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SUMMARY

Monkeypox virus (MPXV) is a poxvirus endemic to Central and West Africa with high epidemic potential. Pox-

viruses enter host cells via a conserved entry-fusion complex (EFC), which mediates viral fusion to the cell

membrane. The EFC is a promising therapeutic target, but the absence of structural data has limited the

development of fusion-inhibiting treatments. Here, we investigated A16/G9, a subcomplex of the EFC that

controls fusion timing. Using cryo-electron microscopy, we showed how A16/G9 interacts with A56/K2, a

viral fusion suppressor that prevents superinfection. Immunization with A16/G9 elicited a protective immune

response in mice. Using X-ray crystallography, we characterized two neutralizing antibodies and engineered

a chimeric antibody that cross-neutralizes several poxviruses more efficiently than 7D11, the most potent

antibody targeting the EFC described to date. These findings highlight the potential of A16/G9 as a candidate

for subunit vaccines and identify regions of the EFC as targets for antiviral development.

INTRODUCTION

Orthopoxviruses (OPXVs) are a group of enveloped DNA viruses

that include important human pathogens, such as variola (VARV)

and monkeypox (MPXV) viruses, the causative agents of small-

pox and mpox, respectively. The prototypical OPXV is vaccinia

virus (VACV), which was used to eradicate smallpox. Since

smallpox vaccination was discontinued more than 40 years

ago, herd immunity has waned, raising concerns about VARV re-

introduction as a bioweapon or the emergence of zoonotic

OPXVs. Global attention now focuses on mpox, a zoonosis

causing recurrent and deadly outbreaks in Central and West Af-

rica and recently spreading to non-endemic regions. In 2022 and

2024, the World Health Organization (WHO) has declared mpox a

public health emergency of international concern (PHEIC),

particularly due to the emergence of human-adapted MPXV

strains.1 Few options exist for mpox prevention and treatment.

Attenuated vaccines confer protection but are expensive and

do not induce long-term immunity.2 Tecovirimat, an antiviral

approved to treat smallpox and mpox, is active against
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human-adapted MPXV strains3,4 but has a low barrier to resis-

tance,5 and clinical trials showed no accelerated recovery.6

Therefore, novel prophylactic and therapeutic strategies are ur-

gently needed.

Enveloped viruses require fusion of viral and cellular mem-

branes to enter host cells, a process mediated by surface pro-

teins termed fusion complexes, which are prime targets for vac-

cines and antivirals. OPXVs produce two enveloped virion forms,

mature virions (MVs) and extracellular virions (EVs), both using

the same entry-fusion complex (EFC) for membrane fusion.

Due to a lack of similarity with other viral fusion machineries,

the mechanisms of action of the EFC remain largely unknown.

The EFC is composed of 11 transmembrane proteins, three of

which (L1, A16, and G9) are myristoylated.7 The genetic repres-

sion of any of the EFC subunits results in the formation of

morphologically normal virions that are incompetent for fusion.8

Three stable subcomplexes have been identified: A28/H2,9 A16/

G9,10 and G3/L5.11 Unlike other enveloped viruses, OPXVs

encode fusion suppressor proteins that interact with the EFC

to control the timing and localization of viral fusion. One of

them is the complex A56/K2, which is formed by a membrane

protein (A56) and a serine-protease inhibitor (K2). Upon infection,

A56/K2 forms a complex on the surface of infected cells, pre-

venting superinfection and syncytium formation by targeting

the subcomplex A16/G9. Viruses lacking A56 or K2, or with mu-

tations in G9, generate large syncytia at neutral pH upon infec-

tion.12,13 The structural basis of the A56/K2-mediated fusion in-

hibition remains unknown.

Antibodies targeting fusion complexes can block fusion and

neutralize viral infection,14–17 providing important clues for the

development of antivirals and vaccines. However, the immuno-

genicity of different subunits of the EFC has not been systemat-

ically studied, and only L1 is known to elicit neutralizing anti-

bodies (nAbs) that block fusion.18–20 To investigate A16/G9

immunogenicity, we used VHHs, which are the variable domains

of single-chain antibodies produced in camelids.21 VHHs are

smaller (15 kDa) than conventional Fabs (50 kDa), can target epi-

topes that are inaccessible to conventional antibodies, are easier

to produce, are more thermostable, and can be engineered to

produce multivalent antibodies.

Here, we produced a recombinant A16/G9 complex and

confirmed its native conformation by performing binding assays

and cryo-electron microscopy (cryo-EM) studies with the fusion

suppressor A56/K2. To study its immunogenicity, we immu-

nized an alpaca and isolated four non-competing VHHs, two

of which block fusion and cross-neutralize several OPXVs. Us-

ing X-ray crystallography, we obtained their structures in com-

plex with A16/G9 and engineered a bispecific, chimeric anti-

body comprising a neutralizing VHH and a stabilized A56/K2

complex, which potently neutralized VACV and MPXV. Prophy-

lactic administration of this bispecific antibody in mice reduced

VACV lung titers but did not result in a clear protective effect

in vivo. However, mice immunized with A16/G9 elicited robust

humoral responses that conferred complete protection against

a lethal VACV challenge. Notably, modified vaccinia virus An-

kara (MVA)-vaccinated mice fail to induce A16/G9-specific an-

tibodies, whereas some smallpox vaccinees retained long-lived

A16/G9-specific antibodies. These findings demonstrate that

A16/G9 elicits cross-neutralizing and protective immune re-

sponses, supporting its inclusion into subunit vaccines and

revealing targetable A16/G9 regions for antiviral development.

RESULTS

Structure of the A56/K2 fusion suppressor

A56 is a membrane protein composed of a conserved immuno-

globulin (IG)-like domain (A56IG), a variable stalk domain (A56ST),

and a C-terminal transmembrane anchor. K2 is a secreted

serine-protease inhibitor (serpin) that requires association with

A56 for its membrane localization (Figure 1A). How the two pro-

teins interact is not known, but mutants destabilizing A56IG fail to

inhibit viral fusion,22 suggesting that A56IG binds K2. To explore

this interaction, we generated a stable Drosophila Schneider S2

cell line that co-secreted A56IG and K2 from VACV. Using affinity

and size-exclusion chromatography (SEC), we purified a stable

A56IG/K2 complex (70 kDa) (Figure 1B) and solved its crystal

structure (Table S1; Figure 1C).

The structure revealed a 1:1 complex with A56IG bound to the

K2 region formed by helices hD and hE, conserved across

OPXVs (Figure S1). Structural analysis showed that K2 shares

strong structural and sequence similarity to plasminogen acti-

vator inhibitor-1 (PAI-1), a key serpin involved in fibrinolysis regu-

lation (Figure S2A). Like PAI-1, which transitions to an inactive

latent conformation in the absence of an allosteric regulator,23

the structure of K2 revealed a serpin fold in a latent conformation,

with the uncleaved reactive center loop (RCL) inserted into β--

sheet A. Molecular modeling suggested that the active confor-

mation of K2 could also accommodate A56IG binding

(Figure 1D). The N-glycans of A56IG extended away from the

A56IG/K2 interface (Figure S2B) and did not contribute to stabi-

lizing the interaction (Figure S2C).

We conducted SDS-PAGE analysis to investigate the interac-

tion of the recombinant K2 with urokinase-type plasminogen

activator (uPA), the natural substrate of PAI-1. As a control, we

used a stabilized mutant of PAI-1 (W175F) (Figure 1E). We

observed that PAI-1 formed a covalent inhibitory complex with

uPA, which could be distinguished from the small fraction of un-

reactive or latent PAI-1. By contrast, the recombinant K2 ex-

pressed in S2 cells, either alone or complexed with A56IG, re-

mained inactive, likely due to spontaneous conversion to a

latent form during prolonged accumulation in insect cell culture.

Structure of A56/K2 in complex with A16/G9

A16 and G9 are paralogous proteins with the same domain orga-

nization: N- and C-terminal domains (NTD and CTD, respec-

tively), a membrane-proximal region (MPR), and a transmem-

brane segment (Figures 2A, S3A, and S4). A16 includes a linker

between the NTD and CTD and a short C-terminal tail, while

G9 possesses an extended N-terminal tail important for the sta-

bilization of the complex.24 We cloned the NTD and CTD of both

proteins from VACV into a bicistronic plasmid in frame with signal

peptides to target them to the secretory pathway. Since the

native complex remains unglycosylated in the virus, we mutated

all potential N-glycosylation sites to avoid artificial modifications

that could mask key regions (Figure S3B). We co-purified the
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proteins from the supernatant of transfected S2 cells and ob-

tained a stable A16/G9 heterodimer (rA16/G9) (Figure S5).

To validate that rA16/G9 adopts the same conformation as on

the viral surface, we studied its interaction with A56IG/K2

(Figures 2B and S5). We observed that the complexes interacted

strongly at neutral pH but weakly in the acidic solution, consis-

tent with biological data showing that A56/K2-mediated fusion

inhibition is sensitive to acidic conditions.12 Neither rA16/

G9 nor A56IG/K2 dissociated across the pH range tested

(Figure S5). To study whether an acidic environment induces

conformational changes in rA16/G9, we crystallized rA16/G9 at

pHs 7.5, 6.5, and 5.5. All structures were virtually identical,

with root mean square deviations between C-alpha atoms of

equivalent residues (rmsd) of 0.1–0.2 Å, suggesting that the

reduced binding affinity at acidic pH does not result from major

conformational changes (Figure 2B).

To uncover the structural determinants of the interaction

between rA16/G9 and A56IG/K2, we reconstituted the hetero-

tetramer at neutral pH and performed single-particle cryo-EM, ob-

taining a 3.2 Å resolution reconstruction that showed clear density

for the four components of the complex (Table S2; Figures 2C and

S6). The final model showed that A16/G9 and A56IG/K2 did not un-

dergo conformational changes upon complex formation. As in the

crystal structure, K2 displayed a latent conformation, with the RCL

oriented away from the interaction interface with A16/G9, consis-

tent with previous results indicating that RCL mutations did not

affect fusion inhibition.25 To investigate potential conformational

changes at acidic pH, we collected another dataset at pH 5.5, ob-

taining a map at 4 Å resolution that showed no significant differ-

ences compared with neutral pH. We then analyzed the surface

electrostatic potentials of the interfaces. Electrostatic analysis re-

vealed mild and complementary charge distributions at neutral pH

Figure 1. Structure of the fusion suppressor A56/K2

(A) Domain organization of A56 and K2, colored according to domains: signal peptide (SP), transmembrane segment (TM), and reactive center loop (RCL). The

dashed area indicates an O-glycosylated region. N-glycosylation sites are shown as colored spheres below the diagram, orange if conserved, and green

otherwise. Cysteines are indicated as a green ‘‘C’’ on the diagram.

(B) SEC-MALS analysis of the A56IG/K2 complex.

(C) Crystal structure of A56IG/K2 colored as in (A). Disulfide bonds are depicted as green sticks. The left panel provides a close-up view of the protein interface,

with key residues depicted as sticks and labeled.

(D) AlphaFold2 model of the A56/K2 complex. K2 is in the active conformation, with the RCL exposed. The program predicts a disulfide bond between the two

proteins.

(E) Western blot analysis of covalent complexes with uPA. Samples containing K2 expressed in bacteria (b), insect cells (S2), or PAI-1, either alone or combined

with uPA or A56IG, as indicated, were analyzed by western blot using an anti-strep antibody. Lane 1 shows protein markers. The covalent complexes (serpin/uPA)

and free serpin are indicated by red and blue asterisks, respectively.

See also Figures S1 and S2.
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(Figure 2D), but at acidic pH, the interface on A16/G9 became posi-

tively charged, decreasing electrostatic complementarity and ex-

plaining complex destabilization.

