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Significance

Many tools exist to improve 
antibody effector function 
in vitro. While these protein 
engineering approaches have 
improved efficacy in mouse 
models, proof of improved 
activity in primates has been 
lacking. Here, in the rhesus 
macaque model, we report 
improvement to the in vivo 
antiviral activity of 10-1074, a 
clinically relevant HIV-neutralizing 
antibody, that results from Fc 
engineering to enhance 
complement cascade induction. 
We observe that lower levels of 
antibody and neutralization 
activity are observed at the time 
of plasma viremia for an 
antibody variant with improved 
complement activity, providing 
evidence that this mechanism 
may contribute to restricting 
spreading infection. These results 
support clinical investigation of 
Fc engineering for the many 
disease states in which antibody 
effector function contributes to 
mechanism.
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IMMUNOLOGY AND INFLAMMATION

Complement contributes to antibody-mediated protection 
against repeated SHIV challenge
Benjamin S. Goldberga,1,2 , David A. Spencerb,1,3, Shilpi Pandeyb, Tracy Ordonezb , Philip Barnetteb , Yun Yuc,d , Lina Gaoc,d , Jérémy Duflooe,f,4 , 
Timothée Bruele,g , Olivier Schwartze,g, Margaret E. Ackermana,h,5 , and Ann J. Hessellb,5

Edited by Diane Griffin, Johns Hopkins University, Baltimore, MD; received December 14, 2022; accepted April 10, 2023

The first clinical efficacy trials of a broadly neutralizing antibody (bNAb) resulted in 
less benefit than expected and suggested that improvements are needed to prevent 
HIV infection. While considerable effort has focused on optimizing neutralization 
breadth and potency, it remains unclear whether augmenting the effector functions 
elicited by broadly neutralizing antibodies (bNAbs) may also improve their clinical 
potential. Among these effector functions, complement-mediated activities, which 
can culminate in the lysis of virions or infected cells, have been the least well studied. 
Here, functionally modified variants of the second-generation bNAb 10-1074 with 
ablated and enhanced complement activation profiles were used to examine the role 
of complement-associated effector functions. When administered prophylactically 
against simian-HIV challenge in rhesus macaques, more bNAb was required to pre-
vent plasma viremia when complement activity was eliminated. Conversely, less bNAb 
was required to protect animals from plasma viremia when complement activity 
was enhanced. These results suggest that complement-mediated effector functions 
contribute to in vivo antiviral activity, and that their engineering may contribute to 
the further improvements in the efficacy of antibody-mediated prevention strategies.

HIV | neutralizing antibody | complement-dependent cytotoxicity | effector function |  
antibody engineering

A number of anti-HIV-1 broadly neutralizing antibodies (bNAbs) targeting highly con-
served and vulnerable epitope regions of the envelope glycoprotein (Env) are being 
investigated in a range of clinical applications (1–3). Successful antibody prophylaxis 
aims to bypass frustrated vaccine development efforts, and the relatively long half-lives 
and tolerability profiles of bNAbs promise to offer an alternative to the disadvantages 
of the small-molecule inhibitors comprising current preexposure prophylaxis (PrEP) 
options (4–6).

To this end, repeated infusions of VRC01, a second-generation CD4-binding 
site-specific bNAb, were tested in large-scale human field trials designed to evaluate the 
efficacy of antibody-mediated prevention (AMP) of HIV-1 infection [HVTN 704/HPTN 
085 (NCT02716675) and HVTN 703/HPTN 081 (NCT02568215)] (7). Mixed results 
were observed: Namely, while the VRC01-treated cohort was statistically at the same risk 
of infection as the placebo group overall, the rate of infection per 100 person-years was 
fourfold reduced in VRC01-treated subjects infected with viruses that were determined 
to be neutralization sensitive (IC80 <1 µg/mL), yielding an estimated level of protective 
efficacy of 75.4% (95% CI, 45.5 to 88.9). Given the suboptimal outcome of the AMP 
efficacy trial(s), improvements and novel approaches are needed. Beyond mining for novel 
antibody clones (8–11), efforts to optimize bNAb clinical performance have focused on 
improving plasma half-life and mucosal localization (12–18), neutralization potency and 
breadth (16, 19–25), and Fc-mediated effector function (26). Among these strategies, the 
value of the latter has been suggested from experiments in humanized mice (27–29), but 
is the least well established in the nonhuman primate (NHP) model.

In the context of HIV, antibody-mediated effector functions, including antibody- 
dependent cellular cytotoxicity (ADCC) and phagocytosis (ADCP), and complement 
activation—among others—have been reported to contribute to protective efficacy in 
mouse and NHP studies utilizing antibody Fc domain variants with ablated binding to 
Fc receptors (FcRs) and complement (27, 29–34). In the first study of its kind, Hessell 
et al. found that a loss-of-function variant of a first-generation bNAb reduced protec-
tion by 33% in (simian-HIV) SHIV-challenged NHP (30). In this and similar 
loss-of-function studies, observations that Fc functions contribute to protection have 
been observed across a range of bNAbs (30, 33, 35, 36), are more pronounced at 
subneutralizing bNAb titers (31), and appear to not contribute to the protection 
afforded by all bNAbs (37, 38).D
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Relevant to the need to improve bNAb activity, whether the 
augmentation of HIV bNAb-mediated effector functions through 
Fc engineering can improve bNAb protective efficacy in vivo 
remains an open question. Protection studies in a humanized 
mouse model have demonstrated that while it is possible to lev-
erage Fc modifications to improve protection outcomes against 
HIV (27, 29), similar studies in NHPs have not demonstrated 
such benefit (26, 32).

