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SEPARATION OF TUMOR CELLS BY DENSITY GRADIENT CENTRIFUGATION: RECENT WORK
WITH HUMAN TUMORS AND A DISCUSSION OF THE KIND OF QUANTITATION NEEDED IN

CELL SEPARATION EXPERIMENTS *+

Thomas G. PRETLOW II, C. Michael JONES and Theresa P. PRETLOW
Departments of Pathology and Engineering Biophysics, University of Alabama Medical Center,

Birmingham, Alabama 35294, U/5A

The application of centrifugation to the purification of individual kinds of cells from tumors has been reviewed. Re-
cent applications of a previously described isokinetic gradient to the purification of subpopulations of cells from human
tumors are presented. individual kinds of cells have been separated from Hodgkin's disease by a method described previ-
ously, and the cells from Hodgkin's discase which contain the tumor associated antigen described by Order and his col-
leagues have been identified for the first time. The importance of the thorough documentation of cell separation proce-
dures is discussed, and we have specifically listed several kinds of data which we believe are important in the documenta-

tion of cell separation techniques.

1. Intraduaction

In the investigation of specific kinds of cancer cells
and their specific, ancestral, precursor cell types, quan-
titative characterization is made more difficult by the
fact that both the neoplastic cells in cancers and their
ancestral precursors in normal tissues are frequently
diluted by large numbers of other kinds of cells.

When enzymes from a carcinoma are found to be ki-
netically different from the corresponding enzymes in
the normal tissue from which the carcinoma developed
[1], one wonders if these differences reflect differ-
ences between the malignant cell and its ancestral pre-
cursor or simply differences in the frequency distri-
bution of nonepithelial, stromal cell types. Sanders
and his assaociates [2] have expressed the view that

the unavailability of pure cell types from tumors is
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an important difficulty which has “beset all attempts
to implicate particular virases as a cause of human
tumors”. In addition to viral oncologists, many inves-
tigators who are interested in the culture of tumors
have commented on the common problem that fibro-
blasts and undesired cell types often overgrow culturss
of mammalian tumors [3—-5]. Like the malignant cells
from tumors, stromal cells and cells which invade the
tumor as a part of the host’s defense against cancer are
being characterized in vitro by cancer researchers.
When stromal or lymphoid cells are observed to kill
tumor cells in vitro, our interpretation of this phenom-
enon must be limited if the target tumor cells and/or
the attacking “killer” cells are diluted by variable,
often unspecified proportions of other Kinds of cells.
In years past, it would appear that many experimental
oncologists routinely ignored the fact that tumors
contain large numbers of lymphocytes, histiocytes,
fibroblasts, blood cells, and cells which form the blood
vessels. In recent years, there have been numerous at-
tempts to characterize and/or purify both the malig-
nant cells and other stromal [6—14] cell types from
tumors. In this symposium, we shall briefly review the
reported separations of both malignant and stromal
cell types from tumors using centrifugation. We shall
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then present some of our recent applications of centri-
fugation to the purification of cells from human tu-
mors; and we shali conclude with some thoughts about
one of the most critical problems in the general area
of cell separation: the establishment of criteria which
should be applied to the evaluation of cell separation
experiments.

2. Separation of tumor cells by centrifugation

Central to any rational attempt to separate tumor
cells by centrifugation is the recognition that cells
possess only two physical properties, diameter and
density, which are useful in the design of experiments
for their purification by centrifugation. The theory of
gradient centrifugation as related to the separation of
mammalian cells has been treated in detail elsewhere
[15—-201, and will, therefore, not be treated in detail
here.

Early attempts to separate cells from tumors by
centrifugation were carried out with neutral density
columns. In 1950, Fawcett et al. [21,22] reported
the modification of a neutral density technique, which
they had employed previously in work with blood
cells [23], for the purification of malignant cells from
pleural and ascites fluids. In their work, malignant cells,
mesothelial cells, and histiocytes were retained at the
sample—albumin interface. while red blood cells, leuk-
ocytes, and debris passed through albumin at a con-
centration sufficient to give a density between 1.05
and 1.07 gm/ml. They recognized the potential diag-
nostic utility of their technique and suggested that re-
finement of their technique might result in prepara-
tions of malignant cells of sufficient purity to be use-
ful for the chemical and physical characterization of
malignant cells.

