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Orthogonal Fc engineering enables multiplexed 
delivery of mRNA-encoded bispecific antibodies that 
constrain viral escape
Anna Z. Wec1†, Alice Cho1†, Simone Pecetta1†, Xiaozhen Hu1, Michael F. Bender1,  
Adrian R. Laciak1, Jacob Hou1, Fanchong Jian2, Elif N. Korkmaz1, Arvind Sharma1, Nathen Bopp1, 
Steve Sazinsky1, Daniela Montes-Berrueta1, Tessa Speidel1, Diana Lee1,  
Pradeep Babu Jagadeesh Reddy1, Yunlong Cao2,3,4, Andrea Carfi1,  
William R. Schief1,5,6,7, Laura M. Walker1*

The continuous antigenic evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has repeat-
edly undermined the effectiveness of monoclonal antibody (mAb) therapies, underscoring the need for innova-
tive approaches that improve therapeutic mAb breadth and durability of protection. Here, we engineered 
messenger ribonucleic acid (mRNA)–encoded bispecific antibodies (bsAbs) that, upon intravenous administration 
in lipid nanoparticles, achieved high serum concentrations, extended half-life, and serum neutralizing titers ex-
ceeding 1:10,000 in human neonatal Fc receptor (FcRn)–expressing mice. To enhance resilience to viral escape, we 
used structure-guided computational design to introduce Fc modifications that promoted selective homodimer-
ization, thereby enabling codelivery of multiple mRNA-encoded bsAbs with cognate heavy chain pairing. In vivo 
expression of a triple bsAb combination resulted in broad serum neutralization of historical and contemporary 
SARS-CoV-2 variants, including the highly mutated BA.3.2.2 lineage. Preexposure prophylaxis with the mRNA-
delivered bsAb combination conferred protection against SARS-CoV-2 XBB.1.5 challenge, preventing weight loss 
and decreasing viral burden in the lungs compared with vehicle control treatment. Together, the results provide 
proof of principle for mRNA-based delivery of Fc-engineered bsAb combinations to combat SARS-CoV-2 and po-
tentially other rapidly evolving pathogens.

INTRODUCTION
Coronavirus disease 2019 (COVID-19) remains an important public 
health concern, particularly for immunocompromised individuals 
who mount suboptimal immune responses to vaccination and face 
an elevated risk of severe disease (1). Several monoclonal antibodies 
(mAbs) targeting the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) receptor binding domain (RBD) initially demon-
strated a high degree of efficacy in both treatment and prophy-
laxis of COVID-19 in high-risk populations (2–5); however, all 
first-generation monotherapies and two-mAb cocktails rapidly lost 
effectiveness because of the emergence of SARS-CoV-2 escape 
variants (6, 7). Furthermore, despite the recent establishment of an 
expedited regulatory pathway for emergency use authorization of 
anti-SARS-CoV-2 mAbs (8), the dynamic SARS-CoV-2 variant land-
scape continues to undermine the development of next-generation 
mAbs. For example, the second-generation anti-RBD monothera-
pies pemivibart (also known as Pemgarda or VYD222) and sipavi-
bart demonstrated prophylactic efficacy against sensitive variants 
in phase 3 clinical studies (8, 9), but both mAbs have since lost sub-
stantial activity against certain JN.1-derived subvariants (10,  11), 

underscoring the distinct challenges associated with the develop-
ment of traditional mAb therapies against rapidly evolving viruses 
such as SARS-CoV-2.

Bispecific antibody (bsAb) engineering has emerged as a promis-
ing approach to enhance antiviral antibody potency and resilience 
to escape through increased binding valency and multiepitope tar-
geting (12). However, the high cost and complexity associated with 
manufacturing recombinant bsAbs have hindered their development 
for infectious disease indications, with few candidates advancing to 
clinical trials and none yet receiving regulatory approval (13). More-
over, although bsAbs can improve breadth and potency relative to 
conventional immunoglobulin G (IgG) monotherapies and two-
antibody cocktails, many previously described bsAbs retain vulner-
abilities to emerging viral variants (14–16). Here, we addressed these 
manufacturing challenges and further expanded the breadth of 
antigenic coverage by leveraging messenger ribonucleic acid (mRNA)–
lipid nanoparticle (LNP) platform technology to deliver combina-
tions of fragment crystallizable (Fc)–engineered bsAbs in vivo. Our 
results establish a framework for the development of next-generation 
bsAb combination therapies with improved breadth and durability 
of protection against antigenically variable pathogens.

RESULTS
Discovery of broad and potent anti–SARS-CoV-2 HCAbs 
using a high-throughput functional screening platform
Prior studies have demonstrated that SARS-CoV-2 evolution is pri-
marily driven by immune pressure from serum neutralizing anti-
bodies targeting epitopes conserved between ancestral strains and 
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contemporary variants (17, 18). Therefore, we sought to identify heavy 
chain antibodies (HCAbs) with broad reactivity across Omicron 
subvariants but minimal or no cross-reactivity with ancestral strains. 
Such antibodies are rare in human serological repertoires, suggest-
ing that their corresponding epitopes may be under reduced im-
mune pressure and thus less prone to circulating viral escape (19).

To induce an Omicron lineage–focused B cell response, we immu-
nized three llamas with prefusion-stabilized XBB.1.5 spike mRNA and 
subsequently boosted them with a series of recombinant spike and 
RBD proteins representing more recently emerged Omicron variants 
and the more distantly related SARS-CoV to drive breadth of activity 
(Fig. 1A and fig. S1, A and B). After a final boost with SARS-CoV-2 
BA.2.86 RBD, we single-cell sorted ∼1700 XBB.1.5/BA.2.86 cross-
reactive B cells expressing heavy chain (HC)–only antibodies contain-
ing variable heavy domains (VHHs) into 96-well plates containing 
feeder cells in medium supplemented with interleukin-2 (IL-2) and 
IL-21 to promote differentiation into antibody-secreting plasma cells 
(Fig.  1A and fig.  S1, C and D). B cell culture supernatants were 
screened for binding reactivity against a large panel of SARS-CoV-2 
variants and neutralizing activity against XBB.1.5 and JN.1. A large 
proportion of B cell supernatants showed broad reactivity, with 63.7% 
cross-neutralizing XBB.1.5 and JN.1 (fig. S2, A and B). We recovered 
VHH region sequences from the B cells expressing cross-neutralizing 
HCAbs, resulting in 422 unique VHH sequences representing 95 clon-
al lineages (fig. S2C).

A total of 127 unique clones were expressed recombinantly for 
further characterization (data file S1). Six clones (MOD225, MOD197, 
MOD242, MOD203, MOD239, and MOD185) displayed broad and 
potent neutralizing activity, extending from early Omicron variants 
through NB.1.8.1, and were subsequently humanized to reduce their 
potential for immunogenicity (Fig. 1B). Against post-JN.1 variants, 
the six HCAbs showed activity comparable or superior to that of the 
benchmark broadly neutralizing antibodies (bnAbs) BD55-1205 
and VYD222. (Fig. 1B) (8, 19). Epitope mapping studies using a com-
bination of cross-competition, deep mutational scanning (DMS), 
and viral escape assays revealed that the six lead HCAbs recognized 
two distinct antigenic sites, both overlapping the human angiotensin-
converting enzyme 2 (hACE2)–binding interface (Fig. 1C and fig. S3, 
A and B). Five of the six HCAbs (MOD197, MOD242, MOD203, 
MOD239, and MOD185) belonged to the previously described epi-
tope group B, defined by escape mutations at positions 486 and 487 
(7, 19). The sixth antibody, MOD225, belonged to epitope group F3, 
characterized by sensitivity to mutations at positions 503, 504, and 
505 (fig. S3, A and B).

We determined three high-resolution crystal structures of repre-
sentative B epitope– and F3 epitope–targeting HCAbs in complex 
with the KP.3 RBD: MOD203 (1.90 Å), which targeted the B epit-
ope; MOD239 (2.10 Å), also targeting the B epitope; and MOD225 
(2.35 Å), which targeted the F3 epitope (Fig. 1D and table S1). KP.3 
was selected for structural studies because it was the dominant vari-
ant at the time these studies were performed. We were unable to 
obtain crystals of sufficient quality for the most potent B epitope–
targeting HCAb (MOD197); therefore, MOD203 was selected as a 
structural surrogate on the basis of its shared escape mutations. The 
footprints of MOD203 and MOD239 lie on the tip of the receptor 
binding motif (RBM) and overlap the ACE2 interface (Fig. 1D). 
Although derived from different parental clones, both HCAbs exhib-
ited convergent modes of recognition, with RBD residues 476, 477, 486, 
and 487 positioned in both binding footprints. These residues were 

among the strongest contributors to activity in DMS and neutralization-
escape experiments (fig. S3, A and B), suggesting that other B-
epitope HCAbs identified through DMS (e.g., MOD197) also 
converge on this site. In contrast, the footprint of MOD225 overlaps 
that of the rare bnAb ADG-2 (and its clinical variant ADG20) (20) 
(fig. S3C). ADG20 shows reduced activity against Omicron variants 
carrying Asn501→Tyr (N501Y) and Tyr505→His (Y505H) muta-
tions (21), whereas MOD225 depends on Tyr501 (Y501) for binding 
and is intolerant to Y505, providing a structural rationale for its in-
activity against ancestral strains (fig. S3D). Structural superposition 
of RBDs bound to B- and F3-epitope VHHs revealed mild steric 
clashes, suggesting that simultaneous binding to the same RBD is 
disfavored (fig.  S3E). In summary, we identified several potent 
Omicron cross-reactive HCAbs from immunized llamas that target 
two distinct antigenic sites in the ACE2 footprint of the SARS-
CoV-2 RBD.