Among effector functions, complement-associated antiviral 
activities are the least well studied. This lack of emphasis may result 
from the seminal study of mechanism(s) of action of the prototype 
bNAb, b12, in which modification to abolish complement acti-
vation potential (“KA;” K322A) demonstrated no loss of protec-
tion in an NHP model (30). However, follow-up studies have 
since demonstrated that unmodified b12 possesses the same 
complement-null phenotype as the KA variant in assays against 
virions and Env-expressing cells (39, 40), suggesting the potential 
value of further evaluations in animal models. Whereas most pas-
sive transfer studies have evaluated mAbs with compromised bind-
ing to both FcγR and the complement cascade initiator C1q (29, 
30, 35, 37, 38), a recent protection study revealed a significant 
increase in infected CD4+ T cells in humanized mice passively 
immunized with a complement-null variant of the weakly neu-
tralizing V3-directed mAb, 2219, compared to the unmodified 
2219 (34). An attempt to improve antiviral complement contri-
butions in another weakly neutralizing setting with MPER-directed 
bNAb 10E8v4 gave inconclusive results, as 10E8v4 with enhanced 
binding to C1q and FcγR was rapidly cleared from plasma (33). 
Collectively, further studies are needed to resolve the ability of Fc 
engineering in general, and complement-associated activities in 
particular, to improve in vivo outcomes.

Given these open questions, we sought to further investigate 
the contribution of antibody-mediated activation of complement 
to the protective potency of an HIV bNAb, 10-1074, in passive 
transfer and SHIV challenge experiments in the NHP model.

Results

10-1074 mAb Panel with Enhanced and Reduced Capacity to 
Activate Complement. We selected the V3 loop-directed bNAb, 
10-1074 (41), to be a suitable candidate for investigating the 
role of complement, if any, in protection from SHIV infection 
in NHP passive immunization studies based on its high degree 
of complement activity relative to a panel of clinically relevant 
bNAbs (39) across a range of in  vitro assessments (40). Using 
complement-specific enhancing and ablating modifications, 
we aimed to probe whether, in the context of relatively high Fc 
polyfunctionality, complement contributed to antiviral activity 
in vivo. Point mutations that have been previously reported to 
either directly abrogate (“KA,” K322A)  (42) or to indirectly 
enhance C1 complex recruitment and subsequent complement 
activation via favoring Fc domain hexamerization (“EG,” 
E430G) (43), were made in the IgG1 backbone of 10-1074 by 
site-directed mutagenesis (Fig.  1A). Importantly, this strategy 
for improving complement-mediated antibody effector function 
has been previously validated in vivo (44, 45) and is currently 
under clinical investigation (NCT03576131, NCT04824794, 
NCT04358458). Additionally, while human and rhesus C1q are 
well conserved, we hypothesized that this modification would 
function independently of the affinity of rhesus C1q for human 
IgG1 given that improvement in function is driven by favoring 
IgG hexamerization rather than directly improving intrinsic 
affinity for each of the six globular heads of C1q. Relative to 
unmodified 10-1074, these mutations did not appreciably modify 

affinity for cognate antigen (gp140YU2 trimer), soluble rhesus 
macaque FcγRs (IA, IIA-1, IIB-1, IIIA-1), or FcRn, as measured 
by biolayer interferometry (BLI) (Fig. 1B). Critically, neither Fc 
modification impacted the neutralization potency of 10-1074 
against SHIVSF162P3, the replication-competent challenge virus 
used in this study (Fig. 1C and SI Appendix, Fig. S1). Unmodified 
10-1074 displayed high FcγR-dependent functionality, and 
corroborating the FcγR-binding profiles, the modifications did 
not alter ADCC or ADCP activities (Fig. 1 D and E).

In contrast, the C1q-binding knockout variant, KA, displayed 
near-baseline activity in most in vitro functional measures of 
complement activity (Fig. 1 F and G). Unmodified 10-1074 dis-
played a dose-dependent recruitment of C1q to bNAb-opsonized 
antigen-conjugated beads, and the EG variant showed improved 
C1q recruitment in the context of multiple antigenic strains, an 
effect that was most pronounced for trimeric gp140 (Fig. 1F). 
Unmodified 10-1074 mediated dose-dependent lysis of virions, 
and whereas the KA variant showed no activity, the target- 
dependent hexamer favoring EG variant showed potentiated 
virion lysis (Fig. 1G). Additionally, cells expressing varying levels 
of Env were more efficiently lysed by the EG variant, than by 
WT, which in turn exhibited greater activity than that of the KA 
variant (Fig. 1H).

10-1074 Variants Provide Protection from Repeated Low-
Dose SHIV Challenge. Given improved resolution to detect the 
contribution of Fc-associated mechanisms of action expected when 
bNAbs are evaluated at subneutralizing titers (37, 38, 46), we 
selected a moderate mAb dose (4 mg/kg) delivered subcutaneously 
3 d prior to initiating repeated weekly low-dose (30 TCID50) 
SHIVSF162P3 viral challenge (Fig.  2A). We hypothesized that 
incomplete neutralization might be supplanted by the combined 
contributions of strong FcγR-mediated and complement-mediated 
activities of 10-1074, resulting in the ability to improve infection 
resistance or viremic control.

Infection outcomes varied across the 10-1074-treated NHP 
groups, but all animals were infected by the end of the challenge 
series (Fig. 2B). Unmodified 10-1074 delayed infection with a 14% 
(1/7) infection rate by week 4 compared to 100% (6/6) of the 
isotype control-treated group. Three of six macaques treated with 
the control antibody experienced breakthrough infection after the 
initial challenge and all the six were infected following the 
third-weekly challenge. In contrast, treatment with 10-1074, 
10-1074.KA, and 10-1074.EG resulted in the protection of at least 
one animal for up to 16-, 12-, and seven-weekly challenges, respec-
tively. Analysis of longitudinal protection revealed that 10-1074 
and 10-1074.KA each provided equivalent levels of protective 
durability, with each group displaying a median of 10-weekly chal-
lenges to breakthrough (Fig. 2C). In contrast, despite its improved 
function in vitro, the 10-1074.EG-treated group showed reduced 
resistance to challenge relative to either unmodified 10-1074 mAb 
(P = 0.0099) or 10-1074.KA (P = 0.037), displaying breakthrough 
following a median of six SHIV challenges.

Following infection, acute or postacute viremia can be useful 
measures indicative of the ability of treatment to impact viral estab-
lishment, which can influence the course of disease. No significant 
differences in either peak plasma viral load (PVL) (Fig. 2D) or set-
point viremia (Fig. 2E) were observed between groups.

