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ABSTRACT

The effect of short wave length ultraviolet C (UVC) light irradiation
on tumor cell immunogenicity and sensitivity to natural cell-mediated
cytotoxicity was studied. Two consecutive courses of UVC irradiation of
3LL Lewis lung carcinoma and MCA 105 fibrosarcoma increased their
immunogenicity and sensitivity to lysis by normal spleen cells. Analysis
of the effector cells involved in lysis of the parental MCA IOS and IV-
treated MCA105UV tumor cells was performed by comparing the cyto-

toxic activity of normal spleen cells containing both natural killer (NK)
and natural cytotoxicity (NC) cell activity (NK+, NC+) with: (a) normal
spleen cells in which NC activity was neutralized by anti-tumor necrosis
factor (TNF) antibodies (NK+, NC-); (b) NK-depleted or NK-deficient
spleen cells (NK-, NC+); and (c) NK-depleted or -deficient spleen cells
with NC activity blocked by anti-TNF antibodies (NK-, NC-). In
addition, the ability of polyinosinic-polycytidylic acid or interleukin 2-
stimulated spleen cells to lyse UV-treated and untreated tumor cells in
the presence or absence of anti-TNF antibodies was also investigated.
Lysis of MCA105 cells was shown to be mediated mostly by NC cells,
since it was inhibited in the presence of anti-TNF antibodies and was not
significantly affected by depletion or stimulation of NK cells. UV irradia
tion of MCA 105 tumor cells substantially increased their sensitivity to
both NK and NC effector cells. Augmentation of NK sensitivity of
MCA105UV cells was associated with an increase in their lysability by
large granular lymphocyte-derived cytolytic granules. UVC treatment of
tumor cells also increased their sensitivity to lysis by recombinant IM -
a, pointing to the possible mechanism responsible for the increase in
their sensitivity to NC cell-mediated cytotoxicity. Indeed, selection of
MCA105UV cells for resistance to TNF led to resistance to spleen cell-
mediated NC cytotoxicity. UVC irradiation did not affect internalization
and degradation of TNF by MCA105UV cells but substantially increased
sensitivity to TNF-induced DNA fragmentation. The results of this study
indicate that UV irradiation can be a potent and stable modulator of the
immunobiological properties of tumor cells.

INTRODUCTION

UV light irradiation of experimental animals has been found
to induce tumors with high levels of immunogenicity that
remain capable of growing in the autochthonous host because
of the concomitant specific UV-induced suppression of antitu-
mor immunity (1). Previously we found that in vitro treatment
of spontaneous or 3-methylcholanthrene-induced murine tumor
cells with short wave length UVC1 light could dramatically

increase tumor cell immunogenicity and they became rejectable
by immunocompetent recipients but grew in immunosup-
pressed or immunodeficient mice (2-4). Similarly, in vitro
irradiation of tumor cells with UVB light also increased tumor
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cell immunogenicity (5, 6). In parallel with increased tumor cell
immunogenicity, we have found that UVC light treatment
increased the sensitivity of MCA 102 tumor cells to lysis by
normal spleen cells and rTNF (4). This effect of UV light is
rather unique, since no other modality has been described to be
capable of stably increasing tumor cell sensitivity to NCMC. It
remains unclear whether these effects of UV light are restricted
to only certain tumor cell lines or result in the alteration of the
immunobiological properties of a variety of tumor cell lines.

To extend these observations, the effects of UV light on the
immunogenicity and sensitivity to NCMC of other tumor cell
lines, 3LL Lewis lung carcinoma and fibrosarcoma MCA 105,
were studied. Lysis of tumor cells by normal nonsensitized
spleen cells could be mediated by various effector cells, namely
NK or NC cells. Some tumor cells show sensitivity to lysis only
by NK or NC cells, whereas other tumor cells are susceptible
to lysis by both types of effector cells (7-9). NK cells are
morphologically distinguishable as LGLs and are capable of
killing tumor cells after short (4 h) exposure, probably via the
exocytosis of cytoplasmic cytolytic granules (7). In contrast,
NC cells lyse tumor cells after prolonged (12-18 h) incubation
(8, 10) and their cytotoxicity appears to be mediated by the
release of TNF, since NC activity can be blocked in the presence
of anti-TNF antibodies (11). NC activity has been associated
with a variety of cell types, including T-, B-, NK, and mast cells
(12-15).

It is of interest to determine whether UV treatment could
increase tumor cell immunogenicity as well as their sensitivity
to NCMC. It is also important to determine what type of natural
effector cells is mostly involved in the lysis of UV-treated tumor
cells. In the present study, the effect of UV light on the
immunogenicity and sensitivity to NCMC of 3LL Lewis lung
carcinoma and MCA 105 fibrosarcoma cells were investigated.
Involvement of NK and NC cells in lysis of the UV-treated and
untreated MCA 105 tumor cells was analyzed. The mechanisms
responsible for the UV-induced increase in tumor cell sensitivity
to NK/NC cell-mediated cytotoxicity were also investigated.

