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Serum Enhancement of Human Immunodeficiency Virus (HIV)
Infection Correlates with Disease in HIV-Infected Individuals
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The sera from 16 individuals infected with the human immunodeficiency virus (HIV) at different clinical
stages were evaluated for antibody-dependent neutralization and/or enhancement of infectivity by HIV. The
HIV isolate from each individual (homotypic) and established laboratory strains showing broad cellular host
range and cytopathicity were used. All sera could neutralize one of the laboratory-passaged isolates, whereas
only two could neutralize the corresponding homotypic strain. Seven homotypic isolates were enhanced by
serum from the respective individual. This activity was primarily observed in patients with acquired immune
deficiency syndrome. Moreover, the tropism for macrophages of four of these seven viral isolates was found to
be enhanced by the homotypic sera. Finally, sequential pairs of HIV and sera obtained from five HIV-infected
individuals with different clinical progression were studied over time. The enhancing activity of three of the five
sera appeared to increase over time, indicating changes in both the host virus population and the type of
antibodies produced. These results suggest that enhancing antibodies contribute to the spread and pathogenesis
of HIV in vivo. They emphasize the necessity of studying further the association of enhancing antibodies and
disease progression in infected individuals.

Infection by the human immunodeficiency virus (HIV),
like that of other lentiviruses, is characterized by a slow
progression toward disease (5). Despite the formation of
both cellular and humoral immune responses to HIV, neither
arm of the immune system appears to be able to control
definitively the spread of the virus, and eventually most
infected individuals develop pathologic symptoms (14). In
the acquired immune deficiency syndrome (AIDS), several
factors can explain this situation. (i) The primary target cell
for HIV infection, the CD4+ helper lymphocyte, is a pivotal
cell of the immune response, and abnormalities in its func-
tion can have repercussions on other cells of the immune
system (11, 12, 18). (ii) HIV may escape immune surveil-
lance by remaining latent for a prolonged period (4, 10, 16),
by replicating at low levels (10, 16), and/or by spreading via
cell-to-cell contact (15). (iii) HIV variants with different
genetic, serologic, and biologic properties may appear over
time (1, 2, 6, 21). (iv) Finally, recent evidence has demon-
strated the occurrence of antibodies in serum that enhance
rather than inhibit the infectivity of HIV in vitro (8, 9, 19,
20).
We sought to examine whether this antibody-dependent

enhancement of HIV infectivity could explain the lack of
protection conferred by antiviral antibodies and be associ-
ated with progression toward disease. Neutralizing antibod-
ies to HIV have usually been measured in infection inhibi-
tion assays with viral strains established in the laboratory.
However, different HIV strains have varying sensitivity to
serum neutralization (1), and some data suggest that sera
from HIV-infected individuals are generally less efficient at
neutralizing their own isolates than neutralizing these estab-
lished strains (22). In this study, we tested the ability of the
sera of 16 HIV-infected individuals at different clinical stages
to neutralize or enhance their own isolate compared with
three established laboratory strains. Infection of both pe-
ripheral blood lymphocytes and macrophages was evalu-
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ated. We also examined the evolution of the antibody
response over time in five individuals. The results showed
that enhancing antibodies often dominate neutralizing anti-
bodies in their effect on homotypic HIV strains and suggest
that this immune response contributes to HIV pathogenesis
in vivo.

MATERIALS AND METHODS

Subjects. The HIV-infected individuals used for these
studies were randomly selected from homosexual men com-
ing to our laboratory for evaluation of HIV infection. All
procedures performed on these volunteers were done ac-

cording to National Institutes of Health guidelines for human
research. Five of the individuals were clinically healthy at
the time when sera were collected; four subjects had clinical
symptoms diagnosed as the AIDS-related complex (ARC)
(lymphadenopathy or oral candidiasis); and seven patients
had AIDS as defined by the Centers for Disease Control,
including Kaposi's sarcoma and Pneumocystis carinii pneu-
monia. All sera were heat inactivated (30 min at 56°C) before
study.

Viruses. The HIV type 1 (HIV-1) strains used for these
studies were those previously obtained in the laboratory
from infected individuals. These included HIV-lsF33, a

highly cytopathic strain obtained from an individual with
thrombocytopenia (13). HIV-1SF128A was isolated from the
brain of an individual who died with neurologic symptoms
resulting from HIV infection of the central nervous system
(1). HIV-lsFl70 came from patient with AIDS in Rwanda and
has a limited host range as defined by infection of established
T cells and macrophages (1). In previous studies, HIV-lsF33
was found to be highly susceptible to serum neutralization
(1) (subgroup A); the other laboratory strains were relatively
resistant to neutralization by human sera (1) (subgroups C
and D).
The homotypic HIV-1 strains were recovered from phy-

tohemagglutinin (3 ,ug/ml)-stimulated peripheral blood
mononuclear cells (PMC) of the individuals being studied at
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approximately the same time as the serum was obtained. For
the sequential studies, the HIV isolates were selected at
exactly the same time as the serum tested. All viruses were
grown in PMC from seronegative individuals until they
reached titers of more than 106 cpm/ml of culture superna-

