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ABSTRACT

The ability of UV irradiation to induce immunogenicity of the nonim-
munogcnic major histocompatibility complex-negative MCA102 fibro
sarcoma was studied. In parallel, the effect of short wavelength UVC
light on the sensitivity of tumor cells to natural cell-mediated cytotoxicity
and tumor necrosis factor (TNF) was also investigated. MCA102 fibro
sarcoma cells were irradiated in vitro twice with UVC light (610 and 457
J/m!). Surviving cells were expanded and maintained in vitro as the

MCA102UV subline. UV treatment changed tumor cell morphology and
increased their in vitro rate of proliferation. However, after inoculation
of 1 x 10s to 2 x 10" MCA102UV cells into C57BL/6 mice, growth of

these cells was completely prevented. Lyt2.2 and not I.3T4 lymphocytes
were responsible for the rejection of these tumor cells. To determine the
minimal and optimal dose of UV irradiation capable of increasing tumor
cell immunogenicity, MCA 102 cells Â»ereirradiated once or twice with
different doses (76 to 610 J/m2) of UV light. After a single dose of UV

treatment, tumor growth in C57BL/6 mice was inhibited, particularly
with lines irradiated at the highest doses (610 or 457 J/m2). After a

second round of irradiation, tumor cells became more immunogenic, and
the level of tumor growth inhibition increased with higher doses of UV
irradiation. Thus, cells irradiated twice with 610 and 457 J/m2 became

rejectable in all immunocompetent C57BL/6 mice. The increase in tumor
cell immunogenicity induced by UV light was not associated with the
appearance of Class I H-2 antigens. In parallel with the induction of
tumor cell immunogenicity, UV irradiation made tumor cells more sen
sitive to natural cell-mediated cytotoxicity and to lysis by TNF. An
increase in sensitivity to natural cell-mediated cytotoxicity and TNF was
observed after single or double doses (152 to 610 J/m2) of UV irradiation.

The cells that showed the highest levels of immunogenicity were found
also to be most sensitive to lysis by TNF. MCA102UV cells cultured in
the presence of increased doses of recombinant TNF' became resistant to

its cytotoxicity without losing their immunogenicity, suggesting that
immunogenicity and TNF sensitivity are two independent UV-induced
properties. Thus, UV irradiation appears to be an effective modality for
altering tumor cell immunobiological properties, including increased tu
mor cell sensitivity to T-cell and/or natural cell-mediated immunity.

INTRODUCTION

UV irradiation is known to have a broad spectrum of biolog
ical effects. UV light has strong mutagenic, carcinogenic, and
immunosuppressive activities (1-3). UV-induced tumors are
characterized by high levels of immunogenicity, since they are
usually rejected following transplantation into normal, immu
nocompetent. syngeneic recipients (3). Their ability to grow in
the autochthonous host is associated with UV-induced inhi
bition of the antitumor immune response by generation of
specific T-suppressor cells (3). Since UV irradiation induces
tumors with high levels of immunogenicity, several years ago
we studied whether UV light was also capable of increasing the
immunogenicity of already established malignant cells (4, 5).
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We found that, as a result of in vitro irradiation with short
wavelength UVC light, 3LL tumor cells became highly immu
nogenic and were rejected by immunocompetent C57BL/6
mice, whereas they were highly tumorigenic in immunosup-
pressed (X-irradiated) C57BL/6 or athymic nude mice (4, 5).

Similarly it was demonstrated that medium wavelength UVB
light also could be rather efficient in up-regulation of tumor
cell immunogenicity (6, 7).

In all these experiments, the UV-treated tumor cell subline
induced antitumor immune responses that were also protective
against the original "progressor" tumors (4-7). The observed

cross-reactivity between the UV-treated and original tumor
lines indicated that they share tumor-associated transplantation

antigens, despite the lack of their immunogenicity in the origi
nal tumor line (4-7).

In the present study we attempted to further extend these
observations and to study the ability of UVC light to augment
immunogenicity of a nonimmunogenic MCA102 tumor that
does not expresses Class I MHC' antigens (8, 9). Furthermore,

we attempted to determine the minimal or optimal doses of UV
irradiation capable of up-regulating tumor cell immunogenicity.
For these purposes we compared the efficiency of a wide range
of single or multiple doses of UVC for their ability to increase
the immunogenicity of MCA 102 tumor cells.

During this study, we observed that certain doses of UV-
treated MCA 102 cells failed to induce detectable tumors not
only in immunocompetent C57BL/6 mice but also in athymic
nude mice. These findings stimulated the investigation of the
ability of UV light to affect tumor cell sensitivity to natural
cell-mediated immunity.

The results of this study demonstrate that UVC irradiation,
in addition to its ability to increase tumor cell immunogenicity,
might have broader immunobiological effects on tumor cells
and could make them more sensitive to NCMC and to lysis by
TNF-tt. In vitro culture of UV-treated MCA 102 tumor cells
with increased doses of TNF resulted in selection of a TNF-
resistant variant that also showed reduced sensitivity to NCMC
without losing their immunogenicity. These data suggest that
immunogenicity and sensitivity of MCA 102 tumor cells to
NCMC and TNF are two independent UV-induced properties.

