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Temperaturedependent Alteration in Immunogenicity of Tumor
associated Transplantation Antigen Monitored via Paraformaldehyde
Fixation
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ABSTRACT

Paraformaldehyde-fixed mKSA tumor cells of BALB/c mice
were shown to retain tumor-associated transplantation antigen
(TATA) activity to a degree comparable to that of X-ray-macti
vated tumor cells under the optimal conditions of 1% paraform
aldehyde for 30 mm at 37Â°.Unexpectedly, the TATA activity of
cells fixed below 10Â°was greatly reduced. This temperature
effect was reversible. TATA activity was restored if the cells
were returned to 37Â°before fixation. Fixation at all tempera
tures for longer than 2 hr or at paraformaldehyde concentra
tions greater than 1% also caused a decrease in immunogen
icity. Spleen cells from mice immunized with tumor cells fixed
at 37Â°were able to more effectively neutralize tumor growth in
the Winn assay compared with those from mice immunized
with cells fixed at 0Â°.Immunization with paraformaldehyde
fixed tumor cells was completely specific. Mice immunized with
an antigenically unrelated tumor were not rendered immune to
tumor challenge. Fixed tumor cells could be stored for at least
i month without loss of TATA activity.

INTRODUCTION

For active specific immunotherapy of cancer patients with
TATA3 to be successful, the antigen must be nonhazardous,
actively immunogenic, and stable. To this end, various methods
of inactivation of tumor cells with preservation of TATA have
been developed in animal model systems. These include pre
treatment with X-irradiation (12, 29), antitumor drugs (2, 10),
chemical fixatives (13, 23, 27), other chemicals (1, 18, 25), or
physical homogenization (3, 26). Among these methods, X
irradiation has generally been considered to be the best method
for retention of TATA activity. However, X-irradiated tumor cells
may lose their immunogenic activities rapidly with storage,
therefore requiring fresh cells for each immunization. On the
other hand, chemically fixed tumor cells with immunogenicity
equal to that of X-irradiated cells would present a decreased
risk of inadequate inactivation plus the added advantage that
they could be stored for long periods of time (8, 16). In addition,
contaminating viruses or other microorganisms would be in
activated (i 5).

A systematic study was therefore undertaken to define the
optimal conditions for fixation of tumor cells with paraformal
dehyde. During the course of the study, we observed that the
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TATA immunogenicity varied depending on the temperature of
fixation. The details of these findings are presented.

MATERIALS AND METHODS

Mice and Tumor Cells. BALB/c mice, 8 to 11 week old,
were obtained from the NIH Animal Production Unit, Bethesda,
Md. The mKSA ascites tumor cell line (14), a SV4O-transformed
BALB/c kidney cell line, was kindly donated by Dr. L. W. Law,
Laboratory of Cell Biology, National Cancer Institute, NIH,
Bethesda, Md. This tumor line has been maintained by serial
passage in syngeneic BALB/c mice. The mKSA ascites tumor
grows as a solid tumor when injected s.c. , with a 50% tumori
genic dose of 1O@cells. These tumor cells express the SV4O
tumor antigen and the SV4O tumor-specific transplantation
antigen, but they are free of infectious virus (4). The Meth-A
ascites tumor, also provided by Dr. L. W. Law, is a 3-methyl
cholanthrene-induced BALB/c fibrosarcoma. This tumor grows
s.c. with a 50% tumorigenic dose of 1O@cells. It is antigenically
distinct from the mKSA tumor (20).

