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SUMMARY
Antibody effector functions contribute to the immune response to pathogens and can influence the efficacy
of antibodies as therapeutics. To date, however, there is limited information on themolecular parameters that
govern fragment crystallizable (Fc) effector functions. In this study, using AI-assisted protein design, the in-
fluences of binding kinetics, epitope location, and stoichiometry of binding on cellular Fc effector functions
were investigated using engineered HIV-1 envelope as a model antigen. For this antigen, stoichiometry of
binding was found to be the primary molecular determinant of FcgRIIIa signaling, antibody-dependent
cellular cytotoxicity, and antibody-dependent cellular phagocytosis, while epitope location and antibody-
binding kinetics, at least in the ranges investigated, were of no substantial impact. These findings are of
importance for informing the development of vaccination strategies against HIV-1 and, possibly, other viral
pathogens.
INTRODUCTION

The importance of fragment crystallizable (Fc) effector functions

has been well studied for infectious diseases1–17 and the treat-

ment of malignancies18 over a long time period. Fc effector func-

tions are generally linked to antibody (cell surface) binding19–22

and receptor crosslinking,23,24 but detailed knowledge on the

parameters that govern FcgR signaling is sparse.

For instance, using artificial B cell tumor marker CD20 anti-

gens, it was found that epitope proximity to the cellular mem-

branewas favorable for antibody-dependent cellular cytotoxicity

(ADCC) and complement-dependent cellular cytotoxicity (CDC),

but membrane-distal binding abolished ADCC while facilitating

antibody-dependent cellular phagocytosis (ADCP).25 Further-

more, stoichiometry of binding has proven essential for anti-

CD20 monoclonal antibodies (mAbs) to efficiently induce com-

plement activation: complement-activating type I mAbs form

seeding complexes that allow for the recruitment of additional

antibodies to crosslink multiple CD20 dimers, while poor com-

plement-activating type II mAbs form terminal 2:1 complexes

that preclude the recruitment of additional antibodies and
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CD20 molecules.26 Additionally, antibody hexamer formation

has been shown to enhance FcgR engagement and complement

activation.27,28

For human immunodeficiency virus 1 (HIV-1), it was found that

Fc effector functions but not complement were important for anti-

body-mediated protection for one1,2 but not another broadly

neutralizing antibody (bnAb).4,29 Antiviral effector functions gener-

ally tend to correlate with viral neutralization,19–22 albeit not in all

cases.20,30–33 For instance, FcgR engagement and triggering of

ADCChavebeen shown to tolerate relatively poor antigen-binding

kinetics as compared to neutralization, which was exemplified by

the low avidity and high off-rate binding of HIV bnAb PGT145 to

SIVmac239 that was still able to trigger potent ADCC.30

For influenza virus hemagglutinin (HA) stem-specific anti-

bodies in mice, some degree of protection was lost if comple-

ment activation was abrogated, which was further exacerbated

when FcgR binding was absent entirely.9,34 HA-stem-specific

mAbs were shown to require interaction of the bound HA

with its sialic acid (SA) receptor, in addition to the Fc/FcgR inter-

actions, to trigger natural killer (NK) cell degranulation effi-

ciently.35 By contrast, head-specific anti-HA antibodies were
pril 22, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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found to be generally poor inducers of ADCC36 or neutrophil acti-

vation37 and to inhibit stem antibody-mediated NK cell degranu-

lation, presumably by interfering with HA/SA interactions.35,38

Multiple studies36–38 show that both head- and stem-specific an-

tibodies can induce ADCP.37

Despite these findings, there remains a significant knowledge

gap as to what governs how effectively an antibody complexed

to an antigen, particularly on an infected cell, will function. To this

end, we developed a unique system that allows for the system-

atic examination of key molecular mechanisms of anti-HIV anti-

body-antigen interactions responsible for triggering Fc effector

functions across epitopes of interest while avoiding common pit-

falls related to variations in antibody composition. We generated

an array of HIV-1 Envelope (Env) proteins engrafted with an HA

tag at various key positions and used artificial intelligence (AI)-

informed design to express Env constructs in both membrane-

bound and soluble forms. This system was then validated, and

the constructs were used in conjunction with humanized anti-

HA-tag mAb 12CA5 to characterize the role of antibody-binding

avidity, epitope location, and stoichiometry in FcgR signaling,

ADCC, and ADCP in the context of the HIV-1 Env protein.

RESULTS

AI-assisted generation of epitope-tagged membrane-
bound and soluble HIV BG505-NFL proteins
In our initial studies using classical BG505- or JRFL-infected

CEM.NKR-CCR5+Luc+ target cells (HIV reagent ARP-5198)

and primary human NK cells, it was found that bnAbs whose epi-

topes were localized to V3 glycans mediated ADCC most effec-

tively, followed by those binding the CD4bs. By contrast, V2/

apex bnAbs were rather inefficient in triggering NK ADCC. How-

ever, ADCC assays using infected cells are afflicted by a high in-

ter-assay and inter-donor variability, and results are further

confounded by varying viral cytopathic effects and Env surface

expression levels between viral isolates. Moreover, bnAbs can

vary in their stoichiometry of binding, binding kinetics, and Fc

glycosylation.

To overcome these limitations, Env constructs were devel-

oped, taking advantage of a highly stabilized BG505-NFL

trimer, referred to as BG505-NFL.711, which was developed

as a vaccine candidate for mRNA delivery.39 The HA tag

(YPYDVPDYA),40 which is recognized by mAb 12CA5, a sub-

clone of mAb H26D08,41,42 was grafted onto different locations

of the Env surface. The epitope grafts, referred to as roaming

tags (RTs), were placed at distinct bnAb binding sites (V3, V2,

CD4bs) or at sites commonly recognized by polyclonal anti-

bodies following immunization with BG505 immunogens (V1,

V4, C3V5, Bottom [Bttm]).43–47 Membrane-bound roaming tag

constructs (mbRTs) were expressed on stably transfected

HEK293T (293T) cell lines to be used as target cells, and soluble

roaming tag proteins (sRTs) were produced for structural anal-

ysis and as targets for phagocytosis. For the mbRTs, the

BG505-NFL.711 open reading frame was fused to a self-cleav-

able enhanced green fluorescent protein (GFP) gene to quantify

Env expression levels.

AlphaFold2 in silico structure prediction (Figure 1),48,49 in

conjunction with probabilistic residue interaction network anal-
2 Cell Reports 44, 115331, April 22, 2025
ysis (Figure 1D),50 indicated that the first iteration constructs

recognized well by 12CA5, e.g., RT-V4, contained hydrogen

bonds between epitope residues and a potentially glycosylated

SNST or STNST motif downstream of the engrafted epitope.

The importance of these downstream residues for 12CA5 bind-

ing was then confirmed by comparing mbRT-V1 designs (Fig-

ure 1E), and an SNST motif was added to the C terminus of the

HA-tag sequence in most constructs (Figure 1B). For each

construct, multiple in silico structure predictions were performed

to assess microvariations in the respective graft designs, with

the most promising design being selected for test expression.

Successful epitope grafting with proper Env trimer folding was

achieved for all constructs in the first or second design iteration,

except for the CD4bs. The CD4bs proved challenging as a graft-

ing site due to its recessed location and, according to in silico

structure predictions, a strong propensity of the grafted epitope

to fill void volumes within the trimer. Consequently, 12CA5

epitope recognition remained suboptimal in this construct (see

below).

sRT-12CA5 fragment antigen binding (Fab) immune com-

plexes were imaged by negative-stain electron microscopy

(nsEM), and 3D reconstructions demonstrate 12CA5 binding to

expected epitopes with some slight differences in angle of

approach (Figures 1C and S1C). Grafted epitope flexibility can

be appreciated in the RT-V4 and RT-Bttm constructs. The

sRT-V2i construct tended to break up into protomers in solution

and was not included in the nsEM analysis. Additionally, sRT-

CD4bs exhibited poor binding avidity for 12CA5 and therefore

could not be successfully imaged in complex. In addition, a full

glycan analysis was performed, demonstrating glycosylation of

added SNST sequons (Figure S2).

Basic characterization of epitope-grafted target cell
lines
The stable 293T target cell lines varied in GFP and Env surface

expression levels, as well as in percentage of GFP-positive cells

(Figure S1A). For RT-V2i, two cell lines with divergent GFP and

Env surface expression levels were generated to make a direct

comparison of differing surface density for the same RT

construct. Proper folding was confirmed by flow cytometry using

PGT121 as a reference antibody in conjunction with PGT145, a

mAb with high binding specificity for a closed Env trimer confor-

mation, and non-native conformation-specific mAbs F105, 17b,

and C11 (Figure S1B). RT-V2i failed to bind PGT145 or

PGDM1400, as the tag is located within the V2/apex bnAb

epitope, and V3-mediated shielding of the CD4bs was reduced,

as evidenced by increased binding of F105. The tag in RT-V3

eradicated PGT121 binding and diminished PGT128 binding,

while grafting of the 12CA5 epitope onto the V4 loop improved

PGT145 binding. Overall, however, RT constructs were pre-

sented in a native closed conformation on the target cell lines.

Binding characteristics of bnAbs and 12CA5 to tagged
Env
A set of binding experiments was conducted using mAb 12CA5,

a panel of ten mAbs binding key epitopes of interest, and

SARS-CoV-2-specific control mAb CC40.8.51 First, antibody

cell-surface binding to mbRT constructs was assessed via flow



A D

E

F

C

B

Figure 1. Overview of roaming tag constructs

(A) AlphaFold2 structure predictions of the roaming tag constructs with the tag in yellow (red for V1).

(B) Molecular details of the epitope grafting sites and tag modifications.

(C) Negative-stain EM 3D reconstructions of 12CA5 Fab bound to the indicated roaming tag construct. Maps are segmented and colored by 12CA5 Fab and

trimer (see also Figure S1C). Multiple 3D classes for RT-V4 and RT-Bttm indicate high epitope flexibility.

(D) Probabilistic residue interaction network analysis50 of the top 24 ranked AlphaFold2 structure predictions for RT-V4 identified several hydrogen bonds (solid

lines) and van der Waals (dashed lines) interactions between the core epitope amino acids and the downstream SNST motif. Numbering refers to the AA position

in the AlphaFold2 prediction.

(E) Positions of the residues found to interact between the core epitope amino acids (red) and SNSTmotif (purple) in RT-V4. The AlphaFold2 residue numbers are

displayed above the sequence and HxB2 numbering below.

