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Abstract: Fc-mediated effector functions of antibodies, including antibody-dependent cytotoxicity
(ADCC), have been shown to contribute to vaccine-induced protection from HIV-1 infection, especially
those directed against non-neutralizing, CD4 inducible (CD4i) epitopes within the gp120 constant 1
and 2 regions (C1/C2 or Cluster A epitopes). However, recent passive immunization studies have not
been able to definitively confirm roles for these antibodies in HIV-1 prevention mostly due to the
complications of cross-species Fc–FcR interactions and suboptimal dosing strategies. Here, we use
our stabilized gp120 Inner domain (ID2) immunogen that displays the Cluster A epitopes within a
minimal structural unit of HIV-1 Env to investigate an immunization protocol that induces a fine-tuned
antibody repertoire capable of an effective Fc-effector response. This includes the generation of
isotypes and the enhanced antibody specificity known to be vital for maximal Fc-effector activities,
while minimizing the induction of isotypes know to be detrimental for these functions. Although
our studies were done in in BALB/c mice we conclude that when optimally titrated for the species of
interest, ID2 with GLA-SE adjuvant will elicit high titers of antibodies targeting the Cluster A region
with potent Fc-mediated effector functions, making it a valuable immunogen candidate for testing an
exclusive role of non-neutralizing antibody response in HIV-1 protection in vaccine settings.

Keywords: HIV-1; ADCC; inner domain (ID2) immunogen; non-neutralizing antibody response;
dosing; fc-mediated effector functions; isotype

1. Introduction

Despite decades of research, no licensed preventative or therapeutic HIV-1 vaccine is available.
Antiretroviral therapy (ART) offers promising control of disease progression and limits transmission
from HIV+ individuals; however, it comes with both a heavy financial burden and risk of severe
side effects [1–4]. A preventative vaccine is desperately required but efforts to date have had limited
success due to a number of viral and immune system obstacles. HIV has evolved extremely successful
immune evasion mechanisms that greatly diminish the effectiveness of humoral responses induced
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with currently available HIV vaccine candidates [5,6]. There are two main mechanisms by which
vaccine-induced antibodies are able to impact HIV infection: direct neutralization and through
Fc-mediated effector functions. In recent years a number of monoclonal antibodies (mAbs) capable
of broad virus neutralization (broadly neutralizing antibodies (bnAbs)) have been isolated, mostly
from natural infection with the capability of neutralization of viruses across multiple clades to confer
protection from infection when passively administered in effective doses [7–9]. Unfortunately, there is
no vaccination strategy capable of inducing bnAbs at protective levels in any animal model or human
trial [10]. Therefore, the focus has shifted to inducing antibodies capable of protective Fc-effector
function against free virus or HIV-infected cells through mechanisms including antibody dependent
cellular phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity (ADCC) even though
they display weak or no direct neutralization activity [11]. This group of antibodies lacking direct
neutralization activity are referred to as non-neutralizing antibodies (nnAbs). There is strong evidence
that conformational CD4 inducible (CD4i) epitopes within the Cluster A region are targets for Abs
capable of potent ADCC without direct neutralization activity [12–16]. We characterized the binding
sites of antibodies specific for the Cluster A region and mapped their epitope to a highly conserved
region of CD4-triggered gp120 within constant region 1 and 2 (C1/C2) of the gp120 inner domain [17,18].
Our structural analyses revealed that the Cluster A region maps to the gp120 face directly involved in
the contact with gp41 within the untriggered HIV-1 trimer and therefore its accessibility for antibody
recognition is strictly dependent on the conformational state of the HIV-1 trimer post CD4-binding.
Our and other data indicate that these strictly CD4-dependent targets are only exposed during certain
windows in the HIV-1 replication cycle, primarily during the HIV entry process, when the Env trimer
attaches to target cell CD4 and the conformational rearrangements required for fusion occur [19–24].
Exposure of Cluster A epitopes on HIV-infected cells is limited due to the low abundance of CD4 that
is required to trigger Env trimers emerging at the infected cell surface [25]. However, these targets are
detected in infected cell populations that retain some levels of CD4, [14,26–28], and are present during
the process of cell-to-cell spread [29,30].

Non-neutralizing Ab (nnAb) responses to C1/C2 have been evaluated primarily in the context of
natural infection as Cluster A Env sites are highly immunogenic and the Ab response to this region is
detected in most infected individuals [13,14,31–33]. Interestingly, ADCC against this region has also
been shown to be the major ADCC response in chronically infected individuals [13,26,31,34,35] and
CD4i Abs with ADCC activity are known to be passively transferred in utero via placental transfer
to babies born to HIV-infected mothers [36]; however, it is still unclear whether these responses are
protective and/or beneficial [13,14,34–38]. One recent study has quantified the relative contribution
of Fc-mediated effector functions against HIV-1 and showed that 25–45% of the humoral response to
HIV-1 in humanized mice and to SHIV in infected macaques was Fc-mediated, revealing this process is
likely vital for control of HIV-1 [39].

The recent ALVAC/AIDSVAX B/E RV144 vaccine trial in which modest protection from HIV-1
infection (31.2%) was observed, renewed interest in non-neutralizing epitope targets and stimulated
research to understand the molecular basis for potent Env ADCC epitopes, including those to the C1/C2
region. The RV144 immunization regimen selectively induced a non- or weakly neutralizing response
with highly coordinated FcR- functions [40,41], correlating with a decreased risk of HIV-1 infection in a
blinded follow-up case-control study [40]. The array of mAbs elicited in the trial was narrow, with
specificities elicited for V2 loop [42] and C1/C2 region epitopes [43–45]. While only ADCC mediated by
V2-specific Abs was directly linked to protection, A32-like and V2-specific Abs synergized for effective
ADCC [46]. ADCC mediated by anti-cluster A Abs in the RV144 trial was linked to the presence of a
gp120 Phe43 filling residue, H375, in the main circulating CRF01_AE strain in Thailand. This residue
predisposes Env to sample more “open” conformations, thereby sensitizing infected cells to ADCC [47].
Interestingly, the results from the recent RV144 follow up study, RV305, indicated that A32-like ADCC
responses can be effectively boosted. Sera from RV305 subjects were capable of effective ADCC with
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increased potency and breadth compared to C1/C2 mAbs isolated from RV144 subjects [48,49]. Our
structural analyses RV144 and RV305 mAbs confirmed their Cluster A specificity [50].

We previously developed an optimally designed minimal structural unit to display Cluster
A epitopes in the absence of any other known neutralizing epitopes, an inner domain construct
stabilized in the CD4-bound conformation known as ID2 [51,52]. ID2 has the potential to be an optimal
immunogen/vaccine candidate for the selective induction of an ADCC antibody response to the Cluster
A region without ‘complications’ of responses to other neutralizing and non-neutralizing epitope
specificities. Our previous structural analysis revealed that ID2 optimally displayed Cluster A epitopes
in the CD4-triggered conformation, and initial immunization studies in a BALB/c mouse model of
ID2 with the adjuvant GLA-SE revealed a strong induction of antibodies capable of competing with
prototype HIV-1 nnAbs A32 and N5-i5 [52]. Interestingly, this study also demonstrated that there was
a significant difference in the elicitation of antibodies capable of mediating ADCC that was dependent
on the adjuvant used when the route of administration and amount of protein was identical, indicating
that the isotype repertoire elicited in response to immunization is likely an important determinant of
Fc-mediated effector potential. Here, we describe how the ID2 immunogen dose affects the quantity
and quality of the induced Cluster-A-specific immune response in immunized mice and show how
this correlates with the effectiveness of sera antibodies in mediating Fc-effector functions against
variable targets.

2. Materials and Methods

2.1. Immunogen Expression, Isolation and Preparation

ID2 was expressed and isolated as previously described [52]. Briefly, stable HEK293 cell lines
containing the ID2 expression plasmid were cultured for 6–7 days before the collection of the supernatant
and passage through a 0.22 µm filter. Media were then run over an N5-i5 affinity column, washed
thoroughly with PBS and protein eluted with 0.1 M glycine at pH3. ID2 was analyzed via SDS-PAGE,
dialyzed to PBS and sterile filtered before diluting to the appropriate concentration for a final injection
amount of 0.25, 0.74, 2.22, 6.67, 20 or 60 µg. Immunizations were made up in 80 µl PBS with 20 µl
GLA-SE adjuvant (stable oil-in water emulsion containing TLR-4 agonist developed by Infectious
Disease Research Institute, Catalog # IDRI-GLA-SE) per dose added within an hour of injection.

2.2. Mice and Immunization Protocol

Female and male BALB/c mice were purchased from the Jackson Laboratory and cared for in
accordance with the Association for the Assessment and Accreditation of Laboratory Animal Care
International (AAALAC) standard. All procedures were approved by the University of Maryland
IACUC committee. Mice aged 6–8 weeks were immunized with varying amounts of ID2 via the
intraperitoneal route, as described in [52] at week 0, 2, 4 and 8. Blood was collected 2 weeks following
each immunization and sera processed and stored at −20 ◦C until required.