Effect of Fc Mutations on bNAb Pharmacokinetics (PK). At face 
value, these results suggest that complement-dependent effector 
function, as queried through Fc domain engineering, is irrelevant 
to or may contribute to increased infection risk. However, both D
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Fig. 1. Fc variants KA/EG specifically abrogate/enhance complement activity in bNAb 10-1074. (A) Overview of 10-1074 variants. Location and identity of Fc point 
mutations conferring reduced and enhanced complement activation. (B) Equilibrium dissociation constants characterizing the relative strength of biophysical 
interactions between the 10-1074 panel with a range of rhesus macaque Fc receptors and HIV-1 antigen. (C) Neutralization of replication- competent challenge 
virus, SHIVSF162P3, by 10-1074 variant panel (single-round infection in TZM- bl cells) reported as 50% inhibitory concentration, IC50. Data shown represent 
experimental replicates conducted on different days by different operators. (D) ADCC activity against SHIVSF162P3- infected target cells expressing a tat-inducible 
luciferase reporter. Activity reported as percent loss of relative light units (RLU). Anti-DEN3 (gray) displayed as negative control. (E) Phagocytic activity of 10-1074 
as measured by rhesus PBMC internalization of antigen-conjugated fluorescent beads. Each dot represents PBMCs obtained from an individual monkey. (F) C1q 
recruited from rhesus macaque serum by the antibody-opsonized antigen beads, detected with an anti-human C1q antibody reagent. Two representative antigens 
are shown. Each point represents serum from an individual macaque (n = 2). (G) Antibody-dependent complement-mediated lysis of replication-competent 
SHIVSF162P3 virions in complement-preserved rhesus serum derived from individual rhesus macaques (n = 6). Dotted line indicates 100% lysis. Right panel shows 
breakout for comparison at 500 nM condition. (H) Complement-mediated lysis of Raji cells expressing intermediate or high levels of HIVYU2 Env. Antibody-plus cells 
were incubated with human (Left) or rhesus macaque (Right) serum and the percentage of lysed cells was determined by flow cytometry. Results are reported 
as the percentage of dead cells above that in wells without antibody, with biological replicates from three independent serum donors. Statistical comparisons 
were performed using one-way ANOVA (corrected for multiple comparisons) using nonparametric Friedman test (G), and repeated-measures one-way ANOVAs 
with the Geisser–Greenhouse correction (H) and the Holm–Šidák correction for multiple comparisons. Statistical significance was determined using an alpha 
level of 0.05 and performed in GraphPad Prism 9.4.1. gC1q globular head domain of C1q, ADCC antibody-dependent cellular cytotoxicity, ADCML antibody-
dependent complement-mediated lysis.D
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longitudinal PK profiles differed (Fig. 3 A and B) and serum bNAb 
levels detected as soon as 3 to 7 d post subcutaneous administration 
were lower for the EG variant as compared to either 10-1074 
and 10-1074.KA (Fig.  3C). At the time of initial challenge, the 
median concentration of 10-1074.EG was threefold lower than 
that observed for unmodified 10-1074 and 10-1074.KA. This 
intergroup PK discrepancy not only persisted but also grew, resulting 
in approximately fivefold and sevenfold lower levels of EG present at 
weeks one and two, respectively, as compared to unmodified 10-1074 
(P = 0.0153, P < 0.0001). In contrast, despite an animal with a strong 
and early antidrug antibody (ADA) response (SI Appendix, Fig. S2 
A–C), 10-1074.KA was maintained at roughly twofold higher levels 
than unmodified 10-1074 at these early timepoints. Over the course 
of the challenge series, EG showed faster serum clearance relative to 
10-1074 IgG1 (Fig. 3D).

As is frequently observed following even single infusions of 
human bNAbs in NHP, ADA responses were detected in seven 
animals (SI Appendix, Fig. S2 A–C). Of these, ADA responses were 
associated with undetectable levels of bNAb in four animals and 
dramatically reduced levels in an additional two animals prior to 
infection (SI Appendix, Fig. S2B). Rates of ADA responses were 
similar across treatment groups (2-3 animals per 10-1074 
variant).

Reduced Neutralizing Titer but Enhanced Complement-Mediated 
Lysis of 10.1074.EG at the Time of Initial Challenge. To gain 
insight as to what impact the differences in antibody concentration 
at the onset of challenge had on antibody function, macaque 
serum collected prior to antibody administration was compared 
functionally with serum collected at the time of initial challenge. 

Fig. 2. Durability of protection is impacted by Fc mutations impacting complement activation. (A) Schematic of macaque challenge experiment (n = 6 for 
isotype control, n = 7 for each 10-1074 variant). (B) Individual plasma PVL over time separated by bNAb-treated group. (C) Survival analysis reporting percent 
breakthrough status of each group as a function of time. Median number of weekly challenges posttime of initial challenge (TOIC) to breakthrough displayed 
as vertical dotted line. (D and E) Median peak (D) and postacute (setpoint) (E) viremia. Statistical comparisons were performed using the log-rank (Mantel–Cox) 
test for survival analysis (C) and ordinary one-way ANOVA followed by Tukey’s post-hoc correction for multiple comparisons (D and E), respectively. Statistical 
significance was determined using an alpha level of 0.05 and performed in GraphPad Prism 9.4.1. For experiments in which no statistically significant difference 
was determined from the respective tests, “ns” is displayed. PVL plasma viral load, TCID50 50% tissue culture infectious dose, IR intrarectal.
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Results of sera assessment at this time point demonstrated that 
despite significantly impacted PK, 10-1074.EG-treated animals 
displayed significantly greater specific SHIV lysis than that of 
animals treated with either unmodified (P = 0.0072) or 10-
1074.KA (P = 0.0012) using autologous serum as a source 
of complement (Fig. 4A). In contrast, both at the initial and 
following challenge timepoints, the reduced serum levels of 
10.1074.EG were associated with reduced neutralization activity 
relative to unmodified 10-1074 across timepoints (P ≤ 0.0266) 
(Fig. 4B).

