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We have  conducted  a  systematic  comparison of 
lysis of TNP-coated  keratinocyte  targets  by TNP- 
specific  antibody, by  antibody  plus  complement,  by 
antibody-dependent  cellular  cytotoxicity (ADCC), 
and  by  natural  killing  with  the use of monocyte, 
lymphocyte,  and  neutrophil  effectors. With  chro- 
mium-release assays, human keratinocytes, HEp-2 
cells (transformed  human keratinocytes), PAM 212 
cells (transformed  mouse  keratinocytes),  and RSC 
(transformed  rabbit keratinocytes) were a11 suscep- 
tible to monocyte-  and  lymphocyte-mediated ADCC 
(p < 0.01 to p < 0.02). AI1 trypsinized  keratinocyte 
targets were also susceptible to natural  killing  by 
monocyte or lymphocyte  effectors (p = 0.05 to p < 
0.001). Antibody  and  antibody  plus  complement 
were  poor  mediators of keratinocyte lysis. If protein 
and  complex  lipid synthesis of keratinocytes were 
inhibited  by 16-hr cycloheximide  preincubation, 
then  keratinocytes were susceptible to complement- 
mediated lysis, implying that the resistance of these 
cells to complement  may  be  due to repair of trans- 
membrane pores. Comparison of chromium-release 
assays with  fluorescein  diacetate  dye  uptake  viabil- 
ity assays showed  that  human  keratinocytes were 
still susceptible to monocyte  and  lymphocyte ADCC 
but not to antibody,  antibody  plus  complement, or 
natural  killing. The  reproducible  and  uniform sus- 
ceptibility of  normal  and  transformed  keratinocyte 
targets from three  different species to monocyte  and 
lymphocyte ADCC supports  the  hypothesis  that this 
mechanism of cellular lysis may be important in 
antibody-associated diseases of  epidermal cytotox- 
icit y. 

Direct cytotoxicity of defined  cellular  targets is an im- 
portant  end  point of inflammation that  can be  demon- 
strated histologically in biopsies from  many clinical and 
experimental  diseases, and  that  can be experimentally 
tested  in vitro by using defined  cellular  targets. Many 
specific mechanisms of cytotoxicity have been tested  in 
vitro, especially classical cell-mediated cytotoxicity, and 
more recently natural killing (1). There is also  a growing 
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body of evidence that antibody-dependent  mechanisms 
of cytotoxicity are  important  in  the host  response  to viral 
infection (2) and  infestation (3), in the  host response  to 
allografts (4) and  malignant  tumors (5), and  in  the devel- 
opment of autoimmune  diseases (6-8). 

We have been involved in an ongoing investigation of 
cytotoxic mechanisms of cutaneous  disease. Although 
there  are  many potential  discrete  cellular  targets in the 
skin, we initially focused on the major cell of the epider- 
mis, the keratinocyte. Discrete cytotoxicity of the epider- 
mal  keratinocyte is seen  in  many  skin  diseases,  such as 
lupus  erythematosus (9). lichen  planus (1 0). graft-vs-host 
disease (1 11, erythema multiforme (121, and eczematous 
dermatitis (13). Keratinocyte damage is associated  with 
epidermal  antibody deposition in  several  diseases (9- 12). 
Tamaki and  his colleagues (1 4) have  shown that epider- 
mal cells are susceptible to lysis by cytotoxic T lympho- 
cytes,  but  no  studies  to  determine the susceptibility of 
epidermal  keratinocytes to antibody-dependent  mecha- 
nisms of lysis  have been performed. 

We report a comprehensive comparison of antibody- 
mediated mechanisms of lysis of four different  keratin- 
ocyte targets by using both chromium-release and dye- 
uptake  techniques. We found  distinct  differences  in  ker- 
atinocyte  susceptibility to different  mechanisms of lysis. 
All keratinocyte  targets were found to be susceptible  to 
antibody-dependent  cellular cytotoxicity (ADCC) with the 
use of monocyte and lymphocyte effectors. Antibody 
alone or antibody  plus complement were ineffective un- 
less  prior  inhibition of protein and complex lipid synthe- 
sis was  induced. If membrane  changes in keratinocyte 
targets were induced by trypsinization, these  targets were 
also  susceptible to natural killing. 

MATERIALS AND METHODS 

Keratinocyte  culture.  a]  Human keratinocytes  were isolated in 
primary culture from fresh  human  foreskins  in  serum-free defined 
medium by the method of Boyce and Ham (1 5). The defined medium 
for cell culture consisted of  MCDB 153 supplemented  with 10 ng/ml 
epidermal  growth factor [Collaborative Research, Boston, MA), 5 mg/ 
ml insulin (Sigma Chemical Co.. St. Louis, MO). 1.4 UM (0.5 mg/ml) 
hydrocortisone  (Sigma). 0.1 mM ethanolamine (Sigma). and 0.1 nM 
phosphoethanolamine (Sigma). The  stock solution for primary and 
serial cultures consisted of supplemented MCDB 153 with 0.1 mM 
Ca+* and whole bovine pituitary extract  at a  protein  concentration 
(Lowry) of 70 &/ml [lS).  Under these conditions,  keratinocytes 
formed discrete, uniform colonies of undifferentiated, noncornlfied 
cuboidal  cells  resembling  epidermal basal cells. Staining  with  anti- 
keratins or with monoclonal antibodies  for Langerhans cells (OKT6: 
Ortho Pharmaceuticals,  Raritan, N J )  or melanocytes (S-100: Ortho 
Pharmaceuticals] verified that  these  cultures were 100% keratino- 
cytes. Cells used  in cytotoxicity assays were serial  passages of frozen 
aliquots from  primary culture, grown either in T75  tissue  culture 
flasks (Falcon, Becton Dickinson, Oxnard. CAI or in Lab Tek tissue 
culture  chamber slides (Miles Scientific, Naperville, IL). 
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b) HEp-2 is an epithelial cell line derived from a human epidermal 
carcinoma obtained  from the American  Type  Culture Collection 
(Rockville, MD). Serial  cultures of HEp-2 cells  were  grown in  minimal 
essential medium (MEM:  GIBCO. Grand Island, NY) supplemented 
with 15%  fetal calf serum (FCS: Flow Laboratories, McLean. VA) in 
Falcon tissue  culture  flasks. 

