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Objective: Antibody-dependent enhancement (ADE) affects host-virus dynamics in
fundamentally different ways: i) enhancement of initial virus acquisition, and/or ii)
increased disease progression/severity. Here we address the question whether anti-HIV-
1 antibodies can enhance initial infection. While cell-culture experiments hinted at this
possibility, in-vivo proof remained elusive.

Design: We used passive immunization in nonhuman primates challenged with
simian-human immunodeficiency virus (SHIV), a chimera expressing HIV-1 envelope.
We purified IgG from rhesus monkeys with early-stage SHIV infection – before cross-
neutralizing anti-HIV-1 antibodies had developed – and screened for maximal com-
plement-mediated antibody-dependent enhancement (C’-ADE) of viral replication with
a SHIV strain phylogenetically distinct from that harbored by IgG donor macaques. IgG
fractions with maximal C’-ADE but lacking neutralization were combined to yield
enhancing anti-SHIV IgG (enSHIVIG).

Results: We serially enrolled naive macaques (Group 1) to determine the minimal and
50% animal infectious doses required to establish persistent infection after intrarectal SHIV
challenge. The first animal was inoculated with a 1 : 10 virus-stock dilution; after this
animal’s viral RNA load was >104copies/ml, the next macaque was challenged with 10x
less virus, a process repeated until viremia no longer ensued. Group 2 was pretreated
intravenously with enSHIVIG 24 h before SHIV challenge. Overall, Group 2 macaques
required 3.4-fold less virus compared to controls (P¼0.002). This finding is consistent with
enhanced susceptibility of the passively immunized animals to mucosal SHIV challenge.

Conclusion: These passive immunization data give proof of IgG-mediated enhanced
virus acquisition after mucosal exposure – a potential concern for antibody-based AIDS
vaccine development. Copyright � 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
AIDS 2021, 35:2423–2432
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Introduction

Antibodies not only protect against viral pathogens, but
may also enhance disease extent/severity through
antibody-dependent enhancement (ADE) – well known
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for example, for dengue virus [1,2], respiratory syncytial
virus (RSV) [3,4], and measles virus [5] (reviewed in
[6,7]). ADE is generally described as disease exacerbation
with more rapid progression and/or involvement of
different organ systems in the presence of enhancing
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antibodies. However, ADE may also occur when invading
virus first interacts with hosts, leading to Antibody-
Dependent Enhancement of Virus Acquisition (ADE-
VA).

Since the start of the HIV/AIDS pandemic, in-vitro
studies have raised the possibility of ADE for HIV [8–13]
(reviewed in [14]) and revealed complement-mediated
antibody-dependent enhancement (C’-ADE) as one
possible mechanism for IgG-mediated ADE [15–17].
C’-ADE involves activation of complement pathways and
requires expression of complement receptor 2 (CR2;
CD21) and CD4 on target cells [15–18]. HIV envelope
(Env)-mediated complement activation occurs by Env-
C1q interaction, leading to deposition of C3 components
and opsonization of virions, which then engage CD4 and
CD21 along with coreceptors for target-cell entry
[15,16]. Such enhancement has been demonstrated in
lymphoblastoid cell lines [9,10,15–22]. Surprisingly high
HIV C’-ADE levels were reported by Willey et al. [18]
who tested plasma/serum samples, purified IgG, or IgM
collected from individuals with early-stage HIV infection.
C’-ADE assays were performed with autologous patient
HIV isolates in a CD21-expressing cell line; heat
inactivation or anti-CD21 monoclonal antibody (mAb)
pretreatment abrogated HIVenhancement [18]. Whether
in vitro C’-ADE by anti-HIV Env IgG results in
enhanced virus acquisition in vivo remained unknown.

