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INTRODUCTION

Administration of pharmacologic dosages of glucocorticosteroids is one of
the therapeutic mainstays in the treatment of a large number of inflamma-
tory and immunologically mediated diseases. Despite their widespread use
and despite a substantial amount of research regarding their mode of action,
the precise mechanisms whereby glucocorticosteroids modulate the im-
mune response still require elucidation. However, much progress has been
made in recent years, and in the present article we highlight the important
advances in this area.

Several pitfalls should be mentioned regarding the evaluation of the
enormous literature on the effect of corticosteroids on immune responses.
First, Claman (1) has emphasized the important differences between the
effects that corticosteroids have in corticosteroid-sensitive species such as
the mouse, rat, and rabbit and corticosteroid-resistant species such as the
guinea pig, monkey, and man. Thus, many studies showing profound effects
on immunological parameters in a corticosteroid-sensitive animal do not
apply to man. The present article emphasizes those effects that have been
shown to be operative in humans. Second, many studies have employed in
vitro systems and shown effects only at concentrations of corticosteroids
that are unattainable in vivo for any significant period of time (2). Further-
more, in vivo studies must deal with the fact that administration of cortico-
steroids causes a dramatic redistribution of cells in the circulation (see
below), and only the functions of those cells remaining in the circulation
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are studied. Third, our understanding of immune processes has increased
exponentially in recent years and the complexity and interrelationships of
immune regulatory mechanisms have only recently been realized. Cortico-
steroids have effects on many stages of the immune process, and at times
these effects appear antagonistic. Thus, it is difficult in some instances to
conceptualize in a simple model the effects of corticosteroids on certain
aspects of the immune response.

This review is divided into the following sections with the understanding
that many of the immune processes discussed separately in each section
have obvious overlap: (@) glucocorticoid receptors; (b) glucocorticoid
effects on leukocyte movement; (¢) glucocorticoid effects on leukocyte func-
tions; (d) glucocorticoid effects on antibody production, complement, and
various other humoral factors involved in the immune response; (e) vascu-
lar and tissue effects of corticosteroids that are germane to its action in
various inflammatory and immunologic processes; (f) summary.

GLUCOCORTICOID RECEPTORS

The currently accepted cellular model (3-7) for glucocorticoid action on
most tissues states that corticosteroids can freely penetrate cellular mem-
branes and bind to a specific steroid-binding protein receptor in the cyto-
plasm of the cell forming a steroid-receptor complex(s). This complex then
binds or becomes associated with the cell nucleus (probably the DNA) and
signals the production of RNA. The RNA directs the production of new
proteins (many are probably enzymes) which ultimately determine the
response of the cell to the hormone.

This cellular model of glucocorticoid action has been shown in several
animal systems to be applicable to various stages in the immune process (4).
Rat thymocytes that are inhibited or lysed by glucocorticoids contain gluco-
corticoid receptors (8). When inhibitors of RNA and protein synthesis in
vitro are used, the earliest physiological effect of glucocorticoids on rat
thymocytes, i.e. inhibition of glucose transport, has been shown to be closely
associated with RNA and protein synthesis (9). In this rat thymocyte
model, the glucose transport inhibition may be followed by inhibition of
protein and nucleic acid metabolism, cell growth inhibition, and subsequent
cell death (4). In several other animal models the presence or absence of
binding to steroid receptors has correlated well with elicitation of the bio-
logical response; loss of receptors has been associated with a loss of steroid
response (4).

Most of the above studies were performed in steroid-sensitive species and,
as mentioned above, man is corticosteroid resistant. Studies in humans have
been less definitive. Corticosteroid receptors were first demonstrated in



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org

by Central College on 12/14/11. For personal use only.

GLUCOCORTICOSTEROIDS AND IMMUNE PROCESSES 181

humans in neoplastic cells such as blastic cells from acute lymphoblastic
leukemia (10) and acute myeloblastic leukemia (11). In lymphoblasts, the
presence of corticosteroid receptors strongly correlated with the ability of
in vitro corticosteroids to inhibit thymidine uptake into DNA. Patients with
corticosteroid receptors in their lymphoblasts were clinically responsive to
combination chemotherapy that included glucocorticoids (10). Recently,
glucocorticoid receptors have been described in normal human lymph-
ocytes and in lymphocytes that had been stimulated with phytohemaggluti-
nin (12). Unlike rat or mouse thymocytes, human thymocytes or lym-
phocytes are not lysed even by suprapharmacologic concentrations of
corticosteroid (1, 2, 13, 14), and therefore cell death cannot be used as a
marker for steroid effect. In humans, the steroid-receptor interaction may
mediate effects on lymphocyte traffic, activation, or functional capability
(see below). However, thus far, good correlations between steroid effect and
steroid-receptor binding in normal human lymphocytes are lacking. In fact,
a recent study found no difference in specific glucocorticoid receptors be-
tween purified populations of human peripheral blood thymus derived (T)
and non-T lymphocytes (15). However, previous work (see below) has
demonstrated that T lymphocytes are more sensitive to the in vivo and in
vitro suppressive effects of corticosteroids than are non-T cells. The expla-
nation for this lack of correlation is unclear at present. It may well be due
to lack of sensitivity of our current receptor assay system or due to a failure
to identify subpopulations within the T- or non-T—cell populations. An-
other possibility is that corticosteroid receptors do trigger the drug effect
on these cells but the final expression of these effects is modulated by as yet
unidentified factors.

GLUCOCORTICOID EFFECTS ON LEUKOCYTE
MOVEMENT!

Lymphocytes

In corticosteroid-sensitive species, glucocorticoid administration produces
a profound lympholytic effect with depletion of lymphocytes from lymph
nodes, spleen, and thymus and results in a significant circulating lym-
phocytopenia (1, 16-18). The major mechanism of lymphocytopenia in
these sensitive species is cell death. In corticosteroid-resistant species in-
cluding man, administration of glucocorticoid results in a circulating lym-
phocytopenia maximal at 4-6 hr after hormone administration. However,
since even suprapharmacologic concentrations of corticosteroid do not pro-
duce lymphocyte death in humans (1, 2, 13, 14), the mechanism of circulat-

1See Table 1.
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Table 1 Glucocorticoid effects on leukocyte movement in humans

Lymphocytes

Circulating lymphocytopenia 4-6 hr following drug administration secondary to redis-
tribution of cells to other lymphoid compartments.

Depletes recirculating lymphocytes.

Selectively depletes T lymphocytes (especially Ty subset) more than B lymphocytes.

Monocyte-Macrophages

Circulating monocytopenia 4—6 hr following drug administration probably secondary
to redistribution.

Inhibits accumulation of monocyte-macrophages at inflammatory sites.

Neutrophils

Circulating neutrophilia.

Accelerated release of neutrophils from the bone marrow.

Blocks accumulation of neutrophils at inflammatory sites probably secondary to re-
duced adherence.

Eosinophils
Circulating eosinopenia probably secondary to redistribution.
Decreased migration of eosinophils into immediate hypersensitivity skin test sites.

ing lymphocytopenia is quite different from that of steroid-sensitive species
and involves the redistribution of lymphocytes out of the circulation into
other body compartments (2, 19-23). In the corticosteroid-resistant guinea
pig, labeling studies have demonstrated corticosteroid-induced redistribu-
tion of circulating lymphocytes to the bone marrow (23).

The characteristics of the lymphocytes that are and are not depleted from °
the circulation provide information regarding the specificity of cortico-
steroids. One method of defining lymphocyte subpopulations is based on
their migration or recirculating capabilities. In multiple animal species
(24-26) and in man (27), there are two distinct populations of lymphocytes:
One population, the recirculating lymphocytes, can freely migrate or recir-
culate into and out of the intravascular space in constant equilibrium with
the much larger total body recirculating lymphocyte pool which travels
through spleen, lymph node, thoracic duct, and bone marrow. A second
population is the nonrecirculating pool of lymphocytes that are not readily
capable of free migration and will live out their life span within the intravas-
cular space. Glucocorticoid administration is capable of causing the recir-
culating lymphocyte to leave the intravascular space but does not affect the
nonrecirculating lymphocyte (20, 22). Thus, the lymphocytopenia caused
by glucocorticoid administration to normal man results from a redirection
of normal lymphocyte traffic.

