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THE EFFECTS OF fN VIVO HYDROCORTISONE ON 
LYMPHOCYTE-MEDIATED CYTOTOXICITY 

PAUL KATZ. A N N E T E  M. ZAY'I'OUN, and JAMES H .  LEE, JR. 

To examine the effects of in vivo hydrocortisone 
sodium succinate (HC) on natural killer (NK) cell and 
antibody-dependedt cellular cytotoxicity (ADCC), 11 
normal adults received a single intrdvenous bolus of 400 
mg hydrocortisone. Lymphocytes were tested for NK 
activity and ADCC usihg 51chromium (51Cr)-release and 
single cell cytotoxicity bssays against Molt-4 and sensi- 
tized RL O+ target cells; respectively. Four hours after 
injection, both NK and ADCC ac,ti%ty were transiently 
increased in the "Cr-release qystdh ( P  < 0.05). At 4 
hours, there was a twofold increase in the relative 
frequency of potentially eytotoxic iarget binding cells (P  
< 0.001) but the absolute number of these cells did not 
change (P < 0.1). However, the peribntage lysis of 
bound targets at  4 hours was not altered (P > 0.1). 
These data suggest that: 1) lymphocytes participating in 
NK and ADCC reactions are refractory to the kinetic 
and functional effects of HC; 2) the increased lytic 
activity observed at  4 hours is due to a selective deple- 
tion of noncytotoxic cells from the circulation; and 3) 
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NK and ADCC activity did not differ in their responses 
to HC. 

In recent years considerable effort has been 
directed to the study of the mechanisms and impor- 
tance of the natural killer (NK) cell and antibody- 
dependent cellular cytotoxicity (ADCC) systems in 
health and disease (reviewed in ref. I ) .  Although a 
variety of defects of lymphocyte-mediated cytotoxic- 
ity have been described in autoimmune and malignant 
stqtes, the influence of the pharmacologic agents used 
to ireat these entities on this lytic activity has not been 
delineated. 

Corticosteroids are one of the primary thera- 
peutic modalities used in immunologically mediated 
disease and the effects of these agents on many 
lymphocyte-dependent processes have been described 
(2-4). However, these studies have not fully addressed 
the actions of corticosteroids on the circulatory kinet- 
ics and functional capabilities of cytotoxic lympho- 
cytes. In part, these efforts have been hampered by 
both the lack of precise characteristics of lytic cells as 
well as the lack of methodologies permitting the exact 
determination of cytotoxic activity at the cellular 
level. The present study has used new techniques to 
circumvent these problems and wd have now de- 
scribed the effects of in vivo hydrocortisone on the 
trafficking and intrinsic activity of cells participating in 
natural killer and ADCC reactions. 

MATERIALS AND METHODS 
Subjects. Eleven normal adults (5 females, 6 males; 

ages 20-45) participated in this study. The protocol for 
intravenous hydrocortisone administration has been report- 
ed elsewhere (2). Briefly, each volunteer received a single 
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400 mg intravenous bolus of hydrocortisone sodium succi- 
nate (HC) (The Upjohn Co., Kalamazoo, MI; generops gift 
of Randall Crawson). Heparinized peripheral venous blood 
was drawn before (0 hour), and 4. 24, and 48 hours after 
hydrocortisone administration. 

Cell suspensions. Purified mononuclear cells were 
prepared from heparinized blood samples by standard Ficoll- 
Hypaque density centrifugation and cell suspensions were 
depleted of adherent cells by passage over nylon wool 
columns (5 ) .  These cells were used as effector cells in all 
experiments. 

Target cells. For the determination of natural killer 
activity, the human T cell h e  Molt-4 was emplo$Fd. ADCC 
activity was quantitated with the murine T cell leukemia line 
RL 0- which was sensitized for 30 minutes at 37°C with a 
1 : 100 dilution of rabbit anti-mouse brain antibody (Litton 
Bionetics, Kensington, MD). This dilution of antisera pro- 
duced optimal ADCC activity in both the ”chromium (”(3)- 
release and single cell cytotoxicity assays. 