To address this question, we took advantage of chimeric
simian-human immunodeficiency viruses (SHIVs) that
replicate and cause disease in rhesus monkeys; SHIVs
express HIV-1 envelope, rendering evaluating the
biological activity of anti-HIV-1 Env antibodies possible.
We isolated polyclonal IgG from macaques sampled
repeatedly after SHIV infection/seroconversion; IgG
fractions with significant C’-ADE activity but lacking
neutralizing activity were pooled to yield a large prep
termed enSHIVIG (Methods, Supplemental Digital
Content, http://links.lww.com/QAD/C263).

Next, we employed a classical tool: passive immunization
that establishes cause-and-effect between antibodies and
clinical outcome. Using endpoint intrarectal virus
titration, we asked whether intravenous enSHIVIG
treatment prior to SHIV challenge would lower the
minimal virus dose required to establish persistent
systemic infection in macaques. Here we report that
anti-HIV-1 Env IgG significantly enhanced mucosal
virus acquisition.
Methods

Cell lines, reagents and virus
SupT1.R5 cells (CD4þCCR5þCR2þ) were provided by
J.A. Hoxie (University of Pennsylvania), A3R5.7 cells by
D.C. Montefiori (Duke University), SHIV-1157ip [23]
gp120 and gp160 by S.L. Hu (University of Washington),
mAb Fm-6-IgG1 by W.A. Marasco (Dana-Farber Cancer
Institute), and HIV-1MN gp41, consensus-clade C peptides,
and CN54 gp140 [24] by the NIH AIDS Reagent Program.
We generated reporter virus NL-LucR.1157ipd3N4 by
cloning SHIV-1157ipd3N4 [25] env into plasmid pNL-
LucR.T2A (provided by C. Ochsenbauer, University of
Alabama). SHIV-1157ipd3N4 stock [grown in rhesus
macaque peripheral blood mononuclear cells (PBMC)]
contained 713 ng/ml of p27 and 7 � 106 50% tissue
culture infectious doses (TCID50)/ml (measured in
TZM-bl cells).

Isolation of polyclonal rhesus macaque IgG to
generate the enSHIVIG prep
We isolated total serum IgG from virus-only controls of
our previous study [26]; these macaques had early-stage
SHIV-2873Nip [27] infection and seroconverted to HIV
Env. IgG from individual animals/different time points
were tested for C’-ADE/neutralizing activity using
SupT1.R5 cells and A3R5 cells. Neutralization was also
tested in human PBMC depleted of NK cells (Fig. 1, S1-
S4, http://links.lww.com/QAD/C263). IgG preps of
two donor macaques with the highest C’-ADE but no
neutralization were pooled to yield enhancing anti-SHIV
IgG (enSHIVIG), which was tested for purity (Fig. S5,
http://links.lww.com/QAD/C263), sterility, and
endotoxin content.

In-vivo end-point virus titration by mucosal
SHIV-1157ipd3N4 challenge and passive
immunization
All primate studies were conducted in strict accordance
with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the USA (Methods,
Supplemental Digital Content, http://links.lww.com/
QAD/C263). Rhesus macaques were randomized into
two groups (n¼ 8/group). Group 1 underwent intrarectal
virus challenges at decreasing virus doses; Group 2 was
pretreated with enSHIVIG (25 mg/kg) 24 h before
intrarectal virus challenge. All macaques were atrauma-
tically challenged intrarectally with decreasing virus doses
using serial enrolment. Plasma samples for viral load
determinations were obtained on the day of SHIV
challenge and prospectively thereafter. An enSHIVIG
pharmacokinetic study is described in Supplemental
Digital Content, http://links.lww.com/QAD/C263.