The structure of the hetero-tetramer revealed that A56IG/K2 rec-

ognizes both NTDs of the A16/G9 heterodimer (Figures 2C, 2E,

S1, S3A, and S4A). K2 contacts A16, while A56IG contacts both

A16 and G9 subunits. We identified three main contact sites

(Figure 2F): (1) site A is centered around the DEA56 loop, which

contacts Y42G9, H44G9, R64G9, and I85A16; (2) site B is centered

around the N-glycan attached to N228K2, which contacts Y47A16

and Y48A16; and (3) site C comprises interactions between the

α-helix IK2 and the N terminus of K2, which contacts A17A16,

Y23A16, K38A16, and Y103A16. All these residues are conserved

across OPXVs. To validate the structure and assess the contribu-

tion of A16 and G9 to the stability of the complex, we performed

mutagenesis studies. Two independent studies12,13 identified

three mutations at site A (Y42CG9, H44YG9, and H44RG9) that over-

come A56/K2-based membrane fusion inhibition. To determine

whether these mutations affected the interaction with A56IG/K2,

we generated rA16/G9Y42C and rA16/G9H44Y. Both mutant com-

plexes eluted in SEC-MALS as the wild-type (WT) complex, but

neither of them interacted with A56IG/K2 (Figure 2G). The crystal

structure of rA16/G9H44Y (Table S1) revealed that Y44G9 formed

a hydrogen bond with K133A16 and occupied the space of

Y81A56, thereby preventing the interaction of A16/G9 with A56/

K2 (Figure 2H). No adaptive mutations were identified on A16,

so we engineered two: Y103RA16 and A17RA16. The C-beta of

Y103A16 is within 5 Å of R2K2, so the Y103R mutation is expected

to create steric constraints and electrostatic repulsion between

the two arginines. The side chain of A17A16 is oriented toward

the helix hI, so the mutation A17RA16 is expected to introduce ste-

ric constraints. We introduced each mutation separately into rA16/

G9 and performed binding studies with A56IG/K2 at neutral pH.

We found that A17RA16 significantly reduced A56IG/K2 binding,

while Y103RA16 completely prevented the interaction (Figure 2G).

The NTD of A16 contains a conserved myristoyl-binding

pocket

The structure of A16/G9 revealed a large hydrophobic cavity at the

tip of the A16NTD that might host the conserved N-terminal myris-

toyl groups of A16 and G9. This cavity is empty in the cryo-EM and

X-ray crystallography maps because the recombinant proteins

were not myristoylated. However, AlphaFold326 predicted the

insertion of two myristic acid chains into the pocket, and atomistic

molecular dynamics (MD) simulations confirmed that both

N-myristates remained stably inserted into the pocket over a

2 μs simulation (Figure 3A). Comparison with the X-ray crystallog-

raphy and cryo-EM models suggested that myristate insertion

slightly shifts the AB loop and helix 3 (Figure S4B).

To understand the functional roles of G9 and A16 myristates in

membrane fusion, we introduced glycine-2 to alanine (G2A) point

mutations into recombinant VACV to generate myristate-null mu-

tants. G2A mutants in G9 (G2AG9), A16 (G2AA16), or both (G2AG9:

G2AA16) were viable, while the L1 G2A mutant (G2AL1) was unvi-

able, as previously reported.27 We measured the growth kinetics

of the viable mutants by infecting BSC-40 cells with WT, G2AG9,

G2AA16, or G2AG9:G2AA16 viruses at a multiplicity of infection

(MOI) of 0.1 plaque-forming units (PFUs) per cell and determined

the viral yield between 8 and 48 h post-infection (hpi). We

observed a 3.3-fold reduction in viral yield at 8 hpi for the dou-

ble-mutant G2AG9:G2AA16, but titers were comparable to WT

at later time points (Figure 3B).

As repression of A27, a non-EFC protein, leads to fusion de-

fects despite normal 24-hr viral yields,8 we investigated if G9

and A16 G2A mutants exhibited similar entry defects. Thus, we

infected HeLa cells with WT, G2AG9, G2AA16, or G2AG9:G2AA16

and analyzed the mRNA expression of the early gene C11R by

qRT-PCR (Figure 3C). We observed a 10% reduction in early

gene expression for G2AG9 and G2AA16 and a 50% reduction

for G2AG9:G2AA16, suggesting that G2AG9:G2AA16 is unable to

enter host cells as efficiently as WT. Next, we investigated

whether the myristate-null mutants can induce cell-cell fusion

at acidic pH using fusion-from-without assays. Like the WT virus,

G2AG9 and G2AA16 induced cell-cell fusion at pH 5, resulting in

the formation of multinucleated syncytia. However, G2AG9:

G2AA16 was much less efficient, resulting in a 10-fold reduction

in its fusion index compared with WT (Figure 3D).

Antibodies targeting A16/G9 block fusion and cross-

neutralize OPXV infection

To assess whether rA16/G9 elicits a neutralizing response, we

immunized an alpaca with rA16/G9, generated a B cell-derived

Figure 2. Structure of A56IG/K2:A16/G9 complex

(A) Domain organization of A16 and G9: N-terminal domain (NTD), C-terminal domain (CTD), membrane-proximal region (MPR), and transmembrane (T) segment.

(B) The left panels are BLI-sensorgrams showing binding kinetics of rA16/G9 to A56IG/K2 at different pHs. The concentrations and pHs used in the experiment are

indicated. Data are mean ± SD from three independent experiments (n = 3). The right panel shows the superimposed structures of rA16/G9 obtained at pH 7.5

(blue), 6.5 (green), and 5.5 (red).

(C) Cryo-EM density and final model of the A56IG/K2:A16/G9 complex colored according to the proteins, as indicated.

(D) Open book representation of the surface electrostatic potentials of the complexes at pH 7.5 and 5.5, with negative and positive potentials displayed and

colored according to the bar underneath. Contact areas are outlined in green.

(E) Open book representation of the A56IG/K2 and A16/G9 surfaces colored by conservation, as indicated in the bar underneath. Contact areas are outlined in

green.

(F) Close-up views of the three main contact sites (A, B, and C) with the main residues depicted as sticks and labeled. Dashed lines indicate polar interactions at

the interface.

(G) BLI-sensorgrams showing binding kinetics of rA16/G9 WT and different mutants to A56IG/K2 at neutral pH.

(H) Close-up view of contact site A on the crystal structures of rA16/G9H44Y. To visualize the clashes with A56, we have depicted the DEA56 loop in the figure

enclosed with a dashed line to highlight that this loop has been modeled. The main residues involved in the interaction are depicted in sticks and labeled.

See also Figures S3, S4, S5, and S6.
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VHH phage display library, isolated four A16/G9-specific anti-

bodies (B01, C05, D07, and E12), and produced them as mono-

meric VHHs and bivalent VHH-Fc, fused to human IgG1 Fc.

ELISA-based competition assays and BioLayer Interferometry

(BLI)-based binding experiments revealed binding to four

different epitopes, with some cross-competition between B01

and E12 (Figure 4A), and suggested that B01 and E12 recog-

nized a quaternary epitope (Figure 4B). Monomeric VHH-B01

neutralized VACV efficiently (IC50 = 160 nM), VHH-C05 and

VHH-D07 were less potent (IC50 values of 1.6 and 3.6 μM,

respectively), and VHH-E12 showed no neutralization

(Figure S7A). Next, we evaluated the neutralization of the bivalent

VHH-Fc using MV and EV forms of VACV (Figure 4C). Since

VACV, MPXV, and other OPXVs produce proteins that inhibit

complement activation and contribute to virulence,28,29 we

tested the Fc-fused VHHs with and without complement. We

observed that C05-Fc strongly neutralized MVs (IC50 = 35 nM;

2.9 μg/mL), about 5 times better than the monomeric VHH-

C05, and B01-Fc neutralized weaker (IC50 > 100 μg/mL), while

E12-Fc and D07-Fc were inactive. Neither C05-Fc nor B01-Fc

required complement for neutralization or neutralized the EV

form. The differences between the monomeric and the bivalent

formats are presumably due to steric and avidity effects. To

assess cross-neutralization, we tested two strains of MPXV

(clades Ib and IIb) (Figure 4D). C05-Fc and B01-Fc cross-neutral-

ized both strains, E12-Fc showed weaker activity, and D07-Fc

was inactive.

To investigate the structural basis for the binding and neutrali-

zation of these VHHs, we determined the crystal structures of

rA16/G9 in complex with C05, B01, E12, and D07 (Table S1). In

agreement with the BLI data, C05 and D07 bound to G9CTD,

whereas B01 and E12 targeted a quaternary A16CTD/G9CTD

epitope (Figure 5A). The epitope of C05 spans approximately

957 Å2, with over half of the interactions mediated by CDR-3,

which is inserted into a narrow cavity between α-6G9, α-7G9,

and α-8G9, close to the A56IG/K2 binding region (Figure 5B).

The epitope of D07 was buried 783 Å2 and was mostly mediated

by framework (FWR) residues that recognize a linear epitope on

α-11G9 (aa 225–238) (Figure 5C). B01 inserts CDR1 and CDR3

into a cavity formed by α-6G9, α-8G9, α-9A16, and α-13A16, and

Figure 3. Myristoylation of G9 and A16 is required for syncytia formation

(A) The left panel displays a model of the myristoylated A16/G9 complex obtained from molecular dynamics (MD) simulations. A16 and G9 are colored green and

red, respectively, with the two myristate groups indicated. The middle panel is surface representations of the pocket from the top, as indicated in the left panel

with a black arrow. The right panel shows rmsd (blue) and distance (red) values between the center of mass of the two N-myristoylated glycine residues and the

backbone atoms within 0.4 nm over simulation frames. Markers and inserts indicate values and structural configurations at frames 3,500, 9,000, and 15,000 (100

ps/frame).

(B) MV yield of WT and recombinant VACV on BSC-40 cells. Data are presented as mean values ± SD.

(C) Viral entry efficiency of WT and recombinant VACV. Data are presented as mean values ± SD. p values were determined by two-way ANOVA (Dunnett’s test):

NS, non-significant; *p = 0.0321, ****p < 0.0001.

(D) Cell-cell fusion experiments of WT and recombinant VACV. The left panels show representative images of the experiment, from which the fusion indices shown

in the right panel have been calculated. Cells were fixed and stained for actin (phalloidin-594, magenta) and nuclei (Hoechst, cyan). Scale bar, 50 μm. Data are

presented as mean values ± SD. p values were determined by two-way ANOVA (Sidak’s test): NS, non-significant; ****p < 0.0001.

See also Figure S4.
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the loop between α-10A16 and α-11A16 (Figure 5D). The epitope of

E12 was buried around 1,000 Å2, equally distributed between A16

and G9. The antibody approaches the complex such that FWR

residues bind α-10A16 and the loop between α-10A16 and α-11A16,

and CDR3 recognizes G9 close to the CTD termini (Figure 5E).

Although the epitopes of B01 and E12 do not overlap, they both

bind the loop between α-10A16 and α-11A16, so the weak cross-

competition we observed in the ELISA experiment may be due

to each antibody stabilizing a different conformation of this

loop, thereby altering the epitope of the other antibody.

To understand the mechanism of neutralization, we tested

whether the antibodies interfered with virus adsorption. We

Figure 4. Antibodies targeting A16/G9 neutralize VACV and MPXV

(A) Competition ELISA of four VHHs. Competition is expressed as a percentage of blocking. A percentage above 50% suggests that the two VHHs bind at an

overlapping epitope, and above 10% suggests partial interference.

(B) BLI-sensorgrams showing binding kinetics of rA16/G9 and G9 to the different VHH-Fc, as indicated.

(C) Neutralization assays with (blue lines) and without (green lines) complement (C) using VACV-MVs and EVs, as indicated. We include as controls two nAbs that

do not require complement to neutralize the virus: 7D11 (α-L130) and VACV-302 (α-A2731). Neutralization experiments with EVs were performed only in the

presence of complement, and we used a nAb targeting B5 (VACV283) as a positive control. IC50 is the antibody concentration (μg/mL) for 50% neutralization. Data

are mean ±95% confidence interval (CI) of triplicates from three independent experiments (n = 3).

(D) Neutralization assays using MPXV clade Ib and IIb, as indicated. Data are mean ±95% CI of triplicates from four independent experiments (n = 4).

See also Figure S7.
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incubated virus-antibody mixtures with cells, washed off unat-

tached particles, and measured residual virus using qPCR.

None of the antibodies reduced virus-cell binding (Figure 6A).

Next, we tested the effect of the antibodies on cell-cell fusion

by adsorbing virus-antibody mixtures to cells and inducing

cell-cell fusion by acidifying the media. As controls, we used

7D11, which targets the EFC protein L1, and LA5, which targets

the non-EFC protein D8. As expected, 7D11 inhibited cell-cell

fusion in a dose-dependent manner, while LA5 had no effect.