Another important feature of the corticosteroid-induced lymphopenia is
its relative selectivity for T lymphocytes. Although quantitatively both T-
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and bone marrow—derived (B) lymphocytes are depleted from the circula-
tion (Figure 1a), there s a relatively greater effect on the T cell as compared
to other lymphocyte subpopulations [Figure 15, see refs. (2, 19-22)]. An
interesting recent observation (28) is that within the T-cell populations,
corticosteroid administration causes a greater depletion of those T cells with
an Fc receptor for IgM (Tyy) compared to those T cells with an Fc receptor
for IgG (Tg). Since these T cells subsets may have different functions in
regulation of the immune response (29), this may be one mechanism by
which corticosteroids can exert a selective effect on immunologic regula-
tion.

The precise mechanism whereby glucocorticoid administration alters
lymphocyte recirculation and causes this profound lymphopenia has not
been elucidated as yet. However, it has been shown that lymphocyte recir-
culation can be altered by incubating lymphocytes with trypsin (30),
glycosidases (31), plant lectins (32), or allogeneic cells (33). Since it is
known that corticosteroids are capable of causing changes in the surface
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Figure 1 Effect of corticosteroid administration to a normal human volunteer demonstrating
the differential effects on lymphocyte subpopulations. Twelve milligrams of dexamethasone
were administered orally at time O and serial determinations were performed. In @ a marked
decrease in the absolute number of lymphocytes as well as T and B subpopulasions is evident.
Part b emphasizes that a proportionally greater number of T lymphocytes than B lymphocytes
are depleted from the circulation.
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membranes of cells (3, 4), it would be reasonable to postulate, though it has
not been proven, that glucocorticoids cause a change in the molecular
configuration of certain lymphocytes allowing them to pass through the
vessel endothelium. It will require further study to determine whether this
glucocorticoid-induced change in lymphocyte recirculation results from
effects of corticosteroid on the lymphocyte or on the blood vessel endo-
thelial cell.

It is interesting to note that the ability of corticosteroid administration
to cause lymphocyte depletion from the circulation is not confined to an
isolated single bolus of drug. In animals, depot regimens designed to pro-
duce constant levels of corticosteroid result in a continuous lymphopenia
(23). Alternate-day therapy with a short-acting steroid preparation will
produce 48-hr cycles consisting of a lymphocytopenia 4-6 hr following drug
administration with a return of lymphocyte counts to normal by 24 hr and
remaining normal throughout the “off” day. This cycle of depletion and
normalization of circulating lymphocyte counts will be repeated even after
months and years of chronic alternate-day therapy (2). Thus, intermittent
doses of corticosteroid as employed in alternate-day therapy do not produce
a cumulative lymphopenia; the kinetics are related to each dose administra-
tion.

Monocytes-Macrophages

Administration of corticosteroid produces a profound monocytopenia at
4-6 hr following drug administration with a return to normal (19, 20) or
in some cases supranormal levels by 24 hr (34). By 48 hr circulating mono-
cyte counts are always back to baseline. The circulating monocytopenia is
quite profound (frequently to fewer than 50 cells per mm?) and has been
reported to be proportionately greater than the lymphocytopenia (34). The
mechanism of the monoytopenia is not known and is quite difficult to study
because of technical constraints of separating purified monocytes for label-
ing studies. In the mouse, hydrocortisone administration causes a moderate
decrease in release of monocytes from the bone marrow, but this was not
judged significant enough to account for the profound circulating
monocytopenia (35). A redistribution phenomenon similar to that of the
lymphocyte is the probable mechanism of corticosteroid-induced
monocytopenia, but this remains unproven.

The ability of corticosteroids to decrease the accumulation of macro-
phages at an inflammatory site is discussed in the next section.

Neutrophils

Administration of glucocorticoid produces a neutrophilic leukocytosis that
reaches a peak at 4-6 hr following drug administration. This evaluation in
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neutrophil count results from several processes: an accelerated release of
mature neutrophils from the bone marrow (35), an increase in neutrophil
circulating half-life (36), and a reduced neutorphil egress from the blood
(37, 38). The ability of corticosteroid administration to profoundly decrease
the number of neutrophils and monocyte-macrophages that accumulate at
an inflammatory site is one of the most important effects of in vivo glucocor-
ticoids. This effect is readily attainable at pharmacologic dosages of gluco-
corticoids and a significant effect is evident within 2 hr after a single dose
of hormone (37). This decrease in accumulation of neutrophils and mono-
cyte-macrophages at an inflammatory locus is probably the major mecha-
nism of the anti-inflammatory effect of glucocorticoids and is the likely
cause for the impairment of host defenses seen in patients on daily cortico-
steroid therapy (2).

It should be pointed out that this corticosteroid-induced decrease in
accumulation of cells at inflammatory loci applies to the monocyte-macro-
phage as well as the neutrophil. In fact, both of these inflammatory cells
seem to be approximately equally diminished at an inflammatory focus by
a single dose or daily administration of corticosteroid (37). Interestingly,
with alternate-day prednisone regimens, during the “on” day both mono-
cyte and neutrophil accumulation were decreased (38), whereas on the
“off” day monocyte but not neutrophil accumulation was decreased (38).
This suggests that the- monocyte-macrophage is more sensitive than the
neutrophil to the anti-inflammatory properties of glucocorticoid adminis-
tration.

The mechanism underlying this decrease in inflammatory cell accumula-
tion may well be explained by alterations in adherence phenomena. Since
in vitro chemotaxis of neutrophils is only inhibited at very high concentra-
tions of corticosteroid that are probably not attainable in vivo (39), adher-
ence of the neutrophil to the vessel endothelial cell has become the most
likely site of glucocorticoid action. In 1952, Ebert & Barclay (40) reported
that cortisone could decrease the accumulation of neutrophils at vascular
endothelium after an inflammatory stimulus. Recent work by MacGregor
(41-43) has demonstrated that administration of glucocorticoid to humans
induces a plasma factor that dramatically decreases neutrophil adherence
to nylon fiber columns. When this corticosteroid-induced plasma factor was
mixed with an “adherence-increasing factor” found in inflammatory dis-
eases, the increase in adherence was neutralized resulting in normal neutro-
phil adherence (42).

Eosinophils and Basophils

Corticosteroid administration produces a profound decrease in circulating
eosinophils, a fact that formed the basis of the Thorn test for adrenal
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insufficiency (44, 45). This circulating eosinopenia was thought secondary
to corticosteroid-induced eosinophil lysis. However, more recent evidence
suggests redistribution of cells to other body compartments as a more likely
mechanism (46). A recent study has demonstrated that corticosteroid ad-
ministration will decrease migration of eosinophils into immediate-type
skin test sites (47).

Because of the small numbers of circulating basophils, very little is known
of the kinetics of circulating basophils.

GLUCOCORTICOID EFFECTS ON LEUKOCYTE
FUNCTION?

Some of the most difficult studies to interpret are investigations of glucocor-
ticoid effects on leukocyte function. Many of the in vitro studies are done
at concentrations of drug that are seldom if ever achieved in vivo. In vivo
studies are performed on the cell populations remaining in the circulation
after corticosteroid administration, and the cells studied have been washed
free of drug. Thus, one must be cautious in interpreting these functional
studies.

Lymphocytes

A very large number of studies have been performed on the topic of cortico-
steroids and lymphocyte function, and there are a number of reviews of this
subject (1, 2, 4, 48, 49). Most of the recognized lymphocyte functions—
proliferation, mediator production, response to mediators, cytotoxic effec-
tor function—have been shown to be affected by corticosteroids [for details
see ref. (2)]. However, several of these functions are relatively sensitive or
resistant to glucocorticoids. Further, in several of these complex immune
processes, the lymphocyte itself has been found relatively resistant, whereas
accessory cells, e.g. macrophages, are comparatively sensitive to glucocor-
ticoids.

It is well known that cutaneous delayed hypersensitivity, a local mani-
festation of cell-mediated immune reactions, is suppressed by daily gluco-
corticoid administration (48). However, cell transfer experiments have
shown that this suppression results from decreased recruitment of macro-
phages (Figure 2) necessary for expression of hypersensitivity and is not due
to a suppression of the sensitized lymphocyte (50~52). In an in vitro corre-
late of delayed hypersensitivity, the migration inhibition factor (MIF) as-
say, antigenic processing, and MIF production are unaffected by
corticosteroid. However, steroid directly antagonizes the effect of MIF on
the macrophage (53). Most studies of soluble mediators of the immune

2See Table 2.
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Table 2 Glucocorticoid effects on leukocyte function in humans

Lymphocytes

Delayed hypersensitivity skin testing suppressed by inhibition of recruitment of mono-
cyte-macrophages.

