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Cell-mediated cytotoxicity by natural killer and killer cells, lipid peroxidation and glutathione
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Summary. In the course of spontaneous cell-mediated cytotoxicity (SCMC) and antibody-dependent cell-mediated cytotoxicity
(ADCC) with human peripheral lymphocytes as effector cells, no lipid peroxidation occurred as measured by the production of
cthane and thiobarbituric acid-reactive material. Furthermore, impairment of major cellular defense systems of target cells (K562
cells for SCMC, Chang liver cells for ADCC), by decreasing their glutathione content, had no effect on either lipid peroxidation or
the cytotoxic response. These findings indicate that peroxidative damage is not a mechanism of NK and K cell-mediated cytotoxicity.
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Cytotoxic Iymphocytes play a vital role in the immunological
control of bacteria, viruses and tumor cells’. Contained in hu-
man peripheral blood are lymphocytes that possess natural killer
(NK) cells, which exert a spontaneous cell-mediated cytotoxicity
(SCMC) and killer (K) cells, which mediate antibody-dependent
cell-mediated cytotoxicity (ADCC) against a variety of target
cells®>. Although cytotoxic reactions in general have been exten-
sively investigated"*°, mechanisms by which target cell damage
occurs have not been entirely clarified®.

Lymphocyte mediated-cytotoxicity may involve lysosomal en-
zymes in the course of cellular killing"%*. Also, the release of
soluble factors, the lymphotoxins, which have cytostatic and/or
cytolytic effects on certain cells, has been implicated’. It is un-
clear, however, whether or not reactive oxygen species are medi-
ators of lymphocytotoxicity as is the case with granulocytes and
macrophage-mediated ADCC'*'2, With NK-cells, the release of
superoxide ions (O,”) and hydrogen peroxide (H,0,) after target
cell binding has been demonstrated™'*. The fact that both
SCMC'*'¢ and lymphocyte-mediated ADCC' are normal in
patients with chronic granulomatous disease, however, argues
strongly against this hypothesis as these patients do not possess
the capability of producing reactive oxygen species. It has been
shown that reactive oxygen species even repress natural killing in
vitro'®. On the other hand, the finding that hydroxyl radical
scavengers inhibited SCMC favors the participation of this radi-
cal in NK-cell activity"™.

One of the mechanisms by which reactive oxygen intermediates
could exert cellular toxicity is the peroxidation of membrane
phospholipids (lipid peroxidation, LPO). This would be facili-
tated due to the fact that phospholipase A, is activated in the
course of SCMC and ADCC? 2, Therefore, we were interested
in investigating whether or not lipid peroxidation occurs in the
course of cellular killing by NK and K-cells. Furthermore, we
studied the effect of an impairment of the major defense systems
against peroxidative damage by depleting glutathione (GSH) in
the target cells of SCMC and ADCC.

Materials and methods. Preparation of lymphocytes. Mononu-
clear cells were isolated from peripheral blood of healthy human
adult donors by the Ficoll-Paque technique as described pre-
viously?*. Monocytes were removed from the suspension by ad-
herence to the plastic of a tissue culture flask with overnight
incubation at 37°C. The lymphocytes were then poured off,
centrifuged and washed twice with medium (RPMI 1640 me-
dium, Flow Laboratories, Sydney, supplemented with 20 mmol/l
Hepes, 24 mmol/l NaHCO,, 0.2 mg/ml benzylpenicillin and 0.1
mg/ml streptomycin sulfate), before final suspension in medium
plus 10% heat-inactivated fetal calf serum (HIFCS).

Target cells. For the SCMC assay, K562 cells (Queensland Insti-
tute of Medical Research) were cultured continuously in suspen-
sion. The cell suspension was centrifuged at 350 x g for 7 min,
the cells washed twice followed by resuspension of the cell pellet
to approximately 6 x 10° cells/2 ml in medium plus 10%
HIFCS. This was incubated with 300 uCi of *!Crat 37°Cfor 1 h,
after which the suspension was centrifuged and the cells washed
four times with fresh medium plus 10% HIFCS.