(F) Cell-surface binding comparison of RT-V1 recognition by 12CA5 with and without an added SNST motif using flow cytometry. Antibodies PGT121, PGT145,

and F105 were added as conformation controls. Data shown represent results from one representative experiment of three.
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cytometry. mbRT cell lines were incubated with titrated mAbs,

and bound antibody was detected with an allophycocyanin

(APC)-labeled secondary antibody (Figure 2). Cells were gated

on GFP for mbRT construct expression, and the APC geometric

mean fluorescence intensity (MFI) of GFP-positive cells was

determined for each mAb concentration. Both membrane-

bound mAb binding EC50 (mbEC50) and maximal mAb binding

were interpolated using a Hill-curve-based non-linear curve-

fitting model (Figure 2A; GraphPad Prism 9 and 10). mbEC50s
of bnAbs were similar acrossmbRT constructs, indicating similar

access to the roaming tags aside fromaforementioned antibody-

epitope interactions disrupted by tag engraftment, whose data

points were excluded from analysis. Of note, 12CA5 recognized

RT-Bttm expressed as transmembrane protein, while the Bttm

antibodies elicited by immunization typically only recognize sol-

uble trimers.

In parallel, GFP MFI was averaged over all samples of a cell

line (typically 192 individual data points). To confirm GFP
Cell Reports 44, 115331, April 22, 2025 3
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Figure 2. Biochemical characterization of RT constructs

(A) Half-maximal binding concentrations of 12CA5 and bnAbs formbRT cell lines. Titrated 12CA5 (circles) and bnAbs (triangles) were incubatedwith all mbRT and

control cell lines (i.e., mbRT-V1, V2t, V2i_Hi, V2i_Lo, V3, V4, C3V5, CD4bs, Bttm, and BG505) in two technical replicates before cells were washed and bound

antibodies detected with a secondary antibody. Following flow cytometry, APCMFI was determined for GFP+ cells. Non-linear Hill-curve fitting was then used to

determine membrane-bound EC50 values. Data shown represent the mean and SEM for each antibody and all RT cell lines from 2–3 independent experiments.

(B) Correlation between Env andGFP expression levels. Experimental data from (A) was used to determine themaximal antibody binding (interpolated top value of

curve fit) and plotted against theGFPMFI averaged over 192 data points for each cell line. AveragedGFPMFI andmaximal antibody binding (Max. APCMFI) were

found to correlate significantly formost antibodies, as determined by simple linear correlation analysis (p< 0.05; 0.44 <R2 < 0.76). Data shown represent themean

and SEM from 2–3 independent experiments.

(C) Half-maximal binding concentrations of 12CA5 and bnAbs for sRT proteins. Enzymatically biotinylated sRT and control proteins (i.e., sRT-V1, V2t, V2i, V3, V4,

C3V5, CD4bs, Bttm, and BG505) were immobilized on neutravidin-coated (2 mg/mL) ELISA plates. After washing, titrated amounts of 12CA5 (circles) and bnAbs

(triangles) were incubated with sRTs in two technical replicates and detected by a peroxidase-labeled goat anti-human IgG, F(ab0)2-specific secondary antibody.
After development, non-linear Hill-curve fitting was used to determine soluble EC50 values. Data shown represent the mean and SEM for each antibody and all

sRT constructs from two independent experiments.

(D) Binding kinetics of 12CA5 to sRT proteins. The same biotinylated sRT and control proteins were associated to and dissociated from Octet biosensors loaded

with 12CA5. Data shown represent the mean from three independent experiments.

(E and F) Stoichiometry of binding of (E) bnAbs to sRT-BG505 and (F) 12CA5 to sRTs. Using SEC, the stoichiometry of binding was determined as described in

Bianchi et al.43 In brief, 50 mg of the indicated sRT protein were incubated overnight with or without 10-fold molar excess of the indicated antibody Fab. The

respective elution volumes were determined for both the sRT alone and the immune complex. Elution volume shifts (mL) were calculated by subtracting the

complex elution volume from the sRT elution volume. Data shown represent either the value for each bnAb with sRT-BG505 from one experiment or the mean

and SEM for 12CA5 with each sRT from two independent experiments. Dashed lines indicate the probable stoichiometry of binding based on literature and

historical data.
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fluorescence as an accurate metric for surface Env expres-

sion levels of each mbRT target cell line, correlation of maxi-

mal mAb binding (max. APC) with averaged GFP MFI was

tested (Figure 2B). A statistically significant linear correlation

(p < 0.05, Pearson two-tailed) between maximal mAb binding

and GFP MFI was found for all but three antibodies. Hence,

the averaged GFP MFI provides a suitable normalization factor

to account for differing Env expression levels among the mbRT

cell lines.

Binding characteristics of the same antibody panel to sRT

constructs was assessed by ELISA (Figure 2C). EC50 values

for the sRTs (sEC50) were generally an order of magnitude lower

than their mbRT counterparts. CD4bs-specific bnAbs 3BNC117

and N6, as well as V3-specific bnAb PGT121, demonstrated

higher binding avidity for the mbRTs, while apex-specific bnAb

PGT145 bound more strongly to the sRTs.

Similarly, in biolayer interferometry (BLI) measurements

(Figures 2D and S3), binding kinetics of 12CA5 showed small

variance across most constructs. On-rates were similar for six

of the constructs, while sRT-V3 and sRT-CD4bs displayed rela-

tively slower on-rates. Off-rates were comparable for five of the

eight constructs, with sRT-V1, sRT-V2t, and sRT-Bttm having

relatively slower off-rates. The result of these variances is a small

range of avidities (KD) across constructs.

Finally, the binding stoichiometries of the bnAb panel to

BG505 and tag mAb 12CA5 with each sRT were assessed by

size-exclusion chromatography (SEC) of trimers in complex

with Fabs, as described in Bianchi et al.43 In accordance with

previous data,43 V2-, CD4bs-, and V3-specific bnAbs bound

with stoichiometries of 1, 2, and 3 Fab fragments per trimer,

respectively (Figure 2E). By contrast, the SEC elution volume

shift of trimer complexed with 2G12 was found to be consider-

ably higher, perhaps in part due to the fact that 2G12 Fab frag-

ments themselves eluted at around double the molecular weight

of traditional Fab fragments, as one would expect of a domain-

exchanged antibody.52 When comparing SEC elution shift vol-

umes of the sRT-12CA5 Fab complexes with those of the

BG505-bnAb Fab complexes (Figure 2F), it was found that

12CA5 bound RT-V3 and RT-CD4bs with a stoichiometry of 1,

while the remaining RTs bound with a stoichiometry of 2 or 3

(sRT-V2i was not analyzed, as mentioned previously). Notably,

RT-V4 complexed with 12CA5 Fab had a larger SEC elution vol-

ume shift than the other RTs, whichmight be explained by the tag

epitope’s flexibility and location contributing to a disproportion-

ately large apparent molecular weight.

Impact of binding parameters on FcgRIIIa signaling
To investigate how epitope location affected FcgRIIIa signaling,

an FcgRIIIa-expressing Jurkat reporter cell line (Invivogen, jktl-

nfat-cd16) was exposed to target cells preincubated with either

10 or 1 mg/mL of antibody. In this reporter cell line, FcgRIIIa

signaling induces secretion of luciferase under the control of a

nuclear factor of activated T cells (NFAT) promoter. Following

overnight co-culture, secreted luciferase activity was measured

and multiplied by a factor calculated by dividing the mean GFP

MFI over all cell lines by the GFP MFI for the respective mbRT

cell line to correct for differing Env expression levels. The per-

centage of GFP-positive cells for each cell line was not found
to substantially affect FcgRIIIa signaling, as FcgRIIIa signaling

only decreased by 10% if the effector-to-target (E:T) ratio was

halved (Figure S4).

A clear hierarchy of the epitope-binned normalized FcgRIIIa

signal was found in that V3-binding bnAbs induced the strongest

FcgRIIIa signals followed by CD4bs-binding bnAbs. In contrast,

V2/apex-binding bnAbs did not induce FcgRIIIa signals above

background levels (Figure 3A). Also, mAb 2G12 was found to

induce significantly higher FcgRIIIa signals than any other

bnAb or 12CA5. Statistical analysis of the epitope-binned

expression-normalized FcgRIIIa signal strength revealed that

most bnAb classes were significantly different from each other

(one-way ANOVA). The signals induced by mAb 12CA5 bound

to the various RT cell lines were found to be in the range of V3-

and CD4bs-specific bnAbs, except for RT-CD4bs whose poor

binding of 12CA5 (Figures 2A and 2B) was also reflected in a

very low FcgRIIIa signal. More importantly, however, there was

no clear indication of a relationship between the epitope location

and FcgRIIIa signaling strength: 12CA5 bound to cell lines

tagged at V2/apex bnAb epitopes (V2i and V2t) and was able

to trigger FcgRIIIa signaling, while the corresponding bnAbs

did not (Figure 3C). Also, the signal strength of apically bound

12CA5 was similar to that of 12CA5 bound to RT-Bttm, and no

obvious trend between epitope location and FcgRIIIa signal

strength was apparent.

The expression-normalized FcgRIIIa signal strengths induced

by saturating (10 mg/mL) and subsaturating (1 mg/mL) mAb con-

centrations were correlated with mbEC50, normalized maximal

mAb binding, and stoichiometry of binding (SEC shift;

Figures 3B and 3C). While no significant correlation was found

between FcgRIIIa signaling strength and mbEC50 at either con-

centration, there were highly statistically significant correlations

(Spearman’s rho �0.8, p < 0.0001) between FcgRIIIa signaling

and both themaximal amount of antibody bound and the stoichi-

ometry of binding (Figure 3C). Taken together, these data

demonstrate that for HIV Env, the stoichiometry of binding, and

hence, the maximal amount of antibody bound is the key deter-

minant of FcgRIIIa signaling. In the HIV-1 model presented here,

trimeric Env needs to be engaged by more than one antibody to

trigger an FcgRIIIa signal. Binding avidity, by contrast, did not

correlate with FcgRIIIa signaling strength under the conditions

tested.

Molecular factors determining antibody-dependent
cellular cytotoxicity
To address the impact of molecular binding parameters on

ADCC mediated by primary natural killer (NK) cells, an assay

that detects loss of GFP-positive cells following overnight incu-

bation of primary NK cells with antibody-sensitized target cells

was devised. As above, to compensate for differing Env expres-

sion levels, specific killing percentages were normalized by the

relative GFP MFI (normalized % killing). Interestingly, a similar

epitope hierarchy was found in that V3-specific bnAbs (including

2G12) mediated the best killing, followed by CD4bs-specific

bnAbs (Figure 4A). In contrast, V2/apex-specific bnAbs

PGT145 and PGDM1400 typically displayed less than 10%

specific killing. Such a hierarchy was not observed for 12CA5-

mediated killing of RT-expressing cell lines (Figure 4B). Target
Cell Reports 44, 115331, April 22, 2025 5
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Figure 3. Molecular parameters governing FcgRIIIa signaling

Titrated amounts of the indicated antibody were allowed to bind to the RT cell lines before bound antibodies were detected by an APC-labeled anti-human

antibody. Data from two technical replicates were then plotted against the antibody concentration, and both the mbEC50 and max. APC values were determined

by non-linear regression. In parallel, all mbRTs were incubated with a high (10 mg/mL) and low (1 mg/mL) concentration of the indicated endotoxin- and aggregate-

free antibodies before FcgRIIIa signaling-induced secretion of luciferase from Jurkat-CD16-NFAT-Luc reporter cells was determined following overnight co-

culture at an effector-to-target ratio of 2:1. RLU andmax. APC values were normalized against the pan-assaymeanGFPMFI divided by the averagedGFPMFI for

the respective cell line to correct for varying Env expression levels.