2.3. Immunogen Specific ELISA

For the detection of ID2-specific antibodies in sera, an ELISA platform was utilized. 96-well Nunc
Maxisorp plates (Millipore Sigma, Burlington, MA, USA) were coated with 50 ng per well ID2 in
Tris-buffered saline (TBS) overnight at 4 ◦C. Plates were washed with 3× TBS + 0.05% Tween-20 before
being blocked at room temperature for 2 h with TBS + 5% non-fat milk powder and 0.1% Tergitol.
Sera from individual mice were diluted with blocking buffer in a 10-fold dilution starting at 1:100
and added to blocked plates before incubating overnight at 4 ◦C. Following 3 washes, the plates were
probed with an alkaline phosphatase secondary antibody (Southern Biotech, Birmingham, AL, USA)
against total IgG, IgG1, IgG2a, IgG2b, IgG2c, IgG3, IgA and IgM at 1:1000 dilution in blocking buffer
for 1 h at 37 ◦C. Any unbound secondary antibody was then washed from the plate and the assay
was developed using a Blue Phos Microwell Phosphatase Substrate System and stopped following 15
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min incubation at room temperature using APstop Solution (Both Seracare Life Sciences, Milford, MA,
USA). The plates were then read at 620 nm and the optical density recorded. All sera samples were
measured for each individual mouse in triplicate. GraphPad Prism (Version 7.05, San Diego, CA, USA)
was used to display the mean and SEM for all groups and used to calculate the Area under the Curve
(AUC).

2.4. RFADCC and ADCC

Relative fluorescence antibody dependent cellular cytotoxicity assays were carried out as
previously described, with minor adjustments [50,52,53]. Briefly, EGFP-CEM-NKR-CCR5SNAP
cells were coated with one of three antigen targets: gp12093TH057 core, full-length gp12093TH057 or
gp120BaL, all at 50 µg/mL. Cells were then incubated with pooled or individual sera (starting at 1:50
dilution), positive control A32 (starting at 10 µg/mL) or naïve pre-bleed sera over a 1:4 dilution range.
Antibody-bound cells were then cultured with human PBMCs (Stemcell Technologies, Vancouver,
BC, Canada) for 3 h at 37 ◦C before washing and fixing in 1% paraformaldehyde prior to analysis
by flow cytometry using a BD LSR II special order instrument (BD, Franklin Lakes, NJ, USA). Data
were analyzed using FlowJo (Version 10, Tree Star, Ashland, OR, USA)) and plotted using Graphpad
Prism by normalizing data to the A32 positive control and naïve sera negative control to determine the
percent lysis.

ADCC against ADA-Env-based NL4.3 GFP viruses containing intact (WT) or defective nef and vpu
genes (N-U-) was carried out as previously described [54,55]. For the evaluation of antibody-dependent
cellular cytotoxicity (ADCC), infected primary CD4+ T cells were stained with viability (AquaVivid;
Thermo Fisher Scientific, Waltham, MA, USA) and cellular (cell proliferation dye eFluor670; Thermo
Fisher Scientific, Waltham, MA, USA) markers and used as target cells. Overnight-rested autologous
PBMCs were stained with another cellular marker (cell proliferation dye eFluor450; Thermo Fisher
Scientific, Waltham, MA, USA). The primary CD4+ T cells and PBMCs were then incubated 20 min
before being washed twice in complete RPMI (Thermo Fisher Scientific, Waltham, MA, USA). Target
cells (T) were then mixed with PBMC effector cells (E) at an effector/target (E/T) ratio of 10:1 in 96-well
V-bottom plates (Corning, Corning, NY, USA). Pooled mice sera (1:1000) were added to the appropriate
wells. The plates were subsequently centrifuged for 1 min at 300× g and incubated at 37 ◦C, 5% CO2

for 5 to 6 h before being fixed in a 2% PBS-formaldehyde solution. ADCC was calculated as previously
reported [54] using the formula: [(% of GFP+ cells in Targets plus Effectors) − (% of GFP+ cells in
Targets plus Effectors plus sera)]/(% of GFP+ cells in Targets) × 100 by gating on infected lived target
cells. All samples were acquired on an LSRII cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and
data analysis was performed using FlowJo (Version 10, Tree Star, Ashland, OR, USA).

2.5. Cell Surface Staining

For cell surface staining against cells infected with ADA-Env-based NL4.3 GFP viruses containing
intact (WT) or defective nef and vpu genes (N-U-), forty-eight hours post-infection, primary CD4+

T cells were stained for 30 min at 37 ◦C with pooled mice sera (1:1000 dilution) in PBS. Cells were
then washed once with PBS and stained with 2 µg/mL anti-mouse AlexaFluor 647 (AF-647) secondary
antibodies and 1:1000 dilution of viability dye AquaVivid (Thermo Fisher Scientific, Waltham, MA,
USA) for 20 min in PBS at room temperature. Cells were then washed with PBS and fixed in a
2% PBS-formaldehyde solution. All samples were acquired on an LSRII cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and data analysis was performed using FlowJo (Version 10, Tree Star, Ashland,
OR, USA).

2.6. Competition ELISA

ELISA plates for competition ELISA were prepared as above. Biotinylated A32 and N5-i5 were
generated using the EZ-link Sulpho-NHS biotin kit (Thermo Fisher Scientific, Waltham, MA, USA).
The half-max binding was then calculated against ID2 and a 2× concentration of half-max A32 or N5-i5
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was mixed 1:1 with a 2x concentration of diluted sera. These samples were plated alongside an internal
control of unbiotinylated control A32 or N5-i5 (dilution curve starting at 10 µg/mL) to determine 100%
competition and naïve pre-bleed sera to determine 0% competition. Following incubation overnight,
plates were washed and a 1:1000 dilution of ExtrAvidin AP (Sigma Aldrich, St. Lewis, MO, USA) was
added to the plates for 1 h at room temperature. Plates were developed and read as above. GraphPad
Prism was used to calculate the % competition of each sera sample by normalizing results to the 100%
and 0% internal plate controls. All sera were assayed in triplicate for each individual mouse, displayed
is mean with SEM for each immunization group.

2.7. Statistics

All statistical analysis was carried out using GraphPad Prism. Statistical significance was
determined using a one-way ANOVA with Tukey’s multiple comparisons. Significance values are
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results

3.1. The Overall ID2 IgG Titer in Mice Sera Increases with ID2 Immunization Dose

To investigate the immunogen dose effect on the induction of ID2-specific immunoglobulin, we
immunized groups of 6 BALB/c mice (three female, three male) via the intraperitoneal route with
ID2 doses ranging from 0.25 to 60 µg in GLA-SE adjuvant as previously described [52] and outlined
in Figure 1A. GLA-SE adjuvant (a stable oil-in water emulsion containing a TLR-4 agonist adjuvant
developed by the Infectious Disease Research Institute) was used because it provided the most specific
and functional response to Cluster A [52]. Sera were collected 2 weeks post immunization, throughout
the course of the 4 immunizations and assayed for ID2-specific total IgG titers using a secondary
antibody that detects all IgG isotypes, in addition to cross-adsorbing IgA and IgM. Sera collected two
weeks following the first immunization with ID2 revealed that a small amount of specific IgG had
been generated, most obviously in the groups of mice dosed with 20 and 6.67 µg of ID2 (Figure 1B).
Following two immunizations, the largest titer of ID2-IgG was induced following the 20 µg dose with
all other doses, except the lowest—0.25 µg—resulting in detectable ID2 IgG (Figure 1C). After three
immunizations, all dosing groups had detectable specific titers, with 20 µg still inducing the highest
amounts (Figure 1D). By the termination of the experiment all doses above 2.2 µg resulted in similar
titers, with the two lowest doses inducing slightly lower amounts of ID2-specific antibody (Figure 1E).
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Figure 1. Kinetics and titer of ID2-specific IgG. Kinetics and titers of ID2-specific IgG induction over
the course of ID2 + GLA-SE immunization using the vaccination scheme shown in (A). Throughout
the immunization protocol, sera were collected two weeks post vaccination for each time point and
analyzed for the induction of IgG against ID2 in an ELISA format. Sera were analyzed 2 weeks
following (B) one immunization, (C) two immunizations, (D) three immunizations, and (E) the fourth
and final immunization. n = 6 mice for each group, sera were evaluated for each mouse in triplicate
and displayed as mean ± SEM.

