
Antibody-Enhanced Infection by HIV- 1 Via Fc 
Receptor-Mediated Entry 

Monocytes and macrophages, which may play a central role in the pathogenesis of 
infection with human immunodeficiency virus type 1 (HIV-1), express the CD4 
molecule and Fc receptors (FcR) for immunoglobulin G (IgG). To  explore the 
possibility that FcR mediate HIV-1 infection of monocytes, studies were conducted 
with the human monocytic cell line U937. These cells were exposed to HIV-1 
complexed with various- concentrations of serum from HIV-1 & i b ~ d ~ - ~ o s i t i v e  
individuals and monitored for HN-1 replication. Serum samples from antibody- 
negative normal individuals did not affect virus yields. High concentrations of 
antibodypositive sera showed virus-neutralizing ad*; however, cells infected with 
HIV-1 in the presence of antibody-positive sera a t  subneutralizing concentrations 
significantly enhanced virus replication. This infection enhancement was blocked by 
heat-aggregated y-globulin. Moreover, the IgG fraction from an HIV-1 antibody- 
positive serum enhanced HIV-1 infection at  the same serum dilution equivalents. I n  
contrast, IgG-P(ab')z did not enhance HN-1 infection but showed neutralizing 
activitv with HIV-1. These results are comvatible with the concevt of FcR-mediated 
infection enhancement and suggest that this immunological response to HIV-1, 
instead of protecting the host, potentially facilitates the infection. 

T HERE IS EVIDENCE THAT T-LYM- 
phocyte dysfunction and depletion 
of T helper-inducer cells in patients 

with acquired immunodeficiency syndrome 
(AIDS) may be due to the selective tropism 
of HIV-1 for the CD4 molecule (1). How- 
ever, the slow development of the disease 
and the low frequency of cells expressing 
HIV- 1 messenger RNA among circulating 
lymphocytes (2) has led to the suggestion 
that cells of the monocyte-macrophage lin- 
eage, including glial cells in the brain ( 3 )  and 
follicular dendritic cells in lymph nodes (4), 
mav serve as reservoirs for virus dissemina- 
tion and persistence (5). Latent infection of 
monocytes had been demonstrated in visna 
virus infection (6). 

Human monocytes as well as monocytic 
cell lines can be infected with HIV- 1 (5) and 
these cells have the CD4 receptor (7). Nev- 
ertheless, it is possible that the CD4 mole- 
cule is not the only binding site for virus 
entry. Some glial cells are susceptible to 
HIV-1 infection but do not appear to ex- 
press CD4 (8). I t  has been demonstrated 
that HIV-1 penetrates T cells via direct 
fusion with the plasma membrane (9), but 
this may not be the sole mechanism of HIV- 
1 entry into monocytes. Theoretically, HIV- 
1 might enter mononuclear phagocytes by 
three mechanisms: (i) nonspecific phagocy- 
tosis, (ii) CD4-mediated binding of HIV- 1 
to the cell membrane and subsequent fusion, 

and (iii) receptor-mediated endocytosis of 
antibodies to HIV- 1 complexed with HIV- 
1, that is, antibody-dependent virus entry 
via Fc receptors (FcR) for immunoglobulin 
G (IgG) or complement 3b (C3b) receptors 
(CR1). Antibody-dependent enhancement 
of infection occurs in other virus systems, 
such as in flavivirus infections (10-12). This 
opsonic phenomenon occurs when FcR- 
bearing cells are infected with virus in the 
presence of antibodies at subneutralizing 
concentrations. We show here that HIV-1 
entry into monocytic cells is mediated by the 
FcR for IgG, which indicates that FcR- 
bearing cells have a role in the pathogenesis 
of immunodeficiency in HIV- 1 infections. 