Both B01-Fc and C05-Fc reduced cell-cell fusion, although

C05-Fc was more efficient (Figure 6B), in line with their neutral-

izing activities. To evaluate the effect of the antibodies on

VACV EV spread, we performed a comet tail inhibition assay.

We added monoclonal antibodies (10 μg/mL) to the medium,

infected the cells with VACV (IHD-J strain), and stained the cell

monolayer with crystal violet 2 days later to visualize the

‘‘comets’’ produced by satellite plaques. Neither C05-Fc nor

B01-Fc reduced EV spread (Figure 6C).

We next wondered whether we could use the structural infor-

mation to engineer antibodies that neutralize better than 7D11,

which is the most potent complement-independent nAb re-

ported to date. First, as bivalent C05-Fc was more active than

the monomeric form, we tested the neutralizing activity of a tetra-

valent antibody32 containing two copies of C05 combined with

two copies of B01 (C05-B01-IgG) or four copies of C05 (C05-

C05-IgG) (Figure S7B). None of them neutralized VACV better

than 7D11. Next, we postulated that a bispecific antibody

combining VHH-C05 with an nAb targeting the A56/K2 binding

region would neutralize the virus better. Since we did not identify

an antibody targeting this region, we designed a bispecific anti-

body by fusing A56IG/K2 to the N terminus of C05-Fc. This bispe-

cific antibody (A56/K2/C05-Fc) neutralized VACV tenfold better

than 7D11 and both strains of MPXV as effectively as 7D11,

with or without complement (Figure 5F).

To investigate the mechanism of neutralization of the bispe-

cific antibody, we performed functional assays. As for C05-Fc

Figure 5. Structural-based design of a potent chimeric antibody

(A) Two rotated views of a model of rA16/G9 (A16 green, G9 red) bound to VHH-C05 (magenta), VHH-D07 (gray), VHH-B01 (yellow), and VHH-E12 (pink).

(B–E) Close-up views of the interfaces with VHH-C05 (B), VHH-D07 (C), VHH-B01 (D), and VHH-E12 (E). Each interface is shown in cartoon representation, with

the most relevant interacting side chains depicted as sticks and labeled.

(F) The top panel is a model showing the design of the bispecific antibody A56IG/K2/C05-Fc, with linkers (cyan) connected to the different domains. The bottom

panels show neutralization assays of the bispecific antibody with/without complement (C) using VACV-MVs or EVs and MPXVs clade Ib and IIb, as indicated. Data

are presented as mean values ±95% CI of triplicates from three independent experiments (n = 3).

See also Figure S7.
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Figure 6. Functional characterization of monoclonal antibodies

(A) Adsorption assay evaluating mAb inhibition of VACV (WR strain) binding to BSC-40 cells. Bound viral particles were quantified using RT-qPCR to detect

genomic DNA. We included 7D11 (α–L1) and LA5 (α–D8) as controls. Data are presented as averages ± SD from four independent experiments (n = 4).

(B) Fusion inhibition assay to evaluate the ability of the mAbs to inhibit VACV-mediated cell-cell fusion at acidic pH. Cells were fixed and stained for actin

(phalloidin-594, magenta) and nuclei (Hoechst, cyan). Scale bar, 100 μm. The top panels show representative images of the experiment, from which the fusion

indices shown in the bottom panel have been calculated. The dotted line below indicates the mean of the normalized fusion index at pH 7.4, and the gray band the

SD of this mean. Data are presented as averages ± SD, with n = 3. p values were determined using a one-sample t test: NS, non-significant; **p(7D11, 1 μg/mL) =

0.005, **p(7D11, 10 μg/mL) = 0.0029, **p(C05-Fc, 0.1 μg/mL) = 0.0044, **p(C05-Fc, 1 μg/mL) = 0.0033, **p(C05-Fc, 10 μg/mL) = 0.0033, *p(B01-Fc, 10 μg/mL) =

0.0017, *p(A56/K2/C05-Fc, 0.1 μg/mL) = 0.0102, ***p(A56/K2/C05-Fc, 1 μg/mL) = 0.0008, **p(A56/K2/C05-Fc, 10 μg/mL) = 0.0057.

(C) Comet inhibition assay to evaluate the ability of the mAbs to inhibit VACV (IDH-J strain) spread. We used as positive control A20G2 (α–A33).

(D) In vivo prophylactic effect of A56IG/K2/C05-Fc. We inoculated 100 μg of A56/K2/C05-Fc or an irrelevant monoclonal antibody or PBS in C57BL/6 mice (n = 10/

group), and the following day we challenged the animals with a lethal intranasal dose (106 PFUs/mouse) of VACV (WR strain). Control animals were inoculated with

PBS. We monitored changes in body weight (left panel) and survival rate (right panel). Data are presented as mean values ± SD.

(E) VACV mRNA levels (left panel) and infections virus (right panel) in the lungs of infected mice (n = 5/group) at day 5 post-infection. Data are presented as mean ±

SD and represent one experiment with 5 mice per group.
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Figure 7. Immunization with rA16/G9 protects against lethal VACV challenge and induces specific antibodies

(A and B) Body weight loss (A) and survival (B) of C57BL/6 mice (n = 10/group) immunized with MVA, rA16/G9, or B5 ectodomain and challenged with VACV WR.

Animals immunized with PBS and challenged with VACV WR were used as a positive control of infection, and naive mice inoculated with PBS were used as

negative controls. Data are presented as mean ± SD.

(C) VACV mRNA levels assessed in the lungs of infected mice on day 5 post-infection. Data are shown as mean ± SD. p values were determined by ordinary one-

way ANOVA (Tukey’s test): NS, non-significant; **p(A16/G9) = 0.0027, **p(B5) = 0.0045, **p(MVA) = 0.0023.

(D) VACV titers assessed in the lungs of infected mice on day 5 post-infection. Data are shown as mean ± SD. p values were determined by ordinary one-way

ANOVA (Dunnett’s test): NS, non-significant; ****p < 0.0001.

(legend continued on next page)
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and B01-Fc, the bispecific antibody had no effect on viral

attachment to cells but reduced cell-cell fusion in a dose-

dependent manner (Figures 6A and 6B). Although it did not

neutralize EVs, it delayed spread, partially inhibiting comet for-

mation (Figure 6C). To elucidate the cooperative mechanism

between C05 and A56IG/K2, we tested whether A56IG/K2,

either alone or in combination with C05-Fc, has the same activ-

ity as when A56IG/K2 and C05 are fused through a linker

(Figure S7C). A56IG/K2 alone did not neutralize VACV and,

when combined with C05-Fc, did not enhance its neutralization

activity. These results suggest that the synergy observed in the

bispecific antibody is due to cooperative binding, where the

binding of C05 enhances the binding of A56/K2, thereby

increasing neutralization.

We next evaluated the in vivo protective prophylactic efficacy

of the bispecific antibody against VACV. We administered 100 μg

of A56/K2-C05-Fc intraperitoneally to C57BL/6 mice (n = 10/

group) 1 day prior to a lethal intranasal challenge with VACV

(strain western reserve [WR]). We did not observe any protection,

as all animals treated with A56/K2-C05-Fc lost body weight at a

similar rate to PBS- and control antibody-treated infected

groups and succumbed to infection by day 6 post-infection

(Figure 6D). However, at day 5 post-challenge, we detected a

significant reduction in VACV viral mRNA levels and infectious vi-

rus in the lungs of A56/K2-C05-Fc-treated mice compared with

PBS- and control antibody-treated mice (Figure 6E), indicating

that the bispecific antibody is partially inhibiting viral replication.

This discrepancy between potent in vitro neutralization and

limited in vivo efficacy has been previously reported for mono-

clonal antibodies targeting MV antigens31 and highlights the

challenges of achieving therapeutic protection through MV-

directed antibodies alone.

Immunization with rA16/G9 confers full protection

against lethal VACV challenge in mice

We evaluated the protective efficacy of rA16/G9 immunization in

a murine model of lethal VACV infection. C57BL/6 mice (n = 10/

group) were immunized intramuscularly twice (weeks 0 and 3)

with MVA (107 PFUs/mouse), rA16/G9 (10 μg/mouse), or B5 ec-

todomain (10 μg/mouse). At week 6, mice were challenged intra-

nasally with a lethal dose of 106 PFUs of VACV (strain WR) and

monitored daily for body weight loss and survival for 5 weeks.

As expected, PBS controls lost body weight and died within

7–9 days. MVA-immunized mice were fully protected, all sur-

vived, and no body weight loss nor clinical signs of disease

were observed. Notably, all rA16/G9-immunized mice survived

the VACV challenge, while B5 conferred 80% protection

(Figures 7A and 7B). Mice immunized with rA16/G9 recovered

weight faster and had lower lung VACV mRNA levels and infec-

tious viral titers at day 5 post-infection than B5-immunized

mice (Figures 7C and 7D).

Next, we compared humoral responses induced by MVA- and

rA16/G9-vaccinated mice (Figure 7E). MVA-vaccinated mice,

despite being protected, showed negligible A16/G9-specific

IgG levels, even after boosting or VACV challenge. However,

mice vaccinated with a single dose of rA16/G9 elicited significant

levels of A16/G9-specific IgG antibodies, which increased after

the second dose.

Detection of A16/G9-specific antibodies in humans

There are no previous studies evaluating human antibody re-

sponses to A16/G9. To investigate this, we examined whether

first-generation smallpox vaccines induced A16/G9-specific anti-

bodies and whether these responses could be boosted by MVA

vaccination. Using ELISA, we measured antibody levels against

A16/G9, B5, A33, and MVA proteins in human sera (Figure 7F).

We established seropositivity thresholds based on a control panel

of 18 serum samples from unvaccinated donors born after 1980.

Upon screening 49 serum samples of vaccinated donors born

before 1977, we found that 52% were seropositive for MVA,

45% for A33, 22% for B5, and 10% for A16/G9 (Figure 7G),

although only two had high A16/G9 antibody titers. To assess

whether this response could be enhanced by vaccination with

the attenuated third-generation vaccine (MVA), we analyzed 8

sera from individuals born before 1977 and vaccinated with MVA

between 2021 and 2024. In this cohort, 90% were seropositive

for MVA, 66% for A33 and B5, and 44% for A16/G9, indicating

that MVA can effectively recall A16/G9-specific responses.

DISCUSSION

Many emerging diseases are caused by enveloped viruses that

rely on membrane fusion to enter host cells. This process is

mediated by fusion proteins, which insert a fusion peptide/loop

into host membranes to fuse them with the viral envelope. On

the viral surface, fusion proteins form complexes with accompa-

nying proteins, which are prime targets for nAbs and antivirals.33

Here, we focused on the A16/G9 complex, the largest EFC sub-

unit, and the region in which all viral fusion suppressors bind to

regulate fusion timing. Using a combination of structural and

functional assays, we revealed the structural basis of A56/K2-

mediated fusion inhibition and mapped key epitopes that elicit

nAbs. Given the high amino acid sequence similarity of A16/G9

across OPXVs, the conclusions extracted here are expected to

be valid for all poxviruses, providing an excellent framework for

understanding poxvirus fusion and developing effective antivi-

rals and vaccines.

A major challenge in understanding poxvirus fusion is identi-

fying which of the EFC proteins acts as the fusion protein, as

none resemble a known viral fusion protein.7 Sequence analysis

indicated that only three EFC proteins (A16, G9, and L1) are

conserved across the phylum,34 and all are the targets of

(E) ELISA titers of A16/G9 (red) and MVA (green)-specific IgG in serum samples from immunized mice at three different times, as indicated. The x axis shows the

immobilized proteins on the ELISA plates: the recombinant A16/G9 or an extract of cells infected with MVA. The y axis is the antibody titer of pool serum samples.

Data are presented as mean values ± SD.

(F) ELISA titers of A33 (cyan), B5 (blue), A16/G9 (red), and MVA (green)-specific antibodies in the sera of individuals vaccinated against smallpox (born < 1977), not

vaccinated (born > 1980), and vaccinees boosted with MVA-BN (<1977 + MVA).

(G) Number and frequency of seropositive individuals for each antigen in each group, as indicated.
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proteins and antibodies that block fusion.12,30,35 While none of

the three display a classical fusion peptide/loop, all possess

conserved N-myristoylated ends that may play a similar role.