Tetravalent bsAbs display enhanced potency, breadth, and 
resistance to viral escape
We next sought to engineer bsAbs from the six lead HCAbs by com-
bining the variable domains (VHHs) of antibodies targeting distinct 
epitopes. To achieve this, we paired VHHs targeting epitope B 
(MOD197, MOD242, MOD203, or MOD239) with the F3 epitope–
targeting VHH (MOD225) in two different bispecific tetravalent 
formats (n = 8) (Fig. 2A). To expand epitope and bsAb format diver-
sity, we also designed nine IgG-based bsAbs by fusing B epitope– or 
F3 epitope–targeting VHH domains to the HC or light chain (LC) C 
terminus of the previously characterized broadly neutralizing IgG 
BD55-1205, which belongs to epitope group A1 and exhibits excep-
tional neutralization breadth and barrier to in  vitro escape (19) 
(Fig. 2A). In addition, we constructed eight bsAbs composed only of 
VHHs targeting epitope B to assess whether multivalency could 
compensate for the reduced activity of the parental clones against 
shared escape mutants. In total, we engineered 25 unique bsAbs 
spanning four distinct formats.

The recombinant bsAbs showed 3- to 52-fold improved poten-
cy compared with their corresponding parental antibodies, with 
neutralization half-maximal inhibitory concentration (IC50) values 
ranging from 0.8 to 40.8 pM against KP.3 (Fig. 2, B and C). To assess 
whether the bsAbs also exhibited enhanced resilience to viral es-
cape, we measured their neutralization IC50 values against viral es-
cape mutants known to affect one or both parental clones. Although 
bsAbs composed of B epitope–targeting VHHs achieved higher 
neutralization potencies against KP.3 compared with B/F3-targeting 
bsAbs, their activities were abrogated by a single escape mutation 
[Asn487→Ser (N487S) or Asn487→Thr (N487T)] (Fig. 2C). In con-
trast, bsAbs composed of A1/F3, A1/B, and B/F3 epitope–targeting 
clones retained activity against escape mutants that substantially 
reduced activity of one or both parental antibodies. For example, 
although BD55-1205 and MOD197 showed relatively weak neu-
tralizing activity against KP.3 + A475V (Ala475→Val; IC50 values 
of 455 and 100 pM, respectively), the corresponding bsAbs main-
tained potent neutralization against this mutant, with IC50 values 
of 7 and 31 pM. Many of the bsAbs also maintained high potency 
against naturally occurring SARS-CoV-2 variants that showed re-
duced susceptibility to both parental clones, e.g., DV.7.1 (Fig. 2C). 
Overall, 17 of 25 bsAbs exhibited improved potency, breadth, and 
barrier to escape relative to the corresponding parental mono-
therapies.
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Fig. 1. Isolation of broad and potent anti–SARS-CoV-2 HCAbs from immunized llamas. (A) Overview of the llama immunization and HCAb discovery workflow, n = 3 
animals; experimental workflow schematic was prepared with BioRender. (B) Heatmap showing the neutralization (Neut.) IC50 values of six lead llama-derived HCAbs 
(MOD225, MOD197, MOD242, MOD239, MOD203, and MOD185) and reference IgGs VYD222 and BD55-1205 (8,  19) against SARS-CoV-2 variants spanning ancestral 
(D614G) to recently emerged, contemporary variants. (C) Surface plasmon resonance–based epitope binning of HCAbs using benchmark antibodies targeting defined 
RBD epitopes: GC-2225 (epitope B), BD55-1205 (epitope A1), VYD222 and SA55 (epitope F3), and S309 (class 3) (47). Blue indicates complete competition (binding re-
sponse = 0), and gray indicates partial or no competition. Self-competition is shown in navy blue. hACE2 receptor competition for binding to RBD is indicated in green. 
(D) Crystal structures of KP.3 RBD bound to VHHs MOD203 (yellow), MOD239 (orange), and MOD225 (green). Top: overall binding orientation; bottom: corresponding 
footprints mapped onto the RBD surface. Residues forming key contacts are highlighted. The structure of KP.3 RBD bound to ACE2 (PDB: 9IUP; red) is shown for comparison.
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Fig. 2. bsAbs exhibit enhanced neutralization potency and breadth in vitro and in vivo. (A) Domain architectures of the four bsAb formats evaluated: IgG-VHH2
HC 

(VHH domain fusion to the C terminus of the HC), IgG-VHH2
LC (VHH domain fusion to the C terminus of the LC), HCAb-VHH2, and tandem VHH-Fc. Dashed boxes indicate 

the regions corresponding to parental IgGs or HCAbs. (B) Neutralization potency (IC50) of parental antibodies and bsAbs against SARS-CoV-2 KP.3 pseudovirus. Black bars 
indicate geometric mean. (C) Neutralization IC50 values against KP.3 escape mutants and a selection of SARS-CoV-2 variants. Multicolor bar below the heatmap indicates 
RBD epitope assignments for parental antibodies and bsAbs. n.n., nonneutralizing. (D) Study design for in vivo expression analysis of mRNA-encoded parental monospe-
cific antibodies and bsAbs in Tg32-SCID mice (n = 4 per group). mRNA-LNPs were administered intravenously (iv) at a dose of 0.5 mg/kg, and serum was collected at the 
indicated time points for analyses shown in (E) to (G). (E) Peak serum concentrations of the indicated mRNA-encoded antibodies, as determined by ELISA (geometric 
mean ± SD). (F) Peak serum neutralization titers against KP.3 pseudovirus (geometric mean ± SD); diln., dilution. (G) Serum half-lives (median with 95% CI). Red circles in 
(E) and (G) denote CHKV-24/mRNA-1944 (clinical benchmark). Numbers in or next to bars indicate geometric means [(E) and (F)] or median (G). Each point represents one 
animal; animals receiving antibodies of the same format were grouped for analysis.
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mRNA-delivered bsAbs achieve high serum neutralizing 
titers and favorable pharmacokinetics in human 
FcRn–expressing mice
We next investigated whether mRNA-LNP delivery could bypass 
manufacturing and formulation constraints associated with re-
combinant production of bsAb cocktails by enabling high in vivo 
expression titers and preserved functional activity. Thirteen mRNA-
encoded bsAbs and four parental control antibodies were selected 
for in vivo expression studies in human neonatal Fc receptor (FcRn)–
expressing Tg32-SCID mice (Fig. 2D; fig. S4, A and B; and table S2). 
An mRNA-encoded anti-chikungunya IgG (CHKV-24/mRNA-1944), 
previously shown to have a serum half-life of ∼69 days in a phase 1 
clinical trial, was also included as an in vivo expression and half-life 
benchmark (22). All antibodies contained either the Met428→Leu 
(M428L)/Asn434→Ala (N434A) (LA; bsAbs and parental controls) 
or M428L/Asn434→Ser (N434S) (LS; CHKV-24/mRNA-1944) Fc 
modification to extend serum half-life (23, 24). Forty-eight to 96 hours 
after intravenous delivery, the bsAbs reached peak serum concen-
trations (Cmax) ranging from 459 to 2020 nM (geomean: 1061 nM), 
with most achieving peak concentrations comparable to those of 
the parental HCAbs (geomean: 1533 nM), BD55-1205 IgG (geo-
mean: 930 nM), and CHKV-24/mRNA-1944 IgG control (geomean: 
1269 nM) (Fig. 2E and fig. S4, A and B). Owing to their high neu-
tralization potency, the in  vivo delivered bsAbs exhibited 11-fold 
higher geometric mean peak serum neutralizing titers against KP.3 
compared with monospecific HCAb/IgG antibodies (Fig. 2F). Most 
of the bsAbs also displayed comparable or superior pharmacoki-
netics relative to the parental antibodies and CHKV-24/mRNA-
1944, with median serum half-lives ranging from 9.5 to 13.9 days, 
demonstrating that bsAb engineering did not negatively affect FcRn-
mediated recycling or accelerate clearance through other non-
specific mechanisms (Fig. 2G and fig. S4, A and B). Together, these 
results demonstrate that mRNA-delivered bsAbs can achieve potent 
and durable serum neutralizing antibody titers in a humanized 
FcRn mouse.

Fc engineering enables multiplexed delivery of 
mRNA-encoded bsAb combinations with cognate HC pairing
We next explored the feasibility of delivering combinations of mRNA-
encoded bsAbs with orthogonal escape profiles to further expand 
serum neutralization breadth and reduce the risk of viral escape. 
Although mRNA-LNP technology is well suited for multiplexed de-
livery of biotherapeutic proteins, in  vivo expression of antibodies 
can result in mispairing of IgG HCs and LCs, potentially generating 
nonfunctional antibody species (25). VHH-based bsAb formats 
eliminate the risk of LC mispairing; however, preventing HC mi-
spairing requires Fc engineering strategies that enforce homodi-
merization. Therefore, we used structure-based computational 
engineering to develop multiple orthogonal Fc homodimerization 
modifications that would enable mRNA delivery of several bsAbs 
with cognate chain pairing, each encoded by a single HC mRNA.

Because the Fc CH3-CH3 interaction is the principal driver of 
Fc dimerization, we focused our Fc homodimerization engineering 
strategy on the CH3 domain interface. This region contains a central 
hydrophobic core surrounded by charged residues that mediate elec-
trostatic interactions essential for dimer formation (26) (Fig. 3A). 
Using the crystal structure of human IgG1 Fc [Protein Data Bank 
(PDB) ID: 4W4N] as a template, we designed and tested several orthog-
onal homodimerization strategies based on two complementary 

approaches: steric complementarity [“knobs-into-holes”–like (27)] 
and electrostatic steering. For the steric design, a “knob” was intro-
duced by replacing threonine at position 366 with the bulkier iso-
leucine (T366I), whereas the corresponding “hole” was introduced 
by substituting bulky residues at positions 368 and 407 [Leu368→Ala 
(L368A) and Tyr407→Val (Y407V)] with smaller amino acids. This 
combination of mutations favors specific homodimer formation while 
disfavoring heterodimerization and is henceforth abbreviated FcIAV 
(Fig. 3B). For the electrostatic steering approach, we introduced two 
distinct charge-swap modifications at the CH3 interface. The first 
set of mutations—Asp399→Lys (D399K), Lys409→Asp (K409D), 
and Lys392→Gln (K392Q)—was designed to preserve favorable salt 
bridges in homodimers and generate charge repulsion in heterodi-
mers. In the wild-type (WT) dimer, D399 forms a salt bridge with 
K409. Swapping these residues (D399K and K409D) maintains fa-
vorable interactions in the homodimer but leads to repulsive inter-
actions in the heterodimer (between D399 and D409 on one chain 
and between D399K and K409/K392 on the other), thereby biasing 
the interface toward homodimerization (Fig. 3C). This set of muta-
tions is referred to as FcKDQ. The second type of charge mutations, 
Ser364→Lys (S364K) and Lys370→Asp (K370D), similarly lever-
ages salt-bridge formation in the homodimer while introducing 
repulsive interactions in heterodimer and is herein abbreviated as 
FcKD (Fig. 3D). Together, these three sets of engineered mutations—
(i) FcIAV, (ii) FcKDQ, and (iii) FcKD—combine steric and electrostatic 
design principles to bias the CH3 domain interface toward Fc ho-
modimer formation.