provided by Stuart Yuspa of the National Cancer  Institute.  These 
C) PAM-2 12 is a transformed mouse  epidermal cell line generously 

cells  were  grown  in serial  culture  in MEM plus 8 to  10% Hyclone- 
screened FCS (Hyclone. Logan, UT). 

d) Rabbit skin cells are  transformed  rabbit epidermal cell 
line  generously provided by Dr. Lewis Pizer of the  Department of 
Microbiology and Immunology of the University of Colorado. The cell 
line was grown  in RPMI 1640 (GIBCO) supplemented  with  10% FCS 
(Flow Laboratories). 

Keratinocyte  antigen  coating. Keratinocyte targets were  densely 
coated with  the  hapten  trinitrophenol (TNP) as a n  antigen in an 
attempt  to minimize differences  in  antigen  density  on keratinocytes 
of different  species  and  with  the  aim of using a single  antigen so 
that a uniform  antibody  source could be used with  different  targets. 
TNP was deposited on keratinocyte cell membranes by incubation 
of the cells with 0.5 mM trinitrobenzene sulfonic  acid (TNBS) (Sigma) 
for 15 min in 37°C. followed by washing  to remove excess TNBS 
(14). By using indirect  immunofluorescence and  the monospecific 
anti-TNP-antisera described in  the  next  section, we found uniform 
granular  staining of different keratinocyte targets,  indicating uni- 
form TNP coating  and antibody  binding. 

Antiserum  preparation. Specificity in  subsequent cytotoxicity 
assays  was provided by a rabbit  antiserum  to TNP produced by 
immunization of rabbits  to TNP-coated human O+ erythrocytes, 
followed by absorption of the  antiserum  with uncoated O+ erythro- 
cytes. TNP specificity of the  absorbed  antiserum  was determined by 
passive hemagglutination with TNP-coated O+ erythrocytes vs un- 
coated o+ erythrocytes [ 17). ADCC and complement  lysis with  this 
antisera were verified by using TNP-coated human erythrocyte tar- 
gets before  keratinocyte cytotoxicity was  examined. 

Effector preparation. Monocyte-enriched and lymphocyte-en- 

Gmelig-Meyling and  Waldmann  (18).  The mononuclear cell-rich pop- 
riched effector  populations  were  prepared by the Percoll method of 

dation. obtained by cushioning heparinized human venous blood 
over Ficoll-Hypaque (Pharmacia, Piscataway, NJ),  was layered over 
a continuous Percoll gradient  prepared by centrifugation (at  25,000 
x G for 1 hr) of an isotonic 50% Percoll solution in calcium- and 
magnesium-free  Hanks’ balanced salt solution (HBSS: GIBCO). This 
was  again centrifuged at  1000 X G for  20  min,  and  the monocyte 
and lymphocyte fractions were harvested  and washed as previously 
reported. The monocyte fraction  contained 80 to 85% monocytes by 

clonal antibody OKM3 [Ortho Pharmaceuticals) with the use of a 
staining  for  a-napthyl acetate esterase or by staining with a mono- 

two-step  immunofluorescence technique  (19).  This population  con- 
tained  less  than 1 % T  lymphocytes by OKT3 (Ortho) or Leu-I (Becton 
Dickinson, Oxnard, CA) staining,  and  less  than 3% natural killer 
[NK) or killer (K) cells as measured by staining with the monoclonal 
antibody Leu-1 1 (Becton Dickinson) (19).  The lymphocyte fractions 
contained  less  than 1 % monocytes, 85 to 90% T  lymphocytes (Leu-1 
or OKT3+). and 10 to  15% NK or K cells  (Leu-1 1’) as determined by 
immunofluorescence staining  and visual counting  with  the  use of 
an Olympus epifluorescent microscope. We chose  to  use Percoll 
separation  rather  than  adherence to purify  monocytes  because we 
have found that adherence-purified  monocytes  may be activated 
effectors in ADCC assays,  and we prefer  that  the comparison of 
monocyte and lymphocyte  lysis of antibody-sensitized  keratinocytes 
reflect unstimulated effector function. 