tant as measured in reverse transcriptase (RT) assays (7).
Subsequently, the infectious titer was determined in PMC as

described previously (17).
Cells. For these studies, phytohemagglutinin (3 ,ug/ml)-

stimulated PMC from seronegative individuals were used as

target cells for measuring HIV infection. They were cultured
in the presence of 5% interleukin-2 (Electronucleonics) in
RPMI 1640 medium containing 10% heat-inactivated fetal
calf serum, 2 mM glutamine, and 1% antibiotics (100 U of
penicillin per ml, 100 ,ug of streptomycin per ml) (13).
Monocytes-macrophages were isolated from normal PMC

by adherence onto the bottom of polystyrene flasks. After 3
days in culture in the RPMI 1640 medium containing in
addition 5% heat-inactivated blood group-matched human
serum, the nonadherent cells were removed by aspiration
and the remaining cells were trypsinized and washed twice
to remove any additional nonadherent cells. Adherent cells
were allowed to mature into macrophages for 7 to 8 days (3)
and were then used for infection studies as described previ-
ously (8). This procedure was performed to focus specifically
on differentiated macrophages as the targets for HIV infec-
tion and enhancement.

Neutralization-enhancement assays. For the neutralization-
enhancement assays, viruses at 100 50% tissue culture
infective doses per ml were mixed with individual sera

initially screened at 10-fold dilutions and subsequently
retested at 2-fold dilutions when necessary (1, 8). The
mixtures were kept at room temperature for 60 min and then
added onto PMC. The PMC were pretreated with Polybrene
(10 pug/ml) only in the neutralization assays (1). Virus pro-
duction was measured by a standard RT assay (7). Neutral-
ization was considered present when more than two-thirds
(67%) of RT activity was eliminated from the culture super-
natants compared with control cultures receiving virus incu-
bated with normal serum. Enhancement was considered
present if more than twice (200%) the level of RT activity
was produced in the cell culture fluid compared with the
control cultures. All experiments were repeated at least
twice.

RESULTS
Neutralization versus enhancement. In the initial evaluation

of sera from individuals at different clinical states, the ability
to neutralize or enhance laboratory strains of HIV-1 was

examined. All 16 sera tested readily neutralized the highly
cytopathic HIV-lsF33 strain, and 6 sera neutralized HIV-
1SF128A' a strain relatively insensitive to serum neutraliza-
tion (1) (Table 1). Only one serum showed limited activity
against HIV-lSF170. This latter result was not unexpected
since this strain has been shown to be neutralized only by
sera from Africa (1; unpublished observations). In contrast
to the results with HIV-1sF33, only two sera from an asymp-

tomatic subject (no. 1) and a patient with AIDS (11) showed
neutralization of the homotypic isolate (Table 1). Further-
more, five sera from patients with AIDS, one serum sample
from a patient with ARC, and one serum sample from an

asymptomatic individual enhanced infection of their own

HIV-1 isolate (Table 1). The two sera with neutralizing
antibody against the homotypic isolates showed no enhance-
ment against these HIV even when diluted 100-fold past the
neutralization titers (data not shown).

TABLE 1. Effect of serum antibodies on infection by heterotypic
versus homotypic HIV'

Homotypic
Subject Diagnosis HIVSF33 HIVSF128 HIVSFl7O HIV(N) (N) (N)

N E

1 A 1,000 10 - 200 -
2 A 200 - - - >2,000
3 A 800 - - - -
4 A 800 10 - - -
5 A 10 - - - -
6 ARC 400 - - - -
7 ARC 100 - - - -
8 ARC 100 - 10 - 20
9 ARC 20 - - - -
10 AIDS 100 - - - 200
11 AIDS 400 10 - 10 -
12 AIDS 100 100 - - 200
13 AIDS 100 - - - >-2,000
14 AIDS 100 10 - - -
15 AIDS 800 10 - - 2,000
16 AIDS 20 NDb ND - 20

a Sera were obtained from 16 HIV-infected individuals who were asymp-
tomatic (A) or had ARC or AIDS. Control sera came from seronegative
donors. Results represent the reciprocal of serum dilutions at which virus
production was neutralized (N) or enhanced (E) as defined in Materials and
Methods. Negative results (-) indicate no neutralization or enhancement at a
serum dilution of 1:10 or 1:20, respectively.

b ND, Not done.

Infection of macrophages. Five of the isolates that were
enhanced by the homotypic serum were further tested for
homotypic neutralization or enhancement in peripheral
blood macrophages (Table 2). Three of these isolates from
subjects 8, 10, and 15 grew readily in macrophages, while the
other two from subjects 2 and 12 did not. However, in the
presence of the homologous serum, the two isolates from
subjects 2 and 12 infected and replicated substantially in
macrophages. Moreover, the growth of two of the macro-
phage-tropic HIV-1 strains from subjects 10 and 15 was
enhanced when they were mixed with the homotypic serum
(Table 2).

Presence of antiviral activity over time in infected individ-
uals. To investigate whether progression toward disease is
associated with the appearance or an increased titer of
enhancing antibodies, we tested the sequential sera and
corresponding isolates from five HIV-1-infected individuals
over a 1- to 3-year period (subjects 1, 5, 9, 10, 11; Table 1).