To evaluate whether the three Fc homodimerization designs pro-
moted cognate HC pairing in vivo in the presence of wild-type Fc 
(FcWT), we carried out a pairwise codelivery assessment by admin-
istering mRNA-LNPs encoding two prototype HCAbs (one bearing 
the designed Fc and the other FcWT) into C57BL/6 mice at a 1:1 ratio 
(Fig. 3E and table S2). Liquid chromatography–mass spectrome-
try (LC-MS) analysis of pairing efficiency revealed predominantly 
chimeric species when two HCAbs were codelivered using FcWT, 
whereas Fc homodimerization mutations drove highly specific pref-
erential pairing of the desired HCAbs, with minimal or undetectable 
chimera formation (Fig. 3, F to I). In an in vitro mRNA-LNP co-
transfection experiment, codelivery of the prototypic HCAbs bear-
ing the three homodimerization designs together with FcWT resulted 
in the generation of four cognate homodimer species with minimal 
chimera formation (fig. S5). Last, we assessed the efficiency of cog-
nate chain pairing in the context of mRNA-encoded bsAb combina-
tions by performing mammalian cell transfections with mRNA-LNPs 
encoding three bsAbs bearing either FcWT or Fcs containing homodi-
merization modifications (Fig. 3J). Intact MS analysis confirmed 
a reduction in undesired chimeric bsAb species in the codeliv-
ery condition containing orthogonal homodimerization mutations 
(FcWT + FcKDQ + FcKD) compared with FcWT (Fig. 3J). In summary, 
we engineered a set of Fc homodimerization modifications that en-
able codelivery of up to four mRNA-encoded antibodies with cog-
nate HC pairing.

mRNA-delivered bsAb combinations enhance serum 
neutralization breadth in mouse models
We next evaluated whether multiplexed delivery of three Fc-
engineered bsAbs would provide enhanced serum neutralization 
breadth and potency relative to individual bsAbs, parental mono-
specific antibodies, and combinations of parental antibodies. The 

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on O

ctober 18, 2026



Wec et al., Sci. Transl. Med. 18, eaeh1292 (2026)     14 October 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

6 of 17

Fig. 3. Engineered Fc mutations enforce cognate HC pairing to enable delivery of mRNA-encoded bsAb combinations. (A) IgG1 Fc structure (PDB: 4W4N) highlight-
ing the CH3-CH3 interface (black box) and designed homodimerization modifications. (B to D) Cartoon representations of homodimerization mutations: (B) steric comple-
mentarity mutations (FcIAV = T366I, L368A, and Y407V), (C) electrostatic steering mutations set 1 (FcKDQ =  D399K, K409D, and K392Q), and (D) electrostatic steering 
mutations set 2 (FcKD = S364K and K370D). Designed homodimerization mutations are illustrated in pink, and FcWT is shown in green. Favored homodimers and disfavored 
heterodimers are indicated. (E) C57BL/6 mice (n = 4 animals per group) were dosed intravenously with mRNA-LNPs (1 mg/kg) containing a 1:1 mixture of mRNAs encoding 
the indicated antibodies, and serum collected at 72 hours was analyzed by MS. (F to I) MS analysis showing relative serum abundance of mAb-1 homodimer, mAb-2 ho-
modimer, and mAb-1/2 heterodimer (chimeric) after in vivo codelivery of mRNA-encoded mAbs containing either both FcWT (F) or the following Fc homodimerization 
mutations: FcIAV + FcWT (G), FcKDQ + FcWT (H), and FcKD + FcWT (I). Data are presented as geometric means with SD. (J) In vitro transfection of Expi293 cells with mRNA-LNPs 
encoding the three indicated bsAbs with or without Fc homodimerization mutations. Antibodies were analyzed by intact MS to quantify cognate chain pairing efficiency. 
Labels above deconvoluted mass peaks indicate assigned antibody species and, where shown, distinct Fc-associated glycoforms; glycoform-labeled peaks represent the 
same underlying cognate or chimeric pairing species carrying different glycan compositions.

D
ow

nloaded from
 https://w

w
w

.science.org at C
am

bridge U
niversity on O

ctober 18, 2026



Wec et al., Sci. Transl. Med. 18, eaeh1292 (2026)     14 October 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

7 of 17

selected triple bsAb combination incorporated binding domains 
from antibodies targeting the A1, F3, and B epitopes to maximize 
epitope diversity, with individual bsAbs selected to prioritize either 
breadth (e.g., BD55-1205/MOD225 IgG-VHH2

HC) or potency (e.g., 
MOD197/MOD203 HCAb-VHH2) (Fig. 4A). mRNA-LNPs encod-
ing parental monospecific antibodies, individual bsAbs, a four-
monospecific antibody combination, or a three-bsAb combination 
were delivered to groups of C57BL/6 mice at a matched total dose of 
1 mg/kg of mRNA-LNP (combinations mixed in 1:1 ratios), and 
blood was collected at 48 and 72 hours after administration to mea-
sure serum neutralizing activity and cognate Fc pairing efficiency, 
respectively (fig. S6A and table S2).

To characterize the breadth of serum neutralizing activity across 
treatment groups, we evaluated titers against representative histori-
cal variants (ancestral SARS-CoV-2 D614G and BA.2), a contem-
porary variant (KP.3), selected KP.3 escape variants (H505D and 
N487T), and the recently emerged BA.3.2.2 variant, which contains 
68 mutations relative to JN.1 (Fig. 4B). Neutralizing activity varied 
across the parental-antibody and individual bsAb groups, with each 
group showing low or undetectable titers against at least one variant. 
The three-bsAb combination was the only group with geometric 
mean serum neutralizing titers greater than 1:9000 against all six 
variants tested, with titers ranging from 9846 against D614G to 
553,683 against KP.3 (Fig. 4B and fig. S6B). The combination of four 

Fig. 4. mRNA-delivered bsAb combinations provide broad serum neutralization and prophylactic protection in mice and are projected to sustain protective 
titers in humans. (A) Antibody constructs and in vivo treatment groups evaluated in C57BL/6 mice. Animals received intravenous mRNA-LNP (1 mg/kg) encoding paren-
tal antibodies, bsAbs, four monospecific antibodies, or three Fc-engineered bsAbs. (B) Serum neutralizing titers against the indicated SARS-CoV-2 variants at 48 hours. 
Colors correspond to the constructs shown in (A), denoting parental antibodies (shades of green), individual bsAbs (shades of blue), the four-antibody combination (or-
ange), and the three-bsAb combination (red); LOD, limit of detection. (C) Prophylactic challenge study design in hACE2 AC70 mice. Animals received 0.5 mg/kg of mRNA-
LNPs encoding a three-bsAb combination or vehicle 24 hours before intranasal challenge with 1.96 × 104 PFU XBB.1.5. (D) Survival analysis for treated (red solid line) 
versus control (black dotted line) mice. Survival curves were compared by log-rank (Mantel-Cox) test (P < 0.0001). (E) Body weight changes (mean ± SD, n = 6 to 9 mice 
per group) in treated (red solid line) versus control (black dotted line) mice. Groups were compared over days 1 to 9 by two-way mixed-effects model with Holm-Šidák’s 
multiple-comparisons test; *P < 0.05, ***P < 0.001, and ****P < 0.0001. (F and G) Lung infectious virus titer by 50% tissue culture infectious dose TCID50 assay (F) and 
viral subgenomic RNA by RT-qPCR (G) at day 4 (geometric mean ± SD); data were analyzed by two-tailed unpaired t tests, ****P < 0.0001. (H) Human serum neutralizing 
titer projections for three lead bsAbs, calculated using the 10 μg/ml peak concentration and 69-day half-life reported for mRNA-1944 and variant-specific IC50 values 
(22, 23). Dashed lines indicate published 50% protective thresholds (23, 32).
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parental IgGs and HCAbs also increased neutralization breadth rela-
tive to the individual parental antibodies and bsAbs; however, titers 
against KP.3 and its H505D and N487T escape variants were 11- to 
21-fold lower than those achieved with the three-bsAb combination.

To determine the impact of enforced cognate chain pairing on 
serum neutralizing activity, we also compared the three-bsAb combi-
nation containing Fc homodimerization mutations with an other-
wise matched three-bsAb combination containing FcWT domains, 
which permits noncognate chain pairing after mRNA delivery. Se-
rum neutralizing titers were measured against KP.3 and the KP.3 
escape variant H505D, which showed resistance to a subset of the 
antibodies in the bsAb combination (Fig.  2C and fig.  S6C). The 
three-bsAb combination containing homodimerization mutations 
produced higher serum neutralizing titers across KP.3 and KP.3 +   
H505D than the FcWT comparator (Friedman test, P  =  0.0024; 
fig. S6C), consistent with enhanced functional activity resulting from 
cognate chain pairing. The relatively high serum neutralizing titers 
observed with the FcWT bsAb combination likely reflect the high in-
trinsic affinity of the individual Fab arms, reducing dependence on 
avidity-mediated neutralization, as previously described (28).