MATERIALS AND METHODS

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

Tumors. MCA 105 fibrosarcoma, YAC-1, L929, and WEHI-164
clone 13 cultured cell lines were used in our experiments. MCA 105
fibrosarcoma was induced by i.m. inoculation of 3-methylcholanthrene
into C57BL/6 mice (16) and was kindly provided by Dr. Suyu Shu
(Department of Surgery, University of Michigan). WEHI-164 clone 13
was a gift from Dr. Michael Palladino (Genentech, Inc., South San
Francisco, CA). Tumor cells were maintained in vitro in RPMI 1640
supplemented with 10% fetal bovine serum, glutamine, streptomycin,
and penicillin (all from Gibco, Grand Island, NY) (hereafter be referred
to as complete medium).

UV Light Irradiation. The treatment of MCA 105 tumor cells with
UV light was performed as described previously (2, 4). MCA 105 tumor
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cells (10 x IO6) were resuspended in 10 ml of PBS (without dye) and

plated in a 100-miti Petri dish. Tumor cells were placed in the middle
of a 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 wave length. 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., Chatham, NJ). Tumor cells were irradiated with a
total dose of 610 J/m2. Surviving cells were expanded and after 4 weeks

they were irradiated a second time with a lower dose of UVC light (457
J/m2). Cells were expanded again and maintained in vitro as the new

MCA105UV line. Usually tumor cells were cultured in vitro for no
longer than 6 months, with replacement from a cryopreserved pool of
tumor cells.

To test the immunogenicity of UV-treated and untreated MCA 105
tumor cells, C57BL/6 or athymic nude mice (5 mice/group) were
inoculated s.c. with 1-2 x IO6tumor cells. Their ability to grow in the
immunosuppressed X-irradiated (500 r) C57BL/6 mice was also tested.
Some C57BL/6 mice were inoculated i.p. with rat anti-mouse L3T4 or
Lyt-2.2 mAbs (0.2 ml of ascites) 1 day before and 1 week after tumor
transplantation. Tumor appearance and growth in these mice were
monitored for 45 days. Experiments were repeated twice. Tumor cells
were considered immunogenic when their growth in immunocompetent,
but not in T-cell-deficient nude mice, was prevented or significantly
inhibited (2, 4-6).

Cytotoxicity Assay. Spleen cells of mice were separated on a Ficoll-
Hypaque gradient (specific gravity, 1.077) as described previously (17).
Spleen cells of normal C57BL/6 or beige mice were used in these
experiments. In addition, spleen cells of C57BL/6 mice with depressed
or stimulated NK cell activity were also tested. To inhibit splenic NK
activity, C57BL/6 mice were inoculated i.p. twice (1 and 3 days before
test) with rabbit anti-asialo GM, IgG (Wako Chemicals USA, Inc.,
Dallas, TX) (0.2 ml; dilution, 1:20). To stimulate splenic NK cell
activity, mice were inoculated i.p. with 100 Mgof poly(I)â€¢poly(C) (Sigma
Chemical Co., St. Louis, MO) (17).

"Cr-labeled tumor cells (5 x IO1) were mixed with spleen cells in
96-well V-bottomed plates and incubated for 18 h at 37"C. Supernatants

were collected, and their radioactivity was determined, and the per
centage of cytotoxicity was calculated (17). To assess NC activity of
spleen cells, the cytotoxicity of normal and NK-depleted spleen cells
was tested in the presence or absence of anti-TNF antibodies. To block
NC activity, serum of New Zealand rabbits immunized with recombi
nant murine TNF-n (IP-400; Genzyme, Boston, MA) was used. One
ml of this serum contains 1 x IO6TNF-a nu. Our titration experiments
show that 2000-3000 nu of the anti-TNF antibodies were sufficient to
block NC activity of spleen cells against NC-sensitive WEHI-164 or

L929 tumor cells.
To evaluate the level of NK and NC activity of the tested effector

cells, YAC-1, L929, and WEHI-164 target cells were included as
selectively positive controls and tested in parallel with UV-treated and
nontreated MCA 105 cells.

To assess the sensitivity of UV-treated and nontreated MCA 105
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 "Cr in the super-

natants was determined and the percentage of cytotoxicity was calcu
lated (4).

With all targets tested, spontaneous "Cr release after 18 h of incu
bation was around 30-35%. Standard deviations of the mean cytotox
icity usually did not exceed 5%. The differences between means that
exceeded 10% were found to be significant (P < 0.05) according to
Student's t test. Experiments were repeated 3 times and results from

representative experiments are included in the tables.
Cytotoxic Activity of LGL-derived Granules against MCA105 and

MCA105UV Tumor Cells. Cytotoxic granules purified from a rat LGL
lymphoma (RNK16) were kindly provided by Dr. Craig Reynolds
(Laboratory of Experimental Immunology, Biological Response Mod
ifiers Program, National Cancer Institute, Frederick, MD). Radiola
beled MCA 105 and MCA105UV tumor cells were resuspended in
RPMI 1640 supplemented with 0.5% bovine serum albumin and glu-

tamine. Tumor cells (1 x IO4)were mixed with LGL granules diluted
in PBS without Ca2+ and Mg2+. After l h of incubation at 37Â°C,the

level of cytotoxicity against tested tumor cells was determined (17, 18).
Selection of TNF-resistant MCA105UV Tumor Cell Subline.