3.2. Higher ID2 Immunization dose Fails to Induce Sera Antibodies with Potent ADCC Activity

The ID2 immunogen was designed to exclusively induce Cluster-A-specific nnAbs capable of
potent ADCC against virus-coated target cells where CD4-triggered HIV-1 envelope targets are still
available [18,31,51]. To test if the induced ID2 antibody titers correlated with the ADCC activities of
the sera, we analyzed terminal sera from all dosing groups for ADCC activity against gp120 targets
bound to GFP-CEM-NKR-CCR5SNAP cells expressing CD4 and CCR5 in a rapid fluorometric antibody
dependent cellular cytotoxicity (RFADCC) assay [56] as well as against WT and Nef-VPU- virally
infected target cells [26] (Figure 2 and Figure S1A). Of note, both assays express Env in the CD4-bound
conformation, which is a prerequisite for anti-cluster A antibodies to engage with its epitopes.
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Figure 2. RFADCC capabilities of sera from ID2 immunized mice. The RFADCC potential of pooled sera
from ID2 immunized mice was assayed against a number of targets. (A) RFADCC against gp12093TH057

core coated (B) full-length gp12093TH057 and (C) gp120BaL coated EGFP-CEN-NKR-CCR5SNAP target
cells. The left panels show the % RFADCC over a number of sera of A32 positive control antibody
concentrations over a 4-fold dilution. The middle panels display the maximum % lysis against each
target and the right panels display the overall area under curve (AUC) for each immunization group.
Sera were pooled for each dosing group and analyzed 2 weeks following the final immunization. n = 6
mice for each group, pooled sera were evaluated in triplicate and displayed as mean ± SEM. Max %
lysis and AUC were analyzed for statistical significance using a one-way ANOVA with Tukey’s test
for multiple comparisons. Significance values are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

In the RFADCC assay, we used three different gp120 variants: gp12093TH057 core stabilized in
the CD4-bound conformation by the same C65-C115 disulfide bond used for ID2 [51] (Figure 2A),
full-length, wild-type gp12093TH057 (Figure 2B) and full-length, wild-type gp120BaL. (Figure 2C). The
gp12093TH057 variants represent ID2 clade-matched targets (ID2 immunogens consists of clade AE93TH057

sequence [51]), while gp120BaL is a clade mismatched variant from clade B HIV-1. Interestingly, in
contrast to the trends observed of ID2 titers, where immunization doses in a range of 2.22–60 µg
induced similar levels of total ID2-specific IgG at the immunization termination, the ADCC potency of
mouse sera in the RFADCC assays differed significantly. As shown in Figure 2A, RFADCC against
gp12093TH057 core coated cells showed a clear dose–response curve when maximal ADCC and AUC
were plotted against the dose of ID2 with high and low immunogen doses resulting in poorer ADCC
(Figure 2A). This indicates that it may be possible to improve in vivo ADCC effector function by first
optimizing the dose of immunogen. Interestingly, the highest dose of immunogen did not result in the
best ADCC and in fact resulted in the second lowest maximal lysis (20.15%) after the 0.25 µg dose (13%)
with a similar pattern for the plots of area under the curve. The best ADCC as measured by percent
(%) lysis was observed for the 2.2µg dose, but the most potent (the max lysis at lower sera dilutions
and therefore the largest AUC) was observed for the 20 µg immunization of ID2 (Figure 2A). We then
assayed the ADCC potential against full-length gp120 of the same clade—Clade AE (Figure 2B)—or
against a different clade—BaL gp120—Clade B (Figure 2C). Similar to our positive control A32, a
prototype antibody of Cluster A region, mouse sera showed disparity between the two clades of gp120
with ADCC activity being slightly more potent against clade AE than B, as demonstrated by higher
AUC values for clade AE (Figure 2B,C). The dose–response curve of sera tested was not as clear as
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with the full-length gp120 target models but there was still a benefit from a dose lower than 60 µg with
the same clade benefiting the most from a 20 µg dose of ID2 and the cross clade from a 2.2 µg ID2 dose.

Finally, we tested if Abs from ID2 immunized sera were able to bind and mediate ADCC against
primary CD4+ T cells infected with cross-clade ADA-Env-based NL4.3 viruses containing intact or
defective nef and vpu genes. As predicted, we observed low binding against targets infected with
wild-type viruses (Figure S1A), in agreement with data showing that CD4i targets are not available
for Ab recognition on productively infected cells due to CD4 downregulation and expressed Env
predominately present in its native “closed” conformation [14,26,28,35,57,58]. Contrastingly, cells
infected with the nef and vpu deficient (N-U-) viruses, which express Env targets in their “open”
CD4i conformation due to imperfect CD4 downregulation, were efficiently bound by sera from ID2
immunized animals with the highest level seen in mice immunized with 2.2 µg ID2. When ADCC
at a sera dilution of 1:1000 were investigated, the higher doses of ID2 (60 and 20 µg) were found to
mediate little or no killing of N-U- ADA infected cells, while those of a dose of 6.67 µg or less induced
consistent specific killing of N-U- ADA infected cells (Figure S1B).

3.3. Higher ID2 Immunization dose Failed to Induce Sera Antibody Responses with Increased C1/C2
Epitope Specificity

Our analysis of functional responses in mice immunized with various doses of ID2 immunogen
revealed differences in the effectiveness of Fc-effector functions of antibodies induced by different ID2
doses with the sera of mice immunized with the lower and highest ID2 dose showing the poorest
ADCC in RFADCC assays. ID2 was designed to optimally present the Cluster A epitope targets; we
therefore tested if antibodies with the desired epitope specificity were induced in mice immunized
with different ID2 doses. We assayed the levels of sera antibodies capable of direct competition to plate
bound ID2 with A32 and N5-i5, two well-studied Cluster A antibodies [59]. As shown in Figure 3,
we observed the highest competition (87.4%) with A32 from sera of mice immunized with 2.22µg of
ID2 and good competition (69.7 and 67.4%) for the 20 and 60 µg doses. The highest competition for
N5-i5 binding reached 62.8% and 76.2% in sera of mice immunized with 2.22 and 20 µg, respectively.
All together, these data indicate that the very low doses of ID2 (0.25 and 0.75 µg) are not optimal for
effective induction of a Cluster-A-specific response. This points toward the possibility that the observed
decreased Fc-effector function activity of the sera of mice immunized with very low doses, at least in
part, is due to the poor induction of antibodies with desired Cluster A specificity. This observation
could be explained by the inability to engage sufficient B-cell receptors to drive the expansion and
differentiation of appropriate B cells, as described recently by [60]. Interestingly, we observed no
increased potency in responses to higher ID2 immunogen, indicating that once an optimal level of B cell
receptor saturation has occurred, no added benefit to antibody affinity will occur. This is in agreement
with previously published data studying the effect of antigen amount which show that a higher antigen
load leads to increased plasma cell differentiation but lower antibody affinity, while a lower dose of
antigen leads to an increased B cell memory pool as well as antibodies of higher affinity [61].
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Figure 3. Ability of ID-2 immunized sera to compete with A32 and N5-i5 for ID2 binding. Competition
ELISA to determine the level of competition of immunized sera with (A) A32 and (B) N5-i5. Sera were
mixed 1:1 with a biotinylated antibody at a concentration equivalent to the half-max binding against
ID2 and analyzed for % competition. Sera from each mouse were analyzed in triplicate over a 10-fold
dilution beginning at 1:100 (Left panels) with % competition at 1:100 dilution displayed in right panels.
n = 6 mice for each group, sera were evaluated for each mouse in triplicate and displayed as mean ±
SEM. Statistical significance was determined using a one-way ANOVA with Tukey’s test for multiple
comparisons. Significance values are indicated as * p < 0.05, ** p < 0.01.

3.4. Higher ID2 Immunization dose Induces IgG Isotypes with Lower Fc-Functionality

In Fc-effector mechanisms, an antibody plays the role of the bridge between the target and the
effector cell that mediates inactivation/killing, and it is well known that the efficiency of Fc-effector
activities is largely Ig isotype (class)-dependent. To analyze if immunogen dose could lead to the
induction of different isotypes that differentially bind the Fcγ receptors on monocytes and result in
altered RFADCC activity, we analyzed the sera at the time point of ADCC testing (at the termination)
for the presence of anti-ID2-specific IgG1, IgG2a, b and c, IgG3, IgA, and IgM (Figure 4 and Figure S2).
Sera were diluted over a range from 1:100–1:107 and plated for ELISA analysis. The assay was done
and the area under curve (AUC) calculated (Figure 4). We generated a heat map with red representing
the highest amount of each isotype between dosing groups and green the lowest, numerical values
representing the AUC of ID2-specific Abs over the full dilution range are also shown (Figure S2).
Interestingly, while no significant differences were observed between the total ID2-specific Ig levels, the
60 µg dose resulted in an AUC of 7.33 as compared to 6.49 for the lowest dose of 0.25 µg (Figure 1 and
Figure S2), we detected significant differences in the specific isotypes induced by different doses. We
observed differences in the levels of ID2-specific IgG1, a murine isotype not involved in ADCC, which
increased significantly with doses of ID2 over 2.2 µg and reached a maximum AUC of 4.15 following a
dose of 20 µg (Figure 4A). In contrast, neither IgG2a nor IgG2b levels followed the pattern of increased
specific isotype amount with increased immunogen dose. Instead, both isotypes were optimally
induced at a dose of 6.67 µg, declining with lower or larger doses of immunogen. Interestingly, the
levels of IgG2b, known to be involved in Fc-effector mechanisms in mice, were the highest in the sera
of mice immunized with the ID2 doses in a range of 2.2–20 µg, for which we also observed the most
efficient RFADCC (Figure 2). In contrast, IgG2c, IgG3 and IgA were induced at the highest levels in
mice immunized with the highest 60 µg dose that performed poorly in our Fc-effector function assays.
IgG3 specific for ID2 was induced in all immunization groups; however, this was at very low levels
close to the level of detection for the ELISA performed. Interestingly, human IgG3 and IgA correlated
with effective and poor vaccine protection, respectively, due to Fc-effector functions in RV144 [62].
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Although there is not much known about Fc-dependent functionality of the mouse IgG2c, IgG3 and
IgA isotype, especially in Fc-effector functions involving human PBMCs, the elevated levels of these
subclasses in the sera of mice immunized with the highest ID2 that shows suboptimal Fc-effector
activity points towards the negative rather than positive effect for these subclasses in the RFADCC
activity of sera antibodies.