Three classes of FcR for IgG have been 
charaterized on human cells-(13). Mono- 
cytes bear two of the three: FcRI and FcRII, 
which are the high- and low-affinity recep- 
tors, respectively, for human IgGl or IgG3. 
In these experiments we used the human 
histiocytic lymphoma-derived cell line 
U937, which has monocyte characteristics 
and bears FcRI, FcRII, and CD4 receptors 
(14). Serum samples tested were obtained 
from patients with HIV-1 infection (Walter 
Reed stages I or 11) (15) who were seroposi- 
tive for HIV- 1 as determined by the immu- 
noblot technique. Serum samples from 
healthy blood donors without antibodies to 
HIV- 1 were also used. The H9lHTLV-IIIB 
cell line (16) was grown in RPMI 1640 
medium supplemented with 20% fetal bo- 
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formation in 50% of eight replicate cultures 
per dilution. Infection of U937 cells was 
monitored for HIV-1 antigen-positive cells 
in an indirect immunofluorescene assay by 
microscopy and for p24 antigen in culture 
supernatants with an HIV-1 capture en- 
zyme-linked immunosorbent assay (ELISA) 
(Du Pont) (18). 

Cells that were HIV-1 antigen positive 
were first detected on day 5. The number of 
infected cells increased rapidly between days 
7 and 10, when all cells became infected 
(Fig. 1A). The percentage of immunofluo- 
rescence-positive cells depended on the con- 
centrations of antiserum mixed with virus 
before the cells were inoculated. The diversi- 
ty probably is the result of the differences in 
the number of cells originally infected at 
inoculation with a low multiplicity of infec- 
tion (MOI) of 0.01 and subsequent dissem- 
ination of HIV-1. From days 5 to 10, the 
percentage of immunofluorescence-positive 
cells infected with HIV- 1 in the presence of 
a low dilution of antiserum was significantly 
lower than for the cells infected with virus 
alone, suggesting the effect of neutralizing 
antibodies. In contrast, the percentage of 
cells infected with HIV-1 in the presence of 
high dilutions of antiserum signl;ficantly ex- 
ceeded the percentage of cells infected by 
virus alone. 

A study of the kinetics of the release of 
p24 into the supernatants of U937 cell 
cultures showed that antigen was first de- 
tected in supernatants onhays 2 to 3; the 
yield increased in a logarithmic manner 
(Fig. 1B). These kinetics were compatible 
with the results of the immunofluorescence 
analysis. On days 7 to 9, the amount of p24 
produced by virus preincubated with a low 
dilution of antibody was significantly lower 
than virus alone, implying a neutralizing 
effect. The production of p24 by cells infect- 
ed with virus mixed with high dilutions of 
serum were significantly higher, and indicat- 
ed enhancement of infection in the presence 
of antiserum beyond the neutralization end 
point. It was conceivable that binding of 
immune complexes to FcR may have stimu- 
lated cell growth nonspecifically, and this 
could result in an increase in virus replica- 
tion. However, the number of viable cells 
(Fig. 1C) eliminates this possibility because 
cell growth at high serum dilutions that 
enhanced infection was comparatively low. 

We next determined virus yields in the 
supernatants on days 7 or 8, and examined 
normal sera as well as several other sera with 
antibodies to HIV- 1 for enhancement activ- 
ity (Table 1). Antibody-negative sera did 
not affect virus yields and did not enhance 
virus infection; however, four of five anti- 
body-positive sera showed enhancement ac- 
tivity at the higher serum dilutions, between 
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and ranging from 1.5 to 2.2 as 
well as demonstrating neutralizing activity 
at lower dilutions. In one of the sera, no 
enhancement was detected even at hrther 
dilutions although remarkable neutralizing 
activity was observed at lower dilutions. 

To determine whether FcR are responsi- 
ble for the enhancement of infection ;n the 
presence of antibodies, we attempted to 
block FcR with heat-aggregated normal hu- 
man y-globulin (AHG), which is a high- 
affinity ligand for FcR (19) (Table 2). As 
expected, after mixing with antibody-posi- 
tive serum, virus yields were approximately 
doubled, but the addition of AHG resulted 
in yields similar to those of the control, that 
is, HIV-1 plus AHG without antisera. 
These observations strongly suggest that 