MCA105UV tumor cells were cultured in T-25 culture flasks with
progressively increasing concentrations of rTNF (4). During the first 3
transfer generations, cells were exposed to 125 units/ml of rTNF. Then
the concentration of rTNF was increased up to 500 units/ml and then
to 1000 units/ml (from 5th to 7th passages). The surviving cells were
continued in culture in the presence of 5000-10000 units/ml of rTNF.
After the llth passage, cells were maintained in 1250 units/ml of
rTNF. The sensitivity of this subline to rTNF and spleen cell cytotox
icity was periodically tested.

TNF Binding, Internalization, and Degradation. Estimation of bind
ing, internalization, and degradation of cell-bound TNF was performed
as described previously by Tsujimoto etal(\9). Tumor cells were plated
into 6-well tissue culture plates (1.5 x 106/well) and cultured overnight.
Culture medium was removed and cells were incubated for 2 h at 4Â°C
with 0.4 MCi/well of '"I-TNF (specific activity, 560 Ci/mmol; Amer-

sham Co., Arlington Heights, IL). After incubation, cells were washed
4 times with ice-cold complete RPMI 1640 and incubated with pre-
warmed medium at 37Â°C.After 1, 3, and 6 h of incubation, culture

medium was harvested, and the cells were washed with ice-cold PBS
and then incubated for 5 min at 4Â°Cwith 2 ml of 0.05 M glycine-HCl

buffer (pH 3.0) containing 0.15 M NaCl. After removal of the glycine
buffer, cells were washed twice with complete RPMI 1640 and solubi-
lized in 0.1 % sodium dodecyl sulfate. Radioactivity in the glycine buffer
corresponds to the amount of surface-bound TNF, and that found in
the solubili/cd cell fraction represents the internalized, intracellular
TNF. To assess the amount of degraded TNF, trichloroacetic acid was
added, to a final concentration of 10%, to the culture medium collected
before determination of cell-bound TNF. The precipitate was removed
by centrifugation at 1500 x g for 20 min and radioactivity in the
supernatant was determined (19).

DNA Fragmentation Assay. Analysis of DNA fragmentation of UV-
treated and untreated MCA 105 tumor cells was performed as described
previously (20). Tumor cells in T-25 culture flasks were incubated
overnight with 10 ^Ci/ml of ['Hjthymidine. After a washing the radi
olabeled tumor cells (2 x IO5) were placed in 15 ml Corex (Corning)
tubes and incubated with rTNF (100 units/ml) or spleen cells (1 x IO7)
at 37Â°Cfor 18 h. Tubes were centrifuged for 10 min at 200 x g and the
supernatant was removed and kept at 4Â°C.The pelleted cells were lysed

with 25 mivi sodium acetate buffer (pH 6.6). The lysates were centri
fuged for 15 min (27,000 x g) to separate intact chromatin from
fragmented DNA. The radioactivities of target cell DNA in the incu
bation medium, in the 27,000 x g supernatant, and in the 27,000 x g
pellet were determined in a beta counter. Specific DNA fragmentation
was calculated as

of specific DNA fragments =
cpm, exp â€”¿�cpm, spont.
cpm, total â€”¿�cpm, spont. x 100

in which cpm, exp is the cpm in the incubation medium plus the cpm
in the 27,000 x g supernatant obtained from the tubes where tumor
cells were incubated with rTNF or spleen cells and cpm, total is cpm,
exp plus cpm in the 27,000 x g pellet. Spontaneous fragment produc
tion was calculated by using cpm in the supernatants from target cells
incubated alone (20). Experiments were repeated three times and rep
resentative data were included.

RESULTS

Effect of UV Light Irradiation on Tumor Cell Immunogenicity
and Sensitivity to NCMC. UV treatment of MC A105 fibrosar
coma cells with 610 J/m2 resulted in the death of the vast

majority of tumor cells. The surviving cells were expanded and
4 weeks later were irradiated again. These cells were more
sensitive to the same dose of UV irradiation and therefore the
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second round of UV treatment was performed with a reduced
dose (457 J/m2). After 2 consecutive treatments, MCA 105

tumor cells were expanded and maintained as a permanent
MCA105UV tumor cell line.