(A) Averaged normalized FcgRIIIa signal triggered by bnAbs at 10 mg/mL. An epitope-dependent hierarchy for the FcgRIIIa signal strength (Normalized RLU) was

found in that V3-specific bnAbs (PGT121, PGT128) induced the strongest signal, followed by antibodies binding to the CD4bs (VRC01, N6, 3BNC117). V2-specific

bnAbs (PGDM1400, PGT145) failed to elicit FcgRIIIa signal above that of the negative control (40.8). By contrast, the signal induced by 2G12 was 2–4 times

stronger than that induced by other bnAbs. Significant differences, as determined by one-way ANOVA tests, are indicated (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001). Data shown represent the mean and SEM of epitope-binned mAbs with all mbRTs from 2–3 experiment repetitions.

(B) Normalized signal triggered by 12CA5 at 10 mg/mL. 12CA5 bound to various cell lines induced FcgRIIIa signal in the range of V3-specific bnAbs, except for

12CA5 bound to RT-V1, V3, and V4 inducing signals similar to CD4bs-specific bnAbs. Of note, 12CA5 bound to RT-V2i and V2t, located at the apex of the trimer,

triggered FcgRIIIa signaling, while bnAbs binding to the same location did not. Data shown represent the mean and SEM of 12CA5 with each mbRT from 2–3

experiment repetitions.

(C) Impact of binding avidity, maximal amount of antibody bound, and stoichiometry of binding on FcgRIIIa signal strength. FcgRIIIa signal strength was

determined for bnAbs and 12CA5 bound to both wild-type and RT target cell lines at saturating (10 mg/mL) and subsaturating (1 mg/mL) conditions and correlated

withmbEC50, normalizedmaximal antibody bound in flow cytometry (Max. binding), or stoichiometry of binding (SEC elution shift). Spearman’s rho and two-tailed

significance values are indicated. Data shown represent the mean and SEM from 2–3 experiment repetitions.
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cells with an apically grafted epitope (V2i and V2t) were killed as

efficiently as wild-type-expressing cells bound to V3/high-

mannose patch (HMP)-specific bnAbs. Most efficient killing in

the presence of 12CA5 was observed for V2t-tagged Env, fol-

lowed by V4-, C3V5-, and V1-tagged Env. By contrast, target

cells expressing V3-, CD4bs-, or Bttm-tagged Envs were not

particularly efficiently killed.

Correlation analyses were performed to assess the impact of

mbEC50, normalized maximal mAb binding, and stoichiometry

of binding on specific killing (Figure 4C). In line with analyses

for FcgRIIIa signaling, highly significant correlations (Spear-

man’s rho �0.75–0.8, p < 0.0001) were found for normalized

maximal antibody bound and SEC elution shift but not binding ki-

netics (i.e., mbEC50). Likewise, normalized killing and normalized

FcgRIIIa signaling significantly correlated (Spearman’s rho

�0.7–0.76, p < 0.0001; Figure 4D). Despite these correlations,
6 Cell Reports 44, 115331, April 22, 2025
there was an apparent plateau in killing at the highest FcgRIIIa

signaling values induced by 2G12 at 10 mg/mL (Figure 4D). More-

over, a discrepancy between FcgRIIIa signaling and killing was

observed for mbRT-Bttm in that barely any killing was observed

for this epitope location despite induction of a decent FcgRIIIa

signal.

In summary, these data illustrate that the same molecular

parameters governing FcgRIIIa signaling, namely stoichiometry

of binding and maximal amount of antibody bound, also

govern NK-mediated killing and that FcgRIIIa signal strength

directly translates into killing until it becomes saturated at

high signal intensities. By contrast, binding kinetics did not

affect NK-mediated killing within the EC50 range tested. Lastly,

except for the membrane-proximally located Bttm epitope, no

impact from epitope location or avidity on killing was

discernible.
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Figure 4. Molecular patterns governing ADCC by primary human NK cells

To determine antibody-mediated killing by primary NK cells (of 158V/V and 158V/F genotypes), an assay was developed that measured elimination of GFP+ wild-

type Env- or RT Env-expressing cells following co-culture with primary human NK cells in the presence of either 10 or 1 mg/mL of endotoxin- and aggregate-free

antibody in duplicate at an effector-to-target cell ratio of 5:1. The number of GFP+ cells in each co-culture was determined the next day, and specific killing was

calculated by normalizing against the non-specific killing (number of GFP+ cells in co-cultures without antibody). 100% killing was defined as the complete

absence of GFP-positive cells. To normalize for differing Env expression levels, values for specific killing were multiplied by a factor calculated by the pan-assay

mean GFP MFI divided by the averaged GFP MFI for the respective cell line.

(A) Averaged normalized killing mediated by bnAbs at 10 mg/mL. As for normalized FcgRIIIa signaling, an epitope-dependent hierarchy for normalized killing

(normalized% killing) was found in that V3-specific bnAbs (PGT121, PGT128) induced the most potent killing, followed by antibodies binding the CD4bs (VRC01,

N6, 3BNC117). While V2-specific bnAbs (PGDM1400, PGT145) failed to elicit FcgRIIIa signals significantly above that of the negative control (40.8), some

marginal killing was observed. In contrast, 2G12 killing was similar to that observed for other V3-specific bnAbs. Significant differences, as determined by one-

way ANOVA tests, are indicated (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Data shown represent the mean and SEM of epitope-binned mAbs with all

mbRTs from a total of 4–6 experiment repetitions using NK cells from two donors.

(B) Normalized killing mediated by 12CA5 at 10 mg/mL. Data shown represent the mean and SEM of 12CA5 with each mbRT from a total of 4–6 experiment

repetitions using NK cells from two donors.

(C) Impact of binding avidity, maximal amount of antibody bound, and stoichiometry of binding on ADCC. Normalized killing was determined for bnAbs or 12CA5

bound to both wild-type and RT target cell lines at saturating (10 mg/mL) and subsaturating (1 mg/mL) conditions and correlatedwith mbEC50, normalizedmaximal

antibody bound (Max. binding), or stoichiometry of binding (SEC elution shift). Spearman’s rho and two-tailed significance values are indicated. Data shown

represent the mean and SEM from a total of 4–6 experiment repetitions using NK cells from two donors.

(D) Correlation between normalized killing and FcgRIIIa signaling. Normalized killing data from (C) was correlated with normalized signaling data from Figure 3 and

plotted against each other. Statistically significant correlations were found for both mAb concentrations, albeit plateauing of specific killing was observed for the

high 2G12 concentration. Spearman’s rho and two-tailed significance values are indicated.
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Molecular factors determining antibody-dependent
cellular phagocytosis
Employing the enzymatically C-terminally biotinylated sRTs,

the THP-1 phagocytic score was determined for both bnAbs

and 12CA5 (Figure 5). sRT-V2i was omitted for this analysis,

due to its propensity to disintegrate into protomers in solu-

tion. In brief, neutravidin-coated fluorescein isothiocyanate

(FITC)-labeled beads were saturated with biotinylated sRTs,

washed, and incubated with titrated amounts of antibody.

Following overnight incubation with THP-1 cells, the phago-

cytic score (FITC MFI $ %FITC+ cells) was determined by

flow cytometry. Scores were corrected for background, and

both maximal phagocytic score and half-maximal phagocytic

score concentration (pEC50) values were derived analogously

to maximal binding and mbEC50/sEC50 values using the Hill-

curve-based non-linear curve fitting model.
Overall, a similar epitope hierarchy was observed as for

FcgRIIIa signaling and ADCC, with the exception that V2/apex-

specific bnAbs opsonized beads as well as CD4bs-specific

bnAbs. In general, differences between bnAbs and the individual

sRTs were not as drastic compared to other assays (Figure 5A).

No statistically significant correlation could be found between

sEC50 and pEC50 (Figure 5C) or between sEC50 and maximal

phagocytic score (Figure 5D), albeit a distinct clustering was

discernible for the latter: mAbs 2G12, PGT128, and 12CA5 dis-

played intermediate avidity yet performed better than the

higher-avidity V2/apex or lower-avidity CD4bs bnAbs. While no

significant correlations could be found among sEC50 and

maximal phagocytic score, differences in maximal phagocytic

score across bnAb epitopes could be explained by antibody

stoichiometry as measured by SEC elution shift (Spearman’s

rho �0.7, p < 0.0001; Figure 5E). Although this assay does not
Cell Reports 44, 115331, April 22, 2025 7
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Figure 5. THP-1 phagocytosis of opsonized beads

One-micrometer-diameter neutravidin-coated FITC-labeled beads were saturated with biotinylated sRTs, washed, and incubated with titrated amounts of

endotoxin- and aggregate-free antibody. After overnight incubation, bead acquisition was determined by flow cytometry. The phagocytic scores (FITC MFI$%

FITC+ cells) were background-corrected by subtraction of the phagocytic score for the negative controls. As above, non-linear curve fittingwas used to determine

both the mAb concentration conferring half-maximal phagocytosis (pEC50) and the maximal phagocytic score.

(A) Epitope-binned maximal phagocytic score mediated by bnAbs at 10 mg/mL. CD4bs (VRC01, 3BNC117, N6) and V2/apex-specific bnAbs (PGT145,

PGDM1400) induced similar maximal phagocytic scores that were significantly lower than those for V3 (PGT121, PGT128) and 2G12, as determined by one-way

ANOVA tests (*p < 0.05, **p < 0.01, ***p< 0.001, ****p < 0.0001).While the overall picture was similar to FcgRIIIa signaling and killing, differences between epitopes

were less prominent. No discernible phagocytosis above background was observed for beads opsonized using control antibodies Den3, 40.8, or 12CA5-LA-

LAPG. Data shown represent the mean and SEM of epitope-binned mAbs with all sRTs from 2–3 experiment repetitions.

(B) Maximal phagocytic score mediated by 12CA5 at 10 mg/mL. As above but with 12CA5 bound to the indicated sRT. Data shown represent the mean and SEM

from 2–3 experiment repetitions.