Figure 4. Titer of ID2-specific isotypes induced by varying doses of ID2. Titers of ID2-specific isotypes
at the termination of ID2 + GLA-SE immunization. Terminal sera were collected two weeks post final
vaccination and analyzed for (A) IgG1, (B) IgG2a, (C) IgG2b, (D) IgG2c, (E) IgA and (F) IgG3. n = 6
mice for each group, sera were evaluated for each mouse in triplicate and displayed as mean ± SEM for
area under the curve (AUC) over the dilution range displayed in Figure 1. Statistical significance was
determined using a one-way ANOVA with Tukey’s test for multiple comparisons. Significance values
are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Isotype Specificity and Antibody Affinity in the 2.2 µg dosing Group Affects ADCC Potency

In order to further investigate the relationship between the epitope specificity of the induced
response, i.e., Ig isotype and ADCC efficiency, we analyzed individual sera from the 2.2 µg dose group,
which showed the most effective RFADCC against cells coated with stabilized gp12093TH057coree and
full-length gp120BaL (Figure 2). Interestingly, when sera were analyzed individually for each mouse,
the difference in potency became apparent with half of the sera samples peaking at 1:3200 and the other
half at 1:28,000 (Figure 5A), showing differences in ADCC potency in response to the same immunogen
dose. When the specificity of the induced antibody response was evaluated (Figure 5B,C), sera with
decreased ADCC potency had more variable and an overall lower level of competition to both A32
and N5-i5 than sera with higher ADCC potency. This points toward a key role of precise epitope
specificity of the induced response in Fc-effector function. In addition, the level of ID2-specific IgG2a,
the murine isotype most associated with ADCC, varied between the two groups with higher IgG2a
associated with increased ADCC potency (Figure 5D). This increased IGg2a also translated to a much
smaller ratio of IgG1 to IgG2a + IgG2b (Figure 5E), indicating that more potent ADCC is associated
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with increased antibody specificity and a shift toward the induction of antigen-specific ADCC relevant
isotypes in mice. Finally, in RV144, one important correlation was an inverse relationship between
anti-Env IgA and protection [62]. IgA induced to the same epitope targets competed with ADCC
functional IgGs of the same specificity [63]. To analyze if ID2-specific IgA could interfere with IgGs
and decrease the overall ADCC activities of mouse sera immunized with 2.2 µg ID2, we performed a
correlation analysis of the IgA response (AUC) with ADCC against gp120 core93TH057 (Figure 5F) and
saw no correlation between the level of induced ID2 IgA and RFADCC.

Figure 5. RFADCC capabilities of individual sera from 2.2 µg ID2 immunized mice. The RFADCC
potential of individual sera from ID2 immunized mice was assayed against gp12093TH057 core coated
EGFP-CEN-NKR-CCR5SNAP target cells. (A) RFADCC of 2.2 µg ID2 immunized mice over a broad
concentration range of sera dilutions for each individual mouse. (B) A32 and (C) N5-i5 competition
displayed segregated by potency of RFADCC response. (D) IgG2a AUC value and (E) ratio of
IgG1:IgG2a + IgG2b as segregated by potency of RFADCC response. (F) Correlation of IgA to RFADCC
showing R squared and p calculated using Pearson’s two-tailed correlation. n = 6 mice, individual sera
were evaluated in triplicate and displayed as mean ± SEM. Statistical significance was analyzed using
an unpaired T-test.

4. Discussion

Existing evidence shows an important role of Cluster A epitopes in ADCC to natural
infection [64–67] as well as in protective effect of the RV144 vaccine [42,43]; however, it is unknown
if a non-neutralizing ADCC response to this region alone can confer protection. Passive transfer
experiments in NHP models with nAbs of variable specificities are inconclusive. The three NHP
studies using nnAbs, including the C1/C2 specific mAb A32, failed to provide protection, although
evidence of the impact of the antibody on the transmitted virus was clear in all cases [68–70]. A passive
transfer study with rigorously tested nnAb doses or protection studies with vaccine-induced nnAbs is
required to definitively address a role of Fc-mediated effector responses of nnAbs in HIV-1 protection.

We previously developed ID2, an immunogen that stably incorporates the C1/C2 epitopes within
a 25 kDa unit of HIV-1 gp120 stabilized in CD4-bound conformation [51,52]. ID2 has the potential to
be developed into a vaccine candidate that could be used to test if a vaccine-induced non-neutralizing
polyclonal response to C1/C2 epitopes protects against HIV infection. If done, such studies will
provide a definitive answer about the role of C1/C2 targets in HIV-1 protection. To continue with ID2
optimization, we performed an immunogen dose study in BALB/c mice to test if the quantity and
quality (as measured by functional activity) of the induced immune response can be modulated by
dose delivered by intraperitoneal (IP) in four immunizations. To factor in the potentially vital influence
of antibody amount and isotype switching, we designed an immunization protocol over a wide dose
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range of immunogen (0.25–60 µg) to provide a polyclonal, species-matched investigation of antibody
induction and ADCC effectiveness.

Our studies clearly indicate that the functional response to ID2 is ‘fine-tuned’ by immunogen
dose. While ADCC potency of sera did not directly correlated with the level of induced ID2-specific
antibodies, there was clear evidence for a correlation between ADCC and the ID2-specfic isotype
pattern. The specific interaction of antibodies with the target is mediated through the Fab of the
antibody and the interaction with the effector cell through the Fc part of the antibody that binds the Fc
receptor expressed at the effector cell surface [53]. Fc-effector mechanisms therefore heavily depend
on engagement of antibody Fc regions into effective complexes with Fcγ-receptors at the effector cell
surface. There is growing evidence describing how Ig isotypes interact with Fcγ receptors expressed at
the surface of human effector cells and how the Ig isotype is linked to the effectiveness of particular
Fc-effector function (e.g., ADCC, ADCP etc.) [71–73]. By contrast, there is very little information about
murine Ig isotype involvement in Fc-effector processes. For murine antibodies, IgG2a (equivalent to
human IgG3), IgG2b (equivalent to human IgG1) and IgG3 are known to be involved in Fc-effector
mechanisms [74]. In addition, both murine IgG2a and IgG3 have been shown to induce ADCC and
generate IFNγ in the presence of human monocytic cells, indicating the Fc region of both isotypes are
able to bind and activate human Fcγ receptors on human monocytes [75], IgG2a is thought to play the
role of human IgG3 as it displays the highest affinities to FcγRIV, the primary receptor involved in
ADCC in mice [76]. This is of particular importance for our studies since all ADCC measurements were
carried out using human PBMCs [56] in an RFADCC assay know to heavily rely on monocytes [77].

We determined that optimal dosing conditions were required to induce an isotype repertoire able
to mediate potent ADCC in the absence of isotypes known to negatively affect ADCC. This indicates
that, in contrast to vaccination strategies designed for the induction of a neutralizing antibody response,
a vaccine based solely on, or including components of, a Fc-effector antibody response will require
careful investigation of the immunization protocol to include a dose that allows for the required class
switching and fine-tuning of the B cell response. This will also require careful investigation of new
vaccine candidates in each animal model before the move to humans, as there is growing evidence of
significant interspecies differences (human versus mice, human versus non-human primates, etc.) in
the individual components of the immune system involved in Fc-effector mechanisms. These include
differences in the isotype/subclass/allele repertoire of immunoglobulins and FcRs that can confound
outcomes of such studies [78,79].
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Figure S1: Binding and ADCC capabilities of sera from ID2 immunized mice against WT and N-U-ADA infected
target cells. Figure S2: Mean Area under curve values for all tested ID2-specific Isotypes.

Author Contributions: Designed, performed research and analyzed the data, R.S., W.D.T. and M.P.; performed
quantitative ELISAs, S.G.; performed RFADCC assays and qualitative ELISA assays, R.S.; designed and produced
ID2 and gp120 variant antigens, W.D.T.; performed ADCC assays, G.B.-B. and A.F. All authors have read and
agreed to the published version of the manuscript.

Funding: Funding for this study was provided by the National Institute of Health grants R01 AI116274 to M.P.
and R01 AI129769 to M.P. and A.F., and P01 AI120756 to Georgia Tomaras. This work was also supported by a
CIHR foundation grant #352417 to A.F. A.F. is the recipient of a Canada Research Chair on Retroviral Entry #
RCHS0235 950-232424. G.B.-B. is supported by a CIHR fellowship. Funding bodies had no role in the design,
collection, analysis or interpretation of the data. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript and the contents of this publication are solely the
responsibility of the authors.

Acknowledgments: We thank George Lewis of the University of Maryland for providing the cell line for
RFADCC assays.

Disclaimer: The views expressed in this presentation are those of the authors and do not reflect the official policy
or position of the Uniformed Services University, US Army, the Department of Defense, or the US Government.