When MCA105UV tumor cells (1-2 x 10") were inoculated

into C57BL/6 mice, their growth was completely prevented in
all transplanted mice, but these cells grew progressively in
athymic nude or X-irradiated C57BL/6 mice. In contrast, the

parental MCA 105 tumor cells induced tumors in all inoculated
mice. C57BL/6 mice that rejected the initial tumor inoculum
were found to be resistant to the higher doses of inoculated
tumor cells (5 x 106-10 x 10"). To determine which subpopu
lation of T-lymphocyte was responsible for tumor rejection,
C57BL/6 mice were treated with mAbs to eliminate the CDS*
or CD4* subpopulation of T-cells. C57BL/6 mice pretreated
with anti-Lyt-2.2 but not anti-L3T4 mAbs lost their ability to
reject MCA105UV tumor cells, suggesting that destruction of
MCA105UV tumor cells is mediated by CD8+ lymphocytes.

These data indicate that UV treatment of MCA 105 cells re
sulted in an increase in their immunogenicity.

As we have shown previously, UV irradiation increased the
immunogenicity of 3LL Lewis lung carcinoma (2, 3) and
MCA 102 fibrosarcoma (4). In parallel with the increase in
MCA 102 tumor cell immunogenicity, UV irradiation also in
creased the sensitivity of MCA102UV tumor cells to lysis by
normal spleen cells. It was of interest to test whether the UV-
induced immunogenicity of 3LL and MCA 105 tumor cell lines
was also accompanied by augmentation of tumor cell sensitivity
to NCMC. For this purpose, the sensitivity of the UV-treated
and untreated 3LL and MCA 105 tumor cells to lysis by normal
spleen cells of C57BL/6 mice was tested in an 18-h cytotoxicity

assay.
The results presented in Table 1 show that UV-treated 3LL

and MCA 105 cells were more sensitive to spleen cell cytotox
icity than the original nontreated tumor cells. Thus, as was
demonstrated for MCA 102 tumor cells, UVC irradiation was
efficient in augmentation of sensitivity to NCMC as well as
immunogenicity.

Analysis of the Effector Cells Involved in Lysis of UV-treated
and Untreated MCA 105 Tumor Cells. Lysis of tumor cells by
normal spleen cells could be mediated by NK and/or NC cells
that differ in their mechanisms of cytotoxicity and their ability
to lyse various tumor cell targets. Therefore, the nature of the
effector cells involved in lysis of MCA 105 and MCA105UV
tumor cell was analyzed. Involvement of NK cells was assessed
by comparison of cytotoxicity by normal and NK-depleted
spleen cells. The contribution of NC cells in lysis of UV-treated
and untreated MCA 105 tumor cells was evaluated by the ability
of anti-TNF antibodies to block spleen cell cytotoxicity after
18 h of incubation.

As was shown above, after 18 h of incubation with normal
spleen cells, MCA105UV tumor cells were killed to a greater
extent than MCA 105 cells (Table 2). In the presence of anti-
TNF antibodies (2000 nu/well), lysis of both targets by spleen
cells was inhibited, suggesting the involvement of NC cells in
their lysis. However, these antibodies blocked the lysis of
MCA 105 cells more efficiently than MCA105UV cells. The
depletion of NK cells did not significantly affect lysis of
MCA 105 tumor cells, indicating that lysis of these targets was
mostly mediated by NC cells. Indeed, cytotoxic activity of NK-
depleted spleen cells was almost completely neutralized by anti-
TNF antibodies (Table 2). In contrast, NK depletion resulted
in significant reduction of MCA105UV cell lysis. Anti-TNF

antibodies further reduced the cytotoxic activity of the NK-
depleted spleen cells (Table 2).

These data show that lysis of MCA105UV tumor cells was
mediated by both NK and NC cells, whereas MCA 105 cells
were relatively resistant to NK cell-mediated cytotoxicity.

This conclusion was supported by experiments in which the
cytotoxic activity of NK-deficient spleen cells of beige mice was
tested (Table 3). No significant differences in lysis of MCA 105
tumor cells by spleen cells of normal C57BL/6 and beige mice
were found. In contrast, lysis of MCA105UV targets by spleen
cells of beige mice was significantly lower than by normal spleen
cells. In the presence of anti-TNF antibodies, lytic activity of
spleen cells against MCA 105 cells was completely abolished
and substantially decreased against MCA105UV targets.

It was expected that the differences in NK sensitivity of the
tested tumor cells could be further confirmed by comparing
their lysis by NK-stimulated spleen cells. When NK cell activity
was stimulated by adding IL-2 (1000 units/well) during the
incubation of tumor and spleen cells, a significant increase in
lysis of MCA 105U V but not MCA 105 tumor cells was observed
(Table 3). Although IL-2 stimulation did not increase total
cytotoxicity against MCA 105 cells, this cytotoxicity was not
strongly blocked by anti-TNF antibodies, in contrast to what
was observed with normal or NK-depleted spleen cells. IL-2-
stimulated spleen cells in the presence of anti-TNF antibodies
was inhibited only by 38%. IL-2-stimulated spleen cells also
appeared to lyse MCA105UV cells by a TNF-independent
mechanism that was not significantly affected by anti-TNF
antibodies (Table 3).