Treatment of VACV with an N-myristoylation inhibitor abrogates

membrane fusion and infection, and mutagenesis studies show

that the N-myristoyl group of L1 is essential for entry.27

Here, we show that A16NTD contains a hydrophobic cavity ac-

commodating A16 and G9 N-myristoyl groups. Mutagenesis

studies reveal that VACV tolerates the removal of one group,

but a double myristate-null mutant is strongly impaired in cell-

cell fusion and infectivity. G9 and A16 myristoylation may pro-

mote rapid membrane targeting and orientation, enhancing

membrane fusion efficiency.36 In the absence of G9 and A16

myristoylation, viral fusion occurs at a slower rate, relying on

random contacts between the virus tip and the host membrane.

Alternatively, A16 and G9 myristates may work in concert with

that of L1, stabilizing membrane insertion and promoting viral

fusion. MD simulations of influenza HA indicate that the mem-

brane binding affinity of a single fusion peptide is approximately

− 40 kJ/mol.37 As the estimated free energy required to form a

stalk-like structure on a membrane is between − 250 and

− 500 kJ/mol,38 at least three HA trimers are needed to mediate

fusion.39 The membrane binding affinity of a single myristate is

about − 22 kJ/mol.40 Therefore, assuming only the myristoyl

groups insert into the membrane, at least 12 myristates, and

thus four complexes, may be needed to prevent the fusion com-

plex from dissociating during the fusion reaction. In the absence

of G9 and A16 myristoylation, more fusion complexes are

required, resulting in a slower fusion efficiency.

nAbs targeting fusion complexes block viral entry by prevent-

ing membrane insertion or the structural reorganizations

required for membrane fusion.14,16 A56/K2 might block fusion

through either mechanism. As it binds near the myristoyl-binding

pocket, it could block membrane insertion, but it may also pre-

vent A16/G9 conformational changes or interactions with other

EFC proteins. As there were no reported antibodies targeting

either A16 or G9, we used the recombinant A16/G9 complex to

immunize an alpaca. We isolated four VHHs, two of which (B01

and C05) neutralized VACV by blocking fusion. B01, which tar-

gets an epitope near the MPR, was more effective as a mono-

mer, while C05, targeting an epitope near the A56/K2 binding

site, was more effective when fused to an Fc. These differences

suggest that regions closer to the MPR are partially buried on the

viral particle, likely mediating interactions with other EFC pro-

teins, while regions closer to the NTD are more exposed. Indeed,

a model of the EFC obtained using AlphaFold41 shows that the

NTD regions of A16/G9 are fully exposed, while the CTD and

especially the MPR are buried, in line with our observations.

Alternatively, depending on the neutralization mechanism, it is

possible that B01-Fc binds the EFC, as well as the monomer,

but is less active. Both antibodies bind far from the myristoyl-

binding pocket, indicating that they block fusion either by pre-

venting A16/G9 or another protein of the EFC from undergoing

conformational changes or by blocking the interaction of A16/

G9 with another subunit of the EFC.

To assess protection by a single nAb targeting A16/G9, we en-

gineered a bispecific antibody by fusing C05 and A56/K2 to a hu-

man Fc, which showed strong cross-neutralization and outper-

formed the benchmark nAb 7D11 in vitro. However,

prophylactic administration of this bispecific antibody did not

protect mice from lethal VACV challenge despite reducing viral

load in lungs. This aligns with previous studies indicating that

therapies based on monoclonal antibodies targeting only MVs

did not confer protection against VACV and required combina-

tion with anti-EVs antibodies for full protection.31

The emergence of mpox has renewed interest in developing

vaccines. Attenuated vaccines are safe and effective, but they

are difficult to produce and do not confer long-term immunity.2

Current mRNA-based vaccines protect animals42–47 but elicit

an immune response focused on a limited number of antigens.

Only L1, and to a lesser extent A27, induce complement-

independent nAbs. Since poxviruses encode complement inhib-

itors,48–50 optimal vaccines should elicit potent, cross-reactive

neutralizing responses in the absence of complement. Here,

we showed that A16/G9 might elicit a complement-independent

immune response as effective as that of L1. We also demon-

strated that immunization with a recombinant A16/G9, lacking

all N-glycosylation sites and the MPR regions, conferred full pro-

tection in mice against a lethal VACV challenge, outperforming

the well-characterized B5 protein.

We and others51 observed that MVA induced low anti-A16/G9

antibody levels in mice, and we investigated the immunogenicity

of this complex in humans. Comparing the seropositivity rate and

A16/G9-specific antibody titers between individuals born before

1977 (vaccinated) and those born after 1980, when the vaccina-

tion campaign ended, we found 10% of vaccinees retained A16/

G9-specific antibodies more than 40 years after vaccination,

although most had titers close to the cutoff. These were lower

than for B5 or A33, suggesting that the initial response against

A16/G9 is subdominant. Notably, L1, another component of

the EFC that elicits a strong, complement-independent neutral-

izing response, is also poorly immunogenic,52 suggesting that

poxviruses have developed strategies to prevent the immune

system from recognizing the EFC. Titers of B5-specific and

A33-specific antibodies are boosted after multiple vaccina-

tions.52 Here, we corroborated these findings and found that

seropositivity rates and antibody titers for A16/G9 increase

when the immune response is boosted with the attenuated

MVA years after the first vaccination, but these remain lower

than those for B5 and A33.

Poxviruses remain a major public health problem. Despite

this, only tecovirimat has been approved by regulatory

agencies, and recent clinical trials question its efficacy, high-

lighting the need for new antivirals. Here, we performed a struc-

tural and functional analysis of A16/G9, demonstrating that

A56/K2 blocks viral fusion by binding to the NTD domains of

A16/G9. This finding highlights the regions to target for the

development of fusion-blocking antivirals, like those described

for HIV.53 Overall, these findings will pave the way for the devel-

opment of better subunit vaccines and antivirals targeting the

fusion machinery.

Limitations of the study

Although A16/G9 immunization provided full protection against

lethal VACV challenge, vaccinated mice still exhibited signs of

disease. We tested only a single vaccination schedule, dose,
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adjuvant, and platform, without evaluating combinations with EV

antigens. Optimizing these parameters may improve A16/G9 ef-

ficacy and allow comparison with other combinations currently in

clinical trials. Furthermore, while the murine model is widely used

to study VACV infection and vaccination, additional in vivo

studies, particularly in mpox models like CAST/EiJ mice or

non-human primates, are needed to validate A16/G9 immunoge-

nicity and protection.
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Data and code availability

Atomic coordinates of the complexes A16/G9/A56IG/K2 (pH 8), A16/G9/

A56IG/K2 (pH 5.5), A56IG/K2, A16/G9/D07/B01/C05, A16/G9/D07/E12,
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des 52019 and 53936, respectively. This paper does not report original code.
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egård, E., Karlberg, M.L., Karlsson Lindsjö, O., and Sondén, K. (2024). First

case of mpox with monkeypox virus clade Ib outside Africa in a returning

traveller, Sweden, August 2024: public health measures. Euro Surveill. 29,

2400740. https://doi.org/10.2807/1560-7917.ES.2024.29.48.2400740.

77. Backovic, M., Johansson, D.X., Klupp, B.G., Mettenleiter, T.C., Persson,

M.A.A., and Rey, F.A. (2010). Efficient method for production of high yields

of Fab fragments in Drosophila S2 cells. Protein Eng. Des. Sel. 23,

169–174. https://doi.org/10.1093/protein/gzp088.

78. Meola, A., and Guardado-Calvo, P. (2024). Production and Purification of

Hantavirus Glycoproteins in Drosophila melanogaster S2 Cells. Methods

Mol. Biol. 2762, 3–16. https://doi.org/10.1007/978-1-0716-3666-4_1.
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A16/G9/A56IG/K2 at pH 8 Cryo-EM maps This paper EMDB: 52019

A16/G9/A56IG/K2 at pH 5.5 Cryo-EM maps This paper EMDB: 53936

Atomic coordinate of A16/G9/A56IG/K2 at pH 8 This paper PDB: 9HBK

Atomic coordinates of A16/G9/A56IG/K2 at pH 5.5 This paper PDB: 9RDH

Atomic coordinates and structure factors for A56IG/K2 This paper PDB: 9HL2

Atomic coordinates and structure factors for

A16/G9/D07/B01/C05

This paper PDB: 9HLS

Atomic coordinates and structure factors for A16/G9/D07/E12 This paper PDB: 9HPA

Atomic coordinates and structure factors for A16/G9H44Y/D07 This paper PDB: 9HNG

Atomic coordinates and structure factors for A16/G9/D07

at pH 5.7

This paper PDB: 9R09

Atomic coordinates and structure factors for A16/G9/D07

at pH 6.5

This paper PDB: 9R0B

Atomic coordinates and structure factors for A16/G9/D07

at pH 7.2

This paper PDB: 9R0J

Atomic coordinates of A16/G9 Yang et al.59 PDB: 8GP6

Experimental models: Cell lines

Drosophila S2 cells ThermoFischer Cat#R69007

Expi293F™ Cells ThermoFisher Cat#A14527

Vero E6 ATCC Cat# CRL-1586; RRID: CVCL_YZ66

BSC40 ATTC Cat# CRL-2761; RRID: CVCL_3656

U2OS ATCC Cat# HTB-96; RRID: CVCL_0042

HeLa ATCC Cat# CCL-2

RRID: CVCL_0030

Experimental models: Organisms/strains

Mouse: Female C57BL/6 Envigo RMS LLC RRID: MGI:2159769

Oligonucleotides

Primer: C11R Forward: AAACACACACTGAGAAACAGCATAAA This paper N/A

Primer: C11R Reverse:

ACTATCGGCGAATGATCTGATTA

This paper N/A

Recombinant DNA

pT350- A16/G9 GenScript N/A

pCOPURO Addgene RRID:Addgene_17533

pT667-A56Ig/K2 GenScript N/A

pT667- A16/G9_H44Y GenScript N/A

pT667- A16/G9_Y42C GenScript N/A

pT667- A16_Y103R/G9 GenScript N/A

pT667- A16_A17R/G9 GenScript N/A

pCAGGS_ IgG1-VHH-E12 GenScript N/A

pCAGGS_ IgG1-VHH-D07 GenScript N/A

pCAGGS_ IgG1-VHH-B01 GenScript N/A

pCAGGS_ IgG1-VHH-C05 GenScript N/A

pT667_7D11 GenScript N/A

pCAGGS_LA5_LC GenScript N/A

pCAGGS_LA5_HC GenScript N/A

pT667_VACV302 GenScript N/A

pCAGGS_VACV283_HC GenScript N/A

pCAGGS_VACV283_LC(k) GenScript N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCAGGS_A56Ig/K2_C05_Fc GenScript N/A

pET28c(+)_PAI-1-W175F GenScript N/A

pET28c(+)_K2 GenScript N/A

pT350_qPCR_standard GenScript N/A

Software and algorithms

Harmony High-Content Imaging and Analysis Software PerkinElmer Cat#HH17000012

GraphPad Prism 10 (Version 10.2.1) Graphpad https://www.graphpad.com

ESPript Robert et al.60 https://espript.ibcp.fr

Phenix.refine Afonine et al.61 https://www.phenix-online.org/

PHASER (version 2.8.3) McCoy et al.62 https://phaser.io/download/release/v2.8.3

Coot Emsley et al.63 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

CryoSPARC Punjani et al.64 https://cryosparc.com

Chimera Goddard et al.65 https://www.cgl.ucsf.edu/chimera/

DeepEMhancer Sanchez-Garcia et al.66 https://github.com/rsanchezgarc/

deepEMhancer

Pymol Schrodinger, LLC https://www.pymol.org

SBGrid Morin et al.67 https://sbgrid.org

Alphafold2 Jumper et al.68 https://colab.research.google.com/

github/sokrypton/ColabFold/blob/

main/AlphaFold2.ipynb

Alphafold3 Abramson et al.26 https://alphafoldserver.com/welcome

TOFF Martı́nez-León69 https://toff.readthedocs.io/en/latest/

source/installation.html

Octet Analysis Studio (Version 13.0) Sartorius Sartorius

GROMACS-2022.4 Abraham et al.70 https://manual.gromacs.org/

documentation/2022.4/download.html

LINCS algorithm Hess et al.71 https://manual.gromacs.org/2024.4/

reference-manual/algorithms/

constraint-algorithms.html

FluoroSpot Software (Version 7.0.22.1) InmunoSpot, CTL https://immunospot.com/products/