Paraformaldehyde Fixation. Paraformaldehyde (Fisher Sci
entific Co. , Fair Lawn, N. J.) solutions were freshly made in
PBS before use. The given weight of paraformaldehyde powder
was placed in PBS and stirred continuously at room tempera
ture for 24 hr, at which time the powder was completely
dissolved. The solubility of paraformaldehyde in PBS at 37Â°,
measured by weighing the powder that remained undissolved
after 24 hr of continuous stirring, was determined to be greater
than 10 g/ 100 ml. Since paraformaldehyde is a high polymer
of formaldehyde, solubilization in aqueous solution involves
depolymerization to formaldehyde and soluble low-molecular
weight polymers. Therefore, once the paraformaldehyde was
dissolved at room temperature, lowering the temperature to 0Â°
did not cause recrystallization. The ascites tumor cells were
aspirated from the peritoneal cavity of tumor-bearing mice and
treated with 0.83% ammonium chloride in Tris buffer (pH 7.6)
to remove contaminating ABC. They were then washed 3 times
with PBS and adjusted to a concentration of 2 x i O@cells/mI
of PBS. The cell suspension was maintained for 15 mm at 0Â°
and then divided into 2 groups. One group was kept on ice for
additional 15 mm before adding an equal volume of cold (0Â°)
2% paraformaldehyde. The other group of cells was warmed
to 37Â°over a period of 15 mm before adding an equal volume
of warmed (37Â°)2% paraformaldehyde. The tumor cells were
therefore incubated at a final concentration of 1 x I O@cells/
ml in i % paraformaldehyde for 30 mm at their respective
temperatures, with frequent vigorous agitation. After the incu
bation period, the cells were washed 3 times in PBS and
passed through a stainless steel mesh to remove aggregated
cells which might not have been completely fixed with para
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formaldehyde. In experiments to determine the effect of para
formaldehyde concentration, time, or temperature of fixation,
the cells were treated with paraformaldehyde as described
above, with only the parameter of interest being varied.

Stability of Fixed Tumor Cells. Paraformaldehyde-fixed
cells were washed 3 times and then stored at 4Â°in PBS, with
antibiotics (penicillin, 200 units/mI, and streptomycin, 200
mg/mI) for varying periods of time. The stored cells were
washed twice in PBS before injection into mice.

Immunization of Mice. Age- and sex-matched BALB/c mice
were given a single s.c. injection of 1 x 1O@paraformaldehyde
fixed or X-ray-inactivated (3,000 to 10,000 A) tumor cells. This
injection was made near the right thigh so that any tumor
growth resulting from fixed or X-irradiated tumor cells could be
distinguished from that of the challenged tumor cells inoculated
on the back of these mice.

Tumor Challenge. Both immunized and normal mice were
inoculated with 1 x 1O@or 5 x 10@viable tumor cells s.c. on
the dorsum, 7 days after immunization. The mice were sacri
ficed 4 weeks after tumor challenge, and both tumor incidence
and tumor weight were recorded. The statistical significance
between experimental and control groups was calculated by
the Student t test or x2 test.

Winn Assay. Spleen cells from normal mice or mice immu
nized with tumor cells fixed at 37Â°and 0Â°were mixed with 1
x i05 mKSA tumor cells at a spleen ceIl:tumor cell ratio of
200:1 . The mixture was injected s.c. into mice. Tumor growth
was monitored weekly, and the incidence of recipient mice with
palpable tumor at 4 weeks was taken as a measure of cell
mediated immunity of donor spleen cells. Spleen cells from 3
or more donor mice 7 days after single s.c. immunization were
used for the Winn test (30). The statistical significance of
response was determined by the x2 test.

RESULTS

Inactivation of the Tumorigenicity of mKSA Tumor Cells
by Fixation with Paraformaldehyde. To determinethe minimal
concentration of paraformaldehyde required to abrogate sub
sequent growth of immunizing tumor cells, samples of mKSA
tumor cells were treated for 30 mm at either 0Â°or 37Â°with
0.1 , 0.3, or 1.0% paraformaldehyde and then inoculated s.c.
or i.p. into mice. Fixation with 1.0% paraformaldehyde, but not
with lower concentrations, prevented tumor growth in all mod
ulated mice (Table 1). Tumor cells treated at 0Â°with either 0.1
or 0.3% paraformaldehyde grew in more mice than did those
treated at 37Â°.This result may be due to the decreased rate of
the chemical reaction of fixation at lower temperature.

Table 1

Comparison of Immunogenicity of X-ray-inactivated and
Paraformaldehyde-fixed Tumor Cells. The immunogenicity of
mKSA tumor cells which were x-ray inactivated at doses of
3,000, 6,000, or 10,000 A was compared with that of tumor
cells fixed with 1% paraformaldehyde for 30 mm at 37Â°(Table
2). The immunogenicity of paraformaldehyde-fixed cells was
not significantly different from that of tumor cells treated with
3,000, 6,000, or 10,000 A.