S’Cr-release assay. A previously described ”Cr-re- 
lease microcytotoxicity assay (6) against Molt-4 and sensi- 
tized RL 04 cells was used. Ten thousand ‘lCr-labeled 
target cells were mixed with varying numbers of effector 
cells in V-shaped microtiter wells (Flow Laboratories. 
McLean, VA) to give final effector:tar et ratios ranging 

was determined by placing labeled target cells in microtiter 
wells in the absence of effector cells. Cultures were incubat- 
ed at 37°C in 5% COz in air at 100% humidity for 3 hours. 
Plates were then centrifuged and one-half of the supernatant 
was removed and counted in an automatic Searle gamma 
counter. Percent cytotoxicity ( o r  percent ”Cr-release) was 
determined by the fprmula: supernatant counts per minute 
minus spontaneous r‘elease cpm divided by total target cell 
cpm minus spontaneous release cpm x 100. Spontaneous 
release was less than 10% for both target cell lines. 

Single cell cytotoxicity assay. This assay was per- 
formed by a previously described modification (7) of the 
method of Ullberg and Jondal (8). Briefly, 2 x 10’ effector 
cells and unlabeled target cells were mixed in a total volume 
of 0.2 ml RPMl 1640 with IS% fetal calf serum (FCS) in a 3- 
ml round-bottom tube. Tubes were centrifuged and incubat- 
ed at 37°C for 10-20 minutes. The cell mixture was then 
carefully added to 0.5 ml of 0.5%) agarose in RPMl 1640 with 
10 mM HEPES and the agarose-cell mixture poured onto 60- 
mm plastic Petri dishes (Falcon Plastics, Oxnard, CA). ’I’he 
plate was incubated as above for 3 hours, the media then 
removed. and 0.1% trypan blue added for 10 minutes, 
followed by washing with cold phosphate buflered saline and 
fixation with I %  formaldehyde. 

The percentage of target binding cells (TBC) was 
determined by counting the number of lymphocytes binding 
to target cells in 200-500 counted lymphocytes. The percent- 
age of TBC with dead bound target cells was determined by 
counting the number of dead targets in 50 or more effector- 
target conjugates. Spontaneous (or “background”) target 
cell death was determined by counting the percentage of 
dead targets in the absence of effector cells. 

Analysis of data and statistical methods. Calculations 
of cytotoxic functions were performed as outlined above and 
as previously described (7-9). Data from the ”Cr-release 

from 50: 1 to 5 : I .  Spontaneous release of ?I Cr by target cells 

assay were utilizea to determine the maximum cytotoxic 
potential (Vmax) of a given effector population. When the 
number of target cells is plotted against cytotoxic activity in 
the “Cr-release assay, the dose-response curve resembles 
Mjchaelis-Menten enzyme substrate kinetics and is ex- 
pressed as: 

Vmax x T 
Km A T 

V =  

where T is the initial number of target cells, V the number of 
killed target cells, and Vmax the number of target cells killed 
when T approaches infinity: that is, when the‘system is 
saturated with target cells. Km, the Michaelis constant. is 
the number of farget cells that produces one-half of Vmax. 
Vmax and Km ban be calculated using the Lineweaver-Burk 
equation: 

1 Km I 1 

V Vmax T Vmax 

In this equation, there is a linear relationship between 1/V 
and l/T and the reciprocal values of V and T can be plotted 
and regression analysis used to determine Vmax and Km 
from the recipro~als of the y and x intercepts, respectively. 

The perc’entage of “active” lytic cells, that is, lym- 
phocytes with bound and dead targets, in the effector 
population was determined by multiplying the percentage of 
TBC with the percentage ’I’BC with dead targets. The 
maximum recycling capacity (MRC), which estimates the 
number of target cells killed by an active lytic cell during the 
3-hour assay, was determined by dividing Vmax by the 
absolute number of active lytic cells. 

Data are reported as the mean ? standard error of 
the mean $nd were compared using the 2-tailed Student’s 1- 
test. 

-:- X - L -  

RESULTS 
The effects of in vivo hydrocortisone on lympho- 

cyte-mediated cytotoxicity. Lymphocytes were isolated 
from blood samples drawn prior to (0 hour), and 4, 24, 
and 48 hours, after hydrocortisone administration and 
assayed for natural killer and ADCC activity in ”Cr- 
release assays. As depicted in Figure 1, at a 50: I 
effector: target ratio, there was a significant increase in 
NK ( P  < 0.05) and ADCC activity ( P  < 0.05) at 4 
hours after hydrocortisone injection compared with 0 
hour values. By 24 hours after injection, “Cr-release 
values returned to levels comparable with those ob- 
tained before treatment ( P  values not significant). 
Similarly, lymphocytes isolated 48 hours after hydro- 
cortisone injection displayed lytic activity not signifi- 
cantly different from pre-hydrocortisone levels ( P  val- 
ue not significant). 