Statistical analyses
Calculation of 50% animal infectious dose (AID50) values
and statistical comparison of virus stock dilutions yielding
systemic infection were performed using the Spouge
method [28]. Peak viral RNA loads were compared using
Wilcoxon rank-sum tests.
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Results

C’-ADE versus neutralizing activity of IgG
isolated from SHIV-2873Nip-infected macaques
We assessed C’-ADE and neutralizing activity for IgG
isolated from individual macaques at different weeks post-
challenge using a heterologous test virus; controls
included heat-inactivated C’ (HIC’); early time-point
IgG showed reproducible C’-ADE as indicated by
negative neutralization abrogated after heat-inactivation
of C’ (Fig. 1a-d). Neutralization using human NK cell-
depleted PBMC revealed no neutralization�50% at early
time points (Fig. 1e,f). To confirm C’ involvement, we
blocked complement receptor CR2 with an anti-CD21
mAb which abrogated C’-ADE (Fig. 1 g,h). Overall, we
screened eight SHIV-infected monkeys and selected the
two with the highest enhancement in the absence of
neutralization in human PBMC assays, animals RKu-12
and RPm-12; data for the entire macaque cohort,
including assays for enhancement/neutralization of
SHIV-1157ipd3N4 until week 106 post-inoculation in
A3R5.7 cells are shown in Figs. S1-S4 (Supplemental
Digital Content, http://links.lww.com/QAD/C263).
Our data confirmed that IgG purified from early weeks
post-SHIV inoculation yielded reproducible in-vitro
enhancement that was CR2 dependent.

In-vitro enSHIVIG characterization with SHIV-
1157ipd3N4 [23], the intended heterologous
challenge virus
The enSHIVIG pool exhibited concentration-dependent
C’-ADE that was abrogated by heat inactivation (Fig. 2a).
We then assessed the ability of enSHIVIG to capture
infectious or physical particles using virion capture assays
(Fig. 2b) with SHIV-1157ipd3N4 [25], a phylogenetically
distinct strain from SHIV-2873Nip [27], the virus
harbored by enSHIVIG-donor animals. The neutralizing
mAb VRC01 captured almost all infectious virions, but
only �30% of physical particles, indicating that the virus
stock contained a mixture of virions, the majority of
which was noninfectious. enSHIVIG captured< 30% of
physical and �45% of infectious SHIV-1157ipd3N4
particles, which was equivalent to the fraction captured by
F240, a non-neutralizing anti-gp41 mAb (Fig. 2b).
Neither preimmune IgG nor the irrelevant mAb Fm-6-
IgG1 showed significant virion capture.

Next, we measured enSHIVIG binding to HIV gp120,
gp160, or gp140 (Fig. 2c-e). We directly compared two
IgG pools (i) enSHIVIG, polyclonal rhesus IgG isolated
during early-stage SHIV infection and selected for
maximal C’-ADE, and (ii) SHIVIG, polyclonal rhesus
IgG isolated during late-stage SHIV infection and
selected for maximal cross-neutralization of a heterolo-
gous tier 2 SHIV [21]. enSHIVIG bound significantly
better to gp160 or gp140 (Fig. 2d,e) than to gp120
(Fig. 2c), implying predominant binding to gp41. This
was less pronounced with late-stage SHIVIG (blue
symbols, Fig. 2c-e). We then performed binding assays
with individual consensus HIV clade C peptides; early-
stage enSHIVIG (Fig. 2f) differed in epitope recognition
from late-stage SHIVIG (Fig. 2 g), especially in the
relative lack of anti-V3 binding. Interestingly, recognition
of V1 and V2 peptides was remarkably better for
enSHIVIG compared to late-stage SHIVIG. The relative
absence of anti-V3 antibody responses in enSHIVIG
explains the lack of neutralization in this early-stage anti-
HIV Env IgG pool [29].

C’-ADE of enSHIVIG pool depleted of anti-gp120
antibodies
To assess the contribution of anti-HIV gp120 antibodies
to C’-ADE, we depleted the enSHIVIG prep of anti-
gp120 IgG with beads (Fig. 3a,b); such depletion did not
change the pattern of enhancement (Fig. 3c). These data
imply that C’-ADE was predominantly due to the action
of anti-gp41 antibodies present as the major fraction in
enSHIVIG; other investigators have identified antibodies
against the immunodominant HIV gp41 region as
responsible for ADE in vitro [30–32].

