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7) ABSTRACT

A method for quantitating cellular proteins in tissue, by
means of a cell imaging densitometer in conjunction with
immunohistological staining and a reference standard, is
provided. Unlike prior art methods, which provide ordinal
measures of relative amounts of protein among different
cells, the method enables the quantitation of antigenic pro-
teins in terms of absolute mass of protein/tumor or protein/
patient, molecules of protein per cell, and volume or fraction
of a tissue sample expressing the protein of interest. The
method is useful for research purposes in the study of protein
expression, and is shown to improve the accuracy of clinical
histopathological analysis of tumor tissue sections for diag-
nosis and prognosis. The method is expected to be useful for
prescribing in situ treatment dosages. The demonstrated
resulting improvement in the correlation between tissue
levels and blood levels of tumor-associated proteins should
facilitate minimally-invasive monitoring of cancer progres-
sion and therapeutic response.
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PROTEIN QUANTITATION WITH CELL
IMAGING DENSITOMETRY

RELATED APPLICATIONS

This is a continuation-in-part of international application
PCT/US99/15743, filed Jul. 13, 1999, which claims priority
from U.S. provisional application No. 60/105,163, filed Oct.
21, 1998.

FIELD OF THE INVENTION

The invention relates to the fields of microscopy, com-
puterized cell imaging, immunohistochemistry,
histopathology, oncology, protein quantitation, and diagno-
sis and prognosis of cancer and other diseases.

BACKGROUND OF THE INVENTION
1. Immunohistology

The presently universally-accepted method for the diag-
nosis of all types of solid cancer is the histologic determi-
nation of abnormal cellular morphology in surgically biop-
sied or resected tissue. Once removed, the tissue is preserved
in a fixative, embedded in paraffin wax, cut into 5 ym-thick
sections, and stained with two dyes: hematoxylin for the
nucleus and cosin for the cytoplasm (“H&E staining”).[1, 2]
This approach is simple, fast, reliable, and inexpensive.

Histopathology allows the diagnosis of a variety of tissue
and cell types. By providing an estimation of tumor “Grade”
(cellular differentiation/tissue architecture) and “Stage”
(depth of organ penetration) it also makes prognosis
possible[3, 4] In the Surgical Pathology Departments of
larger hospitals histologic H&E staining is generally
automated, tissue-processing technique is standardized, and
histologic interpretation is well established.

Aside from crude measurements of the tumor diameter,
pathologists do not attempt to quantify the area or volume of
dysplastic tissue, nor do they perform absolute quantifica-
tion of the cancer-related proteins present in such specimens.
When antibody staining is attempted—commonly called
immunohistochemistry (IHC)—the intensity and area of its
visible or fluorescent color is ranked in an ordinal fashion.
This ordinal ranking by the pathologist is accomplished by
to the subjective impression of both the extent (area) and the
darkness of the stain, compared to adjacent, morphologically
normal tissue. The number of ranked categories and the
cutoff points for each is arbitrary and inconsistent among
observers. Also, for some organs and cancer proteins, there
has been observed a “field-effect” in which abnormal pro-
teins are expressed in adjacent, supposedly negatively-
stained, morphologically normal tissue.[5] Furthermore,
since there is no matching of cells between the H&E
histology slide and the immunostained slide, it is difficult to
segregate the immuno-scoring for different histologic
classes, e.g., cancer and pre-cancer, within the same section
and it is impossible to accurately correlate total immun-
ostaining with histologic area for each tissue class.

The currently available optical techniques of microscope-
based cell imaging provide a partial solution to the problem
of performing these cellular measurements. This approach
uses conventional light microscopy combined with mono-
chromatic light filters and computer software programs. The
wavelengths of the light filters are matched to the colors of
the antibody stain and the cell counterstain. The filters allow
the microscopist to identify, classify and then measure
differences in the optical density of specific colors of light
transmitted through immunostained portions of tissue sec-
tions. See U.S. Pat. Nos. 5,235,522 and 5,252,487, both of
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which are incorporated herein by reference, for applications
of these methods to tumor protein measurement.

More advanced cell imaging systems (image cytometers)
permit automated recognition of features, and combine this
with automated calculation of feature areas, automated
calibration, and automatic calculation of average and inte-
grated (ZOD) optical density. (See, ¢.g., U.S. Pat. Nos.
5,548,661, 5,787,189, both of which are incorporated herein
by reference, and references therein.) Merely scoring patient
tissue immunostaining by ordinal rank, however, even by
incorporating the more objective and uniform optical esti-
mation techniques provided by Cell Imaging Densitometry
(CID), provides limited information for patient and tissue
evaluation. By translating such scoring into common bio-
logical units of measurement, oncologists and pathologists
can refer to the patient’s particular “profile” of tumor
suppressor and oncogene protein levels. Thus, the clinician
will be able to numerically predict a patient’s “relative risk”
of relapse or death, probability of chromosomal instability,
metastases, response to therapy, or even probable survival
duration. The suggested method should also make it possible
to sum up a patient’s total “body burden” of such proteins,
where there are multiple lesions. A fraction of this tissue
burden escapes the porous membrane of the cancer cells into
the blood stream perfusing the tumor(s), achieving a steady-
state concentration over time. Immunoassays e.g., ELISA,
can accurately and sensitively measure these volumetric
concentrations. Knowing the typical quantitative correlation
between blood levels and tissue expression will allow us to
more effectively (and less invasively) indirectly monitor
residual/recurrent disease.

One reported attempt to improve the accuracy of the
measurement of cancer protein in tissue used Western Blot-
ting in combination with CID to create immunohistochemi-
cal rankings when measuring HER-2/c-erbf-2 oncogene
protein expression in breast cancer patients.[6] In this
attempt, cultured human breast cancer cells were
genetically-enginecred in order to express different levels of
the oncogene protein. HER-2 protein levels (pg/cell) in the
cell lysates of these reference cells were estimated with
dilutions of a fragment of recombinant purified HER-2,
using the Western blot assay and laser densitometry. Cul-
tured cell pellets were snap-frozen in “OCT” (polyethylene
glycol-polyvinyl alchohol-trimethylbenzylammonium
chloride) embedding media, cut into 4 um sections with a
cryostat, and then attached to microscope slides, presumably
by air drying. Breast cancer tissue was fixed in 95% ethanol,
followed by buffered formalin. Alternatively, tissue from the
same tumors was either frozen in OCT and cryosectioned, or
paraffin-embedded and sectioned with a microtome. A CID/
Western blot “standard curve” on the cultured cells was
created with a single immunostained CID standard, which
was assumed (without testing or reference) to be 1 pg/cell.
This “curve” from the frozen reference cells was then
applied to the immunostained breast tissue by using a single
“correction factor” (~40%) in order to boost the actual
optical density scores for the paraffin tissue sections. In the
eventual correlation of tumor recurrence with HER-2 over-
expression these “quantitative” immunostaining scores
were, once again, reduced to ordinal ranks, “Low?”,
“Medium”, and “High”, which reflected increasing degrees
of amplification of the gene’s DNA. The authors were able
to predict relative differences among the women in their risk
of tumor recurrence.

However, fixation conditions of the reference cells and the
tissue were different, there were no immunostained paraffin
sections for the reference cells, and the frozen tissue stained
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more intensely than the paraffinized tissue
(disproportionately so, depending upon the level of HER-2
protein overexpression). This approach provides no method
to summarize the total HER-2 tumor burden per patient or
tumor. The reliance upon Western blot for quantitation of the
oncoprotein cell is a disadvantage, due to the complexity and
slowness of the procedure, plus its modest quantitative
accuracy, precision and reproducibility[7-9] Another
approach employs simultaneous measurement of nuclear
DNA by cell imaging to provide an internal calibration
reference (U.S. Pat. No. 5,252,487). This method is subject
to variations in the intensity of the DNA staining and derives
its calibration “curves” for staining intensityxpg DNA/cell
from a single DNA value.

Another attempted to solve the problem was the Quic-
gel™ method, described in U.S. Pat. No. 5,610,022, which
used immobilized cultured cells as “internal controls” in
order to estimate the “pre-processing immunoreactivity
level” of individual paraffin tissue sections.[124] The stated
goal was to compensate for unpredictable and/or excessive
loss of antigenicity due to fixation, which often alters the
chemical structure of antigens. The internal controls were
intended to provide a correction factor, allowing an estima-
tion of the IHC staining intensity that would have been
obtained with fresh, unfixed tissue. These mternal controls
(“pseudo-tissuc™) were treated as though they were tissue,
and were subjected to the same processing conditions expe-
rienced by a clinical tissue sample sharing the same paraffin
block.

In this approach, the “pseudo-tissue” control cells were
fixed twice. The first fixation, prior to immobilization of the
cells in a matrix, was in paraformaldehyde for less than ten
minutes at room temperature. This level of fixation has
previously been shown to be sufficient to maintain the
structure of the cultured cells while minimizing antigen
diffusion and loss of immunoreactivity[125, 126] The fixed
cells were then encased in a thick, 3 mm slice of agar gel,
and this “pseundo-tissue” underwent a second fixation in 10%
neutral buffered formalin, duplicating precisely the condi-
tions under which the tissue sample was fixed. The patent
describes a test of the Quicgel™ method, wherein the
pseudo-tissue and tissue samples were exposed to formalin
for four fixation times ranging from 4 to 72 hours, in order
to determine the rate at which immunoreactivity was lost
over time for both the pseudo-tissue controls and the adja-
cent tissue samples.

Typically, formalin fixation of patient tissue lasts 6-12
hours; the time must be adjusted for the size of the tissue
specimen and the density of its tissue type (e.g., lung tissue
is penetrated very quickly, while breast tissue is penetrated
much more slowly).[127] The Quicgel™ method attempted
to correct for the resulting variations in immunostaining
level by using a cell imaging densitometry program to
measure overall staining area, or intensity in pixels, but did
so without a standard curve. Rather, the method assumed the
existence of an inverse proportionality between fixation
duration and cell staining that was linear back to zero
fixation time, and also assumed an equal rate of loss of
immunostaining for the “pseudotissue” and the specimen
tissue, regardless of the identity or size of the specimen. As
discussed below, both assumptions are incorrect.

For these reasons, there has never been a demonstration of
the Quicgel™ method for correlation of protein levels with
patient survival or matched blood levels, no incorporation of
histologic tissue class, and no calculation of tumor burden.
Others have subsequently used reference cells to standardize
microscope settings and automate cell imaging scoring via
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gray scale tables to maximize optical density contrasts.
These workers also conducted extensive fixation of the
pseudotissue.[128] More recently, this same group has
extended the Quicgel™ approach for fixation artifact
correction, testing the method with both internal controls
(same paraffin block as the tissue sample) and external
controls (separate paraffin block, but stained
simultaneously) for the effects of fixation duration and tissue
sample storage conditions. They also found fixation artifacts
in cells and tissue to be subject to discontinuities.[129]

The approaches just described have deficiencies which
make it impossible to standardize IHC scoring and to
translate optical density pixels into absolute quantities of
protein. FIGS. 19 and 20 present the data given in the
description and figures of U.S. Pat. No. 5,610,022. 1t is
apparent that the degree of loss of immunoreactivity in the
pseudotissue and in the specimen tissue at different fixation
times is not the same, regardless which cell imaging mea-
surement is used. Because the loss of staining is not
proportional, the pseudotissue controls cannot be used to
estimate pre-processing immunoreactivity level in the breast
tissue samples. This is true even within the observed range
of fixation times; reliable extrapolation back to time zero is
therefore not possible. This is indicated by the lack of
statistical significance of the implied linear regression
equations, suggested by the model used in U.S. Pat. No.
5,610,022, This is not surprising, given the relative rates of
fixative penetration in the trypsinized reference cells versus
the dense, stroma- and lymphocyte-laden, high-fat breast
tissue samples.

To create a valid standard curve for protein quantitation,
both calibration cells and specimen tissue should be sub-
jected to the same fixative and IHC reagents, the treatments
of each must be optimized with respect to such things as
fixation duration and temperature, antibody concentration,
and substrate incubation time. The goal is identical staining
of the calibration cells and the tissue samples, not identical
treatment. If the former condition can be met, the amount of
target protein can be read off the cell imaging calibration cell
staining curve for each IHC batch. Whether the staining of
the calibration cells and the tissue is, in fact, 1dentical, will
be revealed from the similarity of their respective cell
imaging:

1. signal/noise ratios;

2. frequency distributions;

3. dynamic range of protein expression; and

4. definitions of positive staining.

Fixation and staining conditions may vary with the tissue
type, fixative, antibody, and IHC materials and methods
used, but if identical staining between standards and speci-
mens can be achieved, inter-laboratory results for any pro-
tein will be commensurate. The present invention, by elimi-
nating fixation of the pseudotissue (a step heretofore
assumed to be essential to the use of pseudotissue controls),
provides a quantitation method that satisfies all the above
criteria, and which is demonstrably superior to subjective
IHC scoring in its ability to generate histologic diagnoses
and target protein concentrations in blood, and to correlate
them with cancer patient survival.

As recently as May 17, 1996, the American Society of
Clinical Oncology summarized the current state-of-the-art in
the use of tumor marker tests in prevention, screening
treatment and surveillance of breast and colorectal cancers.
[10] It assessed a variety of tumor markers, such as p53,
CEA, and DNA flow cytometry [HER-2 was not
considered]. The consensus report concluded that such
markers continued to have limited prognostic or predictive



US 6,746,848 B2

5

value. When DNA mutations are assessed, it is often not
clear which mutations have an impact upon gene function.
With respect to IHC the problem is the inability to generalize
among the results from different clinical trials; this is due to
the variety of antibodies and lab methods used as well as the
absence of a common objective criterion for “abnormal”
staining.

There remains, therefore, a need to standardize the current
method of scoring immunohistologic staining of paraffin-
embedded tissue sections. This would to allow valid com-
parisons of results among different laboratories or among
different staining batches within the same lab for any
discase-related protein for which there are adequate anti-
bodies and cultured cell lines. Such standardization would
also create the conditions for direct quantitation of disease-
causing antigens in patient tissue and blood. Such measure-
ment offers the potential for determining in-situ treatment
dosages as well as estimated months of patient survival. The
present invention provides such a standardization method.

Although over-expression of aberrant proteins is usually
multi-focal, it is also clonal in nature: abnormal proliferating
cells are contiguous in their staining—due to cell division
from a single progenitor cell—and share the same prolif-
eration behavior and a common profile of genetic defects. In
the case of p53 this phenomenon distinguishes clonal
expression of the mutated protein from a transitory over-
expression of wild-type protein in an occasional cell in
which the tumor suppressor response has been elicited. The
latter mosaic-staining pattern will generally affect a small
fraction of the cells present, and can generate false positive
data if the tissue sample is heavily labeled. The methods of
the present invention make it possible to avoid such false
positives, by using appropriate tissue controls and/or cell
controls rather than simply a “negative control” antibody.

In the fields of cancer research, diagnosis, and therapy, the
morphologic evidence of cancer (or pre-cancer) together
with the identification and measurement of specific cancer
proteins in the same cells is a powerful combination. In
principle, this combination of morphology and protein mea-
surement permits one to know whether it is only the abnor-
mal cells which are expressing specific proteins at particular
moments and in known amounts in the natural history of the
tumor being studied. Two things have been missing,
however, from the set of tools needed to fully exploit this
combination: (1) an accurate and reliable way to link indi-
vidual foci of histologically and immunologically abnormal
target cells (glandular crypt cells in the case of colorectal
cancer); and (2) an accurate, objective and consistent quan-
titative method to score both the intensity/cell and the total
immunopositive area (nuclear area in the case of p53). The
present invention provides these missing elements (FIG. 1).
2. Role of p53 Protein in Cancer

The many roles of p53 in controlling the rate of cell
proliferation and DNA repair at the G1/S phase of the cell
cycle is widely appreciated. It acts to curb the effect of prior
mutations that have occurred in pre-cancerous growths, such
as adenomas. Less frequently acknowledged is p53’s role in
maintaining the body’s “back-up” system of DNA-
maintenance (diploidy) at both G1/S and the G2/M stages of
the cycle [11, 12, 13].

Besides its importance in the rate of DNA replication,
DNA repair/chromosome stability, and cell cycle arrest, p53
is one of the primary cellular reactants involved in the
induction of programmed cell death: apoptosis. Normal p53
affects cell growth through its interaction, direct and
indirect, with the cyclin-dependent kinase (cdk) regulatory
pathways. It promotes apoptosis by stimulation of endo-
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nucleolytic enzyme attack upon chromosomes containing
badly damaged DNA[14] This occurs at the G1/S stage of
the cell cycle. While p53’s cell growth arrest tumor sup-
pressor function is temporary and reversible, the result of its
apoptotic function is permanent. The sacrifice of the
damaged/cancerous cells protects the whole organism
against the cells’ undesirable continued replication and
propagation of their heritable abnormalities.

3. Previous Methods for Quantitation of p53 Protein

There has been a great deal of effort expended to make
detection and/or measurement of p53 levels simple and
reliable. Numerous antibody-based histological reagents are
now commercially available for immunohistochemical
detection and estimation of p53 protein in tissue samples. A
great deal of effort has also gone into attempting to correlate
these measurements with tumor status and patient prog-
noses. The results of these efforts, to date, have been mixed.

At best, immunohistochemistry measurements on human
tumor tissue are done in terms of arbitrary ordinal ranks or
“percentage of intensely-staining cells” or the like. One
review of the biochemical, immunological, and functional
aspects of p53 reports that among mammalian cell cultures,
transformed cell lines contain 10100 times greater levels of
p53 than non-transformed cells[15] Studies indicate that
this accumulation is due largely to protein accumulation,
rather than increased gene dosage or RNA transcription
levels. Using radio-labeling and a monoclonal antibody-
bound affinity column, the p53 concentration in the lysates
from 11 of 15 human tumor-derived or transformed cell lines
was >5 times that of normal human cell lines.

Virally transformed cell lines exhibit extreme over-
expression. For example, in SV40-transformed human fibro-
blasts p53 expression exceeded that of normal human cells
by a factor of 2,250. In absolute terms, measured concen-
trations for these cell lines ranged from “undetectable” to
450 ng/mg. Normal cell cultures (human fibroblasts and
human foreskin epithelial cells) had £0.2 ng p53/mg cel-
lular protein[16] Another study used two different types of
fluorescent sandwich ELISA: a mutant-p53-specific (pAb
240), and a pantropic p53 monoclonal capture antibody
(pAb 421) to measure p53 protein in 23 tumor cell lines,
breast tissue extracts and 800 breast cancer patients sera.
The mutant p53 for the extracts was all in the 0-2 ng p53/mg
total protein range; and the sera were all negative. In two
colorectal cancer cell lines having p53 mutations combined
with deletion of the other allele and one colorectal cancer
cell line having neither, the results [17] were as shown in
Table 1 (ng p53/mg total cell lysate protein):

TABLE 1

P53 Concentrations in Colorectal Cancer Cell Lines

PAb 240 PAb421
Cell Line (ng/mg) (ng/mg) p53
Colo 320 (HSR™) 62.0 390 psam
Colo 320 (DM*) 100.0 20 ps 3t
C1 2.3 39 ps3¥t

A similar study measured p53 levels in breast cancer
tissue in immunostained paraffin sections and the cytosol
extracts from the same tumors, It used the pantropic rabbit
polyclonal antibody (CM-1) for the IHC and a sandwich-
type ELISA incorporating the pantropic DO-1 monoclonal
as the p53 solid-phase capture antibody and CM-1 as the
detection antibody. There was a moderate correlation
between the IHC and ELISA scores (Pearson R*<0.35,
p<0.00001). However, IHC scoring [(ordinal rank for
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“intensity”)x(percentage p53* cells)] is subjective and,
therefore, impossible to compare with results from other
studies, and it is difficult to use this information for prog-
nosis when evaluating a given tissue sample. The IHC done
upon the cancer cells’ nuclel was more sensitive than the
ELISA, since it can distinguish not only cellular from
stromal material, but also cancerous from non-cancerous
tumor cells and p53™ from p53~ cancerous (or adenomatous)
cells. The ELISA scores for the p53* tissue sections were in
ng p53/mg cytosol protein; the average value was 44 ng/mg
protein with individual amounts ranging widely from 2-230
ng/mg [18]

Another such study examined p53 levels in the soluble
extracts of colon and gastric cancer tumors. The two-
epitope, sandwich ELISA was employed using the DO-1
pantropic capture antibody for inactivated p53. The I[HC was
done on frozen fixed tissue with a panel of three different
antibodies: one pantropic monoclonal (DO-1), one pantropic
polyclonal (CM-1), and one mutant-specific (pAb 240).
Again, the p53 range in the cytosol was similar: 0.1-2.3 ng
p53/mg protein. Western blots done on the tumor tissue gave
perfect+vs.—concordance between the DO-1 and pAb 240
antibodies in the Westerns; there was also 100% concor-
dance by tumor among the assays (Westerns, pantropic
ELISA, and THC). In the same type of scoring as was done
on the breast cancer tumors, the correlation was significant
(Kendall’s r=0.75, p<0.002)[19]

Finally, the manufacturer of the mutant sandwich ELISA
kit used herein for the calibration cell lines also reports
detecting p53™*“ concentrations among 9 different mamma-
lian cell lysates in the ng/mg range. Specifically, for the
p53™“* A431 cell line, also used herein, the reported result
was 7 ng p53™“/mg.[20] One published study, however,
using the same mutant ELISA, reported anomalous findings:
781 ug p53™/mg in the same A431 vulvar squamous
carcinoma cell line, and very strong banding with a pan-
tropic MAb Western blot, despite weak bands appearing in
a Western blot using the mutant-specific PAb 240 antibody.
[21] Clearly, there remain some difficulties with lab-to-lab
variations in the execution of these assays.