(C) Correlation between half-maximal phagocytic score (pEC50) and sEC50. No significant correlation was found between the half-maximal binding concentration,

as determined by ELISA, and the half-maximal phagocytic concentration. Data shown represent the mean and SEM from 2–3 experiment repetitions.

(D) Correlation between maximal phagocytic score and sEC50. No significant correlation was found between the half-maximal binding concentration, as

determined by ELISA, and the maximal phagocytic score. Data shown represent the mean and SEM from 2–3 experiment repetitions.

(E) Correlation between maximal phagocytic score and stoichiometry of binding. A significant correlation was found between stoichiometry of binding (SEC

elution shift) and the maximal phagocytic score.

(legend continued on next page)
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differentiate between cell binding and uptake, these data sug-

gest that efficacy of opsonized bead acquisition by THP-1 cells

is less susceptible to molecular binding parameters than

ADCC, but also largely correlates with the amount of antibody

bound to the opsonized antigen, which is primarily dependent

on the stoichiometry of binding.

To verify that epitope location has no impact on ADCP, both

enzymatically (C-terminally) biotinylated and biochemically bio-

tinylated RT-V2t were used to coat fluorescent beads. While

the enzymatically biotinylated protein should adopt an orienta-

tion similar to that on virions, the orientation of the biochemically

biotinylated RT-V2t should be random. As depicted in Figure 5F,

only slight differences with no discernible trends were found in

phagocytosis between the oriented and non-oriented antigen,

again confirming that the epitope location, and likely the angle

of approach, do not play a major role for phagocytosis.

Lastly, the ADCP experiments were repeated using primary

monocytes instead of THP-1 cells as phagocytes (Figure 5G).

A similar overall epitope hierarchy was found, albeit with apex-

specific antibodies opsonizing more efficiently compared to

THP-1 cells. The first difference is consistent with better apex

mAb binding to RTv4 compared to wild-type Env. Our data indi-

cate that the differing FcgR expression pattern (Figure 5H), like

the presence of FcgRI on monocytes, did not fundamentally

affect the overall results.

In summary, the data presented demonstrate that stoichiom-

etry of binding most strongly contributes to maximal phagocytic

score, suggesting that Fc/FcgR interactions on phagocytes are

governed by molecular mechanisms similar to that of FcgRIIIa

on NK cells. Similarly, no influence from epitope location could

be detected.

FcgRIIIa signaling and ADCP mediated by antibody
combinations
To further confirm the importance of the stoichiometry of binding

for FcgRIIIa signaling and ADCP, assays were conducted with

antibody combinations. As depicted in Figure S5, there was an

additive effect on both FcgRIIIa signaling and ADCP for some

but not all mAb combinations tested. Except for PGDM1400,

all combinations of 12CA5 with apex or CD4bs bnAbs resulted

in significantly stronger FcgRIIIa signaling than the individual an-

tibodies. Also, there was a trend in that V2/apex bnAbs (stoichi-

ometry of 1) combined with the majority of CD4bs (stoichiometry

of 2) weremore potent than the respective antibodies alone. This

contrasted with combinations with HMP bnAb PGT128 (stoichi-

ometry of 3), where little improvement over the PGT128 antibody

was observed in combinations. Similar observations were made

for ADCP, where combinations resulting in stoichiometries of

greater than 3 were no more effective than those resulting in 3
(F) Comparison of THP-1 phagocytosis between beads coated with enzymatically

antigen and opsonized with titrated amounts of the indicated antibodies in dupl

chemically biotinylated antigen. Data shown represent the mean and SEM for th

(G) Maximal phagocytic score for sRT-V4 and primary monocytes. As above but u

and epitope-binnedmeasurements from four independent experiments using thre

THP-1, differences did not achieve significance by one-way ANOVA, partially du

(H) FcgR surface expression of THP-1 cells and primary monocytes determined b

anti-FcgR antibody from two independent experiments. Primary monocytes wer
(i.e., V2/apex plus CD4bs bnAbs). This indicates that either anti-

body binding or FcgR interactions become somewhat restricted

when more than three full-length immunoglobulin G1 (IgG1) mol-

ecules are bound per trimer.

DISCUSSION

For a variety of viral diseases—including influenza A, SARS-

CoV-2, Chikungunya, Zika, Dengue, and Ebola—Fc effector

functions have been shown to either enhance antibody-medi-

ated protection or mitigate pathogenicity,53,54 but this is not uni-

versally true across all mAbs. Similarly, for HIV, the role of Fc

effector functions in immunity is complex. For example, the

CD4bs-specific bnAb b12 showed a loss of approximately

50% of its protective efficacy when Fc-FcgR interactions were

disrupted,1 whereas the V3-binding bnAb PGT121 did not

exhibit significant Fc effector function contribution to protec-

tion.4,29 Additionally, non-neutralizing antibodies and effector

function breadth55,56 have been associated with improved pro-

tection,57–59 enhanced development of bnAbs,60 and lower viral

loads in some cases.61–63 However, passive immunization of

non-human primates (NHPs) with non-neutralizing antibodies

did not confer protection,64,65 and initial associations between

Fc-mediated protection in the RV144 vaccine trial58 could not

be replicated in the subsequent HVTN 702 study.66

There is a surprising paucity of experimental data exploring the

molecular parameters governing Fc effector functions. Previous

assays designed to assess ADCC in HIV-infected cells have

been fraught with artifacts67–69 and strain-dependent cytopathic

effects, variability in CD4 downregulation, and differences in viral

replication and Env expression.68,70,71 To address these chal-

lenges, we utilized AI-guided in silico protein structure predic-

tion, paired with recently developed stabilized Env trimers, to

isolate the contributions of individual molecular parameters to

Fc effector functions. By grafting single antibody epitopes onto

distinct locations, we were able to eliminate confounding factors

such as variations in Fc glycosylation. Additionally, coupling Env

expression to GFP allowed for the normalization of results based

on differences in surface expression levels, mitigating the issue

of varying Env expression levels. This approach also facilitates

high-throughput screening of serum samples from clinical trials,

providing a more efficient system for evaluating Fc effector func-

tion. AI-based structure prediction, combined with meta-anal-

ysis using probabilistic residue network analysis,50 significantly

accelerated the development of this system. This approach

enabled the generation of both membrane-bound and soluble

Env designs with minimal experimental iterations. Meta-analysis

of AlphaFold output proved helpful in prioritizing antigen de-

signs, reducing the need for high-throughput experiments.
or biochemically biotinylated sRT-V2t. Beads were saturated with the indicated

icate. No discernible patterns were found between the enzymatically and bio-

ree experiment repetitions.

sing human primary blood monocytes as effector cells. Data represent pooled

e different donors. While similar trends can be observed with monocytes as for

e to increased noise in the monocyte assay.

y flow cytometry. Depicted are the averaged MFI values ± SD for the indicated

e isolated from two of the donors used in (G).
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Figure 6. Molecular model of FcgRIIa (PDB:

3RY6) bound to PGT122 complexed with

BG505 (PDB: 6B0N)

For the generation of the model, the Fc in the full-

length IgG1 structure of b12 (PDB: 1HZH) was

aligned with the Fc in the FcgRIIa/Fc structure

before both were aligned via one Fab with the

PGT122 Fab of PDB: 6B0N in PyMol. Surface

meshes were then exported to Blender 3.6 and

armature rigged, and Fab arms were moved to

remove clashes between the Fab and FcgRIIa. The

armature rigging was chosen, as the hinge region

in the b12 structure PDB: 1HZH is poorly/partially

resolved. Final figure composition and rendering

was performed in Cinema4D.
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For HIV Env, data presented here demonstrate that stoichiom-

etry of binding is the key determinant for two cellular effector func-

tions, as it governs the maximal amount of antibody that can be

bound and, hence, FcgR signal strength. Moreover, it shows

that antibodies bindingwith a stoichiometry of 1 are inefficientme-

diators of FcgR effector functions, which parallels the observation

that the complement non-activating anti-CD20 therapeutic

obinutuzumab binds with a stoichiometry of 1, while the com-

plement-activating rituximab was shown to bind CD20 with a

stoichiometry of 2.26,72Conversely, whencombiningmAbs, the in-

crease in FcgR signaling was found to be the highest when the

combined stoichiometry of binding was 3 or less (Figure S5B).

Preliminary data suggest that trimers cannot accommodate bind-

ing of more than three full-length IgG molecules.

In cell-based assays, multiple Env trimers with bound anti-

bodies are capable of clustering in proximity to each other, as

transmembrane proteins generally exhibit lateral mobility on

the cell membrane. In bead-based assays, we calculated that

the theoretical minimum distance between trimers on fully satu-

rated beads is approximately 2–2.5 nm, which is smaller than the

trimer’s diameter, enabling multiple Fc regions to be presented

together. However, despite this proximity, bnAbs with a binding

stoichiometry of 1 were still inefficient at triggering FcgR signals,

highlighting that clustering FcgRs alone may not be sufficient for

triggering effector functions. This finding also aligns with prior

studies showing that FcgR signaling requires aminimum valency

of 2 or more, with optimal activation often occurring at valencies

of 5 or more.24 Additionally, studies involving engineered IgG1

hexamers have demonstrated that the organization of Fc

presentations can enhance complement activation and ADCC,

reinforcing the importance of geometric considerations in Fc-

mediated immune responses.27,73,74

Unexpectedly, the location and angle of antibody binding were

found to have minimal impact on FcgR engagement in our sys-

tem. This contrasts with computational models of Fc-FcgR inter-

actions (Figure 6), which suggest that the antibody must adopt a

bent conformation to properly engage membrane-bound FcgRs.
10 Cell Reports 44, 115331, April 22, 2025
In previous studies on the anti-CD20 mAb

rituximab, epitope proximity to the mem-

brane was found to influence ADCC, with

membrane-distal epitopes being less

effective at triggering effector functions.
However, in our study, the lack of significant impact from epitope

location may be explained by the relatively short distance (9–

10 nm) between the HIV Env apex and the membrane, a distance

that was shown not to impede effector function.25

Our data also indicate that primary NK cell killing of Env-ex-

pressing cells largely correlates with FcgRIIIa signal intensity,

although the relationship plateaus at high signal strength. This

suggests that NFAT-reporter cell lines, commonly used to assess

ADCC, may overestimate the actual ADCC response under

certain conditions. Notably, bnAb 2G12, a unique antibody with

domain-exchanged Fab conformation,52 displayed exceptional

Fc effector function due to its exceptionally high stoichiometry

of binding.52 The unusually high Fc effector function of 2G12

may contribute to its remarkable protective efficacy in NHPs,75

although further studies are needed to confirm this hypothesis.