HIV-1 complexed with HIV-1 antibody 
enters mononuclear phagocytes via FcR, in 
the absence of complement. We also tested 
the effects of purified IgG and IgG-F(abt)z 
obtained from serum that was HIV-1 anti- 
body positive (20) and found that the IgG 
antibody to HIV-1 neutralized the virus at 
low dilution and enhanced HIV- 1 infection 
at serum dilution equivalents from 
through lop6 (Table 3).  In contrast, IgG- 
F(abt)* did not enhance HIV-1 infection at 
any dilution and possessed neutralizing ac- 
tivity to HIV-1. The neutralization seen at 
low IgG dilutions may be a combination of 
neutralizing activity and enhancing activity. 
Thus, the enhancement of HIV-1 infection 
is mediated by IgG and requires the Fc 
portion of IgG. 

Infection enhancement mediated by anti- 
body has been described for a number of 
flaviviruses including dengue virus, West 
Nile virus, yellow fever virus, and Japanese 
encephalitis virus, as well as alphavirus, pox- 
virus, bunyavirus, reovirus, rhabdovirus, 
lactic dehydrogenase virus, and influenza 
virus in vitro (10, 21). The observation of 
enhanced viremia during dengue virus infec- 
tion of rhesus monkeys after administration 
of antibodies and epidemiological studies in 
which higher rates of severe dengue virus 
infections were found in children who had 
been previously infected with dengue virus 
support an in vivo role for immune enhance- 
ment (22). 

It is important to compare the enhance- 
ment of infection we now report for HIV-1 

Fig. 1. (A) Kinetics of HIV-1 
antigen-positive cells in cul- 
tures of U937 cells. An HIV- 
1 inoculum (1 ml) containing 
1 x lo4 TCIDSO in RPMI 
1640 medium and 2% FBS 
was mixed with a 1-ml por- 
tion of heat-inactivated (56°C 
for 30 min) HIV-1 antibody- 
positive serum serially diluted 
tenfold from lo-' to in 
RPMI 1640 medium and in- 
cubated for 2 hours at 4°C. 

Days  Days  These virus-serum mixtures 
were then incubated for 2 

c hours at 37°C with 1 x lo6 U937 cells. The infected U937 cells were washed three 
AO times and resuspended in 5 ml of RPMI 1640 medium supplemented with 10% FBS, 

10 mM Hepes buffer, 2 mM L-glutamine, 100 U/ml of penicillin, and 100 kg/ml of 

-- 
Unifected streptomycin and then cultured in 25-cm2 plastic flasks. On day 3, 5 ml of the same 

medium was added to the culture and on days 5, 7, and 9, 5 ml of medium was 
U937 cells replaced with fresh medium. Cytoplasmic H N - 1  antigen was detected by an indirect 

irnmunofluorescence assay; a 1:200 dilution of a human serum with antibodies to 
HIV-1 confirmed by immunoblot was used for the first antibody and fluorescein 
isothiocyanate-conjugated F(ab')z fragment of goat antibody to human IgG (Cap- 
pel) was used for the second antibody. Statistically, curve A1 was significantly lower 
than curve A0 (P < 0.05 by use of analysis of variance and the Bonferroni method of 
multiple comparisons). Curves A5 and A6 were significantly higher than curve A0 
( P  < 0.005). (B) Kinetics of H N -  1 antigen (p24) production by U937 cell cultures. 
Data represent the means of three values, which were analyzed for statistical 
significance by analysis of variance and Scheffe's method of multiple comparisons. On 
day 7, virus yields were Al,  8.0 rt 0.5 and A2, 29.3 rt 2.9<AO 38.0 rt 3.0 
(P < 0.005); A4, 57.7 ? 4.0, A5, 98.0 rt 4.0, and A6, 87.3 rt 11.0 > A0 
(P < 0.005). On day 8, virus yields were Al,  37.7 rt 5.0 < AO, 117.3 rt 10.1 
(P < 0.005); A4, 190.0 * 14.7, A5, 228.7 rt 7.8, and A6, 254.3 rt 11.6 > A0 

o 5 7 8 9 1 0  (P < 0.005). (C) Kinetics of the viable cell numbers in cultures of infected U937 cells 
Days represented by percent ratio to control culture of uninfected U937 cells. 
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to that reported for flaviviruses such as 
dengue. Dengue virus yields are reported to 
be enhanced from 2- to 10,000-fold in the 
presence of antibodies, depending on the 
strain of virus, cell type, and antibody used 
(10). In experiments that were performed in 
our laboratory with dengue virus and anti- 
body in U937 cells, we found from a four- 
to tenfold enhancement of infection by anti- 
body similar to those reported here with 
HIV-1 (23) .  One of the important differ- 
ences between dengue and HIV- 1 infections 
in vivo is that dengue is an acute illness that 
lasts from several days to weeks, whereas 