When NK cell activity was stimulated by pretreatment of
mice with polyI:C, it resulted in an increase of lysis of YAC-1
and MCA105UV but not L929 and MCA105 tumor cells,
further indicating the differences in NK sensitivity of MCA 105
and MCA105UV cells (Table 4). As was seen previously with
IL-2 stimulation, the ability of anti-TNF antibodies to block
polyI:C-stimulated spleen cell cytotoxicity against all NC-sen-
sitive targets was substantially reduced.

This might have been due to differences in the kinetics and
mechanisms of tumor cell lysis by NK and NC cells, with an
increase in the proportion of tumor cells lysed by stimulated
NK cells. To test this possibility, the cytotoxic activity of nor
mal and poly!:C-stimulated spleen cells was tested against
MCA105UV, WEHI 164, and L929 tumor cells in 4- and 18-
h cytotoxicity assays (Table 5). PolyI:C-stimulated spleen cells
were more efficient than normal cells in the killing of
MCA105UV tumor cells after short (4 h) incubation and their
lysis was not significantly affected by anti-TNF antibodies.
With a high proportion of tumor cells already killed after 4-h,
the ability of anti-TNF antibodies to block the cytotoxicity of
polyI:C stimulated spleen cells after prolonged (18 h) incuba-

Tablc I Sensitivity of VV'-treated tumor cells to cytotoxic activity of normal

spleen cells
% of cytotoxicity at E:T* ratio

Tumorcells"3LL

3LLUV
MCA 105
MCA105UV200:119.557.5

19.8
54.2100:117.4

35.9
18.3
40.750:110.9

29.9
12.5
39.125:18.1

23.4
10.6
27.8

Â°UV-treated and untreated tumor cells were labeled with "Cr. Radiolabeled

tumor cells Â»eremixed with spleen cells of C57BL/6 mice and incubated for 18
h. The levels of "Cr released into supernatants were determined and the percent

age of cytotoxicity was calculated. Differences in mean cytotoxicity above 10%
were significant (P < 0.05) according to the Student's I test.

* E:T. effectortarget cell.
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Table 2 Sensitivity ofMCA105 and MCAIOSUV cells to lysis by normal or NK
cell-depleted spleen cells in the presence or absence of the anti-TNF antibodies

% of cytotoxicity

MCA 105
MCA

105UV YAC-1

anti-TNF antibodies
Spleen

cells"NormalAsialo-GMitreatedE:T*ratio200:1100:150:125:1200:1100:150:115:1-33.129.831.125.630.329.833.623.4+14.211.07.65.16.75.46.03.5-65.156.450.731.245.742.033.020.4+45.732.933.917.725.622.416.613.8-60.751.333.125.612.112.914.011.3+57.146.433.526.47.39.312.310.2

"C57BL/6 mice received i.p. anti-asialo GMi serum (0.2 ml; 1:20 dilution).

One day later the cytotoxic activity of spleen cells from normal or treated mice
was tested against MCA105 and MCAIOSUV tumor cells in an 18-h "Cr release
assay. The effect of the anti-murine TNF antibodies (2000 neutralizing units/
well) on spleen cell cytotoxicity was also tested. Differences in mean cytotoxicity
above 10% were significant (/>< 0.05).

4 E:T, effectortarget cell.

Table 3 Cytotoxic activity of spleen cells of normal C57BL/6 and NK-deficient
beige mice against MCA 105 and MCA 105UV tumor cells

% of cytotoxicity
at E:T*200:1Anti-TNRSpleen

cells"NormalNormal

+IL-2Beigeantibody

MCA10534.8

+ 5.4(85)f40.8

+ 25.1(38)26.2

+ -7.7(100)MCAIOSUV52.2

40.7(22)74.4

69.5(7)40.223.6(41)

Â°The cytotoxic activity of spleen cells from normal C57BL/6 or beige mice
against MCA105 and MCAIOSUV tumor cells was tested in an 18-h MCr release
assay. The cytotoxicity of spleen cells of C57BL/6 mice in the presence of IL-2
(1000 units/well) was also tested. The effect of anti-TNF antibodies (3000 nu/
well) on spleen cell cytotoxicity was assessed. Differences in mean cytotoxicity
above 10% were significant (P < 0.05).

* E:T. effectortarget cell.
' Numbers in parentheses, percentage of inhibition of spleen cell cytotoxicity

in the presence of anti-TNF antibodies.

tion was less efficient than the inhibition of cytotoxicity of
normal or NK-depleted spleen cells (Table 5). NK depletion or
stimulation did not affect lysis of WEHI 164 or L929 cells.
However, the ability of anti-TNF antibodies to protect these
tumor cells from lysis by polyI:C-stimulated spleen cells was
less efficient. This might be due to the killing of a portion of
tumor cells by a TNF-independent, NK-dependent mechanism.
Indeed, after 4 h of incubation of WEHI 164 or L929 targets
with polylrC-stimulated spleen cells, an appreciable proportion
of tumor cells had been lysed before the NC-mediated lysis was
initiated (Table 5).