In addition to measuring p5>3 quantities in mass and
volume per tumor or cell lysate, it is possible to do so in
terms of number of p53 molecules per cell, something that
has been done very rarely. Measurement of the molecular
concentrations of cancer proteins—independently of their
respective mass—reveals the true ratios in which they
combine in cellular reactions, providing insights into the
stoichiometric chemistry of the cancer cell. It has been
estimated that in normal cells the expression level is about
5,000 molecules p53/cell[22] There is one other study of the
number of p53 molecules/cell, which used flow cytometry to
quantify the amount of p53 protein. These authors examined
10 different strains of bovine papilloma virus-transformed
mouse fibroblasts and also one strain of non-transformed
mouse fibroblast cells[23] They found 2,947 molecules
p53/cell in the non-transformed cells versus an average of
9,088 molecules p53/cell in the transformed fibroblasts.
They also contrasted the levels of 10 cell lines within the
transformed category (5 tumorigenic versus 5 non-
tumorigenic), finding an average of 11,432 and 6,743,
respectively (Mann-Whitney, p=0.0034).

There is a great deal more known about the levels of
normal and inactivated p53 expression in human sera and
plasma through the use of these same ELISA kits. There are
examples of a statistically significant association between
serum or plasma p53 ELISA and cancer/normal status.
[24-26] There are instances of statistically significant cor-
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relations between the concentration of p53 in the blood and
a patients diagnostic status for colorectal adenocarcinomas,
adenomas, and normal controls, [27, 28] and multiple stud-
ies in which those levels decreased following surgical
removal of the tumor (e.g., colon and breast, respectively).
[29, 30]

There are examples of significant correlations between
p53™ and p53~ status in tissue THC, and “elevated” versus
“undetectable” serum/plasma p53 in ELISA, or even con-
tinuous variable regression between the levels of p53 in
tissue IHC and both mutant and pantropic ELISA analysis of
serum.[31, 26] Examination of pancreatic adenocarcinoma
paraffin sections stained with the DO-7 pantropic p53
monoclonal, combined with mutant p53 ELISA analysis of
these same patients sera, has shown one of the strongest
associations yet between blood and tissue p53 expression
[32]. Of those people whose serum contained detectable
mutant p53, 80% also had over-expressed p53 in their tumor
tissue and had significantly greater blood concentrations Of
p53™“, compared to the serum of those patients whose tissue
was immuno-negative. Serum p53 in these cases was sig-
nificantly greater than in healthy controls or patients with
benign pancreatic conditions. Even though serum p53 con-
centrations did not correlate with those of more conventional
markers such as CEA or CA19-9, it was significantly greater
in those patients with existing metastases than in those
without. Tissue staining appeared to be far more sensitive for
p53 inactivation, than was the serum ELISA: 22% of the
cancer patients were p53™ in the serum ELISA, while 46%
of these patients were p53* in the IHC. One study of banked
lung cancer sera specimens, not only found significant
agreement between DNA mutations, elevated p53* IHC
(DO-1), and p53™ serum ELISA (PAb 240) scores, but was
able to predict future development of tumors based upon the
detection of p53™* in the sera (positive predictive value=
0.67, negative predictive value=0.83) [33]. There is some
consistency among the cited studies regarding the ranges
and averages of the concentration of inactivated p53 in
human plasma or sera: typically, in the pg p53/mL range.

SUMMARY OF THE INVENTION

The invention provides a method for preparing cultured
cells for immunostaining, which comprises the step of
immobilizing said cells in a hydrophilic matrix that is
non-liquid at room temperature (18-25° C.). The matrix may
be, for example, an aqueous gel of a polymer chosen from
the group consisting of proteins, oligosaccharides, and poly
(acrylamide), preferably gelatin, agarose, pectin, or poly
(acrylamide). The matrix is more preferably an aqueous gel
of “low temperature” agarose. A typical low-melting point
agarose, once dissolved in boiling phosphate buffered saline,
remains in solution until cooled below 25° C., and once
solidified, only remelts above 65° C. Such a matrix allows
for convenient handling and avoids destroying any cell
culture protein of interest from exposure to temperatures
above normal physiologic range (37-40° C.). Prior to
immobilization, the cells may optionally be fixed by con-
tacting them with a tissue fixative. Suitable tissue fixatives
include formalin and Bouin’s.

The invention also provides a method of preparing cali-
bration slides for a cell imaging densitometer. The method
comprises the steps of immobilizing cultured cells in a
hydrophilic matrix as described above, fixing the hardened
matrix in a paraffin block in the usual manner, and sectioning
the paraffin block into thin slices. The cultured cells are
preferably preserved with formalin fixative prior to immo-
bilization in the hydrophilic matrix. This method may be
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adapted to cryostat-sectioned frozen cultured cells and
tissue, preserved with suitable fixatives e.g., acetone or
ethanol, and embedded in a suitable tissue-freezing medium
in place of paraffin. It may also be adapted to immunocy-
tology specimens prepared as “smears” from exfoliated
patient cells or from clinical cell suspensions centrifuged at
low speed, thus attached in either manner to microscope
slides.

It was previously stated in PCT/US99/15743 that the
embedded calibration cells must be fixed and treated in an
identical fashion as the patients’ exfoliated cells or
surgically-excised tissue. However, identical fixation was
not in fact carried out in the examples described, and the
superior results obtained with the present invention are due
in part to the absence of such post-embedding fixation.

The invention also provides for visualizing a protein of
interest on the calibration shide, wherein the slide is con-
tacted with a first antibody. The first antibody may option-
ally be conjugated with a chromogenic or fluorogenic
reagent. Alternatively, the slide may then be contacted with
a second antibody, having binding affinity for the first
antibody. The second antibody is also optionally conjugated
to a chromogenic or fluorogenic reagent.

As an alternative to conjugation with chromogenic or
fluorogenic reagents, the above antibodies may be conju-
gated to one of a pair of auxiliary affinity reagents. This
permits binding, in a subsequent operation, of chromogenic
or fluorogenic reagents which are conjugated to the other
member of the pair. Suitable pairs of auxiliary affinity
reagents include biotin-avidin and biotin-streptavidin. In this
embodiment, the antibodies are preferably conjugated to
avidin or streptavidin, which permits multimeric binding of
biotin-conjugated chromogenic or fluorogenic reagents with
a corresponding amplification in the signal. In an alternative
embodiment, both the antibody and the chromogenic or
fluorogenic reagent are conjugated to biotin, and they are
contacted with one another in the presence of avidin or
streptavidin.

A chromogenic reagent is a reagent that is itself highly
colored, or that generates a colored dye or pigment upon
exposure to specific chemicals or conditions. Examples of
the latter include enzymes such as peroxidase.

A fluorogenic reagent is a reagent that generates light,
upon exposure to specific chemicals or conditions, or that
fluoresces upon exposure to light. Examples include
enzymes which upon exposure to appropriate substrates
generate luminescent or fluorescent products, such as per-
oxidase and luciferase, and fluorescent dyes such as
fluorescein, brilliant red, rhodamine, and the like. Numerous
such reagents and dyes are well-known in the art, and are
anticipated to be useful in practicing this invention.

The particular embodiment described herein employs
biotin and avidin as the auxiliary affinity reagents, peroxi-
dase as the chromogenic reagent, hydrogen peroxide and
3,3'diaminobenzidine (DAB) as substrates [see U.S. Pat. No.
4,684,609], and image densitometry as the measurement
method. It will be readily understood by those skilled in the
art that fluorometric (e.g. photon-counting) methods with a
fluorescence microscope (e.g. a CCD camera-equipped
microscope) will be equally operative if the conjugated
reagent generates rather than absorbs light. The chromoge-
nic or fluorogenic reagent (or reaction product) will prefer-
ably absorb or emit light within a narrow enough wave-
length range that a second chromogenic or fluorogenic
reagent or product, emitting or absorbing in another wave-
length range, will be usable without interference. Many such
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reagents are known in the art, and most are anticipated to be
useful in practicing the present invention.

The invention further provides a method for measuring
the amount of a protein of interest in a cell or a cell
organelle. The method comprises the steps of affixing the
cell to a microscope slide, optionally in the form of a paraffin
block section, staining the cell with an immunohistochemi-
cal stain such as the conjugated antibodies described above,
and measuring with a cell imaging densitometer (or
fluorimeter) the area and density of the stain within the cell
or cell organelle. The amount of stain within the cell or cell
organelle is proportional to the summed optical density,
which is most conveniently calculated with the software
associated with the instrument. The summed optical density
is then converted into the amount of protein of interest by
reference to a calibration slide prepared as described above
and stained concurrently with the same immunohistochemi-
cal stain. The amount of protein of interest actually in the
cells on the calibration slide is measured by an independent
assay of said protein in a sample of the calibration cells. The
independent assay method may be any assay that is quan-
titative and specific for the protein of interest, such as an
ELISA or Western blotting assay, preferably an ELISA.
Provided that the molecular weight of the protein of interest
and its molecular concentration in the calibration cells has
been determined, measurement of the average volume of the
discased cells expressing the protein in the body allows for
the estimation of the number of such molecules per cell. The
phrase “amount of protein of interest” is intended to encom-
pass amounts measured in mass units, moles, or numbers of
molecules; this amount may be expressed relative to any
convenient measure, such as per cell, per cell organelle, per
patient, per tumor, or per unit volume of tissue or body fluid.

The protein of interest may be a tumor-associated protein,
and the cell may be a tumor cell, as in the examples below.
Other proteins of interest, which may be associated with
disease states, which may be expressed in recombinant,
gene-activated, or endogenous cells for a therapeutic
purpose, or which may be of research interest, may be
quantitated as well, provided only that appropriate cell lines
and specific antibodies are available to the practitioner, or
can be prepared.

The invention also provides a method of calculating a
patient’s body burden of a protein of interest. This method
comprises the steps of measuring the amount of the protein
of interest in one or more cells taken from one or more of the
patient’s tumors, by the method described above, and con-
verting the amount of protein so determined into the amount
of protein in the tumor itself. This is readily done by
estimation of tissue or tumor volume from measured tissue
or tumor dimensions. By adding together the amount of
protein in each tissue or tumor, the total amount of protein
in all the patient’s tissue or tumors is obtained, and this is the
patient’s body burden of the protein.

The invention also provides a simple and inexpensive
method for measuring the area of a feature of interest that is
visible in the field of view of a microscope equipped with a
video camera, where software providing this function is
either not available or unsuitable. A field finder (a micro-
scopic printed grid) is placed over the microscope slide,
which, with appropriate magnification, results in the appear-
ance of a grid with easily visible squares on the monitor. An
outline of the stained region of interest, which is imaged on
the monitor, is traced on a material having a printed grid on
its surface, such as a sheet of graph paper. The outline is then
cut out and the cutout piece of material weighed. With
knowledge of the mass of the material per unit area, the mass
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of the cutout may optionally be converted to area of mate-
rial. By outlining, cutting, and weighing a rectilinear piece
of the same material corresponding to a known number of
grid squares on the monitor, the area (or mass) of the cutout
may be converted into actual area on the slide, as measured
by the field finder. The “conversion factor” is the mass of the
material per unit area of the field finder as imaged on the
monitor. Any graph paper or similar material may be used,
provided that the density of the material is sufficiently
uniform to provide a reliable correlation between mass and
surface area. The microscope objective and dimensions of
the matrix visualized on the monitor are usually specified by
the user using a menu from the CID software provided. FIG.
2 is an overview of sequence of the immunohistologic
measurements and how one measurement is derived from
another. The (mm®) area measurement procedure co-listed in
step one in FIG. 2 is described in more detail below [Cell
Imaging Densitometry Measurements, including Table 7].

The invention also provides for a method of predicting the
clinical outcome of cancer for a patient, which involves
providing a statistically derived continuous function that
relates the amount of a tumor-associated protein within the
patient’s tumors, as measured by the method of this
invention, to clinical outcome in a population of patients
with the same cancer. By measuring the amount of the
tumor-associated protein in the patient’s tumor cells by the
same method, and by referring to the continuous function
provided, clinical outcome may be predicted with improved
reliability over prior art methods.

For cancer prognosis, especially for adenocarcinoma, the
tumor-associated protein is preferably a mutant p53
(p53™*). In those cancers which are partly due to a loss of
p53 function, the expected increase in multi-drug resistance
and reduction in the effectiveness of anti-angiogenesis drugs
would make such patients poor candidates for these treat-
ment options. Alternatively, the replacement of the presum-
ably defective p53 gene with a functional gene coding for
P53, by means of genetic therapy, is a promising approach.
[34-36] Administration of genetic therapy with p53-
encoding DNA, which is based upon restoration of p53
expression in tumor cells, presupposes that the prospective
patient’s tumors are expressing p53™“. It would, therefore,
be useful to know beforehand the p53 status of the patient,
both for selecting a patient population for clinical trials and
for guiding administration of genetic therapy to patients
among the public. Other p53-specific therapies are under
investigation, including antisense DNA therapies and anti-
p53 antibodies, which are directed toward reducing the
tumorigenic effects of p53™“. The present invention pro-
vides a method of selecting patients for p33-specific
therapies, and p53 genetic therapy with p53-encoding DNA,
based upon a quantitative measure of p53™“ concentrations
in the patient’s tumor cells and/or the patient’s p53™* body
burden. The present invention provides, as well, a method of
monitoring the effectiveness and progress of such therapies,
again by quantitative measure of p53™“ concentrations in
the patient’s tumor cells, total p53™* body burden per
patient, or its derivative surrogate measure: the concentra-
tion of p53™* in his or her blood.

The present invention employs cultured cells, preferably
inexpensive standard human tissue cell lines standardized
according to quality controls performed by the American
Type Culture Collection. The calibration cells express a
protein of interest at a reproducible level that can be easily
and accurately measured. In the first instance, these cells can
be used, simply, as “positive” and “negative” immunostain-
ing “batch controls”. In this aspect the changing intensity of
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their staining improves CID by helping the operator decide
which cells within the tissue sample to score. In this pre-
liminary stage of protein quantitation they have not yet been
assigned any measured absolute biological values, merely
their average OD/cell. In this aspect the invention reduces
“misclassification error” (categorical false positives and
negatives) in immunohistopathological analyses. It simply
helps in answering the question: “Does this tissue section
contain any of the abnormal protein to be analyzed”?

The second aspect of the invention is to utilize these same
control cells as “calibration cells” in order to translate the
optical density units of cell imaging into biologically mean-
ingful measures of protein dosage at the level of the indi-
vidual organelle, cell, tumor, tissue, or patient. The method
provides, for the first time, batch-specific standard curves
expressed as a continuous quantitative function that are
applicable to any lab or immunostaining procedure. These
continuous functions are superior to the ordinal ranking
methods of the prior art, which—either with or without
CID—ultimately forced one to assign ad hoc relative cat-
egories to degrees of IHC staining. The quantitative scoring
method of the present invention provides more objectivity,
accuracy, reproducibility, biological validity, and consis-
tency among observers than has hitherto been possible. By
creating absolute “interval-level” units of measurement, the
present invention makes it possible to apply the discrimi-
natory power and precision of multivariate parametric sta-
tistical tests in cellular protein quantitation.

The embodiment of the invention in the examples below
relates to p53 in a particular “test” population with colorec-
tal dysplasia; the analysis of their tissue and blood demon-
strates the potential of the present invention to improve
protein quantitation, cancer diagnosis specificity, tailor and
monitor oncology treatment, and to provide a tool for more
exact and powerful prognosis. However, the invention can
be applied to any disease-associated protein for which for
adequate cultured cell controls and suitable antibodies exist.

The present invention makes use of a method of cultured
cell preparation, which immobilizes the cells in a solid
hydrophilic matrix. The resulting matrix of immobilized,
cultured cells behaves much like a sample of tissue, and can
be fixed, sectioned, and stained in the same manner as a
tissue sample. The hydrophilic matrix may be based on
protein, e.g. gelatin, or on a hydrophilic polymer such as
acrylamide or an acrylamide derivative, but is preferably a
low-melting solution of an oligosaccharide such as pectin or
agarose. More preferably the matrix is agarose, and most
preferably a low-temperature agarose gelatin. Immobiliza-
tion of cells in an inert, stable, physiologic-temperature
matrix avoids the incomparability of frozen cell pellets
compared to formalin-fixed, paraffin-embedded tissue with
respect to protein denaturing, disruption of cell morphology,
differing antibody affinities, and fixation artifacts. The use of
thermally meltable matrix materials is preferred over the use
of chemically polymerized polymers, such as acrylamide,
because of the simple and reliable process of solidification
provided by temperature control.

Although the matrix of immobilized cells may be treated
in the same manner as a tissue sample, it is preferable that
it not be subjected to fixation beyond the minimum neces-
sary to preserve structural features and prevent diffusion of
the protein of interest away from those structures.
Preferably, the fixation will be in normal buffered formalin
(NBF), or the equivalent treatment, and most preferably this
will be carried out on the cultured cells prior to immobili-
zation in the hydrophilic matrix. The fixation time is pref-
erably less than four hours in NBF, more preferably less than
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two hours, and even more preferably less than one hour in
NBF (or the equivalent treatment). Most preferably the
fixation is conducted in NBF for less than thirty minutes, for
example ten minutes or less. Treatments equivalent to fixa-
tion with NBF, such as for example fixation with acrolein,
glutaraldehyde, or cyanuric chloride, are known to those of
skill in the art.[125, 130]

In a preferred embodiment, fixation and staining of the
cultured cells are carried out with the same reagents, but are
optimized separately from the fixation and staining of the
tissue specimen upon which protein quantitation is being
carried out. This is in contrast to prior art methods which
emphasized the importance of identical treatment at all
stages of processing.

Storage of colorectal adenocarcinoma tissue blocks for 13
years reportedly has no appreciable effect on the levels of
nuclear accumulation of both p53 and BCL-2 proteins as
scored by cell imaging densitometry[37] This was true for
the proportion of positive (210% cell nuclei) cases, as well
as the average intensity/cell, even though the more sensitive
and reliable “antigen retrieval” treatment was not used for
the p53 staining. After fixing and paraffin embedding, the
immobilized cells of the present invention provide a refer-
ence sample that can be reasonably expected to be as durable
and permanent as any paraffin-embedded tissue sample. A
single cell pellet from a typical 75Smm? culture flask can
provide hundreds of calibration paraffin sections, which are
suitable for commercial production and sale.

By way of illustration, the application of the invention to
the quantitation of mutant p53 protein in colorectal
adenomas and adenocarcinomas, and the resulting improve-
ment in accuracy of diagnosis and prognosis, is described
below.

Thus, one object of the invention is to provide a method
for preparing cultured cells for immunostaining, which
comprises the step of immobilizing the cells in a hydrophilic
matrix. Preferably, the matrix is an aqueous gel of a polymer
chosen from the group consisting of proteins,
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oligosaccharides, and poly(acrylamide). In specific .

embodiments, the matrix is an aqueous gel of a polymer
chosen from the group consisting of gelatin, agarose, pectin,
and poly(acrylamide). Preferably the matrix is an aqueous
gel of agarose, and the agarose is most preferably a low-
melting point agarose.

It is another object of the invention to provide a method
of preparing calibration slides for a cell imaging
densitometer, comprising the steps of:

(a) immobilizing cultured cells in a hydrophilic matrix;

(b) placing the matrix in molten paraffin;

(c) cooling the molten paraffin until it solidifies; and

(d) without substantial intervening fixation, sectioning the

solidified paraffin containing the immobilized cells into
at least one thin slice suitable for optical microscopy.

In this method, the cultured cells are preferably contacted
with a tissue fixative prior to immobilization in the hydro-
philic matrix. The method preferably further comprises the
step of contacting the paraffin slice with a first antibody. The
first antibody is preferably conjugated to a chromogenic or
fluorogenic reagent.

In an alternative embodiment, the method further com-
prises the step of contacting the paraffin slice with a second
antibody having binding affinity for the first antibody, the
second antibody preferably being conjugated to a chromoge-
nic or fluorogenic reagent.

In yet another embodiment, the first antibody is conju-
gated to biotin. Preferably, the slice is then contacted with a
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biotinylated chromogenic or fluorogenic reagent in the pres-
ence of avidin or streptavidin.

It is another object of the invention to provide a method
for measuring the amount of a protein of interest in a cell or
a cell organelle, comprising the steps of:

(a) affixing said cell to a microscope slide;
(b) staining said cell with an immunohistochemical stain;

(c) measuring with a cell imaging densitometer the area
and density of the stain within the cell or cell organelle;

(d) calculating the summed optical density of the stain
within the cell or cell organelle; and

(¢) converting the summed optical density into the amount

of protein of interest, by reference to

(1) a calibration slide prepared according to the method
of the invention described above, and stained with
the same immunohistochemical stain as was used in
step (b); and

(i1) the amount of protein of interest actually in the cells
or organelles on the calibration slide, as measured by
an assay of the protein of interest in a sample of the
cells.

In the above-described methods, the protein of interest is
preferably a tumor-associated protein, and preferably the
cell is a tumor cell. The tumor cell is preferably fixed in a
paraffin tissue section.