Astra Software (Version 6.1.7) Wyatt https://www.wyatt.com/products/

software/astra.html

PDBeFold Krissinel and Henrick72 https://www.ebi.ac.uk/msd-srv/ssm/

GlycoSHIELD Tsai et al.73 https://dioscuri-biophysics.pages.

mpcdf.de/glycoshield-md/

XDS (version 10 January 2022) Kabsch74 https://xds.mr.mpg.de

Other

HiTrap TALON 5ml Cytiva Cat# 28953767

HiTrap Protein G HP Cytiva Cat# 17040501

Strep-Tactin® Superflow® high capacity IBA Cat# 2-1240-001

Superdex 75 Increase 10/300GL Cytiva Cat# 29148721

Superdex 200 Increase 10/300GL Cytiva Cat# 28990944

HiLoad 16/600 Superdex 200pg Cytiva Cat# 28989335

UltrAuFoil® Holey Gold Films – Geom. R

1.2/1.3 – on Gold 300mesh 50/B

Delta Microscopies Cat# Q-UltrAuFoil-R1.2_1.3

Guinea Pig Serum Rockland Inc. Cat# D105-00-0050

Baby Rabbit Complement Cedarlane Laboratories Limited Cat# CL3441-S100-R

Octet® Streptavidin (SA) Biosensors Sartorius Cat# 18-5019

Octet® Anti-Penta-HIS (HIS1K) Biosensors Sartorius Cat# 18-5120

Octet® AHC Biosensors Sartorius Cat# 18-5060
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and viruses

Drosophila S2 cells (primary culture of late-stage drosophila melanogaster embryos, Thermo Fisher Scientific) were grown at 28◦C in

serum-free LM-SFM4Insect cell medium (Cytiva). Expi293F™ cells (human embryonic kidney cells, Thermo Fisher Scientific) were

grown at 37◦C with 8% CO₂ and a constant shaking speed of 130 RPM in Expi293 Expression Medium (Thermo Fisher Scientific)

and transfected in Expi293 FreeStyle Medium (Thermo Fisher Scientific). BSC-40 (Cercopithecus aethiops kidney epithelial cells,

ATCC CRL-2761), HeLa (human female cervical cancer cells, ATCC CCL-2) and U2OS (human female osteosarcoma cells, ATCC

HTB-96) cells were cultured in DMEM GlutaMAX (Gibco) supplemented with 10% heat-inactivated FBS (Cytiva), 100 U/mL penicillin

and 100 U/mL streptomycin (Gibco) and maintained at 37◦C with 5% CO₂.
The VACV Western Reserve strain (ATCC VR-119) encoding for GFP reporter gene and the IDH-J strain were obtained from the

laboratory of Jason Mercer. The virus was handled under BSL-2 conditions by trained personnel. The MPXV clade IIb strain

(MPXV/2022/FR/CMIP) was isolated from a pustular lesion of a 36-year-old French man who consulted at the Medical Center of In-

stitut Pasteur (CMIP), in June 2022. The clinical specimen was inoculated on Vero E6 cells (ATTC CRL-1586), whose supernatant was

harvested after 3 days and tested positive for the presence of MPXV by PCR.57,75 The titration of viral stocks was performed on U2OS

cells.56,75 The 3rd cell passage of the virus was used. The MPXV clade Ib strain was isolated from a man in his mid-30s with no history

of orthopoxvirus vaccination and traveling between Sweden and Africa in August 2024.76 The isolate MpxV/PHAS-506/Passage- 03/

SWE/2024_09_11, Clade Ib has been provided by the Public Health Agency of Sweden to improve the quality of diagnostics relevant

for infectious disease control, treatment and/or other studies of relevance for public health. The 5th cell passage of the virus was

used. All experiments with MPXV were conducted under BSL-3 conditions by vaccinated personnel according to the French regu-

lations on dual use pathogens.

Alpaca

The alpaca used in this study (one young male adult) was housed in a llama/alpaca animal facility in Rennemoulin (France) (Agreement

number A7832214). Animal procedures were conducted in accordance with French legislation and complied with the European Com-

munities Council Directives (2010/63/UE, French Law 2013–118, February 6, 2013). This study was approved by the Animal Exper-

imentation Ethics Committee of the Institut Pasteur (CETEA 89) (2020–27412).

Mice

Female C57BL/6 mice (12 weeks old) were obtained from EnVigo Laboratories and housed at the CNB-CSIC (Madrid, Spain) under

specific-pathogen-free conditions. Experimental procedures were approved by the Ethical Committees of Animal Experimentation

(CEEA) of the CNB-CSIC and CSIC, as well as by the Division of Animal Protection of the Comunidad de Madrid (PROEX 228.7/23)

and complied with international ethical guidelines and Spanish law (Royal Decree RD 53/2013).

Study participants

Human sera used in Figure 7 were collected from 2 independent cohorts. First, sera were collected and analysed from organ donors

and were obtained from the Agence de la Biomédecine (PFS07-009). Donors with lymphoma, autoimmune disease or positive

serology for HIV, HCV or HBV were excluded. Second, sera were collected in the context of longitudinal follow-up of COVID-19

and Modified Vaccinia Ankara - Bavarian Nordic (MVA-BN) vaccinated patients or health-care workers recruited at the Henri Mondor

University Hospital (AP-HP), between January 2021 and July 2024 (MEMO-COV-2 study (NCT04402892, CPP Ile-de-France VI) and

(‘‘Collection Vaccin’’ (2018-A01610-55, CPP EST-III)). This study was conducted in compliance with the Declaration of Helsinki prin-

ciples and written informed consent was obtained from all participants.

While we did not have access to smallpox vaccination records from most donors in these two cohorts, we postulated that donors

born before 1977 would likely have received at least one dose of the anti-smallpox vaccine (VACV) in accordance with recommended

vaccinations at the time. Conversely, donors born after 1980, following the official eradication of smallpox, are unlikely to have been

vaccinated and thus should not have circulating smallpox/VACV-specific antibodies. Information on age, sex, and relevant clinical

features of the cohort are provided in Table S3. No sample size calculation, randomization, or blinding were performed for this study.

METHOD DETAILS

Protein purification

To obtain A56IG/K2 and A16/G9 complexes, we inserted codon-optimized synthetic genes for expression in Drosophila S2 cells into a

bicistronic plasmid.77 All sequences were derived from the VACV Western Reserve (WR) strain and were cloned in frame with a signal

peptide that targets them to the secretory pathway. The first cistron of pMT-A56IG/K2 included the region 20–131 of A56 (UniProt

code: Q01218), followed by a hexa-histidine tag. The second cistron contains the region 16–369 of K2 (UniProt code: P18384), in

which we included the mutation C109A to avoid the formation of disulfide-bonded dimers. The first cistron of pMT-A16/G9 included

the region 3–295 of A16 (P16710) followed by a hexa-histidine and an Avi tag, and the second cistron the region 3–271 of G9 (P07611)

followed by a double strep-tag. To avoid unnatural glycosylation in A16/G9, we mutated the exposed N-glycosylation motifs by
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introducing the mutations N82A, N93Q, S156A and N157D in G9. All other mutations mentioned in the text were created on these

plasmids. To produce the ectodomains of A33 (UniProt code: P68617, residues 90–185), and B5 from VACV (Q01227, residues

18–279), we cloned them into a pMT/BiP plasmid suitable for expression in Drosophila melanogaster S2 cells in frame with a dou-

ble-strep tag and an AviTag at the C-terminus.

To obtain stable transfectants of Drosophila S2 cells, each one of the described plasmid was co-transfected with pCoPuro plasmid

(ratio 1:20) for puromycin selection.78 Stable cell lines were selected and maintained in LM-SFM4 medium (Cytiva) containing

8 μg/mL puromycin. Cultures of 1–3 liters were grown in spinner flasks in medium supplemented with 1% penicillin/streptomycin an-

tibiotics to approximately 1 × 107 cells/mL, and protein expression was induced with 4 μM CdCl2. After 5 days, the S2 media super-

natant was concentrated to 50 ml using 10 KDa cutoff VivaFlow concentrator (Sartorius) and supplemented with Biolock (IBA) and

0.1M Tris-HCl (pH 8.0), centrifuged for 30 min at 50,000 g. Proteins were purified on an AKTAgo instrument (Cytiva) by using affinity

chromatography on StrepTactin SuperFlow column (IBA) followed by SEC on a HiLoad 16/600 Superdex75 column (Cytiva) in 10 mM

Tris pH 8.0, 100 mM NaCl. The yields were approximately 7 mg/L for rA16/G9, 4 mg/L for A56IG/K2 cells; 5 mg/L for A33 and 2 mg/L

for B5 cells For binding experiments in Figure S2C, A56IG was deglycosilated by adding EndoD and EndoH in equimolar amount and

incubating overnight at 4◦C.

SEC-MALS analysis

SEC-MALS experiments were performed loading 100 μg of each protein into a Superdex200 10/300 column (Cytiva) at a flow rate of

0.4 ml/min, previously equilibrated with SEC buffer (10mM Tris pH 8, 150nM NaCl) (Figure 1) or the tri-component buffer (100mM Tris;

50mM MES, 50mM sodium acetate, 150mM NaCl). The complex A56IG/K2/A16/G9 was obtained mixing A56IG/K2 and rA16/G9 (2:1

mol/mol), overnight at 4◦C. Online MALS detection was performed with a DAWN-HELEOS II detector (Wyatt Technology, Santa Barbara,

CA, USA). Differential refractive index measurement was performed with an Optilab T-rEX detector (Wyatt Technology). Data were

analyzed, and weight-averaged molecular masses (Mw) for each sample were calculated using the Astra software (Wyatt Technology).

Alpaca immunization, library construction and phage display

One young adult male alpaca (Vicugna pacos) received immunization on days 0, 17, and 24 with 150 μg of rA16/G9 previously di-

gested with thrombin to remove the purification tags. The immunogen was mixed with Freund’s complete adjuvant for the initial im-

munization and with Freund’s incomplete adjuvant for subsequent immunizations. Immune response was monitored by titrating

serum samples using ELISA with the coated antigen and polyclonal rabbit anti-alpaca IgG.

Blood was collected from the immunized animal (approximately 200 mL), and peripheral blood lymphocytes were isolated by

centrifugation on a Ficoll discontinuous gradient (Leucosep Tubes, Greiner) and stored at -80◦C until further use. Total RNA and

cDNA were obtained as previously described,79 and nested PCR was performed using IgG-specific primers.80 In the first step,

five sets of PCR primers were used to amplify VH-CH1-CH2 and VHH-CH2 fragments. Bands corresponding to the VHH-CH2 regions

were purified by agarose gel electrophoresis. Next, the VHH regions were specifically reamplified with three sets of VHH-specific

PCR primers complementary to the 5′ and 3′ ends of the amplified product and incorporating Sfi1 and Not1 restriction sites at the

ends of the VHH genes. PCR products were digested and ligated into the pHEN6 phagemid vector.

Next, we used the phage display technology to select antigen-specific phage-VHHs. We used 1013 phage-VHHs to perform three

rounds of panning in which phages-VHHs were incubated with strep-tagged rA16/G9 for 1 h at RT, and the complex was trapped

using StrepTactin beads (Mag step XT beads, IBA)). 100 μM of strep-tagged rA16/G9 was used for the first round of panning;

10 μM and 1 μM of strep-tagged protein were used for the second and third rounds of panning, respectively. To remove nonspecific

binders, six washes with PBS Tween 0.1% and four washes with PBS were performed, followed by elution with 100 mM triethylamine

(TEA) for 5 min on a wheel, and excess TEA was neutralized immediately with 1 M Tris-HCl (pH 7.6). E. coli TG1 cells in the exponential

growth phase were then infected with eluted phage-VHHs and incubated at 37 ◦C for 30 min without stirring and 30 min under stirring.

The bacteria were spread on a 2YT+ampicillin Bio-assay dish (24 cm x24 cm) and incubated overnight at 30 ◦C.

Phage-VHHs were produced from individual colonies, and binding of the phages to the protein on the plate was revealed using an

anti-M13 monoclonal antibody conjugated to peroxidase (Abcam). The VHH nucleotide sequences were determined using the M13-

40 primer (Eurofins).