Chang liver cells (Commonwealth Serum Laboratories, Mel-
bourne) were cultivated continuously in medium plus 10%
HIFCS and harvested using 0.05% trypsin/0.02% EDTA (Flow
Laboratories, Sydney). After washing, the cells were resus-
pended in fresh medium at 4 X 10 cells/5 ml and incubated with
300 uCi of *'Cr (sodium chromate in 0.9 % NaCl; Amersham) at
37°Cfor 45 min with shaking at 60 oscillations/min. The labeled
cells were then washed three times, resuspended, counted and
diluted to 106 cells/ml. For the cytotoxicity assay, 1-ml aliquots
were incubated at 25°C for 60 min with either control rabbit or
serum containing an antibody to human lung tissue (generously
supplied by W.J. Halliday, University of Queensland). The
Chang cells were then washed twice and resuspended in fresh
medium plus 10% HIFCS. Control serum-treated Chang cells
were used to measure any SCMC, while antibody-treated Chang
cells served as targets for the ADCC assay. Actual ADCC could
then be expressed after subtraction of any SCMC (this was never
greater than 8 % of cytotoxicity with antibody coated cells).
Cytotoxicity assay. Aliquots (0.8 ml) of medium or lymphocyte
suspension (0.63 x 10° cells/ml) were added to sterile polycar-
bonate centrifuge tubes (Disposable Products, South Australia),
followed by the target cells (0.4 ml) to give a final effector: target
cell ratio of 50:1 for Chang and 25:1 for K562 cells. Tubes were
then centrifuged at 200 X g for 1 min to establish cell-cell contact
and incubated at 37°C. After incubation for 2 h, tubes were
centrifuged at 480 x g for 5 min. An aliquot of supernatant was
then removed for the estimation of *'Cr using an LKB mini
gamma counter. .
Tubes without lymphocytes were run concurrently for deter-
mination of spontaneous *!Cr release. Cytotoxicity was calcu-
lated using the formula:
cpmsupv — Ccpmy % 100%

_cpm
where cpm,,,, cpm, and cpm are the supernatant, spontaneous
release and total counts, respectively.
GSH depletion. To deplete intracellular glutathione, target cells
were exposed at a conceniration of 10° cells/ml to varying
amounts of phorone (diisopropylidene acetone) added in 10 pl
dimethyl sulfoxide (DMSO) per mi cell suspension. After incu-
bation for 30 min at 37°C with shaking at 60 oscillations/min,
the cells were washed twice with medium, centrifuged and resus-
pended in medium and HIFCS. In experiments designed to
determine GSH-content and cell viability after phorone-treat-
ment, the cells were washed and resuspended in saline. An ali-
quot was taken to determine cell viability by means of the trypan
blue-exclusion technique, while another aliquot of 500 ul was
added to 500 pl of ice-cold 4% sulfosalicylic acid. Glutathione
was determined using Ellman’s reagent?.
Assay of lipid peroxidation. To measure any possible lipid peroxi-
dation, target cells were suspended to yield a concentration of
109 cells/ml, after which 0.4 ml were added to 0.8 ml of lym-
phocytes to yield a ratio of 1:50 for Chang liver cells and 1:25 for
K562 cells. Incubations were carried out in gas tight flasks (12.5
ml reacti-flasks, Pierce Chemical Company, Illinois) at 37°C for
2 h. At the end of the incubation period, gas samples were drawn
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Table 1. Effect of phorone treatment on the glutathione content and the
viability of Chang and K.562 cells

Treatment?® Chang cells K562 cells
GSH Viability GSH Viability
(nmol/10% (%) (nmol/10% (%)
cells) cells)
None 42.3 100 10.2 100
DMSO (solvent control)  45.2 100 8.6 100
Phorone (0.72 pmol/ml)® 6.1 100 3.9 100
Phorone (1.81 pmol/ml) 7.0 100 4.7 99
Phorone (3.62 pmol/ml) 5.3 93 47 92
Phorone (5.43 uymol/ml) 7.0 97 47 84

210° cells in 1 ml of RPMI 1640 medium were exposed to phorone
dissolved in 10 pl DMSO (or 10 pl DMSO only for solvent controls) for 30
min. Subsequently, the cells were washed twice and GSH and cell viability
were determined.

"Final concentration.

Table 2. Effect of glutathione depletion of target cells on lymphocyte-
mediated ADCC and SCMC

Pretreatment of Lymphocytotoxicity (%)?

target cells ADCC SCMC
(Chang liver cells) (K562 cells)
None 396£13 42.0-£0.8
DMSO (solvent controls) 385+£0.5 416+ 1.5
Phorone (0.72 pmol/10° cells) 375+ 21 38.1+1.7
Phorone (1.81 pmol/106 cells) 37.0+ 1.2 388+ 2.6

*Values are means and their standard errors of five replicate samples.

