
Identification of Envelope V3 Loop as the 
Major Determinant of CD4 Neutralization 

Sensitivity of HIV-1 

10-fold (BaL, SF162) to -100-fold (JR-FL) 
higher resistance to sCD4 neutralization 
(Table 1). We therefore conclude. on the 
basis of this limited sample, that ~ T - t r o ~ i c  
HIV-1 strains amear to be sienificantlv . . - 
more resistant to sCD4 neutralization than 

Stephen S. Hwang, Terence J. Boyle, H. Kim Lyerly, are T-tropic HIV-1 isolates. In addition, we 

Bryan R. Cullen* conclude that MT-tropic isolates can dis- 
play either moderate (BaL, SF162) or high 

Laboratory isolates of human immunodeficiency virus type-1 (HIV-1) such as HTLV-IIIB (JR-FL) resistance to sCD4 neutralizations. 
are generally T cell line-tropic and highly sensitive to neutralization by soluble CD4 (sCD4), These differences are revealed in Fig. 1 A, 
a potential antiviral agent that is undergoing clinical trial. However, many primary HIV-1 which compares the sCD4 neutralization 
isolates are macrophage-tropic and sCD4-resistant. Envelope V3 loop sequences derived profiles of the HTLV-IIIB, BaL, and JR-FL 
from primary HIV-1 isolates were sufficient to confer on HTLV-IIIB not only the tissue strains. 
tropism but also the degree of sCD4 neutralization resistance characteristic of their HIV-1 The V3 loop of the gp120 envelope 
strains of origin. Single amino acid changes in the V3 loop enhanced sCD4 resistance by protein is a disulfide-bonded protein do- 
up to tenfold. These observations suggest that the tissue tropism and sCD4 neutralization main of -35 amino acids that serves as the 
sensitivity of HIV-1 isolates are regulated by similar mechanisms. primary neutralization determinant of 

HIV-1 (12) and as the major determinant 
of HIV-1 cell tropism (7-9, 13). Mutation 
of the V3 loop or blockade by monoclonal 

T h e  human membrane glycoprotein CD4, grown (10) and titered (1 1 ) on activated antibodies specific to V3 has no detectable 
found on the surface of helper T cells and human peripheral blood lymphocytes (PBLs) effect on binding to CD4 but efficiently 
cells of the monocyte-macrophage lineage, (10) and used a similar challenge dose. All blocks the fusion of HIV-1 with susceptible 
is the primary receptor for HIV-1 (1 ). assays were performed on human PBLs as CD4+ cells (14). 
Several groups have reported that soluble, these are fully permissive for both T-tropic We have described a T-tropic HIV-1 
recombinant forms of CD4 can block the and MT-tropic HIV-1 isolates ( 6 9 ) .  proviral clone, pIIIB, that contains a mod- 
replication of diverse strains of HIV-1 in As we predicted, the T-tropic HIV-1 ified form of the replication-competent 
culture, presumably by competing with cell- laboratory isolates HTLV-IIIB and SF2 HXB-3 provirus derived from the HTLV- 
surface CD4 for binding to the gp120 com- were highly sensitive to neutralization by IIIB isolate (7). We have also described 
ponent of envelope (2). The sCD4 can also sCD4 (Table 1). In contrast, the MT- two MT-tropic derivatives of pIIIB that 
protect chimpanzees against experimental tropic isolates displayed an approximately contain either the entire envelope gene of 
infection with HIV-1 (3). These observa- 
tions have encouraged the initiation of 

of sCD4 in HIV-l-infected Table 1. Relative sCD4 neutralization sensitivity of HIV-1 isolates and proviral clones. We performed 
individuals (4). assays of the in vitro sensitivity of HIV-1 to neutralization by sCD4 essentially as described (5, 26). 

It has been reported that low concentra- Virus stocks (10) derived from the indicated HIV-1 proviral clones or isolates were first titrated (1 1) 

tions of s ~ ~ 4  (< 1 ,,g/ml) that can effi- and then diluted to 1250 TCID,, per milliliter of medium. Total concentrations of HIV-1 virions per 

cient.y neutralize laboratory isolates of milliliter were assessed by measurement of p24 Gag concentrations. We prepared a threefold 
dilution series of recombinant sCD4 extending from 1000 pglml to 0.46 pglml and then diluted each 