Production of VHHs and IgG-VHHs

To express monomeric VHHs in bacteria, we cloned codon-optimized sequences of the selected VHHs into the bacterial expression

vector pET28c(+) (Novagen) with a C-terminal His tag. We transformed E. coli BL21 (DE3) cells (New England Biolabs) and induce

protein expression overnight at 16◦C with 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG). Cells harvested from 3 L of culture

were resuspended in 40 mL cold resuspension buffer (PBS pH 7.4, 5 mM imidazole) supplemented by one tablet of EDTA-free com-

plete protease inhibitor (Thermo Scientific A32965), frozen at -20◦ C and lysed using a sonicator. After removing the insoluble material

by centrifugating at 50,000 g for 30 minutes, we purified the recombinant VHHs using TALON affinity columns followed by SEC with a

Superdex 75 column (Cytiva). To express the bivalent VHH-Fc in mammalian cells, we inserted codon-optimized sequences into a

mammalian expression vector pCAGGS (ENA code: LT727518.1) in frame with an human IgG1 Fc at the C-terminal end. To express

antibodies, heavy (human IgG1) and light chains codon-optimized sequences were cloned into the pCAGGS vector. Proteins were

expressed in Expi293 cells (Thermo Fischer), transfected at a density of 3x106 cells/mL using FectroPRO DNA transfection reagent
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(Polyplus). After 5 days incubation at 37◦ C, the supernatant was harvested and centrifuged (30 minutes, 4000 rpm). Antibodies were

purified using protein G affinity chromatography, eluted using 0.1 M glycine pH 2.7 and neutralized with 1 M Tris-HCl pH 8.0. The

eluate was concentrated and used to perform a SEC in PBS. The final yields were 7 mg/L for VHH-D07, 0.33 mg/L for VHH-C05,

0.25 mg/L for VHH-B01, 2 mg/L for VHH-E12, 13 mg/100 mL for IgG-VHH D07, 0.60 mg/100 mL for IgG-VHH C05, 15.30 mg/

100 mL for IgG-VHH B01 and 10.50 mg/100 mL for IgG-VHH E12.

Crystallization and structure determination

For crystallization, purification tags were cleaved using 1.5 units of thrombin (Cytiva) per 0.1 mg of protein overnight at 4◦C before

SEC, and the monomeric peaks were concentrated in 10 mM Tris-HCl pH 8.0, 150 mM NaCl, using Vivaspin centricons, to a final

concentration of 2–10 mg/mL. Crystallization screening trials were carried out by the vapor diffusion method using a Mosquito

TM nanodispensing system (STPLabtech, Melbourn, UK) following established protocols.81 The best crystals of A56IG/K2 were

grown in 0.2 M Na3 citrate, 0.1 M Tris-HCl pH 8.5, 30% (v/v) PEG 400. Crystals of rA16/G9 in complex with VHH-D07 were grown

in 0.1 M MES pH 5.5, 6.5, or 7.5 12% (w/v) PEG 20K and cryo protected in the same solution supplemented with 33% glycerol. Crys-

tals of rA16/G9H44Y in complex with VHH-D07 were grown in 20% (w/v) PEG 4K, 10% (v/v) glycerol, 0.2M MgSO4 and cryo-protected

in the same solution supplemented with 20% (v/v) glycerol. Crystals of rA16/G9 in complex with VHH-D07 and VHH-E12 were grown

in 20% (w/v) PEG 1000, 0.1M Na Phosphate citrate pH 4.2, 0.2 M Li2SO4 and cryoprotected in the same solution supplemented with

33% ethylene glycol. Crystals of rA16/G9 in complex with VHH-D07, VHH-B01 and VHH-C05 were grown in 20% (w/v) PEG 3350,

0.2 M KH2PO4 and cryoprotected in the same solution supplemented with 33% ethylene glycol. Diffraction images were integrated

with XDS (version 10 January 2022),74 and crystallographic calculations were carried out with programs from the CCP4 program suite

(version 9).82 To determine the phases, we used AlphaFold (version 2)68 models for A56IG, K2 and the VHHs and the crystal structure

of A16/G9 (PDB code: 8GP659) as molecular replacement templates for PHASER (version 2.8.3).62 To obtain the final models, we

iteratively built and refined the structures using phenix.refine (version 1.19.2-4158)61 and coot (version 0.9.8.95)63 using isotropic

B factor and TLS groups as refinement strategy. We validated all the models using MolProbity (version 4.5.2).83 The crystallographic

statistics and Protein Data Bank (PDB) codes are provided in Table S1.

Cryo-electron microscopy

Purified A16/G9/A56IG/K2 complex was diluted to a concentration of 0.3 mg/mL in 10 mM Tris pH 8.0, 100 mM NaCl. Then, 4 μL of the

complex was deposited on a UltrAufoil R1.2/1.3 300 mesh copper grids that had been glow-discharged for 25 seconds in the PELCO

easyglow cleaning system. Excess protein was blotted away for 3 s using Whatman No.1 filter paper with a blot force of 0 at 15 ◦C in

100% humidity before being plunge frozen in liquid ethane using Vitrobot Mark IV (Thermo Fisher). The complex at pH 5.5 was assem-

bled and purified in tri-component buffer (100mM Tris; 50mM MES; 50mM NaAc; 150mM NaCl pH5.5) and excess protein was

blotted away 4 s. Frozen grids were imaged in a Titan Krios (Thermo Fisher Scientific) equipped with a Bioquantum K3 detector

(Diamond) or TFS Falcon 4i (Soleil) operating in super-resolution mode at a magnification of 130,000 (Diamond) or 205,000 (Soleil),

corresponding to a calibrated pixel size of 0,645 or 0.57 Å/pixel, respectively. A full description of the cryo-EM data-collection pa-

rameters is provided in Table S2.

Motion correction, contrast transfer function (CTF) estimation, particle picking, 2D classification, and non-uniform 3D refinement were

performed using cryoSPARC (version 4.5.3).64 For model building, the map was sharpened using DeepEMhancer (sbgrid version

20241203_5f64fe8_cu11),66 and an initial model was generated via ChimeraX (version 1.6.1)65 using the crystal structures of rA16/G9

and A56IG/K2. The model was further built manually in Coot (version 0.9.8.95)63 and refined iteratively using phenix.refine (version

1.19.2-4158)61 using a refinement strategy that includes minimization_global, local_grid_search, and adp, with rotamer and Ramachan-

dran restraints. Despite multiple rounds of building and refinement, the correlation coefficients of A16 and G9 were under 0.7, which were

quite low.84 An analysis of the distribution of the correlation coefficients (Figure S6) revealed that the values in the NTD and the interface

with A56IG/K2 are close to 0.8, while in the CTD regions, due to the worse resolution of the map, are on average below 0.6. To illustrate the

quality of the map and the fitting in the interface, we have included snapshots of the map at sites A, B and C (Figure S6). The full cryo-EM

data processing workflow is shown in Figure S6 and the model refinement statistics can be found in Table S2.

Bio-Layer Interferometry (BLI) measurements

All the BLI data showed in this manuscript have been produced using an Octet R8 (Sartorius, Gottingem, Germany). The BLI data

shown in Figure 2 were generated as follows: A56IG/K2 was biotinylated in the Avi-tag placed at the C-terminus of K2 (A56IG/K2-

BIO) using BirA biotin ligase (Avidity). Streptavidin (SA) sensors (Sartorius) were dipped into solution containing A56IG/K2-BIO at

12.5 μg/mL, blocked for 300 seconds (sec) in PBS-BSA (1 mg/mL) supplemented by 200nM unrelated biotinylated protein and dip-

ped into solutions of rA16/G9 diluted at different concentrations (450, 225, 112, 56, and 28 nM) and pHs (7.4, 6.5, 5.5, 4.5). Associ-

ation and dissociation rates were recorded for 150 s (panel B) and 900sec (panel G). Non-specific interactions were monitored using a

sensor coated with unrelated biotinylated protein and signals were subtracted. The data shown in Figure 4B were generated on Anti-

Human-Heavy Chain (AHC) sensors (Sartorius) dipped respectively into VHH-Fc at 50 μg/mL or the bispecific antibodies at 18 μg/mL.

After quenching for 300 seconds (sec) in PBS-BSA (1 mg/mL), sensors were dipped into solution containing rA16/G9 or rG9 at

different concentrations (24, 12, 6, and 3 nM). Association and dissociation rates were monitored for 180 s. The curves were
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processed using the Octet Analysis Studio software (version 13.0; Sartorius), and the KD values were obtained after fitting to a 1:1

global model. KD values are reported as the average from 3 independent experiments.

Serpin activity assay

For the serpin activity assay, we expressed the plasminogen activator inhibitor type-1 (PAI-1) with the mutation W175F and an N-ter-

minal double strep-tag85 in Escherichia coli BL21(DE3) cells (New England Biolabs). We induced protein expression overnight (o/n) at

16◦C with 1 mM IPTG and purified the protein by affinity purification followed by SEC in PBS. We used the same protocol to express

K2 in Escherichia coli BL21(DE3) cells (K2B). A56IG and K2 (K2S2) were produced in Drosophila S2 cells as described above. For the

serpin activity assay, we used 200 nM K2B, 200 nM K2S2, 200nM PAI-1 (W175F), 600 nM A56IG and 300 nM urokinase-type plasmin-

ogen activator, uPA (Millipore). Samples were incubated at 37◦C for 1 hr and complex formation was analyzed by SDS-PAGE and

Western blot using an anti-Strep monoclonal antibody.

ELISA cross-competition assay

To determine the cross-competition among different VHHs, we performed inhibition binding assays. In detail, ELISA plates (NUNC-

immuno 439454) were coated with 100 μL/well of A16/G9 at final concentration of 1 μg/mL in phosphate buffer saline (PBS) pH 7.4.

After washing with 0.05% Tween-20 in PBS and blocking with milk buffer (5% dry-nonfat milk, 0,05% Tween-20 in PBS), we added

50 μl/well of VHH at 1 μM and incubated for 60 minutes at room temperature (RT). Then, we added 50 μL of dimeric IgG-VHH (B01,

D07, and E12 at 1 nM, C05 at 0.5 nM) and incubated 90 minutes at RT. Plates were washed and binding revealed by adding HRP-

conjugated goat anti-human IgG (Jackson ImmunoResearch) at final 1:10,000 dilution, followed by 1-StepTM Ultra TMB substrate.

Color was allowed to develop for about 15 minutes and the reaction was stopped adding 0.18 M H2SO4. Absorbance at 450 nm was

measured in the Infinite M1000 PRO microplate reader (Tecan). Data were analyzed using GraphPad Prism (version 10).

Generation of recombinant VACV

All recombinant VACV were constructed as previously described.58 In brief, BSC-40 cells were infected with the parental viruses and

subsequently transfected with linearized plasmid that contained the region of genome to be replaced and was flanked at its 5′ and 3′

ends by 300 bp of genomic sequence for targeted homologous recombination. Recombinant viruses were selected by fluorescence

through four rounds of plaque purification.

VACV MV and EV production

To purify MVs, BSC-40 cells were infected with VACV-WR at MOI 1. After 24 h of incubation at 37◦C, cells were harvested and sub-

jected to Dounce homogenization. MV from cytosolic extracts were sedimented in a 36% sucrose cushion by centrifugation at 4◦C for

80 min at 53,000 g and 4◦C in a SW32 Ti Rotor (Beckman Coulter). The sedimented virus was recovered and resuspended in 10 mM

Tris-HCl (pH 9). The virus titer was determined by plaque assay in BSC-40 cells in presence or absence of 1% guinea pig serum as a

source of complement (GPC; Rockland). To produce EVs we followed a published protocol.86 HeLa cells were infected at MOI 0.1

and virus was harvested from the supernatant 48 hours post infection. Cell debris were removed by centrifugation (450xg for 8 min at

4◦C) and the clarified supernatant was aliquoted and stored at -80◦C. Viral stocks were used after a single freeze–thaw cycle and

tittered in the presence of an MV neutralizing anti-L1 antibody (7D11) at 50 μg/ml and 10% Baby Rabbit Complement (BRC; Cedar-

lane). The VACV IHDJ strain was obtained from the laboratory of Jason Mercer (University of Birmingham). To produce viral stocks,

HeLa cells were infected at MOI 0.1 and 72 hs post infection the virus was harvested, clarified (450xg for 8 min at 4◦C) and stored at

-80◦C. All experiments with VACV were conducted under BSL2 conditions.