Thus, the ability of anti-TNF antibodies to neutralize lysis of
tumor cells depends on the NK and NC sensitivity of tumor
cells and the level of NK cell activity of the tested spleen cells.

Mechanisms of UV-induced Sensitivity to NK and NC-me
diated Cytotoxicity. The UV-induced increase in tumor cell
sensitivity to NK cell cytotoxicity could be a result of changes
in recognition and/or sensitivity to the lytic machinery of NK
cells. Our experiments using the cold target inhibition assay
did not show significant differences in the ability of MC A105
and MCAIOSUV tumor cells to compete with YAC-1 cells for
the effector cells, suggesting that UV treatment did not affect
the expression of the putative NK-recognizable determinants
on MCA 105 tumor cells (data not shown).

It is believed that cytolytic granules play a crucial role in NK
cell-mediated lysis of tumor cells (7, 18). Therefore it was of
interest to test whether the differences in NK sensitivity of
MCA 105 and MCAIOSUV tumor cells were associated with
their lysability by LGL-derived cytolytic granules. Indeed,
MCAIOSUV tumor cells were significantly more sensitive to
lysis by LGL granules than MC A105 cells (Table 6).

An increase in tumor cell sensitivity to NC cell-mediated
cytotoxicity could be a result of a UV-induced increase in their
sensitivity to lysis by TNF. To test this, we compared the
sensitivity of MCA 105 and MCAIOSUV tumor cells to lysis by
human rTNF. MCAIOSUV tumor cells were significantly more
sensitive to TNF cytotoxicity than the parental MCA 105 cells
(Table 7).

To assess the significance of this finding and the role of TNF
sensitivity in determination of tumor cell sensitivity to spleen
cell cytotoxicity, we selected MCAIOSUV cells for resistance
to TNF and tested their sensitivity to spleen cell cytotoxicity.
The MCAlOSUVr variant was selected by culture of tumor
cells with increasing concentrations of rTNF (125-10,000
units/ml) during 11 transfer generations. As a result,
MCAlOSUVr cells showed substantially reduced sensitivity to
TNF lysis. In parallel, these cells were found to also be more
resistant to lysis by spleen cells than the MCAIOSUV cells
(Table 8). After withdrawal of TNF and culture of these cells
for 35 days in the absence of TNF, their sensitivity to TNF
cytotoxicity slightly increased, with a parallel increase in their
sensitivity to lysis by spleen cells (Table 8). Thus, an UV-
induced increase in TNF sensitivity could be responsible for the
increased MCAIOSUV cell sensitivity to the NC-mediated cy
totoxicity of spleen cells.

Table 4 Effect of NK cell stimulation on spleen cell cytotoxicity against MCA 105
and MCAIOSUV tumor cells in the presence or absence of anti-TNF antibodies

Anti-TNF

% of cytotoxicity
at E:T* 100:1

Spleen cells" antibodies MCAI05 MCAIOSUV L929 YAC-1

Normal

PolyI:C treated

32.4
1.8(94)

29.3
10.6(64)

47.7
34.4 (28)c

68.4
57.3(16)

48.2 35.1
4.7 (90) 32.6 (0.7)

47.9 52.3
12.8(73) 50.0(0.4)

"C57BL/6 mice received i.p. polyI:C (100 jig). One day later, spleen cell
cytotoxicity was tested in an 18-h "Cr release assay. The effect of anti-TNF

antibodies (3000 nu/well) on spleen cell cytotoxicity was also evaluated. Differ
ences in mean cytotoxicity above 10% were significant (P< 0.05).

* E:T, effectortarget cell.
' Numbers in parentheses, percentage of inhibition of spleen cell cytoloxicity

in the presence of anti-TNF antibodies.

Table 5 Effect of anti-TNF antibodies on the cytotoxic activity ofNK-stimulated
and -depleted spleen cells in a short (4 h) and long (IS h) cytotoxicity assay

% of cytotoxicity of E:T*200:1Anti-TNF

Spleen cells"antibodiesNormal

â€”¿�+Anti-asialo

â€”¿�
GM,+PolyI:C

treated-fMCA105UV4h9.8

6.22.6-1.428.624.718h51.925.940.2

12.163443.8WEHI

1644h8.1

2.83.1-1.818.4

13.818h43.0

10.845.3

9.650.3

25.2L9294h5.0

1.02.9

-1.613.47.518h48.2

4.749.4

5.247.9

12.8
Â°C57BL/6 mice were treated i.p. with anti-asialo GMi serum (0.2 ml; dilution,

1:20) or polyI:C (100 (ig). One day later, spleens were harvested and their cytotoxic
activity in the presence or absence of anti-TNF antibodies (3000 nu/well) was
tested after 4 and 18 h of incubation with "Cr-labeled tumor cells. Differences in

mean cytotoxicity above 10% were significant (P< 0.05).
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Table 6 Sensitivity of UV-treated tumor cells to the cytotoxic action of purified
LGL granules

Radiolabeled UV-treated and nontreated tumor cells were mixed with granules
derived from rat LGL lymphoma cells and their cytotoxicity was determined after
l h of incubation. One unit of the granules is equivalent to the amount of the
granules required to lyse 50% of sheep erythrocytes. In parallel, the sensitivity of
the tested cells to lysis by the normal C57BL/6 spleen cells was also tested.