are to inhibit concentration 1 to 10 into 450 pI of each viral stock. After the virus and sCD4 stocks were mixed, 
the of primary HIV-l the mixtures were incubated at 37°C for 30 min before addition to 2 x l o 6  phytohemagglutinin- 
isolates (5). The majority of H!V-1 primary stimulated PBLs. Forty-eight hours after infection, the PBL cultures were centrifuged, washed, and 
isolates are tropic for macrophages, whereas supplemented with sufficient activated PBLs from the same donor to give 2 x l o 6  cells per milliliter 
laboratory isolates have been selected for in 10 ml of fresh medium. At approximately 5 days after infection, supernatant media were sampled 

efficient replication on transformed T cell and p24 Gag concentrations determined by a quantitative enzyme-linked immunosorbent assay 
(DuPont Biotechnology). For each virus stock, we calculated the percentage reduction in p24 Gag 

lines (6)-  We wished examine whether expression relative to untreated controls observed for each concentration of sCD4. Representative 
this was indeed sCD4 neutralization profiles are given in Fig. 1. The sCD4 dose that inhibited p24 Gag expression 
and whether these two properties were by 50% (ID,,) is indicated for each of two separate experiments (Exp) in which different PBL donors 
functionally linked. We therefore measured were used. Additional experiments yielded comparable results (16). The tissue tropism of each 
the sensitivity of two distinct T cell line HIV-1 proviral clone or isolate has been reported (7-9) with the exception of pIIIBIV3JR-FL, which 

(T)-tropic isolates of HIV-1 (HTLV-IIIB determined as described ('). 

and SF2) and three diverse macrophage 
(MT) -tropic isolates (BaL, JR-FL, and Input virus sCD4 ID,, (pglml) 

SF162) (7-9) to neutralization by a range TClD (per P24 
Tropism 

of concentrations of recombinant sCD4 milliliter) Exp 1 Exp 2 (nglml) 
(Table I). All neutralization assays were 
performed with viral stocks that had been HIV- 1 molecular clones 

plllB 1250 10.8 0.4 0.12 T 
S. S. Hwang, Department of Microbiology and Immu- pBaL 1250 6.9 3.0 1.5 MT 
nology, Duke University Medical Center, Durham, NC plllBIV3-BaL 1250 4.0 4.0 2.8 MT 
2771 0. plllBIV3JR-FL 1250 7.0 2 1 36 MT 
T. J. Boyle and H. K. Lyerly, Department of Surgery, HIV- 1 isolates 
Duke University Medical Center, Durham, NC 27710. ~ ~ ~ v - 1 1 1 ~  1250 8.3 0.5 0.23 T 
B. R. Cullen, Howard Hughes Medical Institute, Sec- B ~ L  1250 5.6 5.0 1.9 
tion of Genetics, and Department of Microbiology and JR-FL 

MT 

Immunology, Duke University Medical Center, Dur- 1250 11.2 22 21 MT 

ham, NC 27710. SF2 1250 15.1 0.4 0.1 T 
SF1 62 1250 8.3 8.0 4.0 MT 

*To whom correspondence should be addressed. 

SCIENCE VOL. 257 24 JULY 1992 535 



I 
0.01 0.1 1 10 100 

sCD4 (pglml) 

Fig. 1. Concentration-dependent neutralization 
of distinct HIV-1 isolates (A) or proviral clones 
(B) of HIV-1 by sCD4. The percentage of inhi- 
bition of HIV-1 replication induced by the indi- 
cated concentrations of recombinant sCD4 was 
determined as described in Table 1 

BaL (pBaL) or only the V3 loop of BaL 
(pIIIBIV3-BaL) substituted into the IIIB 
context (7). A virus stock derived from the 
pIIIB provirus displayed an sCD4 neutral- 
ization profile comparable to that observed 
with the HTLV-IIIB isolate (Table 1 and 
Fig. 1). Because CD4 is believed to interact 
exclusively with the viral envelope protein 
( I ) ,  we predicted that substitution of the 
BaL envelope gene, in pBaL, would result 
in the approximately tenfold higher resis- 
tance to sCD4 characteristic of this isolate 
(Table 1 and Fig. IB). Substitution of only 
the V3 loop of BaL in pIIIBIV3-BaL also 
conferred an sCD4 neutralization profile 
similar to that seen with either the BaL 
isolate or the pBaL proviral clone. There- 
fore, the V3 loop of BaL is sufficient to 
confer not only the MT tropism (7) but 
also the CD4 resistance of the BaL isolate 
on this HTLV-IIIEMerived proviral cone. 