Intrarectal SHIV-1157ipd3N4 challenge
To test the hypothesis that early-stage anti-HIV Env IgG
enhances in-vivo viral acquisition, we performed an end-
point virus titration in macaques, using an upfront
heterologous, R5 tier 2 clade C SHIV. To avoid
confounding influences of different viral quasi-species,
we selected an infectious molecular clone, SHIV-
1157ipd3N4 [25]. We enrolled two groups of eight
macaques. First, we determined minimal infectious and
50% animal infectious doses (AID50) in naive animals,
which were sequentially exposed intrarectally to increas-
ingly diluted SHIV stock (Fig. 4). After a given animal’s
viremia was >104 copies/ml, the next macaque was
inoculated with a ten-fold higher virus-stock dilution,
until a 1 : 10,000 dilution failed to infect. Subsequent
animals were then exposed to intermediate dilutions;
animals that remained aviremic on day 28 after initial
challenge were re-exposed to a high virus inoculum (1 : 2
dilution of the stock); all such animals became viremic
(Fig. 5a).

Next, we serially enrolled Group 2 animals (Fig. 5b); 24 h
before intrarectal SHIV challenge, each was given
intravenous enSHIVIG (25 mg/kg), a dose based on
our earlier SHIVIG experiment [21] and a pilot
pharmacokinetic study (Fig. S6, Supplemental Digital
Content, http://links.lww.com/QAD/C263). The first
macaque was exposed to a 1 : 1,000 virus-stock dilution,
resulting in high viremia. After a 1 : 10,000 dilution failed
to infect, dilutions between 1 : 1,000 and 1 : 3,000 were
used. AID50 values were calculated for both groups and
statistical comparisons were performed using the Spouge
method [28]. For enSHIVIG-pretreated macaques, the
AID50 corresponded to a 1 : 2,970 virus stock dilution,
compared to a 1 : 865 dilution for naive controls. This
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Fig. 1. Anti-SHIV IgG responses in donor monkeys RKu-12 and RPm-12 at the weeks post SHIV-2873Nip challenge indicated. (a
and b) C’-ADE for purified IgG from donor RKu-12 (left panels) and donor RPm-12 (right panels) in the presence of human
complement (C’); dashed horizontal arrows, timeframe within which IgG was pooled from each donor macaque to yield enSHIVIG
(Methods, Supplemental Digital Content, http://links.lww.com/QAD/C263); (a–f), dashed horizontal lines on the positive y-axis
indicate the 50% neutralization threshold. (c and d) assays with heat-inactivated C’ (HIC’); (e and f) neutralization in human PBMC
depleted of NK cells; (g and h) abrogation of C’-ADE by preincubating Sup T1.R5 cells with an anti-CD21 mAb targeting
complement receptor 2 (CR2/CD21); error bars represent SEM. All assays used the R5 tier 2 heterologous SHIV-1157ipd3N4 [25],
our intended challenge virus for the current in-vivo studies. Negative neutralization indicates enhancement.
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Fig. 2. Characterization of pooled early-stage enhancing IgG, termed enSHIVIG. The polyclonal rhesus monkey enSHIVIG prep
(Methods, Supplemental Digital Content, http://links.lww.com/QAD/C263) was tested for C’-ADE against the heterologous
reporter virus, NL-LucR.1157ipd3N4, in the presence of complement (C’) or heat-inactivated complement (HIC’). Negative
neutralization indicates enhancement. (b) Capture of physical (x-axis) and infectious virions (y-axis); VRC01 IgG, neutralizing
human anti-CD4 binding site mAb; F240 IgG, non-neutralizing anti-HIV gp41 mAb; Fm-6 IgG, irrelevant anti-SARS isotype control
mAb; preimmune, rhesus monkey IgG isolated from naive macaques. (c) Binding to gp120 of SHIV-1157-ip [23], (d) binding to
gp160 of SHIV-1157-ip, or (e) gp140 of CN54 [24] by ELISA for enSHIVIG (red squares) or SHIVIG (blue circles). SHIVIG, pooled
rhesus monkey (RM) IgG from late-stage SHIV-C infection selected for high-titer cross-neutralizing IgG [21]. Binding to consensus
HIV-C Env peptides by ELISA for enSHIVIG (f) or SHIVIG (g). X-axis, pools of peptides representing various HIV Env domains; C1-
C5, gp120 constant regions 1–5; V1-V5, gp120 variable loops; IDR, gp41 immunodominant region; UDR, undefined region; CH,
C-terminal heptad region; TMR, transmembrane region. (g) Reprinted with permission [21].
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virus as described in Methods. The experiment was repeated five times; error bars represent standard deviations.
translates to requiring 3.4x less virus for the enSHIVIG-
treated animals compared to controls (P¼ 0.002). While
the mean peak vRNA loads between the two groups
differed by 0.9 logs, this difference was not significant
(P¼ 0.202, Wilcoxon rank-sum test). We conclude
that early-phase anti-HIV Env IgG significantly enhanced
SHIV transmission and gave proof-of-concept for ADE-
VA. Passive immunization established the polyclonal
enSHIVIG as the sole cause for this increased virus
acquisition.
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Discussion