HIV-1 infections are chronic and progres- 
sive. Thus, although antibody-enhanced in- 
fection of dengue virus may result in a 
greater yield of progeny virus compared to 
HIV-1 in short-term in vitro assays, the 
chronic, progressive nature of HIV-1 infec- 
tions suggests that multiple, ongoing cycles 
of infection occur in vivo amplified by en- 
hanced infection. 

The complete mechanism of FcR-mediat- 
ed infection of cells by viruses has not been 
elucidated. Antibody-opsonized West Nile 
virus was reported to have increased binding 
to the cell surface and appeared to be inter- 

nalized via receptor-mediated endocytosis 
(24). The following entry pathway of HIV- 
1 antibody complexes may be postulated 
from receptor-mediated endocytosis charac- 
terized for some enveloped viruses (25); the 
antibody-opsonized HIV-1 particles that are 
bound to FcR on the cell surface are inter- 
nalized and enter the endosome, where the 
receptor-ligand complex dissociates at low 
pH and virus may penetrate into the cytosol. 

Recently enhancement of HIV-1 infec- 
tion of a transformed T cell line was report- 
ed with the use of serum factors and was 
suggested to be complement-mediated (26) .  

Table 1. Infection enhancement activity in HIV-1 seropositive sera. The protocol was as in Fig. 1. Results were obtained from five separate experiments. 
Each of the experiments was carried out with antibody-negative normal human sera as well as antibody-positive sera, and the culture supernatants were 
harvested for p24 assays on days 7 or 8. The numbers in parentheses show the enhancement index as compared to the control of HIV-1 alone. The results of 
the normal serum are those of a representative serum that was one of the five tested antibody-negative sera. This normal serum at serial dilutions did not affect 
virus yields. Enhancement indices for this normal control serum were 0.95 * 0.059 (mean t SD) and the 95% confidence limits of the index values were 
0.83 to 1.06. The other four normal sera also did not enhance virus yields, and those limits were less than 1.20; accordingly an enhancement index exceeding 
1.20 was regarded as positive. The bold-faced numbers indicate positive enhancement. Four offive antibody-positive sera showed enhancement activity at the 
higher serum dilutions. In experiments not presented, antibody-positive sera, but not antibody-negative sera, reproducibly enhanced infection. 
-- - 

HIV + ~ 2 4  (nglml) 

serum Normal HIV- 1 seropositive sera 
concentration serum 1 2 3 4 5 

*HIV alone. tPeak level of enhancement. 

Table 2. Effect of blocking of FcR on enhance- 
ment of HIV-1 infection. One milliliter of an 
HIV- 1 inoculum containing 1 x lo4 TCIDSo was 
mixed with 1 ml of RPMI 1640 medium or with 
1 ml of heat-inactivated antibody-positive serum 
diluted 1 : lo5 in RPMI 1640 medium and incu- 
bated for 2 hours at 4°C. These mixtures were 
then incubated for 2 hours at 37°C with 1 x lo6 
U937 cells in the presence or absence of heat- 
aggregated normal human y-globulin (AHG) (1 
mglml). AHG was prepared by heating human y 
globulin fraction I1 (Sigma) (50 mglml) in phos- 
phate-buffered saline for 20 min at 63°C and 
centrifugation for 30 min at 1000g. After being 
washed and subsequently incubated as described 
above, the culture supernatants were harvested on 
day 7 for determination of virus yields by p24 
ELISA. The results are expressed as mean t SD 
of two values, and nvo-way analysis of variance 
was used. HIV-1 infection was significantly 
(P < 0.005) enhanced by the diluted antibody- 
positive serum compared with virus alone, where- 
as AHG significantly (P < 0.005) suppressed the 
enhancing effect of the serum to the same level as 
the control of HIV-1 plus AHG. 