Lymphocyte proliferation to antigens suppressed more easily than proliferation to
mitogens.

Mixed leukocyte reaction proliferation suppressed.

High in vitro concentrations suppress T lymphocyte-mediated cytotoxicity.

Antibody-dependent cell-mediated cytotoxicity not depressed.

Spontaneous (natural) cytotoxicity suppressed.

Regulatory effects on helper and suppressor cell populations.

Monocyte-Macrophages

Cutaneous delayed hypersensitivity suppressed by inhibition of lymphokine effect on
the macrophage.

Probable blockade of Fc receptor binding and function.

Depressed bactericidal activity.

Possible decrease in monocyte chemotaxis.

Neutrophil

Probably no effect on phagocytic and bactericidal capability.

Antibody—dependent cellular cytotoxicity increased.

Probably decreased lysosomal release but little effect on lysosomal membrane stabiliza-
tion at pharmacologic concentrations.

Chemotaxis inhibited only by suprapharmacologic concentrations.

response, i.e. lymphokines, have found that corticosteroids do not affect the
synthesis of the mediator by lymphocytes (53-55). A reasonable generaliza-
tion is that glucocorticoids do not suppress lymphocyte production of lym-
phokines, but they do inhibit the ability of the mediator to recruit cells
necessary for the expression of the response (2).

The effect of corticosteroids on lymphocyte proliferation has been the
subject of many in vitro and in vivo studies. In general, the in vitro studies
demonstrate that high enough concentrations of glucocorticoids will sup-
press the lymphocyte blastogenic response to various mitogens (56-58)
although there is not complete agreement on this (59). The effect of in vivo
administration of corticosteroid on mitogen-stimulated lymphocyte prolif-
eration is controversial. Some studies have found suppression (60) while
others have found suppression by some but not all mitogens (19). However,
it is clear from multiple investigations that glucocorticoid administration
will suppress responses to antigens more easily than responses to nonspecific
mitogens (19, 61, 62). The reason for this is not clear but may relate to the
ability of mitogens to activate a larger number of lymphocytes in any given
population.

The proliferative response of the allogeneic mixed leukocyte reaction
(MLR) can be blocked by pharmacologic concentrations of glucocorticoid
(63, 64). Interestingly, a recent paper has provided data suggesting that
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Figure2 Schematic representation of the probable site of inhibition of the delayed hypersen-
sitivity skin test response. Corticosteroids do not affect the activated T lymphocyte but inhibit
the recruitment of monocyte-macrophages.

physiologic concentrations of corticosteroid can suppress the autologous
MLR between T cells and B cells without any suppression of the allogeneic
MLR (65). This interesting finding suggests that corticosteroids may have
a physiologic role in suppressing T-cell reactivity to self-antigens. An inter-
esting hypothesis in this regard has been proposed that the elevation of
corticosteroids during stress or trauma is an attempt by the body to prevent
establishment of autoimmune disease against hidden antigens that are ex-
posed during disease or trauma (66).

Glucocorticoid action on cell-mediated cytotoxicity is of considerable
interest since cytolysis is considered to be one of the important effector
functions in cell-mediated immunity. Many of the studies employ allogeneic
systems in which the effector cell is presumed (though in many cases not
proven) to be a T lymphocyte. Corticosteroids in vitro have been shown to
depress direct cytotoxicity against fibroblasts in the mouse (67). In a rat
model, in vitro glucocorticoids caused facilitation of the sensitization phase
but a decrease in the effector phase of cytolysis (68); this suppression of
cytolysis was felt to be secondary to hydrocortisone modification of lym-
phocyte surface membrane preventing its activation by target cell antigens
(69). In vivo corticosteroids have been shown to decrease the ability of
mouse splenic lymphocytes from lysing mastocytoma cell targets (70). As
previously mentioned, these studies were performed in steroid-sensitive
animal models and may not be applicable to man.

Data in humans reveal that glucocorticoids, in very large doses in vitro,
can suppress the cytotoxicity of lymphocytes from skin graft recipients
against donor fibroblasts (71). Cytotoxicity of lymphocytes from rubella-
immune patients against rubella-infected hamster kidney targets is sup-
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pressed by moderate concentrations (10 mg/ml) of hydrocortisone (72).
Only high suprapharmacologic concentrations of hydrocortisone in vitro
were capable of depressing MLR-induced cytotoxicity against allogeneic
targets (64). Lymphotoxin release from PHA-stimulated lymphocytes
could be inhibited by in vitro hydrocortisone (73). Thus, these data suggest
that very high in vitro concentrations of corticosteroid are capable of sup-
pressing lymphocyte (presumed T-cell) cytotoxicity. One in vivo study,
designed to investigate the effect of corticosteroid administration on the
ability of lymphocytes to become cytotoxic in an MLR, demonstrated
decreased cytotoxicity that exactly paralleled the depletion of T lym-
phocytes from the circulation, suggesting the effect of steroid administra-
tion was to deplete effector cells and not to decrease their functional
capabilities (63).

Antibody-dependent cell-mediated cytotoxicity (ADCC) has been recog-
nized as a potent effector function of the lymphocyte, specifically the K-
lymphocyte (74, 75). Most in vitro and in vivo studies in animals and man
have found ADCC activity to be resistant to the effects of corticosteroids.
One study in mice demonstrated that neither in vivo nor in vitro hydrocorti-
sone had any effect on ADCC against chicken erythrocyte targets (76). In
humans, K-cell function was shown to be slightly reduced after administra-
tion of prednisolone (77). However, other studies have demonstrated that
glucocorticoids in vivo (34) or in vitro (78) produced no depression of
ADCC. In fact, at 4 hr following drug administration, at the point of
maximal lymphopenia produced by glucocorticoid administration, ADCC
was actually significantly increased. This finding raises an important point
about the in vivo effects of corticosteroids. The increase in ADCC was
shown to be due to a relative enrichment in the circulation of lymphocytes
bearing an Fc receptor for Ig (K cells), because corticosteroid administra-
tion had preferentially depleted non-Fc receptor-bearing cells from the
circulation (Figure 3). Thus, the major in vivo effect of corticosteroid
administration was to selectively deplete subpopulations of lymphocytes
from the circulation. The resulting change in ADCC was all secondary to
this redistribution effect.

A recently described form of cytotoxicity, spontaneous or natural cyto-
toxicity, has received attention because of its possible relationship to tumor
immunity (79, 80). The effector cell in this form of cytotoxicity is also felt
to be the K cell. Interestingly, in contrast to the findings with ADCC,
glucocorticoids both in vivo and in vitro have been found to profoundly
depress spontaneous cytotoxicity (78).

In recent years investigations have uncovered the crucial role that helper
and suppressor cell-cell interactions play in regulation of lymphocyte func-
tion. B-cell activation toward antibody production has been shown to be
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Figure 3 The effect of corticosteroid (dexamethasone) administration in humans on anti-
body-dependent cellular-cytotoxicity (ADCC). The effector:target ratio was 10:1 and the
target cells were Chang liver cells coated with antibody. Note that the level of ADCC strictly
parallels the proportion of Fc receptor-bearing lymphocytes (K cells) in the circulation. This
relative enrichment of K cells results from a selective corticosteroid-induced depletion of
non-K cells from the circulation (see text).

under the control of at least two separate populations of T lymphocytes,
Ty and Tg (29). Corticosteroids have important effects on both these
populations of lymphocytes and could therefore potentially affect B-cell
function through its action on these T cells. In vivo corticosteroids nave
been shown to selectively deplete Ty cells more than Tg (28), whereas in
vitro glucocorticoid can directly suppress Tg with little effect on Ty cells
(81). Similar studies have shown that corticosteroids can remove the sup-
pressor effects of cell suspensions in some patients with common variable
hypogammaglobulinemia (82), and glucocorticoids have been shown to
inhibit a suppressor cell in human spleen (83).