Here we showed: i) enSHIVIG, when passively
administered to macaques, enhanced virus acquisition
and significantly lowered the amount of virus needed to
achieve viremia compared to naive controls; ii) ex-vivo
enSHIVIG testing in the presence of active complement
revealed significant C’-ADE activity that was abrogated
by C’ heat inactivation or anti-CD21 mAb. These results
indicate that antibodies generated during early-stage
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Comparison of infection rate (number of RMs infected/number of RMs challenged) between Groups 1 and 2.
HIV/SHIV infection may increase host susceptibility and
facilitate virus acquisition and early dissemination.

Previously [21], we had treated macaques biweekly with
different intravenous doses of SHIVIG, the polyclonal
high-titer neutralizing IgG, in order to link in-vitro
neutralization titers with prevention of mucosal SHIV
acquisition. Unexpectedly, animals pretreated with low-
dose SHIVIG (25 mg/kg) had more viral quasispecies
compared to untreated controls – implying increased
SHIV transmission. Despite good SHIVIG neutralizing
activity in TZM-bl cells, enhancement was observed in
the presence of active complement in CR2/CD21-
expressing SupT1.R5 cells that was abrogated by
complement heat inactivation [21]. Together, these
findings reinforce our current data that weakly or non-
neutralizing neutralizing IgG may enhance mucosal SHIV
acquisition through mechanisms dependent on comple-
ment activation.

It is intriguing to compare the 3.4-fold enhanced mucosal
SHIV-1157ipd3N4 acquisition we report here with the
magnitudeof in-vitroHIVenhancement byWilley et al. [18]
who measured C’-ADE in CR2-expressing SupT1/R5
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cells using paired autologous early-stage sera/HIV isolates.
Enhancement ranged from 8- to 236-fold and was lower
when assessed with heterologous virus isolates. Differences
in the order-of-magnitude of HIV C’-ADE reported [18]
and our 3.4-fold lowering of the SHIV challenge dose
needed to persistently infect enSHIVIG-pretreated maca-
ques can be ascribed to CR2 expression by all SupT1.R5
cells used for in-vitro assays. In vivo, however, CR2 is
expressed only by select cell populations, such as B cells,
follicular dendritic cells, and according to a recent report
[33], on naive CD4þ and CD8þ T cells.

In addition to C’-ADE, in-vitro assays have revealed
another mechanism: Fc receptor-mediated ADE (FcR-
ADE) [11,13,34–37] (reviewed in [38,39]). Monocyte/
macrophage-derived cell lines expressing different FcRs
were used to demonstrate FcR-ADE. Forthal et al. [40]
provided indirect evidence of FcR-ADE from a Phase III
AIDS vaccine trial; by subgroup analysis, a statistically
significant association was noted between increased HIV
acquisition and the FcgRIIIa allele in vaccinees given
monomeric gp120.