MATERIALS AND METHODS

Mice. C57BL/6 and athymic nude mice were supplied by the Animal
Production Area of the Frederick Cancer Research Center. Mice (fe
male) at 2 to 3 mo of age were used in the experiments. The animals
were housed in a pathogen-free, barrier facility of the Pittsburgh Cancer
Institute and maintained according to the NIH guidelines for laboratory
animal care.

Tumors. MCA 102 fibrosarcoma was induced by i.m. inoculation of
3-methylcholanthrene into C57BL/6 mice (8). This tumor was kindly
provided by Dr. Suyu Shu (Department of Surgery, University of
Michigan). Tumor cells were maintained in vitro in RPMI 1640 me-

' The abbreviations used are: MHC. major histocompatibility complex: NK.
natural killer; NC. natural cytotoxic; NCMC. natural cell-mediated cytotoxicity;
TNF, tumor necrosis factor; MNNG. A'-methyl-A'-nitro-nitrosoguanidine: r-TNF.

recombinant tumor necrosis factor.
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dium supplemented with 7% fetal bovine serum, glutamine, strepto
mycin, and penicillin (Gibco, Grand Island, NY) (this will hereafter be
referred to as complete medium). Cells were harvested by treatment
with 0.05% trypsin in 140 mM NaCl, 50 mivi KC1, and 6 mM EDTA,
pH 7.4. Cells were counted in a hemacytometer, and viability was
determined by the exclusion of trypan blue.

UV Light Irradiation. The treatment of tumor cells with UV light
was performed as previously described (4). MCA 102 tumor cells (10 x
IO6)were resuspended in 10 ml of phosphate-buffered saline (without
dye) and plated in a 100-mm Petri dish. Tumor cells were placed in the
middle of the laminar flow hood and irradiated with UV light from a
germicida! lamp which emitted radiation primarily in the UVC region,
with a peak of 254-nm wavelength. The incident-dose rate at the level
of the Petri dish was 1.2 W/m2 as measured by a Black-Ray UV meter,

Model J225 (American UV Co.). Tumor cells were irradiated for 6 to
8 min. Surviving cells were expanded, and after 3 to 4 wk they were
irradiated a second time. Surviving cells were expanded again and
maintained in vitro as a new MCA102UV line.

In some experiments tumor cells were irradiated with different doses
of UV light. Inasmuch as high doses of UV light were extremely lethal,
the number of tumor cells taken for irradiation proportionally increased
with increase of dose of UV irradiation. For this purpose 0.5, 1, 2, 4,
and 8 x IO6tumor cells per plate were irradiated at 76, 152, 305, 457,

and 610 J/ml, respectively. Cells were washed and resuspended in
complete RPMI 1640 medium. Surviving cells were expanded and
maintained as individual cell lines. The second UV treatment with the
same dose for each line was repeated 1 mo later. Tumor cells that
survived the second round of UV irradiation were expanded and main
tained in culture as individual cell lines.

Tumor Cell Immunogenicity. Immunogenicity of tumor cells was
tested by inoculation of 1 x IO5 to 5 x IO6 tumor cells s.c. into

immunocompetent C57BL/6 or athymic nude mice. In some experi
ments, the ability of tumor cells to grow in L3T4- and/or Lyt2.2-
depleted C57BL/6 mice was tested. Tumor cells were considered im-

munogenic if they were rejected or if their growth was significantly
inhibited in immunocompetent mice but not in immunosuppressed or
nude mice.

Antibodies. Rat anti-mouse L3T4 and Lyt2.2 monoclonal antibodies,
generously provided by Dr. Suyu Shu, were inoculated i.p. into C57BL/
6 mice (0.2 ml of ascites) I day before tumor cell challenge. Injections
of these antibodies were repeated weekly during the entire period of
tumor growth. Treatment with anti-L3T4 or anti-Lyt2.2 antibodies was
found to be efficient for in vivo elimination of the CD4 and CDS
subpopulations, respectively, of murine T-lymphocytes (10, 11).

To assess the role of NK cell-mediated immunity in the control of
tumor cell growth, C57BL/6 or nude mice were inoculated i.p. with
anti-asialo-Gvii rabbit immunoglobulin G (0.2 ml; dilution, 1:20)
(Wako Chemical Company, Dallas, TX) 1 day before tumor cell trans
plantation (12).

The expression of H-2 antigens on the surface of tumor cells was
analyzed by flow cytometry using the following monoclonal antibodies.
Anti-H-2Kb (immunoglobulin M, hybridoma line 28-13-3) and anti-H-
2Db (immunoglobulin M, hybridoma line 28-11-5) monoclonal anti

bodies were kindly provided by Dr. D. Sachs (Immunology Branch,
National Cancer Institute. NIH). Anti-H-2Kb (immunoglobulin G2a,

hybridoma line AF6-88.5.3) antibodies were obtained from the Amer
ican Type Culture Collection. Fluorescein isothiocyanate-labeled goat
anti-mouse second antibodies were obtained from Pel-Freez Biologicals
(Rogers, AR). Murine recombinant -y-interferon was provided by Ge-

nentech. Inc. (San Francisco, CA).
Flow cytometric analysis was performed using a FACStar flow

cytometer (Becton Dickinson, San Jose, CA) with 200 milliwatts of the
488-nm line of an argon ion laser as a light source. Gating was
determined by forward and ortogonal scatter patterns, and the log green
fluorescence signals were collected and analyzed using the Consort 30
operating system.