It is yet another object of the invention to provide a
method of calculating a patient’s body burden of a tumor-
associated protein of interest, comprising the steps of:

(2) measuring the amount of the protein of interest in one
or more cells taken from one or more of said patient’s
tumors, by any of the methods described above;

(b) converting the amount of protein determined in step
(a) into the amount of protein in the tumor from which
the cell was obtained; and

(c) adding the amount of protein in each tumor to obtain
the total amount of protein in the patient’s tumors.

Another object of the invention is to provide a method of
calculating the probable clinical outcome of cancer for a
patient, comprising the steps of:

(a) providing a statistically-derived continuous function
relating the body burden of a tumor-associated protein,
or the amount of a tumor-associated protein within the
patient’s tumor cells, to clinical outcome, in a popula-
tion of patients with the same cancer;

(b) measuring the patient’s body burden of the tumor-
associated protein, or the amount of a tumor-associated
protein within the patient’s tumor cells, by any of the
methods described above; and

(c) using the continuous function provided in step (a) to
calculate the probable clinical outcome.

In all of the above methods involving a tumor-associated

protein, a preferred tumor-associated protein is p53™“.

Another object of the invention is to provide a method of
selecting a patient for p53-specific therapy, which comprises
measuring the patient’s body burden of the tumor-associated
protein, or the amount of a tumor-associated protein within
the patient’s tumor cells, by any of the methods described
above. A preferred p53-selective therapy is genetic therapy
with p53-encoding DNA.

Another object of the invention is to provide a method of
monitoring the effectiveness or progress of a p53-specific
therapy, which comprises measuring the patient’s body
burden of the tumor-associated protein, or the amount of a
tumor-associated protein within the patient’s tumor cells, on
a per-cell basis, by any of the methods described above.
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Preferred p53 selective therapies include in situ treatment
with p53 peptides or p53™* DNA.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1: Overview of the Approach. The method’s linkage
of traditional histopathology with quantitative immunostain-
ing and cell imaging densitometry. The different measures
derived therefrom and their clinical purposes.

FIG. 2: Antigen Quantitation. The sequence of quantita-
tion steps and their units.

FIG. 3: p53~ Calibration Cells. A computer-scanned pho-
tomicrograph of the LS174T calibration cells, immun-
ostained with a pantropic anti-p53 antibody. These colorec-
tal adenocarcinoma cells contain only normal p53.

FIG. 4: p53* Calibration Cells. A computer-scanned pho-
tomicrograph of the A431 calibration cells, immunostained
with the same anti-p53 antibody. These cancerous epithelial
cells contain transformed p53 mutated at a single base.

FIG. §: p53~ Normal Hospital Control. A computer-
scanned photomicrograph of non-dysplastic colorectal tissue
immunostained with the same anti-p53 antibody.

FIGS. 6a and 6b: Cell Imaging p53* Criterion. The “upper
bound” of the average optical density/cell frequency distri-
bution (FIG. 6a) and its natural log-normalized equivalent
(FIG. 6b) for all sampled tissue sections from the Normal
Hospital Control patients. After adjusting for the immun-
ostaining intensity for a particular batch, this background
staining cut-off value defined a “p53*” cell nucleus.

FIG. 7. p53" Adenocarcinoma within Adenoma. A
computer-scanned photomicrograph of an p53* adenocarci-
noma tissue section immunostained with the same anti-p53
antibody. This cancer occurred within the head of an
adenomatous polyp.

FIG. 8 p53* Adenocarcinoma within Adenoma. A
scanned image of a photomicrograph of a paraffin section
taken from the same p53” tissue block shown in FIG. 7. This
image is of the hematoxylin and eosin (H&E) staining, used
to identify different histologic tissue classes according to the
morphology of the tissue and individual constituent cells.

FIG. 9: Cell Imaging of Method vs. Standard IHC (Visual
Estimation). A “Sunflower Plot” (one “petal” per
observation) depicting the extent and intensity of immun-
ostaining according to relative optical density scoring. It
demonstrates the degree to which the prior art of subjective
ordinal rankings (“visual estimation”) captures the relative
differences and range of p53 expression as scored by the
CID method of the present invention.

FIG. 10: Laboratory Assays Used and Their Linkage.
Shows the linkage of the laboratory assays underlying the
method.

FIG. 11: Immunohistology p53™* Calibration Curve. The
overall immunostaining “standard curve” defining the
statistically-derived continuous quantitative function
between Cell Imaging Densitometry and p53™* protein
concentration in human tissue.

FIG. 12: Consistency of p53 Expression Throughout
Tumor. The uniformity of the p53™“ expression profile
throughout the tissue block. It shows the reliability of
quantifying a tumor’s mutant p53 based upon measurements
done on a single immunostained tissue section.

FIG. 13: p53™ Volume by Histologic Class. The average
P53 volume per lesion for the indicated histologic tissue
types among the colorectal study patients.

FIG. 14: Kaplan-Meier Survival Analysis done with Prior
Art. The post-diagnosis survival of colorectal cancer
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patients whose p53* status was judged according to the
visual estimation method of the prior art.

FIG. 15: Kaplan-Meier Survival Analysis done with Cell
Imaging of Method. The post-diagnosis survival of colorec-
tal cancer patients whose p53* status was judged according
to the cell imaging method of the invention.

FIG. 16: Constant Rate of Acceleration in the Risk of
Death. Cell Imaging of Method. A plot of the constant rate
of accelerating risk of cancer-related death over time com-
pared to the baseline survival risks. Categorical p53 status
was assigned according to the cell imaging method of the
invention.

FIG. 17: Dosimetry of Death I. Quantitation of the
Method of the Invention Among the p53™ adenocarcinoma
patients the extent to which mutant p53 has taken over their
tumor burden effects survival; knowledge of this quantity in
individual patients can be applied to their prognoses, thereby
influencing choice of treatment.

FIG. 18: Dosimetry of Death II. Quantitation of the
Method of the Invention. Whether the patient’s adenocarci-
noma contained mutant pS3 strongly influenced the risk of
death following surgery; the speed with which it occurred
was proportional to the size of the patient’s total tumor
burden of the cancer protein.

FIG. 19: Inability of method of U.S. Pat. No. 5,610,022 to
extrapolate back to the pre-fixation immunoreactivity of a
tissue sample, based upon the staining area of pseudotissue
internal control.

FIG. 20: Inability of method of U.S. Pat. No. 5,610,022 to
extrapolate back to the pre-fixation immunoreactivity of a
tissue sample, based upon the staining intensity of pseudot-
issue internal control.

DETAILED DESCRIPTION OF THE
INVENTION

1. Quantitation of Tumor-associated Proteins

The signal that activates p53"* for either arrest or death is
DNA damage and it is the p53 protein itself that recognizes
small insertions and deletions in the DNA [38] p53-
dependent apoptosis is mediated by p53’s transcriptional
promotion or suppression of the downstream effector genes
listed in Table 2.

TABLE 2

Apoptosis Genes

Gene Role in Apoptosis

Bel-2 Inhibits (binds with Bax and Bak)
Bax Promotes (binds with Bcl-2)
Bel-XL Inhibits

Bel-XS Promotes

Bad Promotes

Bak Promotes

ICE Promotes

Mch-2 Promotes

Mch-1 Inhibits

Fas Promotes

DAD1 Inhibits

ps3 Promotes (enhances transcriptional activation or

repression of Bax, Bcl and Bak proteins)

Thus, the methods of the present invention could be
applied to quantitate many proteins, including, for example,
those in Table 2, in order to establish their diagnostic and
prognostic utility, and then to take advantage of any such
utility for the purposes of diagnosis, evaluation of therapy,
and prognosis.

The term “molecular biology” is often taken to mean
DNA and RNA, to the exclusion of protein. One result of
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this simplistic view is that, upon detecting no DNA poly-
morphisms or gene mutations in tumor tissue which exhibits
immunostaining, the latter result is often characterized as a
“false positive” (FP), and is usually ascribed to antibody
cross reactivity[39] Certainly, it is crucial to know the
identity or locus of gene mutations, chromosome deletions
or translocations, etc. In the case of p53, whether the gene
acts as a dominant or recessive tumor suppressor in human
tumors (or tumor cell lines) depends upon which DNA
codon is mutated.[40] This also influences the extent to
which mutated p53 will cooperate with mutant K-ras in
promoting tumorigenicity.[41] However, even with regard to
genetic analysis, it is not enough to simply itemize a
categorical list of which DNA alterations are present or
absent. Even simple Mendelian analysis of inherited traits
attempts to measure the actual impact of the inherited trait
at the phenotypic level from the analysis of the relative
dominance of the studied gene compared to other genes, the
conditions in the rest of the genome, and environmental
conditions.[42] What the present invention makes possible
in quantifying p53 protein in colorectal tumorigenicity is the
application of this approach to the cell, rather than to the
individual, and to treat a particular malfunctioning somatic
gene (p53), rather than one inherited in a germline.

As a general rule, relying exclusively upon this approach
is, of course, incomplete. Even the use of an antibody, such
as PAb240, which captures a wide variety of common p53
mutations (due to a shared alteration in p53 protein
conformation), is not enough. Clinically speaking, it is
necessary to know which change, if any, will occur in one or
more of p53’s biological functions as a result of the specific
mutation, especially since certain mutations have no detri-
mental effect upon p53s behavior[43] Fortunately, there
does exist a yeast functional assay designed to test for the
loss of p53’s DNA transcription activity [44] to determine
the significance of the accumulation of particular forms of
inactivated p53 protein.

By changing the units of protein observation/
measurement to either mass units or “molecules per cell”,
the present invention makes it possible to make direct
quantitative comparisons among different cancer-related
proteins of different molecular weights. This moves the field
to a new paradigm: replacing histopathology with immuno-
histopathology. This new approach does not rely upon a kind
of “genetic determinism” that predicts disease outcome
solely upon the identification of specific mutations. Rather,
researchers can understand not only the functional signifi-
cance of specific DNA mutations, but also the concentra-
tions of oncogene and tumor suppressor proteins acting
within the cell. Once the relative concentrations per cell of
different proteins are known, one can estimate the reaction
rates and equilibrium states of those inhibiting or cooperat-
ing proteins, or the extent to which transcription DNA
binding sites are affected, the outcome of which will deter-
mine which normal functional pathway has been subverted.
In the case of p53 in the colon this would mean the relative
protein concentrations produced by genes such as p53, mdm,
bax, bcl, MDR1, GADD45 [45] and by the genomes of the
E,A or E,B adenoviruses.[46]

The present invention makes it possible, in principle, to
evaluate the overall environment of the tumor cell [47]. This
would include information as to which genes are mutated,
deleted, or rearranged and which functional regions of the
genes are affected; it would also consider the relative and
absolute quantities/concentrations of those altered proteins
being expressed and the percentage of affected tumor cells.
For example, in addition to determining the location of p53
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DNA mutations and their functional implications, one could
also consider the cellular concentration of the altered p53
protein, as well as those of the endogenous cellular proteins,
e.g., mdm-2, bel, and bax, and oncoproteins such H and
K-ras p21, that are either inhibiting or cooperating with p53
in the patient’s tumor. The same is true for foreign proteins
inactivating wild-type p53 [48], e.g., the E6 protein in the
HPV16 and HPVIS8 strains of Human Papilloma Virus
associated with cervical cancer[49]

There are several reasons for employing p53 as a diag-
nostic marker. First, the normal p53 tumor suppressor pro-
tein has a cellular half-life of only 15-20 minutes, while that
of the inactivated form is 5.5-7.0 hours[50-53] Although
normal p53 levels are nearly undetectable using
immunostaining, the quantity of p53 in many transformed
mammalian cells is 10-100x greater[54] This rapid,
extreme and stable accumulation of cancer protein makes for
relatively easy immunohistologic identification in the
patients’ affected cells and greatly reduces the likelihood for
mis-classifying their p53 status in tumor tissue or plasma. If
wild-type (normal) p53 is inactivated by mutation, the
detectability of its protein increases dramatically, due to
changes in its post-translational conformation, rather than
from increases in replication, transcription, or translation
[55], thereby making a protein-based assay the logical
method for quantification of mutant p53 gene expression.

However, inactivation of p53 due to binding by exog-
enous viral proteins or endogenous cellular proteins may or
may not lead to the same accumulation of p53. The large T
antigen of the SV40 virus stabilizes p53 upon binding to it
(reducing p53s capacity to initiate transcription of down-
stream proteins), and in the cases of HPV-16/18 and p53 in
cervical cancer, wild-type p53 is inactivated through the
degradation of the normal p53 protein by the viral E6
protein.[56] This would imply an inverse relation between
the amount of detectable p53 and the extent of its inactiva-
tion in these cases. HPV has also been detected in colon
cancer as well[57]

Secondly, there are presently a number of commercially
available and well-validated p53 antibodies. Some are poly-
clonal antibodies, which have the greatest affinity for p53,
but which are less specific than monoclonal antibodies.
Among the monoclonals, there are three broad types: some
are mutant-specific for a particular epitope; some bind to a
particular altered protein conformation created by a wide
variety of mutations affecting the core DNA-binding region;
and there are “pantropic” antibodies that react with both
wild-type and mutated p53 by binding to regions not
affected by mutations. Many of these antibodies are suitable
for paraffin-section immunohistology, ELISA, and Western
blotting, The pantropic antibodies have the ability to detect
any stabilized, non-functional p53, nearly all of which will
be mutated. They may also detect some transient, high
expression of wild-type functional p53 responding to DNA
damage, hyperplasia or dysplasia. However, given the short
half-life of wild-type p53, this is likely to be present in small
amounts. Likewise, the p53 detection may be exposure-
related rather than disease-related.[58] If such data is
available, and if sample size allows, one could and should
control for potential exposure confounders in the p53 data
analysis. The presence of detectable p53 may also be related
to a biological condition other than colorectal cancer.[59]
This is more likely to be the case in plasma, however, rather
than organ-specific tissue sections, which is why plasma
needs to first be validated by detection in individual patients’
tissue before relying upon it to do prognosis, detect occult
micrometastases in the blood, predict therapy outcome, etc.
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The existence of these multi-faceted antibodies, combined
with the fact that 1447 different p53 mutations have been
identified among all types of human tumors [60, 61] has
made immunohistology far cheaper and more practical than
either DNA- or RNA-based assays. In the case of ELISA,
there are commercial mutant and pantropic “sandwich”
(double-antibody) type ELISA kits available that provide for
sensitive and specific detection in p53-expressing cultured
cell lysates. The combination of sensitive and specific assays
and standardized and biologically relevant cell lines make
possible the accurate immunostaining calibration controls of
the present invention.

Third, microwaving samples in order to “unmask”
(unfold) a large variety of cancer-related proteins facilitates
subsequent p53 detection in paraffin tissue sections by the
pantropic DO-1 anti-p53 antibody [62]. This lab technique
enables very intense nuclear staining and an unambiguous
signal/noise ratio of 92.2 (for immunostaining a p53* adeno-
carcinoma tissue section with DO-1 versus with a class-
matched IgG myeloma protein control antibody).

Fourth, in order to demonstrate the advantages of the
present invention in the area of diagnosis and prognosis, a
substantial body of existing relevant literature from medical
oncology and cancer biology is helpful in drawing conclu-
sions from the immunostaining results. In the case of p53,
there were 1,869 articles published on the gene and/or its
protein product in 1996 alone.[63] Numerous publications
deal with immunostaining techniques and the use of “cell
imaging” technology for accurately scoring this staining.
Another well-documented area is the investigation of the
correlation between staining for p53 (and other cancer
proteins such as c-erb-B2) in colorectal,[19,28,64,] breast,
[65] and lung cancer[31] patients tumor tissue and plasma.
These studies found an association between p53 in tissue
and plasma and some of the plasma expression correlated
with histology-pathology variables. Furthermore, some of
the authors created continuous (albeit relative) scores for the
P53 immunostaining in order to better correlate p53 levels in
lung cancer tissue with the concentration (ng/ml) of p53 in
patient serum, as detected with the ELISA. The two mea-
sures correlated, both with each other and with tumor grade
and stage.[31] There is evidence that using the ELISA on the
serum/plasma of colorectal cancer patients offers an effec-
tive and less invasive technique of monitoring cancer pro-
gression following surgical resection[29] Using the cell
imaging method of the present invention to replace the
current relative measures of p53 expression in tissue sec-
tions with their absolute amounts would improve the accu-
racy of this approach.

There are also reasons for selecting a patient population
afflicted with colorectal adenoma and/or adenocarcinoma.
Prior research has demonstrated a strong link between p53
inactivation and both the incidence and mortality from
colorectal cancer. Therefore, the results of the quantification
of p53 protein could be expected to have clinical relevance.
Furthermore, there was an existing case/control study popu-
lation recruited by the Colonoscopy Study Group at
Columbia-Presbyterian Medical Center in New York, which
had been selected on a sound clinical and epidemiological
basis. These patients had provided both plasma and
formalin- (or Bouin’s-) fixed paraffin tissue blocks for which
the diagnosis and histologic staining had already been
performed by the CPMC Pathology Department. Negative
control tissue specimens of the colon and rectum were
available from the St. Luke-Roosevelt Hospital Gastroen-
terology Department.

Also, the link between inactivated p53 and colorectal
cancer and the pre-cancerous adenoma is well documented.
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Not only is there a strong and consistent association between
p53 and these diseases, there are reports showing the con-
nections between various tumor suppressors and oncogenes.
There are comparisons of DNA, RNA, and protein, and in
vitro and transgenic animal experiments (mouse skin
papillomas), that shed light on the functional significance of
the expression of p53 and other molecular biomarkers.

The accurate, sensitive, and reliable surgical technique of
colonoscopy for the detection and excision of the tumors
greatly reduced the tissue sampling error. Sensitive and
specific techniques and accurate and unbiased cell imaging
equipment and procedures are of little use if the colorectal
tissue samples do not include the entire tumor volume;
otherwise the percentage of False Negative (FN) patients
and tumors is increased. Finally, colorectal cancer is a
common, and often lethal, form of cancer, so there is a
significant public health benefit to be gained from this
application of the invention.

A number of published studies [66] have investigated the
connection between pS3 DNA or p53 protein status and
prognosis for various types of cancer. The majority of these
studies used immunohistochemistry to detect p53 protein
over-expression as a proxy for inactivated p53. A perusal of
these same studies [66] reveals that:

(1) there is no uniformity of method in patient selection,
antibody choice and concentration, or laboratory tech-
nique;

(2) there are arbitrary definitions of the threshold for a
P53 cell and what constitutes a sufficient percentage of
p53* cells for a sample to be considered positive;

(3) often there is no healthy control patient population
used as a comparison group; and

(4) usually, there is no multivariate analysis employed to
isolate the independent contribution of aberrant p53
protein to patient survival.

Most tellingly, the major determinant of whether a study
found a negative association between p53 over-expression
and survival was sample size: only when the sample was
adequately large was there sufficient statistical power to see
an association. Despite all the admittedly strong experimen-
tal biological evidence to the contrary, the reviewers con-
cluded that p53 inactivation has a relatively weak associa-
tion with clinical survival[66] This may or may not be the
case; the present invention provides a fundamentally sound
methodology that will help find a more reliable answer to the
question.

Keeping the above caveats in mind, nuclear [67-69] or
especially, cytoplasmic [70, 71] p53 paraffin section immu-
nostaining has shown itself, in at least some studies, to be an
independent prognosticator for colorectal cancer survival
and recurrence [72]. Other such prognostic molecular aber-
rations have included deletion of p53 and/or histologic stage
of the tumor [73, 74], deletion of the DCC gene, p53
mutations [75], DNA aneuploidy, and BCL-2 expression.
Mutation of K-ras and deletion of the APC and MCC genes,
on the other hand, have not predicted survival [76]. In some
studies in which an association was seen, the authors were
able to successfully rank the amount of staining present in a
given tissue specimen. In addition to colorectal cancer, an
association between p53/p53 status and survival has at
times, [ 77-78] but not always, [79] been observed for breast
cancer. [t has also been found in cancers of the lung, ovary
[80], squamous epithelial cells of the head and neck, [81]
and urinary tract.[82]

While lost p53 gene function has been consistently
observed in a small minority of colorectal adenomas (~10%,
the proportion increasing rapidly with increases in the
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severity of dysplasia, non-tubular histologic type, size, and
synchronous or contiguous cancer), the fraction reaches
50-70% in colorectal cancers.[83-85] The percentage of
tumor cells that are p53-aberrant varies from <1% for mildly
dysplastic adenomas to =100% for malignant lesions. The
timing of abnormal or deleted p53 is, perhaps, even more
convincingly demonstrated in those studies that looked at
those patients or tumors in which there were either synchro-
nous adenomas/adenocarcinomas or cancer within the head
of an adenoma. Here the same relative percentages of p53*
cells held up, showing the apparent role of p53 inactivation
in the malignant conversion to focal carcinoma in colorectal
carcinogenesis [86, 87]. The fact that Li-Fraumeni syndrome
individuals, who have germ-line mutations in p33 at birth,
do not have increased risk of colorectal cancer logically
suggests that early (and solitary?) p53 loss does not fit the
genetic pattern for colorectal cancer [88, 89]. There do not
appear to be any colorectal cancer studies that detected
abnormal p53 in adjacent normal tissue.

