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and orientation of antigen (21). Therefore, we sought to reevaluate C1q recruitment
and C3d deposition within the context of antigen-antibody complexes.

Briefly, antibodies were first incubated with antigen-coupled microspheres before
being assessed for C1q recruitment and C3d deposition. All Fc variants of b12 dis-
played similar levels of binding to the simian-human immunodeficiency virus
SHIVSF162P3 gp120 monomer (Fig. 2B, left) and the HIV-1YU-2 gp140 trimer (Fig. 2C, left).
In contrast to the ELISA results, however, unmodified b12 failed to recruit human C1q
in the antigen-dependent assay (Fig. 2B and C, center). Only the EFTAE variant exhib-
ited robust, concentration-dependent C1q engagement with both gp120 and gp140
antigens (Fig. 2B and C, center). In contrast, b12 EG complexed with the gp140 trimer
(Fig. 2C, center) mediated detectable C1q recruitment but failed to do so in complex
with the gp120 monomer (Fig. 2B, center). Antibody-dependent C3d deposition was
not observed with SHIVSF162P3 gp120 (Fig. 2B, right) as activity was obscured by an ele-
vated baseline level of complement fixation. Since antibody-dependent activity was
resolved following treatment of antigen beads with peptide-N-glycosidase F (PNGase
F) (Fig. 2B, shaded), the elevated background deposition can be attributed to lectin
and alternative pathway activation by direct interaction with antigen glycosylation. In

FIG 2 The ability of b12 to activate complement is influenced by assay setup and antigen context. (A) The antigen-independent
ability of the antibody panel to bind C1q (left) and fix complement (right) was determined by ELISAs via antibody-coated wells.
(B and C) Beads conjugated with SHIVSF162P3 gp120 (B) or HIV-1YU-2 gp140 trimer (C) were used to assay antigen binding (left),
C1q binding (center), and complement fragment C3d deposition (right). Antigen beads treated with PNGase F were used to
assess the impact of N-linked antigen glycosylation antibody-independent activation and to isolate antibody-dependent C3d
deposition (shaded). For C3d deposition on non-PNGase F-treated antigen beads, background activity is reported as the average
MFI (dotted line) 6 standard deviation (shaded region on the y axis) of anti-C3d detected on beads in replicate wells of pooled
NHS (n = 6) in the absence of antibody. Data are representative of results from two independent experiments. AU, arbitrary units.
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contrast, EFTAE and EG drove elevated C3d deposition when bound to the HIV-1YU-2
gp140 trimer, while those that did not recruit C1q, such as IgG1 b12, appeared to in-
hibit non-antibody-mediated activation pathways (Fig. 2C, right). Again, antibody-de-
pendent differences in activation were further resolved using PNGase F-treated beads
(Fig. 2C, shaded).

Complement is activated by a clinically relevant anti-HIV-1 bnAb. Multiple anti-
HIV-1 bnAbs are currently being evaluated as agents of preexposure prophylaxis. In
order to assess whether anti-HIV-1 antibodies undergoing clinical development are ca-
pable of driving complement activation and fixation, a small panel consisting of bnAbs
(and a nonneutralizing monoclonal antibody [mAb]) targeting two distinct epitope
regions was generated and evaluated for the ability to drive the deposition of C3 on
Env-conjugated beads (Fig. 3). The panel consisted of the CD4 binding site (CD4bs)-
specific bnAbs b12 and VRC01, the nonneutralizing anti-HIV-1 antibody b6, as well as
the V3-loop-associated N332 glycan patch-specific bnAbs PGT121 and 10-1074.
Additionally, Fc variants of these antibodies were produced to potentiate and knock
out complement activation, with the goal of revealing antibody-specific differences.
The Fc variants that were evaluated consisted of EFTAE, LALA, as well as the additional
enhancing variants Y300D (20) and E345R (8, 16).

To begin to compare activities in human and rhesus macaques, the activity of
pooled human serum with and without heat inactivation was compared to the activity
observed in the presence of serum from two individual macaques. While higher levels
of C3d deposition were generally observed for the macaque serum samples, variation
between individuals appeared to be comparable to variation between species (Fig. 3).
Significantly, trends between antibodies and Fc variants were consistent across differ-
ent complement sources.