Neutrophil fractions were  obtained by settling heparinized  venous 
blood over  methyl  cellulose  Hypaque to remove erythrocytes,  and 
then layering the  washed  white cell layer over discontinuous Percoll 
gradient  consisting of isotonic Percoll in Ca+- and  Mg-free HBSS  of 
density  1.077  and  1.094. After centrifugation at  1000 X G for 20 
min,  neutrophils were harvested from the  interface of the  1.077  and 
1.094 layers and were washed  three  times  in RPMI 1640 (GIBCO). 
By visual count,  the cells  were 97% polymorphonuclear  leukocytes. 

of “stat  stain”  samples (VWR Scientific, Inc., San Francisco, CA) 
Less than 3% of these cells  were  eosinophils by visual examination 

were  performed on  suspensions of 5’Cr-labeled, TNP-coated keratin- 
ADCC assays: a) Chromium  release. Microcytotoxicity assays 

ocytes removed from tissue  culture  flasks by rapid  trypsinization 

3Abbreviations used in this paper FD. fluorescein diacetate: RSC. 
rabbit skin cell: TNBS,  trinitrobenzene sulfonic acid: K, killer. 

* Fritz, IS. A.. S. R. Ryan, W. L. Weston. and D. A. Noms. 1985. A 
comparative study of herpes specific cellular cytotoxicity  induced by 
erythema multiforme serum. Submitted for publication. 

(201.~ 

and added to round-bottomed 96-well microcytotoxicity plates  low 
Laboratories). Keratinocyte targets were prepared by overnight in- 
cubation of T75  flasks of keratinocytes (human  keratinocytes, HEp- 
2, PAM-212. and RSC) with 100 pCi  of Na5’Cr03 (New England 
Nuclear. Boston. MA) followed by washing, rapid  trypsinization for 
3 to 10  sec  with 0.3% trypsin (Sigma) to release  cells,  addition of 
FCS to  stop  trypsinization.  further  washing,  incubation with 0.05 
mM TNBS to produce TNP coating, and  further  washing. Adequate 
chromium labeling was immediately measured by a gamma  counter 
(Beckman Instruments, Fullerton, CA). TNP coating was evaluated 
routinely by immunofluorescent  detection of binding of rabbit IgG 
anti-TNP, and viability was  assured before  beginning assay by try- 

TNP coating and were  routinely greater than  95% viable. 
pan blue  dye  exclusion. Cells used  in cytotoxicity assays showed 

Short-term cytotoxicity assays were performed by adding different 
combinations of targets, antibody,  effectors, and complement  in 
microtiter  plates. One  hundred  thousand chromium-labeled, TNP- 
coated keratinocyte targets in 50 pl of  RPMl 1640 with 5% FCS were 
added to each well. The antibody added was  50 pl  of 1/100 dilution 
of heat-inactivated  rabbit anti-TNP antisera. Effectors were differ- 
ing numbers of human monocyte, lymphocyte, or neutrophil cell 
fractions  in  100 pl of  RPMI 1640 with 5% FCS selected to give final 
effector to  target ratios of between 10: 1 and  100: 1 .  Complement was 
50 pl of a 1/20 dilution of fresh normal human  serum  that  was not 
heat inactivated. 

Different  combinations of targets  plus antibody,  effectors, and/or 
complement  were incubated at  37°C for 3 hr in a humidified incu- 
bator:  the  plates were then briefly centrifuged to form a pellet, and 
100 pl  of the  supernatant from each well were harvested for  deter- 
mination of chromium  release. Maximum lysis of targets  was  deter- 
mined by Triton X cell lysis  (Sigma). The percentage of lysis of the 
various  experimental combinations  was determined by the following 
formula. 

cpm experimental - cpmT 
cpm  maximal  lysis - cpmT 

% Lysis = 

where cpmT is spontaneous lysis of targets alone. Lysis by antibody, 
by antibody plus complement. by complement alone, by effectors, 
and by effectors plus antibody  were all determined. Direct cellular 

natural killing. ADCC was lysis produced by antibody plus effectors 
cytotoxicity with  nonsensitized  effectors can  also be referred to as 

in excess of that produced by effectors  alone. 
b) Fluorescetn  diacetate (FD) uptake. FD is an ester of the fluo- 

hydrolyzed to the fluorochrome, and retained in cells with intact cell 
rochrome  fluorescein that is actively transported  into viable cells, 

membranes (21). The FD uptake cytotoxicity assay allows the as- 
sessment of keratinocyte cytotoxicity of cell cultures  that have been 
TNP-coated but are still  in monolayer: Le.. targets  are not  trypsinized 
into  suspension. It allows examination of lysis of individual cells 
and evaluation of cells available  in limited numbers. 

In this  assay,  intact  human keratinocyte cultures in first passage 

incubation with 1 mM TNBS and  then washed. To the slide chambers 
in Lab Tek tissue  culture  chamber slides were TNP labeled by 

containing  targets were then added different  combinations of anti- 
body, complement, and effectors. After 3 hr  incubation  at 37°C in a 
humidified incubator,  the  chamber slides  were washed,  and  100 pg/  
ml  FD in 2%  acetone were added  for 15 min at 37°C. The  chambers 
were again washed,  the  chamber  was removed from the slides, and 
the keratinocyte colonies on the slides were visually counted on a 
fluorescent microscope (Olympus).  Within 10  min of the removal of 
the FD, viability was determined by visual determination of the 
presence of fluorochrome within live cells or the  absence of fine 
speckling seen  in dead cells. 