An mRNA-encoded three-bsAb combination protects 
against SARS-CoV-2 XBB.1.5 challenge in hACE2 
transgenic mice
We next investigated whether the mRNA-encoded three-bsAb 
combination could provide prophylactic protection against SARS-
CoV-2 XBB.1.5 disease in hACE2 AC70 transgenic mice (29–31). 
XBB.1.5 was selected for this study because it produced a more re-
producible disease phenotype in this mouse model compared with 
post-JN.1 variants. mRNA-LNPs encoding the three-bsAb combi-
nation were prophylactically administered to mice at 0.5 mg/kg 
intravenously (iv) 24 hours before intranasal challenge with SARS-
CoV-2 XBB.1.5 [1.96 × 104 plaque-forming units (PFU)] (Fig. 4C). 
This mRNA-LNP dose falls within the range previously evaluated in 
the CHKV-24/mRNA-1944 clinical study, in which mRNA-LNP ad-
ministration was well tolerated and supported repeat dosing (22). 
Mice were monitored daily for weight loss, and a subset was eutha-
nized at day 4 after infection to allow for measurement of virus rep-
lication in the lungs. Infection of vehicle-treated hACE2 AC70 mice 
with SARS-CoV-2 XBB.1.5 resulted in weight loss after day 5, result-
ing in complete mortality by day 9 after infection. In contrast, all 
mice treated prophylactically with the three-bsAb combination sur-
vived without weight loss (log-rank Mantel-Cox test, P < 0.0001; two-
way mixed-effects model with Holm-Šidák’s multiple-comparisons 
test, P < 0.0001; Fig. 4, D and E). Furthermore, the three-bsAb com-
bination reduced infectious viral titers in the lungs and viral RNA 
levels at 4 days after infection (two-tailed unpaired t tests, P < 0.0001 
for both comparisons; Fig. 4, F and G). We conclude that mRNA-
delivered bsAb combinations enhance serum cross-neutralizing 
activity and provide robust prophylactic protection against SARS-
CoV-2 challenge in hACE2 transgenic mice.

Clinical benchmark–informed exposure projections suggest 
durable prophylactic protection in humans after mRNA 
delivery of bsAbs
Because serum concentrations of mRNA-delivered antibodies in 
mice may exceed those achieved in humans, we performed a clinical 
benchmark–informed exposure analysis to estimate human serum 
neutralizing titers using the clinical data reported for CHKV-24/

mRNA-1944 (22). The mRNA-encoded bsAbs evaluated in this 
study achieved peak serum concentrations in Tg32 mice that were 
comparable to those of CHKV-24/mRNA-1944 (Fig. 2E), and there-
fore, we used the reported human peak serum concentration of 
mRNA-1944 at the 0.6 mg/kg dose (10 μg/ml) as a clinically relevant 
estimate of achievable peak exposure (22). For each of the three lead 
mRNA-encoded bsAbs, we calculated normalized peak serum neu-
tralizing titers by dividing this estimated peak serum concentration 
by the variant-specific neutralization IC50 values for each bsAb 
(Fig. 2C) (23, 32). Because the lead bsAbs also showed serum half-
lives in human FcRn mice that were similar to the mRNA-1944 
benchmark, we projected serum titer decay using the 69-day serum 
half-life observed for mRNA-1944 in the clinical study. On the basis 
of these assumptions, all three mRNA-encoded bsAbs achieved pre-
dicted peak serum neutralizing titers of ≥1:900 and remained above 
1:100 at 6 months (Fig. 4H). Published SARS-CoV-2 mAb correlates 
of protection analyses have shown that ∼50% protection against 
symptomatic COVID-19 is associated with serum neutralizing titers 
in the range of ∼1:30 to 1:100 (8, 23, 32). Thus, although this analysis 
is benchmark based and depends on extrapolation from mRNA-
1944 clinical exposure and half-life data, it suggests that the mRNA-
encoded bsAbs described here could maintain protective serum 
neutralizing activity for at least 6 months in humans.

DISCUSSION
The long-term effectiveness of antiviral vaccines stems in part from 
their ability to induce polyclonal antibody responses that recognize 
a diversity of protective epitopes, collectively limiting viral escape 
from immune pressure. In contrast with vaccines, antiviral IgG 
monotherapies and two-mAb combinations have shown greater 
susceptibility to the emergence of resistance because of their re-
stricted epitope coverage (6,  33–35). Although prior studies have 
sought to overcome this challenge through the development of 
bsAbs, many of these molecules remain vulnerable to certain escape 
variants (14–16, 36), and clinical translation has been constrained 
by the complexity of manufacturing multivalent antibody products. 
In this study, we addressed these limitations by integrating antibody 
engineering with mRNA platform technology to enable in vivo ex-
pression of multiple anti–SARS-CoV-2 bsAbs, resulting in highly 
potent serum neutralization and enhanced resistance to viral escape 
relative to individual bsAbs or combinations of parental molecules.

To isolate broadly reactive binding domains for bsAb engineer-
ing, we used a large-scale functional screening approach to evaluate 
more than 500 llama B cell–derived supernatants for binding and 
neutralizing activity against a panel of SARS-CoV-2 variants. Al-
though high-throughput B cell isolation platforms have been widely 
applied for human IgG discovery, our study represents a large-scale 
functional screen designed to comprehensively interrogate camelid 
HCAb repertoires. This approach yielded multiple HCAbs with cross-
neutralizing activity spanning historical and contemporary Omicron 
subvariants, and incorporation of these VHH domains into bsAbs 
conferred substantial gains in breadth, potency, and resistance to 
viral escape. The most potent bsAbs achieved pseudovirus neutral-
ization IC50 values in the low picomolar range, representing 10- to 
100-fold improvements in potency against post-JN.1 variants rela-
tive to the clinically approved IgG monotherapy VYD222 (8).

The majority of mRNA-encoded bsAbs exhibited comparable 
or superior peak serum concentrations and pharmacokinetics in 
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hFcRn-expressing mice relative to the conventional IgG and HCAb 
antibodies, suggesting that in  vivo mRNA delivery can overcome 
the expression and stability limitations often associated with recom-
binant production of multivalent antibody formats (13). Further-
more, owing to their increased potency, the bsAbs achieved more 
than 10-fold higher peak serum neutralizing titers against KP.3 than 
the corresponding parental antibodies while maintaining similar se-
rum expression kinetics.

To further enhance resilience to viral escape through multiplexed 
delivery of mRNA-encoded bsAbs, we used structure-guided engi-
neering to develop Fc homodimerization modifications that enforce 
cognate HC pairing of up to four codelivered antibodies, each 
encoded by a single mRNA. The Fc mutations described here 
are distinct from the asymmetric heterodimerization modifications 
commonly used to generate IgG-like bsAbs with dual specificities 
(26, 27), and their symmetric design circumvents the complexity of 
chain expression balancing and increased dose requirements. In vivo 
expression of an Fc-engineered triple bsAb combination resulted in 
higher serum neutralizing titers and improved variant coverage rela-
tive to individual bsAbs, combinations of parental antibodies, and 
combinations of non–Fc-engineered bsAbs, underscoring the poten-
tial for mRNA-encoded bsAb cocktails to counter the evolving 
SARS-CoV-2 landscape. Moreover, given the recent shift toward im-
munobridging strategies for regulatory approval of updated SARS-
CoV-2 antibody therapeutics (8), mRNA-delivered bsAbs could 
accelerate the clinical development process further by enabling rapid 
manufacturing of optimized antibodies tailored to emerging variants.

More broadly, the approach described here provides a modular 
framework for the expression of oligoclonal antibody combinations 
through a genetically encoded therapeutic. Beyond SARS-CoV-2, 
this concept could be applied to other antigenically variable viruses 
that require coverage of many different circulating strains or used to 
confer broad protection against divergent cocirculating pathogens. 
For example, clinical studies of the anti–HIV-1 bnAb VRC01 dem-
onstrated protection against susceptible HIV isolates but no reduc-
tion in overall HIV-1 acquisition because of the high prevalence of 
circulating escape variants (37). Improved prophylactic efficacy 
could be achieved by coexpressing multiple mRNA-encoded bnAbs 
targeting nonoverlapping epitopes to broaden coverage of global 
circulating isolates. Similarly, this approach could be applied to in-
fluenza virus, where antigenic diversity and immune imprinting can 
limit durable vaccine efficacy (38), and could also be extended to 
mRNA delivery of multiple bsAbs targeting cocirculating respirato-
ry viruses (e.g., respiratory syncytial virus, influenza virus, and 
SARS-CoV-2). Enforced Fc homodimerization may be especially 
important in the latter setting because mispairing among antibodies 
directed against distinct viral antigens will result in a complete loss 
of bivalent recognition (39). Last, mRNA-encoded antibody combi-
nations could also be used in other therapeutic areas where breadth, 
resistance to escape, or multitarget engagement is advantageous, 
such as broad-spectrum antivenoms to treat snakebite envenoming 
or simultaneous targeting of multiple tumor-associated antigens, 
immune checkpoints, or other disease-relevant pathways in cancer 
and autoimmunity.

There are several limitations to this study. First, the engineered 
Fc modifications introduce nongermline residues and therefore car-
ry a theoretical risk of creating immunogenic neoepitopes. Al-
though available nonclinical and clinical experience with engineered 
IgG-like bsAbs suggest that Fc pairing mutations are not inherently 

associated with high immunogenicity risk (40), the immunogenicity 
of the homodimerization modifications described here will require 
assessment in future clinical studies. Second, we did not assess the 
therapeutic efficacy of the mRNA-encoded bsAb combination in a 
postinfection challenge model. We focused on preexposure prophy-
laxis because this setting has an established correlate of protection, 
addresses a high unmet need in immunocompromised individuals, 
and is better supported by clinical evidence compared with thera-
peutic settings (41–43). Nevertheless, postexposure therapeutic ac-
tivity remains an important area for future investigation. Last, we 
were unable to directly evaluate potential interference among code-
livered antibodies targeting the same antigen because of technical 
limitations. However, previous studies have shown limited to no in-
terference in expression of mRNA-delivered antibody combinations 
(44), and the multiplexed antibody cocktail retained broad neutral-
izing activity against viral variants for which individual bsAbs 
showed reduced or lost activity, which would be unlikely in the set-
ting of substantial expression interference.

In summary, our study establishes a generalizable framework for 
the integration of high-throughput VHH discovery, structure-guided 
Fc engineering, and mRNA-based multiplexed delivery of antibod-
ies to combat antigenically variable viruses. More broadly, this plat-
form may have applications in other therapeutic areas in which broad 
antigen coverage, resistance to escape, or simultaneous engagement 
of multiple disease-associated targets is desirable.

