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A galactosidase immunosorbent test for carcinoem
bryonic antigen (CEA) is described in which the amount of
galactosidase adsorbed to a cellulose disc is a hyperbolic
function of CEA concentration. Thus, molecules with CEA
like activity can be characterized by mathematical analysis
of data obtained from the galactosidase immunosorbent
test. By such analysis, CEA-reactive molecules in normal
human plasma were distinguished from normal cross-react
ing antigen and from authentic CEA. Variation of the
amount of antibody-enzyme conjugate used in the galacto
sidase immunosorbent test perm itted CEA-reactive material
in plasma of a patient with rectal carcinoma to be antigeni
cally distinguished from the CEA-reactive material in urine
of a patient with bladder carcinoma. The galactosidase
immunosorbent test is a useful tool for analysis of CEA
reactive molecules.

INTRODUCTION

CEA4 is a glycoprotein found in fetal gut and in various
endodermal carcinomas (4, 5). The CEA radioimmunoas
says developed by Thompson et a!. (16), LoGerfo et a!. (6),
and Egan et a!. (2) have yielded important insights into the
structure of CEA and the significance of CEA in adenocarci
noma of the large bowel and other neoplastic and non neo
plastic diseases (10, 15). While early findings indicated that
elevated plasma CEA levels were specific for endodermal
cancer (16), later studies showed that plasma CEA levels
were elevated in nonendodermal cancer and even in some
nonmalignant diseases (10, 15). It is possible that the appar
ent nonspecificity of CEA may in part result from the anti
genic heterogeneity that exists among CEA molecules (1, 8,
1 1 , 18). It is important, therefore, to analyze CEA molecules

immunochemically in order to establish the basis for appar
ent antigenic heterogeneity. We have developed a galacto
sidase immunosorbent test (3, 19) which has immunochem
ical features useful for analyzing and comparing molecules
with CEA activity.
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CEA Antisera. New Zealand rabbits were immunized by
s.c. interscapular injections of 1 mg of CEA (BP114) dis
persed in complete Freund's adjuvant. The immunization
was repeated 1 month later; after an additional 2 weeks the
anti-CEA serum (Rabbit 100) was collected. Goat anti-CEA
serum (No. 183) and CEA (BP114), prepared from hepatic
metastases of a colon carcinoma, were kindly provided by
Dr. H. Hansen.

Insolubilization of Rabbit Anti-CEA Immunoglobulin.
Partially purified Ig fractions of rabbit anti-CEA sera were
prepared by precipitation at 33% saturated (NH4)2SO4.The
precipitates were solubilized, dialyzed against 0.1 M
NaHCO:1,and covalently coupled to discs (6.3 mm diameter)
of Whatman No. 42 filter paper by the CNBr method (12).

Quantitation of CEA by Enzyme Assay. The galactosid
ase immunosorbent test for CEA is diagrammed in Chart 1.
Rabbit anti-CEA immunglobulin insolubilized on cellulose
discs is incubated sequentially with samples, with goat
anti-CEA serum, and with a covalent conjugate of rabbit
anti-goat immunoglobulin with /3-D-galactoside galactohy
drolase. Antibody-enzyme conjugate bound to discs can be
measured colorimetrically (13) or fluorimetrically (14).

Each sample to be assayed for CEA was added to a rabbit
anti-CEA disc in Buffer 1, in Falcon polystyrene tubes (12 x
55 mm). Sample volume varied from 0.05 to 0.500 ml, and in

all cases total volume of sample plus Buffer 1 equaled 1 ml.
The tubes containing the discs and samples were stoppered
with polypropylene caps and agitated overnight on a wrist

action shaker at room temperature. Following overnight
incubation, liquid was aspirated from the tubes and the
discs were washed 4 times with 2 ml Buffer 2, using a
Cornwall continuous-flow syringe. Goat-anti CEA serum (5

@l)was diluted with 83 ml of Buffer 1 , and 1 .0 ml of the

diluted serum was added to each tube. The tubes were
capped, incubated overnight, and washed 4 times as above.
Antibody-enzyme conjugate was prepared as described
elsewhere (21). The enzyme-conjugate was diluted with
Buffer 1, and 20 enzyme units in 1 ml were added to each
tube; in one experiment (Chart 3) 40 enzyme units were
used, while in another experiment (Table 2) 200 enzyme
units were used. The tubes were capped and incubated with
agitation overnight. After overnight incubation, the discs
were washed 5 times with Buffer 2. The final wash liquid
was aspirated, and the discs were assayed for adsorbed
galactosidase conjugate by colorimetric measurement of o
nitrophenylgalactopyranoside (Calbiochem , Los Angeles,
Calif.) hydrolysis (13). For the assay of adsorbed conjugate,
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Values for Zmaxwere determined from the intercept of least-squaresregressionlinescalculated
for double reciprocal plots according to Equation A. SE. is standard errorofZmax