Complement Activity Affects the Level of bNAb Associated with 
Breakthrough Infection. Given the well-established importance of 
neutralizing antibody titer to protection (47, 48), it is understood 
that bNAbs with faster plasma clearance rates will offer less 
protection against repeat challenges over time. Alternative metrics 
have been used to benchmark in vivo potency across distinctly 
designed studies of bNAbs that may naturally exhibit distinct 
PK profiles (49). Grounded in this analysis, we determined 
the concentration of bNAb in plasma present at the time of 
infection/loss of viral suppression (Fig. 4C). In this way, a median 
effective concentration (EC50) of mAb can be established for 
each treated group. Relative to unmodified 10-1074, the median 
EC50 of 10-1074.EG was improved fivefold (P = 0.048), and 
that of 10-1074.KA was reduced twofold (P = 0.012) (Fig. 4D). 
Exclusion of subjects with detectable ADA responses resulted in 
greater confidence in the differences observed between groups 
(SI Appendix, Fig. S3). Thus, more bNAb was required to prevent 
plasma viremia when complement activity was eliminated, and 
less bNAb was required to protect animals from infection and/or 
suppress viremia when complement activity was enhanced.

To further evaluate this observation, we repeated this analysis, 
comparing the levels of neutralizing activity observed in all animals 
treated with either unmodified or complement-enhanced 10-1074 
(Fig. 5). The median level of neutralizing antibody titers (NT50) 
observed in animals treated with unmodified 10-1074 were 
4.7-fold greater than those observed for 10-1074.EG (P = 0.055) 
(Fig. 5A). Modified Kaplan–Meier curve analysis conditioned on 

plasma viremia exhibited a similar confidence in the depression 
of neutralization activity for 10-1074.EG (P = 0.058) observed at 
breakthrough (Fig. 5B). Collectively, this analysis demonstrates 
that both the levels and neutralizing activity of a bNAb associated 
with either preventing infection or suppressing systemic viremia 
can be decreased when complement-mediated effector function 
activity is enhanced.

Discussion

Early bNAbs provided protection to NHPs against chimeric SHIV 
challenge, but required high serum titers deemed impractical for 
translation to human efficacy trials (50–53), motivating discovery 
of more potent bNAbs (8, 22, 23, 54, 55). Among clinical studies, 
the AMP efficacy trials of VRC01 represent a milestone in proof 
of concept for AMP, demonstrating the safety, tolerability, logis-
tical feasibility, and likely protective efficacy of sufficiently potent 
bNAb PrEP in large and diverse populations of healthy, at-risk 
individuals (7, 56, 57). However, these studies also made painfully 
clear that to achieve meaningful efficacy in the field, considerable 
improvement will be critical to combat the local and global diver-
sity of circulating strains that may resist neutralization by the 
bNAb being administered.

While evidence that effector function contributes to antiviral 
activity in vivo based on compromised protection afforded by 
loss-of-function variants is broad and seen across species (27, 
29, 30, 32), it is not universal for all mAbs (37, 38). Despite 
this established contribution, and numerous supportive results 
in mouse models for HIV and other pathogens (27, 58–63), 
improved protection associated with augmented bNAb effector 
activity has not been observed in the NHP model, where mod-
ifications increasing Fc affinity for FcγR or C1q have been 
associated with reduced mAb half-life (33) and detrimental 
hyperactivation of effector cells (32).

Because studies in NHP have shown that the importance of 
effector functions vary among bNAbs, and because the sole NHP 
experiment probing the contribution complement activation alone 
was conducted in the context of a bNAb without potent 

Fig. 3. Fc mutations impacting complement interactions influence mAb pharmacokinetics. (A and B) Plasma bNAb concentrations observed in individual animals 
(A) and mean and range for each group (B) over time. (C) Grouped comparison of plasma bNAb concentration detected over the first 3 wk of challenges. Box and 
whisker plots show range and interquartile range, with median represented by a bar and P values from Brown–Forsythe and Welch two-way ANOVA corrected 
for multiple comparisons by controlling the false discovery rate. (D) One-phase decay and slow bNAb half-life (t1/2, weeks) in plasma by treatment group.
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complement activity (30, 39, 40), we sought to revisit the contri-
bution of antibody-mediated complement activation on bNAb 
efficacy using a bNAb with high activity (39, 40). While the role 
of complement in HIV protection and pathogenesis has been 
rigorously studied and debated for decades, data present a com-
plicated picture (27, 33, 38, 63–78). Importance is both illustrated 
and equivocated based on the complement evasion mechanisms 
that have been developed by the virus (39, 79). Studies have shown 
that plasma from HIV-infected individuals is capable of lysing 
and inactivating autologous and heterologous virus in association 
with reduced viremia (65, 66), and V1-V2-specific complement- 
activating serum antibody correlated with reduced infection risk 
in the RV144 vaccine trial (71). In contrast, primary infected cells 
appear resistant to lysis (39), though it remains unclear whether 
sublytic complement opsonization imparts in vivo consequences, 
or whether robust complement-mediated lysis of cell-free virus 
has a protective impact.

Here, to better investigate the role of complement and its 
functional augmentation in an NHP model, we subcutaneously 
delivered a single moderate dose of the unmodified V3 
base-directed bNAb, 10-1074 (41), and modified Fc variants 
EG [E430G (43)) and KA (K322A (42)] that indirectly enhance 
or directly abrogate complement recruitment, respectively, and 
subsequently conducted weekly low-dose intrarectal SHIV chal-
lenges. Distinctly from other complement-enhancing modifi-
cations that directly increase the 1-to-1 affinity between the 
globular head of C1q and Fc, E430G promotes interaction 
between the Fcs of adjacent antibodies (43), which is a prereq-
uisite for optimal C1 binding and activation (80–82). Using 
the robust complement-activating V3-specific bNAb 10-1074, 
the above attributes make the minimally modified KA and EG 
variants suitable tools for investigating the specific contribution 
of complement activation in antibody-mediated prevention of 
HIV-1 infection.