When corticosteroids inhibit a suppressor influence, antibody production
may actually increase. Enhancement of antibody production by cortico-
steroid administration has been reported in animals (84) and man (85). The
addition of pharmacologic or physiologic concentrations of corticosteroid
to an in vitro system of antibody production by human B lymphocytes
inhibited the negative effect and produced an enhanced antibody response
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(86). Similar enhancement was found in another in vitro system (87). The
precise mechanisms of this glucocorticoid-induced enhancement of anti-
body production will require further study.

Monocytes-Macrophages

As mentioned above, the ability of glucocorticoids to suppress cutaneous
delayed hypersensitivity is related predominantly to the steroid’s ability to
block recruitment of macrophages (50--52); corticosteroid suppression of
the MIF response is secondary to antagonism of MIF effect on the macro-
phage (53). :

Results of animal studies of glucocorticoid effect on macrophage
phagocytosis have been inconsistent. One group found that in vitro hy-
drocortisone decreased phagocytosis by mouse peritoneal macrophages but
digestion was unimpaired (88). Another study reported that in vivo hy-
drocortisone produced no effect on phagocytosis by mouse peritoneal mac-
rophages and little effect on intracellular killing (89). Studies in the guinea
pig have revealed an enhanced susceptibility to toxic injury of peritoneal
macrophages obtained from cortisone-treated animals (90).

Alveolar macrophage mediated cytotoxicity has been studied in a guinea
pig model. In vitro or acute in vivo doses of corticosteroid had no effect on
macrophage-mediated ADCC; however, chronic steroid therapy produced
a significant decrease in macrophage-mediated killing (91). Interestingly,
this chronic in vivo glucocorticoid regimen was shown to interfere with the
macrophage’s ability to bind to the antibody-coated target cell, suggesting
that the Fc receptor on the macrophage cell surface had been altered (92).
This blockade of Fc receptor function has also been reported with in vitro
corticosteroids inhibiting human monocyte Fc receptors (93). If this ability
to block Fc receptors is found to be a general property of corticoster-
oids, it may represent one of the important mechanisms of glucocorticoid
action.

Studies on monocyte function in man have found a depression of bacteri-
cidal activity by both in vitro (94) and in vivo (95) corticosteroids. However,
monocyte chemotaxis was markedly depressed by in vitro corticosteroid
(94), whereas chemotaxis was unaffected by in vivo glucocorticoid (95).
This dichotomy may represent the need for constant presence of cortico-
steroid to suppress monocyte migration, or it may represent a relative
corticosteroid resistance of those monocytes that remain in the circulation
after corticosteroid-induced monocytopenia. With regard to human mono-
cyte-induced cellular cytotoxicity, one in vivo study found that corticoste-
roid administration decreased monocyte-mediated cytotoxicity, probably
secondary to the profound steroid-induced monocytopenia (34).
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In general, the monocyte circulatory kinetics and the monocyte-macro-
phage functional capabilities are relatively sensitive to the action of cortico-
steroids. Since the monocyte is felt to be the major cell involved in
granuloma formation (96), this glucocorticoid sensitivity of monocytes may
explain the clinical observation that corticosteroids are effective in many
granulomatous diseases.

Neutrophil

Several investigators have demonstrated that very high in vitro concentra-
tions of corticosteroid are capable of suppressing neutrophil phagocyto-
sis and bactericidal capability (2, 49, 97-99); however, these drug concen-
trations are rarely achieved in vivo in man. Multiple in vivo studies of
neutrophil phagocytosis employing dosages as high as 1000 mg of
methylprednisolone (60, 77, 100, 101) have found no impairment of
phagocytosis or bacterial killing. In a study of neutrophil-mediated ADCC,
cytotoxicity was actually found to be increased by corticosteroid adminis-
tration (34).

The ability of glucocorticoids to stabilize lysosomal membranes and pre-
vent release of inflammatory enzymes has been advocated as an important
anti-inflammatory mechanism of corticosteroid action (102-104). This con-
cept has been challenged by studies demonstrating that neutrophil lyso-
somes (the original studies were performed on liver lysosomes) are not
stablized even by very high concentrations of corticosteroids (105). Other
studies on lysosomes have demonstrated that high concentrations of in vitro
corticosteroids can inhibit the release of lysosomal enzymes from neutro-
phils (99, 106, 107). Again, the relevance of this to the in vivo situation must
be raised.

In vitro chemotaxis of neutrophils has been shown to be inhibited only
by very high concentrations of corticosteroid (39, 94). As previously men-
tioned, an alteration in adherence may explain the corticosteroiq-induced
decrease in neutrophil accumulation at an inflammatory focus.

Eosinophils

Although a number of functions of the eosinophil have been described (44,
108, 109), the effect of corticosteroids on these functions has not been
studied. It is of some interest that corticosteroids have been found to be
effective therapy in a subpopulation of patients with idiopathic eosinophilia
or the Hypereosinophilic syndrome (110). Whether corticosteroids are effi-
cacious because of their known eosinopenic effect or because of inhibition
of an eosinophil functional capability is at present unknown.
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GLUCOCORTICOID EFFECTS ON HUMORAL
FACTORS INVOLVED IN THE IMMUNE RESPONSE?

Antibody Production

In corticosteroid-sensitive species, a corticosteroid-induced suppression of
antibody production can be easily demonstrated (1). In humans, high dose
daily administration of methyprednisolone (96 mg per day for 3 to 5 days)
produced mild decreases in serum immunoglobulin levels secondary to
increased catabolism and decreased synthesis (111). However, specific anti-
body synthesis in man is not suppressed by corticosteroids (1, 2, 85, 112).
As previously mentioned, there are certain instances in which antibody
production is actually enhanced by glucocorticoids (84-87).

Complement

Corticosteroid-sensitive species are a very poor model in which to evaluate
complement metabolism because chronic steroid administration produces
a generalized catabolic state. However, in guinea pigs, which are relatively
corticosteroid resistant, high doses of in vivo corticosteroids produced de-
pressions of multiple complement components (113). It is unclear whether
this magnitude of complement reduction (less than 60%) is of any physio-
logical or clinical significance. In man, there is no evidence that cortico-
steroids affect complement metabolism (112).

Reticuloendothelial Clearance

Glucocorticoid administration decreases the clearance of antibody-coated
and antibody-complement—coated erythrocytes by the reticuloendothelial
system (RES) in guinea pigs (114, 115). This decrease in clearance probably
results from the effects of chronic steroid administration on the membrane
Fc and complement receptor of the macrophage, as detailed above (91-93).
This decreased clearance has potential importance in the treatment of im-
mune hemolytic anemia (116).

Kinins

These vasoactive peptides may play a significant role in the inflammatory
responses of many disease states (117). Original reports suggested that
glucocorticoids have important inhibitory effects on kinin activation in vitro

(118) and in vivo (118, 119). However, these findings have been disputed,
and the present status of glucocorticoid effect on kinins is in flux (112, 120).

3Sec Table 3.
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Table 3 Glucocorticoid effects on humoral factors in humans

M11d decrease in lmmunoglobulm levels but no decrease in spec1fic antlbody production.
Complement metabolism probably unaffected.

Decreased reticuloendothelial clearance of antibody-coated cells.
Effects on kinins and prostaglandins controversial.

Inhibit plasminogen activator release.

Potentiate the actions of catecholamines.

Possnbly antagomze histamine-induced vasodilatation.

Prostaglandins

Corticosteroids have a variable effect on prostaglandin metabolism, with
little effect reported in some systems (121) and inhibition reported in others
(122, 123). The mechanisms and clinical significance of these observations
will require further study.

Plasminogen Activator

Glucocorticoids have been shown to block the production of plasminogen
activator by mouse macrophages (124) and human neutrophils (125). It has
been postulated that macrophages migrate into inflammatory sites by se-
creting plasminogen activator which activates plasmin, an enzyme that can
digest some perinflammatory supporting tissues and facilitate migration
(124). Glucocorticoids would have an anti-inflammatory effect by suppress-
ing release of this enzyme.

Histamine

Although corticosteroids have been reported to decrease histamine content
of tissues in the guinea pig (126), steroids have little protective effect in
animal anaphylaxis or histamine shock (112). Clinically, glucocorticoids are
very effective therapy for allergic rhinitis and asthma; however, it is not
clear whether this is secondary to the corticosteroid anti-inflammatory
effect or some other mechanism (112, 126). Corticosteroids have been
shown to produce vasoconstriction (see below) and this may phys1olog1cally
antagonize histamine-induced vasodilation (127).