Since neutralizing antibody concentrations required for full

viral protection often exceed in vitro IC50 values by several hun-

dredfold,76–80 vaccine strategies designed to induce bnAbs

would benefit from Fc effector functions. Our findings suggest

that off-target immune responses, such as those targeting V1,

C3V5, and V4 epitopes, can also mediate Fc functions compara-

ble to bnAbs. However, responses targeting the bottom epitope,

present only on soluble proteins, would likely be ineffective. In

NHP studies, protection correlated with autologous neutralizing

titers,81 but a diverse polyclonal antibody response, as seen in

EM-based mapping, also seemed to contribute to protection.44

These results suggest that Fc effector functions, especially those

targeting V1, C3V5, and V4 epitopes, could possibly contribute

to HIV vaccine efficacy.

Limitations of the study
As with most in vitro studies, the results here may not directly

translate into correlates of protection. Additionally, each in vivo

assay has specific limitations, as noted in the literature. While

this study focused on key parameters of Fc-mediated immune re-

sponses, other factors, such as Fc organization and crosslinking,

are also under investigation. Although HIV Env was the model
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antigen, our findings may be specific to this context, and other

pathogens may have evolved different mechanisms to modulate

antibody effector functions. Despite these limitations, this study

offers valuable insights into the molecular parameters governing

Fc effector functions, which will guide the design and evaluation

of HIV vaccines and, potentially, other infectious disease vaccines

or immunotherapies targeting malignancies.
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McKenney, K., Martins, M.A., Seabright, G.E., Allen, J.D., Weiler, A.M.,

et al. (2021). Effector function does not contribute to protection from virus

challenge by a highly potent HIV broadly neutralizing antibody in

nonhuman primates. Sci. Transl. Med. 13, eabe3349. https://doi.org/10.

1126/scitranslmed.abe3349.

5. Winkler, E.S., Gilchuk, P., Yu, J., Bailey, A.L., Chen, R.E., Chong, Z., Zost,

S.J., Jang, H., Huang, Y., Allen, J.D., et al. (2021). Human neutralizing an-

tibodies against SARS-CoV-2 require intact Fc effector functions for

optimal therapeutic protection. Cell 184, 1804–1820. https://doi.org/10.

1016/j.cell.2021.02.026.

6. Wang, P., Gajjar, M.R., Yu, J., Padte, N.N., Gettie, A., Blanchard, J.L., Rus-

sell-Lodrigue, K., Liao, L.E., Perelson, A.S., Huang, Y., and Ho, D.D. (2020).

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 117,

18002–18009. https://doi.org/10.1073/pnas.2008190117.
Cell Reports 44, 115331, April 22, 2025 11

mailto:lhangart@scripps.edu
https://doi.org/10.1016/j.celrep.2025.115331
https://doi.org/10.1016/j.celrep.2025.115331
https://doi.org/10.1038/nature06106
https://doi.org/10.1038/nature06106
https://doi.org/10.1038/nm.1974
https://doi.org/10.1016/j.cell.2020.08.033
https://doi.org/10.1016/j.cell.2020.08.033
https://doi.org/10.1126/scitranslmed.abe3349
https://doi.org/10.1126/scitranslmed.abe3349
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1073/pnas.2008190117


Article
ll

OPEN ACCESS
7. Zohar, T., and Alter, G. (2020). Dissecting antibody-mediated protection

against SARS-CoV-2. Nat. Rev. Immunol. 20, 392–394. https://doi.org/

10.1038/s41577-020-0359-5.

8. Dias, A.G., Jr., Atyeo, C., Loos, C., Montoya, M., Roy, V., Bos, S., Narve-

kar, P., Singh, T., Katzelnick, L.C., Kuan, G., et al. (2022). Antibody Fc

characteristics and effector functions correlate with protection from symp-

tomatic dengue virus type 3 infection. Sci. Transl. Med. 14, eabm3151.

https://doi.org/10.1126/scitranslmed.abm3151.

9. Corti, D., Voss, J., Gamblin, S.J., Codoni, G., Macagno, A., Jarrossay, D.,

Vachieri, S.G., Pinna, D., Minola, A., Vanzetta, F., et al. (2011). A Neutral-

izing Antibody Selected from Plasma Cells That Binds to Group 1 and

Group 2 Influenza A Hemagglutinins. Science 333, 850–856. https://doi.

org/10.1126/science.1205669.

10. Gunn, B.M., McNamara, R.P., Wood, L., Taylor, S., Devadhasan, A., Guo,

W., Das, J., Nilsson, A., Shurtleff, A., Dubey, S., et al. (2023). Antibodies

against the Ebola virus soluble glycoprotein are associated with long-

term vaccine-mediated protection of non-human primates. Cell Rep. 42,

112402. https://doi.org/10.1016/j.celrep.2023.112402.

11. Ilinykh, P.A., Huang, K., Santos, R.I., Gilchuk, P., Gunn, B.M., Karim,M.M.,

Liang, J., Fouch, M.E., Davidson, E., Parekh, D.V., et al. (2020). Non-

neutralizing Antibodies from aMarburg Infection Survivor Mediate Protec-

tion by Fc-Effector Functions and by Enhancing Efficacy of Other Anti-

bodies. Cell Host Microbe 27, 976–991. https://doi.org/10.1016/j.chom.

2020.03.025.

12. Bootz, A., Karbach, A., Spindler, J., Kropff, B., Reuter, N., Sticht, H., Win-

kler, T.H., Britt, W.J., and Mach, M. (2017). Protective capacity of neutral-

izing and non-neutralizing antibodies against glycoprotein B of cytomeg-

alovirus. PLoS Pathog. 13, e1006601. https://doi.org/10.1371/journal.

ppat.1006601.

13. Lefrancois, L., and Lyles, D.S. (1982). The interaction of antibody with the

major surface glycoprotein of vesicular stomatitis virus. II. Monoclonal an-

tibodies of nonneutralizing and cross-reactive epitopes of Indiana and

New Jersey serotypes. Virology 121, 168–174. https://doi.org/10.1016/

0042-6822(82)90126-x.

14. Lefrancois, L. (1984). Protection Against Lethal Viral Infection by Neutral-

izing and Nonneutralizing Monoclonal Antibodies: Distinct Mechanisms of

Action In Vivo. J. Virol. 51, 208–214. https://doi.org/10.1163/2210-

7975_hrd-1326-0261.

15. Schmaljohn, A.L., Johnson, E.D., Dalrymple, J.M., and Cole, G.A. (1982).

Non-neutralizing monoclonal antibodies can prevent lethal alphavirus en-

cephalitis. Nature 297, 70–72. https://doi.org/10.1038/297070a0.

16. Henry Dunand, C.J., Leon, P.E., Huang, M., Choi, A., Chromikova, V., Ho,

I.Y., Tan, G.S., Cruz, J., Hirsh, A., Zheng, N.-Y., et al. (2016). Both Neutral-

izing and Non-Neutralizing Human H7N9 Influenza Vaccine-Induced

Monoclonal Antibodies Confer Protection. Cell Host Microbe 19,

800–813. https://doi.org/10.1016/j.chom.2016.05.014.

17. Yamin, R., Jones, A.T., Hoffmann, H.-H., Schäfer, A., Kao, K.S., Francis,

R.L., Sheahan, T.P., Baric, R.S., Rice, C.M., Ravetch, J.V., and Bournazos,

S. (2021). Fc-engineered antibody therapeutics with improved anti-SARS-

CoV-2 efficacy. Nature 599, 465–470. https://doi.org/10.1038/s41586-

021-04017-w.

18. Baldo, B.A. (2016). Monoclonal antibodies approved for cancer therapy. In

Safety of Biologics Therapy: Monoclonal Antibodies, Cytokines, Fusion

Proteins, Hormones, Enzymes, Coagulation Proteins, Vaccines, Botuli-

num Toxins (Springer), pp. 57–140. https://doi.org/10.1007/978-3-319-

30472-4_3.

19. Bruel, T., Guivel-Benhassine, F., Amraoui, S., Malbec, M., Richard, L.,

Bourdic, K., Donahue, D.A., Lorin, V., Casartelli, N., Noël, N., et al.
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Antibodies

anti-Hu IgG-APC Jackson Laboratories RRID: AB_2340526

Human IgG Isotype Control ThermoFisher Scientific RRID: AB_243591

anti-CD64 Caltag Medsystems Cat#IQP-569P

anti-CD32b ThermoFisher Scientific RRID: AB_2608963

anti-CD16-APC R&D Systems Cat#FAB2546A

anti-Mouse IgG (H + L),Texas Red-X ThermoFisher Scientific RRID: AB_2556781

anti-Hu IgG-APC Jackson Laboratories RRID: AB_2340526

anti-Goat IgG Jackson Laboratories RRID: AB_2340407

Human IgG Isotype Control ThermoFisher Scientific RRID: AB_243591

anti-CD14-APC BD Biosciences RRID: AB_398596

anti-CD64 Caltag Medsystems Cat#IQP-569P

anti-CD16-FITC BD Biosciences RRID: AB_395806: Cat#555406

anti-CD32b ThermoFisher Scientific RRID: AB_2608963

anti-CD16-APC R&D Systems RRID: AB_395806; Cat#FAB2546A

anti-CD56-PE BD Biosciences RRID: AB_395906

anti-Mouse IgG (H + L),Texas Red-X ThermoFisher Scientific RRID: AB_2556781

anti-Hu IgG F(ab’)2-Peroxidase Jackson Laboratories RRID: AB_2337585

anti-Goat IgG Jackson Laboratories RRID: AB_2340407

human IgG Isotype Control Invitrogen 31154

anti-CD14-APC BD Biosciences RRID: AB_398596

anti-CD64 antibody Caltag Lab RRID: AB_1480526

anti-CD16-FITC BD Biosciences RRID: AB395806; Cat#555406

anti-FCGR2B Polyclonal Antibody Thermo Fisher Scientific RRID: AB_2608963; PA5-47122

anti-CD56-PE BD Biosciences RRID: AB_395906

goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Texas Red

Invitrogen RRID: AB_2556781; T-862

anti-Hu IgG F(ab’)2-Peroxidase Jackson Laboratories RRID: AB_2337585

Allophycocyanin (APC) AffiniPureTM F(ab’)₂

Fragment Donkey Anti-Goat IgG (H + L)

Jackson Immuno RRID: AB_2340407; 705-136-147

human IgG Isotype Control Invitrogen 31154

anti-CD64 antibody Caltag Lab RRID: AB_1480526; CD6400

anti-FCGR2B Polyclonal Antibody Thermo Fisher Scientific RRID: AB_2608963; PA5-47122

goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Texas Red

Invitrogen T-862

Allophycocyanin (APC) AffiniPureTM F(ab’)₂

Fragment Donkey Anti-Goat IgG (H + L)

Jackson Immuno RRID: AB_2340407; 705-136-147

Biological samples

Leukopak STEMCELL Cat#70500

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 ThermoFisher Scientific Cat#11668027