It may also be worthwhile to quantify inactivated p53 in
individual cancer patients in order to predict their response
to post-surgical adjuvant treatment (chemotherapy or
radiotherapy). There already is considerable evidence from
both in vitro and clinical studies, for various types of cancer
(including colorectal), showing that the presence of inacti-
vated p53 in patient tumors worsens their therapeutic
response. This is partly because the loss of normal p53
greatly reduces what would other wise be the greater apo-
ptotic response in cancer cells relative to that of healthy cells
following treatment. It is this differential rate of induced cell
death that is the whole basis for such drugs’ “therapeutic
index”. Once inactivated, p53 neither delays the DNA
replication of tumor cell damaged DNA, nor initiates apo-
ptosis of such cells; instead, the cancer cells become more
resistant than the normal cells to the cytotoxic effects of the
therapy [90-95]. Furthermore, unlike normal p53, dysfunc-
tional p53 (and c-H-Ras-1) stimulates rather than suppresses
the transcription promoter for the multi-drug resistance
(MDR-1) gene, which further increases tumor cells resis-
tance to chemotherapeutic drugs.[95, 96]

Therefore, the adenoma and adenocarcinoma subjects in
this study were followed prospectively after their initial
diagnoses to see if the quantification of p53 could be of
benefit in predicting either survival or chemotherapy
response. For the same reason, p53 ELISA measurements on
the plasma of a subset of tumor-positive and tumor-negative
patients were conducted to see if the same response could be
predicted using the less invasive procedure of post-
diagnostic blood analysis. Finally, the availability of well-
characterized, cultured cancer cell lines whose p53 genome
status is known made it possible to provide a p53 “gold
standard”, against which the p53 protein found in the
patients tissue sections could be quantified. The ELISA p53
concentrations from the lysates of three cell lines were used
to create separate standard curves for each immunostained
batch of tissue.

To make the in vitrossin vivo inference a valid one, the
cultured cells were sectioned in a manner intended to
approximate the conditions that surgical specimens typically
undergo when they are used to prepare tissue [97] sections,
namely heated paraffin wax, alcohol, fixation (preservation),
and drying upon a glass slide. Following fixation, but prior
to paraffin embedding, these cellular calibration controls
were aggregated in low-temperature agarose gelatin. This
facilitated the post-fixation treatment in a dehydrating alco-
hol series. It also allowed aggregation of sufficient numbers
of cells to speed their scoring by cell imaging, and to
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reproduce the tissue sections immunostaining conditions,
i.e., the relative concentrations of the cells and the immu-
nohistochemistry reactants. These cultured cell calibration
controls were also histologically stained and measured to
verify that their morphology and size were very similar to
the colorectal crypt cells of the patients (Table 3).

2. Methods

One object of the present invention is to provide a
reproducible and reliable standardization for the current
practice of IHC. For this, the lab work has to be simple, fast,
cheap, and made up of interchangeable parts that can be
applied to various settings without requiring great technical
expertise or extensive training. Three of the five assays—
cell culture, ELISA, and IHC—are required; the other
two—immunoprecipitation of the calibration cell lysates,
followed by the loading of the precipitates on a Western blot
gel—are optional (FIG. 10). The purpose of the latter two is
to improve the accuracy of the IHC quantitation, where
necessary, by adjusting the lysate calibration curve in order
to account for any protein underestimates, due to identifiable
interfering factors between the antigen and the ELISA
antibodies. The percentage underestimate for the particular
calibration lysates can be gauged from the Western blot and
used to alter the slope of the IHC standard curve. In the case
of p53, an example of interfering proteins is the family of
Heat Shock Proteins (HSP), which are known to bind mutant
p53.[98]

The cancer cells used for standardization and calibration
were selected from among 18 currently available human
colorectal tumor cell lines already standardized for quality
by the American Type Culture Collection (ATCC) and
whose p53 mutation status had been demonstrated in peer-
reviewed scientific journals. They are inexpensive, readily
available, and the conditions of their cultures well estab-
lished. As will be described in the examples, once a pair of
cell pellets for a given cell line is collected and embedded
(one for the ELISA, one for IHC) the embedded cells can be
saved indefinitely. The large number of calibration sections
created (ca. 800 sections from a 4mm diameter cell pellet)
are sufficient to last for hundreds of staining batches. To
eliminate variability due to batch-to-batch variations in
staining intensity, which may arise from variations in opera-
tor technique, age and quality of immunochemical reagents,
etc., at least one calibration slide is included with each batch
of tissue sample slides. The calibration slide is mounted in
the same slide holder as the samples, and is therefore treated
in exactly the same manner with exactly the same reagents
throughout the sample preparation and sample staining
process. The conversion of a sample’s 20D value to its p53
quantity is then made with reference to the series of cali-
bration slides co-treated (fixed and stained) with that par-
ticular batch of sample tissue slides.

For several oncogenes and tumor suppressor gene
proteins, both the ELISA kits and the THC monoclonal
antibodies are widely-available and sold commercially; in
the case of p53 both are already well-characterized and the
quality control is established. A single ELISA calibration
would likewise serve to interpret those hundreds of embed-
ded cell sections for each of the different calibration cell
lines. Current fixation, embedding, sectioning, and H&E
procedures used in the great majority of surgical pathology
departments do not have to be altered in practicing the
present invention. While manual immunoperoxidase stain-
ing was used in the embodiment exemplified herein, other
embodiments of the invention may employ any colorimetric
staining procedure, manual or automated. Both the staining
and the scoring of the slides can be routine procedures. The



US 6,746,848 B2

23

Western blot is needed only once at the outset to establish a
correction factor, if warranted, and the ELISA assay is
needed only once for a given set of calibration standards.
Once these mass concentrations of the protein of interest are
known, these respective constants are correlated with their
corresponding varying average 20D/cell on the calibration
slide for each staining batch.

In a preferred embodiment of the invention cultured
tumor cell lines are employed for calibration. In one alter-
native embodiment, engineered cell lines containing expres-
sion vectors are used for the calibration cells. The latter
embodiment permits the user to control the range of protein
expression captured in the paraffin blocks, and to create
evenly-distributed multiple data points for the immunostain-
ing calibration curve. If the protein to be quantified is
present in cultivated cell lines grown for therapeutic
purpose—rather than in patient tissue—the same calibration
cells may be used to measure this protein. In this optional
embodiment of the invention the calibration cells are pro-
cessed in the same way as the cell sample. Instead of
imitating the fixation, embedding and sectioning of human
tissue, in this embodiment both the cell standards and the
cell sample may be smeared or, preferably, spun onto
microscope slides with a low-speed centrifuge designed for
this purpose, using predetermined equal volumes and con-
centrations of the respective cell suspensions for each slide.
After fixation and adhering the cells to the slide with brief
drying, the calibration standards and the sample cells
undergo all the identical steps described in the preferred
embodiment of the invention, including a CID calibration
curve suitable for this purpose.

Another object of the invention is to provide a diagnostic
test for the staging of the disease to help in planning clinical
intervention. This requires some specificity and the ability to
link the IHC very closely with the morphology of the tissue.
The in situ nature of the method and the linking of the H&E
staining and the THC with the “Tissue Class Template”
handles this requirement nicely (FIG. 1). The accuracy and
ease of colonoscopy makes this particularly valuable for
colorectal cancer. Currently, aside from histopathology,
patient prognosis is predicted by blood CEA. While both,
particularly histologic stage, are helpful, they lack the speci-
ficity to predict the future occurrence of colorectal adeno-
carcinoma complications. This is analogous to the inability
of the “glucose intolerance” test to predict associated dia-
betic sequelae, such as renal disease, acute ketoacidosis,
blindness, etc[99] For adenomas the complication is a
higher risk of developing adenocarcinoma. For the adeno-
carcinomas the molecular complications are chromosomal
non-disjunction and deletion of the DDC gene, and the
clinical sequelae are recurrence, metastasis, resistance to
chemotherapy, increased probability of death, and a survival
duration inversely proportional to the p53 body burden.

IHC for inactivated p53 is not intended as a screening test.
Whether a patient is sick is defined by the H&E morphology
slide; the risk of incorrect molecular staging is unnecessarily
aggressive treatment. Given the current modest success for
adjuvant therapy, false positives would be as big of a
problem as false negatives because they would trigger
aggressive, but often futile treatment. The determination of
the cut-off point for p53* should factor in these priorities.
Therefore, conservative criteria for defining a positive were
adopted:

1) focal expression of the staining in contiguous, homo-

geneous clusters of crypt cells;

2) two standard deviations above the mean Average

ODycell, i.e., top 2.5%, among the Hospital Controls;
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3) with respect to the Average OD/cell, corroboration of
the hospital controls’ LLD with that of the p53~
L.S174T Calibration Cells;

4) the histologic specificity of nuclear staining; and

5) the use of two different sandwich ELISA kits (both of
which use a pair of anti-p53 antibodies).

TABLE 3

Immunochistology Calibration Cells

Species Human Human Human
Histologic Colorectal Vulvar Colorectal Ad-
Type Adenocarcinoma  Carcinoma enocarcinoma

p53 Chromosome normal/normal  mutant/deletion mutant/deletion

(17p) Copies

Mutant none a.a. A a.a. A

Genotype N.A. 273 R—H 273:R—H,
309:P—S

Nuclear Diameter 6.02 8.50 8.62

(pm)

Cell Diameter 717 10.80 10.18

(pem)

Nuclear Area 2847 56.67 58.33

(4em?)

Nudlear Volume 114.21 321.49 335.30

[est.] (um®)

Cellular Area 40.39 91.64 81.42

[est.] (um?)

Cellular Volume 1381 5488 5804

[est.J(em®)

P53 Immunostain

@1:400 (Batch 19)

Sum O.D./cell 17.40 285.40 412.80

Ave. O.D./cell 0.53 5.54 6.63

Cell Lysate

Total Protein

[mg/mL]

Batch A 1.18 (11.8) 0.68 (6.8) 1.22 (12.2)

Batch B 212 (21.2) 1.20 (12.0) 2.05 (20.5)

Average 1.65 (16.5) 0.94 (9.4) 1.64 (16.4)

ng p53/mg

mutant 0.13 6.92 794

Pantropic 0.06 2.86 12.44

Molecules p53™* 22 4264 8314

Cell

3. Cell Culture

The three cell lines used for calibration were 1.S174T,
A431, and SW480 (Table 3). The use of human carcinoma
cell lines allowed for the possibility that some normal p53
would be expressed (even in the LS174T) due the exercise
of its normal function in dysplastic cells. Thus, the p53~
calibration cells would serve as specificity controls, not
simply lab controls against staining artifact. The extent of
this transient staining in wild-type p53 by the DO-1 pan-
tropic antibody, indicative of the body’s healthy response to
the dysplasia, was discounted in defining “true positive”
staining in the sample tissue. This, in fact, did occur. There
was a very slight “false positive” “mosaic” pattern in both
tissue and the p53~ calibration cells, as discussed above. The
characteristics of these three cell lines in terms of reactivity
with the pAb240 (mutant) and pAb 1801 (pantropic) anti-
bodies in immunoperoxidase cytometry staining, Western
blots, and mutant and pantropic ELISAs is already known.
[100] Furthermore, p53 DNA sequencing and mutant/
normal protein expression in various assays has been already
established: among the two colorectal cell lines, both the
LS174T and SW480 have mutated K-ras12, although only
SW480 has the mutated p53 gene[101]
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4. Antibodies

The antibodies, ELISA kits, procedures, and quality con-
trol information used herein are commercially available, e.g.
from Calbiochem (San Diego, Calif.) and Oncogene Science
Diagnostics (Cambridge, Mass.)[20, 98, 102, 103] The
pantropic p53 mouse monoclonal antibody is specific for
human p53 and is the manufacturer’s recommended choice
for the human protein in paraffin sections. Recommended
positive controls are the tumor cell lines A43 1, SKBR3, and
HeLa. For a tissue control, breast carcinoma is
recommended, and for negative controls SKOV3 (ovarian
adenocarcinoma) and normal skin. The human p53 reactive
epitope of DO-1 is between amino acids 21-25 at the NH,
terminal. Responding best, when the slides are subjected to
microwave treatment prior to antibody incubation[62], the
DO-1 clone is reportedly the best available for formalin-
fixed/paraffin-section IHC.[104] The reactive epitope recog-
nized by pAb 240 clone Ab-3 is within the DNA binding
region of p53, and is located between amino acids 212-217.
This epitope is revealed only when the protein is mutated or
denatured. Thus, the pAb240 mouse monoclonal recognizes
human, mouse, and rat mutant p53s, but not the normal
conformation, unless the protein is denatured. This is why
negative control cells and tissue are required, since proteins
are prone to denaturation in the course of microwave treat-
ment. The pAb 240 antibody has been used extensively in
frozen section IHC, but does not react well in formalin/
paraffin sections.[103] One author was not able to detect p53
in SW480 cell lysate in IP/Western blotting using this
antibody, although able to do so with pAb1620 and pAb421.
[105] It is suitable for IP, immunofluorescence, Western
blotting, frozen sections, and flow cytometry. However, it is
not specific for mutant pS3 in Westerns, recognizing the
denatured wild-type protein, too. The same positive
(including A431) and negative controls are recommended as
for DO-1.[102]

The point mutations to the central region of p53 that make
it unable to bind DNA also cause the common conforma-
tional effects that allow the pAb 240 to recognize the
transformed protein[61] Therefore, nearly all of those muta-
tions affecting patient survival will lead to positive immu-
nostaining of the cell lysates in the ELISA. In fact p53
overexpression in a variety of colorectal cell lines has been
shown to have 100% specificity for p53 mutation (100%
TN). In other words, if they are p53*, the cells are truly
mutated.[105] Perhaps 15% of those mutations (deletions
and insertions), which do not cause accumulation of protein,
will be missed by p53 IHC (85% TP).[106] However, some
of those lesions fall outside the DNA-binding core and will
have no affect on disease progression and patient survival.
Therefore, in terms of progression and survival, the sensi-
tivity of the immunostaining will likely exceed the 85%
estimate. Furthermore, in other cancers impacted by p53
inactivation, such as breast cancer, most of p53’s loss of
function is not due to mutation.[106] For such a disease,
DNA sequencing of tumor tissue underestimates conse-
quences to the patient from her loss of the “guardian of the
genome”.

5. Immunostaining

An avidin-biotin complex (ABC) immunoperoxidase
staining system was employed for immunostaining. The
label was reddish-brown (DAB, without NiCL,). The coun-
terstain was methyl green. The ABC was used because of its
sensitivity, reproducibility, commercially-available kits with
“batch-matched” avidin and biotin, and demonstrated quan-
titative stoichiometry with various antigens, including p53.
The CMP program for the CAS-200 Cell Imaging Densito-

10

15

20

25

30

35

40

45

50

55

60

65

26

meter has its filters set up at 500 nm (brown) and 620 nm
(blue-green), specifically for these widely-used primary and
secondary stains. The blocking solution was normal horse
serum because the secondary antibody was horse/anti-
mouse IgG. The primary antibody was the DO-1 clone, a
pantropic p5S3 mouse monoclonal.

The secondary antibody is against the fixed chain region
of the DO-1 primary antibody, instead of to a second p53
epitope, so the immunohistology cannot lay claim to p53
specificity based upon antibodies binding to two separate
epitopes. Others have proven the need to use MWO antigen
retrieval in citrate or similar buffers when using DO-1 in
order to “unmask” the reactive epitope, which is partly
obscured by the fixation-induced cross-linkages.[62] In fact,
it has been demonstrated that without such unmasking, the
sheer (and unpredictable) amount of lost p53 immunostain-
ing due to neutral buffered formalin (contrasted with alter-
native fixations of the same tissue) would have made Cell
Imaging Quantification less reliable and sensitive.[ 107, 108]

The sensitivity of this ABC-enhanced peroxidase immu-
nostaining is at least as good as that provided by immun-
ofluorescence. With the proper cell imaging densitometry
green filter (546 nm), this method has been shown to be able
to read as few as 100 molecules/cell. Furthermore, there is
reasonably linear stoichiometry over a wide range, i.c.,
100-10,000 IgG molecules/cell for both the Average
OD/cell and 20D/cell cell imaging densitometry measures.
[109]

Two of the three calibration cell lines described above
were used in all immunostaining batches. For these calibra-
tion cells to serve as a proxy for tumor tissue, they had to
experience the same conditions of tissue processing and
immunoperoxidase staining as the tissue. Therefore, the
calibration cells were both p53~ (FIG. 3) and p33* (FIG. 4)
controls. Infrequent (<<1%) and non-contiguous darkly
stained cells were occasionally observed in the negative cell
line L.S174T; these were probably colorectal cancer cell
nuclei whose evanescent p53** expression had been caught
by the pantropic p53 antibody, DO-1. Such isolated brown
nuclei were ignored in the subsequent cell imaging scoring
of tissue staining. Marginal staining limited to the edges of
the entire section was also ignored, assuming it to be a
tissue-drying lab artifact.

The p53* and p53~ tissue controls were examined next.
Both were tissue blocks previously stained for p53 with the
DO-1 by the CPMC Surgical Pathology Department. The
P53~ control was a non-dysplastic colorectal specimen, the
p353™ tissue was from a ductal breast carcinoma tumor. Both
were formalin/paraffin-processed. Bouin’s-fixed colorectal
tissue samples were also examined. The formalin-fixed
specimens were immunostained separately and before the
Bouin’s-fixed slides, since the latter required a Li,CO,
washing step to remove picric acid. A Bouin’s-fixed col-
orectal cancer biopsy was used as the p33™ tissue control for
those patient tissue samples similarly fixed.

Primary antibody was titered according to the best signal/
noise ratio, as determined by CID. This was done with
multiple sections per slide, so that all other batch conditions
were held constant. The ideal dilution for the formalin and
Bouin’s tissue sections was 1:100 (1 ug/mL); for the cali-
bration cells it was 1:400 (0.25 ug/mL) due to a less
densely-packed target crypt cell population and the absence
of stromal tissue. At these concentrations the S/N were as
shown (Table 4). Comparison (a) is between the two cali-
bration controls stained with each of the 18 batches of
colorectal sample tissue sections. Contrast (b) is between a
cancerous and normal tissue section selected at random.
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Contrast (c) is between a random adenoma and the same
normal hospital control tissue. Comparison (d) is the con-
trast between the “live” primary MAb (DO-1) and a
“dummy” antibody (MOPC 141, an IgG,, mouse myeloma
protein) incubation of the adenocarcinoma section @1:100
dilution. The experiment was done in one batch and used the
identical THC conditions as were eventually used for the
samples. All tissue and calibration cell embedded pellets
were formalin-fixed.

TABLE 4

Quality of Immunostaining using Monoclonal Antibody, DO-1

Signal/Noise Ratio

P53 >+ p53° 20OD/Cell Average OD/Cell
a) A431 < LS174T 23.8 2.1
b) Adenocarcinoma +* Normal 29.8 11.7
¢) Adenoma > Normal 229 11.6
d) DO-1 «» MOPC 141 92.2 64.3

Several things are apparent regarding the Immunohistology:

1. there is excellent specificity and sensitivity for aberrant

P53 detection, as indicated by the large S/N for each
comparison;

2. the calibration cells (a) are comparable to the tissue
(b-c), as seen in their nearly identical S/N;

3. there is slightly greater p53 expression in the adeno-
carcinoma (b), compared to the adenoma (c);

4. the much greater S/N for the (+vs.-) antibodies (d)
compared to the (+vs.-) tissue (b-c) suggests that the
slight noise present was not due to lack of specificity
for aberrant p53;

5. the CID and the immunostaining are consistent, and the
calibration cells are comparable to the tissue with
regard to nuclear size and staining intensity, as sug-
gested by the consistent difference between the ZOD/
cell and average OD/cell ratios for comparisons a-c;
and

6. The S/N for Z0D/cell for both the cells (a) and the
tissue (b-c) is nearly identical to the ratio of the
half-lives of transformed vs. normal p53 (~22X), sug-
gesting that the method of the invention provided a
proportional measure of the underlying loss of biologi-
cal function.

6. Cell Imaging Hardware and Software

There are a number of cell imaging microscopy systems
that operate in a similar fashion, e.g., the CAS-200 (Becton
Dickinson Inc., San Jose, Calif) the BIOCOM 500
(Biocom, les Ulis, France) and the SAMBA 2005 (Alcatel,
Grenoble, France). The basic design components are:

2 MICroscope;

a color filter system, with matched color cameras;

computer programs and a digital gray-scale table for
interpreting optical densities;

an image monitor for the microscope field image, and a
text monitor for the interactive computer analysis;

a computer with at least one high-capacity disk drive; and

a printer.

The microscope is optionally equipped with an automated
stage and field selection system capable of increasing scor-
ing speed. The color filters, each with its own color camera,
create monochromatic light to be used for two purposes. The
first is to alternately mask out the primary (antigen) and then
the secondary (counterstain) color stains. The second pur-
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pose is to ensure that the light measured for optical density
is of a single wavelength, so that the optical density of the
stained cells will be proportional to the amount of the
antigen present[110] The operator must determine which
are the target cells (in this case, intestinal crypt goblet,
absorbing and paneth cells) and which are not (surrounding
lymphocytes and stromal connective tissue). This is best
accomplished using the companion H&E histology slide.

The computer programs are user-interactive and can per-
form many measurement tasks, including morphometric
qualities, optical density averaging and integration, area
comparisons, proliferation indices, direct true-to-scale mea-
surement of cell and tissue dimensions, and many statistical
calculations and measurement unit conversions. The micro-
scope monitor allows the viewer to isolate and select cells,
and set optical density thresholds in order to determine
which staining intensities will be visible to the computer’s
gray-scale calculator. Use of an optical filter masking system
allows the user to inform the computer which areas of the
cellular objects are nuclear, cytoplasmic and membrane, and
to allow it to score only the appropriate intra-cellular region.
(In the case of accumulating p53, this was the nucleus.) The
computer monitor screen allows the user to select the desired
measurement program, chose among the menu-driven scor-
ing options, and to request and display statistical results.
Data can be simply printed or stored permanently in com-
puter memory and exported later in spreadsheet or statistical
package formats for analysis.