MV 24-hr yield, plaque assay and particle/PFU ratio

Confluent BSC-40 cells were infected with the appropriate VACV viruses in 60 mm dishes at an MOI of 1 for 24 hrs. Cells were then

scraped into PBS and harvested at 700 g for 5 min. The cell pellet was suspended in 100 μL 1 mM Tris pH 9.0 and subjected to three

rounds of freeze thawing in liquid nitrogen. Plaque assays were performed by titrating harvested virus onto confluent monolayers of

BSC-40 cells in 6-well plates. Cells were infected with 10-fold dilutions of VACV and incubated for 48 hr before being stained with

0.5% crystal violet in 2% PFA. For the particle/PFU ratio, 5 x 15 cm dishes were infected with sedimented virus at MOI 2 for

48 hrs. Virus was harvested and banded as previously described (Mercer and Helenius, 2008). Particle number was measured by

light scattering at 260 nm (optical density (OD) value of 1 = 1.2 × 1010 particles).

Early gene expression determination by qRT-PCR

6-well plates of HeLa cells were infected with VACV at MOI 1 and incubated at 37◦C. Cells were harvested 4 hpi and RNA was ex-

tracted according to the RNeasy Plus Mini kit (Qiagen) protocol. 500 ng of total RNA was used for cDNA synthesis with SuperScript

reverse transcriptase (Thermo Fisher Scientific) and Oligo(dT) primer (Invitrogen). qPCR reactions were carried out using Mesa Blue

qPCR MasterMix and the C11R primer (5′-AAACACACACTGAGAAACAGCATAAA-3′ and 5′-ACTATCGGCGAATGATCTGATTA-3′)

on the BioRad CFX connect qPCR machine. Results were normalized against GAPDH expression.
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Virus induced cell-cell fusion (fusion from without assay)

BSC-40 cells were grown to confluency in 10-well CELLview slides (Greiner Bio-One). Recombinant VACV and VACV WT were bound

to cells at MOI 50 PFU/cell for 1 hr at 4◦C before washing twice with PBS followed by incubation at 37◦C with 20 mM MES) adjusted to

pH 5 or 7.4 for 5 min. Cells were washed with PBS and incubated with full medium for 2 hrs at 37◦C. Cells were fixed, permeabilized

with 0.1% Triton X-100 (Sigma-Aldrich) and stained with Alexa Fluor 594-phalloidin (1:1000, Invitrogen) and Hoechst-33258 (1:2000,

Invitrogen) for 1 hr. Images were acquired with a VT-iSIM microscope (VisiTech) with a Plan Apo lambda 100X oil objective.

AlexaFluor-594 fluorescence was excited with the 561 nm laser and Hoechst with the 405 nm laser. The fusion index was calculated

using the formula: f = [1-(C/N)] where f is the fusion index, C is the number of cells and N is the number of nuclei.

For the fusion inhibition assay with mAbs (Figure 6B) BSC-40 cells were plated at 2 × 104 cells per well in a μClear 96-well plate

(Greiner Bio-One). The following day, 1 × 106 PFU of WT VACV-WR (MV stock) were mixed with 10-fold serial dilution of mAbs and

added onto the cell monolayer. After 1 hr incubation at 4◦C, the fusion assay and cell staining were performed as described above.

Images were acquired with an Opera Phenix high-content confocal microscope (Perkin – Elmer) using a 20X immersion objective.

AlexaFluor-594 fluorescence was excited with the 561 nm laser and Hoechst with the 425 nm laser. Fifteen fields per well were ac-

quired and image analysis was automated with a custom Python script based on Cellpose-SAM model87,88 (https://pypi.org/project/

cellpose/) and scikit-image library89 (https://scikit-image.org/).

MPXV neutralization assay

The neutralization assay was previously described.75 U2OS cells were plated at 8× 103 cells per well in a μClear 96-well plate (Greiner

Bio- One). The following day, in a BSL-3 facility each virus was incubated with 1% of human serum as a source of complement (pool

of two non-neutralizing sera) and serial dilutions of monoclonal antibody. After two hours, the mix were added to the cells. The viral

inoculum was determined to obtain a non-saturating infection.3,75 Forty-eight hours later, cells were fixed for 30 min at room temper-

ature (RT) with 4% paraformaldehyde (PFA, Electron Microscopy Sciences), washed and immunostained for MPXV antigens with

rabbit polyclonal anti-VACV antibodies (PA1-7258, Invitrogen), and an Alexa Fluor 488-coupled goat anti-rabbit antibody (Invitrogen).

Nuclei were stained with Hoechst (1:10,000; Invitrogen). Images were acquired with an Opera Phenix high-content confocal micro-

scope (PerkinElmer). For each condition, infection was quantified by calculating the total area of MPXV-positive cells (MPXV+ area)

and the nuclei were counted using the Harmony software (PerkinElmer). The percentage of infection inhibition was calculated from

the MPXV+ area using the following formula:

100 ∗

[

1 −

[
(MPXV+ area with Antibody) −

(
mean area of ′non − infected′controls

)

(
mean area of ′no antibody′ infected controls

)
−
(
mean area of ′non − infected′controls

)

]]

Inhibition activity of each antibody was expressed as the IC50 (Half-maximal inhibitory concentration). IC50 were calculated based

on an inhibitory dose-response curves with a variable slope model, using the percentage of inhibition at the different antibody

concentrations.

VACV neutralization assay

BSC-40 cells were plated at 2 × 104 cells per well in a μClear 96-well plate (Greiner Bio-One). 300 PFU of VACV-WR MV or VACV-WR

EV were mixed (ratio 1:1) with serial dilutions of mAbs in the presence or absence of 1% guinea pig serum as a source of complement

(Rockland) for MV and 10% Baby Rabbit Complement (Cedarlane) for EV. For EV, 50 μg/ml of 7D11 was also added to the mixture to

deplete the MV particles or damaged EV. After incubation for 2 h at 37◦C, the mixture was added onto BSC-40 cell monolayers.

Twenty-four hours later, cells were fixed for 30 min at room temperature (RT) with 4% PFA. Images were acquired with a

FluoroSpot (InmunoSpot, CTL). The number of green foci was quantified using the FluoroSpot proprietary software and the percent-

age of neutralization was calculated as follow: 100 – 100 x (N – Nn)/(Np – Nn) where N is the number of foci in the treatment, Nn is the

number of spots detected in non-infected cells and Np is the number of foci detected in non-treated infected cells. Neutralizing ac-

tivity of each mAb was expressed as the IC50 (effective dose inhibiting 50% of infection). IC50 values were calculated using a recon-

structed curve with the percentage of neutralization at the antibody concentrations using PRISM software (Version 10.2.1).

Adsorption inhibition assay

BSC-40 cells were plated at 2.5 × 105 cells per well in a Costar 12-well plate (Corning Inc.). The following day, 2.5 × 105 PFU of

VACV-WR MV were mixed with serial dilutions of mAbs. After the incubation for 2 h at 4◦C, the mixture was added to the cell mono-

layers (500 μl) and the virus was allowed to bound to cells for 2 h at 4◦C before washing three times with PBS. The total DNA of the

sample was extracted using the DNeasy Blood & Tissue kit (Qiagen) following the manufacturer’s instructions for cultured cells. The

number of genome copies of the adsorbed virus was quantified by qPCR using the iTaq Universal SYBR Green Supermix (Bio Rad)

and the C11R primer (5′-AAACACACACTGAGAAACAGCATAAA-3′ and 5′-ACTATCGGCGAATGATCTGATTA-3′) on the QuantStudio

6 Flex System qPCR machine (Thermo Fisher Scientific). To determine the absolute number of genomes copies we used the

NanoDrop quantified plasmid pT350-C11R, which includes the C11R VACV gene sequence, to build a standard curve. Data analysis

was done using the QuantStudio Real Time PCR software.
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Comet inhibition assay

BSC-40 cells were plated at 2.5 × 105 cells per well in a Costar 12-well plate (Corning Inc.). The following day, cells were infected with

30 PFU/well of VACV-IHDJ. After the incubation for 2 h at 37◦C, the virus inoculum was removed, and cells were treated with 10 μg/ml

of mAb and incubated for 56 h at 37◦C. Cells were fixed with PFA 4% and stained with 0.5% crystal violet in 2% PFA. Images were

acquired with an EliSpot (InmunoSpot, CTL) using the BioSpot suit.

Analysis of VACV virus yields by plaque assay

To quantify VACV infectious titers, undiluted and serial ten-fold dilutions of homogenized lung tissues were prepared and added in

triplicate to BSC-40 cell monolayers seeded in 12-well plates at a density of 5 x 105 cells per well. After 1 hour of adsorption at 37◦C

with 5% CO2, the inoculum was removed, and the plates were incubated at 37◦C with 5% CO2 in DMEM supplemented with 2% FBS.

After 48 hours, cells were fixed with 10% formaldehyde (Sigma-Aldrich) for 1 hour and subsequently stained with 0.5% crystal violet

(Sigma-Aldrich). Viral plaques were visualized and counted, and VACV titers were expressed as PFUs/g of lung tissue.

RNA isolation and quantification of VACV by reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

To assess VACV mRNA expression viral mRNA levels were quantified in homogenized lung tissues. VACV viral mRNA detection was

performed using a previous validated probe set for VACV mRNA quantification.90 Gene expression levels were normalized to the 28S

ribosomal RNA gene. First-strand cDNA synthesis and subsequent real-time PCR were performed using NZYSpeedy One-step RT-

qPCR Master Mix (NZYTech) following the manufacturer’s specifications, with ROX as the reference dye. RT-qPCR was carried out

using TaqMan probes (Thermo Fisher Scientific; sequences available upon request). mRNA levels were quantified as arbitrary units

(A.U.) relative to uninfected control samples (negative RNA controls from uninfected cell cultures or mice) using the 2-ΔΔCt method.

All samples were analyzed in duplicates to ensure reproducibility.

Molecular dynamic simulations

For the molecular dynamics simulations, we employed the AMBER-ff14sb force field.91 Two myristic acid molecules (tetradecanoic

acid), predicted by AlphaFold326 to bind in the NTD of A16/G9, were manually linked to their respective N-termini. The GAFF-2.1192

force field parameters with AM1-BCC charges were derived for myristic aldehyde (tetradecanal) using the TOFF69 software. A new

residue (MGLY), representing the linkage between myristic aldehyde and glycine, was incorporated into the force field. This linkage

formed a novel peptide bond, for which bonded parameters were inferred from the AMBER-ff14sb1 force field. The charge of the

carbonyl hydrogen of myristic aldehyde was transferred to its corresponding carbonyl group upon peptide bond formation, with

the hydrogen subsequently removed from the structure. The TIP3P93 water model was utilized, alongside AMBER ion parameters.

Classical molecular dynamics simulations were conducted using the GROMACS-2022.4 package.70 An electrically neutral and sol-

vated system with 150 mM of NaCl was created in an octahedron box with 1.5 nm distance between the solute and the box surface

using the solvate module of GROMACS.

The system temperature was maintained at 298.15 K using the velocity-rescale thermostat94 with a time constant of 1 ps. For con-

stant-pressure simulations, an isotropic stochastic cell rescaling barostat (c-rescale)95 was applied to maintain a pressure of 1 bar

with a time constant of 5 ps. Van der Waals and electrostatic interactions were treated using the cutoff and Particle Mesh Ewald (PME)

methods,96,97 respectively, with a real-space cutoff radius of 1 nm. Hydrogen bonds were constrained via the Lincs algorithm,71 and a

hydrogen mass repartitioning factor of 2.5 was used, enabling a 4 fs integration time step for production simulations. Additional mo-

lecular dynamics parameters are detailed in the GROMACS input files provided as Supplementary information

The system was energy-minimized using the steepest-descent algorithm, applying position restraints on heavy atoms with a force

constant of 2000 kJ/mol/nm2. Next, two 125 ps NVT equilibration steps were carried out, each employing a 1 fs integration time step

and position restraints of 4000 and 2000 kJ/mol/nm2 respectively. Subsequent equilibration involved a 125 ps NPT phase using the

c-rescale barostat, reducing the restraint force constant to 1000 kJ/mol/nm2. Three additional NPT steps of 500 ps, 500 ps, and 1 ns

followed, employing a 2 fs integration time step with force constants of 500, 200, and 50 kJ/mol/nm2, respectively. Restraints were

then removed in two further NPT steps: the first lasting 1.5 ns with a 3 fs integration time step, and the second lasting 10 ns with a 4 fs

time step.