Treatment p24 (%Id)  

HIV 65.2 + 0.1 
HIV + antiserum (lo-5) 133.4 t 14.7 
HIV + AHG (1 mglml) 80.7 1.8 
HIV + antiserum + AHG 81.1 * 4.4 

Table 3. Infection enhancement activity in IgG and F(ab')2 from HIV-1 seropositive serum. The 
purified IgG and IgG-F(ab')2 were serially diluted in phosphate-buffered saline at serum dilution 
equilvalents from lo-' through The estimates of serum dilution equivalents were made on a 
weight basis and the estimate does not change appreciably if based on a molar basis. Each of these 
dilutions (1 ml) was mixed with an HIV-1 inoculum (1 ml) containing 1 x lo4 TCID50, and incubated 
for 2 hours at 4°C. One million U937 cells were incubated with these mixtures, washed, and then 
incubated as described before. Culture supernatants were harvested on day 7 for determination of p24. 
Results are expressed as the mean t SD of two values. The numbers in parentheses show the 
enhancement index compared to the control of HIV-1 alone. HIV-1 infection was significantly 
enhanced by the presence of IgG antibody to HIV-1 diluted at serum equivalents from to as 
compared with the absence of IgG (P < 0.01 to P < 0.005 by analysis ofvariance and Scheffe's method 
of multiple comparisons), and IgG at and 10-3.5 significantly reduced virus yields (P < 0.005). In 
contrast, F(ab')2 did not enhance HIV-1 infection at any dilution but suppressed virus yields at 
dilutions up to loM5 (P < 0.01 to P < 0.005). The virus titers contained in samples from cells exposed 
to HIV-1 alone and after mixing with IgG at the dilution were 160 and 640 TCID50 of HIV-1, 
respectively. The serum dilution equivalent is based on the original concentration of IgG in this serum, 
which was 15 mglml; therefore, the dilution equivalent represents a 1: 10,000 dilution of 15 mg 
of either IgG or F(abf)* per milliliter of serum. 

Serum 
dilution 

p24 

equivalent* IgG F(ab1)2 

*HW alone, tPeak enhancement. 
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Those observations are different from our 
results for which we used FcR-bearing 
monocytic cells and heat-stable IgG anti- 
bodies to HIV-1. 

The presence of enhancing antibodies in 
the sera of individuals infected with HIV-1 
indicates an immunological respone to HIV 
that may facilitate HIV- 1 infection, instead 
of protecting the host. Conceptually such 
infection-enhancing antibodies may be more 
effective when neutralizing antibodies are 
absent or consumed by virus excess. Epide- 
miological investigations of the relation be- 
tween enhancing and neutralizing antibod- 
ies and the clinical outcome of HIV- 1 infec- 
tion may determine the role of these anti- 
bodies in the progression of the infection. 
The presence of enhancing antibodies in 
HIV- 1 infections will require careful consid- 
eration concerning the development of ap- 
propriate HIV vaccines. Further studies will 
be necessary to characterize the enhancing 
antibodies, including analysis of the isotypic 
distribution. the relevant class of FcR. and 
their relation to neutralizing antibodies and 
to the antibodies involved in lysis of virus- 
infected cells. It is particularly important to 
identify the immunogenic epitopes that re- 
act with the enhancing antibodies. 

REFERENCES AND NOTES 

1. A. G. Dalgleish et at., Nature 312, 763 (1984); D. 
Klatzmann et at., ibid., p. 767; D. Klaamann et at., 
Science 225, 59 (1984); A. S. Fauci et al., Ann. 
Intern. Med. 102, 800 (1985). 

