurement of cell cycle kinetics including H-thymidine, simple DNA analysis

by flow cvtometrv, 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 tow

cytometry.

Difficulties in measurement of cell cycle phases would be overcome by

the application of multiparameter flow cvtometrv. In particular, measurement ot

proliferation-associated antigens simultaneously with DNA analysis would

improve evaluation of proliferative activity in tumor cells in mixed cell

populations. The measurement of 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 analyze large numbers

of cells in a short peri)d of time and the quantitative aspects of flow cvtometry

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

suitable for measurement of Ki-67 expression by flow cytometry. this research

had as one of its objectives the determination of the most appropriate technique

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



measurement in this research needed to produce simultaneously useful DNA

staining, the methods utilized for DNA analysis should first be considered. A

number of methods exist for propidium iodide (PI) staining and flow cytometric

quantitation of cellular DNA content. These methods generally utilize hypotonic

solutiun- (Tate et al., 1983), alcohols (i.e., ethanol or methanol), or detergents

(i.e.. Triton X-100 or NP-40) to fix and permeabilize cells prior to PI staining.

Though the application of alcohol fixation for DNA analysis is well accepted. cell

suspensions fixed with alcoho!s and stained for both nuclear immunofluorescence

and DNA content, in general. yield poor immunotluorescence. In addition.

fixation with the standard alcohols or detergents often leads to a loss of 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

hypotonicity and dehydrating effects of alcohols.

Another well utilized fixative for flow cytometry that could be relevant to

this research was paraformaldehyde. In contrast to alcohols, paraformaldehyde

is recognized as one of the best fixatives for ce!l surface markers and stabilizes

cell surface markers even er treatment with 2 N IICI (Houck and Loken.

1985). The action of paraformaldehyde in crosslinking proteins (Puchtler and

*leloan. 1985) may serve to stabilize the cell surface markers. But

paraformaldehyde fixed cell suspensions yield fluorescence distributions with poor

DNA resolution. In paraformaldehyde fixation, these effects are most likely due

to crosslinking of the nuclear proteins, thereby altering the interaction of

intercalating dyes. such as PI, with DNA.



For these reasons, fixation techniques other than accepted methods have

been reported for nuclear antigens. Until recently, flow cvtometry has been

largely limited to analysis of DNA content or cell surface antigens and has had

less application for quantifying nuclear antigens. because of the difficulty

involved in introducing antibodies into cells without destroying antigenicity and

cell integrity. Still, several methods have been described for localizing nuclear

antigens. Most of these methods duplicate staining for DNA content by

employing either alcohols (Jacobberger et atl., 1986: Kurki et al., 1986; Schutte et

al.. 1987) or aldehydes combined with a detergent (Clevenger et al., 1985:

Czerniak et at.. 1987: Mann t al.. 1987) to permeabilize cells for accessibility of

antibody to the cell interior. Use of these approaches for flow cvtometric

detection of nuclear antigens have been reported. though these techniques have

not gained wide acceptance.

Regardless of the fixation technique utilized, a procedure for simultaneous

DNA and nuclear antigen staining must meet the following criteria to be

clinically useful: I) low DNA content coefficient of variation, 2) minimal cellular

clumping, 3) well-preserved immunofluorescence staining, and 4) ease and speed

of cellular fixation and staining. The fixatives reported in the literature for Ki-

67 measurement by flow cytometry: acetone. ethanol. periodate-lysine-

paraformaldehyde. and paraformaldehyde/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 of the paraformaldehyde/triton/ethanol

technique in determining Ki-67 measurements, even though the DNA staining
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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% paraformaldehyde, fixed cells exposed to a short incubation with

0.1% 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 P1 demonstrated improved fluorescence and lowered CVs in

comparison to cells fixed with the other fixatives. Only the 1.0% PT fixed cells

had better measurements of Ki-67 expression in cell 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 Nonproliferating Cells

An interestii, and unexpected finding of this research was the slight

change in fluorescence observed between the cells stained with the FITC-

labelled irrelevant, isotypic, mouse monoclonal antibody used as a negative

w:ntrol and the fluorescence ot nonproliferating 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

fixation technique.