and n is number of data points determining regression line. Data were obtainedwith20
units of galactosidaseconjugate.zmaxSample

material Disease Zmax n ZmaxCEAPlasma
Normal 0.132 Â±0.0O7@ 80.33NCA
Normal 0.216 Â±0.007 80.54Urine
Cystitis 0.288 Â±0.015 80.72Plasma
Rectal carcinoma 0.300 Â±0.006 80.75Plasma
Breast carcinoma 0.301 Â±0.006 80.76Urine
Bladder carcinoma 0.339 Â±0.01 1 60.85Urine
Bladder carcinoma 0.372 Â±0.013 70.93Purified

CEA Colon carcinoma 0.398 Â±0.022 61.00a

Mean Â±S.E.

0 4 8 2

CEA
6
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o-nitrophenylgalactopyranoside (1.5 X 10@ M) in Buffer 3
was added to each disc. The total volume of galactopyrano
side substrate was 0.5 ml. The discs were maintained at 37Â°
until hydrolysis of the substrate produced a visibly yellow
solution (100 to 400 mm). The hydrolytic reactions were
terminated by the addition of 0.75 ml of 0.2 M Na2CO3.
Absorbance of o-nitrophenylate product was measured at
420 nm. Enzymatic hydrolysis of o-nitrophenylgalactopyr
anoside substrate was linear for 400 mm, up to an absorb
ance of 0.8 at 420 nm, for a 1-cm path length. Units of
enzyme-conjugate bound per disc were calculated as

@moleso-nitrophenylate liberated per mm, with the molar
extinction coefficient for o-nitrophenylate taken as 4700
(13).

Absorption of Anti-CEA with NCA. NCA was prepared
from normal human lung (7, 17) and insolubilized on Sepha
rose 4B (12). For some experiments as indicated below
(Tables 3 and 4), either rabbit-anti-CEA or goat-anti-CEA
was passed over a column of insolubilized NCA before use.
For use as an antigen in the galactosidase immunosorbent
test (Tables 1 and 3; Chart 3), NCA was freed of contaminat
ing CEA by gel filtration on Sephadex G-200.

Buffers. Buffer 1 contained 0.14 M NaCI, 0.075 M sodium
phosphate, 1% Tween 20 (Sigma Chemical Co., St. Louis,
Mo.), 0.05% NaN3, 1% bovine serum albumin (Cohn Frac
tion V powder; Miles-Pentex Laboratories, Kankakee, Ill.),
adjusted to pH 7.4 with HCI. Buffer 2 was the same as Buffer
1, but without bovine serum albumin. Buffer 3 contained
0.10 M NaCI, 1 x 102 MTris, 1 x 102 M MgCI2, and 5 x 102
M 2-mercaptoethanol, adjusted to pH 7.2 with acetic acid.

RESULTS

A typical standard curve correlating the number of units
of antibody-galactosidase conjugate bound to anti-CEA im

munosorbent discs as a function of CEA per test is shown in
Chart 2A. Standard deviation of units of conjugate bound to
discs (Chart 2A) increases as the amount of CEA assayed is
increased, with an average coefficient of variation of 3.5%
for enzyme-conjugate. From the data in Chart 2A, it can be
seen that the galactosidase immunosorbent test is sensitive
to less than 1 ng CEA per assay. Amounts of CEA as small as
0.2 ng actually have been measured in our laboratory.

The data shown in Chart 2A are linearized by a double
reciprocal plot (Chart 2B), which yields the following equa
tion of a rectangular hyperbola:

liz = (K/ZmaxA) + 1/Zmax (A)

where Z is the galactosidase activity of antibody-enzyme
conjugate adsorbed to the anti-CEA disc; K is a constant
equal to CEA concentration at 50% saturation of the disc; A
is the amount of CEA antigen per test sample; and Zmaxis
the amount of enzyme-conjugate adsorbed to an immuno
sorbent disc saturated with CEA. The parameter Zmax 5
calculated from the intercept (1/Zmax)on the ordinate of the
double reciprocal plot. Double reciprocal plots (Equation A)
were used to obtain values of Zmaxfor various molecules
with CEA-like activity. As shown in Table 1, the Zmaxvalue
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Chart2. Standardcurve for the galactosidaseimmunosorbenttest. A.

Ordinate, units of galactosidase-conjugate bound per disc; abscissa, amount
of CEA (ng/test). Data points, means of 2 to 4 determinations Â±2 S.D. B.
Double reciprocal plot of the data in A after subtracting background.
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Chart 1. Schematic diagram of the galactosidase immunosorbent test for
CEA.