MATERIALS AND METHODS
Study design
The objective of this study was to develop broadly neutralizing, 
mRNA-encoded bsAbs against SARS-CoV-2 and determine wheth-
er engineered Fc homodimerization modifications could enable 
multiplexed in vivo expression of bsAb combinations with cognate 
HC pairing. Antibodies isolated from immunized llamas were char-
acterized by binding and neutralization assays, epitope mapping, 
viral escape analysis, and x-ray crystallography and were used to 
generate bsAbs in four molecular formats. mRNA-LNP delivery was 
evaluated in Tg32-SCID and C57BL/6 mice to assess serum anti-
body expression, pharmacokinetics, neutralizing activity, and HC 
pairing. Prophylactic efficacy was evaluated in hACE2 AC70 trans-
genic mice challenged with SARS-CoV-2 XBB.1.5 by measuring 
survival, body weight, infectious lung viral titers, and lung viral 
RNA. Animals were randomized to experimental groups. Animal 
studies were conducted under Institutional Animal Care and Use 
Committee (IACUC)–approved protocols and in accordance with 
applicable animal-welfare regulations.

Ethics statement
All animal studies were conducted under an IACUC–approved pro-
tocol (IACUC 23-07-016) in compliance with the Animal Welfare 
Act, Public Health Service policy, and other applicable state and city 
public laws and regulations. Animal studies were designed and exe-
cuted following the guidelines from the Guide for the Care and Use 
of Laboratory Animals, 8th edition. Llama procedures were per-
formed at Lampire Biological Laboratories Inc., under IACUC–ap-
proved protocols. All in-life animal handling of the transgenic 
hACE-2AC70 mice occurred at BIOQUAL Inc. The animal study 
was conducted by BIOQUAL Inc. under an IACUC protocol (no. 
25-046, approved April 2025).
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Llama immunization and PBMC and plasma isolation
Llamas were primed with 100 μg of mRNA-LNPs encoding XBB.1.5 
S-2P administered intramuscularly. Subsequent boosts with recom-
binant proteins were delivered subcutaneously in the axillary region 
areas or along the dorsal flank in the presence of incomplete Freund’s 
adjuvant (IFA). To diversify anti-RBD VHH responses, llamas re-
ceived sequential boosts with 1 mg of recombinant XBB.1.5 spike 
protein (day 21), XBB.1.5-RBD (day 28), SARS1-RBD (day 35), and 
BA.2.86-RBD (day 56). Whole blood was collected on day 63 after 
prime immunization. Peripheral blood mononuclear cells (PBMCs) 
were isolated using SepMate-50 tubes (Stemcell, 85450), washed 
with phosphate-buffered saline (PBS), and cryopreserved in freez-
ing medium containing dimethyl sulfoxide (Lampire Biological 
Laboratories, 7572001). PBMCs were stored in liquid nitrogen until 
thawing for B cell isolation experiments.

Recombinant protein expression and purification
Recombinant SARS-CoV-2 RBD proteins were expressed by encod-
ing sequences in a pcDNA3.4 expression vector (GeneImmune) and 
transiently expressed in Expi293F cells using Turbo293 (Speed Bio-
systems, PXX1006). Conditioned medium collected 4 to 5 days after 
transfection were clarified by centrifugation using 0.22-μm filtra-
tion and applied to a Strep-Tactin XT 4Flow column (IBA Life-
sciences, 2-5013-001) equilibrated in PBS. Bound protein was eluted 
with biotin. Eluates were concentrated using 10-kDa Amicon Ultra 
centrifugal filters (Millipore Sigma, UFC5010) to prepare for size 
exclusion chromatography (SEC), then polished and buffer ex-
changed by SEC on a Superdex 200 Increase column equilibrated in 
PBS (pH 7.4). Monomeric fractions were pooled, sterile filtered 
(0.22 μm), quantified by A280, and stored at −80°C.

Enzyme-linked immunosorbent assay
To determine anti-RBD serum titers after llama immunization, 
enzyme-linked immunosorbent assay (ELISA) plates (Corning, 
3997) were coated with SARS-CoV-2 XBB.1.5-RBD (1 μg/ml; Acro-
Biosystems, SPD-C5242) diluted in PBS and incubated overnight at 
4°C. Plates were washed with wash buffer (PBS/0.05% Tween 20) 
and blocked with SuperBlock buffer (Thermo Fisher Scientific, 
37515). Serial dilutions of llama serum, starting at 1:10 dilution, 
were added to the plates. Plates were washed and incubated with 
peroxidase-conjugated rabbit anti-camelid VHH (GenScript, A02016) 
or goat anti-llama IgG (H + L) (Southern Biotech, 6045-05) at room 
temperature for 90 min. Plates were washed and developed us-
ing 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase substrate 
(SeraCare, 5120–0050), and the reaction was stopped with TMB stop 
solution (Fisher, 50-674-44). Absorbance was measured at 450 nm 
and analyzed using a four-parameter logistic curve (Prism v.10).

Antibody concentrations in mouse serum were determined by 
coating ELISA plates (Thermo Fisher Scientific, 439454) with goat 
anti-human IgG Fc (2 μg/ml; Fortis Life Sciences, A80-104) diluted 
in PBS and incubated overnight at 4°C. Plates were washed with 
wash buffer (PBS with 0.05% Tween 20) and blocked with Super-
Block buffer (Thermo Fisher Scientific, 37515). Serial dilutions of 
mouse serum (starting at 1:30 dilution) or an equivalent recombi-
nant protein standard (starting at 1 μg/ml) were added in assay dilu-
ent (PBS with 5% goat serum and 0.05% Tween 20). Plates were 
washed and incubated with peroxidase-conjugated goat anti-human 
IgG (Southern Biotech, 2040-05) at room temperature for 1 hour. 
Plates were washed and developed using TMB peroxidase substrate 

(SeraCare, 5120-0050), and the reaction was stopped with TMB stop 
solution (Fisher, 50-674-44). Absorbance was measured at 450 nm 
and analyzed using four-parameter nonlinear regression. Serum con-
centration was determined using the protein standard reference curve.

Flow cytometry analysis and single-cell sorting/culturing
Llama PBMCs were thawed and stained with 100 nM twin-strep 
tagged SARS-CoV-2 XBB.1.5 and BA.2.86 RBD-subdomain 1 (SD1) 
(a 1:1 mix), preincubated with Streptactin-phycoerythrin (PE) 
(IBA, 6-5000-001) or Streptactin-allophycocyanin (APC) (IBA, 
6-5010-001), respectively, in a 2:1 ratio. Antigen-specific cells were 
enriched using anti-PE (Miltenyi, 130-048-801) and anti-APC (Milt-
enyi, 130-090-855) magnetic beads and separated using magnetic-
activated cell sorting (MACS) LS columns (Miltenyi, 130-042-401). 
Enriched cells were stained using the following antibodies: anti-
llama IgG-DyLight405 (Jackson ImmunoResearch, 128-475-160), 
anti-camelid VHH-FITC (GenScript, A02226–200), and Live/Dead 
near-infrared (NIR) (Thermo Fisher Scientific, L10119). VHH+ B 
cells cross-reactive to both XBB.1.5 and BA.2.86 RBDs were single-
cell sorted into 96-well U-bottom plates (Corning, 3799) containing 
irradiated Chinese hamster ovary (CHO)–CD40 ligand (CD40L) 
feeder cells, supplemented with IL-2 and IL-21 cytokines (produced 
at GenScript). CHO-CD40L cells were generated by transfecting 
CHO-K1 cells with alpaca CD40L open reading frame (plasmid pro-
duced at GenScript), using Lipofectamine 2000 (Thermo Fisher 
Scientific, 11668019), and selected/cultured using G418 (600 μg/ml; 
Gibco, 10131027). Cells were cultured for 14 days at 37°C. Supernatants 
were harvested for downstream screening and frozen at −20°C; 
remaining cells were frozen in lysis buffer (Invitrogen, A33562) and 
stored at −80°C.

Llama B cell culture supernatant ELISA and 
Luminex screening
Supernatants from cultured llama B cells were screened to deter-
mine VHH+ B cell growth. ELISA plates (Corning, 3690) were coated 
with goat anti-alpaca IgG (1 μg/ml), subclass 2 + 3 (Jackson Immu-
noResearch, 128-005-229), diluted in PBS, and incubated overnight 
at 4°C. Plates were washed with wash buffer (PBS containing 0.05% 
Tween 20) and subsequently blocked with SuperBlock buffer (Ther-
mo Fisher Scientific, 37515) for 1 hour at room temperature. Super-
natants were diluted 1:10 in blocking buffer and added to the plates 
in a single dilution. After washing, plates were incubated with 
peroxidase-conjugated rabbit anti-camelid VHH antibody (Gen-
Script, A02016) for 90 min at room temperature. After additional 
washes, TMB peroxidase substrate (SeraCare, 5120-0050) was add-
ed for color development, and the reaction was stopped using TMB 
stop solution (Thermo Fisher Scientific, 50-0674-44). Absorbance 
was measured at 450 nm using a microplate reader. Wells were con-
sidered positive when the optical density (OD450) exceeded twofold 
more than background (media only control). VHH+ wells were sub-
sequently selected and assessed for antigen-specific binding using a 
Luminex assay.

For Luminex assays, MagPlex microsphere beads (Luminex) were 
conjugated to RBD proteins from multiple SARS-CoV-2 variants [WT 
(D164G), Delta, BA.1, BA.2, BA.4/5, XBB.1.5, JD.1.1, BQ.1.1, HK.3.2, 
BA.2.86, JN.1, XCT.1] using a sulfo-N-hydroxysulfosuccinimide/ 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide coupling reaction 
(Thermo Fisher Scientific, A35391 and 24510), at a concentration of 
50 pmol protein per 1 × 106 beads. B cell culture supernatants were 
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diluted 1:10 in assay buffer (Teknova, 20238) and incubated with 500 
beads per well for each antigen tested. Bead-supernatant mixtures 
were added to a 384-well microplate (Greiner Bio-One, 781903) and 
incubated overnight at 4°C on a shaker.