The cell imaging densitometer splits the magnified cells’
image into two separate, color enhanced images. Red and
green filters were used for methyl green and DAB nuclear
staining. Since the red filter transmits brown and absorbs
blue-green, it sees all the cell nuclei counterstained with the
methyl green, regardless as to whether they contain the
brown-staining aberrant pS3* or the colorless normal p53.
On the other hand, the green filter transmits light from the
counterstain dye, but absorbs that of the (brown) DAB.
Therefore, the p53* nuclei appear darker in optical density
to the second optical camera and their pixels are scored.[Ref.
111; see also U.S. Pat. No. 5,008,185, which is incorporated
herein by reference] By forming a color mask electronically,
the CID can measure the total nuclear surface with the red
filter/counterstain at the primary wave length. The antigen-
brown regions within the nuclear area of each selected cell
are measured at the secondary wavelength, By combining
the two regions, the average nuclear area and average
stained nuclear area (um?) per cell can be measured. Using
the histologic and the immunostained slides for a patient, an
additional computer program measures the extent of both
total and antigen-positive tumor areas (mm?) or the percent-
age positive area [U.S. Pat. No. 5,008,185]. Both the tumor
and its antigen-expressing fraction expand by cell division
contiguously in all directions. Therefore, assuming both
areas are spherical and that the scored tissue section is
representative of the entire paraffin block (see FIG. 13),
these area measurements can be converted to tissue volumes.
This allows the clinician to estimate the patient’s total tumor
and antigen burdens in the affected organ.

The operator must set numeric sensitivity thresholds
defining how dark brown (and green) the pixels within the
cell must be for them to be recognized by the computer’s
gray-scale tables. The blue-green nuclear boundaries should
be set at a level that produces an image similar to that seen
in the H&E slide for the specimen and reproduces the
counterstain seen in the immunostained slide. The (brown)
antigen boundaries should allow the creation of a brown
computer mask image wherever the specified bandpass filter
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begins to detect it in the nucleus. Setting it too low will allow
any brown background to be misidentified as nuclear anti-
gen; setting it too high will unduly limit sensitivity, causing
false negatives. The LS174T cells, as the negative controls,
should show 20D/cell and average OD/cell pixel compa-
rable to those of the hospital controls, using similar optical
density thresholds.

Once the non-staining normal hospital controls (FIG. 5)
have been scored at the greatest allowable sensitivity, the
average OD/cell distribution for the normal cells can be used
to establish a rule for how dark brown a cell nucleus must
be in order to be considered p53* (FIGS. 6a and 6b).
(Alternatively, Z0D/cell can be used to establish a cut-off
for total staining per cell). Any patient or tumor with any
target cells tissue darker than this threshold is categorized as
“cell imaging p53*”. If control cells have been used with
each immunostaining batch per the method described herein,
one can adjust the definition of this threshold according to
the batch’s staining intensity (sce below).

Once this decision is made, the operator sets the boundary
definitions for the green nuclei and the brown, nuclear,
accumnulated p53. The antigen staining boundary should be
set so that only those pixels with an intensity greater than
that defined as p53*™ will be detected; anything else is
considered artifact (noise). In theory, the threshold settings
for a given staining batch should be the same for all slides
and tissue classes, in practice the thresholds will have to be
modified in order to accurately convey to the computer what
the operator actually sees in the microscope. Given quality
staining, most of the tension between best depiction of
staining and unbiased threshold settings disappears. Only
those areas of the image that are stained for the antigen and
which are within the nuclear mask are scored; furthermore,
the method is less fraught with the potential for subjectivity
and positive selection bias, because it first identifies the
potential at-risk cell population (counterstained crypt cell
nuclei) before independently selecting representative
antigen-positive cells.

The intensity of the staining per cell nucleus can by
estimated by having the computer estimate the average mask
OD/pixel for the cells. This is done for all the cell nuclei
selected in the tissue section. The operator can estimate the
total nuclear area staining per cell by computing the mask
20D/cell. This combines the total number of pixels/nucleus,
weighted by the OD/pixel. It is the product of (intensity/
pixel)x(number of pixels/nuclear area), integrated over the
entire nuclear area. These two measures are the CID basis of
the conversion to actual mass units of mutated p53. The
average OD was used to define the p53™ cutoff; it was also
used to decide which areas to measure for the extent of
staining. The intensity of total pS53 expression/cell was
measured by the ZOD/cell.

One element of the present invention, therefore, is a data
processing system for converting an image of an immun-
ostained sample cell into a numerical output which repre-
sents the quantity of immunoreactive protein in the cell,
comprising:

(a) computer processor means, such as a personal com-

puter or workstation, for processing data;

(b) storage means, such as a hard disk, for storing data on
a storage medium;

(c) image acquisition means, configured to obtain an
image of the sample cell;

(c) a logic circuit configured to digitize the image;
(d) a logic circuit configured to detect the boundaries of
the immunostained portions of the digitized image;
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(e) a logic circuit configured to integrate the intensity of
the staining over the area within the boundaries, and to
provide a numerical value for the integrated intensity,
and

(f) a logic circuit configured to convert the obtained
integrated intensity into a numerical output represent-
ing the absolute quantity of immunoreactive protein
within the integrated area, by reference to a conversion
factor obtained from the digitized image of an immu-
nostained reference cell processed by components (a)
through (¢) of this system, the immunostained refer-
ence cells carrying a known amount of the immunore-
active protein.

7. Cell Imaging & Immunohistology Staining

FIG. 5 is a cross sectional view of a normal hospital
control after p53 immunostaining. FIG. 7 is an image from
a strongly positive (but typical) adenocarcinoma. This par-
ticular field shows the longitudinal orientation (profile) of
the crypts. FIG. 8 shows another field of an H&E-stained
section from the same adenocarcinoma. Note the similarity
to the immunostained image, and the ability of such in situ
images to distinguish the cancerous enterocytes from the
surrounding lymphocytes and stroma, as well as any normal
enterocytes (if there are any). CID enables one to clearly
identity, in both the immunostained and the H&E stained
cells, the tumor cell nuclei (blue), the cytoplasm (pink) and
the mucin (clear). The H&E template of the different histo-
logic areas within each section outlined upon a transparent
glass coverslip allowed for segmenting the cell imaging
scoring by tissue class.

8. Cell Imaging: p53 Expression per Cell

Slides were first evaluated and scored visually by the prior
art immunohistochemical methods (“visual estimation”).
The same slides were then blinded with respect to the visual
scores, and evaluated using the CAS-200 Image Analyzer’s
CELL MEASUREMENT PROGRAM, (TM) Version 3.0
(CMP), at the same 400x magnification. The “Object with
Mask OD” option within CMP was used. Nuclear staining
was measured; each staining batch contained not only the
tissue positive control and the two calibration cells, but a
mixture of the different tissue classes. Thus any measure-
ment error would be random with respect to diagnostic
category, rather than creating any systematic bias.

Due to the lack of any existing diseased-based standard as
to what constitutes a “sufficiently” dark and extensively
immunostained cell nucleus to be considered p53*, it was
necessary to employ a statistical, rather than a clinical
definition. The non-dysplastic colorectal hospital control
specimens, shown in the IHC literature to be nearly always
negative for transformed p53, were scored as a group (18
staining batches) for their Mask Average OD/cell and the
frequency distribution was then log-normalized. The top
2.5% of nuclear staining intensity, i.¢., a score two standard
deviations above the mean (>u+20) was taken as the crite-
rion for p53™ overexpression. (FIGS. 6a and 6b). The
appropriateness of this criterion—as well as the validity of
using the cultured cells as calibration standards for the tissue
sections—is indicated by this CID scoring threshold (0.90/
cell) and the Mask Average OD/cell of the p53~ LS174T
colorectal cancer cells (0.53/cell) (Table 10). Given the
overall range of the CID scoring of staining intensity, this
shows very similar negative staining levels in the non-
dysplastic patient tissue and the p53~ calibration cells.

However, this threshold had to be adjusted for differences
in average staining intensity among the 18 different staining
batches. This adjustment for any given batch was the per-
centage difference of that batch’s calibration cells from the
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grand mean of the 18 (Table 5). Any patient cells from that
batch that had brown nuclei darker than this adjusted thresh-
old were considered to contain transformed p53 and were
scored for Mask Summed Optical Density/cell. The average
20D/cell for the 15 microscope fields sampled became the
score for the tissue class of the specimen under scrutiny. This
was also the criterion that triggered the tumor area scoring
with the MICROMETER program.

This categorical adjustment in the p53* criterion allows
the immunopathologist to more accurately measure true
biological variability by reducing the batch-effect’s contri-
bution to the experimental error. The “adjusted” scores for
the p53* A431 cells are shown in Table 5 as surrogates for
typical p53* tissue cells, in order to illustrate the consider-
able advantage of the method of the present invention. Use
of the agarose-embedded calibration cells reduces the “batch
effect”, even without resorting to absolute protein quantita-
tion (see Table 11). As is dramatically shown in Table 5,
once the “adjustment coeffficient” is used, it is possible to
greatly reduce the “coefficient of variation” for both Sum
OD and Average OD/cell.

TABLE 5
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9. Cell Imaging: p53 Expression per Tumor

In order to find the extent of p53* throughout the tissue
samples, the MICROMETER software program (version
1.0) was employed. By first using the 620 nm wavelength,
and the H&E slides, it was possible to define the “Total
Tumor Mucosal Area” in the Tissue Class. Then, changing
to the 500 nm filter and using the companion immunostained
slides, the “p53* Tumor Mucosal Area” in the component
tissue classes was measured for each slide. Together, the two
scores allow one to calculate the percentage of total tumor
area that was inactivated by the p53 tumor suppressor. This
same approach was used to measure the p53* share of
nuclear tumor area. The total and p53* tumor mucosal areas
were adjusted by multiplying them by their respective
constants: tumor nuclear area/tumor mucosal tissue area.
These figures became the basis for eventually quantifying
the total p53 Body Burden in the patients. These measures
eliminate the high degree of dilution of the crypt cells from
stromal and connective tissue as well as regional
lymphocytes, which is a problem when flow cytometry is
applied immunologically to measure p53 expression in

Adjustment for Batch Effect With Cell Imaging Method of Invention

SUM O.D./CELL AVERAGE O.D./CELL
ADJUSTED ADJUSTED
Batch 1.5174 A-431 BATCH A-431 1.8174T A-431 BATCH A-431
# CELLS CELLS ™) CELLS CELLS CELLS (w CELLS
1 20.0 318.7 169.4 263.8 0.76 4.96 2.86 4.01
2 275 3979 212.7 210.1 0.73 597 335 3.61
3 34.2 413.1 223.6 187.0 093 5.77 335 3.49
4 16.3 288.1 152.2 272.7 0.39 4.70 254 4.42
5 25.2 341.7 183.4 249.7 0.61 5.74 318 3.87
6 2.6 126.8 04.7 196.8 0.10 3.16 1.63 417
7 5.1 127.8 06.4 196.9 0.20 2.88 1.54 3.91
8 3.8 137.7 70.8 207.9 0.12 3.07 1.60 4.09
9 4.9 84.8 448 143.3 0.13 2.24 1.18 3.38
10 4.3 71.7 41.0 133.4 0.13 1.58 0.86 2.59
11
12
13 3.8 310.2 157.0 283.4 0.08 4.60 2.34 4.72
14 61.5 316.0 188.8 219.1 0.86 4.58 2.72 3.97
15 10.2 229.4 119.8 268.6 0.28 3.43 1.86 4.20
16 41.6 306.3 174.0 243.8 137 3.98 2.68 352
17 7.0 417.5 212.2 221.9 0.14 6.34 324 412
18 9.0 452.2 230.6 182.8 0.26 6.39 332 3.94
overall 17.3 271.6 1445 217.6 0.49 4.34 2.40 3.87
average
()
coefficient
of variation 46.2% 20.4% 34.50% 12.70%
(o/10)

Overall(p) — Batch(y)

Batch Effect adjustment factor: Overalljs)

The CMP statistical package also provided the total
number of fields and cells counted as well as the standard
error. The 20D/cell became the basis for the later conver-
sion of p53 optical density to p53™* quantitation. ZOD/cell
is a multiple of nuclear area, which is observed to get
progressively larger as the tissue changed from normal to
adenoma to adenocarcinoma. Assuming that the extent of
the area of abnormal p53 expression is not simply a spurious
effect of the larger nuclear size upon 2ODj/cell seems
legitimate, since the p53~ tumor cell nuclei experienced the
same enlargement.
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tissue lysate/cytosol. All that is needed is to use Cell
Imaging Densitometry to microscopically measure the “den-
sity” of nuclei area/tumor area. [See details in “Cell Imaging
Densitometry Measurements” section and Table 7, below].
Combining cell counting with the measurement of the
nuclear area within Calibration Cells is also a feasible way
to quantify cancer protein/cell. This was also done.

In summary, the circumstances are propitious and the
method promising. We know the importance of p53™* in
suppressing tumors, the debilitating effect that its inactiva-
tion has on cancer progression and the great frequency with
which this occurs in nearly all types of solid tumors,
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including colorectal adenoma and adenocarcinoma. We can
identify the specific cells at risk and can histologically
diagnose the extent and progression of disease. Antibodies
exist with which we can reliably identify and quantify the
accumulation of inactivated p53 protein both in human
tissue and in in vitro controls. We have evidence at the
cellular level that p53™ has a nearly identical “dynamic
range” of expression in both and that this quantity is
proportional to the severity of its biological effect. The
proven ability of colonoscopy to find and remove tumors
and the consistency of the CID measurements throughout
the depth of individual tumors (FIG. 12) suggests that the
combined contribution of the colonoscope and the micro-
scope to tissue and protein sampling error was negligible.
10. Results

The methods of this invention were applied to an exami-
nation of the relative frequencies of aberrant p53 and
quantities of mutant p53 among gastroenterology patients
either with (cases) or without (controls) colorectal neo-
plasms. Both the cases and the controls then became clinical
cohorts, which were followed to see the effects of the p53
risk factor (“exposure”) upon the probability and duration of
survival. Previous studies indicate very high rates of expo-
sure for this disease (50-70%) among colorectal adenocar-
cinoma patients and somewhat lower rates among adenoma
patients (10-20%). Therefore, it was necessary to have 2-3
times more adenoma patients than cancer patients in the
current study, both to find statistically significant differences
in the two case groups’ p53* frequency and to have sufficient
numbers of adenomas and cancers to quantify their amounts
of mutant p53.

FIG. 9 is a “Sunflower” plot, showing the overall distri-
bution of the subjective ranks for all the slides (all tissue
classes, all patients). The Sunflower presentation allows the
number of identical (or nearly overlapping) scores to be
shown in “scatterplot” format (roughly one “petal”/
observation). The wide range created by the 1000x factor,
while it improves graphic resolution of differences, under-
states the actual degree of overlap for the given staining
scores. Visual estimation scores were assigned as follows:

+++=>50% of cells intensely stained
++=10-50% of cells intensely stained
—/+=1-10% of cells intensely stained
—/+=1-10% of cells moderately stained, or 10-50% lightly stained

-=0-10% of cells lightly stained, or no staining

All the high “Positivity” scores were contained within the
most extreme category (+++) of Visual Estimation scores.
There is good separation between the (++) and the (+++)
scores. Furthermore, the (+) and (++) are moderately dis-
tinct. However, the single (+++) category loses a great deal
of information, since it covers nearly an 8x range. There is
tremendous overlap between the (=), (-/+), and the (+)
Positivity categories in terms of the relatively wide overall
distribution (although the lowest shared position has an
“internal” range of 200-300). There is a single outlier within
the (+) category, due, perhaps, to operator error or to the
inherent subjectivity of the visual estimation.

EXAMPLES
1. Patient Selection and Diagnosis
The patients came from the Gastroenterology Depart-
ments of two New York City Medical Centers: Columbia-
Presbyterian Medical Center (CPMC) and St. Luke’s-
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Roosevelt Hospital Center (SLRHC). People with one or
more colorectal adenomas and adenocarcinomas were
drawn from patients who underwent colonoscopy at CPMC
between October, 1990 and March, 1993. The normal hos-
pital control subjects came from those undergoing colonos-
copy at St. Luke’s between July, 1997 and November, 1997.
There were 115 patients from whom tissue was collected.

Patients with a prior cancer, known familial adematosis
polyposis, inflammatory bowel disease, colitis, known
parasites, celiac disease, Crohn’s ileitis, and pouchitis were
excluded. Some patients may have had a family history of
colorectal cancer or sporadic adenomas. All of the cancer
cases were incident and none of the subjects had prior
adenocarcinomas, although some of the adenoma cases may
have had previous adenomas and thus, were at greater risk
of a subsequent neoplasm and possibly more likely to
express inactivated p53.[112] 90% of those with an adeno-
carcinoma had a synchronous adenoma, although not always
in the same tissue site. Some hyperplastic polyps were
included in all three patient categories, in order to see if there
was any “patient-effect”, causing otherwise p53-
hyperplastic polyps to become p53™, if the patient had
aberrant p53 in another tissue sample. The hospital controls
had neither a current nor past colorectal cancer or adenomas,
but may have had a family history of either. In addition to
tissue nearly all the CPMC cases (but none of the SLRHC
patients) and a separate group of CPMC colonoscopy con-
trols donated 3 cc of blood, collected in heparinized tubes,
which was spun and the resulting plasma supernatant frozen
at =70° C. A subset of these samples was previously ana-
lyzed for the presence of mutant p53, using the same ELISA
kits as used for the calibration cell controls, thus providing
a small comparison group of cancer patients for comparing
the quantity of mutant p53 in their tissue and blood.

2. The Tissue Population

Table 6 illustrates the multiple levels of observation for
contrasting p53* rates by diagnostic categories, individual
patients, or measurement by tumor or histologic compo-
nents. Note the following with regard to the patients and
their tissue samples: First, the inclusion of normal tissue
controls provides a good basis for comparison with adenoma
and adenocarcinoma patients; preferable to relying upon the
adjacent normal tissue in the cases tumors. Second, while
the total number of patients is comparable to previously
cited studies, the number of cancer patients is quite small,
which makes multivariate analysis among these patients all
but impossible. Third, a modest number of people, particu-
larly those with at least one adenocarcinoma, generates a
large number of tumor and tissue samples. Fourth, tumors
are heterogeneous in their composition by tissue classes.
Thus the profile of tissue samples is adequately large and
varied. The frequency distribution and the variety of histo-
logic types together allows for examining the role of p53
loss in high- and low-risk adenomas. The coexistence of
synchronous and independent adenomas among the adeno-
carcinoma tumors previews p53’s place in the transition
from pre-cancer to cancer.



US 6,746,848 B2

35

TABLE 6

Patients, Tumors & Tissue
Colorectal Cancer Study Population

Aderno-

carcinoma Adenoma  Hospital
Specimens Cases Cases Controls Totals
Patient Tumors N=24 N =159 N=32 N=115
Adenocarcinomas 27 0 0 27
Adenomatous polyps 31 81 0 112
Hyperplastic polyps 11 7 4 22
Total “tumors™ 69 88 4 161
Slide Tissue
Adenocarcinomatous 36 0 0 36
Adenomatous 34 82 0 116
Hyperplastic 1 8 3 22
Normal 49 84 35 168
Total Immunostained 130 174 38 342
Tissue
Total Immunohistology 182
Slides
Total Histology (H & E) 182
Slides

There are independent sources of sampling error implicit
in the tissue block selection. For any given tumor, patholo-
gists typically use a standard tri-part sampling method of
surgical excision: the two margins and a single core block.
The margins serve to prove that the entire tumor was
removed and are often better quality, since they are less
likely to contain necrotic material than the core. They are
also more likely to show the focal origin of the cancer from
adjacent mucosa. Where there were multiple blocks for a
single tumor, all were scored in order to be able to get as
much as possible of the tumor to maximize the probability
of finding p53 and to best estimate any p53* volume;
necrosis was sometimes a problem.

This may also be a source of the observed variability in
the percentage of p53* tumors seen in the literature. Since
the aberrant p53 area is less than the total tumor (especially
for adenomas), it is a more likely source of false negatives
than is the undersampling of the H&E tumor area, especially
given the accuracy of the colonoscope. Multiple blocks per
patient were employed where possible, not to only maximize
the likelihood of getting the whole tumor, but also to cover
the possibility of cellular heterogeneity and tumor multi-
centricity. Where an individual patient had synchronous
lesions (adenomas, hyperplasia, etc.), it was possible to
isolate differences in lesion types by using the patient’s own
cells as a control. I wanted to make sure that the tissue
analyzed was representative of that which was originally
diagnosed, rather than possibly being the remnants of the
original paraffin block following repeated prior sectioning
by others. Therefore, the tissue section I removed for immu-
nostaining from each paraffin block lay physically between
the position of the Pathology Departments’ original H&E
section and that of the section removed for this study’s H&E
staining.