Cycloheximide  blockade. In a n  attempt  to reverse the  resistance 
of keratinocytes to complement-dependent  lysis, human  keratino- 
cytes were preincubated  with  0.25.2.5.  and  25 pg/ml cyclohexamide 
(Sigma) in defined serum-free medium for 16 hr before and  during 
chromium-release cytotoxicity assays. Appropriate controls of com- 
plement alone, normal rabhit  serum  plus complement.  anti-TNP 
rabbit  serum without  complement, and no added serum were used 
with  cycloheximide-treated targets  to  determine  that  the cyclohexi- 
mide effect was on specific  antibody-complement lysis and not a 
nonspecific  effect on cell viability. 

Statistical  analysis. Significance of mean cytotoxicity results  in 
different  experiments were determined by direct  comparison by 
using  Student’s  t-test. 

RESULTS 

Each type of TNP-coated  keratinocyte  target was sys- 
tematically examined as a target for immunologic lysis 



SYSTEMATIC  COMPARISON OF ANTIBODY-MEDIATED  MECHANISMS 1075 

by different  combinations of specific antibody, human 
complement, and nonsensitized  effectors by using a chro- 
mium-release assay  to  determine  target  lysis.  The cyto- 
toxic profile of TNP-coated human keratinocytes is 
shown  in Figure 1. The  left  side of the figure  shows  target 
lysis  with monocyte (Mono), lymphocyte (Lymph), or  neu- 
trophil (PMN) cellular  effectors. Direct cellular cytotoxic- 
ity (natural killing) is lysis of targets by effectors  alone 
(TE). ADCC is defined as the  amount of lysis of targets 
by effectors  plus  antibody (TEA) in excess of that pro- 
duced by effectors  alone [TE). The difference between 
TEA and TE is expressed as ADCC on the right  side of 
the figure  for  all three effector  populations  with the  use 
of either anti-TNP (positive sera, +) or control  rabbit sera 
(negative sera, -). ADCC is compared  with  lysis by anti- 
body alone (TA) or antibody  plus human complement 
(TAC) with the  use of either positive or negative antisera. 
Direct cellular cytotoxicity was highly significant  with 
monocyte and lymphocyte effectors  (p < 0.001) and 
barely significant  with  neutrophils  (p = 0.05). Adding 
antibody  along  with  effectors produced almost 80% of 
maximal  lysis  with lymphocyte effectors. Calculation of 
ADCC showed significant  values  with monocyte (p < 0.02) 
and lymphocyte (p < 0.01) effectors, but  not  with  neutro- 
phil effectors. No significant ADCC was  seen  with  control 
antibody. Antibody alone  or  with  complement produced 
no  significant  lysis (NS). Background keratinocyte lysis 
in  3-hr  experiments  was 3.7 f 1.4%. Thus with  cultured 
human keratinocytes as targets, monocytes and lympho- 
cytes produced highly significant lysis, especially in the 
presence of specific antibody,  but antibody  alone  or  with 
human complement was ineffective as an inducer of 
target lysis. Neutrophils produced limited lysis that  was 
not  augmented by specific  antibody. 

The  patterns of lysis for the cell lines HEp-2, PAM 212, 
and RSC were all very similar and  are represented by the 
data for HEp-2 lysis shown  in Figure 2. Direct cellular 
cytotoxicity with monocyte and lymphocyte effector pop- 

Human Keratinocyte  Lysis 

TE TEA TE TEA TE  TEA 
Mono Lymph PMN 

Antibody  Dependent 
Lysis 

@ Positive  Sera, 

0 Negative  Sera 

<.o 1 

r 

ADCC ADCC ADCC TA TAC 
Mono Lymph PMN 

as bars  representing the  mean -C SEM. Different combinations of targets 
Figure 1. Percent lysis of TNP-coated human keratinocytes is shown 

(T), effectors  (E),  antibody (A), and complement (C) are summarized under 
the  appropriate  bars. Left, Lysis by effectors  alone (TE) or by effectors 
plus antibody (TEA) for monocyte (Mono), lymphocyte (Lymph], and neu- 
trophil (PMN) fractions. Effector to  target  ratios: Mono 10: 1, Lymph 100: 1, 
PMN 25: 1. ADCC is defined as TEA-TE. Right, Comparison of  ADCC to 
lysis by antibody alone (TA) or by antibody  plus  complement (TAC) with 
either positive anti-TNP sera (+) or a negative control sera (-). Statistical 
significance is indicated by p values above bars or by N S  (nonsignificant) 

HEP-2 Lysis 
Cell  Mediated 

Lysis 

TE 

TEA 
4 0  1 

T 

Mono LYmDh PMN 

Antibody-Dependent 
Lysis 

# Poritlve  sera 

0 Negative  Sera 

<.o 1 

T 

ADCC ADCC ADCC TA TAC 

representing  mean 2 SEM for the  same combinations of T, A, E, and C 
F i g u r e 2  Percen; I& of TNP-coated HEp-2 cells is  shown  as  bars 

(see legend to Figure 1). 

ulations  was  statistically  significant but not as profound 
as that  seen by using non-cell line  keratinocyte targets. 
Adding antibody  increased  target  lysis by monocyte and 
lymphocyte effectors fourfold to sixfold, as indicated by 
significant monocyte and lymphocyte (p < 0.01) ADCC. 
Neutrophils were ineffective with  or without specific an- 
tibody. Antibody alone  or  antibody  plus complement also 
did not produce significant lysis. 