Disclosure: ID2 was granted a patent on 4 August 2020. The patent number is S 10730932 B2 and was issued
to the University of Maryland with inventors listed as Marzena Pazgier, George Lewis, William D. Tolbert and
Neelakshi Gohain.

http://www.mdpi.com/2076-2607/8/10/1490/s1


Microorganisms 2020, 8, 1490 13 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barbaro, G.; Iacobellis, G. Metabolic syndrome associated with HIV and highly active antiretroviral therapy.
Curr. Diabetes Rep. 2009, 9, 37–42. [CrossRef]

2. Delicio, A.M.; Lajos, G.J.; Amaral, E.; Cavichiolli, F.; Polydoro, M.; Milanez, H. Adverse effects in children
exposed to maternal HIV and antiretroviral therapy during pregnancy in Brazil: A cohort study. Reprod. Health
2018, 15, 76. [CrossRef] [PubMed]

3. Maddali, M.V.; Dowdy, D.W.; Gupta, A.; Shah, M. Economic and epidemiological impact of early antiretroviral
therapy initiation in India. J. Int. AIDS Soc. 2015, 18, 20217. [CrossRef] [PubMed]

4. Gresele, P.; Falcinelli, E.; Momi, S.; Francisci, D.; Baldelli, F. Highly active antiretroviral therapy-related
mechanisms of endothelial and platelet function alterations. Rev. Cardiovasc. Med. 2014, 15 (Suppl. 1),
S9–S20.

5. Rolland, M. HIV-1 immune evasion—A threat to effective vaccines? Nat. Med. 2016, 22, 580–581. [CrossRef]
[PubMed]

6. Guha, D.; Ayyavoo, V. Innate Immune Evasion Strategies by Human Immunodeficiency Virus Type 1.
ISRN AIDS 2013, 2013, 1–10. [CrossRef] [PubMed]

7. Moldt, B.; Rakasz, E.G.; Schultz, N.; Chan-Hui, P.-Y.; Swiderek, K.; Weisgrau, K.L.; Piaskowski, S.M.;
Bergman, Z.; Watkins, D.I.; Poignard, P.; et al. Highly potent HIV-specific antibody neutralization in vitro
translates into effective protection against mucosal SHIV challenge in vivo. Proc. Natl. Acad. Sci. USA 2012,
109, 18921–18925. [CrossRef]

8. Gautam, R.; Nishimura, Y.; Pegu, A.; Nason, M.C.; Klein, F.; Gazumyan, A.; Golijanin, J.; Buckler-White, A.;
Sadjadpour, R.; Wang, K.; et al. A single injection of anti-HIV-1 antibodies protects against repeated SHIV
challenges. Nature 2016, 533, 105–109. [CrossRef]

9. Barouch, D.H.; Whitney, J.B.; Moldt, B.; Klein, F.; Oliveira, T.Y.; Liu, J.; Stephenson, K.E.; Chang, H.-W.;
Shekhar, K.; Gupta, S.; et al. Therapeutic efficacy of potent neutralizing HIV-1-specific monoclonal antibodies
in SHIV-infected rhesus monkeys. Nature 2013, 503, 224–228. [CrossRef]

10. Landais, E.; Moore, P.L. Development of broadly neutralizing antibodies in HIV-1 infected elite neutralizers.
Retrovirology 2018, 15, 61. [CrossRef]

11. Su, B.; Dispinseri, S.; Iannone, V.; Zhang, T.; Wu, H.; Carapito, R.; Bahram, S.; Scarlatti, G.; Moog, C. Update
on Fc-Mediated Antibody Functions Against HIV-1 Beyond Neutralization. Front. Immunol. 2019, 10, 2968.
[CrossRef] [PubMed]

12. Moore, J.P.; Sattentau, Q.J.; Yoshiyama, H.; Thali, M.; Charles, M.; Sullivan, N.; Poon, S.W.; Fung, M.S.;
Traincard, F.; Pinkus, M. Probing the structure of the V2 domain of the human immunodeficiency virus type
1 surface glycoprotein gp120 with a panel of eight monoclonal antibodies: The human immune response to
the V1 and V2 domains. J. Virol. 1993, 67, 6136–6151. [CrossRef] [PubMed]

13. Ferrari, G.; Pollara, J.; Kozink, D.; Harms, T.; Drinker, M.; Freel, S.; Moody, M.A.; Alam, S.M.; Tomaras, G.D.;
Ochsenbauer, C.; et al. An HIV-1 gp120 Envelope Human Monoclonal Antibody That Recognizes a C1
Conformational Epitope Mediates Potent Antibody-Dependent Cellular Cytotoxicity (ADCC) Activity and
Defines a Common ADCC Epitope in Human HIV-1 Serum. J. Virol. 2011, 85, 7029–7036. [CrossRef]
[PubMed]

14. Veillette, M.; Coutu, M.; Richard, J.; Batraville, L.-A.; Dagher, O.; Bernard, N.; Tremblay, C.;
Kaufmann, D.E.; Roger, M.; Finzi, A. The HIV-1 gp120 CD4-Bound Conformation Is Preferentially Targeted
by Antibody-Dependent Cellular Cytotoxicity-Mediating Antibodies in Sera from HIV-1-Infected Individuals.
J. Virol. 2014, 89, 545–551. [CrossRef]

15. Ding, S.; Veillette, M.; Coutu, M.; Prévost, J.; Scharf, L.; Bjorkman, P.J.; Ferrari, G.; Robinson, J.E.; Stürzel, C.;
Hahn, B.H.; et al. A Highly Conserved Residue of the HIV-1 gp120 Inner Domain Is Important for
Antibody-Dependent Cellular Cytotoxicity Responses Mediated by Anti-cluster A Antibodies. J. Virol. 2015,
90, 2127–2134. [CrossRef]

16. Anand, S.P.; Prévost, J.; Baril, S.; Richard, J.; Medjahed, H.; Chapleau, J.-P.; Tolbert, W.D.; Kirk, S.; Smith, A.B.;
Wines, B.D.; et al. Two Families of Env Antibodies Efficiently Engage Fc-Gamma Receptors and Eliminate
HIV-1-Infected Cells. J. Virol. 2019, 93. [CrossRef]

http://dx.doi.org/10.1007/s11892-009-0008-7
http://dx.doi.org/10.1186/s12978-018-0513-8
http://www.ncbi.nlm.nih.gov/pubmed/29747664
http://dx.doi.org/10.7448/IAS.18.1.20217
http://www.ncbi.nlm.nih.gov/pubmed/26434780
http://dx.doi.org/10.1038/nm.4119
http://www.ncbi.nlm.nih.gov/pubmed/27270774
http://dx.doi.org/10.1155/2013/954806
http://www.ncbi.nlm.nih.gov/pubmed/24052891
http://dx.doi.org/10.1073/pnas.1214785109
http://dx.doi.org/10.1038/nature17677
http://dx.doi.org/10.1038/nature12744
http://dx.doi.org/10.1186/s12977-018-0443-0
http://dx.doi.org/10.3389/fimmu.2019.02968
http://www.ncbi.nlm.nih.gov/pubmed/31921207
http://dx.doi.org/10.1128/JVI.67.10.6136-6151.1993
http://www.ncbi.nlm.nih.gov/pubmed/7690418
http://dx.doi.org/10.1128/JVI.00171-11
http://www.ncbi.nlm.nih.gov/pubmed/21543485
http://dx.doi.org/10.1128/JVI.02868-14
http://dx.doi.org/10.1128/JVI.02779-15
http://dx.doi.org/10.1128/JVI.01823-18


Microorganisms 2020, 8, 1490 14 of 17

17. Gohain, N.; Tolbert, W.D.; Acharya, P.; Yu, L.; Liu, T.; Zhao, P.; Orlandi, C.; Visciano, M.L.; Kamin-Lewis, R.;
Sajadi, M.M.; et al. Cocrystal Structures of Antibody N60-i3 and Antibody JR4 in Complex with gp120 Define
More Cluster A Epitopes Involved in Effective Antibody-Dependent Effector Function against HIV-1. J. Virol.
2015, 89, 8840–8854. [CrossRef]

18. Acharya, P.; Tolbert, W.D.; Gohain, N.; Wu, X.; Yu, L.; Liu, T.; Huang, W.; Huang, C.-C.; Kwon, Y.D.;
Louder, R.K.; et al. Structural Definition of an Antibody-Dependent Cellular Cytotoxicity Response
Implicated in Reduced Risk for HIV-1 Infection. J. Virol. 2014, 88, 12895–12906. [CrossRef]

19. Mengistu, M.; Ray, K.; Lewis, G.K.; DeVico, A.L. Antigenic Properties of the Human Immunodeficiency Virus
Envelope Glycoprotein Gp120 on Virions Bound to Target Cells. PLoS Pathog. 2015, 11, e1004772. [CrossRef]

20. Mengistu, M.; Tang, A.-H.; Foulke, J.S.; Blanpied, T.A.; Gonzalez, M.W.; Spouge, J.L.; Gallo, R.C.; Lewis, G.K.;
DeVico, A.L. Patterns of conserved gp120 epitope presentation on attached HIV-1 virions. Proc. Natl. Acad.
Sci. USA 2017, 114, E9893–E9902. [CrossRef]

21. Ray, K.; Mengistu, M.; Yu, L.; Lewis, G.K.; Lakowicz, J.R.; DeVico, A.L. Antigenic Properties of the HIV
Envelope on Virions in Solution. J. Virol. 2014, 88, 1795–1808. [PubMed]

22. Lewis, G.K.; Guan, Y.; Kamin-Lewis, R.; Sajadi, M.; Pazgier, M.; DeVico, A.L. Epitope target structures of
Fc-mediated effector function during HIV-1 acquisition. Curr. Opin. HIV AIDS 2014, 9, 263–270. [PubMed]

23. Lewis, G.K.; Pazgier, M.; Evans, D.T.; Ferrari, G.; Bournazos, S.; Parsons, M.S.; Bernard, N.F.; Finzi, A. Beyond
Viral Neutralization. AIDS Res. Hum. Retrovir. 2017, 33, 760–764. [PubMed]

24. Pollara, J.; Bonsignori, M.; Moody, M.A.; Pazgier, M.; Haynes, B.F.; Ferrari, G. Epitope Specificity of Human
Immunodeficiency Virus-1 Antibody Dependent Cellular Cytotoxicity [ADCC] Responses. Curr. HIV Res.
2013, 11, 378–387.