Effect of Temperature of Fixation on Immunogenicity. The
relative immunogenicity of tumor cells fixed with 1% paraform
aldehyde for 30 mm at 0Â°,5Â°,10Â°,20Â°,37Â°,or 56Â°is shown
in Table 3. Strikingly, cells fixed at temperatures below 10Â°
showed a marked decrease in immunogenicity. Maximum im
munogenicity was obtained after fixation at 37Â°.Cells fixed at
56Â°exhibited a decrease in immunogenic activity, as might be
expected since some denaturation of protein probably oc
curred at this temperature. The same phenomenon was also
observed with the Meth-A tumor line. Meth-A cells fixed at 0Â°
showed a decrease in immunogenicity compared to Meth-A
cells fixed at 37Â°(data not shown).

Cells held at 0Â°,but returned to 37Â°and fixed at 37Â°,showed
a complete return of immunogenicity, compared to those held
at 0Â°(Table 4). Thus, any attenuating effect of low temperature

Table 2
Comparison of the immunogenicity of x-ray-inactivated versus

paraformaldehyde-fixed mKSA tumor cells

a Number of mice without tumors/total number of mice. This fraction is
directly proportional to the immunogenicity of the immunizing cells.

b Numbers in parentheses, percentage.

C versus@ d versus@ Not statistically different from each other by the x2 test.

eTumorcellswerefixedwith1%paraformaldehydefor30mmat37Â°.

Table 3

a Mice were immunized with 1 x 1o@ tumor cells fixed at the indicated
conditions and then challenged s.c. with viable tumor cells 7 days after immuni
zation.

b Number of mice without tumors/total number of mice. This fraction is

directly proportional to the immunogenicity of the immunizing cells.
C Compared with the group immunized with cells fixed at 37Â° by the x2 test.

d Numbers in parentheses, percentage.

a NS, not significant.

a Mice were inoculated s.c. or i.p. with 1 x 1O@tumor cells fixed with
paraformaldehyde under the indicated conditions.

b versus @,number of mice with tumors from cells fixed at 37Â° versus 0Â°

significantly different at p < 0.01 by the x2 test.
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Temperature-dependent TATA Activity of Fixed Tumor Cells

prior to fixation was completely reversed by reincubation at
370 prior to fixation.

Effect of Time of Fixation on Immunogenicity. To determine
if the difference in immunogenicity of tumor cells fixed at
different temperatures was due to a difference in the rate of
the fixation reaction at different temperatures, cells were fixed
at constant temperature for various times (Chart 1). Fixation at
37Â°for longer than 2 hr caused a gradual decrease in immu
nogenicity. The immunogenicity of cells fixed at 0Â°was con
sistently low, even after longer periods of exposure to para
formaldehyde. The greatest difference in immunogenicity of
cells fixed at these different temperatures was observed after
30 mm of fixation and was consistent with previous data. These
results indicate that the difference in the immunogenicity of
cells fixed at 37Â°and 0Â°is not due merely to a difference in
the rate of reaction with paraformaldehyde.

Effect of Paraformaldehyde Concentration on Immuno
genicity. To further confirm that a difference in the rate of the
fixation reaction was not the cause of the difference in immu
nogenicity of tumor cells fixed at different temperatures, tumor
cells were fixed at 0Â°or 37Â°with increasing concentrations of
paraformaldehyde. The immunogenicity of cells fixed at 37Â°
decreased with increasing concentrations of paraformalde
hyde, whereas the immunogenicity of cells fixed at 0Â°did not
increase with increased concentrations of fixative (Chart 2).
These results again argue against the possibility that a differ
ence in the rate of fixation at different temperatures could be
responsible for the different degree of immunogenicity of fixed
cells.

Specificity of the Immunization with Fixed Tumor Cells. To
preclude the possibility of nonspecific stimulation of the im
mune system by paraformaldehyde-fixed tumor cells, a cross
immunization and cross-challenge experiment was done with
2 antigenically unrelated tumors, mKSA and Meth-A. Immuni
zation with mKSA tumor cells fixed at 37Â°inhibited the growth
of mKSA cells subsequently used for challenge (11 of 20 mice
were free from tumors), but not the growth of Meth-A cells (all
of 20 mice developed tumors). Conversely, immunization with
Meth-A tumor cells fixed at 37Â°inhibited the growth of Meth-A