The profiles of lysis of all  four  different TNP-coated 
keratinocyte  targets is compared with TNP-coated eryth- 
rocyte targets  in  Table I, contrasting ADCC to  direct 
cellular cytotoxicity, antibody-mediated lysis, and  anti- 
body-complement-mediated lysis. Human  erythrocytes 
were significant  targets for monocyte, lymphocyte, and 
neutrophil ADCC and for complement-mediated lysis. All 
four  keratinocyte  targets showed similar patterns of sus- 
ceptibility to different cytotoxic mechanisms  but a very 
different profile from that seen  with  erythrocyte  targets. 
All keratinocytes were susceptible to monocyte and lym- 
phocyte, but  not  to  neutrophil, ADCC. The  greatest ADCC 
keratinocyte lysis was  seen by using lymphocyte effec- 
tors. In contrast, monocytes and neutrophils were the 
most effective ADCC effectors  against  erythrocytes. Rab- 
bit  keratinocytes required higher antibody  concentra- 
tions (1 / lo) to produce the  same ADCC pattern  seen  with 
other  keratinocytes. Direct cellular cytotoxicity was  seen 
to some degree with  all  keratinocytes, especially with 
cultured human keratinocytes,  but  was  never  seen  with 
nontrypsinized, TNP-coated erythrocyte  targets. Anti- 
body alone  was ineffective with any target. Antibody plus 
complement produced very significant  (p < 0.001) eryth- 
rocyte lysis but  no significant  keratinocyte lysis. The 
most impressive ADCC was  seen by using human  kera- 
tinocytes  or the  human epithelial cell line HEp-2. The 
increased  effectiveness of lymphocyte over monocyte ef- 
fectors  in ADCC  of keratinocyte  targets has been reported 
with  other  nucleated  cellular  targets  (22). 

We considered the possibility that complement lysis of 
keratinocyte  targets might be missed because of lower 
levels of complement-fixing antibody relative to ADCC- 
inducing  antibody,  in  spite of the excellent complement- 
mediated erythrocyte  lysis seen,  and we studied the ef- 
fects of increasing  both specific antibody and comple- 
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TABLE I 
Percent  lysis of keratlnocyte  targets:  chromium-release  assay 

Human 
Keratlnwyteb 

HeP2 PAM 212 
[human)' 

Rabblt 
lmouseP  Keratfnocvteb 

ADCC 
monocyte 
lymphocyte 
neutrophil 

monocyte 
lymphocyte 
neutrophil 

Direct cellular cytotoxicity 

Antibody-mediated  lysis 
Antibody-complement- 

mediated  lvsis 

20 f 4.1 (p < 0.02) 
38 + 4.5 (p < 0.01) 

1 co .1  

41 k 5.1 (p < 0.001) 
38 f 3.9 (p < 0.001) 

10 2 (p<O.O5) 
0.3 It 0.1 
2 k O . 3  

20 
15 

5 

f 4.1 (p < 0.02] 
+ 3.2 (p C 0.02) 
+ 1  

32 f 7.2 (p < 0.01) 
52 f 3.4 (p < 0.01) 

2 f 0.6 

9 + 0.1 (p<O.O2j 3 fO.2 
9.5 f 0.2 (p < 0.01) 9 f 1.2 (p < 0.05) 

1 fO.1 0.5 f 0.1 
0.6 f 0.2 
2 c o . 1  5 + 0.7 

6 + 1  

15 f 5.3 (p < 0.02) 
19 f 6.1 (p < 0.02) 
4 -cl  

11 k 2.4 (p < 0.05) 
14 + 3.1 (p  = 0.05) 

1 + 0.2 
1 fO. l  
1.2 f 0.2 

Erythrocytea 
Human 

58 f 5  ( p < O . O O l )  
30 2 2  (p<O.Ol] 
56 f 3  (p<O.OOl) 

1 co.1 
1.1 _+ 0.1 
1.2 + 0.1 
2 5 0.3 

75 f 3 . 2  

a Anti-TNP dilution  added = 1:lOO. 
bAnti-TNP  dilution  added = 1 : l O .  

Complement-Mediated Lysis 

c 

TNP-Coated Targetr 
A Human Erythrocytoa 

A Human Kor.tlnocytoa 
Q HEP-2 

\ \ 
1:1 1:s 1:lO 1:20 1:60 1:lOO 

Dllutlon of Specltlc Antlrerum 

Figure 3. Complement-mediated  lysis of TNP-coated human  erythro- 
cytes.  human  keratinocytes.  and HEp-2 cells is shown  with  different 
dilutions of heat-inactivated  specific  antisera as an  antibody  source  and 
a 1/20 dilution of fresh  human  serum  as a complement  source.  Percent 

lysis by the negative  control  serum  plus complement. 
specific  lysis is lysis by posltive anti-TNP antisera  plus  complement  minus 

ment  source on keratinocyte cytotoxicity. Figure 3 shows 
the effect of increasing specific antibody  on  erythrocyte 
and keratinocyte lysis. Different  dilutions of heat-inac- 
tivated specific antisera were used along  with  a  1/20 
dilution of normal  noninactivated human  serum as a 
complement  source  to lyse TNP-coated human  erythro- 
cyte, human keratinocyte, and HEp-2 targets.  Erythro- 
cyte lysis of 98% was obtained,  but no significant HEp-2 
or human keratinocyte lysis was  seen. Under the  same 
conditions,  antibody  plus lymphocyte effectors would 
lyse nearly 80% of targets  (Figures 1 and  2). Increasing 
the complement source  (data not shown)  also slightly 
increased human keratinocyte  lysis,  but  not HEp-2 lysis, 
although  never to levels approximating  erythrocyte lysis 
or to levels near  that produced by antibody  plus  effectors. 