After incubation, magnetic beads were washed four times with 
assay buffer using a plate magnet. Beads were then incubated with 
mouse anti-llama IgG2/3 antibody (Southern Biotech, 5880-01M) at 
0.65 μg/ml in assay buffer for 1 hour at room temperature on a shaker. 
After washing, beads were incubated with PE-conjugated anti-
mouse IgG (Southern Biotech, 1030-90) at 0.65 μg/ml in assay buffer 
for 30 min at room temperature on a shaker. Beads were then washed, 
resuspended in MagPlex Sheath Fluid (DiaSorin, 40-50021), and 
analyzed on a Luminex xMAP Intelliflex instrument. Data were ana-
lyzed by calculating the PE median fluorescence intensity (MFI) fold 
change relative to a medium-only negative control. A fold change of 
≥10 was considered the threshold for a positive response.

In vitro neutralization assay
B cell culture supernatants, mouse serum samples, or recombinant 
antibody samples were analyzed for neutralizing antibody respons-
es using a vesicular stomatitis virus (VSV)–based pseudovirus neu-
tralization assay. Codon-optimized SARS-CoV-2 full-length spike 
genes were cloned into a pCAGGS expression vector. The recom-
binant VSVΔG-based SARS-CoV-2 pseudovirus was generated by 
transfecting BHK-21/WI-2 cells with the spike expression plasmid, 
followed by infection with VSVΔG-firefly-luciferase, as described 
previously (45). For neutralization assays, A549 cells expressing 
hACE2 and transmembrane serine protease 2 (TMPRSS2) were 
used as target cells. For mouse serum, samples were heat inactivated 
for 45 min at 56°C and serially diluted in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS). The diluted samples or culture medium (serving as virus-
only control) were mixed with VSVΔG-based SARS-CoV-2 pseu-
dovirus and incubated at 37°C for 45 min. The inoculum-virus or 
virus-serum mix was subsequently used to infect A549-hACE2-
TMPRSS2 cells for 18 hours at 37°C. After the incubation, an equal 
volume of One-Glo reagent (Promega, E6120) was added to the cul-
ture medium for readout. Luminescence was measured and percent 
neutralization was calculated on the basis of relative luminescence 
units of the virus-only control for single concentration screening, or 
IC50 was determined using a four-parameter logistic regression 
model for serial dilution titrations (GraphPad Prism v.9).

VHH sequencing and VHH humanization
Frozen, single-cell sorted VHH+ llama B cells were selected for se-
quencing on the basis of supernatant screening. Briefly, single cells 
were thawed on ice, and mRNA was extracted using the Dynabeads 
mRNA Purification Kit (Invitrogen, A33562) and eluted into tris-
HCl. Complementary deoxyribonucleic acid (cDNA) preparation 
was performed using ProtoScript II First Strand cDNA Synthesis Kit 
(NEB, E6560L). VHH HC sequences were amplified by nested poly-
merase chain reaction (PCR) using Q5 High-fidelity DNA poly-
merase (NEB, M0491S), using 10 μM llama IgG-specific primers 
(CAL001 and CAL002). Sense primers used in the second round of 
nested PCR (VHH specific) were modified to include i5 and i7 
adapter sequences to facilitate subsequent MiSeq sequencing (57-
Ad primer, NGS-Lam07, NGS-Lam08).

Primers/probe sequences for VHH amplification included Cal001 
forward primer: 5′-GTC CTG GCT GCT CTT CTA CAA GG-3′; 

Cal002 reverse primer: 5′-GGT ACG TGC TGT TGA ACT GTT 
CC-3′; 57-Ad forward primer: 5′-TCG TCG GCA GCG TCA GAT 
GTG TAT AAG AGA CAG GCT CTT CTA CAA GG-3′; NGS-
Lam07 reverse primer: 5′-GTC TCG TGG GCT CGG AGA TGT 
GTA TAA GAG ACA GTG GTT GTG GTT TTG GTG TCT TGG 
GTT-3′; and NGS-Lam08 reverse primer: 5′-GTC TCG TGG GCT 
CGG AGA TGT GTA TAA GAG ACA GGG AGC TGG GGT CTT 
CGC TGT GGT GCG-3′.

Index barcode primers (designed from Illumina) were then added 
in a third index PCR using Hot Start KAPA Ready Mix (Roche, 
KK2602). Reactions were pooled and purified using AmPure solid-
phase reversible immobilization beads (Beckman Coulter, A63881), 
and the library was sequenced using a MiSeq Reagent Kit v3 
600-cycle (Illumina, MS-102-3003). Raw sequencing data were ana-
lyzed via MiXCR (v4.6.0), using a custom reference library of llama 
and alpaca VHH sequences. Clonal expansions were identified by 
sequence alignments of variable regions with matching V and J gene 
usage, identical complementarity-determining region 3 (CDR3) 
length, and ≥80% amino acid identity in the CDR3 region. Selected 
VHH amino acid sequences were produced recombinantly via tran-
sient transfection of CHO-K1 cells (Biointron Biologicals, Inc).

VHH HC sequences were humanized by framework-region en-
gineering. VHH amino acid sequences were aligned to the closest 
human germline sequences identified using the international ImMu-
noGeneTics information system (IMGT) database, which was also 
used to annotate framework regions (FWRs) and complementarity-
determining regions (CDRs). Humanizing substitutions were restrict-
ed to FWRs; no changes were introduced into CDRs. For each VHH, 
amino acid differences between the parental VHH sequence and the 
corresponding human germline reference sequence were identified 
across the FWRs. Each nonidentical VHH residue was evaluated 
against the IMGT human germline database to determine its fre-
quency among human germline sequences. VHH residues present in 
less than 40% of human germline sequences at the corresponding 
position were mutated to the humanized residue. All FWR positions 
were considered except cysteine residues required for proper folding 
and residues in the conserved VHH tetrad motif.

Competition assay
Antibodies were epitope binned using a sandwich competition assay 
on the Carterra LSA platform, as previously described (46). Briefly, 
experiments were performed at room temperature using a preacti-
vated HCX-30M chip (Carterra, 4279). The sample and fluidics 
compartment (SFC and 96PH) were primed in running buffer con-
taining 25 mM 2-(N-morpholino)ethanesulfonic acid (pH 5.5) 
(Carterra, 3625) and 0.01% Tween 20. Test antibodies, including five 
reference antibodies (GC2225, BD55-1205, VYD222, SA55, and 
S309) (19, 47), were diluted to 5 μg/ml and immobilized onto the 
chip. A classic binning script was used, involving a coinjection for-
mat of sample delivery, in which antigen (200 nM) and the compet-
ing antibody (200 nM) were injected with minimal dissociation 
time. Typical association times ranged from 3 to 5 min. Surfaces 
were regenerated with 75 mM phosphoric acid after each binning 
cycle. All data were analyzed using Carterra’s Epitope software.

The hACE2 competition assay was run on the Sartorius Octet 
biolayer interferometry platform, as previously described (20). Brief-
ly, 100 nM recombinant HC-only antibody (HCAb) or reference 
IgG was loaded onto AHC sensors (Sartorius, 18-5064) for 10 min, 
then quenched using 300 nM an anti-influenza HCAb to block 
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unoccupied binding sites. Antibody-loaded sensors were next asso-
ciated with 100 nM SARS-CoV-2 XBB.1.5 RBD (AcroBiosystems, 
SPD-C5242) and competed with 100 nM hACE2-Fc (Sino Biologi-
cal, 10108-H02H). Data were analyzed using Octet Analysis Studio 
software.

Protein production and complex formation for x-ray 
structure determination
Purified MOD225, MOD203, and MOD239 VHHs were produced 
by transient transfection (Biointron Biologicals Inc.). Briefly, codon-
optimized cDNAs encoding each VHH, including a C-terminal His-
tag, were synthesized, subcloned into the pcDNA3.4 vector, and 
sequence verified. The VHH proteins were expressed in CHO-K1 
cells via transient electroporation. Four days after transfection, con-
ditioned medium was harvested and applied to Ni magnetic beads 
for affinity purification. Eluates were subsequently dialyzed into PBS.

The SARS-CoV-2 KP.3 RBD (residues 330 to 528) was synthesized 
with a C-terminal human rhinovirus 3C (HRV3C) protease cleav-
age site followed by both a His-tag and a Strep-tag II. The construct 
was subcloned into pcDNA3.4, sequence verified (GeneImmune), 
and transiently expressed in Expi293F GnTI− cells (Thermo Fisher 
Scientific, A39240) using Turbo293 transfection reagent (Speed Bio-
systems, PXX1006). Five days after transfection, supernatants were 
harvested and purified using Strep-Tactin XT 4Flow resin (IBA, 
2-1250-025), then buffer-exchanged into HRV3C cleavage buffer 
and treated with HRV3C protease (Thermo Fisher Scientific, 88946). 
The reaction mixture was passed over nickel–nitrilotriacetic acid 
resin (Thermo Fisher Scientific, 88222) to remove the protease, 
cleaved tags, and any uncleaved RBD. Final purification was per-
formed by SEC on a Superdex 200 Increase 10/300 GL column 
(Cytiva, 17517501) in PBS.

For complex formation, each VHH (MOD225, MOD203, and 
MOD239) was individually mixed with KP.3 RBD at a 1:1.2 molar 
ratio (RBD:VHH). Complexes were concentrated using a 10-kDa mo-
lecular weight cutoff (MWCO) centrifugal concentrator (Millipore, 
UFC5010) and purified by SEC on a Superdex 200 Increase 10/300 GL 
column equilibrated in 10 mM Hepes, pH 7.4, and 150 mM NaCl to 
isolate the complexes and perform buffer exchange. The final pro-
tein concentrations used for crystallization screening were 16 mg/
ml for MOD225–KP.3 RBD and 12 mg/ml for both MOD203–KP.3 
RBD and MOD239–KP.3 RBD complexes.