Cytotoxicity Assay. Spleen cells of mice were separated on a Ficoll-
Hypaque gradient (specific gravity, 1.077) (Pharmacia, Inc., Piscata-
way, NJ) as previously described (13). 51Cr-labeled tumor cells were

mixed with spleen cells in 96-well V-bottomed plates at final effec-
tontarget ratios of 100:1 to 12.5:1. Cells were incubated 18 h at 37Â°C.

Supernatants were collected, and their radioactivity was determined.
Spontaneous 51Crrelease usually was around 30%.

To assess the sensitivity of UV-treated and nontreated MCA 102
tumor cells to the cytotoxic action of TNF, radiolabeled tumor cells
were incubated with human recombinant TNF-Â«(Knoll Pharmaceuti
cals, Whippany, NJ) for 18 h. The level of released 5'Cr in the super-

natants was determined, and the cytotoxic activity of TNF against
tested tumor cells was calculated (14).

Usually standard deviations of the means did not exceed 5%. The
differences between means of the different groups that exceeded 10%
were found by the Student i test to be significant (P < 0.05). Experi
ments were repeated 3 to 5 times, and results of representative experi
ments are included in the tables.

Selection of TNF-resistant MCA102 UV Tumor Cell Subline.
MCA102 UV tumor cells were cultured in the T-25 culture flasks with
progressively increased concentrations of TNF. Tumor cells (5 x IO5
to 1 x IO6)were transferred into the flask and cultured in the presence

of 125 units/ml of TNF during 3 transfer generations. Then the
concentration of TNF was increased to 500 units/ml (fourth generation)
and subsequently to 1,000 units/ml (from fifth to seventh passage).
Then surviving cells were continued in culture in the presence of 5,000
to 10,000 units/ml of TNF. After the 11th generation, some cells were
consistently maintained in complete RPMI 1640 medium supple
mented with 1250 units/ml of TNF, and some cells were cultured in
the absence of TNF for 5 wk. The sensitivity of these sublines to spleen
cell or TNF cytotoxicity was tested in an 18-h MCr release assay.

The immunogenicity of the selected TNF-resistant subline was tested
by comparison of its ability to grow in C57BL/6 and nude mice.

RESULTS

MCA 102 cells were irradiated with UV light (610 J/m2).

Irradiated cells initially adhered to the plastic, but after 2 days
cells died and detached, and only a very small proportion of
cells remained adherent to the flask and slowly expanded. After
3 wk the surviving cells were harvested and irradiated again.
However, a second course of UV irradiation with 610 J/m2 was

lethal for all cells. Therefore, MCA 102 cells were irradiated for
the second time with 457 J/m2. Cells that survived two courses

of UV irradiation were expanded and termed MCA102UV
cells.

UV irradiation induced some morphological changes in tu
mor cells. The original MCA 102 tumor cells were fibroblast
like and strongly adherent cells. MCA102UV cells were less
plastic adherent and more round without long processes, and
they grew in close contact. In addition, MCA102UV tumor
cells demonstrated in vitro 3 to 4 times higher rate of prolifer
ation in comparison with the parental MCA 102 cells.

To test their ability to grow in vivo, MCA102UV cells were
inoculated s.c. into C57BL/6 mice at doses of 1 x IO5 to 2 x
IO6. All of these tumor inocula were rejected, and no growth

was observed. When doses of inoculated MCA102UV cells
were increased up to 4 x IO6 and 6 x lO6 cells, tumor growth

was still prevented in 80 and 60% of mice, respectively. In
contrast, the original MCA 102 tumor cells grew in all mice
transplanted with at least 5 x IO4cells.

To study the mechanisms of in vivo inhibition of tumor cell
growth, we first tested the importance of T-cell-mediated im
munity in MCA102UV tumor cell destruction. For this pur
pose, MCA102UV (2 x IO6) cells were inoculated into s.c.

immunocompetent C57BL/6 or athymic nude mice. The results
presented in Table 1 show that T-cell-mediated immunity was
important for control of MCA102UV cell growth, since these
cells were rejected in all immunocompetent C57BL/6 mice but
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Table I Effect of UV irradiation on the immunogenicity of MCA 102 tumor cells

% of mice with tumor

Mice0C57BL/6

Nude
C57BL/6
C57BL/6
C57BL/6mAb

treatmentNone

None
Anti-L3T4
Anti-Lyt2.2
Anti-L3T4+
Anti-Lyt2.2MCA102UV0

100
0

100
100MCA102100

100
NT"

NT
NT

"MCA102UV or MCA102 tumor cells (2 x IO6) were inoculated s.c. into

C57BL/6 or nude mice. Some C57BL/6 mice received i.p. 1 day before 0.2 ml of
ascites containing anti-L3T4 or anti-Lyt2.2 monoclonal antibodies. Injections of
monoclonal antibodies were repeated weekly for 3 wk. Tumor appearance and
tumor diameter were determined. Five mice per group were included.