It was necessary  to  determine  whether the  resistance 
to complement lysis was a reversible  characteristic of 
keratinocytes.  Therefore, we pretreated the cells with 
increasing  concentrations of cycloheximide, then TNP- 
coated the  targets,  and added specific  antibody and com- 
plement under  conditions that had produced maximal 
but  statistically  insignificant  keratinocyte lysis. As seen 
in Figure 4, specific keratinocyte  lysis progressively in- 
creased  with  increasing cycloheximide concentration. 

100 

7 6  

6 0  

2 6  

Effect  of Cycloheximide on 

Complement-Mediated  Lysis 

A Hu Kmrmtlnocytme 

A Hu Erythrocytoo 

0 0 .26  2.6 2 6  uglml 

Cyclohexlmldo  Concentrat lon 

Figure 4. Percent  specific  complement-mediated  lysis of TNP-coated 

in  cells  incubated  in  increasing  concentrations of cycloheximide. Specific 
human  keratinocytes  and TNP-coated human  erythrocytes is contrasted 

lysis is lysis  with  specific  anti-TNP  antibody  minus that with  negative 
control  antiserum. Both cell preparations  were  incubated  overnight before 
and  during  the 3-hr complement  lysis  experiment  with the indicated 
concentrations of cycloheximide. 

reaching a level nearly as  high as  that seen  with  eryth- 
rocyte targets.  Thus,  the  resistance to complement lysis 
was a keratinocyte  characteristic  dependent on factors 
inhibited by cycloheximide. 

Cultured human keratinocytes were tested by  FD via- 
bility assay to determine if these  cells  in monolayer with- 
out  trypsinization were still susceptible to ADCC and to 
direct  cellular cytotoxicity. The  advantages of this  assay 
are  that nontrypsinized monolayer targets  can be studied 
and  that lysis of individual cells can be directly evaluated. 
Figure 5A shows  a 95% viable TNP-coated keratinocyte 
culture  stained  with FD. Figure 5B shows  a  culture of 
TNP-coated keratinocytes after  3-hr incubation with 
anti-TNP antiserum  and lymphocyte effectors. Only 22% 
of the cells in  this field take  up  and  retain FD. 

Figure 6 shows  the direct  cellular cytotoxicity of mon- 
ocyte and lymphocyte effectors on TNP-coated human 
keratinocyte  targets in monolayer by  FD assay. No sig- 
nificant lysis by either effector or specific antibody was 
seen.  This is in  contrast to the significant monocyte and 
lymphocyte direct  cellular cytotoxicity seen  against sim- 
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globular  staining  are  viable  keratinocytes:  dark  cells (D = dead)  are  cells  that  have not taken  up FD and hydrolyzed it to th?  fluorochrome. or that 
F f g u r e 5 .  A. FD staining of a 95$ viable TNP-coated human  keratinocyte  rulture  (magnifiration 400 x) is shown. Bright cells with or without 

cannot  retain  the  fluorochrome  because of membrane  leakage. E. FD staining of a TNP-coated human  keratinocyte  culture  (magnification 630 X) is 
shown  after  3-hr  incubation  with  lvmuhocvte  effectors  ulus  anti-TNP  antiserum. Bright cells are fluorescent viable cells: cells with  faint  perinuclear 
staining ( a r r o w s )  are not viable. In-this fieid. 22% of the cells are viable. 

Direct  Cellular Cytotoxicity in 
Fluorescein Dlacetate Cytotoxicity Assay 

Antibody  Dependent   Cel l   Mediated  Cytotoxici ty   (ADCC) 
in F luo resce in  Diacetate Cy to tox ic i ty   Assay  

10:1  100:1  1ooo:l 

TE 

W C Y t .  

0 1  loo:( Iooo: 

TE 

LYmp-Yt. 

R a t l o  
T TA 

Control 

cytes is shown as  the percent FD viable cells  in  cultures  incubated  with 
F l g u r e 6 .  Direct cellular cytotoxicity of TNP-coated human  keratino- 

effector  (TE).  antibody (TA). or nothing (T). The  effector  to  target  ratios 
are  shown  for  each  monocyte  and  lymphocyte  TE  combination.  The  small 
decreases  in viability seen  with  monocyte  effectors  were  nonsignificant 
INS). 

ilar  targets that had  been trypsinized into  suspension 
before TNP-coating and evaluation in a  chromium- 
release cytotoxicity assay.  The lack of lysis of intact 
keratinocytes even at  extremely high effector  to  target 
ratios is strong evidence that direct  cellular cytotoxicity 
with the  use of nonsensitized  effectors is not  active 
against  intact  keratinocytes. 