Table 4
Reversibility of the immunogenicity of rnKSA tumor cells held at low

temperature

Incubation temperature be- Tern- . .
. . a Frequency of mice without tumorsfore fixation pera

@T@ 6 â€œ24

100

U-0

0@ 60
>-:@

w:D40

WI.-

E@ 20

TIME OF FIXATION hours)

Chart 1. Eftect of time of fixation on immunogenicity of mKSA tumor cells
fixed with 1% paraformaldehyde at 37Â°(â€¢)and 0Â°(0). This figure represents the
sum of the percentage of mice without tumors of 10 mice challenged at 1 x 10Â°
tumor cells plus 10 mice challenged at 5 x 10Â°cells. It is directly proportional to
the immunogenicity of the immunizing cells.

0â€”
-U)

U-0

>.D

ZI

a'

CONCENTRATIONOF PARAFORMALDEHYDE(%)

Chart 2. Effect of paraformaldehyde concentration on immunogenicity of
mKSA tumor cells fixed for 30 mm at 37Â°(C) and 0Â°(0). This figure represents
the sum of the percentage of mice without tumors from 10 mice challenged at I
x 1 @Â°tumor cells plus 10 mice challenged at 5 x 10Â°tumor cells. It is directly
proportional to the immunogenicity of the immunizing cells.

cells (15 of 30 mice were free from tumors), but not mKSA
cells subsequently used for challenge (all of 10 mice developed
tumors). Thus, the specificity of the immunization conferred by
fixed tumor cells was proved specific.

Neutralizing Activities of Spleen Cells from Mice Immu
nized with Fixed Tumor Cells. The difference in neutralizing
activities between spleen cells from mice immunized with tumor
cells fixed at 37Â° and 0Â°was measured by the Winn assay.
Spleen cells from mice immunized with tumor cells fixed at 37Â°
showed significantly higher neutralizing activities compared to
those from mice immunized with cells fixed at 0Â°.In mice
inoculated with mixtures of 2 x 1O@spleen cells and 1 x 1O@
tumor cells, 6 of 20 mice developed tumors when the spleen
cells were from mice immunized with mKSA cells fixed for 30
mm with 1% paraformaldehyde at 37Â°,whereas 13 of 20 mice
developed tumors when the spleen cells were from mice im
munized with cells fixed under the same conditions at 0Â°.
Sixteen of 20 mice developed tumors when the spleen cells
were normal, and 17 of 20 mice when no spleen cells were
mixed with the challenge tumor cells. This result confirms that
the different immunogenicity of fixed cells is the result of a cell
mediated immunological phenomenon.

Stability of Fixed Tumor Cells Stored at 4Â°.Tumor cells
fixed with 1% paraformaldehyde for 30 mm at 37Â°were washed
3 times and stored at 4Â°in PBS with antibiotics for up to 1
month. The immunogenicity of fixed cells stored for 0, 10, 20,
or 30 days was tested at the same time and did not decrease

ture of
fixa
tionb i x iOÂ° 5 x 10Â°

a Tumor cells were incubated at each step for 15 mm at the indicated
temperatures before fixation. For example, in Row 2, cells held at 0Â°for 15 mm
were placed in a 37Â°water bath, warmed to 37Â°(which took about 15 mm), and
then fixed at that temperature for 30 mm.

b Tumor cells were fixed with paraformaldehyde for 30 mm at the indicated

temperatures.
C Number of mice without tumors/total number of mice. This fraction is

direjtly pro@@ortionalto the immunogenicity of the immunizing cells.
versus â€¢@ versus h not significant.

@ Numbers in parentheses, percentage. d versus g , , < o.ooos.
versush p<O.O05.
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significantly during the 1-month storage period. Fourteen of 20
mice were free from tumors when they were immunized with
fixed tumor cells after no storage, 13 of 20 mice after 10 days
of storage, 13 of 20 mice after 20 days of storage, and 12 of
20 mice after 30 days of storage. Only one of 20 mice in the
nonimmunized control group was free from tumor.