Puromycin Sigma-Aldrich Cat#P9620

40K PEI Polysciences Cat#24765

NeutrAvidin ThermoFisher Scientific Cat#31000

Tween 20 ThermoFisher Scientific Cat#BP337500

(Continued on next page)
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TMB ThermoFisher Scientific Cat#34028

Tween 20 ThermoFisher Scientific Cat#BP337500

L-cysteine ThermoFisher Scientific Cat#44889

Alpha-iodoacetamide Millipore Cat#407710

Papain Sigma-Aldrich Cat#P3125

Alpha-iodoacetamide Millipore Cat#407710

Ammonium Chloride STEMCELL Cat#07850

Papain Sigma-Aldrich Cat#P3125

Ammonium Chloride STEMCELL Cat#07850

Cryopreservation medium STEMCELL Cat#07931

Critical commercial assays

Jurkat CD16 NFAT Reporter Assay Invivogen Cat#jktl-nfat-cd16

Human NK Cell Isolation Kit STEMCELL Cat#17955

Human Monocyte without CD16 depletion

Isolation Kit

STEMCELL Cat#19058

DNAEasy Blood and Tissue Kit QIAGEN Cat#69504

Human Monocyte without CD16 depletion

Isolation Kit

STEMCELL Cat#19058

Deposited data

EMD-42907, EMD-42908, EMD-42909,

EMD-42910, EMD-42912, and EMD-42913

EMDB https://www.ebi.ac.uk/emdb/

Experimental models: Cell lines

HEK293T ATCC Cat#CRL-3216

Freestyle 293-F ThermoFisher Cat#R79007

Jurkat Lucia NFAT CD16 Invivogen Cat#jktl-nfat-cd16

THP-1 ATCC Cat#TIB-202

Oligonucleotides

cf. supplementary Table this study Table S1

Recombinant DNA

pLenti-HF1RA-P2A-GFP-PGK-Puro Addgene #110866

pDisplay-BirA-ER Addgene #20856

Software and algorithms

Prism 9 and 10 GraphPad https://www.graphpad.com

AlphaFold2 DeepMind https://deepmind.google/

technologies/alphafold/

PyMol 2.5.0 Warren DeLano https://www.pymol.org

RING3.0 BioComputingUP https://ring.biocomputingup.it

Appion/Leginon https://github.com/

leginon-org/leginon

N/A

DoGpicker Voss et al.82 https://emg.nysbc.org//projects/

software/wiki/DoGpicker

Relion 3.0 Zivanov et al.83 https://github.com/3dem/relion.git

Cinema 4D Maxon Inc. https://www.maxon.net/en/cinema-

4d?gad_source=1&gbraid=0AAAAApQN-

fLTcnKhPGScpNXlh7KsPVzCL&gclid=

EAIaIQobChMI_rWl7Ja-igMVJiVECB0BX

AdvEAAYASAAEgIk4fD_BwE

Other

FITC Neutravidin FluoSpheres ThermoFisher Scientific Cat#F8776

Protein A Biosensors Sartorius Cat#18-5010
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All human PBMCs used for this study originate from two healthy male individuals and were procured from STEMCELL. Due to the low

number of individuals, no generalization regarding the impact of gender or race on the results presented in this study can be made.

Human primary cell work was approved by WCG IRB (STEMCELL) and Scripps IRB (The Scripps Research Institute). Informed con-

sent from all donors was obtained by STEMCELL technologies or their contractors prior to donation.

All cell lines used in this study were purchased from commercial vendors or repositories who guaranteed their authenticity and

absence of mycoplasma contamination.

METHOD DETAILS

Expression constructs
In silico structure prediction and probabilistic network interaction analysis

Amino acids 31–663 of RT design candidates were subjected to structure prediction as a trimer using the AlphaFold2 multimer al-

gorithm. Resulting predictions were structurally aligned and combined into a single multi-state file in PyMol 2.5.0 before they

were subjected to probabilistic network analysis using the RING3.0 software package. Designs were visually scored for proper trimer

folding and epitope surface exposure, and designs with high surface exposure and a low number of changing interactions between

individual predictions were prioritized.

Membrane-bound env

For the generation ofmbRT expression constructs, plasmid pLenti-HF1RA-P2A-GFP-PGK-Puro (Addgene #110866) wasmodified to

contain an EcoRI site before the P2A cleavage site by QuickChange site-directed mutagenesis using forward primer 50-GTCAAGCT

AAGAAAAAGAATTCAGGCAGCGGCGCCACCAAC-30 in conjunction with reverse primer 50- GTTGGTGGCGCCGCTGCCTGAATT

CTTTTTCTTAGCTTGAC-3’. The EcoRI x NotI fragment was then exchanged with a DNA string containing a T2A instead of a P2A

cleavage site. The BG505-NFL.711 open reading frame (ORF) was modified to contain a 50 BamHI site, as well as a Kozak sequon

and an EcoRI site at its 30 end. The reading frame was synthesized as two strings containing 30–40 nucleotide overlaps to facilitate

Gibson assembly into the BamHI x EcoRI-digested modified pLenti vector. For the construction of individual mbRT constructs, mu-

tations were introduced in one of two ways. In the cases of RT-V2t and RT-Bttm, the reading frame was similarly synthesized as three

DNA strings, after which Gibson assembly was performed with the same digested vector. For the remaining constructs, two DNA

fragments were generated via PCR using Phusion Hot Start II DNA Polymerase (Thermo #F-549L), the pLenti-BG505wt template,

and the following primer scheme: the first fragment used forward primer 50- GGTTTGCCGCCAGAACACAGG-30 and the tag reverse

primer, and the second fragment used the tag forward primer and reverse primer 50- CTTCCTCTGCCCTCGCCG-3’. Gibson assem-

bly was then performed with the same digested vector.

Soluble biotinylated env

For the construction of the sRTs, the extracellular domain of the respective construct was PCR-amplified using forward primer 50-GA
CACCGGGACCGATCCAGCCTCCGGAGAATTCGCCACCATGCCTATGGGATC-30 and reverseprimer50-GGTGATGCTTAGTTCCGG

CGGATCCCAGGGCCAGCAGGTCCTGCTCG-30 to truncate theORF before the transmembrane region and to introduceGibson over-

hangscompatiblewith anEcoRIxBamHI-digestedmodifiedpcDNA3.4vectorcontainingaC-terminal in-framehexahistidine tag, aBirA

recognition sequence, and a stop codon. Gibson assembly was then performed on the resulting DNA fragment and digested vector.

Antibodies

All antibody V regions were synthesized as strings and cloned into pAbVec expression vectors84 using AgeI and SalI restriction sites

for the IgG1 heavy chain (GenBank FJ475055.1), AgeI and BsiWI for kappa chain constructs (GenBank FJ475056.1), and AgeI and

XhoI for lambda chain constructs (GenBank FJ517647).

The mouse heavy and light chain V region sequences of mAb 12CA5 (GenBank LC522514 and LC522515) were humanized via

complementarity-determining region (CDR) grafting. To this end, the most closely related human V regions for both the mouse heavy

and light chains were identified using IMGT’s V-Quest algorithm (https://www.imgt.org/IMGT_vquest/input). Mouse CDRs were then

grafted onto their corresponding locations of the respective human IGHV3-21*03 and IGKV4-1*01 V regions. To optimize CDR orien-

tation, additional human framework amino acids85 were substituted for their mouse counterparts (N40S for CDRH1, and S54A/S55T/

A68P for CDRH2; A40T for CDRL1; IMGT numbering). Last, we used the VH/VL packaging angle prediction86 to generate one version

in which the packaging angle of the humanized 12CA5 was altered to match the�47.9� torsion angle of the mouse antibody by add-

ing a G47D mutation to the heavy chain. Sequences were modified for in-frame cloning into the appropriate pAbVec vectors, as out-

lined above, and synthesized as DNA strings (Geneart). Functionality of humanized 12CA5 versions was confirmed by ELISA, and the

unoptimized version, as well as an Fc null variant thereof (12CA5-LALAPG), was chosen for all experiments.

Generation of stable HEK293T cell lines
One day prior to transfection, 1.5 million HEK293T cells (293T, ATCC CRL-3216) were seeded in a 10cm culture dish with 10mL of

293T transfection medium consisting of DMEM (Corning 15013CV) supplemented with 10% fetal bovine serum (FBS) and 2mM

L-glutamine (Corning 25005CI). 293Ts were transfected with 24mg of respective mbRT DNA using 42mL of Lipofectamine 2000 (In-

vitrogen 11668027). After 1 day of culture, medium was replaced with 10mL of 293T culture medium consisting of DMEM
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supplementedwith 10%FBS, 2mML-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin (Corning 30002CI). After another

day of culture, cells were rinsed with PBS, incubated with trypsin (Corning 25053CI) for 3 min, and transferred to a new 10cm culture

dish in 10mL of 293T selection medium consisting of DMEM supplemented with 10% FBS, 2mM L-glutamine, 100IU/mL-100mg/mL

Penicillin-Streptomycin, and 10mg/mL Puromycin (Sigma P9620). After one week of culture under selection, the first round of sub-

cloning was performed by either plucking or limiting dilution. For plucking, a fluorescent microscope was sterilized and brought

into a biosafety cabinet; the cell culture dish was visualized with the GFP channel; and GFP-positive cell colonies were scraped

and captured with a P20 pipette. Colonies were seeded in wells of a tissue culture-treated 96 well plate (Corning 3595) with 293T

selection medium and expanded as necessary. For limiting dilution, cells were trypsinized and resuspended to a density of 2000

cells/mL in 293T selection medium. 200mL of cell suspension were added to the top left well of a tissue culture-treated 96 well plate

and serially diluted 1/2 down the row, which was then serially diluted 1/2 down the plate, all in 293T selection medium. After two

weeks of culture, monoclonal GFP-positive colonies were selected for expansion. Once subclones were sufficiently expanded, cells

were screened via flow cytometry (BD FACSLyric) for GFP expression and 12CA5 binding. Double-positive subclones were selected

for further expansion. A second round of subcloning was performed on the best first-round subclones via fluorescence-activated cell

sorting (FACS, BD FACSMelody), gating on the top 1% of double-positive cells.

sRT production
1L of Freestyle 293-F cells (Gibco R79007) at a density of 1 million cells/mL in Freestyle Expression Medium (Gibco 12338018) was

co-transfected with 350mg of the respective sRT plasmid, 150mg of Furin, and 190mg of pDisplay-BirA-ER (Addgene #20856) using

2mL of 40K PEI (Polysciences 49553937). After 6 days of culture, the solution was harvested and centrifuged for 20 min at 2000xg at

4�C. Supernatant was clarified with a 0.22mm filter, and 1mL of 1% sodium azide was added. Clarified supernatant was then passed

over a Nickel column (Thermo 88222) and washed with two wash buffers containing 40mM and 60mM imidazole, respectively. sRT

protein was eluted with elution buffer containing 250mM of imidazole. Eluted proteins were buffer exchanged into TBS via several

rounds of centrifugation for 10 min at 2000xg at 4�C in a 100kDa MWCO Amicon tube (MilliporeSigma UFC905008), then purified

and fractionated on AKTA Pure using a Superose 6 increase 10/300GL column (Cytiva 29091596). Fractions were collected, concen-

trated to 1 mg/mL via several rounds of centrifugation for 5 min at 2000xg at 4�C using a 30kDa MWCO Amicon tube (MilliporeSigma

UFC803024), aliquoted, and stored at �80�C.