25. Ding, S.; Gasser, R.; Gendron-Lepage, G.; Medjahed, H.; Tolbert, W.D.; Sodroski, J.; Pazgier, M.; Finzi, A. CD4
Incorporation into HIV-1 Viral Particles Exposes Envelope Epitopes Recognized by CD4-Induced Antibodies.
J. Virol. 2019, 93. [CrossRef]

26. Veillette, M.; Désormeaux, A.; Medjahed, H.; Gharsallah, N.-E.; Coutu, M.; Baalwa, J.; Guan, Y.; Lewis, G.;
Ferrari, G.; Hahn, B.H.; et al. Interaction with Cellular CD4 Exposes HIV-1 Envelope Epitopes Targeted by
Antibody-Dependent Cell-Mediated Cytotoxicity. J. Virol. 2013, 88, 2633–2644.

27. Veillette, M.; Richard, J.; Pazgier, M.; Lewis, G.K.; Parsons, M.S.; Finzi, A. Role of HIV-1 Envelope
Glycoproteins Conformation and Accessory Proteins on ADCC Responses. Curr. HIV Res. 2016, 14, 9–23.

28. Prévost, J.; Richard, J.; Medjahed, H.; Alexander, A.; Jones, J.; Kappes, J.C.; Ochsenbauer, C.; Finzi, A.
Incomplete Downregulation of CD4 Expression Affects HIV-1 Env Conformation and Antibody-Dependent
Cellular Cytotoxicity Responses. J. Virol. 2018, 92, e00484-18.

29. Finnegan, C.M.; Berg, W.; Lewis, G.K.; DeVico, A.L. Antigenic properties of the human immunodeficiency
virus envelope during cell-cell fusion. J. Virol. 2001, 75, 11096–11105.

30. Finnegan, C.M.; Berg, W.; Lewis, G.K.; DeVico, A. Antigenic Properties of the Human Immunodeficiency
Virus Transmembrane Glycoprotein during Cell-Cell Fusion. J. Virol. 2002, 76, 12123–12134.

31. Guan, Y.; Pazgier, M.; Sajadi, M.M.; Kamin-Lewis, R.; Al-Darmarki, S.; Flinko, R.; Lovo, E.; Wu, X.;
Robinson, J.E.; Seaman, M.S.; et al. Diverse specificity and effector function among human antibodies to
HIV-1 envelope glycoprotein epitopes exposed by CD4 binding. Proc. Natl. Acad. Sci. USA 2012, 110,
E69–E78. [CrossRef]

32. Williams, K.L.; Cortez, V.; Dingens, A.S.; Gach, J.S.; Rainwater, S.; Weis, J.F.; Chen, X.; Spearman, P.;
Forthal, N.N.; Overbaugh, J. HIV-specific CD4-induced Antibodies Mediate Broad and Potent
Antibody-dependent Cellular Cytotoxicity Activity and Are Commonly Detected in Plasma From
HIV-infected humans. EBioMedicine 2015, 2, 1464–1477. [CrossRef] [PubMed]

33. Dupuy, F.P.; Kant, S.; Barbé, A.; Routy, J.-P.; Bruneau, J.; Lebouché, B.; Tremblay, C.; Pazgier, M.; Finzi, A.;
Bernard, N.F. Antibody-Dependent Cellular Cytotoxicity-Competent Antibodies against HIV-1-Infected
Cells in Plasma from HIV-Infected Subjects. mBio 2019, 10. [CrossRef] [PubMed]

34. Bruel, T.; Guivel-Benhassine, F.; Lorin, V.; Lortat-Jacob, H.; Baleux, F.; Bourdic, K.; Noël, N.; Lambotte, O.;
Mouquet, H.; Schwartz, O. Lack of ADCC Breadth of Human Nonneutralizing Anti-HIV-1 Antibodies.
J. Virol. 2017, 91. [CrossRef] [PubMed]

35. Richard, J.; Prévost, J.; Baxter, A.E.; Von Bredow, B.; Ding, S.; Medjahed, H.; Delgado, G.G.; Brassard, N.;
Stürzel, C.M.; Kirchhoff, F.; et al. Uninfected Bystander Cells Impact the Measurement of HIV-Specific
Antibody-Dependent Cellular Cytotoxicity Responses. mBio 2018, 9, e00358-18. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.01232-15
http://dx.doi.org/10.1128/JVI.02194-14
http://dx.doi.org/10.1371/journal.ppat.1004772
http://dx.doi.org/10.1073/pnas.1705074114
http://www.ncbi.nlm.nih.gov/pubmed/24284318
http://www.ncbi.nlm.nih.gov/pubmed/24670318
http://www.ncbi.nlm.nih.gov/pubmed/28084796
http://dx.doi.org/10.1128/JVI.01403-19
http://dx.doi.org/10.1073/pnas.1217609110
http://dx.doi.org/10.1016/j.ebiom.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26629541
http://dx.doi.org/10.1128/mBio.02690-19
http://www.ncbi.nlm.nih.gov/pubmed/31848282
http://dx.doi.org/10.1128/JVI.02440-16
http://www.ncbi.nlm.nih.gov/pubmed/28122982
http://dx.doi.org/10.1128/mBio.00358-18
http://www.ncbi.nlm.nih.gov/pubmed/29559570


Microorganisms 2020, 8, 1490 15 of 17

36. Milligan, C.; Richardson, B.A.; John-Stewart, G.; Nduati, R.; Overbaugh, J. Passively acquired
antibody-dependent cellular cytotoxicity (ADCC) activity in HIV-infected infants is associated with reduced
mortality. Cell Host Microbe 2015, 17, 500–506. [CrossRef]

37. Naiman, N.E.; Slyker, J.; Richardson, B.A.; John-Stewart, G.; Nduati, R.; Overbaugh, J. Antibody-dependent
cellular cytotoxicity targeting CD4-inducible epitopes predicts mortality in HIV-infected infants. EBioMedicine
2019, 47, 257–268. [CrossRef]

38. Von Bredow, B.; Arias, J.F.; Heyer, L.N.; Moldt, B.; Le, K.; Robinson, J.E.; Zolla-Pazner, S.; Burton, D.R.;
Evans, D.T. Comparison of Antibody-Dependent Cell-Mediated Cytotoxicity and Virus Neutralization by
HIV-1 Env-Specific Monoclonal Antibodies. J. Virol. 2016, 90, 6127–6139. [CrossRef]

39. Wang, P.; Gajjar, M.R.; Yu, J.; Padte, N.N.; Gettie, A.; Blanchard, J.L.; Russell-Lodrigue, K.E.; Liao, L.E.;
Perelson, A.S.; Huang, Y.; et al. Quantifying the contribution of Fc-mediated effector functions to the antiviral
activity of anti–HIV-1 IgG1 antibodies in vivo. Proc. Natl. Acad. Sci. USA 2020, 117, 18002–18009.

40. Yates, N.L.; Liao, H.-X.; Fong, Y.; DeCamp, A.; Vandergrift, N.A.; Williams, W.T.; Alam, S.M.; Ferrari, G.;
Yang, Z.-Y.; Seaton, K.E.; et al. Vaccine-Induced Env V1-V2 IgG3 Correlates with Lower HIV-1 Infection Risk
and Declines Soon After Vaccination. Sci. Transl. Med. 2014, 6, 228ra39. [CrossRef]

41. Chung, A.W.; Ghebremichael, M.; Robinson, H.; Brown, E.; Choi, I.; Lane, S.; Dugast, A.-S.; Schoen, M.K.;
Rolland, M.; Suscovich, T.J.; et al. Polyfunctional fc-effector profiles mediated by igg subclass selection
distinguish rv144 and vax003 vaccines. Sci. Transl. Med. 2014, 6, 228ra38. [CrossRef] [PubMed]

42. Haynes, B.F.; Gilbert, P.B.; McElrath, M.J.; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.;
Montefiori, D.C.; Karnasuta, C.; Sutthent, R.; et al. Immune-correlates analysis of an hiv-1 vaccine efficacy
trial. N. Engl. J. Med. 2012, 366, 1275–1286. [CrossRef] [PubMed]