Fig. 4. Complement activation contributes to protection. Greater bnAb concentrations are required to restrict plasma viremia when complement activity is reduced, 
and lower bnAb concentrations are required to restrict plasma viremia when complement activity is enhanced. (A) Relative complement-dependent lytic activity against 
SHIVSF162P3 virions in treated animals. Relative activity was defined as lytic activity in serum 3 d post-mAb treatment at the time of initial challenge (TOIC) normalized 
to that of serum prior to treatment. Dotted line indicates no change in lytic activity. (B) Neutralization titers of plasma samples drawn from mAb treated animals 
over time. Box and whisker plots depict interquartile range, minimum, mean, and maximum values. Dotted line indicates limit of detection. (C) Concentration at 
breakthrough (mAbBT) by treatment group, with median and interquartile range displayed along with individual animals. Gray region represents the literature-derived 
value of expected breakthrough for 10.1074, and P values from an uncorrected Dunn’s test. (D) Survival analysis reporting viremia status of each group as a function 
of plasma antibody concentration. Vertical dotted lines represent median breakthrough concentrations for each group, values reported in the Inset. Shaded regions 
indicate BT50-BT80 range. Four ADA-positive animals were excluded from the analysis in C and D due to undetectable mAb in plasma at the time of breakthrough. 
Statistical comparisons were performed using an ordinary one-way ANOVA of normalized (A) and log-transformed (B) values followed by Tukey’s post-hoc correction 
for multiple comparisons. Comparisons in panel (C) were conducted using an uncorrected Dunn’s test, and survival analysis in panel (D) was performed using the 
log-rank (Mantel–Cox) test. Statistical significance was determined using an alpha level of 0.05 and performed in GraphPad Prism 9.4.1.
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Importantly, these variants significantly impact neither binding 
to rhesus macaque FcγRs, FcRn, and Env nor in vitro measures 
of neutralization, ADCC, and ADCP relative to unmodified 
10-1074. Overall, we observed no differences in peak PVL or viral 
setpoint between all groups, nor in the median number of chal-
lenges to breakthrough infection between the unmodified 
10-1074- and KA- pretreated groups. In contrast, animals receiv-
ing the EG variant were protected for only about half as many 
challenges. However, the PK properties of each 10-1074 variant 
diverged from the unmodified bNAb in opposing directions, with 
KA showing moderately improved persistence and EG exhibiting 
impaired half-life. There is mixed evidence from other studies 
regarding the impact of Fc modifications developed to alter anti-
body–FcR interaction profiles on antibody PK. On the one hand, 
across a range of antibodies with different specificities and both 
FcR enhancing and abrogating Fc modifications, no dramatic PK 
differences were reported in cynomolgus monkeys (83). On the 
other hand, at least two passive immunization studies using 
FcR-binding-enhanced variants in rhesus macaques have shown 
considerably impacted PK profiles (32, 33). The E430G variant 
was selected for this study based on reportedly unaffected clearance 
rates in a mouse model (43).

Unfortunately, given the dose-dependent nature of antibody 
activity, bnAb pharmacokinetic profiles can have a considerable 
influence on the results of traditional time-to-infection analysis. 
Indeed, the broadening use of Fc domain modifications aimed at 
extending plasma half-life is motivated by the importance of drug 
concentration in drug activity. Modified analyses, in which levels 
of either neutralization activity are analyzed at the time of infection, 
have been employed to derive in vivo NT50 values. Initially used as 
a means to relate in vitro neutralization potency to in vivo protec-
tion across diverse bnAbs and viral strains, we employ this analysis 
as a means to address in vivo protection in the context of consid-
erable variability in PK. Given the equivalent in vitro neutralization 
potency of each 10-1074 variant, we expect that if in vivo protection 
depended only on neutralization, that each variant would exhibit 
both equivalent neutralization titers and equivalent concentration 

at infection. Instead, lower levels of drug and lower levels of neu-
tralizing activity were present for the 10-1074 EG variant than 
those of WT or the KA variant when plasma viremia was detected, 
suggesting that enhanced complement-dependent effector func-
tions contributed to lowering the threshold of neutralization activ-
ity needed to prevent infection.

Our results are subject to several caveats. First, complement activ-
ity was not enhanced for the EG variant compared to WT in all 
functional assays. It is not known which in vitro assay conditions 
might best reflect relevant conditions in vivo. For example, CDC 
activity against Env-expressing cells varied by expression level, and 
which or whether the levels tested best reflect levels present on 
infected cells is not known. The levels of complement-dependent 
antibody activity measured in serum, even at the earliest timepoint 
after administration, were low. While differences in NK cell–medi-
ated cytotoxicity and phagocytosis were not observed, enhanced 
hexamerization propensity may impact other antibody activities. 
Additionally, the analysis of protection associated with drug or activ-
ity levels rather than the number of challenges may be subject to 
confounding by variables that were not controlled for in this study. 
For example, we have presumed that infection occurred at the chal-
lenge immediately preceding the time at which plasma viremia was 
detected and employed serum concentrations or neutralization activ-
ity at this timepoint in our analysis. Given the varying PK profiles 
across antibodies and the potential impact of viremia on antibody 
levels or their detection, this approach is more conservative than 
analysis at the time of plasma viremia. However, it is possible that 
the antibodies tested exhibit different profiles with respect to block-
ing infection and blocking viral spread, and that our observations 
reflect differences in the latter as much or more than differences in 
the former.