Although these studies indicated that in vivo 
hydrocortisone augmented NK and ADCC activity, 
the mechanisms of these increases were unclear. Con- 
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Figure 1. The effect of in vivo hydrocortisone on natural killer and 
antibody-dependent cellular cytotoxicity activity in the "Cr-release 
assay against Molt-4 and sensitized RI, % target cells, respectively, 
at a 50: 1 effector: target ratio. Data represent the mean ? SBM of 1 1  
separate experiments. Similar results were apparent at all other 
effector: target ratios tested. 

ceivably, lytic function could have been boosted by: 1) 
a relative or absolute increase in the number of cyto- 
toxic effector cells, 2) an increase in the percentage of 
bound target cells lysed by a given effector cell, and/or 
3) an increase in the number of target cells lysed by a 
given active effector cell during the assay period (i.e., 
the maximum recycling capacity). 

The effect of in vivo hydrocortisone on cytotoxic 
effector cell circulatory kinetics. In this study, unlike 
previous ones, we were able to identify potentially 
cytotoxic effector cells by their ability to bind suscep- 
tible target cells. Lymphocytes isolated at each time 
point were assayed for binding capabilities with Molt-4 
or RL Q+ target cells. Before hydrocortisone adminis- 
tration, approximately 6-10% of nylon wool-purified 
lymphocytes were capable of binding Molt-4 or sensi- 
tized RL Q+ target cells (Figure 2). Four hours after 
hydrocortisone administration at the time of relative 
lymphocytopenia ( P  < 0.005), there was a nearly 
twofold increase in the frequency of potentially cyto- 
toxic lymphocytes capable of conjugating Molt-4 ( P  < 
0.001) and KL ct, (P  < 0.001) target cells. This effect 
was transient with a return to pretreatment levels of 24 
hours ( P  values not significant versus 0 hour). 

We then calculated the effects of in vivo hydro- 
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cortisone on the absolute number of target binding 
cells. As previously described (2,3), in vivo hydrocor- 
tisone induced a significant circulating absolute lym- 
phocytopenia which was maximal at 4 hours after 
injection ( P  < 0.001 versus 0 hour values) (Figure 3). 
Again, as previously described (2,3), a rebound lym- 
phocytosis was apparent at 24 hours ( P  < 0.001 versus 
0 hour) with a return to pre-HC values by 48 hours 
(data not shown) ( P  value not significant). 

When the absolute number of circulating target 
binding cells was calculated, the number of Molt-4 ( P  
value not significant) and RL ct, ( P  value not signifi- 
cant) TBC was unchanged compared with 0 hour 
values. At 24 hours, there was a slight but insignificant 
increase in the number of these effector cells (P  value 
not significant), reflective of the rebound total lympho- 
cytosis observed. These values remained unchanged 
when reassessed at 48 hours. 

The effect of in vivo hydrocortisone on the lysis of 
bound target cells. We next determined the effects of in 
vivo hydrocortisone on the lysis of target cells conju- 
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Figure 2. The effect of in vivo hydrocortisone on the relative 
frequency of Molt-4 and KL ct, target binding cells. 
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Figure 3. The effect of in vivo hydrocortisone on the absolute 
number of circulating lymphocytes. Molt-4 target binding cells and 
R L  target binding ccl ls.  

gated to lymphocyte effector cells. Before injection, 
approximately 40% of Molt-4 and RL Q+ target cells 
bound to lymphocyte effector cells were killed as 
assayed in the single cell in agarose assay (Figure 4). 
Four hours after intravenous hydrocortisone, there 
was no alteration in the percentage of Molt-4 or RL 
TBC with dead bound target cells ( P  values not 
significant). Twenty-four hours after hydrocortisone 
injection, there was a slight but insignificant decrease 
in this parameter ( P  value not significant) and lytic 
values similar to baseline were observed at 48 hours 
(data not shown). 