43. Bonsignori, M.; Pollara, J.; Moody, M.A.; Alpert, M.D.; Chen, X.; Hwang, K.-K.; Gilbert, P.B.; Huang, Y.;
Gurley, T.C.; Kozink, D.M.; et al. Antibody-dependent cellular cytotoxicity-mediating antibodies from an
hiv-1 vaccine efficacy trial target multiple epitopes and preferentially use the VH1 gene family. J. Virol. 2012,
86, 11521–11532. [CrossRef]

44. Liao, H.-X.; Bonsignori, M.; Alam, S.M.; McLellan, J.S.; Tomaras, G.D.; Moody, M.A.; Kozink, D.M.;
Hwang, K.-K.; Chen, X.; Tsao, C.-Y.; et al. Vaccine Induction of Antibodies against a Structurally
Heterogeneous Site of Immune Pressure within HIV-1 Envelope Protein Variable Regions 1 and 2. Immunity
2013, 38, 176–186. [CrossRef] [PubMed]

45. Liu, P.; Yates, N.L.; Shen, X.; Bonsignori, M.; Moody, M.A.; Liao, H.-X.; Fong, Y.; Alam, S.M.; Overman, R.G.;
Denny, T.N.; et al. Infectious Virion Capture by HIV-1 gp120-Specific IgG from RV144 Vaccinees. J. Virol.
2013, 87, 7828–7836. [CrossRef] [PubMed]

46. Pollara, J.; Bonsignori, M.; Moody, M.A.; Liu, P.; Alam, S.M.; Hwang, K.-K.; Gurley, T.C.; Kozink, D.M.;
Armand, L.C.; Marshall, D.J.; et al. HIV-1 Vaccine-Induced C1 and V2 Env-Specific Antibodies Synergize for
Increased Antiviral Activities. J. Virol. 2014, 88, 7715–7726. [CrossRef]

47. Prévost, J.; Zoubchenok, D.; Richard, J.; Veillette, M.; Pacheco, B.; Coutu, M.; Brassard, N.; Parsons, M.S.;
Ruxrungtham, K.; Bunupuradah, T.; et al. Influence of the Envelope gp120 Phe 43 Cavity on HIV-1 Sensitivity
to Antibody-Dependent Cell-Mediated Cytotoxicity Responses. J. Virol. 2017, 91. [CrossRef]

48. Easterhoff, D.; Pollara, J.; Luo, K.; Tolbert, W.D.; Young, B.; Mielke, D.; Jha, S.; O’Connell, R.J.; Vasan, S.;
Kim, J.; et al. Boosting with ALVAC-HIV and AIDSVAX B/E enhances Env constant region 1 and 2
antibody-dependent cellular cytotoxicity. bioRxiv 2019, 632844. [CrossRef]

49. Akapirat, S.; Karnasuta, C.; Vasan, S.; Rerks-Ngarm, S.; Pitisuttithum, P.; Madnote, S.; Savadsuk, H.;
Rittiroongrad, S.; Puangkaew, J.; Phogat, S.; et al. Characterization of HIV-1 gp120 antibody specificities
induced in anogenital secretions of RV144 vaccine recipients after late boost immunizations. PLoS ONE 2018,
13, e0196397. [CrossRef]

50. Tolbert, W.D.; Van, V.; Sherburn, R.; Tuyishime, M.; Yan, F.; Nguyen, D.N.; Stanfield-Oakley, S.; Easterhoff, D.;
Bonsignori, M.; Haynes, B.F. Recognition Patterns of the C1/C2 Epitopes Involved in Fc-Mediated Response
in HIV-1 Natural Infection and the RV114 Vaccine Trial. mBio 2020, 11. [CrossRef]

51. Tolbert, W.D.; Gohain, N.; Veillette, M.; Chapleau, J.-P.; Orlandi, C.; Visciano, M.L.; Ebadi, M.; DeVico, A.L.;
Fouts, T.; Finzi, A.; et al. Paring Down HIV Env: Design and Crystal Structure of a Stabilized Inner Domain
of HIV-1 gp120 Displaying a Major ADCC Target of the A32 Region. Structure 2016, 24, 697–709. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.chom.2015.03.002
http://dx.doi.org/10.1016/j.ebiom.2019.08.072
http://dx.doi.org/10.1128/JVI.00347-16
http://dx.doi.org/10.1126/scitranslmed.3007730
http://dx.doi.org/10.1126/scitranslmed.3007736
http://www.ncbi.nlm.nih.gov/pubmed/24648341
http://dx.doi.org/10.1056/NEJMoa1113425
http://www.ncbi.nlm.nih.gov/pubmed/22475592
http://dx.doi.org/10.1128/JVI.01023-12
http://dx.doi.org/10.1016/j.immuni.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23313589
http://dx.doi.org/10.1128/JVI.02737-12
http://www.ncbi.nlm.nih.gov/pubmed/23658446
http://dx.doi.org/10.1128/JVI.00156-14
http://dx.doi.org/10.1128/JVI.02452-16
http://dx.doi.org/10.1101/632844
http://dx.doi.org/10.1371/journal.pone.0196397
http://dx.doi.org/10.1128/mBio.00208-20
http://dx.doi.org/10.1016/j.str.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27041594


Microorganisms 2020, 8, 1490 16 of 17

52. Visciano, M.L.; Gohain, N.; Sherburn, R.; Orlandi, C.; Flinko, R.; Dashti, A.; Lewis, G.K.; Tolbert, W.D.;
Pazgier, M. Induction of Fc-Mediated Effector Functions Against a Stabilized Inner Domain of HIV-1 gp120
Designed to Selectively Harbor the A32 Epitope Region. Front. Immunol. 2019, 10, 677. [CrossRef] [PubMed]

53. Tolbert, W.D.; Sherburn, R.; Van, V.; Pazgier, M. Structural Basis for Epitopes in the gp120 Cluster A Region
that Invokes Potent Effector Cell Activity. Viruses 2019, 11, 69. [CrossRef]

54. Richard, J.; Veillette, M.; Batraville, L.-A.; Coutu, M.; Chapleau, J.-P.; Bonsignori, M.; Bernard, N.;
Tremblay, C.; Roger, M.; Kaufmann, D.E.; et al. Flow cytometry-based assay to study HIV-1 gp120
specific antibody-dependent cellular cytotoxicity responses. J. Virol. Methods 2014, 208, 107–114. [CrossRef]
[PubMed]

55. Beaudoin-Bussières, G.; Prévost, J.; Gendron-Lepage, G.; Melillo, B.; Chen, J.; Iii, A.B.S.; Pazgier, M.; Finzi, A.
Elicitation of Cluster A and Co-Receptor Binding Site Antibodies Are Required to Eliminate HIV-1 Infected
Cells. Microorganisms 2020, 8, 710. [CrossRef]

56. Orlandi, C.; Flinko, R.; Lewis, G.K. A new cell line for high throughput HIV-specific antibody-dependent
cellular cytotoxicity (ADCC) and cell-to-cell virus transmission studies. J. Immunol. Methods 2016, 433, 51–58.
[CrossRef]

57. Alsahafi, N.; Bakouche, N.; Kazemi, M.; Richard, J.; Ding, S.; Bhattacharyya, S.; Das, D.; Anand, S.P.;
Prévost, J.; Tolbert, W.D.; et al. An Asymmetric Opening of HIV-1 Envelope Mediates Antibody-Dependent
Cellular Cytotoxicity. Cell Host Microbe 2019, 25, 578–587. [CrossRef]

58. Prévost, J.; Richard, J.; Ding, S.; Pacheco, B.; Charlebois, R.; Hahn, B.H.; Kaufmann, D.E.; Finzi, A. Envelope
glycoproteins sampling states 2/3 are susceptible to ADCC by sera from HIV-1-infected individuals. Virology
2018, 515, 38–45. [CrossRef]

59. Tolbert, W.D.; Gohain, N.; Alsahafi, N.; Van, V.; Orlandi, C.; Ding, S.; Martin, L.; Finzi, A.; Lewis, G.K.; Ray, K.;
et al. Targeting the Late Stage of HIV-1 Entry for Antibody-Dependent Cellular Cytotoxicity: Structural
Basis for Env Epitopes in the C11 Region. Structure 2017, 25, 1719–1731.e4. [CrossRef]

60. Prechl, J. A generalized quantitative antibody homeostasis model: Maintenance of global antibody equilibrium
by effector functions. Clin. Transl. Immunol. 2017, 6, e161. [CrossRef]

61. Andersson, B. Studies on the regulation of avidity at the level of the single antibody-forming cell. The effect
of antigen dose and time after immunization. J. Exp. Med. 1970, 132, 77–88. [CrossRef] [PubMed]

62. Rerks-Ngarm, S.; Pitisuttithum, P.; Nitayaphan, S.; Kaewkungwal, J.; Chiu, J.; Paris, R.; Premsri, N.;
Namwat, C.; De Souza, M.; Adams, E.; et al. Vaccination with ALVAC and AIDSVAX to Prevent HIV-1
Infection in Thailand. N. Engl. J. Med. 2009, 361, 2209–2220. [CrossRef] [PubMed]

63. Tomaras, G.D.; Ferrari, G.; Shen, X.; Alam, S.M.; Liao, H.-X.; Pollara, J.; Bonsignori, M.; Moody, M.A.; Fong, Y.;
Chen, X.; et al. Vaccine-induced plasma IgA specific for the C1 region of the HIV-1 envelope blocks binding
and effector function of IgG. Proc. Natl. Acad. Sci. USA 2013, 110, 9019–9024. [CrossRef] [PubMed]