Cell binding assay
Antibodies were diluted to 40 mg/mL in FACS Buffer consisting of PBS supplemented with 2% FBS. Antibodies were then serially

diluted 1/4 7 times in duplicate with FACS Buffer, and 50mL of antibody dilutions were transferred to 96 well plates (Corning

3788). mbRT target cells were rinsed with PBS, trypsinized, and collected in 293T selection medium. Cells were centrifuged for

5 min at 150xg and resuspended at a density of 2 million cells/mL in FACS Buffer. 50mL of target cell suspension were transferred

to antibody dilutions and incubated for 1 h at RT. After incubation, cells were washed 3 times with FACS Buffer via repeated centri-

fugation for 3 min at 500xg and resuspension in FACS Buffer. 50mL of anti-Hu IgG Allophycocyanin (APC) AffiniPure F(ab’)₂ Fragment

Donkey Anti-Human IgG (H + L), (Jackson 709-136-149) diluted 1/5000 in FACS buffer were then added, and cells were incubated for

20 min at 4�C in the dark. After incubation, cells were washed 3 times with FACS Buffer. 50mL of Cytofix/Cytoperm (BD 554722) were

then added, and cells were incubated for 20min at 4�C in the dark. After incubation, cells werewashed 2 timeswith FACSBuffer. GFP

and APC fluorescence were measured via flow cytometry (BD FACSLyric) gated on live cells with acquisition limits of 5000 events or

60 s. Averaged GFP MFI was determined by averaging the geometric mean fluorescence intensity of GFP-positive cells across 192

samples. Both half-maximal effective concentration andmaximal bindingwere interpolated using aHill-curve-based non-linear curve

fittingmodel (GraphPad Prism 9 + 10). Normalized maximal binding was calculated by dividing the RLU signal by the ratio of the aver-

aged GFP MFI of the respective mbRT cell line to the pan assay mean GFP MFI.

FcgR FACS
Monocytes or THP-1 cells were collected by centrifugation for 5 min at 350xg and resuspended at a density of 1 million cells/mL in

FACSBuffer. 200mL of each cell suspensionwere transferred to 5mL FACS tube (Corning ref. 352235) and incubatedwith 20 mg/mL of

human IgG (Invitrogen ref. 31154) for 30 min to block FcgR binding. For the staining, 10mL of anti-CD64 antibody (Ref. Caltag Lab

CD6400), 15mL of anti-CD32b (Thermo Fisher Ref. PA5-47122), 10mL of anti-CD32a/b and 20mL of Allophycocyanin (APC) anti-

FcGRIIIa/b (R&D Systems Ref. FAB2546A) were used per tube. All stains were incubated at 4�C in the dark for 1 h. After incubation,

cells were washed 3 times with FACS Buffer and incubated with secondary antibodies (15mL of Texas Red anti-mouse IgG (H + L)

(Invitrogen Ref. T-862) and 15mL of Allophycocyanin (APC) anti-Goat IgG (Jackson Immuno. Ref. 705-136-147)) at 4�C in the dark

for 1 h. After incubation, cells were washed 3 times with FACS Buffer and read on a ZE5 FACS scanner (BioRad).

FcgRIIIa signaling assays
Antibodies were diluted to 40 mg/mL in signaling assay medium consisting of IMDM (Gibco 12440053) supplemented with 10% FBS,

2mM L-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin and centrifuged for 15 min at 20,000xg at 4�C in 0.22mm filter

tubes (Costar UX0193730). Antibodies were then diluted 1/10 in duplicate with signaling assay medium, and 50mL of antibody dilu-

tions were transferred to tissue culture-treated 96 well plates (Corning 3595). In parallel, mbRT target cells were rinsed with PBS,
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trypsinized, and collected in 293T selection medium. Cells were centrifuged for 5 min at 150xg and resuspended at a density of 2

million cells/mL in signaling assay medium. 50mL of target cell suspensions were transferred to antibody dilutions and incubated

for 3 h at 37�C/5%CO2. Meanwhile, Jurkat-Lucia NFAT-CD16 (Invivogen jktl-nfat-cd16) effector cells were collected, centrifuged

for 5 min at 125xg, resuspended in PBS, centrifuged again, and resuspended at a density of 2 million cells/mL in signaling assay me-

dium. 100mL of effector cell suspension were transferred to target cells and co-cultured overnight at 37�C/5%CO2. Prior to preparing

samples, Quanti-Luc Gold substrate (Invivogen rep-qlcg5) was prepared as per themanufacturer’s instructions. 50mL of supernatant

were then transferred to white half-well 96 well plates (Corning 3688). 45mL of substrate were injected to samples, and luminescence

was immediately measured. Normalized relative light units (RLUs) were calculated by dividing the raw RLU signal by the ratio of the

averaged GFP MFI of the respective mbRT cell line to the pan assay mean GFP MFI.

ADCP assay
10mL of 1mm FITC-labeled FluoSpheres NeutrAvidin Microspheres (Invitrogen #F8776) per sRT well plate were washed 3 times with

1mL of PBS via centrifugation for 10min at 5,000xg and resuspension in PBS. Beads were finally resuspended in 300mL of PBS. sRTs

were then added to a concentration of 30 mg/mL, and solutions were gently agitated for 2 h at 4�C in the dark. sRT-coated beadswere

washed 3 times with PBS and resuspended in THP-1 (ATCC TIB-202) culture medium consisting of RPMI1640 (Corning 10040CV)

supplemented with 10% FBS, 2mM L-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin. Antibodies were centrifuged

for 15min at 20,000xg at 4�C. Then, antibodies were serially diluted 3-fold 11 times in singlet or duplicate with a starting concentration

of 30 mg/mL in THP-1 culture medium, and 20mL of antibody dilutions were transferred to tissue culture-treated 96 well plates (Corn-

ing 3799). 10mL of sRT-coupled beads were added to antibody dilutions and incubated for 2 h at 37�C/5%CO2. Meanwhile, THP-1

cells or monocytes were collected, centrifuged for 5 min at 500xg, resuspended in THP-1 culture medium, centrifuged again, and

resuspended at a density of 500,000 cells/mL in THP-1 culturemedium. 95mL of THP-1 ormonocyte cell suspension were transferred

to opsonized sRT-coated beads and cultured overnight (THP-1 cells) or for 4 h (monocytes) at 37�C/5%CO2. After incubation, cells

were washed 3 times with FACS Buffer via centrifugation for 5 min at 500xg and resuspension in FACS Buffer. 50mL of Cytofix/

Cytoperm were then added, and cells were incubated for 15 min at 4�C in the dark. After incubation, cells were washed 2 times

with FACS Buffer. GFP fluorescence was measured via flow cytometry (BD FACSLyric) gated on CD14 positive live cells with acqui-

sition limits of 5000 events or 60 s. The phagocytic score was calculated as the GFP MFI of GFP-positive cells multiplied by the per-

centage of GFP-positive cells The phagocytic score was then adjusted by subtracting the averaged phagocytic score of a given sRT

with no antibody. Both half-maximal phagocytic concentration and maximal phagocytic score were interpolated using a Hill-curve-

based non-linear curve fitting model (GraphPad Prism 9 + 10).

NK cell isolation
For the isolation of NK cells from frozen peripheral blood mononuclear cells (PBMCs), 400 million PBMCs were thawed and cultured

in PBMC culture medium consisting of RPMI1640 supplemented with 10% FBS, 2mM L-glutamine, and 100 IU/mL-100 mg/mL

Penicillin-Streptomycin overnight at 37�C/5%CO2. PBMCs were collected, centrifuged for 10 min at 300xg, and resuspended at a

density of 50 million cells/mL in PBMC culture medium. NK cells were then isolated using the STEMCELL EasySep Human NK

Cell Isolation Kit (STEMCELL 17955) according to the manufacturer’s instructions. In brief, 50mL of Isolation Cocktail (STEMCELL

17955C) per mL of PBMC solution were added and incubated for 10 min. Magnetic beads (STEMCELL 50103) were then thoroughly

vortexed, and 50mL per mL of PBMC solution were added. Solution volume was adjusted with PBMC culture medium, and solution

was incubated for 10 min in magnet (STEMCELL 180002). Solution was carefully collected and incubated again for 5 min in magnet.

NK cell purity (typically between 70% and 90%) was determined by flow cytometry using anti-CD14 (BD #555399), CD16

(BD#555406), and CD56 (BD# 561903) antibodies.

Monocyte isolation
For the isolation of monocytes from PBMCs, 50–100 million PBMCs were thawed quickly in a 37�C water bath and washed in

RPMI1640 supplemented with 10% FBS, 2mM L-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin to remove any resid-

ual DMSO. PBMCs were collected, centrifuged for 10 min at 300xg, and resuspended at a density of 50 million cells/mL in PBS with

2% FBS. Monocytes were then isolated using the EasySep Human Monocyte Enrichment Kit without CD16 Depletion (STEMCELL

19058) according to the manufacturer’s instructions. In brief, 50mL of Isolation Cocktail (STEMCELL 19058C.2) per mL of PBMC so-

lution were added and incubated for 10min at 4�C.Magnetic beads (STEMCELL 19550) were then thoroughly vortexed, and 50mL per

mL of PBMC solution were added and incubated for 5 min at 4�C. Solution volumewas adjusted with PBSwith 2% FBS, and solution

was incubated for 3 min in magnet (STEMCELL 180001). Solution was carefully collected in new tube for use in the ADCP assay.