Protein crystallization and structure determination
Crystallization screening of KP.3 RBD complexes with MOD225, 
MOD203, and MOD239 VHHs was performed at 20°C using an 
SPT Labtech Mosquito robot and commercial screens. Drops were 
set at a 1:1 ratio (50 nl of protein complex:50 nl of reservoir). An 
initial crystallization hit for the KP.3 RBD–MOD225 complex was 
identified in 0.2 M sodium iodide and 20% (w/v) polyethylene gly-
col (PEG) 3350 (Red Wings screen, Hampton Research, HR2-073). 
This condition was optimized to 0.2 M sodium iodide and 17.5% 
(w/v) PEG 3350 in hanging-drop format with a drop ratio of 0.4 μl 
of protein complex to 0.5 μl of reservoir. Crystals were cryoprotected 
using reservoir solution supplemented with 20% (v/v) ethylene 
glycol. Diffraction data were collected at the National Synchrotron 
Light Source II (Brookhaven National Laboratory), beamline 19-ID 
(NYX), using a Dectris Eiger2 9M XE detector. Initial crystallization 
conditions for the KP.3 RBD–MOD203 and KP.3 RBD–MOD239 com-
plexes were identified using the PEGRx screen (Hampton Research). 

Crystals of the RBD-MOD203 complex formed in 100 mM sodium 
citrate tribasic dihydrate (pH 5.0) and 30% (v/v) PEG MME 550; 
crystals of the RBD-MOD239 complex formed in 100 mM sodium 
citrate tribasic dihydrate (pH 5.0) and 18% (w/v) PEG 20,000. These 
conditions were optimized to 32% (v/v) PEG MME 550 for MOD203 
and 13% (w/v) PEG 20,000 for MOD239. Optimization was per-
formed in hanging-drop format at a 1:1 drop ratio (0.5 μl of protein 
complex to 0.5 μl of reservoir). Crystals were cryoprotected in reser-
voir solution supplemented with 20% (v/v) ethylene glycol for 
MOD203 and 25% (w/v) glycerol for MOD239. Diffraction data 
were collected at the Advanced Light Source, beamline 4.2.2, using 
an RDI_8M complementary metal-oxide semiconductor (CMOS) 
detector. Diffraction data for all complexes were processed using 
XDS (48), POINTLESS (49), and AIMLESS (50). Resolution cutoffs 
were 2.35 Å for RBD-MOD225, 1.90 Å for RBD-MOD203, and 2.10 Å 
for RBD-MOD239. The RBD-MOD225 complex crystallized in 
space group P3121 with unit cell dimensions a = b = 86.0, c = 121.0 Å 
(α = β = 90°, γ = 120°). The RBD-MOD203 complex crystallized in 
P3221 with a = b = 136.5, c = 45.3 Å (α = β = 90°, γ = 120°). The 
RBD-MOD239 complex crystallized in P1 with unit cell dimensions 
a = 47.8, b = 69.7, c = 75.4 Å (α = 83.6°, β = 82.7°, γ = 89.9°). The 
asymmetric unit contained one complex each for RBD-MOD225 
and RBD-MOD203 and two complexes for RBD-MOD239. Struc-
tures were solved by molecular replacement using PHASER (51) in 
Collaborative Computational Project Number 4 (CCP4) suite (52), 
with PDB ID 8QH1 as the search model for the RBD. Nanobody 
search models included PDB ID 9G48 for MOD225 and 7KN7 for 
MOD203 and MOD239. Refinement was performed using REF-
MAC5 (CCP4 suite) (53), and model building was carried out in 
COOT (54). Data collection and refinement statistics are provided 
in table S1. Final coordinates and structure factors have been depos-
ited in the PDB under accession codes 9YZ7 (MOD225), 9YZ8 
(MOD203), and 9YZ9 (MOD239).

Viral antibody escape assay
A replication-competent recombinant VSV (rVSV)–based system 
pseudotyped with the XBB.1.16.9 spike protein was used to evaluate 
viral escape from mAb pressure, as previously reported (19). Briefly, 
24-well plates seeded with a monolayer of Vero E6 cells were infected 
with rVSV–SARS-CoV-2 pseudovirus at a multiplicity of infection 
(MOI) of 0.01 and incubated at 37°C for 1 hour. After incubation, 
the inoculum was removed and mAbs were added at a concentration 
corresponding to the 90% inhibitory concentration (IC90). The in-
fected cells were maintained at 37°C for 3 to 4 days until extensive 
cytopathic effect (CPE) was observed, after which the viral superna-
tant was harvested. Viral cultures were subjected to 10 sequential 
passages under continuous antibody pressure. At each passage, viral 
supernatants were collected for downstream analysis. For mutation 
profiling, viral RNA was extracted and subjected to Illumina next-
generation sequencing (NGS). Mutations were identified by com-
paring the spike protein sequences of viral populations from each 
passage with the parental reference sequence, enabling characteriza-
tion of antibody escape variants. Mutations detected at frequencies 
above 2% were reported. Antibodies were run in duplicate.

KP.3 RBD DMS for antibody escape mapping
DMS for IgG or HCAb escape mapping was performed as described 
previously using the SARS-CoV-2 KP.3 RBD (residues N331-T531, 
SARS-CoV-2 reference numbering) (7, 55). Briefly, each RBD variant 
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was generated via site-directed mutagenesis PCR, fused with an N-
terminal hemagglutinin tag and a C-terminal MYC tag, and linked 
to a unique random 26-nucleotide barcode. The mutant libraries 
were cloned into the pETcon vector and electroporated into DH10B 
cells for plasmid amplification (Addgene, 166782). The barcode-
variant linkage dictionary was established using PacBio Sequel II 
single-molecule real-time sequencing. Plasmids were subsequently 
transformed into Saccharomyces cerevisiae strain EBY100 as previ-
ously reported. Transformed yeast cells were selected on synthetic 
dextrose–casamino acid (SD-CAA) plates, expanded in SD-CAA 
liquid medium, flash-frozen in liquid nitrogen, and stored at −80°C.

High-throughput mutation escape profiling for each mAb or 
HCAb was conducted using magnetic bead sorting. To ensure li-
brary quality, properly folded RBD variants were enriched by re-
moving improperly folded variants using ACE2 (Sino Biological, 
10108-H08H-B) conjugated to biotin-binder beads (Thermo Fisher 
Scientific, 11533D). After a PBS–bovine serum albumin (0.2 mg/
ml) wash, the bead-captured, RBD-expressing yeast cells were re-
leased, expanded in SD-CAA, and cryopreserved at −80°C. For an-
tibody escape profiling, the ACE2-enriched yeast library was thawed 
in SD-CAA overnight and subcultured into SG-CAA to induce RBD 
surface expression. To isolate escape mutants, two sequential rounds 
of negative selection were performed with a specific antibody to de-
plete strong binders. This was followed by a positive selection step 
using anti–c-Myc magnetic beads (Thermo Fisher Scientific, 88843) 
to capture yeast cells that expressed RBD but escaped antibody 
binding. The resulting yeast population was washed, grown over-
night in SD-CAA, and subjected to plasmid extraction using a 
96-well yeast plasmid extraction kit (Coolaber, PE053). The N26 
barcode was amplified from the extracted plasmids, purified using 
1× AmPure XP beads (Beckman Coulter, A63882), and analyzed via 
single-end sequencing.

Barcode sequences from both the antibody-screened and refer-
ence libraries were mapped to the barcode-variant dictionary. Am-
biguous barcodes were excluded, and only barcodes detected more 
than five times in the reference library were retained for analysis. 
The escape score for a variant X was calculated as

In the formula above, F is a scaling factor normalizing scores to a 
0 to 1 range, n represents the count of detected barcodes for variant 
X , and N represents the total barcode count in either the antibody-
screened or reference samples.

Generation of mRNA and LNPs
LNP encapsulation of mRNA for antibody delivery was synthesized 
as previously described. Briefly, sequence-optimized mRNA encod-
ing antibodies were synthesized in vitro using optimized T7 RNA 
polymerase–mediated transcription reaction with complete replace-
ment of N1-methylpseuduridine. The reactions included a DNA 
template containing an open reading frame flanked by 5′ untrans-
lated region (UTR) and 3′UTR sequences with a terminal encoded 
polyA tail. Free mRNA was purified, buffer exchanged, and sterile 
filtered. LNP-formulated mRNA was produced through a modified 
ethanol-drop nanoprecipitation process (22). Briefly, ionizable, struc-
tural, helper, and polyethylene glycol lipids were mixed with mRNA 
in acetate buffer at a pH of 5.0 and at a ratio of 3:1 (lipids:mRNA). 

The mixture was neutralized with tris-Cl at a pH of 7.5, sucrose was 
added as a cryoprotectant, and the final solution was sterile filtered. 
Formulated LNPs were stored frozen at −80°C and thawed once 
before dosing. All formulations underwent analytical characteriza-
tion for particle size, RNA encapsulation, mRNA purity, osmolarity, 
and endotoxin.

Mouse studies to evaluate serum antibody expression 
and half-life
Homozygous Tg32-SCID mice [B6.Cg-Fcgrttm1Dcr Prkdcscid 
Tg(FCGRT)32Dcr/DcrJ] (the Jackson Laboratory, 018441) or 
C57BL/6 mice (Charles River Laboratories) were used for serum 
half-life and Fc homodimerization expression studies, respectively. 
Animals were housed in groups of four or five, fed standard chow 
diets, subjected to a photoperiod of a 12-hour light/dark cycle, and 
kept at an ambient animal room temperature of 70° ± 2°F (21.11° ± 
1.11°C) with a room humidity of 50 ± 5%.

For serum half-life studies, 6- to 8-week-old female Tg32-SCID 
mice (four to eight mice per group) were injected via the tail vein 
with the indicated mRNA-LNP at a dose of 0.5 mg/kg in 100 μl 
total volume. For Fc-homodimerization studies, 8-week-old female 
C57BL/6 mice (5 mice per group) were injected via the tail vein with 
the indicated mRNA-LNP at a dose of 1 mg/kg in 100 μl total vol-
ume. Mice were bled via the submandibular vein at the indicated 
time points, and serum was collected for antibody quantification by 
ELISA and assessment of serum neutralization titer. At the final in-
dicated time point, mice were euthanized via CO2 asphyxiation and 
a terminal bleed was collected via cardiac puncture.