Table 3. Production of thiobarbituric acid-reactive material and ethane
as markers of lipid peroxidation in the course of lymphocyte-mediated
cellular killing against Chang liver cells and K562 cells

Target cells TBA-reactive Ethane®® % Cytotoxicity®®
material®®
(nmol/105  (pmol/10°
cells) cells)

Chang liver cells 58+03 98+09 29408

(control serum treated)

Chang liver cells 5.8+ 0.1 11.0+ 0.6 85.9+0.9

(antibody coated, ADCC)
K562 cells
(SCMC)

*Values are means and their standard errors of quadruplicate samples.
YAll parameters were determined 2 h after the start of the experiment.

5.8+02 86+0.6 765+14

Table 4. Production of thiobarbituric acid-reactive material and ethane
as markers of lipid peroxidation in the course of lymphocyte-mediated
cellular killing against glutathione-depleted Chang liver cells and K562
cells

Target cells® TBA-reactive Ethane®™® % Cytotoxicity
material®® GSH-depleted Control
(umol/10°  (pmol/105 target cells target cells?
cells) cells)

Chang liver cells 4.7 + 0.3 10.6 £ 0.7 3.0+0.7 32411

(control

serum treated)

Chang liver cells 5.2 +£0.8 103+£06 492+54 476+ 5.8

(antibody

coated, ADCC)

K562 cells 5007 9.8+ 07 333+32 322+£33

*Target cells were exposed to 0.72 pmol phorone (in 10 ul DMSO) per 10°
cells (in ! ml) and washed twice before being employed.

Values are means and their standard errors (X £ SEM) of three experi-
ments using different batches of lymphocytes.
¢All parameters were determined 2 h after the start of the experiment.
dCytotoxicity against cells that were not pretreated with phorone were
always run in parallel using the lymphocyte batches.
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through a silicone-covered rubber septum and analyzed for their
cthane content as described previously?® using a Hewlett-
Packard 5830A gas chromatograph equiped with a 3-ft column
filled with Porapack Q 180-100 mesh and a flame-ionization
detector.

An aliquot of the cell suspension (0.25 ml) was added to 0.5 ml of
a 20% trichloroacetic acid solution, and the thiobarbituric acid-
reactive material was determined according to published proce-
dures?.

Results. Treatment of Chang liver cells with 0.72 umol/10° cells
phorone led to a decrease of intracellular glutathione by 86 %.
With K562 cells, the same treatment resulted in a 62% depletion
of cellular GSH (table 1). No further decrease in the content of
GSH was seen upon treatment of either type of target cells with
higher doses of phorone (table 1). At the two highest concentra-
tions of 3.62 and 5.43 umol/10° cells, however, cell viability was
decreased in Chang cells and, more so, in K562 cells (table 1).
Treatment of cells with the solvent for phorone, DMSQ, had no
or little effect on cellular glutathione concentration. Further-
more, GSH concentrations were found to remain at these dimin-
ished levels until they were used in the cytotoxicity assay.
Pretreatment of Chang liver cells with 0.72 or 1.81 pmol/10° cells
phorone prior to antibody-coating and subjecting to killing by
human peripheral lymphocytes had no effect on the extent of
ADCC (table 2). Also, no enhancement of SCMC of control
serum-treated Chang liver cells was seen upon depletion of GSH
(data not shown). The same is true for the spontaneous cell-me-
diated cytotoxicity against K562 cells, which was not affected by
depleting target cells of GSH (table 2).

In the course of both, SCMC and ADCC, virtually no lipid
peroxidation was seen, despite the high cytotoxicity observed
(table 3). The extent of the production of ethane and of thiobar-
bituric acid-reactive material as markers of lipid peroxidation
did not differ from that seen with control serum treated Chang
liver cells upon exposure to lymphocytes (table 3). In fact, the
same amounts of ethane and TBA-reactive material were found
when lymphocytes or target cells alone were incubated for 2 h at
37°C (data not shown). The 1000-foid higher levels of TBA
reactants as compared to ethane production is consistent with
the known higher rate of formation of the former parameter of
lipid peroxidation. After pretreatment of target cells with
phorone to deplete cellular glutathione, impairing thereby the
major defense systems against peroxidative damage, no sign of
an enhanced lipid peroxidation was seen (table 4). Again, it was
clear that GSH-depletion had no effect whatever on the lympho-
cytotoxicity (table 4).