ADCC assay
Antibodies were diluted to 40 mg/mL in PBMC culture medium consisting of RPMI1640 supplemented with 10% FBS, 2mM

L-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin and centrifuged for 15 min at 20,000xg at 4�C in 0.22mm filter tubes

(Costar UX0193730). Antibodies were then diluted 1/10 in duplicate with PBMC culture medium, and 50mL of antibody dilutions were

transferred to tissue culture-treated 96 well plates (Corning 3595). In parallel, mbRT target cells were rinsed with PBS, trypsinized,

and collected in 293T selection medium. mbRT target cells were mixed with plain 293Ts to a ratio of 1:4 mRTs to 293Ts. Cells were
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centrifuged for 5 min at 150xg and resuspended at a density of 1 million cells/mL in PBMC culture medium. 50mL of target cell sus-

pensionwere transferred to antibody dilutions and incubated for 3 h at 37�C/5%CO2.Meanwhile, NK cells were isolated fromPBMCs

cultured overnight (see NK cell isolation), and NK cells were brought to a density of 500,000 cells/mL. 100mL of NK cell suspension

were transferred to target cells and co-cultured overnight at 37�C/5%CO2. After co-culture, cells were rinsed with PBS, 50mL of

trypsin were added, and cells were incubated for 8min at 37�C/5%CO2. 150mL of FACSBuffer were added, and cells were thoroughly

mixed and transferred to non-tissue culture-treated 96 well plates (Corning 3788). Cells were washed with FACS Buffer via centrifu-

gation for 3 min at 500xg and resuspension in FACS Buffer. 50mL of Cytofix/Cytoperm were then added, and cells were incubated

for 20 min at 4�C. After incubation, cells were washed 2 times with FACS Buffer. GFP fluorescence was measured via flow

cytometry (BD FACSLyric) gated on live cells with acquisition limits of 5000 events or 60 s. Percent specific killing was calculated

as (100% $ [1-(%GFP+ w/o mAb - %GFP+ w/mAb)/%GFP+ w/o mAb], where %GFP+ w/o mAb is the percent of GFP-positive target

cells with no antibody for a given target cell line and %GFP+ w/mAb is the percent of GFP-positive target cells with a given antibody

for a given target cell line. As with the FcgRIIIa signaling assays, normalized killing was calculated by dividing the percent killing by the

ratio of the averaged GFP MFI of the respective mbRTto the pan assay mean GFP MFI.

Binding ELISA
High-binding 384 well plates (Corning 3700) were incubated with 20mL of 2 mg/mL NeutrAvidin (Thermo 31000) diluted in PBS for 2 h

at 37�C. Plates were washed 3 times with 0.05% Tween 20 (v/v, Fisher BP337500) in PBS. Plates were incubated with 50mL of 3%

BSA (w/v) in 0.05% Tween/PBS overnight at 4�C. Plates were washed 3 times. Plates were incubated with 20mL of 10mg/mL sRT

diluted in 1% BSA/0.05% Tween/PBS for 2 h at RT. Plates were washed 3 times. Plates were incubated with 20mL of mAbs serially

diluted 1/4 7 times in duplicate in 1% BSA/0.05% Tween/PBS with a starting concentration of 20 mg/mL for 2 h at RT. Plates were

washed 3 times. Plates were incubated with 20mL of peroxidase affinipure goat anti-human IgG, F(ab’)2 fragment specific (Jackson

109035097) secondary antibody diluted 1/4000 in 1% BSA/0.05% Tween/PBS for 1 h. Plates were washed 3 times. 20mL of TMB

(Thermo 34028) diluted 1/2 in sterile water were added to plates. 20mL of 2N sulfuric acidwere added to stop reactions (reaction times

�1 min 30 s), after which absorbance at 450nm was read. Half-maximal effective concentration was interpolated using a Hill-curve-

based non-linear curve fitting model (GraphPad Prism 9).

Biolayer interferometry
Antigen solutions were prepared for each sRT by adding 222nmol of sRT protein to 250mL of baseline buffer consisting of PBS with

0.05% Tween 20 (v/v) and gently mixing. A 25 mg/mL solution of 12CA5mAb was prepared in baseline buffer. Octet ProA Biosensors

(Sartorius 10–5010) were pre-hydrated with baseline buffer for 20min at RT. Baseline buffer, antigen solutions, and antibody solution

were added to a black 96 well plate (Greiner Bio-One cat. 655209). Assay was run using Octet BLI Discovery 12.2.2.20 software and

the OCTET HTX by loading sensors with the antibody solution, associating with the antigen solutions, and dissociating in baseline

buffer. KD, kon, and koff were quantified on the Octet Analysis Studio 12.2.2.26 software.

Fab digestion
Prior to Fab digestion, digestion buffer (DB) was prepared as 10mMEDTA in PBS, pH 10.0. The day of digestion, digestion buffer with

cysteine (DBC) was prepared by dissolving L-cysteine (Pierce 44889) in DB to a concentration of 3.5 mg/mL, and 10x stop solution

was prepared by dissolving iodoacetamide (Millipore 407710) in DB to a concentration of 55.5 mg/mL. 20mL of papain buffered

aqueous suspension (Millipore P3125) were diluted in 480mL of sterile water. Papain and IgG at a mass ratio of 1:74 were diluted

in DBC such that the volume of DBC was >70% total reaction volume and incubated for 2.5 h at 37�C. 10x stop solution was added,

and Fabs were dialyzed into TBS with a 10kDa MWCO dialysis cassette (Thermo 66380).

Complex formation
50mg of sRT and 10-fold molar excess of Fab were transferred to a 10kDa MWCO spin tube (Millipore UFC5010), concentrated to

70mL via several rounds of centrifugation for 5 min at 2000xg, and incubated overnight at 4�C. Complexes were purified and fraction-

ated on AKTA Pure using a Superose 6 increase 10/300 GL column.

Negative-stain electron microscopy
sRT-Fab complexes were diluted to 30 mg/mL, adsorbed onto glow-discharged copper mesh grids, and stained with 2% (w/v) uranyl

formate for 60 s. Automated data collection was set up using Leginon87 on either a 120 keV FEI Tecnai Spirit equipped with an FEI

Eagle 4K CCD (52,0003magnification; 2.06 Å pixel size), a 120 keV FEI TF20 equipped with a TVIPS TemCam F416 CMOS (62,0003

magnification; 1.68 Å pixel size), or a Thermo Fisher Scientific Talos equipped with Thermo Fisher Scientific CETA 4K CMOS

(73,0003 magnification; 1.98 Å pixel size). Micrographs were saved in the Appion database.88 Particles were picked using DoG-

picker82 and processed in Relion 3.0.83 Maps were visualized using UCSF Chimera.89

Glycoanalysis
Three aliquots of each sRT were denatured for 1h in 50 mM Tris/HCl, pH 8.0 containing 6M urea and 5mM dithiothreitol (DTT). Next,

sRTs were reduced and alkylated by adding 20 mM iodoacetamide (IAA) and incubating for 1 h in the dark, followed by a 1-h
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incubation with 20mMDTT to eliminate residual IAA. Alkylated sRTswere buffer exchanged into 50mMTris/HCl, pH 8.0 using 10kDa

MWCO spin columns (Cytiva 28932225) and separately digested overnight using trypsin (Promega VA900A), chymotrypsin (Promega

V1062), or alpha lytic protease at a ratio of 1:15 (w/w). Peptides were dried and extracted using an Oasis HLB 96 well plate (Waters

WAT058951). Peptides were then dried again, resuspended in 0.1% formic acid, and analyzed by nanoLC-ESI MS with an Ultimate

3000 HPLC (Thermo IQLAAAGABHFAPBMBFC) system coupled to an Orbitrap Eclipse mass spectrometer (Thermo) using stepped

higher energy collision-induced dissociation (HCD) fragmentation. Peptides were separated using an EasySpray PepMap RSLC C18

column (75 mm 3 75 cm). A trapping column (PepMap 100 C18 3mM 75 mM 3 2 cm) was used in line with the LC prior to separation

with the analytical column. The LC conditions were as follows: 280-min linear gradient consisting of 5–40%acetonitrile in 0.1% formic

acid over 255 min followed by 20 min of alternating 95% acetonitrile in 0.1% formic acid and 2.5% acetonitrile in 0.1% formic acid,

used to ensure all the sample had eluted from the column. The flow rate was set to 300 nL/min. The spray voltage was set to 2.5 kV

and the temperature of the heated capillary was set to 55�C. The ion transfer tube temperature was set to 275�C. The scan range was

375–1500m/z. SteppedHCD collision energywas set to 15, 25 and 45%, and theMS2 for each energy was combined. Precursor and

fragment detection were performed using an Orbitrap at a resolution of MS1 = 120,000, MS2 = 30,000. The AGC target for MS1 stan-

dard and injection times were set to auto, which involves the system setting the two parameters to maximize sensitivity while main-

taining cycle time.

Glycopeptide fragmentation data were extracted from the raw file using Byos (Version 4.6 Protein Metrics Inc.). The glycopeptide

fragmentation data were evaluatedmanually for each glycopeptide: the peptide was scored as true-positive when the correct b and y

fragment ions were observed along with oxonium ions corresponding to the glycan identified. The MS data was searched using the

ProteinMetrics 305N-glycan library with sulfated glycans addedmanually. The relative amounts of each glycan at each site aswell as

the unoccupied proportion were determined by comparing the extracted chromatographic areas for different glycotypes with an

identical peptide sequence. All charge states for a single glycopeptide were summed. The precursor mass tolerance was set at 4

ppm and 10 ppm for fragments. A 1% false discovery rate (FDR) was applied. The relative amounts of each glycan at each site as

well as the unoccupied proportion were determined by comparing the extracted ion chromatographic areas for different glycopep-

tides with an identical peptide sequence. Glycans were categorized according to the composition detected.

PBMC isolation
Fresh human peripheral blood acquired via apheresis (STEMCELL 70500) was received and immediately processed. Blood was

collected and centrifuged for 8min at 336xg, and serumwas carefully removed. Cell pellets were resuspended in ammonium chloride

(STEMCELL 07850) and incubated for 10 minutes on ice. Cell suspensions were topped off with PBS and centrifuged for 8 min at

336xg. Cell suspensions were then washed 2 times with PBMC culture medium consisting of RPMI1640 supplemented with 10%

FBS, 2mM L-glutamine, and 100 IU/mL-100 mg/mL Penicillin-Streptomycin via repeated centrifugation for 8 min at 336xg and resus-

pension in PBMC culture medium. Isolated PBMCs were either used immediately or frozen in 400 million cell aliquots using

CryoStorCS10 cryopreservation medium (STEMCELL 07931). For the determination of the donor’s genotype, FcgR-relevant exons

of the FcgRIIa and IIIa gene were amplified from genomic DNA extracted according to the manufacturer’s instructions (Qiagen

DNEasy 69504), the PCR product subcloned, and 5–10 clones sequenced. Primers of amplification were 50-GGAAAATCCCAGAAA

TTCTCCC-30 x 50-CAACAGCCTGACTACCTATTACCTGG-3’ (FcgRIIa), and 50- CCTTCACAATTTCTGCAGCCACT-30 x 50-CCCAG
TGTGATTGCAGGTTCCA-3’ (FcgRIIIa).

QUANTIFICATION AND STATISTICAL ANALYSES

All statistical analyseswere performed inGraphPad 9 or 10. Tests employed, dispersion and precisionmeasures aswell as significance

levels are listed in the corresponding figure legend.
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