A modification of the neutral density technique
was subsequer:tly employed by Roberts et al. [24]
for the separation of malignant cells from the peripher-
al blood of patients with cancer. A decade following
the first neutral density separation of tumor cells by
Fawcett et al. [21}, Spriggs and Alexander [25] noted
that: “When a variety of cells together with platelets
are packed at an interface they are apt to sink or float
as a unit. Such artefacis may seriously interfere with
separation. ..”. They found that, if they stirred the in-
terface between the sample and the neutral density

layer of albumin, these artifacts were less limiting, and
they abtained three layers of cells. The top layer con-
tained lymphocytes, plateiets, and monocytes. In some
cases, this layer was split into two layers, one of which
was relatively pure platelets. The middle layer con-
tained granulocytes, and the bottom layer contained
mostly red blood cells. When present, tumor cells were
generally found among the monocytes, lymphocytes,
and/or platelets. {t is interesting to note that the order
of distribution of the blood cells and platelets which
they obtained closely approximates that found follow-
ing isopycnic centrifugation in continuous, linear gradi-
ents of Ficoll in tissuz culture medium [26]. Seal [27]
performed similar separations of tumor cells from peri-
pheral blood by neutral density flotation over silicone.
In the 1940s, 1950s, and early 1960s, the use of a
nieutral density column or a discontinuous gradient (in
effect a series of neutral density columns) was a pro-
gressive idea. In the 1970s it is surprising to find some
investigators who continue to use neutral density col-
umns and discontinuous gradients for the separation
of tumor cells [28—30]. A few years ago, de Duve [31]
stated: “The discontinuous gradient is essentizlly a
device for generating artificial bands. This may be a
convenient way of compressing together for prepara-
tive purposes certain segments of the distributions ob-
served in continuous gradients. But it is also a very
dangerous procedure in that it creates the illusion of
clzar-cut separation.” Recent reviews by Leif {32},
Shortman [33], and Pretlow II et al. [20] have em-
phasized the limitations which are inherent in the use
o discontinuous gradients for the separation of cells.
Most separations of tumor cells in continuous gradi-
ents have been carried out by isopycnic centrifuga-
tion in colloidal silica [34], Renografin 60 (methyl-
glucamine N,N'-diacetyl-3,5-diamino-2.,4,6-trilodoben-
zoate) [35], bovine serum albumin [36], or Ficoll
(polysucrose, average molecular weight of 400000)
[16,37—41]. In some reports, there was no published
evidence that the authors were aware that tumors con-
tain cell types that are not malignant other than blood
cells. In general, there are few examples of the separa-
tion of tumor cells in which isopycnic centrifugation
is as effective as velocity sedimentation. In work with
a mast cell tumor, Pertoft [34] obtained some frac-
tions in which ““practically ail [cells] contained meta-
chromatic granules”. If we assume that these granules
were not the ingested products of other cells, most of
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the cells in these purified populations must have been
mast cells. The efficacy of isopyenic centrifugation
for the purification of malignant mast cells is not un-
expected in view of the fact that normal mast cells
[42} can be highly purified by isopycnic centrifuga-
tion; in this respect, mast cells differ from most other
kinds of normal cells. Isopycnic centrifugation has been
applied to the separation of various cell types from
mast cell tumors [34]; human leukemias [36,38];
mouse ascites tumors [16,39]; and other mouse trans-
plantable tumors {37,20].

Despite the rapidly increasing volume of work on
the purification of cells from animal fumors by centri-
fugation, there has been little work on the purification
of cells from human solid tumors by isepycnic or velo-
city gradient centrifugation. To our knowledge, the
only published, well-documented separation of speci-
fic cell types from human tumors with a high degree
of purity was the report from our laboratory of the
purification of different cell types from the tumor of
Hodgkin’s disease [43}. We have published our purifi-
cation of epithelial cells from hamster [44] and human
f45] prostates and will soon publish our purification
of epithelial cells from human prostatic carcinomas.
Except for the rather unusual case of malignant, ro-
dent mast cells [34], the densities of malignant cells
and other tumor cells from cancers overlap broadly;
consequently, isopycnic centrifugation is not as useful
as velacity sedimentation for the separation of speci-
fic kinds of cells from tumors.