Prior studies have shown benefit of Abs engineered for improved 
effector function in the context of numerous diseases, and these 
designs are now being investigated clinically. However, the utility 
of these functionally modified Fc domains has been less clear in 
primate models. While this lack of evidence may be a simple result 
of fewer and less well-powered studies, there is some reason to 

Fig. 5. Increased complement activation decreases the neutralization titer associated with breakthrough plasma viremia. (A) Neutralization titer midpoint (NT50) 
at plasma viremia breakthrough for animals treated with unmodified (WT, black) or enhanced (EG, blue) 10-1074. Bars indicate median and interquartile ranges. 
(B) Survival analysis reporting viremia status of animals treated with unmodified (WT, black) or enhanced (EG, blue) 10-1074 as a function of plasma antibody 
neutralization activity (NT50) of each group as a function of neutralizing antibody activity observed at breakthrough. Vertical dotted lines represent median 
breakthrough concentrations for each group, values reported in the Inset. Shaded regions indicate breakthrough BT50-BT80 range. Comparisons in panel (A) were 
conducted using an uncorrected Dunn’s test, and survival analysis in panel (B) was performed using the log-rank (Mantel–Cox) test. Statistical significance was 
determined using an alpha level of 0.05 and performed in GraphPad Prism 9.4.1.
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think it may reflect differences between models. For example, 
whereas the antiviral activity of the HIV-specific bNAb PGT121 
in preventing the infection of NHP was found to be independent 
of effector function (37, 38), the ability to restrict infection with 
pseudovirus in mice has been reported to be dependent on effector 
function (27). While there are numerous differences beyond host 
factors between these experiments that could be responsible for 
this apparent discrepancy, including the Fc domains used to knock 
down effector function, it is also possible that bnAb-mediated 
protection is less dependent of effector function in rhesus macaques 
than that in mice. Which model more faithfully represents the 
clinic in this regard is unknown.

Prior studies of functionally enhanced bNAbs in primates (32, 
33, 48) have not reported enhanced antiviral effects. However, most 
of these studies have employed antibody variants that, like 
10-1074.EG, exhibit more rapid plasma clearance than that of their 
unmodified counterparts. Here, to reduce the effect of accelerated 
clearance, an analysis of protection outcomes incorporating median 
plasma antibody concentrations at the time of breakthrough, sup-
ported by a meta-analysis comparing the performance of distinct 
bNAbs with divergent PK profiles across NHP protection trials with 
dissimilar protocols (49), was conducted. This analysis yielded the 
conclusion that the complement knockout variant provided signifi-
cantly less antiviral activity than that of 10-1074, and that the 
complement-enhanced variant provided significantly more antiviral 
activity. These observations support the in vivo contribution of com-
plement to the antiviral activity of an HIV bNAb in primates and 
demonstrate the ability of an antibody engineered for enhanced 
effector function to provide enhanced protection in primates. Given 
ongoing challenges to the development of an efficacious vaccine and 
observations from the AMP trials that the bar for protection from 
infection is higher than initially anticipated, means to improve the 
antiviral activity of bNAbs are of high clinical significance.

Methods

Animals and Virus. Rhesus macaques of Indian origin were cohoused at the 
Oregon National Primate Research Center and all care and experimental pro-
tocols were approved by the Institutional Animal Care and Use Committee at 
Oregon Health and Science University. Macaques double negative for MHC alleles 
MamuB*08 and Mamu-B*17 were selected for challenge experiments. Both male 
and female animals were used in this study. Groups (n = 6 animals for isotype 
control, n = 7 animals for each 10-1074 variant) were balanced for gender and 
age. Viral challenges were performed by intrarectal delivery of 1 mL diluted SHIV 
(ARP-6526, Lot# 170117) corresponding to 30 TCID50 in rhesus peripheral blood 
mononuclear cells (PBMCs).

Affinity to Soluble FcγRs, FcRn, and Env. Generation of recombinant HIV-1YU2 
gp140 trimer (catalog number ARP-12133) and cloning of 10-1074 variants were 
documented previously (40). BLI using the Octet RED96 system (Sartorius AG) was 
used to characterize the 1:1 biophysical interaction between 10-1074 Abs with 
recombinant rhesus Fc gamma receptors (FcγRIA, FcγRIIA-1, FcγRIIB-1, FcγRIIIA-1) 
(84), rhesus neonatal Fc receptor (FcRn), and HIV-1YU2 gp140 trimer. Measurement 
of biophysical interactions between the test Abs with low-affinity FcRs and HIV-1 
Env was conducted as previously reported (33), with the exception that two-step 
immobilization was employed using a biotinylated anti-His Ab intermediate. For the 
measurement of biophysical interaction between the test Abs and FcRn, protocols 
provided by the manufacturer of biotinylated recombinant rhesus (AcroBiosystems, 
Cat. #FCM-C82W5) FcRn were followed. Otherwise, all kinetic experiments were per-
formed in freshly prepared and filtered 1× kinetics buffer (1× phosphate-buffered 
saline [PBS], 0.1% bovine serum albumin [BSA], 0.02% Tween 20, pH 7.4) at 30 °C. 
Following biosensor activation in wells containing 5 mg/mL biotinylated anti-His 
tag Ab (catalog number 4603-08; Southern Biotech), loading of His-tagged FcRs 
or Env to a threshold RU (response units) of 0.3 nm high-precision streptavidin bio-
sensors (catalog number 18-5117; Sartorius AG) was performed. Then, following a 

60-s baseline step in kinetics buffer, the loaded biosensors were dipped into twofold 
serially diluted Ab samples (46.88 to 3000 nM for low-affinity FcRs; 7.84 to 500 nM 
for FcRn; 0.98 to 62.5 nM for FcγRIA; 0.08 to 60 nM for Env) for a 60-s association 
step (300-s for Env) and subsequently for 60 s (300-s for Env) in kinetics buffer to 
measure dissociation. Immobilized receptors were regenerated between Ab analytes 
by dipping 3 × 5-s into regeneration buffer (10 mM Glycine, pH 1.7). To determine 
kinetic constants, binding sensorgrams were aligned to the beginning of the associ-
ation step for interstep correction and Y-aligned to the preassociation baseline step, 
and following single-reference subtraction consisting of immobilized receptor dipped 
into kinetics buffer, the processed sensorgrams were globally fit to a 1:1 binding 
isotherm on ForteBio HT Analysis Software (version 11.1.1.39). For FcRn and FcγRIA, 
two experiments using streptavidin-coated biosensors (Sartorius AG, Item #18-5019) 
were conducted to account for variability between the sets of biosensors.