64. Robinson, J.E.; Elliott, D.H.; Martin, E.A.; Micken, K.; Rosenberg, E.S. High frequencies of antibody responses
to CD4 induced epitopes in HIV infected patients started on HAART during acute infection. Hum. Antibodies
2005, 14, 115–121. [CrossRef] [PubMed]

65. Fouda, G.G.; Yates, N.L.; Pollara, J.; Shen, X.; Overman, G.R.; Mahlokozera, T.; Wilks, A.B.; Kang, H.H.;
Salazar-Gonzalez, J.F.; Salazar, M.G.; et al. HIV-Specific Functional Antibody Responses in Breast Milk Mirror
Those in Plasma and Are Primarily Mediated by IgG Antibodies. J. Virol. 2011, 85, 9555–9567. [CrossRef]
[PubMed]

66. Ampol, S.; Pattanapanyasat, K.; Sutthent, R.; Permpikul, P.; Kantakamalakul, W. Comprehensive Investigation
of Common Antibody-Dependent Cell-Mediated Cytotoxicity Antibody Epitopes of HIV-1 CRF01_AE gp120.
AIDS Res. Hum. Retroviruses 2012, 28, 1250–1258. [CrossRef] [PubMed]

67. Chung, A.W.; Isitman, G.; Navis, M.; Kramski, M.; Center, R.J.; Kent, S.J.; Stratov, I. Immune escape from
HIV-specific antibody-dependent cellular cytotoxicity (ADCC) pressure. Proc. Natl. Acad. Sci. USA 2011,
108, 7505–7510. [CrossRef]

68. Burton, D.R.; Hessell, A.J.; Keele, B.F.; Klasse, P.J.; Ketas, T.A.; Moldt, B.; Dunlop, D.C.; Poignard, P.;
Doyle, L.A.; Cavacini, L.; et al. Limited or no protection by weakly or nonneutralizing antibodies against
vaginal SHIV challenge of macaques compared with a strongly neutralizing antibody. Proc. Natl. Acad.
Sci. USA 2011, 108, 11181–11186. [CrossRef]

http://dx.doi.org/10.3389/fimmu.2019.00677
http://www.ncbi.nlm.nih.gov/pubmed/31001276
http://dx.doi.org/10.3390/v11010069
http://dx.doi.org/10.1016/j.jviromet.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25125129
http://dx.doi.org/10.3390/microorganisms8050710
http://dx.doi.org/10.1016/j.jim.2016.03.002
http://dx.doi.org/10.1016/j.chom.2019.03.002
http://dx.doi.org/10.1016/j.virol.2017.12.002
http://dx.doi.org/10.1016/j.str.2017.09.009
http://dx.doi.org/10.1038/cti.2017.50
http://dx.doi.org/10.1084/jem.132.1.77
http://www.ncbi.nlm.nih.gov/pubmed/4927596
http://dx.doi.org/10.1056/NEJMoa0908492
http://www.ncbi.nlm.nih.gov/pubmed/19843557
http://dx.doi.org/10.1073/pnas.1301456110
http://www.ncbi.nlm.nih.gov/pubmed/23661056
http://dx.doi.org/10.3233/HAB-2005-143-408
http://www.ncbi.nlm.nih.gov/pubmed/16720981
http://dx.doi.org/10.1128/JVI.05174-11
http://www.ncbi.nlm.nih.gov/pubmed/21734046
http://dx.doi.org/10.1089/aid.2011.0346
http://www.ncbi.nlm.nih.gov/pubmed/22288892
http://dx.doi.org/10.1073/pnas.1016048108
http://dx.doi.org/10.1073/pnas.1103012108


Microorganisms 2020, 8, 1490 17 of 17

69. Moog, C.; Dereuddre-Bosquet, N.; Teillaud, J.-L.; Biedma, M.E.; Holl, V.; Van Ham, G.; Heyndrickx, L.; Van
Dorsselaer, A.; Katinger, D.; Vcelar, B.; et al. Protective effect of vaginal application of neutralizing and
nonneutralizing inhibitory antibodies against vaginal SHIV challenge in macaques. Mucosal Immunol. 2013,
7, 46–56. [CrossRef]

70. Santra, S.; Tomaras, G.D.; Warrier, R.; Nicely, N.I.; Liao, H.-X.; Pollara, J.; Liu, P.; Alam, S.M.; Zhang, R.;
Cocklin, S.L.; et al. Human Non-neutralizing HIV-1 Envelope Monoclonal Antibodies Limit the Number
of Founder Viruses during SHIV Mucosal Infection in Rhesus Macaques. PLoS Pathog. 2015, 11, e1005042.
[CrossRef]

71. Van Erp, E.A.; Luytjes, W.; Ferwerda, G.; Van Kasteren, P.B. Fc-Mediated Antibody Effector Functions During
Respiratory Syncytial Virus Infection and Disease. Front. Immunol. 2019, 10, 548. [CrossRef] [PubMed]

72. Huang, Y.; Ferrari, G.; Alter, G.; Forthal, D.N.; Kappes, J.C.; Lewis, G.K.; Love, J.C.; Borate, B.; Harris, L.;
Greene, K.; et al. Diversity of Antiviral IgG Effector Activities Observed in HIV-Infected and Vaccinated
Subjects. J. Immunol. 2016, 197, 4603–4612. [CrossRef] [PubMed]

73. Tay, M.Z.; Wiehe, K.; Pollara, J. Antibody-Dependent Cellular Phagocytosis in Antiviral Immune Responses.
Front. Immunol. 2019, 10, 332. [CrossRef] [PubMed]

74. Stewart, R.; Hammond, S.A.; Oberst, M.; Wilkinson, R.W. The role of Fc gamma receptors in the activity of
immunomodulatory antibodies for cancer. J. Immunother. Cancer 2014, 2, 29. [CrossRef]

75. Akiyama, Y.; Lubeck, M.D.; Steplewski, Z.; Koprowski, H. Induction of mouse IgG2a- and IgG3-dependent
cellular cytotoxicity in human monocytic cells (U937) by immune interferon. Cancer Res. 1984, 44, 5127–5131.
[PubMed]

76. Wong, J.; Layton, D.; Wheatley, A.K.; Kent, S.J. Improving immunological insights into the ferret model of
human viral infectious disease. Influ. Other Respir. Viruses 2019, 13, 535–546. [CrossRef]

77. Kramski, M.; Schorcht, A.; Johnston, A.P.R.; Lichtfuss, G.; Jegaskanda, S.; De Rose, R.; Stratov, I.; Kelleher, A.;
French, M.A.; Center, R.; et al. Role of monocytes in mediating HIV-specific antibody-dependent cellular
cytotoxicity. J. Immunol. Methods 2012, 384, 51–61. [CrossRef]

78. Tolbert, W.D.; Subedi, G.P.; Gohain, N.; Lewis, G.K.; Patel, K.R.; Barb, A.W.; Pazgier, M. From Rhesus
macaque to human: Structural evolutionary pathways for immunoglobulin G subclasses. mAbs 2019, 11,
709–724. [CrossRef]

79. Chan, Y.N.; Boesch, A.W.; Osei-Owusu, N.Y.; Emileh, A.; Crowley, A.R.; Cocklin, S.L.; Finstad, S.L.;
Linde, C.H.; Howell, R.A.; Zentner, I.; et al. IgG Binding Characteristics of Rhesus Macaque FcgammaR.
J. Immunol. 2016, 197, 2936–2947. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/mi.2013.23
http://dx.doi.org/10.1371/journal.ppat.1005042
http://dx.doi.org/10.3389/fimmu.2019.00548
http://www.ncbi.nlm.nih.gov/pubmed/30967872
http://dx.doi.org/10.4049/jimmunol.1601197
http://www.ncbi.nlm.nih.gov/pubmed/27913647
http://dx.doi.org/10.3389/fimmu.2019.00332
http://www.ncbi.nlm.nih.gov/pubmed/30873178
http://dx.doi.org/10.1186/s40425-014-0029-x
http://www.ncbi.nlm.nih.gov/pubmed/6435864
http://dx.doi.org/10.1111/irv.12687
http://dx.doi.org/10.1016/j.jim.2012.07.006
http://dx.doi.org/10.1080/19420862.2019.1589852
http://dx.doi.org/10.4049/jimmunol.1502252
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Immunogen Expression, Isolation and Preparation 
	Mice and Immunization Protocol 
	Immunogen Specific ELISA 
	RFADCC and ADCC 
	Cell Surface Staining 
	Competition ELISA 
	Statistics 

	Results 
	The Overall ID2 IgG Titer in Mice Sera Increases with ID2 Immunization Dose 
	Higher ID2 Immunization dose Fails to Induce Sera Antibodies with Potent ADCC Activity 
	Higher ID2 Immunization dose Failed to Induce Sera Antibody Responses with Increased C1/C2 Epitope Specificity 
	Higher ID2 Immunization dose Induces IgG Isotypes with Lower Fc-Functionality 
	Isotype Specificity and Antibody Affinity in the 2.2 g dosing Group Affects ADCC Potency 

	Discussion 
	References