Figure 7 shows ADCC  by monocyte and lymphocyte 
effectors  against TNP-coated human keratinocyte  targets 
after 3 hr in culture, corrected for the low  level but 
insignificant  direct  cellular lysis shown in Figure 6. Pro- 
gressively greater lysis was  seen  with both effector pop- 
ulations in the presence of specific antibody  but not with 
antibody  alone. Normal rabbit  serum  plus  effectors pro- 
duced no  significant  target lysis. Neither human nor 

indicated for  different monocyte and lymphocyte TAE combinations. 
F f g u r e  7. ADCC  of TNP-coated human  keratlnocytes  (mean & SEM) is 

Because ADCC is defined a s  TAE lysis  in  excess of TE lysis. percent 
viable  cells  was  corrected  to 100% for  direct TE lysis before ADCC was 
plotted. Statistically  significant  values are indicated by p  values on the 
bars. 

guinea pig complement produced significant lysis in the 
presence of antibody  when complement levels were used 
that were maximally effective against TNP-coated eryth- 
rocytes or  against trypsinized keratinocyte  targets  (data 
not  shown).  This  confirms  the  strong ADCC effect against 
human keratinocytes  seen with the chromium-release 
assay with both monocyte and lymphocyte effectors. 

The  results of  ADCC, direct  cellular cytotoxicity, anti- 
body-mediated lysis, and antibody/complement-medi- 
ated  lysis  against TNP-coated keratinocytes from the FD 
viability assay  are summarized in Table 11. Highly sig- 
nificant  and equivalent lysis by monocyte and lympho- 
cyte ADCC was  seen  consistently. In contrast to trypsin- 
ized targets,  keratinocytes in monolayer were not suscep- 
tible to direct cellular cytotoxicity by monocyte or lym- 
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TABLE 11 
Percent  lysis of keratinocyte  targets: FD ufabi l t ty   assay  

Human Keratlnocyte Targets 

ADCC 
monocyte 
lymphocyte 

monocyte 
lymphocyte 

75 * 2.1 (p c 0.0001) 

Direct Cellular Cytotoxicity 
73 & 3.8(p<O.O01j 

9 t 1.2 
1 t 0.2 

Antibody-mediated lysis 
Antibody-complement-me- 

1 2 0.2 
1.7 & 0.3 

diated lysis 

phocyte effectors.  These cells were also  not  susceptible 
to complement-mediated lysis under optimal conditions 
of antibody and complement. This  technique  clearly 
shows  that monocyte and lymphocyte ADCC are highly 
effective means of lysing metabolically active,  intact ker- 
atinocyte  targets  with the  use of cell-bound antigen and 
appropriate  antibody. 

DISCUSSION 

All four  keratinocyte  targets  studied showed a  similar 
pattern of susceptibility to different  antibody-dependent 
mechanisms of lysis. Monocyte- and lymphocyte-medi- 
ated ADCC were very efficient  against  all  keratinocyte 
targets.  but  antibody  alone or antibody  plus complement 
produced only minimal  lysis of metabolically intact  ker- 
atinocyte  targets. Cycloheximide preincubation did make 
keratinocyte  targets  susceptible  to complement-mediated 
lysis. Direct cellular cytotoxicity by nonsensitized mono- 
cyte or lymphocyte effectors (natural killing) was only 
seen by using  trypsinized  targets  in  suspension and  was 
probably  dependent  on  trypsin-induced  membrane 
changes. 

Neutrophils did not  mediate ADCC of keratinocyte tar- 
gets  even  though the  same effector preparations were 
highly effective in ADCC assays  against erythrocyte tar- 
gets. In chromium-release assays, lymphocyte popula- 
tions produced greater  relative ADCC than did monocyte 
effectors, as has been reported in ADCC assays of nu- 
cleated targets (22, 23). However, in FD-uptake  analysis 
of lysis of intact  keratinocyte colonies, monocytes and 
lymphocytes produced equivalent high level cytotoxicity 
when  equivalent  effector to target  ratios were used.  Other 
investigators  have  shown that  the K Lymphocyte capable 
of mediating ADCC can be either a large granular lym- 
phocyte, a T helper  or  T  suppressor/cytotoxic lympho- 
cyte, or a  small  non-T lymphocyte (24). Although we did 
not attempt a  comparison of different K lymphocytes as 
keratinocyte ADCC effectors, our work shows that mon- 
ocyte and lymphocyte preparations  (containing T helper 
and suppressor lymphocytes, large granular lympho- 
cytes, and probably non-T small lymphocytes) can me- 
diate ADCC of keratfnocyte  targets. Until the profile of 
different K lymphocytes as effectors of keratinocyte lysis 
is determined,  the identification of any of these cells in 
infiltrates  associated with epidermal keratinocyte  dam- 
age may be  consistent with ADCC as the  mechanism of 
that keratinocyte  damage, especially in  diseases associ- 
ated  with  keratinocyte-bound  autoantibodies such as cu- 
taneous lupus erythematosus. 