Neutralization. Neutralization was assessed in TZM-bl cells expressing lucif-
erase under the control of the HIV tat promoter as standardized by Wei et al. and 
clinically validated by Corey et  al. using replication-competent SHIVipd3N4 and 
SHIVSF162P3 stocks expanded in CD4-enriched rhesus splenocytes (7, 85), as well 
as SHIVSF162P3 and SHIVAD8-EO pseudoviruses. Briefly, threefold serial dilutions of 
Ab were incubated in 150 μL with the indicated virus for 1 h in cDMEM (DMEM 
[Gibco] supplemented with 4.5  g/L D-glucose, 10% heat-inactivated FBS, 1% 
L-glutamine, 1% penicillin, and 1% streptomycin) at 37 °C and 5% CO2. Next, 
1 × 104 cells/well were added in 50 μL media further supplemented with 7.5 μg/
mL DEAE-dextran to aid viral entry. After 24 h coincubation, 140 μL of media was 
gently removed from each well and adherent cells were lysed by the addition of 
60 μL Bright-Glo (Promega) for 2 min. Eighty microliters was then transferred to 
black plates and viral infection was determined as the relative level of luciferase 
activity measured on a Victor X Light plate reader (Perkin Elmer). Repeat measures 
represent values obtained on separate days by distinct operators and the percent 
neutralizing activity was calculated using the following formula: [mean no Ab (i.e., 
virus and cells minus cells-only background)—mean sample (i.e., sample value 
minus cells-only background)]/[mean no Ab] × 100. Isotype and positive control 
Abs were included on all assay runs.

ADCP. The phagocytic potential of 10-1074 and the Fc point variants was assessed 
by a method adapted from Ackerman et al. (86). Fluorescent antigen beads were 
prepared by conjugating either HIV-1BaL gp120 or HIV-1SF162 gp140 trimer (cat-
alog number ARP-12026) to carboxylate-modified yellow-green fluorescent 
polystyrene beads (ThermoFisher Scientific, F8823) and were confirmed to be 
properly functionalized by assessing staining using a number of Env-specific 
mAbs alongside a negative isotype control. To measure ADCP, 10-1074 variants 
were serially diluted threefold (for gp120BaL, 16.67 to 0.62 nM; for gp140SF162, 
2.5 to 0.04 nM) and mixed with a homogenous solution of a 1:15 ratio of rhesus 
macaque PBMC effectors to target fluorescent antigen beads. Following a 4 h 
incubation at 37 °C and 5% CO2, the sampled contents of each well were analyzed 
by flow cytometry on a MACSQuant Analyzer 10 system (Miltenyi Biotec), and 
ADCP results were reported as a phagocytosis score (P score) metric [P score = 
(% PBMCs that engulfed at least one fluorescent bead or the percentage of gated 
effector cells with FITC signal above a threshold MFI) * (the average number of 
beads engulfed or the MFI signal of the FITC+ gated effectors)].

ADCC. Assessment of ADCC activity was performed as described previously (87). In 
brief, CD4+CCR5+ NKR24 target cells expressing luciferase under tat-dependent 
promoter control were infected with replication-competent SHIVSF162P3 (200 ng/
mL p27) by spinoculation at 1,200 × g for 2 h with 40 μg/mL polybrene. Three 
days later, 1 × 104 target cells/well were coincubated with CD16-expressing effec-
tor NK cell line (KHYG-1) at an effector-to-target ratio of 10:1 with or without 
serial Ab dilutions in 200 μL assay media (RPMI supplemented with 5 U/ ml 
IL-2) in round-bottom 96-well plates at 37 °C and 5% CO2. Antibodies and plasma 
dilutions were plated in duplicate. After 8 h coincubation, each assay well was 
mixed by pipetting and 150 μL transferred to black flat-bottom plates containing 
50 μL Bright-Glo (Promega) and incubated for 2 min at 25 °C. Luminescence was 
measured on a Victor X Light plate reader (Perkin Elmer), and relative light units 
(RLU) were normalized according to the following formula: [sample mean—back-
ground (mock-infected targets and effectors)]/[maximum (SHIV-infected targets 
and effectors, no mAb—background)] × 100. ADCC activity is reported as the 
percentage loss of RLU.
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C1q Binding to Beads. Analytical flow cytometry was used to assess the ability 
of the 10-1074 panel to recruit rhesus macaque C1q to the surface of anti-
gen-conjugated beads. Antigen beads were prepared by covalently coupling 
HIV-1SF162 gp120 and HIV-1YU2 gp140 trimer to coded MagPlex® superpara-
magnetic carboxylated magnetic microparticles (Luminex Corp.) using car-
bodiimide cross-linking chemistry as previously described (88). To carry out 
the C1q binding assay, antigen-coated beads were incubated with serially 
diluted Ab (fivefold, 0.63 to 100 nM) for 1 h at room temperature followed by 
the addition of individual rhesus macaque serum (Oregon National Primate 
Research Center) at a final concentration of 1:12,500 and incubated overnight 
at 4 °C. Following washing, samples were incubated with 0.1 µg/well (1.0 µg/
mL) biotin anti-human C1q (CL7611B, Cedarlane) for 1 h at RT with shaking. 
Following washes, the bound anti-huC1q reagent was detected by resuspension 
in streptavidin-phycoerythrin (PJRS25, ProZyme) at 1:500 for 30 min at RT and 
washed, and data reported as median fluorescent intensity (MFI) were acquired 
on the FLEXMAP 3D® system (Luminex Corp.). Data shown are representative 
of at least two independent experiments. Assay wells containing assay buffer 
in lieu of antibody were used to assess background, nonantibody-dependent 
C1q association with antigen-conjugated beads.