* NT, not tested.

induced progressively growing tumors in T-cell-deficient nude
mice. In order to determine the importance of the different
populations of T-lymphocytes in rejection of MCA102UV tu
mor cells, C57BL/6 mice transplanted with MCA 102U V tumor
cells were inoculated i.p. weekly with anti-Lyt2.2 and/or L3T4
monoclonal antibodies. Treatment of C57BL/6 mice with anti-
Lyt2.2 monoclonal antibodies completely abrogated the anti-
tumor resistance of C57BL/6 mice, and tumors appeared in all
mice. In contrast, depletion of L3T4 lymphocytes did not
significantly affect antitumor resistance, and growth of
MCA102UV cells was still prevented, suggesting that Lyt2.2 T
lymphocytes are primarily important in rejection of these tumor
cells.

The above results demonstrated that two courses of UV
irradiation render MCA 102 cells highly immunogenic. It was
then of interest to determine the minimal dose of UV irradiation
required to augment the immunogenicity of MCA 102 tumor
cells. For this purpose, MCA 102 tumor cells were irradiated
with different doses of UV light (76 to 610 J/m2). Surviving

tumor cells were expanded for 1 mo and then were irradiated
again with the same dose; with the exception of cells previously
irradiated with 610 J/m2, the second dose was reduced to 457
J/m2. Cells were expanded and cultured for about 6 wk as

individual lines. The ability of these cells to grow in C57BL/6
mice then was tested after s.c. inoculation of 5 x IO5cells per

mouse.
UV-irradiated cells showed a slight retardation of tumor

growth after a single dose of irradiation at 76 or 156 J/m2.

However, tumors developed in all transplanted mice (Fig. 1).
With increased doses of irradiation, retardation of tumor
growth became more apparent.

After the second course of UV irradiation, the ability of
tumor cells to grow in C57BL/6 mice further declined. This
effect was obvious for doses of 152 J/m2 and above (Fig. 2).

After 30 days, tumors developed in only one of five mice
inoculated with tumor cells that had been UV irradiated with
two courses of 457 J/m2. All mice rejected tumor cells that had
been irradiated with 610 + 457 J/m2 (Fig. 2).

Thus these results indicate that two courses of UV irradiation
of tumor cells are more efficient than one UV treatment for
augmentation of MCA 102 cell immunogenicity. Furthermore,
high doses of UV irradiation were more efficient for inducing
high levels of tumor cell immunogenicity.

MCA102UV tumor cells induced strong resistance to a sec
ond challenge with the same tumor cells. It was of interest to
test the cross-reactivity between the original MC A102 and
MCA102UV tumor cell lines. For these purposes, C57BL/6
mice that rejected two to four challenges with MCA102UV
cells were inoculated s.c. with 1 x IO5 MCA 102 tumor cells.
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Fig. 1. Tumor growth of MCA 102 sublines treated with a single dose of UV
irradiation. Sublines of MCA 102 tumor cells treated with different doses of UV
light (76 to 610 J/m2) were inoculated s.c. into CS7BL/6 mice (5 x 10' cells/

mouse). The tumor diameter was measured at different time points (mean Â±SE).
Five mice per group were included.

No tumor protection was found and MCA 102 tumors appeared
in all inoculated mice. When immune mice were transplanted
simultaneously with MCA 102 and MCA102UV cells, only
growth of MCA 102 cells was observed. Even with reduction of
the dose of MCA 102 tumor cells to 5 x 10", tumors appeared
in all mice that showed resistance to 10 x IO6 MCA102UV

tumor cells. In some experiments, slight retardation of tumor
growth was found, but eventually tumors developed in 100% of
the inoculated mice (data not shown).

These data could be interpreted as a lack of cross-reactivity
between UV-treated and nontreated MCA 102 tumor cells, with
appearance of new UV-induced antigens missing in the original
MC A102 tumor cells. On the other hand, failure of the immune
mice to reject MC A102 tumor could be a result of a lack of

15 20 25 30 35

DAYS OF TUMOR GROWTH

4 0

Fig. 2. Tumor growth of MCA 102 sublines treated with two courses of UV
irradiation. MCA 102 tumor cells were treated 2 times with different doses of UV
light and maintained in vitro as individual lines. Tumor cells (5 x 10s) were
inoculated s.c. into C57BL/6 mice. The tumor diameter was measured during 30
days of observation. Numbers above each line indicate the proportion of the mice
with growing tumor.
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Fig. 3. H-2 antigen expression by MCA 102
and MCA102UV tumor cells. Tumor cells
were incubated 24 h with -y-intcrfcron (1000
Mm/ml). Expression of H-2K" and H-2D" an
tigens on the cell surface of interferon-treated
and nonlreated MCA 102 and MCA102UV tu
mor cells was analyzed using cytofluorometric
analysis and 28-13-3 and 28-11-5 monoclonal
antibodies, respectively.
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MHC determinants required for the recognition of the tumor-
associated transplantation antigens by the effector T-cells.