Table 1
Immunochemicalcomparison of CEA-reactivemolecules
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Dependenceof Zmazon amount of ga!actosidase-antibodyconjugateValues
for Zmaxwere determined by regression, according to Equation A. SE.isstandard
error of Zmax.Each regression line was calculated from 8 data points.Thegalactosidase

immunosorbenttest wasperformedwith 3 timesthe goat anti-CEAthatwascustomarily
used.Zmax

with 200unitsZmax
with 20 units ga- galactosidase con

Body fluid Disease lactosidaseconjugatejugatePlasma
Rectal carcinoma 0.351 Â±0.007a 1 .93 Â±0.04Urine
Bladder carcinoma 0.427 Â±0.004 3.49 Â±0.24a

Mean Â± SE.
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for normal plasma was significantly less (p < 0.01) than
those for all other materials tested. The Zmaxvalue for NCA
was greater than that for normal plasma (p < 0.01) but less
than that for all other materials tested (p < 0.01). Zmi,x
values for materials from individuals with various neoplastic
and nonneoplastic diseases were 0.72 to 0.93 times as large
as Zmaxfor authentic CEA. By the criterion OfZmax,therefore,
the CEA-reactive material in normal plasma can be distin
guished from NCA, from authentic CEA, and from the CEA
reactive materials from individuals with various neoplastic
and nonneoplastic diseases. Thus, the parameter Zm1ixin
Equation A appears to be useful for characterizing mole
cules that react with anti-CEA.

Immunochemical comparison of CEA-reactive materials
was further facilitated by variation of the amounts of en
zyme-conjugate used in the galactosidase immunosorbent
test. As shown in Table 2, Z,,,@,,,for CEA-reactive molecules
in plasma from a patient with rectal carcinoma increased
5.5-fold when the amounts of enzyme-conjugate were in
creased from 20 to 200 units. The corresponding change in
Zm1i@for CEA-reactive molecules in urine from a patient with

bladder carcinoma was 8.2-fold. Thus, Zm1ixfor different
populations of CEA-reactive materials displayed different
dependence on the amount of conjugate used in the galac
tosidase immunosorbent test.

Inhibition of the galactosidase immunosorbent test by
soluble RaCEA was used to compare molecules with CEA
reactivity. To this end, normal plasma, NCA, and CEA were
each incubated at room temperature with varying amounts
of soluble RaCEA. After 4 hr, the anti-CEA immunosorbent
discs were added and the galactosidase test for CEA was
conducted in the usual manner. As shown in Chart 3A , prior
incubation with RaCEA inhibited the galactosidase test for
all 3 antigens. However, CEA and NCA were more inhibited,
and at lower concentrations of RaCEA than was normal
human plasma. The effect of absorption of RaCEA with
insolubilized NCA is shown in the inhibition study in Chart
3B. In this inhibition experiment, soluble RaCEA was ab
sorbed by passage over a NCA-Sepharose column prior to
incubation with antigen. As shown in Chart 3B, neither
normal plasma nor NCA reactivity was inhibited by incuba
tion with soluble RaCEA that had been absorbed with NCA.
However, CEA was significantly inhibited by absorbed
RaCEA. The data in Chart 3 show that CEA is antigenically
distinct from NCA and from molecules in normal human
plasma, as determined in the galactosidase immunosorbent
test.

The effect of absorption of the GaCEA used for the galac

tosidase immunosorbent assay with insolubilized NCA is
given in Table 3. Absorption with NCA eliminated all but 2%
of the activity of NCA in the assay. In contrast, normal
plasma and a plasma with highly elevated CEA retained 43
and 83% of their respective activity.

DISCUSSION

The galactosidase immunosorbent test for CEA described
in this paper is a useful immunochemical tool for analyzing
molecules with CEA-like activity. Furthermore, the galacto
sidase immunosorbent assay utilizes enzyme-antibody con
jugates which are stable for years, rather than unstable
radioactive reagents. The galactosidase conjugate can be
assayed either colorimetrically (13, 21) or fluorometrically
(14).The use of immunosorbent inthe assay eliminatesthe
need to centrifuge a gel or immune precipitate. These fea
tures make the galactosidase test suitable for analysis of
large numbers of samples, as is frequently required in quan
titative immunochemistry.

In many cases, the relationship between bound galacto
sidase conjugate and total CEA concentration can be de
scribed by a rectangular hyperbola, as in Equation A. Nu
merical values for K and Zmaxin Equation A can be obtained
from double reciprocal plots of bound galactosidase conju
gate versus total antigen concentration (Chart 2B). Al
though Equation A is a common form of adsorption iso

Table 2

n-@---@-@ â€˜@ -@â€˜@--- @--- @@â€˜@1
NORMAL PLASMA B

CEA

@ -@ .