Among the cases, the immuno-section sandwiched
between the two H&E sections always had at least two
histologic classes of tissue: normal and dysplastic (or
hyperplastic). None of the normal tissue areas in any of the
tissue blocks from the patient cases were positive for p53,
but all were examined with the Cell Image Analyzer. Actual
CID scoring was only done upon normal tissue areas from
the Hospital Control patients.
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H&E slides were used to create a histology template to
isolate the different areas within the immuno-slide. A series
of 14 different tissue classes, were defined, which were
scored separately on each slide. The histologic classes so
defined were as follows:

Class 1: Hospital control; normal

Class 2: Hospital control; hyperplastic

Class 3: (not applicable)

Class 4: Adenoma; normal

Class 5: Adenoma; hyperplastic

Class 6: Adenoma, adenomatous

Class 7: Adenocarcinoma; normal

Class 8: Adenocarcinoma; hyperplastic

Class 9: Adenocarcinoma; adenomatous

Class 10: Adenocarcinoma; adenocarcinomatous
Class 11: Calibration cells; LS174T (p537)

Class 12: Calibration cells; A431 (p53%)

Class 13 Calibration tissue; resected colon (p537)
Class 14 Calibration tissue; resected breast (p53")

The purpose of this elaborate classification scheme is to
demonstrate the patterns in intensity and extent of p53
inactivation in relation to the histology and clinico-
pathological features of the different stages of tissue dys-
plasia and to prove that p53 inactivation as measured by the
invention was, indeed, specific to dysplastic colorectal tis-
sue. Such detail will not be required in routine application of
the method of this invention.

For such illustrative purposes, the examples herein
employ a mixture of all these categories in each staining
batch, including a proportional number of adenomas, and
hospital control slides. Due to scoring by the tissue class, the
scoring could not be done blind to the diagnostic status of
the tissue and of the patient. The balancing of different tissue
classes within each batch assures that any error will be
random, rather than being coincident with tissue class and
reflecting measurement bias. It is advisable to re-score a
previous slide to within acceptable limits (Ave. OD<10%
Batch 1, factoring in batch effect adjustment) to set up the
CID The p53* tissue control (ductal breast adenocarcinoma)
from immunostaining batch #1 was used for this purpose.
3. Fixing and Paraffin Embedding of Cultured Cells

Cultured human tumor cells [cell lines LS174T (ATCC
access No. CL-188); A431 (ATCC access No. CRL-1555);
and SW480 (ATCC access No. CCL-228)] were trypsinized
and pelleted upon reaching 50% confluence. After spinning
five minutes at 700 rpm, the supernatant was decanted and
the cells resuspended and pelleted twice with 5 mL
phosphate-buffered saline containing 2% crystalline bovine
serum albumin, at 4° C. Cells were counted with a hema-
toeytometer (10 uL sample of cell suspension) to ensure that
at least 10° cells were present. The cells were pelleted again,
and resuspended in 1 ml of fixative at room temperature,
either Bouin’s (5 min.) or 10% buffered formalin (10 min.).
The suspensions were pelleted for five minutes at 700 rpm,
and the fixative was decanted. The cells were resuspended
and pelleted four times with 2 mL phosphate-buffered saline
containing 2% crystalline bovine serum albumin, at 4° C.
The last pelleting was carried out in a 1.5 mL microcentri-
fuge tube.

A 1.5% suspension of low temperature agarose (ICN
Biochemicals, Inc., Cleveland Ohio, catalog No. 800257) in
phosphate-buffered saline, was brought to a momentary boil
in a microwave oven, vortexed, and allowed to cool to 40°
C. in a water bath. The warm agarose solution (200 uL) was
added to the cell pellet in the 1.5 mL microcentrifuge tube;
the cells were quickly resuspended, using a wide-bore
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pipette and the suspension was immediately solidified by
cooling to 4° C. The agarose cell matrix was stored at room
temperature prior to embedding it in paraffin.

The tube was cut open and the agarose cell matrix was
removed with forceps. The matrix was placed in an empty
teabag. A porous paper “biopsy bag” may also be used to
achieve the proper fluid exchange and drainage, e.g., Fisher
Scientific “Histoprep” bag (cat. #15-182-506H). The teabag
was immersed with gentle agitation in the following series
of dehydrating solvents:

70% ethanol, 10 min,

95% ethanol, 10 min (twice),

100% ethanol, 20 min(twice), and

xylene, 10 min (twice).

The agarose cell matrix was removed form the teabag and
immersed in molten paraffin in a tissue block cassette holder
for a few minutes. Cooling on the refrigerated surface of the
paraffin embedding device solidified the paraffin.

4. Staining of Cell Samples

Sections of the paraffin block were cut at a thickness of 5
microns, floated atop the water in a 41° C. water bath, and
laid upon microscope slides pre-treated with
3-aminopropyltriethoxysilane “subbing” solution. After dry-
ing overnight at 37° C. the backs of the slides were scribed
with a diamond pencil to mark the location of the tissue (or
agarose matrix) sample within the paraffin section.

Paraffin was removed by heating the slides to 37° C. for
30 min, followed by immersing them in xylene for three
minutes (repeat 3x), 100% ethanol for five minutes (repeat
2x), and 95% (repeat 2x). If the sample was fixed with
Bouin’s, its picric acid content was neutralized by washing
with 70% ethanol saturated with Li,CO; for five minutes,
then clearing in 70% ethanol (2x5 min). Any endogenous
tissue/cell peroxidase present was quenched by soaking the
sections in 0.3% hydrogen peroxide in 100% methanol for
30 minutes.

After extensive rinsing with phosphate-buffered saline
(ten dips, 2x, then 2 dips and equilibrate 10 min), the slides
were immersed i 300 ml of a 10 mM citrate buffer, and
placed in a 1400W microwave oven. The slides and buffer
were irradiated at 70% power for 20 minutes, and then
allowed to cool to room temperature over 45 minutes. The
slides were extensively rinsed with phosphate-buffered
saline as above, and the sample section outlined with a
hydrophobic slide marker (e.g., KIYOTA International, Inc.,
“Pap Pen”), following the previously inscribed line. Where
immunostaining was contemplated, the slides were covered
with a blocking solution of 10% (v/v) normal horse serum
and 0.1% bovine serum albumin in phosphate-buffered
saline, and incubated in a humidity chamber for one hour at
room temperature.

The slides were then stained with immunohistochemical
stains according to the manufacturer’s instructions, followed
by methyl green as a nuclear counterstain. Anti-p53 anti-
bodies were from Oncogene Science Diagnostics
(Cambridge, Mass.); biotinylated anti-mouse IgG, biotiny-
lated peroxidase, and diaminobenzidine substrate kits were
from Vector Laboratories (Burlingame, Calif.). FIG. 10
summarizes the different lab assays applied for the overall
method and how they are linked.

5. Cell Imaging Densitometry Measurements

Before applying the quantification estimates to the

patients and their tissue, it was necessary to measure the
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same slides in the traditional way in order to see whether
there was any practical difference between the two methods
in either the assignment of diagnostic status or the prediction
of patient survival. Each batch had a planned mixture of
tissue from the various tissue classes. Staining was nuclear
and confined to the intestinal crypt cells.

The slides were subjectively evaluated for the relative
darkness and the extent of the DAB staining of their p53, to
obtain a visual estimation of ordinal ranking. The same
slides were then scored according to their Optical Density
(OD), using the cell measurement program of a CAS-200
Cell Image Analyzer (CID) (Becton Dickinson, Inc., Cellu-
lar Imaging Systems). Using the distributions of the
OD/pixel, the computer calculated the average OD/cell
nucleus for individual slides without assigning any numeric
p53 calibration standards to the estimates. This was done for
the entire population of normal hospital control slides (all
staining batches). The average OD/cell value that was 20
above the mean was determined, and anything darker than
this intensity became the p53* cutoff for all slides (including
the controls themselves).

The same Cell Measurement Program software was used
to calculate the average total p53 expression per cell. This
average 2OD/Cell is the Optical Density/pixel integrated
over each cell nucleus, as defined by the CID counterstain
masking filters. Total p53* nuclear area (mm®) was calcu-
lated with the densitometer’s MICROMETER program. For
each tissue class within each slide a “Positivity” measure
was calculated. “Positivity” was defined as the average
OD/cellxTotal p53* Nuclear Area (mm?). “Positivity” was
intended to serve as the objective, CID equivalent of “visual
estimation” of staining intensity and area. “Positivity” and
“visual estimation” scores for individual slides were
grouped by diagnostic status (tissue class) and their concor-
dance evaluated. This comparison suggested the degree of
agreement between subjective vs. objective ordinal rank,
ie., relative quantitation. Then both Average OD/cell and
20Djcell scores were used to test the quality of the CID
scoring (reproducibility, variability, lab artifacts, etc.); such
validity was a pre-requisite for the reliability of the subse-
quent absolute p53 quantitation.

For mucosal tissue, being variegated in its composition, it
was advantageous to employ a “gravimetric” method of area
measurement. A Lovin’s, Inc. field finder [a microscopic
grid photolithographed onto a glass slide] was placed over
the tissue microscope slide, at 40x magnification. This
superimposes a 1 mm? grid upon an image of the p53*
stained tumor region(s) on the cell imaging monitor. Making
the monitor co-ordinates those of graph paper comprised of
3 inch (ca. 6 mm) squares, the outline of the tumor and its
p53-stained sub area was drawn on the paper and then cut
out and weighed to the nearest 0.1 mg on an electronic
balance. By determining the mass of the paper per unit
square, the mass of the cutout was converted to area, which
corresponded directly to the tumor and p53* sample areas
measured by the cell imaging densitometer. Applying the
graph paper’s “Area/Weight” ratio to the outline of the
stained tissue samples, the total p53™ and tumor areas could
be calculated quickly, simply and very accurately (Table 7).
This is analogous to the way one can integrate the area in
paper print outs of chromatograms.
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The slides were scored batch-by-batch, using the calibra-
tion cells to correct for batch effect differences using the
“batch Z0D/cell”: the combined average 2OD/cell for p53*
and p53~ cultured cells stained along with each batch. Here,
the calibration cells later used to quantify p53™*, served as
simply positive and negative lab controls. These scores, Cell
Imaging p53*, were used to test follow-up chemotherapy
response, recurrence, and patient survival status; they were
also used to determine the p53* percentages within different
clinical and histopathology diagnostic categories. The use of
the batch calibration standards makes it possible to ascribe
particular amounts of mutant p53 to the individual slides’
tissue classes. These amounts could be estimated in concen-
trations of p53™“/total mg crypt cell protein, which is the
biologically pertinent target.

TABLE 7
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present in the patient’s plasma, which is expected to be
useful for the minimally-invasive monitoring of cancer
patients’ post-surgical/adjuvant therapy progress and dos-
age.

gFinally, by measuring the three dimensions of a sample of
each positive tissue sample (mm®), (mm* measurements
combined with the assumption of an overall spherical shape
for the p53* lesion), molar units of cancer protein measure-
ment can be estimated, that is, the molecules of mutant
p53/cell. By removing the mass element from the concen-
tration of cellular reactants, one can estimate the relative
biochemical concentrations per cell of the tumor proteins
and their respective ligands. For colorectal cancer this could
be p53 and WAF/CIP p21 or, alternatively, the ratios of the
different tumor proteins themselves, e.g., molecules mutant
K-ras p21/molecules mutant p53 per cell. Some of these p53

“Gravimetric” Calculation. Cell Imaging of Method of Invention

(Ulustration: Tissue Block: SP92-1221/A2)

H&E
1) mucosal tumor tissue, mass of graph paper outline = 0.2564 g
2) graph paper weight/rnrn2 =0.00224 g
_OBBTE 15357 o
00022 gymmz M
3) 2
CAS-200 average _ 02938 mm
“Tumor Nuclear Density” constant mm? cancer tissue
0.2938 mm’ cancer nuclei > i » i
> - »x115.357 mm™ cancer tissue = 33.89 mm" cancer nuclei
mm¢* cancer tissue
pS3*
1) Mucosal tumor tissue, mass of graph paper outline = 0.2564 g
2)  Graph paper weight/mm? = 0.00224 g/mm?
025638 11446 mat
00024 gjmme o mm
3)

CAS-200 average “p53" Nuclear Density” constant =

0.23806 mm? cancer nuclei

mm? p53~ cancer tissue

0.23806 mm?
mm? cancer tissue

% 114.464 mm? p53* cancer tissue = 27.25 mm’ p53* cancer nuclei

This is far more specific (with respect to histologic class)
and far less diluted by connective tissue, stromal material,
and blood lymphocytes than such prior art examples as flow
cytometry measurement of the cytosol from the whole
surgically removed tissue sample. By estimating the tumor’s
nuclear volume, the present method makes it possible find
the total mass of mutant p53 per nucleus or cell, ic., the
intracellular site in which this particular protein generally
accumulates. Such mass measurements of tissue class com-
ponents can then be summed for the entire tumor; where the
patient had more than one tumor (or more than one sample,
in the case of biopsies followed by resected specimens), and
it is possible to estimate the patient’s total mutant p53. This
P53 measurement is termed p53™“ “body burden”. This
quantity may be used to look for dose-response relations for
various tumor descriptor variables such as tumor size,
histology, stage, grade, etc. It can also be used to predict the
corresponding steady-state concentration of mutant pS53
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variables were correlated with patient diagnostic status,
many were applied to the results of the follow-up cohort in
searching for their possible correlation with survival end-
points.

6. Analysis
The Spearman “rank (order) correlation” test was used to

estimate the degree of concordance between the two ordinal-
level measures: the subjective “visual estimate” and a
continuous, objective “positivity” variable created solely
from cell imaging measures of optical intensity and area.
Simple descriptive variables, such as the proportions of
different cases/controls or tissue classes that are p53*, were
tested for categorical y* significance. For those analyses
requiring that more stringent assumptions be met, the data
were graphically plotted to demonstrate whether this was, in
fact, true. Examples include the normal frequency distribu-
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tion of the dependent variable (t- or z-tests and Least
Squares regression). Where the more stringent assumptions
could not be met, a more robust, but less powerful, test was
used, e.g., Fisher-Irwin exact test, instead of %> for fourfold
tables with sample sizes <5 in any individual cells. Non-
significant results are shown (with p-values), if the pattern is
suggestive, or if the lack of significance is itself important.

TABLE §

Prior Arts “Visual Estimation”/pg p53 Correlations
Spearman’s Rank-Order Correlation (rho)

Visual
Estimates

pg Mutant
p53/Lesion

Visual 1.000 77
Estimates
pg Mutant
p53/Lesion
Visual
Estimates
pg Mutant
p53/Lesion
N Visual
Estimates
pg Mutant
p53/Lesion

Correlation
Coefficient
TTTE* 1.000
Significance .000
(2-tailed)
.000

342

337

*#*, Correlation is significant at the .01 level (2-tailed).

TABLE 9

Prior Arts “Visual Estimation”/pg p53 Correlations
(Visual “positives” only)
Spearman’s Rank-Order Correlation (rho)

Visual
Estimates

pg Mutant
p53/Lesion

Visual 1.000 .900%*
Estimates
pg Mutant
p53/Lesion
Visual
Estimates
pg Mutant
p53/Lesion
N Visual
Estimates
pg Mutant

p53/Lesion

Correlation
Coefficient
900%* 1.000
Sig.

(2-tailed)

.000
.000
72 69

69 69

**, Correlation is significant at the .01 level (2-tailed).

The Spearman “rank (order) correlation” (p) results
shown in Tables 8 and 9 illustrate the extent and source of
the concordance between subjective “visual estimation” and
the more objective ordinal rankings possible with cell imag-
ing alone. In these two comparisons, although there was no
absolute p53™* quantitation with calibration cells, the
purely CID scoring approach did use the same biologically-
based, batch-adjusted criterion for p53* (FIGS. 6a and 6b)
as was used for quantitation. Thus, this “halfway step”
reduces subjectivity and can dramatically improve Kaplan-
Meier survival prediction (FIGS. 14-15 and Tables 19-20).
However, it lacks the power to accurately correct for batch
effects (Table 11), measure molecules/cell (Tables 12-13),
determine protein body burden (Tables 14-15), estimate
corresponding protein plasma concentrations, or utilize
dose-based prediction of survival duration (Table 21 and
FIG. 17). There is a strong and statistically significant
correlation between the two methods. The improvement of
the p (rho) from 0.77 to 0.90 shows that much of the
disagreement centers around where to set the p53™ cutoff and
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how this can contribute to misclassification error for the
(+/-) tissue. Some of this is due to background staining and
some from the vagaries of the batch effect, which visual
estimation cannot resolve, even with the inclusion of quali-
tative lab controls.

7. Mutant p53 Quantitation

The calibration cells are intended to simply and accurately
provide reproducible immunostaining standard curves. Due
to the common phenotype traits shared by the various
mutations, they can also give some indication of the degree
of loss of the p53 tumor suppressor function. Previous
attempts to use cultured cells and cell imaging for protein
quantitation have used retroviral expression vectors in the
HER-2/neu oncogene in order to engineer specific levels of
that cancer protein in the control cells.[6] This could allow
for a greater number of standards with which to construct the
standard curves, but engineered cells may not be represen-
tative of p53-dependent tumor cells. Others have attempted
to use nuclear DNA staining for calibration (U.S. Pat. No.
5,252,487, which is incorporated herein by relevance).

The matrix-embedded calibration cells of the present
invention share many similarities with the colorectal cells
having inactivated p53. They are live cells, with (dys)
functioning p53, interacting with other human cell constitu-
ents. This provides the opportunity for post-translational
processing, phosphorylation, more than one type of
mutation, interference from other cellular proteins (such as
the HSP70), etc. Their cellular behavior is likely to also be
similar, e.g. nuclear localization of the aberrant p53, steady-
state levels of the protein. Since immunohistology can be
used to measure any pS3 inactivation, rather than mutation
per se, this approach can be used in a wide variety of solid
tumors, including those whose p53 tumor suppressor dys-
function is caused by other sources of damage, e.g., Human
Papilloma Virus (HPV16/18) in the cervix. These controls
also share a similarity in the context in which the antibodies
recognize the p53 antigen because the in vitro control cells
also experience the same potential barriers to antibody
recognition and quantitation created from sample processing
and preservation, such as, fixation, heat, de-hydration, par-
affin embedding, and microtome cutting. Finally, for both
the controls and the samples pS3 over-expression is an index
of p53 gene inactivation.

Table 4, above, suggested not only that the detection of
aberrant p53 was both sensitive and specific, but that the in
vitro cells are valid proxy for the in vivo inactivation of the
P53 tumor suppressor protein. First, because the signal/noise
ratios for the cultured cells were nearly identical to that of
the tissue cells, they are a valid substitute. Secondly, the
ratio of the p53* and p53~ total immunostaining (XOD/Cell)
in both the calibration cells and the dysplastic enterocytes is
almost exactly equal to the ratio of the half-lives of the
inactive and active forms of the protein (~22); given the
biological consequences of p53 transformation described
above, this suggests that the relative amount of p53/cell
measures—and is proportional to—its biological effect. If
this is true for the tumor as a whole, the patient’s total
amount of abnormal/mutant p53 may, indeed, predict the
duration of post-surgical survival (Table 21 and FIG. 17).
8. Determination of ng Mutant p53/mg Protein

Two batches each (batches A and B) of the cultured
calibration cells were lysed and the lysates were assayed
according to the published protocols provided with the
commercial p53 ELISA kits. Conversion to mass concen-
trations of mutant p53 was done by applying the average
volumetric concentration of the duplicate wells for the 3x
and 10x dilutions of the three cell lysates. These ng p53/mL
concentrations for Batch A and B were converted to ng
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p53/mg protein by dividing by the mg/mL lysate protein
concentrations in the different tissue cultures for their
respective batches. The two values for each batch were
themselves averaged to arrive at the most stable estimate of
the expression of p53™* per mass of total protein. For the
LS174T and SW480 cell lines this was the mass of the
protein present in the enterocytes of the intestinal crypts
themselves. These mass concentrations could then be com-
pared with the 20D/Cell cell imaging densitometry mea-
surements for the three calibrations. Table 10 summarizes
and combines the ELISA and immunostaining data for the
three cell lines, using the average ELISA values for batches
A and B. The mass concentrations in bold were those used
to derive the Calibration Curve.

TABLE 10

p53 Levels in Immunohistology Calibration Standards of Invention

Immunostaining
Cell 20D Avg. OD Mutant ELISA
Line cell cell ng p53/ml* ng p53/mg
1S 174T 17 0.53 1.40 0.13
A-431 285 554 68.4 6.92
SW 480 413 6.63 126 7.94

*adjusted upward to account for the 10x dilution in lysing buffer.
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A glance at the two columns of bold figures in Table 10
makes it obvious that there is no direct proportionality
between the two variables. The distribution of staining
intensity for individual slides and for tissue classes as a
whole (Average OD/cell) was quite normally distributed, but
their nuclear size and ZOD/cell were positively skewed to
the right (tail to the right, mean>median; see FIG. 6a). This
reflects the effect of a few very large cells combined with the
inability to distinguish and segregate overlapping nuclei
among contiguous cells and illustrates the appropriateness of
normalizing the ZOD/Cell distributions within a tissue sec-
tion by employing the natural log (log,) normalized raw
scores (sec FIG. 6b). This proved very effective in producing
a linear regression between the three paired data points in the
table, capable of being applied to the paraffin tissue sections
themselves in order to translate the darkness and extent of
immunostaining per cell into the absolute mass of mutant
p53 per cell, mass or volume. The “least squares” best
estimate of the linear relation for In(20D) regressed upon ng
mutant p53/mg protein is linear, and 100% of the linear
shape of the regression line is accounted for by the
co-variation between the quantity of mutant p53 in the
calibration cells and their associated immunostaining (FIG.
11: R*<1.00, p-value=0.009)

TABLE 11

Correction of “Batch Effect” with Quantitation Method of ITnvention

MUTANT p53 QUANTITATION
(Batch Adjusted)
IMMUNOHISTOLOGY CALIBRATION CELLS
BATCH ng p53™Ymg protein  In (Sum O.D./Cell) IMMUNOSTAINING
) pS3 p53* pS3™  pS53* CALIBRATION CURVE
1 0.13 6.92 2.99 576 Y =2937 + (0.408)x
2 0.13 6.92 3.31 599 Y =3259 + (0.395)x
3 0.13 6.92 353 6.02 Y =3482+(0367)x
4 0.13 6.92 2.9 5.66 Y =2.735+ (0.423)x
5 0.13 6.92 3.23 583 Y =318+ (0.383)x
6 0.13 6.92 0.95 484 Y =0876+ (0.573)x
7 0.13 6.92 1.63 485 Y =1568 + (0.474)x
8 0.13 6.92 1.33 492 Y =1261+ (0.529)x
9 0.13 6.92 1.59 444 Y = 1535+ (0.420)x
10 0.13 6.92 1.46 435 Y = 1405+ (0.426)x
1 NA NA NA NA NA
12 NA NA NA NA NA
13 0.13 6.92 1.33 573 Y =1246 + (0.648)x
14 0.13 6.92 4.12 575 Y =4.089 + (0.240)x
15 0.13 6.92 2.32 543 Y =226+ (0.458)x
16 0.13 6.92 3.73 572 Y =3.692 + (0.293)x
17 0.13 6.92 1.94 6.03 Y =1.862+ (0.602)x
18 0.13 6.92 2.20 6.11 Y =2.125+ (0.576)x

'Y' = In(Sum O.D./Cell)
%' = ng p53™%/mg protein

Steps:

1) Transform all the £O.D./cell scores en masse for each slide in a given batch to their Natural Log

(In).