SHIV Lysis. The ability for each mAb, or complement-preserved serum from mAb-
treated rhesus macaques, to mediate complement lysis of cell-free replication-compe-
tent challenge virus, SHIVSF162P3, was assessed by the measurement of capsid protein 
p27, released into the supernatant following viral membrane disruption as previously 
described (33, 89). In a black 96-well clear flat-bottom plate (655906, Greiner Bio-
One), a final concentration of 0.2 ng/mL [p27] of SHIVSF162P3 virus was mixed with 
either 1:100 final concentration of complement-preserved rhesus macaque serum 
(n = 5 individuals) or heat-inactivated rhesus serum, or an equivalent volume of 
disruption buffer for the standard curve and 100% lysis control. Assessment of plasma 
SHIV ADCML involved coincubation of complement-preserved macaque serum from 
pretreated and “week 0” (containing ~peak [bNAb]) timepoints with challenge virus. 
Heat-inactivated complement serum (56 °C, 30 min) and wells containing active 
complement serum without antibody served as negative controls for baseline p27 
concentrations and complement-mediated lysis via antibody-independent pathways, 
respectively. The plates were incubated at 37 °C gentle shaking (400 RPM), and after 
30 min, 10 µL anti-p27 capture beads were spiked into each well and placed at 37 °C 
for another 30 min with gentle shaking. Following the complete hour, the plate was 
placed on ice to halt the reaction. Quantification of the released p27 was carried 
out using a bead-based sandwich assay. Briefly, MagPlex® beads preconjugated to 
an anti-SIVmac251 p27 monoclonal antibody (ARP-13443, HIV Reagent Program) 
were incubated with each sample for 1 h at RT with gentle orbital shaking, followed 
by washing on an automated plate washer. The degree of p27 bound to the beads 
was detected via incubation with 1.0 μg/mL biotin-anti-SIVmac p27 (ARP-1610, HIV 
Reagent Program) for 1 h at room temperature with shaking and subsequent stain-
ing with 1:200 streptavidin-phycoerythrin (PJRS25, ProZyme). After incubation and 
washing steps, the beads were resuspended in xMAP® sheath fluid (Luminex Corp), 
and MFI values were recorded by the MAGPIX® System (Luminex Corp). Data were 
reported as mean and SD of three technical replicates and are representative of at 
least two independent experiments.

Complement-Dependent Cytolysis. Cells (1 × 105) expressing varying levels 
of Env (39) were cultivated in the presence of 50% human or macaque serum 
and with or without antibodies (15 μg mL−1). To measure cell death, the live/dead 
fixable aqua dead cell marker (1:1,000 in PBS; Life Technologies) was added for 
30 min at 4 °C before fixation with PFA 4%. Data were acquired on an Attune Nxt 
(Life Technologies) flow cytometer and analyzed using FlowJo software. CDC was 
calculated using the following formula: 100 × (% of dead cells with antibody − 
% of dead cells without antibody)/(100  − % of dead cells without antibody). 
Negative values were set to zero.

Quantification of PVL. PVLs were determined by quantifying SIVgag vRNA 
from nucleic acid in plasma by quantitative reverse transcription-PCR (RT-PCR) 
as detailed previously (90). In brief, 2  μg nucleic acid was amplified for 45 
cycles in 30 μL Fast Advanced MasterMix on a QuantStudio 6 Flex instrument 
(Applied Biosystems, Life Technologies), and virus copy numbers were estimated 
by interpolation from a pBSII-SIVgag standard curve. The following primers and 
probe were used for all protocols to amplify and detect a conserved region in 
SIVgag: SGAG21 forward primer (GTCTGCGTCATPTGGTGCATTC), SGAG22 reverse 

primer (CACTAGKT GTCTCTGCACTATPTGTTTTG), and pSGAG23 probe (5′-6-carbox-
yfluorescein [FAM]-CTTCPTCAGTKTGTTTCACTTTCTCTTCTGCG-black hole quencher 
[BHQ1]-3′).

Detection of Plasma Antibody. The determination of detectable plasma anti-
body concentrations was carried out by ELISA and performed largely as described 
by Spencer et al. (33). Plates were coated with 10-1074 anti-idiotype mAb (DHVI 
Protein Production Facility) for detection of 10-1074 mAb, or with 10-1074 and var-
iants for measuring ADA. Flat-bottom plates were coated with the antigen of interest 
by incubating 0.5 to 1 μg/mL in 0.2M H2CO3 buffer pH 9.4 at 4 °C overnight. The 
plates were then washed in binding buffer (PBS pH 7.4 + 0.1% Triton X-100) and 
blocked with 150 μL PBS containing 5% dried milk and 1% goat serum for 1 h at 
room temperature. Blocking buffer was discarded and threefold serial dilutions of 
plasma or mAb were added to unwashed cells in 50 μL binding buffer. After 1 h at 
room temperature, the plates were washed 3× and then incubated for 1 additional 
hour with 50 μL 1:5,000 dilution of goat anti-human H&L (assays 1 to 3) or 50 µL 
1:3,000 dilution of mouse anti-macaque IgG mAb 1B3 (assay 4) conjugated to horse 
radish peroxidase (from Invitrogen and NIH AIDS Reagents program, respectively). 
The plates were then washed 5×, and the bound Ab was visualized by the addition 
of 50 μL tetramethylbenzidine (Southern Biotech) for 10 min before stopping the 
reaction with 50 μL 1N H2SO4. Optical density was immediately quantified on a 
SoftMax® Pro 5 microplate reader (Molecular Devices) at 450 nm.

Statistical Analysis. Statistical analysis was performed as indicated in the 
figure legends. Comparisons were performed using one-way ANOVA (corrected 
for multiple comparisons) using either a nonparametric Friedman test, uncor-
rected Dunn’s test, Tukey’s post-hoc correction for multiple comparisons, or 
one-way ANOVAs with the Geisser–Greenhouse correction and Holm–Šidák 
correction for multiple comparisons in Figs.  1 G and H, 2 C–E, and 4C. For 
survival analysis in Figs. 2C and 4D and SI Appendix, Fig. S1 D and E, statisti-
cal comparisons were performed using the log-rank (Mantel–Cox) test with P 
values for significant relationships shown from Fisher’s LSD tests. As shown 
in Fig. 3 C and D, the Brown–Forsythe and Welch two-way ANOVA corrected for 
multiple comparisons by controlling the false discovery rate and a one-phase 
decay and slow bNAb half-life (t1/2, weeks) were used to compare groups. 
PVLs were presented and analyzed using log10-transformed data. Statistical 
significance was determined using an alpha level of 0.05 and performed in 
GraphPad Prism 9.4.1.

Data, Materials, and Software Availability. All study data are available in the 
article and/or SI Appendix.
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