As shown in Table 1 and Fig. IA, the 
MT-tropic JR-FL isolate of HIV-1 is ap- 
proximately tenfold more resistant to sCD4 
than is the BaL isolate. However, the 35- 
amino acid V3 loop of JR-FL differs at only 
one amino acid residue from that observed 
in BaL (the BaL sequence is GPGRALYT; 
the JR-FL sequence is GPGRAFYT) (7, 8, 
15). Modification of this amino acid in the 
PIIIB/V~-B~L context to give pIIIBIV3- 
JR-FL led to an sCD4 neutralization profile 
(Fig. 1B) and median inhibitory dose (ID,,) 
(Table 1) that were indistinguishable from 
those observed with the JR-FL isolate but 

distinct from those observed for the pBaL 
and pIIIBN3-BaL proviral clones. As we 
expected, the pIIIBN3-JR-FL provirus 
continued to display an MT-tropic pheno- 
type in culture (16). Experiments with 
pIIIB derivatives that contained the V3 
loop of the sCD4-resistant isolate SF162 
(pIIIBIV3-SF162) or the sCD4-sensitive 
isolate SF2 (pIIIBIV3-SF2) indicate that 
these observations may be a pattern. In 
~articular, we observed the pIIIBIV3- 
SF162 provirus to be resistant to sCD4 
(ID,, = 10 to 20 pglml) and MT-tropic. In 
contrast, the pIIIBN3-SF2 provirus dis- 
played a high degree of sensitivity to sCD4 
(ID,, r 0.1 pglml) and a preferential 
tropism for transformed T cells (1 6).  

It could be hypothesized that MT-tropic 
isolates of HIV-1 are resistant to sCD4 
neutralization because they are able to in- 
fect cells by means of an alternate receptor. 
However, it has been demonstrated that 
treatment of target cells with a monoclonal 
antibody to CD4 (Leu3A) effectively blocks 
infection by both T-tropic and MT-tropic 
HIV-1 isolates (Id),  and we have con- 
firmed this result (1 7). Differences in sCD4 
sensitivity also do not result from strain- 
specific differences in the ratio of infectious 
to total HIV-1 particles; this latter value, as 
measured by p24 Gag concentration, varied 
only slightly between the different viral 
stocks used in these assays (Table 1). Final- 
ly, we note that all viral stocks were pre- 
pared by passage in human PBLs and these 
differences cannot therefore result from dif- 
ferences in the cellular origin of virions. 

The direct interaction of CD4 with the 
HIV-1 envelope protein induces one or more 
conformational changes that increase the 
accessibility of the V3 loop to antibodies and 
proteases and that also expose epitopes on 
the gp41 component of the envelope, which 
may include the hydrophobic NH,-terminal 
domain (1 8 ) .  This ordered conformational 
change has been proposed (18) to form a 
critically important step in the fusion of the 
HIV-1 virion with the target cell membrane, 
a process that remains poorly understood. It 
is becoming clear that the envelope V3 loop 
is not merely a passive participant in this 
process but instead forms a key regulatory 
component. Thus, inactivation of the V3 
loop can preclude viral fusion but does not 
inhibit binding to either soluble or cell- 
surface CD4 (14). The sequence of the V3 
loop has been shown to determine the pat- 
tern of HIV-1 tissue tropism, and this regu- 
lation is also believed to be entirely at the 
level of viral entry (7-9, 13, 19). Here, we 
demonstrate that the resistance of HIV-1 
virions to sCD4 neutralization is also largely 
determined by the sequence of the V3 loop. 
Although our data do not suffice to prove a 
mechanistic connection between HIV-1 cell 
tropism and sCD4 sensitivity, they do dem- 

onstrate that these attributes are tightly 
linked. 

The relative resistance of HIV-1 isolates 
to sCD4 neutralization does not correlate 
with differences in the intrinsic affinity of 
the viral envelope proteins for sCD4 (20). 
It is hvoothesized that the conformational 

r .  

change undergone by gp120 subsequent to 
sCD4 binding can result in the removal of 
gp120 from the virions of sensitive isolates 
(2 1 ). V3 loop sequences might therefore 
modulate resistance to sCD4 by altering the 
nature of these conformational changes or 
by affecting the stability of the gp120-gp41 
interaction. Similarly, differences in viral 
tropism might also result from V3 loop- 
regulated differences in the conformational 
change of envelope subsequent to binding 
to cell-surface CD4. These distinct confor- 
mational states could affect fusion by regu- 
lating the access of different domains of 
envelope to secondary cell-surface receptors 
or proteases (7-9, 22). However, the mo- 
lecular basis for the determination of HIV-1 
tropism and sCD4 resistance and the con- 
nection between these two properties re- 
main unclear. 