Our  demonstration that viable keratinocyte  targets are 
resistant to complement-mediated lysis  unless  they are 
preincubated  with cyclohexamide is very similar to re- 
sults described by Schlager, Ohanian,  and Borsos (24, 

25). In their  experiments,  nucleated  tumor  targets were 
resistant to complement lysis  unless  their complex lipid 
synthesis  was inhibited by prolonged cycloheximide 
preincubation. Using similar  timing of preincubation 
with cycloheximide, we produced similar  reversal of re- 
sistance  to complement-mediated lysis. Other investiga- 
tors  have  shown that erythrocyte  targets  require only a 
single transmembrane  channel  for complement-medi- 
ated  lysis (26). whereas  nucleated cell targets  require 
multiple "hits," producing larger membrane  pores to 
achieve  lysis (27). The  larger  diameter of K lymphocyte- 
generated transmembrane pores producing during ADCC 
(28) implies that  the larger  pores overcome the  natural 
reparative  defenses of the target cell, making ADCC a 
more efficient means of lysing metabolically active tar- 
gets than complement-mediated lysis. Certainly this 
seems  to be the case  with epidermal keratinocyte  targets, 
as demonstrated in both  our  chromium-release and our 
FD-uptake assays. However, complement-mediated lysis 
may be important  in  the lysis of keratinocytes damaged 
by other  means  and  must still be considered as   an im- 
portant secondary means of cytotoxicity in diseases in 
which keratfnocyte cytotoxicity is seen histologically. 

Comparison of lysis of human foreskin  keratinocyte 
targets by the FD technique  or the chromium-release 
technique  shows  distinct  advantages for each  technique. 
The  chromium-release  technique  for  measuring lysis of 
cells in  suspension allows us to examine larger numbers 
of targets and provides highly objective and  quantitative 
comparisons with low background  counts. It is the pref- 
erable  technique for comparison or screening of several 
different  target  populations  to  analyze  different  mecha- 
nisms of cytotoxicity. The  results obtained for all four 
keratinocyte populations were similar  with  chromium- 
release  techniques,  but  the  natural killing seen by using 
these trypsinized targets  in  suspension seemed to be 
related  to the trypsinization and not to the TNP-coating 
or to endogenous antigens on nontrypsinized  targets 
(data  not  shown).  The FD technique allowed the  study of 
small numbers of cells in colonies without  trypsinization. 
The background  was  even lower than with the chro- 
mium-release assay,  and higher levels of cytotoxicity 
could  be achieved. In the FD assay, monocyte and Iym- 
phocyte ADCC were comparable, partly because the large 
effector to target  ratios of monocytes could be used with- 
out increasing background lysis. It is clear that a combi- 
nation of both techniques provides a  better profile of 
susceptibility to cytotoxicity of keratinocyte  targets than 
does  either  technique above. 

Targets were TNP-coated to provide relative uniformity 
of antigen  among  the  many  different  types of keratino- 
cyte targets  used,  to  permit  the  use of a single antibody 
preparation  in all antibody-dependent Cytotoxicity as- 
says, and to provide a direct comparison with the exper- 
iments of Tamaki  et al. (14)  demonstrating cytotoxicity 
by sensitized T lymphocytes against TNP-modified kera- 
tinocyte targets. TNP modification has  the limitation of 
affecting most cell surface  proteins,  and  hence  results 
obtained by using cytotoxic reactions  against TNP may 
not be the  same as those  obtained by using endogenous 
antigens as  targets.  This does not  appear to be the case 
with erythrocytes that  are susceptible to complement- 
mediated lysis and ADCC directed against both endoge- 
nous  antigens  and  hapten. Experiments performed by 
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using  specific cytotoxic reactions  to  endogenous  keratin- 
ocyte antigens  are  in progress. 

Damage to  epidermal  keratinocytes by immunologic 
mechanisms  appears  to be an  important  end  point in 
many  cutaneous  diseases,  such as cutaneous  lupus  ery- 
thematosus (9). lichen planus (lo), erythema multiforme 
(12). graft-vs-host  disease (1 l),  contact  dermatitis  (14). 
and photoallergic dermatitis.  Tamaki et  al.  (14)  have 
shown that specific cytotoxic T lymphocytes can effec- 
tively lyse keratinocyte  targets coated with TNP in vitro, 
confirming  the possibility that direct cytotoxicity of hap- 
ten-derivatized  keratinocytes by sensitized  T lympho- 
cytes is one  mechanism of epidermal cell damage  in 
contact  sensitivity. Of course  other  mechanisms of cyto- 
toxicity may be concurrently involved in producing the 
tissue  damage seen clinically (29). The work of Tamaki 
et  al.  (14)  and  the  data presented here provide a useful 
profile of the susceptibility of keratinocyte  targets  to 
several major cytotoxic mechanisms.  Keratinocytes are 
clearly susceptible  to  direct  T cell-mediated cytotoxicity, 
and also  to  natural killing if their  membranes  are altered 
during  target  preparation. ADCC by monocyte and lym- 
phocyte effectors is also highly effective against  normal 
and transformed  keratinocyte  targets. Antibody alone 
may produce detachment of keratinocytes  with prolonged 
incubation (301, but it is not a good mediator of direct 
cytotoxicity. Antibody plus  complement effectively lyses 
keratinocyte  targets only if the  repair  mechanisms of the 
targets are compromised. Of the antibody-mediated 
mechanisms of keratinocyte cytotoxicity, ADCC is clearly 
the most effective under controlled in vitro conditions. 
This comparison of different cytotoxic mechanisms of 
keratinocyte  lysis may be very useful  in  determining the 
relative  importance of different cytotoxic mechanisms  in 
keratinocyte  damage seen  in  skin disease and  in con- 
structing  appropriate models of skin  diseases  in vitro. 
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