% of cytotoxicity

Spleen cells at E:T" LGL granules (units)
Target

cellsMCA105

MCA105UV200:11761100:1205450:1184125:11328602138301429159227.55 19
' E:T, effectortarget cell.

Table 7 Sensitivity ofMCAIOS and MCAI05UV tumor cells to rTNF
cytotoxicity

% of cytotoxicity
(units/ml)

Tumorcells"MCA

105
MCA105UV
L929
WEH1-164100017.2

56.1
61.4
63.810014.3

39.6
43.4
54.6108.7

28.9
27.5
39.812.1

16.18.027.5

Â°"Cr-labeled tumor cells were incubated for 18 h with human recombinant

TNF. Differences in mean cytotoxicity above 10% were significant (P < 0.05).

Next we analyzed whether TNF sensitivity of UV-treated
tumor cells was associated with alterations in TNF binding,
internalization, and/or degradation. In multiple experiments,
UV-treated MCA 105 tumor cells did not show an increase in
TNF binding. On the contrary, a substantial reduction in ability
to bind TNF was observed, with no significant differences in
TNF internalization and degradation by MCA 105 and
MCA105UV tumor cells (Fig 1). Similarly MCAlOSUVr cells
did not show differences in TNF binding, internalization, or
degradation (Fig. 1). Thus, the observed differences in TNF
sensitivity cannot be explained by their ability to bind, inter
nalize, and metabolize TNF.

It has been reported that TNF lyse tumor cells by induction
of DNA fragmentation (19, 20). It is quite possible that UV
irradiation of tumor cells can induce some changes in their
DNA that make it more vulnerable to TNF-induced DNA
fragmentation. To test this, tumor cells were labeled with [3H]

thymidine and then incubated for 18 h with TNF or spleen
cells. Significantly higher levels of DNA fragmentation of the
UV-treated MCA 105 tumor cells were found after their expo
sure to TNF or spleen cells (Table 9). This was in parallel with
their higher sensitivity to TNF- and spleen cell-mediated
cytotoxicity.

DISCUSSION

MCA 105 tumor cells have been found to be weakly immu-
nogenic and could induce a detectable level of antitumor resist
ance (16). Our data demonstrate that UVC light irradiation of
MCA 105 tumor cells resulted in a further increase of their
immunogenicity. MCA105UV tumor cells inoculated at a rel
atively high dose (1-2 x IO6) were rejected in immunocompe-
tent but not in T-cell-deficient nude mice. Similarly UVC
irradiation increased the immunogenicity of 3LL and MCA 102
tumors (2-4).

As was found previously for MCA 102 tumor cells (4), UVC
irradiation of 3LL and MCA 105 cells also increased their
sensitivity to lysis by normal spleen cells.

Analysis of the effector cells involved in in vitro lysis of the

MCA 105 and MCA105UV tumor cells revealed that the paren
tal MC A105 cells showed some sensitivity to lysis by NC but
not NK cells. UV irradiation increased tumor cell sensitivity to
both N K and NC effector cells. These conclusions are supported
by the following results. Lysis ofMCAIOS cells was not signif
icantly affected by depletion of NK cells whereas NK-depleted
or NK-deficient spleen cells were less cytotoxic than normal
spleen cells against MCA105UV targets. Even in the absence
of NK cells, spleen cells had higher cytotoxic activity against
MCA105UV than MCA 105 targets. This cytotoxic activity was
mediated by NC cells and was inhibited by anti-TNF antibodies.
However, with NK-depleted or NK-deficient spleen cells of
beige mice, this inhibition of MCA105UV cell lysis by anti-

TNF antibodies was not complete. This might be attributable
to the effect of residual NK and NC cell activity or to the
involvement of other possible effector cells. With stimulation
of NK cell activity, lysis of MCA105UV but not MCA 105 cells
significantly increased, confirming the differences in their NK
sensitivity. It is of interest that with stimulation of NK cells by
polyI:C and IL-2, the detectable contribution of NC cells to the
lysis of tumor cells was substantially reduced, as assessed by
the ability of anti-TNF antibodies to block spleen cell cytotox
icity. WEHI-164 and L929 tumor cells were resistant to non-
stimulated NK cells and their lysis by NC cells was completely
blocked by anti-TNF antibodies. NK stimulation did not result
in an increase in the total percent lysis of these cells, but anti-
TNF antibodies only partially blocked the lysis of WEHI-164
and L-929 cells by NK-stimulated spleen cells. This might be
due to the more rapid and efficient lysis of the targets by
activated NK cells that cannot be blocked by anti-TNF
antibodies.

The increase in NK sensitivity of MCA105UV cells appeared
to be due to an alteration in the lytic rather than recognition
phase of the target-effector cell interactions. This conclusion is
based on the increased lysability of MCA105UV cells by cyto
toxic LGL-derived granules. It remains unclear what changes
in tumor cells are responsible for this effect.