Therefore, we next analyzed the expression of Class I H-2
antigens on MCA102 cells. In parallel, the expression of these
antigens by MCA102UV cells was also tested. Using monoclo
nal antibodies and flow cytometric analysis, we found that,
indeed, MCA 102 tumor cells did not express detectable levels

of H-2K'' and H-2D1' antigens (Fig. 3). Furthermore, expression
of Class I H-2 antigens was not induced following incubation of
tumor cells with -y-interferon. Interestingly, UV treatment in

creased MCA 102 tumor cell Â¡mmunogenicity without induction
of expression of Class I MHC antigens. However, the ex
pression of these antigens on the cell surface of the MCA-
102UV tumor cells could be stimulated by interferon (Fig. 3).
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During the investigation of the immunogenicity of
MCA102UV tumor cells, we found that 1 x 10s to 5 x IO5

MCA102UV cells induced tumors in only 20 to 40% of nude
mice. With an increase in the dose of tumor cells to 1 x IO6to
2 x IO6, tumor growth was observed in 100% of nude mice but

not in immunocompetent C57BL/6 mice. Failure of the lower
doses of tumor cells to grow in nude mice might have been due
to natural antitumor resistance, since pretreatment of nude
mice with NK-depressive antibodies resulted in tumor devel
opment. These observations might indicate that UV irradiation
not only increased tumor cell immunogenicity but also in
creased their sensitivity to natural cell-mediated immunity.

To test this possibility, we analyzed the sensitivity of UV-
treated and nontreated tumor cells to the cytotoxic action of
normal spleen cells. In parallel, the ability of human r-TNF to
kill these tumor cells was also tested. Indeed, data presented in
Table 2 demonstrate higher sensitivity of MCA 102 UV cells to
lysis by normal spleen cells of C57BL/6 mice. Furthermore,
MCA102UV tumor cells manifested high sensitivity to lysis by
r-TNF, whereas MCA 102 cells were resistant to TNF cytotox-

icity (Table 2).
In the next series of experiments, we investigated the ability

of different doses of UV irradiation to increase tumor cell
sensitivity to lysis by normal spleen cells as well as to TNF.
Furthermore, we studied whether this increase in tumor cell
lysability by spleen cells and TNF was paralleled by an increase
in tumor cell immunogenicity and whether the same doses of
UV irradiation were required for both immunobiological
effects.

For these purposes, MCA 102 tumor cell sublines that were
irradiated with different doses of UVC light and showed differ
ences in tumorigenicity (see Figs. 1 and 2) were used to assess
their sensitivity to lysis by normal C57BL/6 splenocytes or
human r-TNF. The results presented in Table 3 indicate that
tumor cells irradiated with a single dose of UVC of at least 152
J/nr showed a significant increase in their sensitivity to the
cytotoxic action of normal spleen cells or TNF. MCA 102 tumor
cell sublines that were irradiated with 305 J/nr or more of
UVC demonstrated even higher sensitivity to lysis by spleen
cells and in TNF (Table 3). It was of interest to test whether an
additional course of UV irradiation could further increase tu
mor cell sensitivity to lysis by normal spleen cells or TNF. Two
courses of irradiation with 76 J/nr did not increase tumor cell
lysability. However, with an increased dose of repeated UV
irradiation ( 152 to 457 J/nr), TNF sensitivity of MCA 102 cells
further increased. Thus, for example, lysability of MCA 102
cells following incubation with TNF (1000 units/ml) increased
from 11.3 to 13.8% to 36.5 to 57.3% after the first course of
UV treatment and to 53.2 to 80.1% after a second UV irradia
tion of >152 J/nr (Tables 3 and 4). In contrast to TNF
sensitivity, two courses of UV irradiation did not appear to be
more efficient than one time treatment in augmentation of
tumor cell sensitivity to lysis by the normal spleen cell.

Thus, these data demonstrate that UV irradiation of
MCA 102 tumor cells increased their immunogenicity and sen
sitivity to NCMC and TNF. Two treatments with UV light
were more efficient than a single course of UV irradiation in
the induction of both immunogenicity and sensitivity to TNF
cytotoxicity.

It remains unknown whether these effects of UV light are
independent or closely associated. To test these possibilities,
we selected aTNF-resistant subline of MCA102UV tumor cells
and analyzed whether it concomitantly showed a reduction in

Table 2 Effect ofL'V light irradiation on sensitivity of MCA 102 tumor cells to

lysis by TNF and normal spleen cells
"c of cytotoxicity

Spleen cells (E:TT TNF (units/ml)

Tumor cells" 100:1 50:1 25:1 1000 100 10

MCA102 24.2 19.3 10.5 27.2 20.9 17.3 4.0
MCA102UV 50.1 37.6 29.2 79.8 61.3 48.5 36.9

" Radiolabeled MCA 102 and MCA 102U V tumor cells were mixed with spleen

cells of normal C57BL/6 mice at effectortarget ratios of 100:1 to 25:1 or with
human recombinant TNF (1000 to 1 units/ml). The level of tumor cell lysis was
determined in an 18-h "Cr release assay. Differences in mean cytotoxicity above

10% were considered significant (P< 0.05).
* E:T. effectortarget.

immunogenicity.
To select a TNF-resistant subline, MCA102UV cells were

cultured in the presence of progressively increasing doses of
human r-TNF (125 to 1250 units/ml). After 11 in vitro passages
with TNF, the sensitivity of MCA102UV tumor cells to cyto
toxicity by TNF or spleen cells was tested. As shown above,
MCA102UV cells cultured in the absence of TNF manifested
high sensitivity to lysis by TNF and spleen cells of normal
C57BL/6 mice. In contrast, MCA102UV cells that were main
tained in vitro in the presence of increasing doses of TNF
became resistant to TNF (Table 5). In parallel, the TNF-
resistant subline (hereafter referred as MCA102UVR) also
showed reduced sensitivity to lysis by normal spleen cells (Table
5). MCA102UVR cells that were maintained for 35 days in the
absence of TNF (MCA102UVRW) decreased their level of re
sistance, but they did not completely recover their sensitivity to
TNF or spleen cell cytotoxicity (Table 5).