Catecholamines

One theory of glucocorticoid action in asthma is corticosteroid potentiation
of the actions of catecholamines (126). Although this potentiation has been
demonstrated in leukocytes in vitro (128), it is not clear whether this
mechanism is operative clinically.

Cyclic Nucleotides
Corticosteroids have the ability to increase cyclic AMP in human lym-
phocytes (128) and can enhance the increase in cyclic AMP produced by
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catecholamines and prostaglandin E, (128, 129). However, it is generally
accepted that cyclic AMP is not the second message of glucocorticoid
action (3), although their effects on tissues are very similar (3). As previ-
ously mentioned, their ability to potentiate the action of other agents on the
cyclic nucleotides may explain the efficacy of glucocorticoid therapy in
asthma (126).

VASCULAR AND TISSUE EFFECTS

OF CORTICOSTEROIDS THAT ARE GERMANE
TO THEIR ANTI-INFLAMMATORY

AND IMMUNOSUPPRESSIVE ACTIONS

In inflammatory and immunological reactions there is extravasation of fluid
and cells out of the vascular compartment into surrounding tissues. The
ability of glucocorticoids to inhibit this extravasation is probably mediated
through the effects of corticosteroids on leukocytes and humoral factors
that have been explained above. However, there may be an action of gluco-
corticoids specifically on the vessel wall. It has been known for some time
that glucocorticoids cause a decrease in leukocyte diapedesis and fluid
accumulation and an increase in vascular endothelial integrity at an inflam-
matory focus (40). This is probably partially due to the well-described
vasoconstrictive abilities of glucocorticoids in localized areas of the capil-
lary bed (40, 130, 131). Interestingly, hemodynamic studies have demon-
strated that corticosteroid administration produces an increase in cardiac
output and a decrease in total peripheral vascular resistance in normal
humans and in patients in shock (132). In fact, corticosteroids have been
advocated as effective vasodilators in low output syndromes (133). This
discrepancy may be explained by selective vasoconstriction of some capil-
lary beds with vasodilation of others as has been described with catechola-
mines, or it may be due to a difference in the drug doses or experimental
conditions employed. A possible explanation could be that corticosteroids
cause vasoconstriction in inflammatory sites and vasodilation elsewhere.

SUMMARY

Glucocorticoids have a multitude of effects on many of the stages in inflam-
matory and immune processes. In general, corticosteroids have greater
effects on leukocyte traffic than on function, and they have more effect on
cellular than humoral processes. Probably the most important physiological
and clinical effect of corticosteroid administration in humans is their ability
to inhibit the recruitment of neutrophils and monocyte-macrophages to an
inflammatory site. It is this mechanism that probably accounts for the
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increase in infections seen with daily corticosteroid therapy. Of note is the
fact that alternate-day corticosteroids do not inhibit recruitment of neutro-
phils and are not associated with an increased infection rate. Glucocor-
ticoids produce a marked lymphocytopenia secondary to a redistribution of
lymphocytes out of the circulation to other lymphoid compartments; this
redistribution selectively affects T lymphocytes more than other popula-
tions.

Glucocorticoids suppress delayed hypersensitivity skin testing by block-
ing the recruitment of monocyte-macrophages by sensitized T lymphocytes.
Corticosteroids can inhibit a variety of functional capabilities of the lym-
phocyte and probably produce complex regulatory effects on suppressor
and helper cell populations. Monocyte-macrophage function is relatively
sensitive to the effects of glucocorticoids and this sensitivity probably ac-
counts for many glucocorticoid suppressive effects. Neutrophil function is
relatively resistant to these agents.

Glucocorticoid effects on immunoglobulin synthesis and complement
metabolism are not felt to be clinically significant. However, corticosteroids
have an important inhibitory effect on reticuloendothelial clearance of anti-
body-coated cells. Corticosteroid potentiation of the action of catechola-
mines and prostaglandins may have importance in certain disease states.

Corticosteroids are important and widely used therapies in the treatment
of a large number of inflammatory and immunologically mediated diseases.
Continued advances in understanding of the mechanisms of action of these
agents should allow their more rational and effective use in clinical settings.

ACKNOWLEDGMENT

We wish to thank Ms. Cynthia Earp for expert secretarial assistance.

Literature Cited

1.

Claman, H. N. 1972. Corticosteroids
and lymphoid cells. N. Engl. J. Med.
287:388-97

. Fauci, A. S., Dale, D. C, Balow, J. E.

1976. Glucocorticosteroid therapy:
Mechanisms of action and clinical con-
siderations. Ann. Intern. Med. 84:
304-15

. Baxter, J. D., Forsham, P. H. 1972. Tis-

sue effects of glucocorticoids. Am. J.
Med. 53:573-89

. Baxter, J. D., Harris, A. W. 1975.

Mechanism of glucocorticoid action:
General features, with reference to
steroid-mediated immunosuppression.
Transplant. Proc. 7:55-65

. Levinson, B. B., Baxter, J. D., Rous-

seau, G. G., Tomkins, G. M. 1972. Cel-
lular site of glucocorticoid-receptor

complex formation. Science 175:189-90

. Thompson, E. B, Lippman, M. E.

1974. Mechanism of action of glucocor-
ticoids. Metabolism 23:159-202

. O’Malley, B. W. 1971. Mechanisms of

action of steroid hormones. N. Engl. J.
Med. 284:370-77

. Munck, A., Brinck-Johnsen, T. 1968.

Specific and non-specific physicochemi-
cal interactions of gluocorticoids and
related steroids with rat thymus cells in
vitro. J. Biol. Chem. 243:5556-65

. Hallahan, C., Young, D. A., Munck, A.

1973. Time course of early events in the
action of glucocorticoids on rat thymus
cells in vitro. J. Biol Chem. 248:
2922-27



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

GLUCOCORTICOSTEROIDS AND IMMUNE PROCESSES 197

Lippman, M. E., Halterman, R. H.,
Leventhal, B. G., Perry, S., Thomp-
son, E. B. 1973. Glucocorticoid-binding
proteins in human acute lymphoblastic
leukemic blast cells. J. Clin. Invest.
52:1715-25

Lippman, M. E,, Perry, S., Thompson,
E. B. 1975. Glucocorticoid binding pro-
teins in myeloblasts of acute myeloge-
nous leukemia. Am. J. Med. 59:224-27
Neifeld, J. P., Lippman, M. E., Tormey,
D. C. 1977. Steroid hormone receptors
in normal human lymphocytes. Induc-
tion of glucocorticoid receptor activity
by phytohemagglutinin stimulation. J.
Biof Chem. 252:2972-77

Caron, G. A. 1969. The effect of an-
timetabolites and corticosteroids on
lymphocyte transformation in vitro. In
Proc. 3rd Ann. Leukocyte Culture Conf.,
ed. W. O. Rieke, pp. 287-305. New
York: Appleton

Claman, H. N.,, Moorhead, J. W., Ben-
ner, W. H. 1971. Corticosteroids and
lymphoid cells in vitro. I. Hydrocorti-
sone lysis of human, guinea pig, and
mouse thymus cells. J. Lab. ﬁn_ Med.
78:499-507

Lippman, M. E., Barr, R. 1977. Gluco-
corticoid receptors in purified subpopu-
lations of human peri?heral blood lym-
phocytes. J. Immunol. 118:1977-81
Ingle, D. J. 1938. Atrophy of the
thymus in normal and hypophysecto-
mized rats following the administration
of cortin. Proc. Soc. Exp. Biol. Med.
38:443-44

Branceni, D., Arnason, B. G. 1966.
Thymic involution and recovery: Im-
mune responsiveness and immuno-
globulins after neonatal prednisolone in
rats. Immunology 10:35-44

Quittner, H., Wald, N., Sussman, L. N.,
Antopol, W. 1951. The effect of massive
doses of cortisone on the peripheral
blood and bone marrow of the mouse.
Blood 6:513-21

Fauci, A. S, Dale, D. C. 1974. The
effect of in vivo hydrocortisone on sub-
populations of human lymphocytes. J.
Clin. Invest. 53:240-46

Fauci, A. S, Dale, D. C. 1975. Alter-
nate day prednisone therapy and hu-
man lymphocyte subpopulations. J.
Clin. Invest. 55:22-32

Fauci, A. S. 1975. Corticosteroids and
circulating lymphocytes. Transplant.
Proc. 7:3740

Fauci, A. S., Dale, D. C. 1975. The
effect of hydrocortisone on the kinetics
of normal human lymphocytes. Blood
46:235-43

23.