2) Apply the Immunostaining Calibration Curve to each slide in that batch, solving for ‘x’.
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Table 11, above, displays two continuous, interval-level
measures of the intensity of cellular mutant p53 expression
per cell: Z0D/cell and ng mutant p53/mg crypt cell protein.
The natural log of the combined darkness and total nuclear
area of the brown stain is directly proportional to the
quantity of mutated p53 among those cells targeted by this
type of cancer. There is a specified range of expression for
which we have a linear rule of the form Y=c+px, where
Y=In(ZOD/cell), a=normal p53 background staining, and
[f=the rate of increase in Y per unit increase in the concen-
tration (ng/mg) of mutant p53 in the tissue. The existence of
this relationship means that despite the use of different
protocols and antibodies, data from different investigators
can, for the first time, be combined or compared. Even
within a single lab, these same calibration cells can be used
as quantitative controls on day-to-day differences in staining
intensity. Table 11 shows how, by including these THC
controls in each staining batch, one can adjust measured
protein levels for “batch effects” so that IHC measures of
absolute quantities of a given protein gathered over time for
many patients in a single clinical study can also be reliably
combined.

9. Determination of p53™“ Molecules/Cell

The immunohistology regression line for the particular

batch of slides was used to convert the cell imaging score
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into p53 concentration per mg protein, and to change this to
a volumetric concentration, using the SW480 cell lysate
concentration as a constant. The tissue sample’s average
crypt cell volume (um®/cell) was estimated and used to
calculate the number of p53™“* molecules/cell.

The estimation of the average cell volume was done with
the CAS-200 MICROMETER software program, using the
H&E slide for the p53* regions in question, as determined
from its immunostained “partner slide” and the H&E tissue
class template. The target cells for colorectal adenomas and
adenocarcinomas are the epithelial enterocytes of the large
intestine. The size of these enterocytes can vary substantially
by histologic status: normal, hyperplastic, adenomatous,
adenocarcinomatous. The “spherical” diameters were
defined as the average of the two cross-sectional cell diam-
eters. The formula used for the volume of the columnar
normal, hyperplastic, and adenomatous cells was that of a
cylinder, while for the well-differentiated cancerous p53*
cells the formula for volume of a prolate spheroid: (4/3) wa*
b, was employed, where “a”=long radius and “b”=short
radius. For moderately and poorly differentiated cancer cells
the formula for the sphere was used. The volumetric mea-
surement of prolate spheroid tumor cells in semi-solid
medium has been reported previously.[113]
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TABLE 12

Calculation of “Molar” Concentration of Cancer Protein per Cell
with Quantitation Method of Invention

# Molecules pS3™™/Crypt Cell

Procedure

A. Determine ng mutant p53/crypt cell.

1.

2.

3.
4.

Convert Z0.D./cell nucleus to ng mutant p53/mg cell lysate, using the
calibration curve for the staining batch.

Convert from a mass (ng/mg) to a volumetric (ng/ml) concentration for total
protein, using the measured concentration of the p53* colorectal cultured cell
lysates (SW480).

Convert to common measurement units (ng/ml to ng/um>).

Multiply by the sample’s estimated average crypt cell volume (um?>).

B. Calculate # molecules mutant p53/crypt cell.

1.
2.
3.

Convert mass units (ng/pm to g/um).
Convert p53 to its mole-gram equivalent.
Multiply by # p53 cells/mole.

Example: Cancer Cells (slide #41)

A. ng mutant p53/crypt cell.

Z OD/cell =207.8

4.74 ng p53

(quantitation of methodj mg cancer cell lysate

7170 ng p53

{ 4.74 ng p53 ] [
cancer cell lysate

77.7 ng p53
{cancer cell lysate][

16.4 cancer cell l_vsate]

ml cancer cell lysate | ml cancer cell lysate

1213%x1077 ng p33

1561 ]

121
cancer cell cancer cell

B. # molecules mutant p53/crypt cell

1378 molec's p53

1.213 ngx 1077p33
cancer cell

1
Ml <107 ][5-3 x10*][6.022 % 107 molecules] =

cancer cell

more simply, converting all conversion factors to a constant: (k) = 1.136 x 107,

Smut

1561 pm® 1378 molecules p5

[ 77.7 ng p53 ]
ml cancer cell lysate

cancer cell

[1.136x107%] =
cancer cell
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TABLE 13

48

Molar Measure of Protein/Cell from Quantitation of Method

MUTANT p53 MOLECULES PER CELL I

SLIDE TISSUE ng p53 ng p53 Cell Volume Conversion  #p53 Molecules

# CLASS mg crypt protein  mL crypt tissue  (um?/cell) ~ Constant (k) crypt cell
41 10 4.74 77.70 1561 1.136 x 1072 1378
107 10 5.49 90.04 6810 1.136 x 1072 6962
371 10 5.42 88.88 1079 1.136 x 1072 1089
377 5 0.8 13.12 404 1.136 x 1072 60
17 10 5.58 91.51 4612 1.136 x 1072 4794
23 10 4.77 78.23 1694 1.136 x 1072 1505
29 10 347 56.91 1527 1.136 x 1072 987
53 10 6.59 108.08 3302 1.136 x 1072 4054
67 10 0.42 6.89 2326 1.136 x 1072 182
59 10 6.38 104.63 3083 1.136 x 1072 3664
259 6 4.86 79.70 2854 1.136 x 1072 2584
269 9 6.18 101.35 595 1.136 x 1072 685
269 10 6.06 99.38 4835 1.136 x 1072 5458
251 6 4.59 75.28 1278 1.136 x 1072 1093
253 10 3.43 56.25 2144 1.136 x 1072 1370
196 10 7.98 130.87 2845 1.136 x 1072 4230
209 10 6.58 107.91 1047 1.136 x 1072 1283
226 10 5.57 91.35 1799 1.136 x 1072 1867
364 9 7.69 126.12 3405 1.136 x 1072 4878
364 10 7.13 116.93 4358 1.136 x 1072 5788
357 10 7.14 117.10 1326 1.136 x 1072 1763
308 10 4.38 71.83 1834 1.136 x 1072 1497
323 10 6.48 106.27 2254 1.136 x 1072 2721
317 10 2.74 44.94 1121 1.136 x 1072 572
161 10 3.65 59.86 341 1.136 x 1072 232
124 10 7.22 118.41 921 1.136 x 1072 1240
215 10 -1.92 -4.09 ok 1.136 x 1072 Hk Ak
413 6 5.78 94.79 276 1.136 x 1072 298
569 6 4.86 79.70 320 1.136 x 1072 290
515 6 2.46 40.34 342 1.136 x 1072 156
523 6 3.36 55.10 308 1.136 x 1072 192
461 6 4.79 78.56 548 1.136 x 1072 489
755 6 4.68 76.75 450 1.136 x 1072 392
959 6 5.69 93.32 577 1.136 x 1072 612
635 6 -0.93 -1.53 ok 1.136 x 1072 Hk Ak
761 6 -1.05 -1.56 ok 1.136 x 1072 Hk Ak
887 6 -0.89 -1.35 ok 1.136 x 1072 Hk Ak
983 6 2.73 44.77 716 1.136 x 1072 364
821 6 3.42 56.09 970 1.136 x 1072 618
857 6 3.81 62.48 480 1.136 x 1072 341
863 6 412 67.57 568 1.136 x 1072 436
824 6 2.84 46.57 272 1.136 x 1072 144
908 6 2.7 44.44 297 1.136 x 1072 150
1186 1 3.91 64.12 346 1.136 x 1072 252

Table 12 shows the required steps, illustrated for a par-
ticular patient with a Stage D colorectal adenocarcinoma
lesion. For those cell types for which their volume, once
becoming dysplastic, is already known, the laborious pro-
cedure of measuring the dimensions of individual cells (step
A4), would be unnecessary. Table 13 lists the components
and the final estimates of p53 molecules/cell for the study
patients estimated from the procedure in Table 12.

10. Determination of p53 Body Burden

This calculation requires two assumptions. The first is that
the shape of the locus of mutant p53 is spherical. Aberrant
P53 usually arises within a clonal, contiguous focus, then
expands in a somewhat concentric fashion in the expanding
core of the hypoxic tissue environment. From the total p53*
nuclear area, one can solve for the radius and then for the

3mut

spherical volume (mm?) of p5 expression.
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Given the concentration of crypt cell protein in mg/mL
and the concentration of p53™“/mg crypt protein, it was
possible to determine the total mass of p53. This required the
second assumption: that the total protein concentration of
the SW480 cell lysate is the same as that of the colorectal
crypt tissue protein. The high concentration of p53™“* in the
SW480 lysate is a very small fraction of the total protein,
and since this is a colorectal adenocarcinoma cell line
comprised solely of crypt tissue in which p53™*“ is
expressed, this assumption is reasonable. The SW480 total
protein concentration was determined, using a bicinchoninic
acid assay, to be 16.4 mg protein/mL cancer cell lysate. Once
the pg p53 per tumor was known, the total body burden per
patient was obtained by summing across Z1 tumor/patient.
The calculations shown in the example in Table 14, when
applied to the patient samples, provided the results summa-
rized in Table 15.
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TABLE 14

50

Total Protein/Patient Calculation using Method of Invention

p53™" Body Burden

Example: Slide # 41

4.74 ng p53™*

(quantitation of method) mg crypt protein h

_ T170ngp53
"~ ml SW480 fysate

10.976 p33* cell volume

ZOD/cellz 207.8

Il

[1000 pg][77.70 p33™t] [1000][

[4.74 ng p53mt

16.4 crypt protein]
crypt protein

ml SW480 lysate

=853 pg p53™*

TABLE 15

Cancer Protein per Patient with Quantitation of Method
p53muant BODY BURDEN

PATIENT SLIDE TISSUE  ng p53™u@

p53mm pg p53mmam P pSSmmam

# (#  CLASS mLCryptCells* (mm®) LESION  PATIENT
3597904 41 10 77.7 10976 852.64 852.84
2456467 107 10 90.1 106767  9619.69 9619.69
3470038 371 10 88.8 1986 176.36
3470038 377 5 130 0.0001 0.001 176.361
3649373 17 10 916 0.183 16.76
3649373 23 10 78.2 21369 1671.06
3649373 29 10 56.9 3968 22578 1896.84
3580993 53 10 108.0 11306 1221.05
3580993 67 10 49 1.246 6.10
3580993 59 10 104.6 0.048 5.02 2454.30
2431987 259 6 79.7 0.697 55.52
2431987 269 9 101.4 3540 35896
2431987 269 10 99.3 95.630  9496.06 9910.54
3562267 251 6 75.3 1786 134.48
3562267 253 10 56.2 0.002 0.11 134.59
1554609 196 10 130.9 73222 9584.76
1554609 209 10 107.2 0.039 4.18 9584.76
3608611 226 10 91.4 0.508 46.43 46.43
1361081 364 9 126.1 0.450 56.76
1361081 364 10 117.0 27050 3164.85
1361081 357 10 17.1 23720 277761 5999.22
2607629 308 10 719 0.094 6.76 6.76
3532810 323 10 106.3 35670 379145
3532810 317 10 44.9 7740 34746 4138.91
3618007 161 10 59.9 0.00004  0.002 0.002
1374180 124 10 118.5 2033 24091 24091
3413015 215 10 -40.9 0.002 — —
1896987 413 6 94.9 0.048 4.56 4.56
1632303 569 6 79.7 2867 22850 228.50
3637467 515 6 40.3 0315 12.69 12.69
3223764 523 6 55.0 0.062 3.41 3.41
3573811 461 6 78.5 0.015 1.18 1.18
2473033 755 6 76.7 0.027 2.07 207
3421598 959 6 93.3 0.280 26.12 26.12
1392444 635 6 -15.3 0.002 — —
2269781 761 6 -15.6 0.001 — —
2221349 887 6 -13.5 0.006 — —
3087524 983 6 44.8 0.006 0.29 0.29
1880402 821 6 56.1 0.0006 0.03 0.03
3525504 857 6 62.5 0.0005 0.03
3525504 863 6 67.5 0.0001 0.007 0.037
3462180 824 6 46.7 0.003 0.13 0.13
3303782 908 6 44.4 0.0003 0.01 0.01
4088232 1186 1 64.1 0.003 0.19 0.19

*adjusted for 10x dilution of cultured cells in lysing buffer

11. p53™“ Blood Concentration. A Surrogate Measure for
Tissue Body Burden

The Background of the Invention, Section 3: “Previous
Methods for Quantitation of p53 Protein”, illustrated that the
range of p53 expression for both tumor tissue and in sera or
plasma is known. It also showed that there is some agree-

65

ment in individual tumor patient’s between the expression of
transformed p53 in their tissue and blood and that these
levels correspond to their concurrent—or possibly future (in
the case of asbestosis-induced lung cancer), clinical diag-
nosis. The SW480 cell supernatant was used to predict the
amount of p53™* entering the blood stream from tumor
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tissue. Expression of p53™* in the SW480 calibration cells,
supernatant was measured to see if the same mutant p53
ELISA used for quantifying p53 in tissue sections and in
patients’ blood could reliably detect different concentrations
of p53 leached into their surrounding medium. Supernatant
was collected three days after the last cell feeding, to
simulate the steady-state status of p53 in the body. Dilution
recovery analysis was performed upon three different con-
centrations (two dilutions) and demonstrated that the

52

viduals. The ordinal ranks for the quantitation of p53 in
tissue and blood were then displayed pairwise for the 16
patients (Table 16). With all scores for tissue and blood
reduced to common ordinal ranks, per the current conven-
tion of “visual estimation”, one can then determine whether
the invention’s method of protein quantitation is superior to
the prior art in matching individual patient’s p53 plasma
scores with those of their tumor tissue, putatively the sole
source of the p53™“ present in their blood stream.

TABLE 16

Protein Quantitation with Method of the Invention: Matched Patient Tissue and Plasma

Plasma Tissue p53™  ps53™ pS3™™ Body Burden Plasma
#® ng/mL ng/mm®  pg pgp53™  Rank pgp53™YmL Rank
981 91-6410/TA 9.7  0.697 5552
981 91-6410/TB 101.4 354 3590
981 91-6410/TB 99.3 9563 9496 9911 ++ 361 ++
725  90-7792/T1 117.1 2372 2778
725 90-7792/A3 1261 045 56.76
725 90-7792/A3 117.0 2705 3165 5999 + 107 -
1064 91-11293/T3 106.3 3567 3791
1064 91-11188/1 449 774 3475 4139 + ND
845 90-13698/A3 933 028 2612 26.12 + 167
819 90-12373/3L 44.8  0.006 0.29 0.29 + 158 -
950 91-3324 46.7  0.003 013 0.13 - 29 -
968  91-4143 444  0.0003 0.01 0.01 - 77 -
843 90-14476/T2 0 0 0 0 - 595 ++
1081 91-12965/A1 0 0 0 0 - ND -
958 91-3761 0 0 0 0 - 232 +
876  90-15055 0 0 0 0 - 814 ++
863 90-14578/B 0 0 0 0 - 75 -
858 90-14276/P10 0 0 0 0 - 13 -
982 91-6363/B 0 0 0 0 - 90 -
964  91-4052 0 0 0 0 - 60 -
824 90-12581 0 0 0 0 - ND -
Rank scoring: Tissue Plasma
- <0.28 pg - <100 pg/mL
(2x LLD) (2x LLD)
+ 0.28-6840 pg + 100-250 pg/mL
(2x-5x LLD)
++ >6840 pg ++ >250 pg/mL
(100 mg tumor @ (>5x LLD)

A431 [p53])

observed and eEmeyTed p53 concentrations were equal (R=
0.987,p=0.07, p=1.01). The evidence marshaled here, show-
ing that p53 “body burden” is superior to conventional IHC
“visual estimation” in tissue, suggests that by thus improv-
ing the correlation between the quantity of p53 expression in
tissue and blood—the quantitation of p53™* in tissue could
improve the reliability of its surrogate measure in blood.

Therefore, the p53 plasma concentrations of a small
subset (N=16) of the cancer and adenoma patients enrolled
in the same colorectal study were measured with the same
p53™* ELISA as was used on the calibration cells—their
blood being drawn immediately following surgery, before
their p53 blood levels had a chance to drop. Their was a wide
range in expression of p53 in tissue, including some patients
negative for p53. For the p53* patients, their individual
P53 body burdens were calculated with the method of the
invention. In order to compare the degree of tissue/plasma
agreement for the invention’s method of quantitation with
that of the prior art of IHC staining, these absolute scores
(pg) were reduced to three ordinal ranks (-, +, and ++). The
same was done for the ELISA measures of the mutant p53
concentrations in the plasma sample from the same indi-
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TABLE 17

Quantitation Method of Invention vs. Prior Art Visual Estimation
(Matched Tissue/Plasma Samples from Adenoma and

Adenocarcinoma Patients)

P53 Quantitation (method of invention)

Mutant p53 in Tissue

S+ |+

- |8 1 {0 9

+ (1 [3 0] 4

Mutant p53 in Plasma
++ 1 2|0 1 3
11| 4 1 16
Kappa coefficient (k) =0.54
p=0.002
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TABLE 17-continued

Quantitation Method of Invention vs. Prior Art Visual Estimation
(Matched Tissue/Plasma Samples from Adenoma and
Adenocarcinoma Patients)

Visual Estimation (prior art)
Mutant p53 in Tissue

+
or
++

or
+-

71111 9

o+

+ 1 2 1 4
Mutant p53 in Plasma

+H+ |1 |1 1 3

9 4 13 |16

Kappa coefficient () = 0.36
p=0.025

The statistical test used for the comparison, the Kappa
coefficient (), which has a maximum possible score of 1.00
(100%), measures the net strength of the tissue/plasma
correlation, after subtracting the percentage association
expected to occur by chance (given the relative insensitivity
of categorical scoring, anything greater than 50% [K=0.50]
is generally considered a strong correlation). The results of
the pairings and the accompanying statistical test (Table 17)
show that p53 “body burden” accounted for 54% (k=0.54)
of the concentration level of p53™“ found in the same
patients’ blood, compared to only 36% (K=0.36) for the
method of the prior art. Furthermore, while the degree of
association between tissue and blood levels observed by
both methods would be expected to occur in more than 95
out of 100 trials (a<0.05), the predicted false positive (FP)
rate of the conventional approach would be 2.5 times out of
100 (p-value=0.025), while that of the method of the inven-
tion is about 10x better, i.c., 2/1000, (p-value=0.002).

12. Correlation of p53 with Tissue Class

Differences in the intensity of aberrant p53 expression
among the patient groups and tissue classes are substantial,
particularly between cases and controls. However, these
differences pale in comparison to the wide disparities in the
cellular spread of inactivated p53 (FIG. 13). The average
volume for the adenocarcinoma lesions is nearly 6000 times
greater than that of the lone p53* hospital control and almost
180,000 times greater than the single hyperplastic tissue that
beat the p53* cut-off. The immunostained volume for the
average adenocarcinoma is 44 times greater than that of the
typical adenoma. The p53* volume for adenomatous tissue
astride the cancerous core in the head of a polyp has made
a leap in progression to malignancy; it is 4.9 times bigger
than the pure adenoma, although a mere 11% of the p53
volume of a pure cancer A “critical mass” of mutant p53 (ca.
0.5-1.0 ng per lesion) appears to signal an adenoma becom-
ing an adenocarcinoma. Although the total tumor size of the
adenomas often equals or surpasses that of the
adenocarcinomas, the adenoma tumor never acquired more
than 500 pg of p53. Among those whose p53 had become
transformed, 87% of the mutated p53 per tumor was
accounted for by its covariance with total tumor area, as
measured by the gravimetric method of the invention:
R*=0.87, p-value=0.001. There was no such linear correla-
tion (R*=0.14, p-value=0.103) between pg mutant p53/
lesion and tumor size seen with by the prior art, ie.,
estimating tumor dimensions with a metric ruler following
surgery.
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13. Correlation of p53 with Patient Prognosis

Patients were followed from the time of their diagnosis,
which very nearly coincides with the colorectal surgery.
Actuarial statistical approaches were used (Kaplan-Meier
and Cox’ Proportionate Hazards), so even partial follow-up
provided information on the prognostic value of p53 and the
clinico-pathological values for these patients. Among the
colorectal cancer patients 23/24 (96%) had at least some
follow-up. Median follow-up for the adenocarcinoma
patients was 42 months, ranging from 6.5 to 76. There was
at least some follow-up for most of the adenoma patients:
45/59 (76%), median follow-up=46 months. The three
follow-up measures of interest were disease recurrence,
survival and response to chemotherapy treatment.