Discussion. Glutathione is involved in several lines of defense
against oxidative damage®. Thus, if this tripeptide is lacking,
oxidative attack of cellular constituents is no longer controlled
and can proceed more effectively. In fact, depletion of liver
glutathione was shown to enhance NADPH-dependent lipid
peroxidation both in vitro®>? and in vivo®®. Furthermore, GSH
depletion sensitized tissue to lipid peroxidation induced by
redox- cycling compounds, which produce reactive oxygen spe-
cies in the course of their metabolism, in the presence of iron®..
If oxygen free radicals were produced as mediators of lymphocy-
totoxicity, it would have been expected that target cells which
were depleted of their cellular glutathione, would be more sus-
ceptibie to cellular damage. However, this was not the case,
indicating that oxidative damage might not have occurred. In
fact, the evidence for oxygen radicals being produced in SCMC
and ADCC is weak'>!%, Recent results indicate that NK-sensi-
tive target cells rapidly induce purified large granular lym-
phocytes to release a soluble factor that triggers a respiratory
burstin monocytes®. Thus, the release of oxygen radicals by NK
cells’*'* might be a consequence of incomplete monocyte deple-
tion in those experiments. In fact, the release of reactive oxygen
species is a feature common to monocytes, macrophages and
mast cells'®!"3* Recently, hydrogen peroxide was shown to be
involved in mast cell-mediated tumor cell destruction®. The
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involvement of hydroxyl radicals' at least, would have been an
attractive hypothesis to explain the inhibition of cell-mediated
cytotoxicity by ethanol®, which is an efficient scavenger of hy-
droxyl radicals. Preliminary experiments done in our laboratory,
however, gave no evidence for the production of O,”, the main
precursor of all oxygen radicals (data not shown).

One of the major mechanisms through which an oxidative stress
would lead to cellular damage is the peroxidation of polyunsatu-
rated fatty acids in phospholipids of functional membranes®. In
fact, the activation of phospholipase A, in peripheral blood
mononuclear cells?®®, and the inhibition of NK activity by inhibi-
tion of this enzyme? %, together with the findings of Carine and
Hudig? that arachidonic acid is metabolized via the 5-lipoxyge-
nase pathway in order to function in natural killing may suggest
a peroxidative mechanism at least for SCMC. No signs of lipid
peroxidation were observed, however, in the course of both
SCMC and ADCC in our study. It cannot be fully excluded,
however, that oxygen free radicals are produced locally leading
to site-specific oxidative damage, including phospholipids,
which is not measurable as an overall increase in lipid peroxida-
tion. The fact that glutathione depletion had no effect on either
cytotoxicity or lipid peroxidation, however, argues against this
hypothesis. Thus, it seems that peroxidative damage is not a
mechanism through which lymphocytes mediate their cytotoxic-

ity.

Acknowledgments. This study was supported by travel grant Yo 10/1-1
awarded to M.Y. by the ‘Deutsche Forschungsgemeinschaft’ (DFG). The
authors wish to thank the Red Cross Blood Bank, Sydney, for provision
of human blood, and Tony Findlay for assistance with gas chromato-
graphy.
*Author for correspondence: N. H. Stacey.
1 Herberman, R.B., and Ortaldo, J. R., Science 274 (1981) 24.
2 Shore, S.L., Melewicz, F.M., and Gordon, D.S., J. Immun. /18
(1977) 538.
3 Stacey, N.H., Bishop, C.J., Halliday, J. W., Halliday, W.J., Cooks-
ley, W.G.E., Powell, L.W., and Kerr, J.F.R., J. Cell Sci. 74 (1985)
169.
4 Sanderson, C.J., Biol. Rev. 56 (1981) 153,
5 Henkart, P.A., A. Rev. Immun. 3 (1985) 31.
6 Roder, J.C., Argov, S., Klien, M., Peterson, C., Kiessling, R., An-
derson, K., and Hanson, M., Immunology 40 (1980) 107.
7 Zagury, D., Adv. exp. Med. Biol. /46 (1982) 149.
8 Zucker-Franklin, D., Grusky, G., and Yang, J. S, Proc. natn. Acad.
Sci. USA 80 (1983) 6977.