24.

25.

26.

27.

28.

29,

30.

31

32,

3.

34

3.

36.

Fauci, A. S. 1975. Mechanisms of corti-
costeroid action on lymphocyte sub-
populations. I Redistribution of cir-
culating T and B lymphocytes to the
bone marrow. Immunology 28:669-80
Gowans, J. L. 1959. The recirculation
of the small lymphocytes from the
blood to lymph in the rat. J. Physiol.
146:54-69

Everett, N. B., Caffrey, R. W,, Rieke,
W. O. 1964. Recirculation of lym-
phocytes. Ann. NY Acad. Sci 113:
887-97

Ford, N. L., Gowans, J. L. 1969. The
traffic of lymphocytes. Semin. Hematol.
6:67-83

Perry, S., Irvin, G. L., Whang, J. 1967.
Studies of lymphocyte kinetics in man.
Blood 29:22-28

Haynes, B. F., Fauci, A. S. 1978. The
differential effect of in vivo hydrocorti-
sone on the kinetics of subpopulations
of human peripheral blood T lym-
phocytes. J. Clin. Invest. 61:103-7
Moretta, L., Webb, S. R., Grossi, C. E.,
Lydyard, P. W., Cooper, M. D. 1977.
Functional analysis of two human T cell
subpopulations: Help and suppression
of B cell responses by T cells bearing
receptors for IgM or IgG. J. Exp. Med.
146:184-200

Woodruff, J., Gesner, B. M. 1968. Lym-
phocytes: Circulation altered by tryp-
sin. Science 161:176-78

Gesner, B. M., Ginsburg, V. 1964.
Effect of glycosidases on the fate of
transfused lymphocytes. Proc. Natl.
Acad. Sci. USA 52:750-55
Schlesinger, M., Israel, E. 1974. The
effect of lectins on the migration of lym-
phocytes in vivo. Cell. Immunol.
14:66-79

Jacobsson, H., Blomgren, H. 1973. Evi-
dence for a loss of recirculating capacity
of T-cells after antigenic stimulation.
Clin. Exp. Immunol. 13:439-53
Parrillo, J. E., Fauci, A. S. 1978. Mech-
anisms of corticosteroid action on lym-
phocyte subpopulations. III. Differen-
tial effects of dexamethasone adminis-
tration on subpopulations of effector
cells mediating cellular cytotoxicity in
man. Clin. Exp. Immunol. 31:116-25
Dale, D. C,, Fauci, A. S., Guerry, D.,
Wolff, S. M. 1975. Comparison of
agents producing a neutrophilic
leukocytosis in man. J. Clin. Invest.
56:808-13

Athens, J. W., Haab, D. P, Raab, S.O.,
Mauer, A. M., Ashenbucher, H., Cart-
wright, G. E., Wintrobe, M. M. 1961.
Leukokinetic studies. IV. The total



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

198

37.

38.

39.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

PARRILLO & FAUCI

blood circulating and marginal granulo-
cyte pools and the granulocyte turnover
rate in normal subjects. J. Clin. Invest.
40:989-95

Boggs, D. R., Athens, J. W, Cart-
wright, G. E., Wintrobe, M. M. 1964.
The effect of adrenal glucocortico-
steroids upon the cellular composition
of inflammatory exudates. Am. J. Pa-
thol. 44:763-73

Dale, D. C., Fauci, A. S., Wolff, S. M.
1974. Alternate day prednisone. Leuko-
cyte kinetics and susc:.})tibilit to infec-
tions. N. Engl. J. Med. 291:1154-58
Ward, P. A. 1966. The chemosuppres-
sion of chemotaxis. J. Exp. Med.
124:209-25

. Ebert, R. H.,, Barclay, W. R. 1952.

Changes in connective tissue reaction
induced by cortisone. Ann. Int. Med.
37:506-18

MacGregor, R. R., Spagnuolo, P. J.,
Leutrek, A. L. 1974. Inhibition of
granulocyte adherence by ethanol,
prednisone, and aspirin, measured with
an assay system. N. Engl J Med.
291:642-46

MacGregor, R. R. 1976. The effect of
anti-inflammatory agents and inflam-
mation on granulocyte adherence. Evi-
dence for regulation by plasma factors.
Am. J. Med. 61:597-607

MacGregor, R. R. 1977. Granulocyte
adherence changes induced by hemo-
dialysis, endotoxin, epinephrine, and
glucocorticoids. Ann. Int. Med. 86:
35-39

Zucker-Franklin, D. 1974. Eosinophil
function and disorders. Adv. Int. Med.
19:1-25

Thorn, G. W. 1973. The adrenal cortex:
Reflections, progress and speculations.
Trans. Assoc. Am. Physicians 86:65-81
Andersen, V. 1969. Autoradiographic
studies of eosinophil kinetics: Effect of
cortisol. Cell Tissue Kinet. 2:139-46
Zweiman, B., Slott, R. 1., Atkins, P. C.
1976. Histologic studies of human skin
test responses to ragweed and com-
pound 48/80. IIL Etﬁetts of alternate-
day steroid therapy. J. Allergy Clin. Im-
munol. 58:657-63

Gabrielson, A. E., Good, R. A. 1967.
Chemical suppression of adoptive im-
munity. Adv. Immunol. 6:91-229
Zurier, R. B., Weissman, G. 1973. Anti-
immunologic and anti-inflammatory
effects of steroid therapy. Med. Clin.
North Am. 57:1295-1307

Cummins, M. M., Hudgins, P. C. 1952.
Theinfluence of cortisone on the passive
transfer of tuberculin hypersensitivity

51

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

in the guinea pig. J Immunol. 69:
331-35

Seebohm, P. M., Tremaine, M. M,,
Jeter, W. S. 1954. The effect of cortisone
and adrenocorticotropic hormone on
passively transferred delayed hypersen-
sitivity to 2—4-dinitrochlorbenzene in
the guinea pigs. J. Immunol. 73:44-48
Weston, W. L., Mandel, M. J,, Yeckley,
J. A, Krueger, G. G, Claman, H. N.
1973. Mechanism of cortisol inhibition
of adoptive transfer of tuberculin sen-
sitivity. J. Lab. Clin. Med. 82:366-71

Balow, J. E., Rosenthal, A. S. 1973.
Glucocorticoid suppression of macro-
phage migration inhibitory factor. J.
Exp. Med. 137:1031-41

Weston, W. L., Claman, H. N., Krue-
ger, G. G. 1973. Sites of action of cor-
tisol in cellular immunity. J. Immunol.
110:880-83

Pick, E., Brostaff, J., Krejci, J., Turk,
J. L. 1970. Interaction between ‘“‘sensi-
tized lymphocytes” and antigen in vi-
tro. II. Mitogen-induced release of skin
reactive and macrophage migration in-
llli)bgitory factor. Cell. Immunol. 1:92-
Nowell, P. C. 1961. Inhibition of hu-
man leukocyte mitosis by prednisolone
in vitro. Cancer Res. 21:1518--21

Ano, T., Terayama, H., Takaku, F.,
Nakao, K. 1968. Inhibitory effects of
hydrocortisone upon the phytohemag-
glutinin induced RNA-synthesis in hu-
man lymphocytes. Biochim. Biophys.
Acta 161:361-67

Kissling, M., Speck, B., Goselink, H.
1972. Effects of hydrocortisone on lym-
phocytes stimulated by phytohemag-
glutinin and pokeweed mitogen. Vox
Sang. 23:344-49

Heilman, D. H, Gambrill, M. R,
Leichner, J. P. 1973. The effect of hy-
drocortisone on the incorporation of tri-
tiated thymidine by human blood lym-
phocytes cultured with phytohemag-
glutinin and pokeweed mitogen. Clin.
Exp. Immunol. 15:203-12

. Webel, M. L., Ritts, R. E., Taswell, H.