Of the unmodified anti-HIV-1 mAbs tested, only 10-1074 displayed detectable C3d
deposition in each of the three sources of complement-preserved serum tested, and in
each of the Fc-enhanced forms, 10-1074 displayed a nearly equivalently high anti-C3d
signal (Fig. 3). The bnAb b12 drove fixation only in the EFTAE Fc format; however, the
signal was moderate to low compared to those of the other EFTAE-modified mAbs
tested. Interestingly, the point mutation E345R but not Y300D potentiated comple-
ment activation by VRC01. Such an observation might be attributable to antibody-

FIG 3 Complement is activated by the clinically investigated anti-HIV-1 bnAb 10-1074. The degree to which a
panel of anti-HIV-1 antibodies fixes complement (C3d) on the surface of HIV-1SF162 gp140 trimer-conjugated
beads was evaluated using both the complement-preserved serum of individual monkey donors (n = 2) as well
as complement-active and heat-inactivated pooled human serum. The leftmost panel compares the activities
elicited by antibodies with unmodified Fc domains, while the box to the right displays the same panel of
antibodies, or a subset thereof, grouped by Fc variant identity, with color-coded points indicating the antibody
specificity (black and blue indicate the CD4bs, and shades of green indicate the V3-glycan patch; light and dark
shades indicate lower to higher relative neutralization potencies, respectively). Points and error bars represent
the means and ranges from two technical replicates, respectively, with the shape indicating the source of
complement assayed. Background fixation, reported as the average MFI of anti-C3d detected in replicate wells
of pooled NHS in the absence of antibody, is indicated by a dotted line, with the range denoted by the shaded
region on the y axis.
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specific differences in complement biology; the integration of these mutations with
differences in the approach angle, orientation, or flexibility of the Fc ultimately may
impact the propensity for Fc-Fc oligomerization and Fc-C1q association. Of note, the
EFTAE variant uniformly potentiated complement activation across the bnAbs and
nonneutralizing mAb tested, which is consistent with the proposed mechanism of
directly increasing the affinity of the collagenous heads of C1q for IgG Fc.

Increasing biological complexity modulates antibody-dependent complement
activation. In the context of viral transmission, both virus and envelope on the surface
of infected cells represent important targets of antibody-mediated prevention strat-
egies. In order to approximate the behavior of b12 in more biologically relevant con-
texts and enable the evaluation of terminal complement activation, virus (Fig. 4) and
envelope-expressing cells (Fig. 5) were used as target particles.

To evaluate antibody-driven complement activity against virus, lectin-conjugated
beads were used to capture HIV-1BaL virions and subsequently incubated with antibody
and a source of complement. Antibody binding to lectin-bead-captured HIV-1BaL
(Fig. 4A) and the subsequent recruitment of C1q (Fig. 4B) revealed concentration-de-
pendent virus binding for the antibodies tested and detectable recruitment of C1q by
only the EFTAE Fc variant of b12, respectively. The complement cascade intermediate
C3 (Fig. 4C) and C5b-9 (Fig. 4D), a precursor of membrane attack complex (MAC)-medi-
ated lysis, were detected on lectin-conjugated-bead-captured HIV-1BaL virions. Despite
the limited detection of C1q, EFTAE and, to a lesser extent, EG were observed to drive
both C3b deposition and C5b-9 membrane insertion, while unmodified IgG1 b12 dis-
played significantly weaker activity, and knockout variants reported signals equivalent

FIG 4 Complement-enhanced Fc variants of IgG1 b12 do not mediate viral lysis despite detectable deposition activity on
viral particles. Antibodies were assayed for their ability to bind to the surface of HIV-1BaL particles bound to lectin-
conjugated magnetic beads (A), recruit C1q to the viral surface (B), and affect terminal complement activities, including
C3 deposition (C), C5b-9 complex formation (D), and MAC-mediated lysis (E), determined by the detection of released
capsid protein p24. Dotted lines represent average baseline complement deposition on beads in wells containing a
nonspecific isotype control (A to D) or antibody-independent baseline complement deposition and heat-inactivated NHS
(E). Points and error bars represent means 6 standard deviations from technical triplicates, respectively. Data are reported
as mean or median fluorescence intensities (mFI or MFI, respectively) and are representative of results from two
independent experiments. huIgG, human IgG.
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