@ _@O_@
ABSORBED RACEA(@ig/ASSAY)

NORMAL PLASMA

0 2040 60 80 00

RACEA (j.@g/ASSAY)

Chart 3. Inhibition of galactosidase immunosorbent test by soluble
AaCEA. A. Inhibition of the galactosidase immunosorbent test by soluble
RaCEA. B. Inhibition of the galactosidase immunosorbent test by soluble
AaCEA that had been previously absorbed with insolubilized NCA. Antigens
used were normal plasma (i@),NCA (0), and CEA (x), in amounts about
equal to their respective values for K in Equation A. The relative amount of
galactosidase-conjugate bound per disc (ordinate) is the amount of conju
gate bound in the presence of soluble AaCEA divided by the amount of
conjugate bound in the absence of soluble RaCEA. Amount of soluble
RaCEA (@hg)used to inhibit each assay (abscissa) was calculated from ab
sorbance at 280 nm, using an extinction coefficient (1 cm path length) of 1.4
per mg rabbit Ig per ml.
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Effect of absorption of GaCEk' on the galactosidase immunosorbenttestGoat

anti-CEAused in the galactosidaseimmunosorbenttest waseither unabsonbedor
absorbed with insolubilized NCA, as indicated . Data were obtained with 20 units antibody
enzyme conjugate. Antigens used were: 0.5 ml of normal plasma, 0.30 @.tIof a plasma with
30,000 ng CEA per ml, and 0.5 @Iof column-purifiedNCA.AbsorbedAntigen

UnabsonbedGaCEAÂ° AbsorbedGaCEA Unabsorbed
NormalplasmaHigh-titered
plasmaNCA

0.044 Â±0.0070.430.077

Â±0.0060.830.002
Â±0.0040.02

A. R. Frackelton, Jr. , et a!.

Table 3

0.102 Â±0.007â€•
0.093 Â±0.008
0.109 Â±0.014

a GaCEA, goat antiserum to CEA.

b Mean Â± S.D. of duplicate measurements of antibody-enzyme conjugate activity ad

sorbed to a rabbit anti-CEA disc.

therm (9), it is presented here as a phenomenological equa
tion useful for data analysis.

The values forZmax obtained from double reciprocal plots
and given in Table 1 show that the CEA-reactive molecules
in normal plasma are different from CEA and from NCA.
Therefore, much of the CEA-reactive material in normal
plasma is cross-reacting antigen, other than NCA. Although
there were statistically significant differences among values
of Zm1,xin various plasma and urine samples, the molecular
and clinical significance of these differences is not yet
understood. However, the data in Table 1 show that the
galactosidase immunosorbent test is useful in detecting
and analyzing differences among molecules that react with
anti-CEA.

Varying the amounts of the reagents used in the galacto
sidase test further facilitates an immunochemical compari
son of molecules with CEA-like activity. For example, the
dependence of Zmaxon the amount of galactosidase conju
gate used in the analysis was different for 2 materials
studied (Table 2). Thus, differences between CEA-reactive
material in rectal and bladder carcinoma were magnified by
increasing total enzyme-conjugate used in the assay (Table
2). From mathematical models that we are now developing,
it appears that the parameters obtained from galactosidase
assay reflect antigenic valence and steric interactions
among antigenic sites. Appropriate mathematical models
should permit a molecular explanation for the differences in
Zmax values shown in Tables 1 and 2. However, some of the

differences in Zmaxmay be due to antigenic heterogeneity
caused by nonspecificity of antisera used. For example, the
unabsorbed anti-CEA sera used in the galactosidase immu
nosorbent test were reactive with NCA (Tables 1 and 3), a
glycoprotein normally found in plasma, lung, and other
tissues (7, 17). Adsorption of rabbit anti-CEA (Chart 3) and
goat anit-CEA (Table 3) with insolubilized NCA prior to use
should increase the immunospecificity of the galactosidase
immunosorbent test. The immunospecificity of the galacto
sidase immunosorbent test may be further increased if CEA
reactive material in normal plasma can be identified, iso
lated, and used to absorb rabbit anti-CEA and goat anti
CEA. The comparisons OfZmaxgiven in Tables 1 and 2 were
made with plasma and urine samples that were not ex
tracted with perchloric acid, while the purified CEA had
been extracted. It is thus possible that the higher value for
Zmax for purified CEA might be due to the extraction proce

dure.

The galactosidase immunosorbent test for CEA described
in this paper is a useful tool to help characterize molecules
with CEA-like activity, and ultimately it may facilitate clinical
determination of CEA (20).
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