DISCUSSION

The term â€˜â€˜fixation,â€˜â€˜as applied to mammalian cells, denotes
chemical alterations produced by various reagents which bring
about mechanical strengthening (5) and immobilization (7) of
structural subcomponents through the formation of intra- and
intermolecular covalent linkages (1 1). Paraformaldehyde is a
solid polymer of formaldehyde which readily depolymerizes in
aqueous solution to produce formaldehyde. It is much prefer
able to commercially produced formaldehyde solutions be
cause the latter invariably contain approximately 15% by vol
ume of methanol to slow the spontaneous oxidation of formal
dehyde to formic acid. A significant number of publications on
the fixation of cells with formaldehyde fail to give the commer
cial source of formalin used and therefore raise the uncertainty
that some of the effects obtained could have been due to the
presence of methanol.

In this study, the optimal conditions of fixation to preserve
immunogenicity were 1% paraformaldehyde for 30 mm at 37Â°.
When these conditions were used, the fixed cells retained a
degree of immunogenicity comparable to that of X-irradiated
cells. Our results confirmed the report of Kudo et a!. (15) that
tumor cells fixed under optimal conditions could be stored for
long periods of time without loss of immunogenicity.

Gatti et a!. (9) reported that, in the mixed hemadsorption test
with paraformaldehyde-fixed YAC tumor cells, a low concentra
tion of paraformaldehyde was deleterious to the antigenicity of
Moloney leukemia virus cell surface antigens, whereas higher
concentrations or longer fixation periods increased their anti
genicity. In our system, however, prolonged incubation of tumor

cells with paraformaldehyde or concentrations of paraformal
dehyde greater than 1% did not increase their immunogenicity.
Because of the report of Frost and Sanderson (8) of a nonspe
cific component in the immunity produced by glutaraldehyde
fixed tumor cells, we proved that in the case of paraformalde
hyde fixation the immunity produced was specific for the TATA
of the fixed tumor cells.

A most striking finding in this study was that the degree of
immunogenicity retained after fixation was dependent on the
temperature of fixation. Cells fixed below 10Â° were poorly
immunogenic, whereas cells fixed at 20Â°and 37Â°were highly
immunogenic. Cells held at 0Â°but shifted up to 37Â° before
fixation showed a complete return of immunogenicity, indicat
ing that the attenuating effect of low temperature on immuno
genicity was reversible. The difference in immunogenicity of
tumor cells fixed at different temperatures was reflected in the
difference between neutralizing activities in the Winn assay of
spleen cells from mice immunized with tumor cells fixed at 37Â°
and 0Â°.Although the temperature effect was observed in a
chemically induced tumor system (Meth-A) as well as a virally
transformed tumor system (mKSA), the optimal conditions of
fixation may be different with various kinds of tumors as re
ported by Lin et a!. (17).

We visualize the paraformaldehyde fixation reaction as oc

curring between formaldehyde (or a mixture of soluble poly
mers) and free amino groups or amide groups of cell surface
proteins. These include the c-amino groups of lysine, the ter
minal amide groups of glutamine and asparagine, and possibly
peptide groups (19). Reactions with other groups have been
postulated, namely, imino, guanidino, hydroxyl, carbonyl, and
sulfhydryl groups. Any further specification of particular chem
ical components related to the TATA specifically altered by
reaction with paraformaldehyde cannot be made at this time.
In this study, care was taken to test the hypothesis that the
difference in immunogenicity of cells fixed at 37Â°and 0Â°was
related to the rate of reaction between formaldehyde or its
soluble polymers and the chemical groups mentioned above.
The experiments in which the duration of fixation and concen
tration of paraformaldehyde were varied appear to negate this
hypothesis.

It is possible that the decreased TATA activity of tumor cells
fixed at lower temperatures was due to a decreased number of
TATA determinants on the plasma membrane. In this connec
tion, Pancake and Nathenson (21) reported the selective loss
of H-2 antigenic reactivity after formaldehyde fixation as meas
ured by inhibition of precipitation of radiolabeled H-2 antigen.
Cell modification by chemical treatment may produce confor
mational changes that modify immunogenicity (24). Some in
vestigators have reported relatively small changes (22), or
none at all (6), in the structure of antigenic sites after formal
dehyde fixation. It appears likely that the reduction of immu
nogenicity occurring at lower temperatures of fixation is due to
a physical alteration in the state of plasma membrane. The
topographical arrangement or expression of TATA elements
could be distorted by membrane phase transitions produced
by incubation at lower temperatures before fixation. Alteration
of membrane fluidity could be involved (28).
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