Our present data as well as those summarized above from
prior studies have one common denominator: the IgGs
were polyclonal. As such, we cannot distinguish between
two possibilities for ADE: i) polyclonal IgG consists of a
mixture inherently neutralizing and inherently enhancing
antibodies; and ii) a given IgG neutralizes in one situation
and enhances in another. This key issue can only be
addressed by using mAbs – done in a seminal study by
Kliks et al. [41] who examined the interaction of two
different human anti-V3 mAbs with three different HIV-
1 strains. Depending on the virus tested, the results
yielded either neutralization, enhancement, or neither.
Thus, well characterized mAbs are unpredictable in their
interactions with different HIV strains. Enhancing
antibodies have also been implicated in mother-to-child
transmission of HIV in a number of studies [42–44]; some
reports raised the possibility that enhancement may be
linked to antibodies targeting HIV-1 gp41 [43–45].

Although different investigators have shown HIVADE in
various cell line-based assays over the years, whether such
in-vitro data would translate into Antibody-Dependent
Enhanced Virus Acquisition – ADE-VA – remained
unsolved. Passive immunization of macaques with early-
stage anti-SHIV IgG followed by intrarectal SHIV
challenge gave proof-of-principle for increased virus
acquisition and host susceptibility. AIDS vaccine devel-
opment should consider the potential of ADE-VA due to
vaccine-induced antibodies during experimental vaccine
trials. To rule out this possibility, passive immunization
with vaccine-induced antibodies could be used as a tool in
biologically relevant animal models, that is, models that
reflect key aspects of HIV transmission among humans,
including i) tier 2 R5 challenge viruses carrying HIV-1
Env, ii) a nonhuman primate species, and iii) antibodies
that are heterologous to the challenge viruses. The latter
point is important since matched homologous virus/
antibody systems will exaggerate neutralization and
thereby mask potential enhancement by weakly or
non-neutralizing antibodies. In the realistic setting of
human vaccinees’ exposure to circulating HIV strains, an
exact match between immunogen composition and the
myriad of HIV quasispecies can never be expected.

Indirect evidence that vaccine-induced antibodies can
have adverse effects comes from a feline immunodefi-
ciency virus (FIV) study, where cats were vaccinated with
various recombinant envelope glycoproteins [46].
Although neutralization in cell-line based assays was
observed in plasma samples from some vaccinated groups,
no virus-neutralizing antibodies were detected in the
feline lymphocyte assay. Upon FIV challenge, cell-
associated FIV loads were increased in the groups
vaccinated with recombinant FIV Env glycoproteins
compared to other groups or controls. Passive transfer of
unfractionated plasma from groups with increased cell-
associated FIVenhanced viral infection parameters in the
recipients. While these data imply ADE, an influence of
other factor(s) present in unfractionated plasma cannot be
ruled out.

In sum, AIDS virus C’-ADE is real – as our passive
immunization showed significant lowering of the virus
dose needed to achieve viremia indicative of ADE-VA. As
such, the current study with early-stage enSHIVIG
confirmed our unexpected finding with late-stage
SHIVIG, selected for maximal in-vitro tier 2 SHIV
cross-neutralization, where low-dose pretreatment
yielded sub-neutralizing anti-HIV Env IgG levels that
significantly increased the number of transmitted viral
quasispecies. Together, our data imply that decreasing
anti-HIV Env neutralizing antibody titers could bring
vaccinated individuals into a situation where ADE-
VA prevails.

ADE-VA may be of concern for other pathogens,
especially rapidly mutating RNA viruses susceptible to
neutralization escape. Vaccine development will need to
consider potential enhancement of host susceptibility to
infection due to ADE [47,48]. We propose that our
strategy – passive immunization with purified polyclonal
IgG isolated from previously infected/vaccinated indi-
viduals, combined with in-vivo end-point virus titration
to assess the amount of virus needed to achieve infection
of naı̈ve versus passively immunized animals, can play an
important role in assessing the potential for ADE-VA.
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