The increase in NC sensitivity of MCA105UV cells appeared
to be attributable to UV-induced increased sensitivity to TNF,
which is considered to be the major mechanism for NC cell
cytotoxicity (11, 13-15). Similar results were obtained when
the effect of UVC light on MCA 102 tumor cells was studied
(4).

The mechanisms responsible for the UV-induced increase in
TNF sensitivity remain unknown. UV treatment caused some
reduction in cell surface TNF binding but did not affect TNF
internalization and metabolization. It might be that UV irra
diation affected the putative cell protective mechanisms or made
tumor cell DNA more vulnerable to TNF-induced fragmenta-

Table 8 Reduction in sensitivity of UV-treated tumor cells to NCMC after
selection for resistance to TNF

Tumor
celllines"MCA105UV

MCA105UVR
MCA105UVRDE:T*

ratio100:167.4

36.6
42.350:153.8

21.5
31.925:138.9

22.0
24.8TNF

(units/ml)1,00079.2

20.8
38.010057.1

13.2
24.11031.1

1.5
17.0120.8

0.8
14.8

Â°MCA105UVR tumor cells were cultured for 11 transfer generations with
increased doses of human rTNF (125-10,000 units/ml) and maintained in the
presence of 1,250 units/ml of rTNF from 12 to 20 passages. The MCA105UVRD
tumor cell line was obtained from the MCA105UVR line after withdrawal of
rTNF for 35 days before testing their sensitivity to spleen cell and TNF cytotox
icity. The cytotoxic activity of spleen cells and rTNF was tested in an 18-h
cytotoxicity assay. Differences in mean cytotoxicity above 10% were significant
(P < 0.05).

* E:T, effectortarget cell.
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700

MCA105

Table 9 DNAfragmentation induced by TNF or spleen cells in MCA105 and
MCA105VV tumor cells

E
ao

700

000

500 Q

400

100

200

100

t 4 e

Tim* of Incubation, HourÂ«

MCA10SUV

246

Time of Incubation, Hour*

MCAIOSUVr

J

Tima of Incubation, HourÂ«

% of DNA fragmentation

Tumor cells" TNF Spleen cells

MCA 105
MCAI05UV

46.8
73.9

21.4
56.9

" Tumor cells were labeled with [3H]thymidine and incubated with human

rTNF (100 units/ml) or spleen cells (effectontarget ratio. 50:1). After 18 h the
percentage of specific DNA fragmentation was determined.

tion. Our data indicate that indeed the level of DNA fragmen
tation in MCA105UV cells was significantly higher than in
MCA 105 cells exposed to TNF or spleen cells. However, it is
unclear whether this is a cause for increased sensitivity to lysis
or merely an indirect result of involvement of other mechanisms
regulating TNF sensitivity of tumor cells.

Several modalities, such as inhibitors of protein and RNA
synthesis (22-24), topoisomerase II activity (25, 26), or cyto-
skeleton-disrupting agents (27) could increase tumor cell sen
sitivity to TNF cytotoxicity. However, the effects of these agents
are rather transient. In contrast, UV-induced sensitivity to TNF
is stable. It is unlikely that this is a result of selection of
preexisting UV-resistant, TNF-sensitive variants. After UV
treatment, tumor cells manifested an increase in sensitivity
rather than resistance to the lytic effects of UV light. Further
more, TNF sensitivity of tumor cells appeared immediately
after irradiation with a nonlytic dose of UV light (data not
shown), suggesting induction of TNF sensitivity, rather than
UV-mediated selection of preexisting tumor cell variants.

Thus, our data demonstrate that UV irradiation resulted in
alteration of the immunobiological properties of tumor cells. It
could be that the increases in tumor cell immunogenicity and
in sensitivity to NCMC are two coincident rather than associ
ated UV-induced phenomena. UV irradiation induces various
changes in tumor cell properties such as their rate of prolifer
ation and morphological appearance. All these effects of UV
light are rather stable and could be a result of broad UV-
induced genetic changes. UV irradiation of 3 tumor cell lines
(3LL, MCA 102, and MCA 105) resulted in appearance of the
similar properties that can be a result of the common UV-

induced effects on tumor cells.
It remains unclear whether UV-induced changes are homo

geneous and equally distributed in the individual clones. Also,
it is unknown whether the increase in NK and NC/TNF sensi
tivity was induced in the same or different clones. Further,
clonal analysis could also help to determine whether the UV-
induced immunogenicity and sensitivity to NCMC reside in the
same or different tumor cell clones.

The biological effects of UV light have been comprehensively
investigated, mostly by irradiation of normal cells (28). Studies
of the effects of UV irradiation on already transformed malig
nant cells is of great importance, since they could shed new
light on the understanding of its biological activity and on
mechanisms of regulation of tumor cell immunogenicity and
sensitivity to natural cell-mediated immunity.
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