F., Donadio, J. V., Woods, J. E. 1974.
Cellular immunity after intravenous ad-
ministration of methylprednisolone. J.
Lab. Clin. Med. 83:383-92

Balow, J. E., Hurley, D. L, Fauci, A. S.
1975. Immunosuppressive effects of
glucocortisoids: Differential effects of
acute versus chronic administration on
cell mediated immunity. J. Immunol.
114:1072-76

Vischer, T. L. 1972. Effect of hydrocor-
tisone on the reactivity of thymus and



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

GLUCOCORTICOSTEROIDS AND IMMUNE PROCESSES 199

spleen cells of mice to in vitro stimula-
tion. Immunology 23:777-84

Balow, J. E., Parrillo, J. E., Hunning-
hake, G. W, Fauci, A. S. 1976. Mecha-
nisms of corticosteroid suppression of
cytotoxic responses to alloantigens.
Proc. Didlysis Transplant. Forum
6:27-30

. Balow, J. E., Hunninghake, G. W,,

Fauci, A. S. 1977. Corticosteroids in
human lymphocyte-mediated cytotoxic
reactions. Effects on the kinetics of sen-
sitization and on the cytolytic capacity
of effector lymphocytes in vitro. Trans-
plantation 23:322-28

Iifeld, D. N,, Krakauer, R. S, Blaese,
R. M. 1977. Suppression of the autolo-
gous mixed lymphocyte reaction by
physiologic concentrations of hydrocor-
tisone. J. Immunol. 119:428-34
Craddock, C. G. 1978. Corticosteroid-
induced lymphopenia, immunosuppres-
sion and body defense. Ann. Intern.
Med. 88:564-66

Rosenau, W., Moon, H. D. 1962. The
inhibitory effect of hydrocortisone on
lysis of homologous cells by lym-
phocytes in vitro. J. Immunol. 89:
422-26

Cohen, 1. R., Stavy, L., Feldman, M.
1970. Glucocorticoids and cellular im-
munity in vitro. Facilitation of the sen-
sitization phase and inhibition of the
effector phase of a lymphocyte anti-
fibroblast response. J. Exp. Med. 132:
1055-70

Stavy, L., Cohen, I. R, Feldman, M.
1973. The effect of hydrocortisone on
lymphocyte-mediated cytolysis. Cell.
Immunol. 7:302-12

Fernandes, G., Yunis, E. J., Good, R.
A. 1975. Depression of cytotoxic T cell
subpopulation in mice by hydrocorti-
sone treatment. Clin. Immunol. Im-
munopathol. 4:304-13

Lundgren, G. 1970. In vitro cytotox-
icity by human lymphocytes from indi-
viduals immunized against histocom-
patibility antigens. I. Kinetics and spec-
ificity of the reaction. Influence of
metabolic inhibitors and antilym-
phocyte serum. Clin. Exp. Immunol.
6:661-70

Thong, Y. H., Henson, S. A., Vincent,
M. M, Rola-Pleszczynski, M., Walser,
J. B, Bellanti, J. A. 1975. Effect of hy-
drocortisone on in vitro cellular immu-
nity to viruses in man. Clin. Immunol.
Immunopathol. 3:363-68

Williams, T. W., Granger, G. A. 1969.
Lymphocyte in vitro cytotoxicity: Cor-
relation of derepression with release of

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

lymphotoxin from human lymphocytes.
J. Immunol. 103:170-78

Perlmann, P., Holm, G. 1969. Cyto-
toxic effects of lymphocytes in vitro.
Adv. Immunol. 11:117-93 B
Cerottini, J. C., Brunner, K. T. 1974.
Cell-mediated cytotoxicity, allograft re-
jection, and tumor immunity. Adv. Im-
munol. 18:67-132

Chedid, L., Juy, D., Bona, C. 1974. In-
fluence of hydrocortisone on antibody-
dependent lymphoid cell mediated cyto-
toxicity. /mmunol. Commun. 3:477-87
Clarke, J. R, Gagnon, R. F,, Gotch, F.
M., Heyworth, M. R., MacLennon, 1.
C. M,, Truelove, S. C., Waller, C. A.
1977. The effect of prednisolone on
leukocyte function in man. A double
blind controlled study. Clin. Exp. Im-
munol. 28:292-301

Parrillo, J. E., Fauci, A. S. 1978. Com-
parison of the effector cells in human
spontaneous cellular cytotoxicity and
antibody-dependent cellular cytoxicity:
Differential sensitivity of effector cells
in to vivo and in vitro corticosteroids.
Scand. J. Immunol. 8:99-107

Pross, H. F., Jondal, M. 1975. Cyto-
toxic lymphocytes from normal donors.
A functional marker of human non-T
lymphocytes. Clin. Exp. Immunol. 21:
226-35

West, W. H., Cannon, G. B,, Kay, H.
D., Bonnard, G. C., Herberman, R. B.
1977. Natural cytotoxic reactivity of
human lymphocytes against a myeloid
cell line: Characterization of effector
cells. J. Immunol. 118:355-61

Gupta, S., Good, R. A. 1977. Subpopu-
lations of human T lymphocytes. II.
Effect of thymopoietin, corticosteroids,
agd irradiation. Cell. Immunol. 34:
10-18

Waldmann, T. A., Broder, S,
Krakauer, R., MacDermott, R. P.,
Durm, M., Goldman, C., Meade, B.
1976. The role of suppressor cells in the
pathogenesis of common variable hypo-
gammaglobulinemia and the immu-
nodeficiency associated with myeloma.
Fed. Proc. 35:2067

Sampson, D., Grotelueschen, C., Kauff-
man, H. M. 1975. The human splenic
suppressor cell. Transplantation 20:
362-67

Rusu, V. M,, Cooper, M. 1975. In vivo
effects of cortisone on the B cell line in
chickens. J. Immunol. 115:1370-74
Tuchinda, M., Newcomb, R. W.,, De-
Vald, B. L. 1972. Effect of prednisone
treatment on the human immune re-
sponse to keyhole limpet hemocyanin.



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

200

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.
97.

PARRILLO & FAUCI

Int. Arch. Allergy Appl. Immunol.
42:533-44

Fauci, A. S, Pratt, K. R, Whalen, G.
1977. Activation of human B lym-
phocytes. IV. Regulatory effects of cor-
ticosteroids on the triggering signal in
the plaque forming cell response of hu-
man peripheral blood B lymphocytes to
polyclonal activation. J. Immunol.
119:598-603

Sherman, N. A, Smith, R. S., Middle-
ton, E. 1973. Effect of adrenergic com-
pounds, aminophylline and hydrocorti-
sone, on in vitro immunoglobulin syn-
thesis by normal human peripheral
lymphocytes. J. Allergy Clin. Immunol.
52:13-22

Wiener, E, Marmary, Y., Curelaruy, Z.
1972. The in vitro effect of hydrocorti-
sone on the uptake and intracellular
digestion of particulate matter by mac-
rophages in culture. Zab. Imvest. 26:
220-26

Van Zwet, T. L., Thompson, J., Van
Furth, R. 1975. Effect of glucocortico-
steroids on the phagocytosis and in-
tracellular killing by peritoneal macro-
phages. Infect. Immun. 12:699-705
Hsu, H. S, 1969. Cellular basis of corti-
sone-induced host susceptibility to tu-
berculosis. Am. Rev. Respir. Dis. 100:
677-84

Hunninghake, G. W, Fauci, A. S. 1977.
Immunologic reactivity of the lung. III.
Effects of corticosteroids on alveolar
macrophage cytotoxic effector cell func-
tion. J. Immunol. 118:146-50
Hunninghake, G. W., Fauci, A. S. 1977.
Immunological reactivity of the lung.
VII. Effect of corticosteroids and cyclo-
phosphamide on the Fc receptor func-
tion of alveolar macrophages. Cell. fm-
munol. 32:228-33

Schreiber, A. D., Parsons, J., McDer-
mott, P, Cooper, R. A. 1975. Effect of
corticosteroids on the human monocyte
IgG and complement receptors. J. Clin.
Invest. 56:1189-97

Rhinehart, J. J., Balcerzak, S. P., Sa-
gone, A. L., LoBuglio, A. F. 1974.
Effects of corticosteroids on human
monocyte function. J. Clin. Invest.
54:1337-43