Next we studied whether selection for TNF resistance re
sulted in reduction of tumor cell immunogenicity. Various
numbers of TNF-sensitive and TNF-resistant MCA102UV tu
mor cells were inoculated s.c. into C57BL/6 or nude mice
(Table 6). Original MCA 102 tumor cells developed tumors in
all inoculated mice. However, after inoculation of 1 x IO5or 2
x 10* MCA102UV cells into nude mice, tumor growth was

found only in 20 or 60% of mice, respectively. With an increase
in the dose of inoculated MCA102UV cells, the proportion of
tumor-bearing nude mice increased. At relatively low cell doses
(1 x 10' or 2 x 10s), the TNF-resistant subline MCA102UVR

showed no significant superiority in tumor formation in nude
mice with tumor appearance in 40 or 80% of mice, respectively
(Table 6). With increased numbers of inoculated tumor cells up
to 1 x 10", tumor growth was found in 100% of transplanted
nude mice. In contrast, both the TNF-sensitive and TNF-
resistant MCA102UV sublines were rejected in all immuno
competent C57BL/6 mice, even after inoculation of the doses

Table 3 Effect of a single dose ofi't'C irradiation on the sensitivity ofMCAI02
tumor cells to lysis by spleen cells and r-TNF

MCA102 tumor cells were irradiated with different doses of UVC light.
Surviving cells were expanded and maintained in culture as individual cell culture
lines. Their sensitivity to cytotoxic action of the normal C57BL/6 spleen cells
and human r-TNF was tested in an 18-h "Cr release assay. Differences in mean
cytotoxicity above 10% were significant (P< 0.05).

DoseofUV
irradiation(J/m2)Control76152305457610Spleen

cells (E:TÂ°

ratio)100:116.221.844.551.959.263.050:113.712.135.639.743.248.225:113.011.733.629.133.638.3TNF(units/ml)100013.811.036.547.755.657.31009.15.330.039.942.738.6109.06.222.026.432.329.0

' E:T, effector:target.
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Table 4 Effect of different doses of W irradiation on the sensitivity of MCA 102
tumor cells to lysis by spleen cells and r-TNF

MCA102 tumor cells were irradiated twice with different doses of UV light.
Surviving cells were expanded, and their sensitivity to lysis by normal spleen cells
of C57BL/6 mice and human r-TNF was tested in an 18-h 51Cr release assay.
Differences between groups above 10% were considered significant (P < 0.05).

Table 6 Immunogenicity of the TNF-sensitive and TNF-resistant sublines of
MCA 102UV tumor cells

%ofcytotoxicityUV

irradiation<J/m2)Control76

+76152+
152305

+305457
+457610
+ 457Spleen

cells
(E:TÂ°ratio)100:126.122.763.060.647.143.350:113.119.749.238.832.532.425:112.218.136.032.526.726.6TNF(units/ml)100011.35.253.260.276.180.11006.94.742.555.260.853.4104.18.720.223.338.831.5

" E:T, effectortarget.

of tumor cells that progressively grew in nude mice (Table 6),
suggesting that selection of MCA102UV cells for TNF resist
ance did not affect their immunogenicity.

Thus, these data indicate that sensitivity to the TNF-me-
diated cytotoxicity and immunogenicity of MCA102UV cells
are two independent UV-induced properties.

To determine the mechanisms responsible for the rejection
of the MCA102UV and MCA102UVR sublines in some nude
mice, we tested their ability to grow in nude mice with intact
or depressed NK cell activity. Tumor cells (1 x IO5) were
inoculated into nude mice pretreated 1 day before with anti-
asialo-GM1 serum. Nontreated nude mice received the same
tumor cell inoculum. In parallel, the effect of NK cell depletion
on tumor growth in immunocompetent C57BL/6 mice was also
studied (Table 7). Twenty days after inoculation of MCA 102U V
or MCA102UVR tumor cells, no tumor was found in nude
mice. However, in nude mice pretreated with anti-asialo-GMi
serum, tumors appeared in 100% of mice without significant
differences in their rate of growth. The average diameter of
MCA102UV and MCA102UVR tumors at that time was 12.4
Â±1.8 mm and 10.9 Â±1.1 mm, respectively (P> 0.05). By Day
30, all mice treated with anti-asialo-GMi serum had died from
their tumors. At the same time in the nontreated nude mice,
MCA102UV tumors appeared in just one of five mice, and
MCA102UVR tumors appeared in two of five mice. The pro
portion of tumor-bearing mice in these groups did not change
43 days after tumor cell inoculation (Table 7).