Production simulations were performed on ten independent replicas of the equilibrated structure with NPT conditions, each

running for 200 ns with a 4 fs integration time step, achieving a cumulative sampling of 2 μs. Random velocities were independently

assigned to each replica at the start of the simulations. Trajectories were recorded at 100 ps intervals, producing 2001 frames per

simulation.

The distance between the center of mass of the two MGLY residues and the center of mass of the backbone atoms within 0.4 nm

(as defined in the first reference frame) was calculated for all simulation frames. Additionally, the root-mean-square deviation (rmsd)

of the two MGLY residues was monitored throughout the concatenated trajectory, which was pre-aligned to the backbone atoms.

In vivo evaluation in mice of the protective efficacy of the A56/K2-C05-Fc antibody against VACV

To assess the protective efficacy of the bispecific antibody A56/K2-C05-Fc, female C57BL/6 mice (8 weeks old at the start of the

study) were randomly assigned into treatment and control groups (n = 10 per group). Mice in the treatment group received 100 μg

of A56/K2-C05-Fc antibody via intraperitoneal injection (in 200 μL of PBS) one day prior to VACV WR challenge. Control groups
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received either an irrelevant IgG1 control antibody or PBS using the same administration route and volume. At day 0, mice immunized

with A56/K2-C05-Fc antibody, the irrelevant IgG1 or PBS were challenged intranasally with 1× 10⁶ PFUs of VACV WR strain in 25 μL

of PBS, under isoflurane anesthesia. Control naive mice were inoculated with PBS. Following infection, mice were monitored daily for

clinical signs, body weight loss, and survival for 6 days. Mice that lost more than 25% of their initial body weight or showed severe

disease signs were humanely euthanized. At day 5 post-challenge, 5 mice per group were euthanized, and lung tissue samples were

collected for analysis. The right lung lobe was divided: one part preserved in RNAlater (Sigma-Aldrich) at -80◦C for RNA extraction,

and the other part frozen for virus titration. Lungs were homogenized respectively in 2 mL of RLT buffer (Qiagen) with

β-mercaptoethanol or 1X PBS using a gentleMACS dissociator (Miltenyi Biotec). Infectious virus titers were quantified by standard

plaque assay on BSC-40 cells, and viral genome copies were quantified by qRT-PCR using primers targeting the VACV CrmB gene.

Mice immunization with rA16/G9 and evaluation of the protective efficacy against VACV

To evaluate the protective efficacy of rA16/G9, female C57BL/6 mice (14 weeks old, n = 10 per group) were randomly assigned into

experimental groups and vaccinated via intramuscular injection in the quadriceps muscle at weeks 0 and 3. The groups received: i)

rA16/G9: 10 μg per mouse formulated in a 1:1 (v/v) ratio with Alum adjuvant (Alhydrogel, InvivoGen) (group 1); ii) B5 ectodomain: 10 μg

per mouse, also adjuvanted with Alum (1:1) (group 2); iii) MVA: 1× 10⁷ PFUs per mouse diluted in PBS (group 3); and iv) Mock (PBS):

negative control (groups 4 and 5). At week 6, mice were challenged intranasally under light isoflurane anesthesia with 1× 10⁶ PFUs of

VACV WR strain in 25 μL PBS. Mice of group 5 were inoculated with PBS, as a negative control of infection. Following infection, mice

were monitored daily for body weight loss and clinical signs of disease for 37 days. Mice that lost more than 25% of their initial body

weight or showed severe disease signs were humanely euthanized. At day 5 post-challenge, 5 mice per group were euthanized, and

lung tissue samples were collected for analysis. Mice lungs were analyzed for viral replication as indicated in the previous experiment.

Serology studies (ELISA)

The levels of A16/G9- or MVA-specific IgG in serum samples from immunized mice were measured using homemade ELISA at CNB-

CSIC. Briefly, 96-well ELISA plates (ThermoFisher) were coated with 5 μg/well of purified A16/G9 protein or MVA cell extract in so-

dium carbonate at 4◦C overnight. Subsequently, serial 2.5-fold dilutions of mouse serum samples were prepared, starting at a 1:100

dilution, in PBS containing 1% milk and 0.05% Tween-20. After blocking plates with 5% milk and 0.05% Tween in PBS for 2 hr at RT,

diluted sera were added for 1.5 hr at RT. Plates were washed 3 times in PBS-Tween 0.05% and were then incubated for 1 hr at RT with

HRP-goat anti-human IgG (1 μg/mL, ThermoFisher, Cat. No. H17000) in 1% milk and 0.05% Tween in PBS. Plates were washed and

the TMB substrate (Sigma-Aldrich) was added, and the reaction was stopped by adding 1M H2SO4. Absorbance was read at 450 nm.

Total IgG titer was measured as the last dilution that gives an absorbance at least 3 times higher the absorbance of a naı̈ve serum.

The levels of B5-, A33- or A16/G9- specific IgG in human sera were measured using homemade ELISA at Necker hospital. Briefly,

96-well ELISA plates (ThermoFisher) were coated with 250 ng/well of purified B5, A33 or A16/G9 protein in sodium carbonate at 4◦C

overnight. Human sera were treated with 1% Triton X-100 for 1 hr and subsequently diluted at 1:100, 1:300 and 1:900. After blocking

plates with 5% milk and 0.05% Tween in PBS for 1 hr at RT, diluted sera were added for 1 hr at RT. Plates were washed 5 times in

PBS-Tween 0.05% and were then incubated for 1 hr at RT with HRP-goat anti-human IgG (1 μg/ml, ThermoFisher, cat. No. H17000) in

blocking buffer. Plates were washed 5 times in PBS-Tween 0.05% and incubated with KPL SureBlue™ TMB microwell peroxidase

substrate (Eurobio, cat. No. 5120-0077) for 5 min at RT. The reaction was stopped by adding 1.8 N H2SO4, and optical density was

measured at wavelengths of 450 and 620 nm. Results were normalized between plates using a common control pool of sera from

immunized patients (2-fold serial dilutions, from 1:100 to 1:3200) to perform a standard curve on each plate and two blank wells

were always added on each plate to control for background signal. Background-subtracted signal from each sample wells are first

normalized as percentage of the control pool using the standard curve on each plate and the average result for the three dilutions for

each sample was kept after excluding values outside the standard curve range. Final normalized results (Normalized ELISA value) are

reported in Figure 7E. The positivity threshold was set at the 95th percentile of the control group (born after 1980).

Structure, and sequences analysis

Multiple sequence alignments showed in Figures S1, S3, and S4 were done using the ESPript server (https://espript.ibcp.fr).60 Anal-

ysis of structures and representations were done using Chimera65 and Pymol (Schrodinger, LLC). Software used in this project was

curated by SBGrid.67

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details, including the number of replicates (n), measures of precision, and the statistical test used for each experiment can

be found in the corresponding figure legends. All graphical representations, calculations, and statistical analyses were performed

using GraphPad Prism software version 10.2.1 (GraphPad Software, San Diego, CA, USA).
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Supplemental figures
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Figure S1. Sequence alignment of A56 and K2 across OPXVs, related to Figure 1

(A) Alignment of A56 sequences: MPXV (UniProt code: Q8BEJ5), cowpox virus (CPXV, Q6UN41), rabbitpox virus (RABP, Q8BEJ2), VACV (Q01218), buffalopox

virus (BFPX, A0A2P1JPY1), ectromelia virus (ECTV, Q9YN65), variola major virus (VARV, Q8AYZ8), camelpox virus (CMLV, Q2TFV6), and taterapox virus (TATV,

Q8BEJ7). Asparagines (N) forming part of an N-glycosylation motif are highlighted in green, and the free cysteine (C) is in blue. Residues contacting A16, G9, and

K2 are indicated with colored circles.

(B) Alignment of K2 sequences: VACV (A0A2I2MBX0), MPXV (A0A7H0DN13), ECTV (O11455), BFPX (A0A2P1JPL3), RBPX (Q6RZR6), VARV (P33831), CMLV

(A0A0K1LDD0), CPXV (A0A212PSG1), and TATV (Q0NPH5). Residues contacting A16 and A56 are indicated with colored circles under the sequences.
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Figure S2. Structural analysis of K2 and A56, related to Figure 1

(A) Structural comparison of PAI-1 and K2. The left panel is a model of the complex formed by vitronectin and PAI-1 in its active conformation (PDB: 1OC0). The

central panel presents a model of PAI-1 in the latent conformation (PDB: 1LJ5). The right panel shows a model of the A56IG/K2 complex. The serpins are colored

gray, the A-sheet in light blue, and the RCLs in dark blue. Vitronectin and A56IG are colored in orange.

(B) Structural modeling of the three conserved N-glycans of A56IG. The N-glycans are shown in green and labeled. The left panel displays a model of A56IG/K2,

with the serpin in the active conformation, and the right panel presents the crystal structure of the complex in the latent conformation.

(C) BLI-sensorgrams showing the interaction of glycosylated A56IG (black curve) and deglycosylated (blue curve) with K2 at 50 nM.
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Figure S3. Sequence analysis of A16, related to Figure 2

(A) Sequences used in the alignment are from VACV (P16710), ECTV (NP_671638.1), MPXV (A0A7H0DNB5), VARV (P33841), RBPX (Q6RZG6), BFPX

(WCS73424.1), CMLV (NP_570524.1), CPXV (ADZ24145), and TATV (YP_717445.1). Cysteines are highlighted in green, and disulfide bonds are labeled. Residues

contacting K2 and A56 in the quaternary complex are indicated with colored circles under the sequences.

(B) Structure of A16/G9 with glycan conformers generated with GlycoSHIELD73 to show the level of glycan masking.
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Figure S4. Sequence alignment of G9 across orthopoxviruses, related to Figure 3

(A) Sequences used in the alignment are from VACV (P07611), MPXV (NP_536506.1), ECTV (NP_671589.1), BFPX (AVO21101.1), RBPX (AAS49789.1), VARV

(NP_042116.1), CMLV (NP_570475.1), CPXV (AGY97516.1), and TATV (YP_717397.1). Secondary structure elements and the transmembrane segment are

indicated and labeled. Cysteines are highlighted in green, and disulfide bonds are labeled. Residues contacting A56 in the quaternary complex are indicated with

blue circles under the sequences.

(B) Comparison of the A16NTD region of MD, cryo-EM, and X-ray crystallography models.
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Figure S5. Biochemical characterization of A56IG/K2 and rA16/G9 complexes, related to Figure 2

SEC-MALS analysis of rA16/G9, A56IG/K2, and a mixture of both at pHs 7.5 and 5.5, as indicated.
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Figure S6. Cryo-EM image processing workflow and quality control, related to Figure 2

(A–E) Refers to the cryo-EM processing at neutral pH (7.5), and (F–I) at acidic pH (5.5).

(A and F) Representative micrograph used in processing.

(B and G) Fourier shell correlation (FSC) curves for the final map with (orange) and without (blue) mask, and model-map FSC curve (green).

(C and H) Data processing workflow used to obtain the final map.

(D and I) Correlation coefficient (CC) value plotted along the protein sequence of each chain.

(E) Close-up view of the interaction interface within the quaternary complex, and the residues are indicated, and the cryo-EM map is contoured at 1σ as indicated.
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Figure S7. Monomeric VHHs neutralize VACV, related to Figures 4 and 5

(A) Neutralization assays of the four monomeric VHHs without complement using VACV-MVs. Data are the mean and 95% CI of triplicate wells from three in-

dependent experiments (n = 3).

(B) VACV neutralization assays using the tetravalent antibodies B01/C05 (black) and C05/C05 (brown) in the absence of complement. Data are presented as the

mean ± SD of triplicate wells from three independent experiments (n = 3).

(C) Cooperative mechanism of A56IG/K2/C05-Fc. Neutralization assays comparing the activities of bispecific antibody (A56IG/K2/C05-Fc), C05-Fc, and C05-Fc in

the presence of excess monomeric A56IG/K2, monomeric A56IG/K2, and the bivalent A56IG/K2-Fc, as indicated in the legend. Data are presented as mean values

± SD.
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