The effect of in vivo hydrocortisone on the maxi- 
mum recycling capacity. The last cytotoxicity param- 
eter to be determined was the maximum recycling 
capacity, which reflects the number of target cells 
destroyed by a given effector cell during the assay 
period (8). By combining data from the "Cr-release 
assay (i.e., Vmax) and the single cell cytotoxicity 
assay (i.e., percent active lytic cells), it is possible to 

estimate the maximum recycling capacity. As expect- 
ed from "Cr-release data, the Vmax of natural killer 
and ADCC reactions was significantly increased at 4 
hours. The Vmax of NK function rose from 9.4 2 1.9 
X 10' at 0 hour to 14.3 2 1.9 x lo3 at 4 hours ( P  < 
0.05). Similarly, the pretreatment Vmax of ADCC 
activity increased from 8.4 k 1.2 x 10' to 16.3 * 1.4 X 

10' at 4 hours ( P  < 0.001). Given the increased 
frequency of target binding cells at 4 hours, the 
percentage of active natural killer cells increased from 
3.1 2 0.3% at 0 hour to 5.8 2 0.8% at 4 hours ( P  < 
0.001). Likewise, the percentage of active ADCC 
effector cells was significantly increased from the pre- 
hydrocortisone levels of 3.4 ? 0.4% to the 4-hour level 
of 7.0 * 1.3% ( P  < 0.01). These parameters were then 
utilized to calculate the MRC. 

As depicted in Figure 5, in vivo hydrocortisone 
did not significantly alter the MKC of effector cells 
against either Molt-4 or RL Q+ target cells compared 
with pretreatment values (P values not significant 
versus 0 hour values). 
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Figure 4. The effect of in vivo hydrocortisone on the lysis of hound 
target cells in the single cell cytotoxicity assay. 
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Figure 5. The effect of in vivo hydrocortisone on the maximum 
recycling capacity of active natural killer and antibody-dependent 
cellular cytotoxicity effector cells. 

DISCUSSION 
The present study has demonstrated the effects 

of hydrocortisone on the circulatory kinetics and lytic 
capabilities of cells participating in natural killer and 
ADCC reactions. Our investigations have indicated 
that intravenous hydrocortisone produces a significant 
but transient augmentation in lymphocyte-mediated 
cytotoxicity which occurs simultaneously with hydro- 
cortisone-induced lymphocytopenia. By utilizing new 
single cell assay techniques to identify lytic cells by 
their ability to bind susceptible target cells, we have 
shown a doubling of the percentage of potentially 
cytotoxic target binding cells 4 hours after hydrocorti- 
sone administration. When the absolute numbers of 
circulating lymphocytes and TBC were compared, 
TBC were refractory to the depleting effects of hydro- 
cortisone since these cells remained within the circula- 
tion while the majority of non-TBC migrated to extra- 
vascular locales. 

When we examined N K  and ADCC activity at 
the single cell level to determine if in vivo hydrocorti- 
sone altered the functional capabilities of these cells, 
no increase in the lysis of bound target cells was noted. 

Similarly, by using data from concurrently performed 
"Cr-release and single cell assays, we have shown 
that hydrocortisone does not affect the number of 
target cells killed by a given lytic lymphocyte during 
the assay period. 

Of particular interest is our finding that natural 
killer and ADCC activity did not differ in their re- 
sponses to hydrocortisone; however, other studies 
have shown somewhat different reactivity for natural 
killer and ADCC function. Although it has not been 
clearly determined that cells participating in these 
types of reactions are identical, our studies would 
indicate that they are at least similar in their hydrocor- 
tisone-induced circulatory kinetics and their functional 
unresponsiveness to this agent. 

In studies not reported here, we have shown 
that the performance of cytotoxicity assays in the in 
vitro presence of physiologic (10- 'M), pharmacologic 
( 10-51cI), or supi-apharrnacologic ( 10-4M) concentra- 
tions of hydrocortisone (10) did not significantly affect 
effector cell viability, NK or ADCC activity (data not 
shown). These findings are compatible with our find- 
ings in that pharmacologic concentrations of hydrocor- 
tisone in vivo did not alter the intrinsic lytic capabili- 
ties of these lymphocytes. Furthermore, 18-hour 
preincubation of lymphocytes with these same con- 
centrations of hydrocortisone failed to alter cytotoxic 
activity. These in vitro studies are at variance with 
those of Hoffman et a1 who demonstrated that 10- ' 
hydrocortisone could inhibit natural killer activity 
(1  1). However, the duration of lymphocyte preincuba- 
tion with the drug and the effect on lymphocyte 
viability arc not reported, and therefore we cannot 
reconcile the differences in our results. 