There have been few published comparisons of
isopycnic sedimentation with velocity sedimentation
as methods for the separation of individual kinds of
cells from tumors. When such comparisons have been
made, with one exception, velocity sedimentation has
proved to be the more useful of the two modalities.
The exception to which we refer is the report by
Abeloff et al. [38] in which various ceil types from
hum~n leukemic blood were separated with approxi-
mately equal efficacy by velocity and by isopycnic
centrifugation. This work was performed and published
prior to the development of an isokinetic gradient {19]
which we have found to be capable of superior resolu-
tion when compared to earlier gradients for the separa-
tion of cells by velocity sedimentation. Several kinds
of cells have been highly purified from solid tumors
by velocity sedimentation in gradients of Ficoll in
tissue culture medium [37,39,40,43,45]. Lindahl and

his associates [46—-48] have described the separation
of different kinds of cells from ascites fumors by ve-
locity sedimentation using a special device and tech-
nique which have been reviewed recently [20].

3. Recent application of centrifugation to the
purification of tumor cells

As discussed above, purification of malignant cells
from tumors presents the vpportunity to compare
malignant cells with their normal, ancestral, precursor
cell types. One can also characterize individual kinds
of purified stromal cells. In addition, we stumbled
upecn some applications which were not anticipated
but which have been very useful. Early in 1974, we
were sent a pleural effusion for diagnostic evaluation.
The pathologist who had performed the routine ex-
amination of the fluid from this effusion previously
had noted that the effusion contained highly undif-
ferentiated singly suspended cancer cells; however,
with the available material, he was unable to be more
specific. We examined the fluid and arrived at the same
conclusion; however, because there were so many in-
teresting looking tumor cells which appeared viable.
we froze them viably as described previously [43] for
cells from Hodgkin’s disease in order to attempt to
culture them at a later date. A few days later, one of
the medical students who was doing an elective in the
laboratory asked if he could see how they sedimented
in the isokinetic gradient [19]. To our surprise, fol-
lowing sedimentation we noted a few, small, well-de-
fined adenoid structures in the fraction at the gradi-
ent—cushion interface. These structures were diluted
in the unseparated suspension by more than 99.9%
single cells (predominantly blood cells) and had sedi-
mented more rapidly than most other cells because
of the large ““effective diameter™ [17]} which they ex-
hibited ccllectively as an aggregate. On returning to
follow the progress of the patient, we found that he
had had surgery one day prior to our cell separation
experiment, and the biopsy of the tumor had demon-
strated that it was an adenocarcinoma. Had we been
able to observe the adenoid structures in the unsepar-
ated cells (fig. 1) which were obvious in the concen-
trated fraction (fig. 2) at the bottom of the gradient,
the diagnosis would have been made without the sur-
gical biopsy.
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Fig. 1. Unseparated cells from & malignant pleural effusion.
Prior to purification, the most frequently observed cells were
blood cells and occasional, anaplastic tumor cells (Wright
stain X 250).

Similar gradient separations have resulted in the
concentration of tiny subpopulations of cells which
had been overlooked from many different sources.
One of the most exciting of these findings which will
be published in detail in the future [49] is the identi-
fication of the cells from Hodgkin’s disease which con-
tain the Hodgkin’s disease associated antigen described
by Order and his associates [ 50—56]. This antigen has
been highly purified by them from the tumor of Hodg-
kin’s disease and has been localized to the tumor by
immunofluorescence; however, they were not able to
identify the cell types which possessed the Hodgkin's
associated antigen. Initially, in work with unseparated
cell suspensions, we found very few cells which were
antigenic and did not recognize any pattern which dis-

Fig. 2. Cells at the gradient—~cusion interface following velocity
sedimentation of cells from the malignant pleural effusion
shown in fig. 1. Well-defined adenoid structures are seen which
permit the diagnosis of adenocarcinoma (Wright stain X 250).

tinguished cells with antigen from cells without antigen.
After separation in the isokinetic gradient, the fraction
at the gradient—cushion interface, which contained
[—3% of the cells in the suspension prior to separa-
tion, was found to contain almost all of the antigenic
cells. Characteristically, these cells were arranged in
rosettes which appeared to consist of large, centrally
located atypical histiocytes or Reed—Sternberg cells
about which small, intensely antigenic lymphoid cells
were rosetted (figs. 3 and 4).