2. M. E. Harper et al., Proc. Natl. Acad. Sci. U . S . A .  83, 
772 (1986). 

3. F. Gyorkey, J. L. Mehick, P. Gyorkey, J .  Infect. Dis. 
155, 870 (1987). 

4. J. A. Armstrong and R. Horne, Lancet ii, 370 
(1984); K. Tenner-Racz el al., ibid, i, 105 (1985). 

5. J. A. Levy et al., Virology 147, 441 (1985); D. D. 
Ho  et at., J. Clin. Invest. 77, 1712 (1986); J. K. A. 
Nicholson et al., J. Immunol. 137, 323 (1986); S. Z. 
Salahuddin et al., Blood 68, 281 (1986). 

6. 0. Narayan et at., J. Gen. Virol. 59, 345 (1982). 
7. G. S. Wood, N. L. Warner, R. A. Warnke, J. 

Immunol. 131, 212 (1983); S. J. Stewart, J. Fuji- 
moto, R. Levy, ibid. 136, 3773 (1986). 

8. F. Chiodi, S. Fuerstenberg, M. Gidlund, B. Asjo, F. 
M. Fenyo, J. Virol. 61, 1244 (1987); C. Cheng- 
Mayer et al., Proc. Natl. Acad. Sci. U . S . A .  84, 3526 
(1987). 

9. B. S. Stein et al., Cell 49, 639 (1987). 
10. S. B. Halstead and E. J. O'Rourke, J .  Exp. Med. 

146,201 (1977); , Nature 265, 739 (1977); 
W. E. Brandt et al., Infect. Immun. 26, 534 (1979); 
C. C. Dauehadav et al.. ibid. 32. 469 11981). 

11. J. J. ~chlezn~er 'and M. W. ~rkdr i s ; ,  J .  ~hmunol.  
127, 659 (1981). 

12. J. S. M. Peiris and J. S. Porterfield, Nature 282, 509 
(1979); J. S. M. Peiris et al., ibid. 289, 189 (1981). 

13. C. L. knderson and R. J. Looney. Immunol. Today 7 .  , . . . 
264 (1986). 

14. C. Sundstrom and K. Nilsson, Int. J. Cancer 17, 565 
(1976); R. J. Looney, G. N. Abraham, C. L. 
Anderson, J. Immunol. 136, 1641 (1986). 

15. R. R. Redfield et al., N .  Engl. J .  Med. 314, 131 
(1986). 

16. R. C. Gallo el at., Science 224, 500 (1984). 
17. S. 2. Salahuddin et al., Virology 129, 51 (1983). 
18. J. S. McDougal et at., J. Immunol. Methods 76, 171 

(1985). 
19. D. M. Segal and E. Hunvia, J .  Immunol. 118, 1338 

(1977). 

20. IgG was fractionated from the H N - 1  antibody- 
positive serum on a sucrose density gradient, ascer- 
tained for contamination, and quantitated by radial 
immunodiffusion and nephelometty by the use of 
antibodies to Fc (Beckman). F(abf)z was prepared 
by pepsin digestion from the IgG fraction of the 
s k e  serum that was obtained by DEAE-cellulose 
chromatography (Whatman) and then separated by 
Sephadex G-200 gel filtration (Pharmacia). A trace 
of remaining intact IgG was removed by Protein A- 
Sepharose CL-4B column (Pharmacia). The protein 
content of the purified IgG and F(ab1)2 was mea- 
sured by the dye-binding method. The purity of the 
F(ab')2 was determined by SDS-polyacrylamide gel 
electrophoresis (PAGE) and nephelometry. 

21. S. R. Halstead, Science 239, 476 (1988); H. Ochiai 
et at., J ,  Virol. 62, 20 (1988). 

22. S. B. Halstead, H. Shomvell, J. Casals, J. Infect. Dis. 

140, 527 (1979); S. B. Halstead, Am. J. Epidemiol. 
114,632 (1981). 

23. U. Kontny et al., J. Virol., in press. 
24. S. W. Gollins and J. S. Porterfield, j. Gen. Virol. 65, 

1261 (1984); , ibid. 66, 1969 (1985). 
25. A. Helenius et al., J .  Cell Biol. 84, 404 (1980); M. 