Simple categorical survival analyses often lack the dis-
criminatory power to detect causal relations, partly because
they cannot measure dose-response relationships, and partly
because they ignore valuable information regarding the
duration of the follow-up. For example, the death of a patient
who survived one month past diagnosis is scored the same
(negative response) as someone who survived 5 years. On
the other hand, either the Kaplan-Meier or Cox’ Propor-
tionate Hazards analyses can combine a binary exposure
status (p53* or p537) with survival time, a continuous
variable. Even if the endpoint (death, recurrence) never
occurs during the follow-up period, one can still incorporate
this valuable “censored” observation into determining
degrees of patient risk. Both Kaplan-Meier and Cox are
suitable for studies such as this in which there were small
numbers of surviving (censored) patients with unequal peri-
ods of observation.

The Kaplan-Meier curves descend because at each suc-
cessive follow-up time point the probability of survival of
the group as a whole decreases as the number of terminal
events (death or recurrence) accumulates, and the number of
survivors drops. The x axis is time-since-diagnosis and they
axis (cumulative survival) is the probability of the event at
each successive month of follow-up. The size of the gap
between the survival curves for those exposed to the risk
factor (p53*) and those not (p537) is a rough graphic
indicator of relative risk. These curves are widely-used for
the interpretation of clinical follow-up.

TABLE 18

Relative Risk of Death Among p53* Patients. Cell Imaging
Method of Invention
ADENOCARCINOMA SURVIVAL vs. p53 STATUS
(Proportional Hazards Regression)

p53 STATUS Label  Frequency Deaths Censored
p53~ 0 9 11 12
ps3* 1 14 (48%) (52%)
23
Baseline Hazard Rate™ = 63.079
Categorical Covariate (p53*) Hazard Rate* = 55.764
(*-2 Log Likelihood estimate)
% df Significance

Overall (score)* 6.169 1 0.0130 (see K-M)
(-2LL) Change from Baseline Risk**  7.315 1 0.0068
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TABLE 18-continued

Relative Risk of Death Among p53* Patients. Cell Imaging
Method of Invention
ADENOCARCINOMA SURVIVAL vs. p53 STATUS
(Proportional Hazards Regression)

Variables in the Cox In (Hazard) Regression Equation

Variable By df ef1 (Relative Risk)

2.1770 1

Significance

Ryy

0.1899

ps3* 0.0387 8.8202

*H: B, and B, = O (%? approximation to Likelihood-Ratio test)
**H: B, = B, (Likelihood-Ratio test)

Cancer patient survival was, by far, the end-point most
strongly correlated with the patient’s p53 status. This was
true for both the binary cell imaging definition of p53*
(Table 18) and the absolute quantitation of p53 body burden
(ng) (Table 21). FIGS. 14 and 15 summarize the Kaplan-
Meier survival approach utilizing p53* and p53~ binary
scores. FIG. 15 shows patient survival based upon the p53
cell imaging method of the invention for those 23 cancer
patients with evaluable follow-up data; FIG. 14 does the
same for the prior art of visual estimation. The much steeper
drop evident in the curve generated by the method of the
present invention reflects the improved predictive ability of
the CID compared to subjective visual estimation of p53*
staining. As Table 19 illustrates, the prior art leads to a
“misclassification error” by incorrectly assigning p53* sta-
tus to five patients. These same people were deemed to be
p537, using the calibration cells as CID lab controls and the
normal patients’ staining intensity as the criterion for p533*.
The CID’s demonstrated accuracy and reliability, as prac-
ticed herein, revealed the initial false-positives. Note the
dramatic improvement in the p-value of the “log rank”
statistic—from 0.45, using visual estimation, to 0.01, using
p53 cell imaging. This is consistent with the far greater
discrepancy between the p53* and the p53~ cancer patients
with respect to their average survival time (Tables 19 and
20). That the CID, as applied using the method of the
invention, truly offers a better prognostic method, is sug-
gested by the biological consistency of the reassignment of
surviving patients into the group with a functioning p53
tumor suppressor gene. Despite the earlier proven correla-
tion between the two scoring methods when using less
discriminating aggregate statistical measures, the consider-
ably increased predictive power of cell imaging to parse out
the survival risk for individual patients when combined with
Kaplan-Meier analysis is evident.

The Cox’ Proportionate Hazards statistical procedure,
when combined with CID, was able to reveal the size of
increased patient risk from the loss of their tumor suppressor
protection. These patients were nearly 9 times more likely to
die over the observed follow-up period (p=0.0387). FIG. 16
shows two important aspects of the power of p53 inactiva-
tion to shorten the lives of colorectal cancer patients. First,
the roughly constant upward slope of the cumulative hazard
among p53* patients shows that the rate of accelerated death
in this group is constant in the period following its detection.
Second, while p53 may interact with the other main prog-
nostic risk factors such as stage and grade, the equally flat,
near-zero, hazard line for the p53~ patients proves—since
both groups were similar in the stage and grade of their
tumors—that a patient’s categorical p53 status is a powerful
independent risk factor. Although not shown here, the effect
of p53 status upon survival of these people was >2x that
caused by the transition of tumors from “well” to “moder-
ately differentiated” and nearly 2x tumor penetration of the
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basement membrane (stage B=>C). While the traditional
risk factors—tumor stage and grade—also had a strong
effect upon survival beyond that contributed by p53, this was
not true of tumor size; in fact, the average size of the p53~
cancers was greater than that of the p53* cancers. If we trust
univariate analysis, only among those patients with p53*
tumors was tumor size prognostic, accounting for 39% of the
variability in survival duration (R*<0.39, p-value=0.018).

TABLE 19

Survival Analysis with Prior Art p53 Visual Estimates
ADENOCARCINOMA SURVIVAL vs. p53 STATUS
(Kaplan-Meier)

p53”

Time Cumulative  Standard  Cumwvlative  Number
(months) Status Survival Error Events Remaining
6.5 Dead 0.7500 0.2165 1 3
450  Alive 1 2
48.0  Alive 1 1
56.0  Alive 1 0

Number of Cases: 4 - Censored: 3 - (75%) - Events: 1
Mean Survival Time = 43.6 months
p53*
Time Cumulative ~ Standard ~ Cumulative ~ Number
(months) Status Survival Error Events Remaining
10.5  Dead 0.9474 0.0512 1 18
12.5  Dead 0.8947 0.0704 2 17
185  Dead 0.8421 0.0837 3 16
22.0  Dead 0.7895 0.0935 4 15
22.5  Dead 0.7368 0.1010 5 14
240  Dead 0.6842 0.1066 6 13
26.5 Dead 0.6316 0.1107 7 12
285  Dead 0.5789 0.1133 8 11
32.0 Dead 0.5263 0.1145 9 10
385  Alive 9 9
39.5  Dead 0.4678 0.1158 10 8
41.0  Alive 10 7
445 Alive 10 6
50.5  Alive 10 5
525  Alive 10 4
550  Alive 10 3
61.0  Alive 10 2
725  Alive 10 1
760  Alive 10 o
Number of Cases: 19 - Censored: 9 - (47%) - Events: 10
Mean Survival Time = 48.2 months
Statistic df Significance
Log Rank 0.57 1 0.449
TABLE 20
Reduction of Misclassification Error With p53 Cell
Imaging Method of Invention
ADENOCARCINOMA SURVIVAL x p53 STATUS
(Kaplan-Meier)
p53”
Time Cumulative ~ Standard ~ Cumulative ~ Number
(months) Status Survival Error Events Remaining
6.5 Dead 0.8889 0.1048 1 8
385  Alive 1 7
41.0  Alive 1 6
450  Alive 1 5
43.0  Alive 1 4
550  Alive 1 3
56.0  Alive 1 2
61.0  Alive 1 1



US 6,746,848 B2

57

TABLE 20-continued

Alive 1 0

76.0

Number of Cases: 9 - Censored: 8 (89%) - Events: 1

Mean Survival Time = 68.3 months

ps3*
Time Cumulative ~ Standard ~ Cumulative ~ Number
(months) Status Survival Error Events  Remaining
10.5  Dead 0.9286 0.0688 1 13
12.5  Dead 0.8571 0.0935 2 12
18.5  Dead 0.7857 0.1097 3 11
220  Dead 0.7143 0.1207 4 10
225  Dead 0.6429 0.1281 5 9
240  Dead 0.5714 0.1323 6 8
26.5  Dead 0.5000 0.1336 7 7
285  Dead 0.4286 0.1323 8 6
320 Dead 0.3571 0.1281 9 5
39.5  Dead 0.2857 0.1207 10 4
445 Alive 10 3
50.5  Alive 10 2
525  Alive 10 1
72.5  Alive 10 0
Number of Cases: 14 - Censored: 4 (28%) - Events: 10
Mean Survival Time = 37.6 months
Statistic df Significance
Log Rank 6.17 1 0.013

But what about the absolute quantitation offered by the
translation of these CID optical density values into actual ng
mutant p53 using the calibration (standard) curves for the
various staining batches? Dose/response is, perhaps, the
strongest proof of cause and effect. There was a very large
difference in the dose of mutant p53 (whether measured as
ng/mg crypt protein concentration or as ng body burden)
among those who died vs. those who did not, and between
those who responded to chemotherapy and those that did not
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(data not shown). Table 21 formalizes the relationship
between dose and cumulative survival using mass quantities
of transforming p53 protein. Note that both the overall %> as
well as the regression equation itself were highly significant.
The data graphed in FIG. 17 was taken from the time series
in Table 21* and makes the point that simply dichotomizing
patients with regard to their p53 protein status (using either
the prior art of visual estimation or the cell imaging method
of the invention) masks a basic fact: the quantity of p53™**
also greatly affects cancer patient survival. For example,
patients with only 1 ng p53™“ survive about as well as a
patient with completely normal p53, while those with 9 ng
die surely and quickly. When the dichotomous variable, p53
status (from CID), was combined with the continuous
variable, body burden, in a single Cox’ model, the latter kept
both its significance and nearly all its size, while the former
lost its significance and half its size (results not shown).

*The figures reflect the assumption, given previous linear curves, that since
the linearized log of the hazard rate provided the basis for the 1 ng hazard rate,
a 5x greater amount of p53 would have a 5x steeper regression coefficient ((3)
and, therefore, a corresponding multiple of the value of ¢®F¥, determining

the rate of the decrement in survival for each comparable time compared to
the baseline (p53~) population.

The predictive role of p53 body burden becomes even
clearer in its ability to predict not only the risk of colorectal
adenocarcinoma death, but also the speed of its onset, when
we look at the raw survival data for both the p53™ and the
p53* patients. The simple scatterplot in FIG. 18 illustrates
the gap between these two groups. Those with normal p53
in their cancerous tumors rarely died during the follow-up
period, and never within 38 months of diagnosis and surgery.
Those with at least some mutant p53 protein in their
tumor(s) often died and never lived beyond 40 months.
Furthermore, the steeply inverse relationship between
amount of the dysfunctional protein and survival duration in
a regression for the p53* patients was readily discernable.
(R*=0.53, p-value=0.018; calculations not shown).

TABLE 21

Patient Prognosis vs. Cancer Protein Dose - Quantitation by Method of Invention
ADENOCARCINOMA SURVIVAL x MUTANT p53 BODY BURDEN

(Proportional Hazards Regression)

p53 CENSORED EVENTS BASELINE HAZARD p53 BODY BURDEN
p53~  p53* (Alive) (Dead) (-2 LL) (-2 LL)
9 14 12 11 63.079 50.688
(39%) (61%) (52%) (48%)
% df Significance
Overall (score)* 19.860 1 p <0.0001
(-2 LL) Change from Baseline Hazard** 12.391 1 0.0004
Proportionate Hazards Regression Equation
Variable [ error df Significance R Pl
ng p53/patient 0.3497 0.0993 1 0.0004 0.4062 1.4186
Baseline Baseline 1 ng Body Burden 9 ng Body Burden
Time Cumulative Cumulative Cumulative Cumulative
(months) Hazard Survival Survival Survival
6.5 0.0076 0.992 0.989 0.829
10.5 0.0154 0.985 0.979 0.703
12.5 0.0239 0.976 0.966 0.576
18.5 0.0331 0.967 0.954 0.458
22.0 0.0430 0.946 0.924 0.275
225 0.0539 0.946 0.924 0.275
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TABLE 21-continued

60

Patient Prognosis vs. Cancer Protein Dose - Quantitation by Method of Invention
ADENOCARCINOMA SURVIVAL x MUTANT p53 BODY BURDEN

(Proportional Hazards Regression)
4

24.0 0.0660 0.907
26.5 0.0795 0.920 0.888
285 0.0948 0.905 0.867
32.0 0.1125 0.888 0.844
395 0.1340 0.866 0.815

0.204
0.144
0.098
0.063
0.035

*H: B and By, = 0 (X? approximation to Likelihood-Ratio test)
**H: B, = B, (Likelihood-Ratio test)

#*%41.86% decrement in survival rate compared to p53” patients per additional month of fol-
low-up for those with a 1 ng p53 body burden; 2227% decrement for those with 9 ng p53™™".

These final examples of the results of the protein quan-
titation also suggest the potential power of the discovery of
the actual amounts of discase-causing proteins. Quantitation
of multiple proteins directly in the diseased tissue measured
at the cellular level makes it possible to observe the partial
correlation coefficients of independent causal factors, their
relative strength, statistical significance, interactions and
timing over the natural history of the disease in question,
thus making it possible to estimate the relative rates of
molecular exposure and probabilities of outcome. Such
multivariate measures could be applied to either retrospec-
tive case-control studies using proportionate hazards and
prospective exposure cohort studies using logistic regres-
sion, for example.

What advantages then, does the method of the invention
offer? In the first place, it retains all the advantages of the
prior art of tissue analysis vis-a-vis alternative approaches,
such as flow cytometry.

a) it can be done with much smaller quantities of tissue
than tumor tissue extracts; thus, it is less invasive and
expensive, and can be done earlier in the progression of
the disease;

b) as an in-situ technique, it can readily isolate specific
cell types and histopathologies, thus avoiding ecologi-
cal fallacies about molecular causes of disease and the
dilution of the protein in extraneous cellular material;

¢) both the tissue block and the analyzed slides can be
archived indefinitely for purposes of medical documen-
tation or later review by others.

d) since nearly all the original tissue is retained, the
identical lesion can be easily analyzed for quantities of
other biomolecules thought to be a co-factor in the
disease;

¢) using different stains, histopathology can be quickly
and easily combined with THC on the same lesion.

Moreover, relative to the “prior art”, whether or not that
“art” is aided by CID, the method of the invention provides
substantial improvements.

First, at the simple binary level of measurement, we have
seen its ability to reduce misclassification error between the
disease and the risk factor. This approach was seen, in the
case of p53™“, to greatly improve the ability to predict
patient survival. It also correlated with response to chemo-
therapy among these Stage C and D colorectal cancer
patients.

Second, this improved connection between the cause and
effect in tissue will also allow for more accurate correlations
between diseased tissue and the patients’ blood concentra-
tions. This is a precondition for using blood samples to do
less invasive and less costly monitoring of patient survival
and response to treatment. However, with the exception of
antigens that are unusually specific for a given disease, ¢.g.,
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Prostrate Specific Antigen (PSA), and HIV, the risk factor
must first be correctly identified in the diseased tissue. Such
a surrogate medium as blood is sampled from the entire
body. Cancer proteins (including p53™*) found in blood
have, at times, been a result of exposure rather than from a
disease or from an unrelated disease and tissue, or from the
cardio-vascular system itself [114].

Third, the calibration cells of the method can virtually
eliminate laboratory artifact from immunostaining scoring.
Within a given lab they can be used simply to adjust for
“batch effect” differences over time, whether that be in terms
of the relative intensity of the CID (Table 5) or absolute
protein quantities (Table 11). Thus, data from patient tissue
scored at different times and from different studies can be
collectively analyzed. These matrix-embedded cells also
make it possible to aggregate results among different labs
and surgical pathology departments by controlling for dif-
ferences in procedure and reagents and for arriving at
common criteria for a definition of “positive”.

Fourth, for the abnormal p53 protein and possibly others,
the in vitro cells provide a proportionate measure of the
biological effects of different tissue concentrations. Thus,
rather than rely upon statistical definitions of disease, CID
done with such cells will enable clinicians to define different
discase states, based upon medically significant amounts of
antigens in patient tissue.

Fifth, absolute quantitation of p53 provided evidence of
both a dose threshold in the transition from pre-cancer to
cancer and a dose-response effect for patient survival. This
should allow for better prediction of patient risk and stronger
proof of disease causality.

Lastly, new molecular-level modalities of tumor
treatment, such as cancer-specific vaccines[115, 116], are
emerging to replace or augment current chemotherapy and
radiotherapy, given the systemic toxicity and limited effec-
tiveness of the latter. One strategy is to use recombinant
endogenous angiogenesis inhibitors to starve tumors of their
blood supply [117-119]. Several biotechnology firms are
developing apoptosis-inducing peptides and gene fragments
[120]. Others are eschewing whole-body therapy for the
targeting of individually diseased cells [121], some with
p53"“*-specific cytotoxic adenoviruses [ 122, 123]. For such
“In situ pharmacology” this invention should prove useful in
prescribing the appropriate treatment dosage.

Modifications of the above described modes for carrying
out the invention will be obvious to those of skill in the fields
of oncology, microscopy, immunohistology, cytology, and
related fields, and such modifications are intended to be
within the scope of the following claims. All references cited
herein are hereby incorporated by reference in their entirety.
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I claim:
1. A method of preparing calibration slides for a cell
imaging densitometer, comprising the steps of:

(a) immobilizing cultured cells in a hydrophilic matrix,
wherein said hydrophilic matrix is an aqueous gel of a
polymer selected from the group consisting of proteins
(polypeptides), oligosaccharides, and poly
(acrylamide);

(b) placing the matrix in molten paraffin;

(¢) cooling the molten paraffin until it solidifies;

(d) exposing the solidified paraffin containing the immo-
bilized cells to a degree of intervening fixation less than
produced by fixation with 10% normal buffered for four
hours; and

(¢) sectioning the solidified paraffin containing the immo-
bilized cells into at least one thin slice suitable for
optical microscopy.

2. The method of claim 1, wherein the cultured cells are
contacted with a tissue fixative prior to immobilization in the
hydrophilic matrix.

3. The method of claim 1, wherein the intervening fixation
consists of a degree of fixation less than produced by
exposure to 10% normal buffered formalin for about two
hours or less.

4. The method of claim 3, wherein the intervening fixation
consists of a degree of fixation less than produced by
exposure to 10% normal buffered formalin for about one
hour or less.

5. The method of claim 4, wherein the intervening fixation
consists of a degree of fixation less than produced by
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exposure to 10% normal buffered formalin for about ten
minutes or less.

6. The method of claim 1, further comprising the step of
contacting the slice with a first antibody.

7. The method of claim 2, further comprising the step of
contacting the slice with a first antibody.

8. The method of claim 6, wherein the first antibody is
conjugated to a chromogenic or fluorogenic reagent.

9. The method of claim 7, wherein the first antibody is
conjugated to a chromogenic or fluorogenic reagent.

10. The method of claim 6, further comprising the step of
contacting the slice with a second antibody having binding
affinity for the first antibody.

11. The method of claim 7, further comprising the step of
contacting the slice with a second antibody having binding
affinity for the first antibody.

12. The method of claim 10, wherein the second antibody
is conjugated to a chromogenic or fluorogenic reagent.

13. The method of claim 11, wherein the second antibody
is conjugated to a chromogenic or fluorogenic reagent.

14. The method of claim 6, wherein the first antibody is
conjugated to biotin.

15. The method of claim 7, wherein the first antibody is
conjugated to biotin.

16. The method of claim 14, further comprising the step
of contacting the slice with a biotinylated chromogenic or
fluorogenic reagent in the presence of avidin or streptavidin.

17. The method of claim 15, further comprising the step
of contacting the slice with a biotinylated chromogenic or
fluorogenic reagent in the presence of avid in or streptavidin.

18. A method of preparing calibration slides for a cell
imaging densitometer, comprising the steps of:

(2) immobilizing cultured cells in a hydrophilic matrix,
wherein said hydrophilic matrix is an aqueous gel of a
polymer selected from the group consisting of proteins
(polypeptides), oligosaccharides, and poly
(acrylamide);

(b) placing the matrix in molten paraffin;

() cooling the molten paraffin until it solidifies; and

(d) sectioning the solidified paraffin containing the immo-
bilized cells into at least one thin slice suitable for
optical microscopy.

19. The method of claim 1, wherein the hydrophilic
matrix is an aqueous gel of a polymer selected from the
group consisting of gelatin, agarose, and pectin.

20. The method of claim 19, wherein the hydrophilic
matrix is an aqueous gel of agarose.

21. The method of claim 20, wherein the agarose is a
low-temperature agarose.
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