1259

9 Gately, M.K., Mayer, M.M.,, and Henney, C.S., Cell. Immun. 27
(1976) 82.

10 Badwey, J.A., and Karnovsky, M.L., A. Rev. Biochem. 49 (1980)
695.

11 Babior, B.M., New Engl. J. Med. 298 (1978) 659.

12 Dallegri, F., Patrone, F., Holm, H., Gahrton, G., and Sacchetti, C.,
Clin. exp. Immun. 52 (1983) 613.

13 Roder, J.C., Helfand, S.L., Werkmeister, J., McGarry, R., Beau-
mont, T.J., and Duwe, A., Nature 298 (1982) 569.

14 Helfand, S.L., Werkmeister, J., and Roder, J.C., J. exp. Med. 156
(1982) 492.

15 El-Hag, A., and Clark, R. A., J. Immun. 132 (1984) 569.

16 Kay, H.K., Smith, D.L., Sullivan, G., Mandell, G.L., and Dono-
witz, G.R., J. Immun. 737 (1983) 1784.

17 Katz, P., Simone, C.B., Henkart, P.A., and Fauci, A.S., J. clin.
Invest. 65 (1980) 55.

18 Seaman, W.E., Gindhart, T.D., Blackman, M. A., Dalal, B., Talal,
N., and Werb, Z., J. clin. Invest. 69 (1982) 876.

19 Suthanthiran, M., Solomon, S.D., Williams, P.S., Rubin, A.L.,
Novogrodski, A., and Stenzel, K. H., Nature 307 (1984) 276.

20 Hoffman, T., Hirata, F., Bougnoux, P., Fraser, B.A., Goldfarb,
R.H., Herberman, R.B., and Axelrod, J., Proc. natn. Acad. Sci.
USA 78 (1981) 3839.

21 Hattori, T., Hirata, F., Hoffman, T., Hizuta, A., and Herberman,
R.B., J. Immun. 137 (1983) 662.

22 Bray, R., Abrams, S., and Bragmi, Z., Cell. Immun. 78 (1983) 100.

23 Carine, K., and Hudig, D., Cell. Immun. 87 (1984) 270.

24 Stacey, N. H., Immunopharmacology 8 (1984) 155.

25 Ellman, G. L., Archs Biochem. Biophys. 82 (1959) 70.

26 Younes, M., and Siegers, C.-P., Toxic. Lett. 15 (1983) 213.

27 Buege, J.A, and Aust, S.D., in: Methods in Enzymology, vol. 52,
p-302. Eds S. Fleischer and L. Packer. Academic Press, New York
1978.

28 Siegers, C.-P., and Younes, M., Pharmac. Res. Commun. 15
(1983) 1.

29 Younes, M., and Siegers, C.-P., Chem.-biol. Interact. 34 (1981) 257.

30 Younes, M., Albrecht, M., and Siegers, C.-P., Pharmac. Res. Com-
mun. 16 (1984) 153. .

31 Younes, M., Cornelius, S., and Siegers, C.-P., Chem. -biol. Interact.
54 (1985) 97.

32 Phajdak, B., Gomez, J.L., Wilkins, J.A., and Greenberg, A.H., J.
Immun, 733 (1984) 2430.

33 Henderson, W.R., Chi, E.Y., Jong, E.C., and Klebanoff, S.J., J.
exp. Med. 153 (1981) 520.

34 Younes, M., and Siegers, C.-P., Biochem. Pharmac. 33 (1984) 2001.

0014-4754/86/11/121257-03$1.50 + 0.20/0
© Birkhduser Verlag Basel, 1986

Enhancement of peritoneal macrophage activity by bovine gamma globulin in mice
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Summary. Mice treated with bovine gamma globulins showed an increased resistance to Salmonella typhimurium infection. This
phenomenon seems to be bound to an increase of peritoneal macrophage phagocytic activity, as shown by the method of
chemiluminescence, in experiements performed on peritoneal macrophages from mice treated with bovine gamma globulin.

Key words. Bovine gamma globulins; macrophages; chemiluminescence; phagocytic activity; Salmonella typhimurium.

Previous studies on macrophages have demonstrated that they
can be activated by different agents: microorganisms, endoto-
xins, latex, culture-broth, peptones, plasmatic factors, etc. As
indexes of this activation, microbicidal' and cytostatic? activity,
induction of neutral proteinases®, enhancement of spreading,
phagocytosis and pinocytosis* and decrease of ectoenzymes’
were studied. Moreover, secretion of enzymes, proteins, low
molecular weight substances and specific factors were also dem-
onstrated®. Furthermore, antigens seemed to be more immuno-
genic when challenged with stimulated rather than unstimulated

macrophages. On the other hand, studies on peritoneal macro-
phages confirmed a different stimulation pattern depending on
the various agents’.

Bovine gamma globulins (BGG) are known as tolerance-induc-
ing agents in several strains of mice; they influence both humoral
and cellular immunological factors ®!!. Amongst others, Lukic®
clearly showed that differences in susceptibility to induction of
tolerance were related to macrophage function in the induction
phase of immunity.

Our previous finding that mice pretreated with bovine gamma