These results indicate that N K cells contribute to the in vivo
destruction of UV-treated tumor cells. Selection of
MCA102UV tumor cells for resistance to TNF did not signif
icantly affect their in vivo sensitivity to NK cell-mediated im-

Table 5 Reduction in sensitivity of MCA 102UV tumor cells to natural cell-
mediated cytotoxicity after selection on resistance to TNF

% ofcytotoxicity

Spleen cells (E:T)* TNF (units/ml)

Tumorcell"MCA102UV

MCA102UVR
MCA102UVRW100:149.6

20.8
32.850:134.0

5.7
18.825:126.0

9.7
15.4100077.0

6.9
29.610070.7

2.6
21.71030.7

-3.2
12.2118.1

-0.3
11.0

Â°MCA 102U V cells were cultured in the presence of increasing doses of human
r-TNF (125 to 1250 units/ml). The selected TNF-resistant subline
(MCA102UVR) was maintained in culture in the presence of TNF (1250 units/
ml). In parallel, the stability of TNF resistance was tested by withdrawal of TNF
and culture of MCA102UVR sublines in the absence of TNF for 35 days
(MCA 102RWsubline). Sensitivity of tumor cells to lysis by normal spleen cells or
r-TNF was tested in an 18-h "Cr release assay. Differences in mean cytotoxicity
above 10% were considered significant (P < 0.05).

* E:T, effectortarget.

IMice"NudeC57BL/6No.
oftumorrelis

inoculate<(xlO5)1141012410No.

of tumor-bearing/No. of
tumor-inoculatedmice1MCA102UV1/5*3/54/55/50/50/50/50/5MCA102UVR2/5*4/54/55/50/50/50/50/5MCA

1025/5NrNTNT5/55/55/55/5

" MCA102UV, MCA102UVR, and MCA 102 tumor cells were inoculated s.c.
into C57BL/6 or athymic nude mice with doses that ranged from 1 X 10* to 1 X
IO6 cells. Tumor appearance and growth were determined during 40 days of

observation.
* Significantly different (P < 0.05) from group of nude mice inoculated with I

x 10* MCA 102 tumor cells according to x2 test.
f NT, not tested.

munity. Since the original MCA 102 tumor cells grew in nude
mice irrespective of their NK status, this further indicates that
UV-treated MCA 102 tumor cells have higher NK sensitivity.
NK cell depletion in C57BL/6 mice, by similar pretreatment
with anti-asialo-Gnn antiserum, did not result in tumor appear
ance, suggesting that, in immunocompetent mice, T-cells are
primarily responsible for the rejection of the UV-treated
sublines.

DISCUSSION

MCA 102 tumor cells are considered to be nonimmunogenic,
since various immunization procedures failed to induce detect
able immune responses (8). Our data demonstrate that UV
treatment of MCA 102 tumor cells converted them from non
immunogenic to immunogenic and that these cells were rejected
by immunocompetent mice. Tumor rejection is mediated by
Lyt2.2+ but not by L3T4+ T-lymphocytes. These results confirm

our previous findings that UVC irradiation could be extremely
efficient in augmenting tumor cell immunogenicity (4, 5). UVB
irradiation also was found capable to increase the immunoge
nicity of various murine tumors (6, 7). Thus, similarly, to
various chemical agents, UV light could be considered as a
potent modality for up-regulating the immunogenicity of tumor
cells. A comparative study of UVB light and chemicals, such as
5-azacytidine and MNNG, demonstrated that the frequency of
the immunogenic clone induced by these agents was similar,
but MNNG induced higher levels of immunogenicity (15).

Previous studies did not determine the minimal and optimal
doses of UV irradiation for induction of tumor cell immuno
genicity. In the present study, we compared the relative effi-

Table 7 Effect ofNK cell depletion on the growth of TNF-sensitive and TNF-
resistant sublines of MCA Â¡02UVtumor cells

No. of tumor-bearing/
no. of tumor-inoculated mice

Mice"NudeC57BL/6Anti-asialr>-GMIserumMCA102UV1/5+

5/5*0/5

+ 0/5MCA102UVR2/5

5/5*0/50/5

Â°MCA102UVorMCA102UVR(l x IO5)tumor cells were inoculated s.c. into
C57BL/6 or nude mice. Some mice received i.p. anti-asia!o-GM, serum (0.2 ml;
dilution, 1:20) 1 day before tumor cell inoculation. Tumor appearance and growth
were determined.

* Significantly different (P < 0.05) from other groups, according to x2 lest.

1526

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/5/1521/2446497/cr0510051521.pdf by guest on 19 M

ay 2023



UV IRRADIATION AND MCA102 1MMUNOGENICITY AND TNF SENSITIVITY

ciency of single and multiple treatments of MCA 102 tumor
cells with various doses of UVC irradiation. We found that two
courses of UV treatment were more efficient than single doses
in up-regulation of MC A102 cell immunogenicity. The highest

tolerable doses of UV light were more efficient in this respect
than were relatively lower doses.