The V3 loop sequence of the JR-FL 
isolate is identical to the statistically prev- 
alent or consensus V3 loop sequence de- 
rived from analysis of 245 distinct HIV-1 
isolates (7, 8, 23 ) . This correlation suggests 
that the tissue tropism and relative sCD4 
resistance that are characteristic of JR-FL 
will also be prevalent among primary HIV- 1 
isolates. Analyses of HIV-1 isolates ob- 
tained from patients during the long asymp- 
tomatic period confirm the predominance 
of MT tropism (6, 24). However, more 
pathogenic T-tropic isolates of HIV-1 in- 
crease in prevalence during the later, symp- 
tomatic phases of this disease (24), and 
T-tropic isolates may also play a critical role 
during the initial, acute infection with 
HIV-1 (25). The data presented here sug- 
gest the treatment with sCD4 would be 
likely to selectively suppress the replication 
of these T-tropic variants. If the appearance 
of such T-tropic HIV-1 strains does contrib- 
ute to disease progression in vivo, as has 
been suggested (24), then sCD4 might 
prove clinically useful despite its relative 
ineffectiveness against the more prevalent 
MT-tropic HIV-1 isolates. 

Note added in proof: O'Brien and co- 
workers (27) have reported that a 160- 
amino acid JR-FL envelope sequence that 
includes the V3 loop was sufficient to confer 
sCD4 resistance on the otherwise highly 
sensitive NL4-3 HIV- 1 provirus. 
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Stress-Induced Facilitation of 
Classical Conditioning 

Tracey J. Shors,* Craig Weiss,? Richard F. Thompson 
Stress has been shown to impair subsequent learning. To determine whether stress would 
impair classical conditioning, rats were exposed to inescapable, low-intensitytail shock and 
subsequently classically conditioned under freely moving conditions with a brief periorbital 
shock unconditioned stimulus and a white noise conditioned stimulus. Unexpectedly 
stressed rats exhibited significantly more conditioned eyeblink responses and the mag- 
nitude of their individual responses was also enhanced. These results stand in contrast to 
the learning deficits typically observed and suggest that stress can enhance the acquisition 
of discrete conditioned responses. 

Excessive environmental stimulation is ca- 
pable of imposing far-ranging consequences 
on behavior, suecificallv on the abilitv to . 
process and synthesize new information'. In 
animals, exposure to inescapable shock typ- 
ically impairs learning and is referred to as 
"learned helplessness" ( I ) .  This phenome- 
non affects a wide range of learning para- 
digms but is especially prevalent during 
instrumental learning (2). In contrast, we 
report here an increase in the acquisition of 
associative classical conditionine after ex- - 
posure to inescapable shock. 

Male Fischer 344 rats (n = 24) were 
implanted with two wires around the upper 
eyelid to record electromyographic (EMG) 
activity from obicularis oculi and two wires 
around the lower lid to deliver a periorbital 
shock. After at least 4 days of recovery, rats 
were adapted to a conditioning chamber for 
1 hour. Half of the rats were then olaced in 
a restraining tube in a different chamber in 
a different room and exposed to 90 1-s 
shocks (1 mA, 60 Hz) to the tail, one per 
min for 90 min, and the other half were 
returned to their home cages. Twenty-four 
hours later, stress was reinstated with five 
1-s shocks (1 mA), one per minute. After 
30 min, the animals were transferred to the 
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conditioning chamber for training. This 
procedure was repeated each day for 4 days. 
Unstressed control rats (n = 8) were taken 
directly from their home cage for training. 
Four rats were trained per day, two stressed 
and two unstressed. 

On the first day of training, rats were 
observed for orienting or startle responses to 
the white noise stimulus, and shock thresh- 
olds needed to elicit a blink were obtained. 
Training consisted of pairing a 350-ms 
white noise conditioning stimulus (CS) (85 
dB, 5 ms rise and fall time) with a cotermi- 
nating 100-ms shock to the periorbital mus- 
cles (2 mA, 60 Hz, ac). Each daily training 
session consisted of ten blocks of ten trials. 
Each block consisted of a noise-alone trial, 
four paired trials, a shock-alone trial, and 
four additional paired trials. Intertrial inter- 
vals were randomized between 20 and 40 s 
(mean, 30 s). Two groups (stressed, n = 4; 
unstressed, n = 4) were exposed to the 
same number of stimuli as in paired train- 
ing, except that stimuli were explicitly un- 
paired and presented between 10 and 20 s 
(mean, 15 s) (3). 

Immediately after the last training ses- 
sion, rats were killed and trunk blood was 
collected for radioimmunoassay of serum 
corticosterone. Trunk blood was also ob- 
tained from a group of rats (n = 4) exposed 
to the same amount of restraint, tail shock, 
and time in the conditioning chamber 
(without stimuli) and from a group of nai've 
controls (n = 4) taken directly from their 
home cage. 

Compared to unstressed controls, rats 
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