Marsh, Biochem. J .  218, 1 (1984). 
26. W. E. Robinson et al., Lancet i, 790 (1988). 
27. We thank R. R. Redfield for a sample of H N - 1  

antibody-positive serum; R. C. Gallo for providing 
H9iKIZV-IIIB and C8166 cell lines; U. Konmy and 
1. Kurane for discussions; R. A. Lew for statistical 
analysis; and N. Novak, L. Schmidt, and A. Leporati 
for technical assistance. Supported by research grants 
MH-R01-AI24750, NIH-U01-AI26458, DAMD- 
C-6279, and NIH-T32-AI07272. 

13 June 1988; accepted 14 September 1988 

Mineralocorticoid Action: Target Tissue Specificity 
Is Enzyme, Not Receptor, Mediated 

Mineralocorticoid receptors, both when in tissue extracts and when recombinant- 
derived, have equal &ty for the physiological mineralocorticoid aldosterone and for 
the glucocorticoids cortisol and corticosterone, which circulate at much higher 
concentrations than aldosterone. Such receptors are found in physiological min- 
eralocorticoid target tissues (kidney, parotid, and colon) and in nontarget tissues such 
as hippocampus and heart. In mineralocorticoid target tissues the receptors are 
selective for aldosterone in vivo because of the presence of the enzyme llp-hydroxy- 
steroid dehydrogenase, which converts cortisol and corticosterone, but not aldoster- 
one, to their 11-keto analogs. These analogs cannot bind to mineralcorticoid receptors. 

T HE ADRENAL CORTEX IS THE ONLY 
source of physiological glucocorti- 
coids (cortisol and corticosterone) 

and mineralocorticoids (aldosterone). Clas- 
sically, glucocorticoid receptors have been 
studied by determining the binding of the 
synthetic radiolabeled ligands, [3H]dexa- 
methasone and [3~]triamcinolone aceto- 
nide, because these ligands have both high 
affinity for receptors and low affinity for 
transcortin, the plasma corticosteroid bind- 
ing globulin. High-affinity sites that bind 
[3~]aldosterone, the physiological min- 
eralocorticoid. occur in a wide varietv of 
tissues-both classical mineralocorticoid tar- 
get tissues (for example, kidney, parotid, 
and colon) and others (for example, hippo- 
campus and heart) (I) .  These sites, in the 
absence of transcortin, show equal affinity in 
cytosol preparations for aldosterone, corti- 
sol, and corticosterone (the physiological 
glucocorticoid in mice and rats) and have 
been termed type I receptors, to distinguish 
them from type I1 classical dexamethasone- 
binding glucocorticoid rece tors. In vivo, I: however, whereas injected [ Hlcorticoster- 
one and [3~]aldosterone are similarly taken 
up and retained in the hippocampus and 

heart, the classical mineralocorticoid target 
tissues are selective for aldosterone and 
show little [3~]corticosterone binding (2). 
The recombinant human renal mineralocor- 
ticoid receptor has been expressed and its 
binding specificity determined; just as for 
cytosol receptors, the human mineralocor- 
ticoid receptor in vitro has equal affinity for 
aldosterone, corticosterone, and cortisol (3). 
Given this equal receptor affinity and the 
much higher circulating levels of cortisol or 
corticosterone than aldosterone, additional 
mechanisms must operate to allow selective 
mineralocorticoid action in mineralocor- 
ticoid target tissues. From our studies (2) 
comparing in vivo with in vitro binding of 
[3~]aldosterone and [3~]corticosterone, it 
appears that this selectivity is the result of 
the exclusion of injected [3~]corticosterone 
from receptors in mineralocorticoid target 
tissues. 

Stewart et al.  have proposed (4) a mecha- 
nism to account for the hypertension and 
Na' retention in patients with the syndrome 
of apparent mineralocorticoid excess, a syn- 
drome associated with the congenital ab- 
sence of the enzyme llp-hydroxysteroid 
dehydrogenase (5 ) .  These patients are un- 
able to convert cortisol to cortisone in their 

Medical Research Centre, Prince Henry's Hospital, St. kidneys; therefore they have much higher 
Kilda Road, Melbourne, Australia 3004. than normal ratios of urinary cortisol to 
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