TABLE 2. Effect of homotypic versus normal serum on HIV
infection of macrophagesa

(RT activity (103 cpm/ml)
Patient Diagnosis

Normal serum Homotypic serum

2 A 2.Ob 31.6
8 ARC 25.4 13.8
10 AIDS 133.4 700.1
12 AIDS 3.0b 30.2
15 AIDS 72.5 224.1

a The ability of virus isolates from five HIV-infected individuals to grow in
peripheral blood macrophages in the presence of normal human serum or
homotypic serum is indicated by the peak level of particle-associated RT
activity in culture supernatants measured at days 12 to 15 postinfection (7).
Sera were used at 1:20 and 1:200 dilutions and gave comparable results. A,
Asymptomatic.

b RT levels under 5 x 103 cpm/ml indicate no virus production measured
over 35 days of culture.
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FIG. 1. Neutralization or enhancement of sequential homotypic HIV-1 isolates. Early and late HIV-1 isolates from each individual (1, 5,
and 10) were tested for neutralization (N) or enhancement (E) by the corresponding early or late sera. The sera were evaluated at five fivefold
dilutions (1:10 to 1:1,250). Normal control serum was used at corresponding dilutions. The clinical status of each individual at the different
time points is indicated as HH, healthy homosexual man; ARC; and PCP, P. carinii pneumonia. Enhancement indexes (El) are shown above
bars and were defined as the ratio of the RT activity of supernatants of cultures receiving virus preincubated with homotypic sera versus virus
preincubated with control sera.

During this time, all the subjects advanced in disease state.
Early and late HIV-1 isolates from each individual and the
corresponding serum specimens were used in this experi-
ment (Fig. 1). The results indicate that the late isolates of
three of the five individuals (1, 5, and 10) were increasingly
enhanced by the homotypic sera, while the earlier isolates
were either not affected or neutralized by the early sera. The
late sera also enhanced the early isolates from subjects 5 and
10, who progressed to ARC and AIDS, respectively. This
result suggests that enhancing antibodies were selected over
time. However, this finding was not observed with the late
serum from subject 1, who remained asymptomatic through-
out the follow-up period but in January 1989 had a sudden
drop in CD4+ cell count and developed symptoms of ARC.
Moreover, no change in antibody activity was found in the
two other subjects (9 and 11) who progressed to ARC. Their
sera did not show any enhancement or neutralization with
either one of their virus isolates (data not shown). Finally, it
is noteworthy that only with subject 10 did the early serum
enhance the late isolate. This finding suggests the occurrence
over time of new viral epitopes sensitive to antibody en-
hancement.

DISCUSSION

These results with sera from HIV-infected individuals
indicate that neutralizing activity of serum against estab-
lished laboratory strains does not reflect the ability of these
individuals to control the infectivity of their own isolates.
This observation supports those of others showing that high
levels of neutralizing antibodies against standard HIV-1

strains can be found even in severely ill patients (1, 22). In
the present study, we determined that not only do the sera
from many HIV-infected individuals lack neutralizing activ-
ity against homotypic isolates, but they often enhance infec-
tion by their own HIV-1 strain (Tables 1 and 2). This
observation was particularly true for patients with AIDS.

Previous studies had indicated that the enhancement of
HIV infectivity is mediated by antibodies (8, 9, 19, 20). The
present findings indicate that the HIV-infected individual
probably produces a mixed population of antibodies, the net
effect of which may more often facilitate rather than inhibit
HIV infection. The observation that enhancing antibodies
were found primarily in individuals with disease (Table 1)
suggests that this immune response is involved in the in-
creased spread and replication of HIV in vivo and is an
important factor in disease progression. In the presence of
enhancing antibodies, infection of T lymphocytes can be
increased, with subsequent cell death and immunologic
disorders (8, 12). Likewise, these types of antibodies to HIV
can permit some HIV strains to spread to macrophages
(Table 2), regarded as important reservoirs of the virus. In
both instances, the overall immune capabilities of the in-
fected individual can be compromised by this increased
infection of immune cells.
The study of sera and HIV isolates obtained from five

infected individuals over time, although limited in number,
also suggests that enhancing antibody production plays a
role in progression toward disease. Serum samples from
three HIV-infected individuals (1, 5, and 10) who had in their
serum either no or in one case (1) limited neutralizing
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activity against their own virus in the relatively early time of
their infection were found to enhance the infectivity of their
related virus isolated up to 3 years later. The data suggest
both that enhancing antibodies develop over time and that
HIV variants with higher susceptibility to enhancing anti-
bodies are selected over time and eventually may predomi-
nate in the individual. These results coupled with those
showing the emergence over time of more pathogenic vari-
ants of an HIV-1 strain in an infected individual (2) empha-
size further the important role of the virus in disease
progression.

In all, the results of this study indicate that enhancing
antibodies may contribute to the severity of HIV infection
and therefore represent an important issue to be considered
in both the treatment and prevention of AIDS. A block in
their production may help delay disease progression, and the
identification of the viral epitope(s) eliciting their production
seems critical for vaccine development.
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