We have recently studied several isoenzyme systems
in purified cancer cells [57] and expect that, as sug-
gested by Fishman [58], the availability of purified
preparations of single kinds of cells will do much to
resolve some of the problems in the study of iscenzymes
in cancer.
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Fig. 3. Bright field photomicrograph of typical antigenic cells
in rosettes purified from suspensions of czlls from the tumor
of Hodgkin's disease. Typically, only a small minority of the
cells from Hodgkin’s disease contain the tumor associated
antigenic activity described by Order. When stained using rab-
bit antibody which was generously supplied by Dr. Order

and a secondary, peroxidase labeled, goat antirabbit gamma-
globulin, the most intensely antigenic cells were small lym-
phocytes which were found in rosettes adherent to larger, cen-
trally located, less intensely antigenic, atypical histiocytes and
Reed -Sternberg cells. The antigenic rosettes were separated
from the majority of cells from Hodgkin's disease and were
focated in fractions which contained only 1—3% of the cells
separated in the isokinetic gradient. Less than 55 of lym-
phocytes from the tumor showed antigenic activity. The con-
ditions for the gradient separation are the same as described
prior [43] to our identification of the cells with tumor asso-
ciated antigens (stained to demonstrate peroxidase labeled
antibody with methyl green counterstain X 2Q0).

4. Criteria for the evaluation of cell separation
experiments

In our view, there are two critical obstacles which
retard progress in the investigation of purified cells.

Fig. 4. Phase photomicrograph of same celis shown in fig. 3
{x 200).

The first of these obstacles is the lack of good methods
for obtaining some kinds of cells in suspension. The
available methods for obtaining suspensions of cells
from solid tissues have been reviewed recently [20]
and will not be treated here. The other major obstacle
to progress In cell separation is the absence of a widely
accepted concept of the kinds of data which are neces-
sary to document experiments in cell separation. In
discussing a somewhat similar area of investigation,

de Duve [31] wrote: “. _.in the early days of centri-
fugal fractionation, adequate purification of a subeellu-
lar organelle was quite unattainable technically, and
there were practically no means of evaluating the pur-
ity of a preparation. This is how, for instance, nuclei
came to be credited with such a wealth of cytoplasmic
enzyme activities ... Even today, with all our techni-
cal improvements, and with the vast advances in our
knowledge, preparative fractionation remains a haz-
ardous undertaking.” Many of the best journais in
biochemistry and immunology are currently publish-
ing very sophisticated studies of cells which the authors
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call “purified” with no numerical expression of purity
and with virtually no critical attention to the criteria
which the author employed to assess purity. One won-
ders how the same editors would react to a submitted
manuscript describing the kinetics or amino acid se-
quence of a newly “purified” enzyme in the absence
of any attempt to describe the extent of the purifica-
tion.

If we are to characterize a biochemical or immuno-
logical function of a purified cell from a solid tissue,
it would seem desirable that we attempt to assess how
well the separated cell reflects the function of the cell
prior to separation. Ideally, it would seem desirable
that morphometric studies [ 59—64] be performed
which permit one to compare the quantity of each cell
type in the intact tissue and in the cell suspensions ob-
tained from the tissue prior to cell separation. While
morphometric studies may not be feasible in all labor-
atories, as a very minimum, the investigator should in-
form the reader of the number of each type of cell
which he obtained in suspension per gram of tissue wet
weight. This data is usually omitied from papers which
describe cell separation; and, without this data, it is
impossible for an investigator who wishes to repeat the
experiment to a make a meaningful comparison be-
tween his unseparated cells and those in the original
report. Moreover, without some knowledge of the fre-
quency of distribution among the cells prior to separa-
tion, it is impossible for the reader or the author to
know whether any real purification took place during
the cell separation experiment. In addition to giving
both the absclute number of cells obtained and the
relative frequency of each cell type, the investigator
should indicate the variability which he encountered
among experiments. In surveying work which has been
carried out in cell separation [20], one is led to sus-
pect that many investigators who separate cells do not
believe that confidence intervals or standard deviations
are useful. Complex experiments are carried out and
important concepts are obtained from the passive trans-
fer of purified cells which are typically described as
“enriched for PB cells [specificity-restricted precur-
sors of B cells] and stem cells but nearly free of B
cells...” [65]; we are not told how much enriched,
how nearly free, or what other kinds of cells were
present among the passively transferred cells “enriched
for PB cells and stem cells”. The importance of the
numerical description of purity and of a critical analy-

sis of the data base has been emphasized in a recent
report from a WHO/IARC-sponsored workshop which
discussed the “identification, enumeration, and isola-
tions” of various kinds of immunologically active
cells [66].