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

experiment designed to determine if nonspecific staining of 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 further 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 different 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 of proliferating

and nonproliferating cells. However, mild Ki-67 binding was still detected

despite the variation in antibody concentrations. Having eliminated the reagents

as a cause of the increased fluorescence 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 differing amounts of

newborn calf serum. This was done to rule out low temperature artifacts or

serum deprivation as causing an increase in autofluorescence. It was concluded

___



the refrigeration and serum concentration used for 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 of nonproliferating cells.

This suggests that contrary to accepted belief, the Ki-67 antigen is expressed at

low levels in nonproliferating cells. Expression o1 the Ki-67 antigen at this low

level could make it undetectable by standard techniques in immunocytology,

techniques known to be less sensitive than flow cvtometrv.

Correlation of Flow Cytometrv with lmmunocvtoloa

Having developed a fixation technique suitable for use with cell lines and

normal lymphocytes, a comparison was performed of its effectiveness in

measuring Ki-67 expression by flow cytometrv in non-Hodgkin's lymphoma versus

the measurement of Ki-67 expression by the traditional immunocytology

technique in these specimens. The comparison of the two techniques was

evaluated by determining the linear correlation between the two measurements.

Finding significant correlation between the two techniques was critical because of

the wide acceptance of the measurement of Ki-67 expression by immunocytolog.

both in the literature and in clinical practice. When Ki-67 is measured by

immunocytology. pathologists make an empirical estimate of the number of

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. Differing 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 flow cytometry of the heterogenetic expression of the Ki-67

antigen seen in clinical samples could be of considerable benefit in predicting

prognosis or guiding therapeutic decisions. In a comparison performed on

twelve non-Hodgkin's lymphoma (NHL) specimens, a significant linear

correlation was found (r=0.91), confirming the utility of the developed fixation

technique for determination of Ki-67 expression in NHL.

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

Having proven the acceptability of the developed fixation technique for

quantitation of the expression of the Ki-67 antigen in NHL. a comparison of Ki-

67 expression with the measurement of DNA S-phase was performed 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 flow cytometry.

As observed in the cell lines and normal lymphocytes, an increase in mean

fluorescence intensity of Ki-67 labelled nonp, ferating cells was also 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 faint 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 Gi populations, duplicating the

results seen when testing cell lines. Two possible explanations for the continuum

seen are: 1) GO cel!s have low levels of the Ki-67 antigen expressed. or 2) not

all the G1 cells are staining positive for the Ki-67 antigen. Lack of staining of

the Ki-67 antigen in GI cells has been reported as the conclusion for explaining

this continuum in two studies (Wersto et al., 1988; Verheijen el al., 1989), but

the evidence resulting from this research supports the conclusion of a low ievel

Ki-67 antigen expression in GO cells.

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

Having found significant correlation between the expression of Ki-67 and

the DNA S-phase in lymphomas, 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 from 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 significant



correlation between the two parameters. Possible explanations for these results

include 1) artifactual errors in cell cycle calculations occurred or 2) the

disaggregation procedure utilized resulted in loss of the Ki-67 antigen from 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 cycle 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 difficulties in calculation of the S-phase fraction.

However. a more likely explanation for the lack of significant correlation is

leakage of the Ki-67 antigen from the cell nucleus. Since these tumors are

difficult to disaegregate into intact single cell suspensions, leakage due to cell

membrane rupture could occur. This conclusion is supported by the results of

testing for exclusion of trypan blue stain and by cytospin preparations of these

Iiopsies stained by immunocytologv techniques. When the non-lymphoid tumor

cells were mixed .ith tr'pan blue, staining of' over 75% of the cells occurred in

these tumors, in contrast to the less than 25c% staining of the lymphoma tumor

cells. Staining of cells with trypan blue reveals cell membrane damage. and the

present observations suggest damage of the nuclear memhrane may have

occurred with subsequent leakage of the Ki-07 antigen possible. Also, in a

preliminary examination of immunocytolo y preparations of 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



antibody has not normally been reported in the literature, this may also have

contributed to the poor results in these tumors. Further characterization of the

Ki-67 antigen and development of improved fixation techniques may he

necessarv before quantitative flow cytometric analysis of this antigen can he

'applied universally in solid tumors.
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