Rhinehart, J. J., Sagone, A. L., Balcer-
zak, S. P, Ackerman, G. A, LoBuglio,
A. F. 1975. Effects of corticosteroid
therapy on human monocyte function.
N. Engl. J. Med. 292:236-41

Epstein, W. L. 1967. Granulomatous
hypersensitivity. Prog. Allergy 11:36—88
Dale, D. C., Petersdorf, R. G. 1973.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Corticosteroids and infectious diseases.
Med. Clin. North Am. 57:1277-87
Hirsch, J. G.,Church, A. B. 1961. Adre-
nal steroids and infection: The effect of
cortisone administration on polymor-
phonuclear leukocyte functions and on
serum opsonins and bactericidins. J.
Clin. Invest. 40:794-98

Mandell, G. L., Rubin, W., Hook, E.
W. 1970. The effect of an NADA oxi-
dase inhibitor (hydrocortisone) on poly-
morphonuclear leukocyte bactericidal
activity. J. Clin. Invest. 49:1381-88
Allison, F., Adcock, M. H. 1965. Fail-
ure of pretreatment with glucocor-
ticoids to modify the phagocytic and
bactericidal capacity of human leuko-
cytes for encapsulated type I pneumo-
coccus. J. Bacteriol. 89:1256-61
Glasser, L., Huestis, D. W, Jones, J. F.
1977. Functional capabilities of steroid-
recruited neutrophils harvested for clin-
ical transfusion. N. Engl. J. Med.
297:1033-36

Weissman, G., Thomas, L. 1962. Stud-
ies on lysosomes. I. The effects of en-
dotoxin, endotoxin tolerance, and corti-
sone on the release of acid hydrolases
from a granular fraction of rabbit liver.
J. Exp. Med. 116:433-50

Weissman, G., Thomas, L. 1963. Stud-
ies on lysosomes. II. The effect of corti-
sone on the release of acid hydrolases
from a large granule fraction of rabbit
liver induced by an excess of vitamin A.
J. Clin. Invest. 42:661-69

Weissman, G. 1967. The role of the
lysosome in inflammation and disease.
Ann. Rev. Med. 18:97-112

Persellin, R.H., Ku, L. C. 1974. Effects
of steroid hormones on human poly-
morphonuclear leukocyte lysosomes. J.
Clin. Invest. 54:919-25

Wright, D. G.,, Malawista, S. E. 1973.
Mobilization and extracellular release
of granular enzymes from human
leukocytes during phagocytosis: Inhibi-
tion by colchicine and cortisol but not
by salicylate. Arthritis Rheum. 16:
749-58

Ignarro, L. J. 1977. Glucocorticoid in-
hibition of non-phagocytic discharge of
lysosomal enzymes from human neutro-
phils. Arthritis Rheum. 20:73~83
Mahmoud, A. A. F,, Warren, K. S., Pe-
ters, P. A. 1975. A role for the eosino-
phil in acquired resistance to schis-
tosoma mansoni as determined by an
anti-eosinophil  serum. J. Exp. Med.
142:805-13

Parrillo, J. E., Fauci, A. S. 1978. Hu-
man eosinophils. Purification and cyto-



Annu. Rev. Pharmacol. Toxicol. 1979.19:179-201. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

GLUCOCORTICOSTEROIDS AND IMMUNE PROCESSES 201

toxic capability of eosinophils from pa-
tients with the Hypereosinophilic syn-
drome. Blood 51:457-73

Parrillo, J. E., Fauci, A. S., Wolff, S. M.
1978. Therapy of the Hypereosinophilic
syndrome. Ann. Int. Med. 89:167-72
Butler, W. T, Rossen, R. D. 1973.
Effects of corticosteroids on immunity
in man. I. Decreased serum IgG con-
centration caused by 3 or 5 days of high
doses of methylprednisolone. J. Clin.
Invest. 52:2629-40

Claman, H. N. 1975. How cortico-
steroids work. J. Allergy Clin. Im-
munol. 55:145-51

Atkinson, J. P., Frank, M. M. 1973.
Effect of cortisone therapy on serum
complement components. J. Immunol.
111:1061-66

Atkinson, J. P., Schreiber, A. D,
Frank, M. M. 1973. Effects of cortico-
steroids and splenectomy on the im-
mune clearance and destruction of ery-
throcytes. J. Clin. Invest. 52:1509-17
Atkinson, J. P., Frank, M. M. 1974.
Complement-inde endent clearance of
IgG-sensitized erythrocytes: Inhibition
by cortisone. Blood 44:629-37

Frank, M. M., Schreiber, A. D., Atkin-
son, J. P, Jaffe, C. J. 1977. Pathophysi-
ology of immune hemolytic anemia.
Ann. Int. Med. 87:210-22
Kellermeyer, R. W., Graham, R. C.
1968. Kinins: possible pathophysiologic
angapathologic roles in man. N. Engl. J.
Med. 279:859-66

Cline, M. J, Melmon, K. L. 1966.
Plasma kinins and cortisol: A possible
explanation of the antiinflammatory ac-
tion of cortisol. Science 153:1135-38
Suddick, R. P. 1966. Glucocorticoid-
kinin antagonism in the rat. Am. J.
Physiol. 211:844-50

Lefer, A. M,, Inge, T. F. 1974. Lack of
interaction between glucocorticoids and
the Kkallikrein-kinin system. Proc. Soc.
Exp. Biol. Med. 145:658-62

Flower, R, Gryglewski, R, Herbac-
zynska-Cedra, K., Vane, J. R. 1972.
Effects of antiinflammatory drugs on
prostaglandin biosythesis, Nature New
Biol. 238:104-6

Kantrowitz, F, Robinson, D. R,
McGuire, M. B, Levine, L. 1975. Corti-
costeroids inhibit prostaglandin pro-
duction by rheumatoid synovia. Nature
New Biol. 258:737-39

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

Lewis, G. P., Piper, P. J. 1975. Inhibi-
tion of release of prostaglandins as an
explanation of some of the actions of
anti-inflammatory corticosteroids. Na-
ture New Biol. 254:308-11
Vassalli, J. D., Hamilton, J., Reich, E.
1976. Macrophage plasminogen ac-
tivator: Modulation o? enzyme produc-
tion by antiinflamatory steroids, mitotic
inhibitors, and cyclic nucleotides. Cell
8:271-81
Granelli-Piperno, A., Vassalli, J. D,
Reich, E. 1977. Secretion of plasmino-
gen activator by human polymorphonu-
clear leukocytes. Modulation by gluco-
corticoids and other effectors. J. Exp.
Med. 146:1693-1706
Falleroni, A. E. 1972. Asthma: Man-
agement. In Allergic Deseases, ed. R.
Patterson, pp. 237-91. Philadelphia:
Liﬁpincott
Schayer, R. W. 1963. Induced synthesis
of histamine, microcirculatory regula-
tion and the mechanism of action of
adrenal glucocorticoid hormone. Prog.
Allergy 7:187-212
Parker, C. W., Huber, M. G., Bau-
mann, M. L. 1973. Alterations in cyclic
AMP metabolism in human bronchial
asthma. III. Leukocyte and lymphocyte
responses to steroids. J. Clin. Invest.
52:1342-48
Mendelsohn, J., Mutler, M. M., Boone,
R. F. 1973. Enhanced effects of prosta-
glandin E, and dibutyryl cyclic AMP
on human lymphocytes in the presence
of cortisol. J. Clin. Invest. 52:2129-37
Zweifach, B. W., Chorr, E., Black, M.
M. 1953. The influence of the adrenal
cortex on behavior of terminal vascular
bed. Ann. NY Acad. Sci. 56:626-33
Wyman, L. C,, Fulton, G. P., Shulman,
M. H,, Smith, L. L. 1954. Vasoconstric-
tion in the cheek pouch of the hamster
following treatment with cortisone. Am.
J. Physiol. 176:335-40
Sambhi, M. P., Weil, M. H., Udhoji,
V. N. 1965. Acute pharmacodynamic
effects of glucocorticoids. Cardiac out-
put and related hemodynamic changes
in normal subjects and patients in
shock. Circulation 31:523-30
Dietzman, R. H., Castaneda, A. R., Lil-
lehei, C. W,, Ersek, R. A, Motsay, G.
J., Lillehei, R. C. 1970. Corticosteroids
as effective vasodilators in the treat-
ment of low output syndrome. Chest
7:44043



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