Previous studies have reported a variety of 
effects of hydrocortisone on lymphocyte circulatory 
kinetics and functional activity (2-4,12). Corticoste- 
roids induce a transient circulating lymphocytopenia 
with relatively greater effects on T cells compared 
with non-T cells (2-4,12). However, the precise effects 
of in vivo hydrocortisone on lytic lymphocytes that 
lack conventional T and B cell markers have been ill- 
defined. Furthermore, the usual nonspecific suppres- 
sive effects of hydrocortisone on many lymphocyte- 
dependent processes have not been adequately 
documented for cytotoxic activity. 

Using conventional 51Cr-release techniques, 
Parrillo and Fauci demonstrated that in vivo dexa- 
methasone augmented ADCC at 4 hours, but produced 
no change in natural killer activity at this time (13). 
However, while ADCC values returned to baseline by 
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24 hours, NK activity was depressed at 24 and 48 
hours with normalization by 96 hours. This study 
differs from ours in several respects. These authors 
used the long-acting preparation dexamethasone rath- 
er than the more conventionally utilized shorter dura- 
tion corticosteroids such as hydrocortisone. Further- 
more, Parrillo and Fauci used cell lines that have not 
generally been utilized in the study of cytotoxicity due 
to their relative resistance to lymphocyte-mediated 
lysis. Lastly, 18-hour incubation assays were em- 
ployed. Since the majority of NK-derived lytic activity 
is completed by 3-4 hours, it is conceivable that 
effector cells other than those usually involved in 
natural killer and ADCC activity contributed to target 
cell lysis. 

Onsrud and Thorsby assessed the effects of in 
vivo hydrocortisone on natural killer activity using a 
"Cr-release assay (14). These investigators showed 
increased natural killer activity at 4 hours after hydro- 
cortisone but were unable to clearly identify the etiolo- 
gy of this augmentation. The increase in natural killer 
function did parallel an increase in the frequency of 
cells bearing Fc receptors for IgG but since other 
nonlytic mononuclear cells bear this receptor, the 
significance of this finding is unclear. 

The use of the single cell assay system has also 
demonstrated that the increased 4-hour killer activity 
was not secondary to a hydrocortisone effect on the 
functional capabilities of lytic lymphocytes. From the 
in vivo data reported, it is evident that the intrinsic 
lytic machinery of cells mediating these reactions is 
resistant to corticosteroids. Although the precise 
mechanisms of this cytotoxic activity are unclear, a 
considerable body of evidence has accrued which 
favors lysosomal enzymes as the primary mediators of 
these reactions (reviewed in ref. I ) .  The reported 
effects of corticosteroids on the release of lysosomal 
enzymes from neutrophils have varied, making extrap- 
olation of these data difficult. Persellin and Ku report- 
ed that these agents fail to stabilize lysosomcs (IS), a 
finding different from that of Wright and Malawista 
(16) and Ignarro (17), who demonstrated inhibition of 
enzyme release by corticostcroids in vitro. 

In summary, our studies have shown that the 
lymphocytes mediating natural killer and ADCC reac- 
tions are resistant to the depletive and modulatory 
effects of hydrocortisone. Although increased lytic 
activity was apparent 4 hours after hydrocortisone 
administration, this augmentation was secondary to a 
relative increase in potentially cytotoxic target binding 
cells resulting from the exodus from the circulation of 

noncytotoxic cells. Analysis of killing at the single cell 
level failed to reveal any  hydrocortisone-associated 
alteration in target cell lysis, indicating that the 4-hour 
increase in cytotoxicity could not be attributed to 
changes in effector function. Finally. we have demon- 
strated that the cells responsible for natural killer and 
ADCC reactions do not differ in their responses to 
hydrocortisone, a finding that strengthens the hypoth- 
esis that lysis of these 2 different types of targets is 
mediated by the same population of lymphocytes by 
perhaps similar corticosteroid-resistant mechanisms. 