Humanized ACE2 mouse protection study
Thirty 6- to 8-week-old, female, hACE2 AC70 mice (Taconic Biosci-
ences, 18222-F, tg/wt) were obtained and randomized into two 
groups: Control group 1 contained 18 animals, and test group 2 con-
tained 12 animals. On day −1, mRNA-LNPs (0.5 mg/kg) or vehicle 
control was administered intravenously to mice. On day 0, mice 
were anesthetized by injecting ketamine (80 mg/kg) and xylazine 
(5 mg/kg) via the intramuscular route and challenged with SARS-
CoV-2 Omicron variant XBB.1.5 (BEI Resources, NR-59105). The 
challenge virus was administered intranasally, dropwise, using a to-
tal volume of 50 μl per animal (25 μl per nostril). The stock titer was 
determined by plaque assay as 3.93 × 105 PFU/ml and used undi-
luted to give ∼1.96 × 104 PFU per mouse in 50 μl total volume, 
as predetermined in titration studies performed by BIOQUAL Inc. 
Scheduled necropsy occurred on day 4 for half the animals in each 
group (n = 9 in group 1, n = 6 in group 2). Whole lungs were col-
lected and sectioned into separate pieces for PCR or 50% tissue cul-
ture infectious dose (TCID50) analysis. Each section was weighed, 
recorded, and individually snap-frozen at −80°C until analysis. The 
remaining animals were monitored daily for body weight, clinical 
observation, and survival until day 14.

TCID50 assay to determine SARS-CoV-2 infectious titers
Lung tissue sections were homogenized in 0.5 ml of cold medium 
[DMEM +10% FBS + puromycin + penicillin-streptomycin (P/S)] 
for ∼20 s using a handheld tissue homogenizer (Omni International, 
Kennesaw, GA). The samples were centrifuged at 2000g at 4°C for 
10 min. The supernatant was then pipetted through a 100-μm strainer 
into the original vial for use in viral load determination. The TCID50 
assay was conducted according to BIOQUAL standard procedures. 

F ×
n
X,ab ∕Nab

n
X,ref ∕Nref
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Briefly, clear, flat-bottom, 96-well culture microplates (BD Falcon, 
353072) were seeded with Vero TMPRSS2 cells (25,000 cells per well 
in DMEM +10% FBS + Puro + P/S) and incubated at 37°C, 5.0% 
CO2 until 80 to 100% confluence. The growth medium was aspirated 
and replaced with 180 μl per well of infection medium (DMEM +2% 
FBS  +  Puro + P/S); 20 μl of processed tissue sample or positive/
negative control was added to the top row of the plate in quadrupli-
cate, mixed via pipetting, and then serially diluted 10-fold down the 
plate using fresh pipette tips between rows. The plates were incubat-
ed at 37°C, 5.0% CO2 for 4 days. After incubation, the cell monolay-
ers were visually inspected for CPE. The TCID50 per milliliter was 
calculated using the Reed-Muench formula and adjusted on the ba-
sis of the tissue section weight, homogenization volume, and sample 
volume used in the assay to calculate TCID50 titer per gram of tissue.

RT-qPCR assay
Reverse transcription quantitative polymerase chain reaction (RT-
qPCR)–based measurements of viral load in lung tissue were per-
formed by BIOQUAL. The RT-qPCR assay for SARS-CoV-2 genomic 
RNA (gRNA) used primers and a probe specifically designed to am-
plify and bind to a conserved region of the nucleocapsid (N) gene of 
SARS-CoV-2, and the assay for subgenomic RNA (sgRNA) used 
primers and a probe specifically designed to amplify and bind to a 
region of the envelope (E) gene mRNA from SARS-CoV-2, which is 
not packaged into the virion.

Primers/probe sequences for gRNA amplification included 2019-
nCoV forward primer: 5′-GAC CCC AAA ATC AGC GAA AT-3′; 
2019-nCoV reverse primer: 5′-TCT GGT TAC TGC CAG TTG 
AAT CTG-3′; and 2019-nCoV P: 5′-FAM-ACC CCG CAT /ZEN/
TAC GTT TGG TGG ACC-BHQ1-3′. Primers/probe sequences for 
sgRNA amplification included Sg-E forward primer: 5′-CGA TCT 
CTT GTA GAT CTG TTC TC-3′; E Sarbeco R2 reverse primer: 5′-
ATA TTG CAG CAG TAC GCA CAC A-3′; and E Sarbeco P1: 5′-/
FAM-ACA CTA GCC ATC CTT ACT GCG CTT CG-BBQ-3′.

Viral RNA was extracted from lungs by homogenizing tissue 
samples in 1 ml of RNA STAT-60 (Tel-Test, Inc.) and processed 
according to manufacturer instructions to precipitate, purify, and 
resuspend in RNase-free water. To generate standard curves, a 
SARS-CoV-2 N gene (gRNA) or E gene (sgRNA) sequence was syn-
thesized and cloned into a puc57 plasmid (GenScript), quantified, 
and serially diluted into RNase-free water to create a standard curve 
from 1 to 107 copies per 5-μl sample. SensiFAST Probe Lo-ROX 
One-Step Kit (Meridian Bioscience, BIO-78001) was used to prepare 
a master mix according to manufacturer’s instructions. The final re-
action mix contained 600 nM primers (forward and reverse each) 
and 140 nM probes. In a 96-well reaction plate (Applied Biosystems, 
N801-0560), 45 μl of the master mix was added to each well followed 
by 5 μl of sample (in triplicate), positive control, or no template con-
trol. Plates were sealed with optical film and amplified on the Ap-
plied Biosystems 7500 Real-Time PCR System using the following 
program: 48°C for 30 min, 95°C for 10 min, followed by 40 cycles of 
95°C for 15 s and 55°C for 1 min. The number of RNA copies per 
gram of tissue was calculated using the standard curve and adjusted 
by the tissue sample weight (in grams), extraction volume, and sam-
ple dilution factor (if applicable).

Sample preparation for MS analysis
Cell culture medium was first clarified through centrifugation at 4000g 
for 20 min followed by filtration using a 0.22-μm filter (Millipore, 

GPWP04700). Filtered medium was then incubated with Protein 
A/G magnetic beads (Thermo Fisher Scientific, 88803) under con-
stant rotation for 1 hour at room temperature. After incubation, 
beads were washed three times with PBS and three times with MS-
grade water. Enriched antibodies were eluted using 0.1% formic acid 
in MS-grade water and stored at −80°C until MS analysis.

Serum samples were first diluted with PBS (pH 7.4) in a 1:1 v/v 
ratio before incubation with streptavidin-functionalized magnetic 
beads (Cytiva, 30152105010150) conjugated to biotin-labeled goat 
anti-Human Fc IgG (Thermo Fisher Scientific, 13-4998-83). Sam-
ples were incubated under constant rotation for 1 hour at room tem-
perature followed by three washes with PBS and three washes with 
MS-grade water. Enriched antibodies were eluted using 0.1% formic 
acid in MS-grade water and dried down using a nitrogen evaporator. 
Pellets were resuspended in 100 mM triethylammonium bicarbon-
ate (TEAB) in MS-grade water, and 10 units of peptide:N-glycosidase 
F (PNGase-F; NEB, P0704L) was added to each sample. Overnight 
incubation was performed at 37°C followed by acidification with 
formic acid to a final concentration of 0.1%. Samples were stored at 
−80°C until MS analysis.

Intact MS data acquisition and analysis of Fc 
homodimerization efficiency
Samples were thawed and loaded into autosampler vials for analysis 
on an Exploris 480 hybrid mass spectrometer coupled to a Vanquish 
Neo ultrahigh-performance liquid chromatography (Thermo Fisher 
Scientific). Samples were separated using a 150 μm–by–15 cm Mab-
Pac reverse phase column (Thermo Fisher Scientific, 164947) using 
an aqueous phase of 0.1% formic acid in LC-MS water (A) and an 
organic phase of 80% acetonitrile, 19.9% LC-MS water, and 0.1% 
formic acid (B). The following gradient was used: 10% B to 95% B 
from 0 to 20 min, 95% B held for 5 min followed by column wash 
and equilibration. MS data were acquired at the MS1 level with the 
following source settings: positive voltage of 2100 V, ion transfer tube 
temperature of 320°C, and source fragmentation set to 20 V. Intact 
MS1 data were collected at 7500 resolution with an automatic gain 
control target of 300%, an accumulation time of 200 ms, and five 
microscans per cycle. Pressure in the orbitrap was set to low pres-
sure and a scan range of 1400 to 6000 m/z (mass/charge ratio) was 
used. Data were analyzed using Biopharma Finder 5.2 (Thermo 
Fisher Scientific) using the Intact Mass analysis mode. Sliding Win-
dow analysis was performed with the ReSpect algorithm. A center 
target deconvolution mass of 150,000 Da was used. All other set-
tings remained unchanged from the default.

Statistical analysis
Individual-level data are presented in data file S2. Data were ana-
lyzed using GraphPad Prism 9 or 10. ELISA titers, serum antibody 
concentrations, neutralization IC50 values, and serum neutralization 
titers were calculated by four-parameter nonlinear regression. Phar-
macokinetic profiles were fitted using a log-scale Bateman model. 
Survival curves were compared using the log-rank Mantel-Cox test. 
Longitudinal body-weight data were analyzed using a two-way 
mixed-effects model with Holm-Šidák multiple-comparisons test-
ing. Infectious lung viral titers and viral RNA abundance were 
compared using two-tailed unpaired Student’s t tests without log 
transformation. Matched serum neutralization measurements were 
analyzed using the Friedman test. Data are presented as indicated in 
the figure legends, including geometric mean ± SD or median with 
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95% confidence interval (CI). No outliers were excluded. For analy-
ses using parametric statistical tests, normality was assessed by 
visual inspection of Q-Q plots and the Shapiro-Wilk test, and no 
substantial deviations from normality were observed. Technical rep-
licates and numbers of independent experiments are specified in the 
figure legends. n represents the number of biological replicates, and 
N represents the number of independent experiments. Statistical sig-
nificance was defined as ns (not significant); *P < 0.05; **P < 0.01; 
***P < 0.001; and ****P < 0.0001.

Supplementary Materials
The PDF file includes:
Figs. S1 to S6
Tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data files S1 and S2
MDAR Reproducibility Checklist
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