MC A102 tumor cells did not express serologically detectable
Class I H-2 antigens. Some tumor cell lines that do not express
Class I MHC antigens in vitro could express these antigens
during their growth in vivo (16). However, as previously re
ported (9), MC A102 tumor cells derived from subcutaneous or
pulmonary tumors did not express Class I MHC antigens (9).
Our analysis also confirmed that MCA 102 cells derived from
subcutaneous tumors lack Class I H-2 antigens (data not
shown).

It is of interest that UV irradiation of MC A102 tumor cells
increased their immunogenicity without induction of Class I
MHC antigen expression, and the immunogenic variant
MCA102UV was also found to lack these antigens. How could
MHC-negative tumor cells be immunogenic? It is possible to
assume that UV irradiation induced certain antigens on the cell
surface of the MCA 102 tumor cells that could be presented to
the T-cells as a processed peptide by the antigen-presenting
cells through self-MHC molecules. It is of note that the tumor-
specific rejection antigen expressed by UV-induced tumor cells
UV-2240 can be removed from the cell surface by noncytolytic
butanol extraction. This technique did not extract transmem
brane MHC antigens, but the extracted antigen was rather
efficient in the induction of the specific antitumor immunity
(17). Recent studies of numerous UV-induced tumors revealed
that some highly immunogenic tumors expressed very low or
undetectable levels of Class I H-2 antigens (18). Inasmuch as
interferon was capable of stimulating expression on H-2 anti
gens by MC A102 UV cells, it is possible that, after transplan
tation into mice, these cells become MHC positive and, hence,
rejectable by T-cell-mediated immunity.

In all previously reported studies (4-7), UV-treated immu
nogenic variants induced an immune response that was cross-
protective against challenges with the parental tumor cell line.
However, MCA102UV cells that induced highly efficient im
mune responses against themselves failed to protect mice from
the parental MC A102 cells. The lack of cross-reactivity between
MCA102UV and parental MCA 102 tumor cells might be ex
plained by a failure of MCA 102 cells to express Class I H-2
antigens in vivo. It might be typical for Class I MHC-negative
tumors. Previously we demonstrated that MNNG treatment of
Class I H-2Kb-negative BL6 melanoma cells resulted in selec

tion of the highly immunogenic BL6T2 variant (19). However,
mice that rejected BL6T2 cells failed to reject the original BL6
melanoma (19). Similar observations were made with other
tumors that lack Class I H-2 antigens.4

The present study demonstrates for the first time that UV
irradiation could have an additional immunobiological effect
and increase tumor cell sensitivity to natural cell-mediated
immunity. At relatively low doses, UV-treated MCA102UV
cells failed to grow in T-cell-deficient nude mice. This resistance
appeared to be mediated mostly by NK cells, since after suppres
sion of the NK cell activity by anti-asialo-GMi serum, progres
sive growth of these tumor cells was observed. In contrast, in
immunocompetent C57BL/6 mice, suppression of NK cell ac
tivity by anti-asialo-GMi serum did not lead to tumor formation,
suggesting that growth of MCA102UV cells in these mice is

controlled primarily by T-cell-mediated immunity.
The higher sensitivity of UV-treated tumor cells to natural

cell-mediated immunity was confirmed by testing in vitro cyto-

toxic activity of normal spleen cells against MC A102 and
MCA102UV tumor cells. Analysis of the effector cells involved
in this cytotoxicity revealed that MCA102UV cells are lysed by
both NK and NC cells (20), since depletion of NK cells could
only partially reduce spleen cell cytotoxicity against
MCA102UV targets, and lysis of these tumor cells was also
blocked by anti-TNF antibodies, suggesting involvement of NC
cells (14).

UV irradiation also increased dramatically the sensitivity of
MCA102UV tumor cells to lysis by TNF. There was some
overlap in the dose of UV irradiation capable of increasing
sensitivity of tumor cells to TNF and augmenting their immu
nogenicity. However, it seems most likely that these effects of
UV light are rather independent. Indeed, selection of
MCA102UV cells for TNF resistance did not affect their im
munogenicity, since the TNF-resistant subline of MCA102UV
cells was rejectable in immunocompetent C57BL/6 mice. Al
though MCA102UVR cells were resistant to TNF, they were
still sensitive to NK cells and did not induce tumors in all
inoculated nude mice. After elimination of NK cell activity in
nude mice by pretreatment with anti-asialo-GMi serum, TNF-
resistant tumor cells grew in 100% of nude mice. The mecha
nisms responsible for UV-induced augmentation of tumor cell
sensitivity to NCMC and TNF remain unclear. The increase in
NK sensitivity is probably due to some UV-induced changes
that increase the lysability of MCA102UV cells by the cytotoxic
granules derived from NK cells (20). We consider that UV
treatment could induce some changes in tumor cell DNA that
make it more vulnerable to the fragmentation by TNF. Using
other murine tumors (3LL Lewis lung carcinoma and MCA 105
fibrosarcoma), we also found that UV irradiation could increase
both tumor cell immunogenicity and their sensitivity to
NCMC.5 UV irradiation of human LOX melanoma cells also

resulted in selection of a tumor cell subline with extremely high
sensitivity to TNF-mediated cytotoxicity.6

Thus, UV irradiation appears to be highly efficient in modi
fication of the immunobiological properties of tumor cells and
making them more sensitive to immune destruction.
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