These studies, therefore, suggest that cells par- 
ticipating in natural killer and ADCC activity must 
now be considered kinetically and functionally corti- 
costeroid-resistant. The etiology of the unresponsive- 
ness of this unique subpopulation of lymphocytes and 
its possible implications in disease therapy must await 
further investigation. 

ACKNOWLEDGMENT 
The authors wish to thank Beverly Gorski for expert 

editorial assistance. 

I .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

REFERENCES 
Herberman RB: NK Cells and Other Natural Effector 
Cells. New York. Raven Press, 1982 
Fauci AS, Dale DC: The effect of in vivo hydrocortisone 
on subpopulations of human lymphocytes. J Clin Invest 

Yu DTY, Clements PJ, Paulus HE, Peter JB, Levy J,  
Barnett EC: Human lymphocyte subpopulations: effect 
of corticosteroids. J Clin Invest 53:565-571, 1974 
Parrillo JE, Fauci AS: Mechanisms of glucocorticoid 
action on immune processes. Ann Rev Pharmacol Toxi- 
col 19:179-201, 1979 
Julius MH. Simpson E, Herzenberg LA: A rapid method 
for the isolation of functional thymus-derived murine 
lymphocytes. Eur J Immunol 3545-649, 1973 
Katz P, S h o n e  CB, Henkart PA, Fauci AS: Mecha- 
nisms of antibody-dependent cellular cytotoxicity: the 
use of effector cells from chronic granulomatous disease 
patients as investigative probes. J Clin Invest 6555-63, 
1980 
Katz P, Zaytoun AM, Fauci AS: Deficiency of active 
natural killer cells in the Chediak-Higashi syndrome: 
localization of the defect using a single cell cytotoxicity 
assay. J Clin Invest 69:1231-1238, 1982 
Ullberg M ,  Jondal M :  Recycling and target binding 
capacity of human natural killer cells. J Exp Med 

Katz P, Zaytoun AM, Lee JH Jr, Panush RS, Longley S: 

53:240-246, 1974 

I53 :615-628, 198 1 



78 KATZ ET AL 

Abnormal natural killer cell activity in systemic lupus 
erythematosus: an intrinsic defect in the lytic event. J 
Immunol 129:1966-1971, 1982 

10. Haynes BF, Katz P, Fauci AS: Mechanisms of cortico- 
steroid action on lymphocyte subpopulations. V. Effects 
of in vivo hydrocortisone on the circulatory kinetics and 
function of naturally occurring and mitogen-induced 
suppressor cells in man. Cell Immunol44:169-178, 1979 

11. Hoffman T, Hirata T, Bougnoux P, Fraser BA, Goldfarb 
RH, Herberman RB, Axelrod J: Phospholipid methyl- 
ation and phospholipase A? activation in cytotoxicity by 
natural killer cells. Proc Natl Acad Sci USA 78:3839- 
3843, 1981 

12. Claman HN: Corticosteroids and lymphoid cells. N Engl 
J Med 287:388-397, 1972 

13. Parrillo JE, Fauci AS: Comparison of the effector cells 
in human spontaneous cellular cytotoxicity and anti- 

body-dependent cellular cytotoxicity: differential sensi- 
tivity of effector cells to in vivo and in vitro corticoste- 
roids. Scand J Immunol 8:99-107, 1978 

14. Onsrud M, Thorsby E: Influence of in vivo hydrocorti- 
sone on some human blood lymphocyte subpopulations. 
Scand J Immunol 13573-579. 1981 

15. Persellin RH, Ku LC: Effects of steroid hormones on 
human polyrnorphonuclear leukocyte lysosomes. J Clin 
Invest 54:919-925, 1974 

16. Wright DG, Malawista SE: Mobilization and extracellu- 
lar release of granular enzymes from human leukocytes 
during phagocytosis: inhibition by colchicine and corti- 
sol but not by salicylate. Arthritis Rheum 16:749-758, 
1973 

17. Ignarro LJ: Glucocorticoid inhibition of nonphagocytic 
discharge of lysosomal enzymes from human neutro- 
phils. Arthritis Kheum 20:73-83, 1977 