In the absence of precise identification and enum-
eration of cells both before and after cell separation
experiments, it is quite obviously impossible to calcu-
late recovery. Without the quantitative calculation of
recovery, a procedure which is routinely omitted in
some laboratories, it is difficult to arrive at any mean-
ingful evaluation of experiments which employ tech-
niques for the separation of cells. As de Duve [31]
has recently discussed the importance of *. . .quanti-
tative recovery and analysis of all fractions, the hall-
mark of analytical fractionation™, we shall not dwell
on this very important topic.

Having assessed the extent of the purification and
the recovery, the investigator should attempt to evalu-
ate the function of the cells both before and after
separation. With this data, it should be possible (a) to
evaluate the effect, if any, of the purification proce-
dure on cell function and (b) to compare the function
of the purified cells with the function of the intact
tissue. In addition to measuring the collective func-
tion of purified cells from speci-ic fractions, the inves-
tigator should attempt to evaluate some functions of
cells individually. The collective functions of cells in
individual fractions can be assessed in many different
ways: passive transfer to transplant recipients, bio-
chemical assays, ete.. Similarly, the function of indi-
vidual cells can be evaluated by dye exclusion, light
and electron microscopy, labeled antibodies to cyto-
plasmic components, etc.. We wish to emphasize the
fact that assays of collective function give a kind of
information which is qualitatively different from that
obtained from assays of the function of individual
cells; both kinds of information seem valuable.

In our view, photomicrographs of permanent pre-
parations are among the most important Kinds of data
which are omitted from most reports of cell separa-
tion. Photomicrographs of permanent preparations al-
low the reader to evaluate the morphologic integrity
of individual cells and to determine whether or not
the morphologic criteria used for cell identification
were adequate. Photomicrographs should be taken at
a magnification which will permit a considerable sam-
ple of the cells to be evaluated by the reader and which
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will give sufficient morphologic detail to be meaning-
ful. In addition, the reader will be able to judge
whether or not the “purified” cells are single or ag-
gregated. Permanent preparations have the advantage
over wet preparations that more cytologic detail is
visible. In addition, permanent preparations are easily
stored and provide an important part of the perma-
nent record of the experiment.

During the process of separating cells, fractions
should not be so large that a “peak™ of purified cells
is encompassed in a single fraction. In a recent report
[67], megakaryocytes were separated into three sub-
populations by velocity sedimentation. [n the absence
of any knowledge of the respective densities of these
cells, the authors assigned sizes (6940, 14040, and
31770 um3) to these subpopulations based upon their
separation by velocity sedimentation over a total of
seven gradient fractions, i.e., there were only seven
available categories with respect to velocity of sedi-
mentation. Aside from assigning diameters to these
subpopulations (of unknown density) with four signi-
ficant figures, the authors identified one of these sub-
populations by virtue of the fact that it was contained
in a peak which was represented by a single data point.
In our view, except when peaks are artifically sharp-
ened at the gradient—cushion interface, “peaks’” should
contagin more than one data point, and this end can be
accomplished simply by adjusting the sizes of the frac-
tions from the gradients.

Before concluding, we should mention the dangers
which are inherent in total reliance upon electronic
cell counters for work with cell suspensions from
solid tissues. In our experience, electronic cell coun-
ters cannot distinguish cells from debris. Despite the
use of window discriminators, aggregates of small
cells are counted as though they were equivalent to
single large cells; and large subcellular particles, e.g.,
tetraploid hepatic nuclei, are counted as cells. Other
problems which are inherent in the use of electronic
cell counters have been discussed in previous reports
[68—71]. While electronic cell counters are more use-
ful for some kinds of cells than for others, they should
always be evaluated for any particular kind of cell
suspension by an independent methad of counting
cells.

We recognize that some of the views expressed here
will not be unanimously heralded with total agree-
ment and hope that we shall stimulate a critical dis-

cussion of the kinds of data which are necessary in
the evaluation of cell separation experiments.
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