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Broadly neutralizing antibodies (bnAbs) prevent HIV infection but face

administration and cost challenges. We present single-chain mRNA-encoded
bnAbs that improve heavy-light chain assembly and enable three enhancement
approaches: co-expression, isotype selection, and engineered nanobodies. We
observe enhanced in vitro neutralization through co-expression of PGT121 and
VRCO?7 (targeting V3-glycan and CD4-binding site, respectively) and by repla-
cing IgG constant heavy chain (IgG-Cy) with IgA-Cy or incorporating an IgM
tailpiece into IgG-Cy. While IgG versions fail to neutralize several SHIV/HIV
strains, co-expressing PGT121 and VRCO7 as IgM-like multimers restores neu-
tralizing capability (ICso <100 ng/mL) and substantially improves breadth.
Vaginal explants from rhesus macaques, treated with intravaginal aerosolized
mRNAs, show robust protection against ex vivo challenges with multiple SHIV
strains when PGT121 and VRCO7 are co-expressed as IgM-like multimers. Our
data present novel drug compositions for intravaginal mRNA delivery to pre-
vent HIV acquisition and advance antibody-design strategies that enhance
breadth and potency of existing bnAbs.

Human immunodeficiency virus (HIV) remains a significant global
health challenge, with approximately 39 million people living with HIV
in 2022 and 1.3 million new infections reported in the same year'.
Despite advances in treatment, a definitive cure for HIV infection
remains elusive, necessitating lifelong administration of antiretroviral
drugs to suppress viral replication. This emphasizes the critical need
for efficacious preventative strategies to suppress the spread of HIV.
Pre-exposure prophylaxis (PrEP) and post-exposure prophylaxis regi-
mens, which involve daily oral administration of antiretrovirals such as
tenofovir and emtricitabine, or more recent long-acting formulations,
have demonstrated efficacy in preventing HIV infection, particularly
among men who have sex with men (MSM)**. However, their effec-
tiveness in heterosexual women is less certain, primarily due to chal-
lenges in adherence to PrEP and significantly lower retention of

antiretrovirals in vaginal tissue compared to rectal tissue’. Moreover,
tenofovir-based PrEP has been associated with renal and bone toxicity,
raising concerns about its long-term safety profile®. Broadly neu-
tralizing antibodies (bnAbs) have emerged as a promising alternative
due to their ability to target multiple strains of HIV, with numerous
clinical trials demonstrating that bnAbs, such as PGT121 and VRCO7,
can provide robust protection against HIV’®, Although systemically
administered bnAbs have shown promising antiviral properties, their
practical use is limited by the large doses required to achieve protec-
tive antibody concentrations in genital secretions and tissues’”, the
high manufacturing costs of purified antibodies', and the potential
development of anti-drug antibodies". Direct vaginal application of
bnAbs was assessed as a potential on-demand approach, but it showed
rapid elimination and poor stability of bnAbs in acidic human
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cervicovaginal secretions”. These limitations highlight the need for
alternative formulations and delivery methods that can improve
adherence and achieve protective drug concentrations in relevant
tissues while minimizing adverse effects and costs.

The field of messenger RNA (mRNA) has made remarkable pro-
gress over the past decade, establishing itself as a promising approach
for encoding and producing a wide range of proteins™¢. This progress
has led to the development of in vitro transcribed mRNA-based anti-
body approaches, allowing antibody expression via mRNA delivery in
target cells or tissues®. mRNA-encoded antibodies offer several
advantages, including low immunogenicity achieved through RNA
modifications"” and in situ protein production, as well as potential cost-
effectiveness compared to traditional purified antibody manufactur-
ing processes'®. Due to the excellent permeability and absorption of
compounds through the vaginal mucosa, the vaginal route of admin-
istration has been investigated as an alternative to systemic delivery,
with numerous advantages, such as lower dosage requirements, ease
of application, and reduced adverse effects'”?°. Our previous study on
intravaginal aerosol delivery of mRNA-encoded bnAb has demon-
strated its potential, suggesting that mRNA technology, coupled with
intravaginal delivery, could address many limitations associated with
current HIV prevention strategies”, but breadth and potency still
required optimization.

Here, we introduce mRNA-based approaches that enhance the
breadth and potency of existing bnAbs through single-chain antibody
design with improved heavy-light chain assembly, exploring three
enhancement strategies: antibody co-expression, isotype selection,
and nanobody engineering. We confirm expression by cell staining and
Western blotting and assess function using binding kinetic measure-
ments and in vitro neutralization assays against diverse SHIV/HIV
strains, demonstrating that these strategic modifications can over-
come neutralization resistance observed with conventional IgG for-
mats. Notably, isotype and valency markedly affect the neutralizing
potency of defined bnAbs against specific viral isolates, with findings
corroborated in ex vivo viral challenges of vaginal explants from rhe-
sus macaques following intravaginal mRNA dosing. We demonstrate
that single-chain mRNA-encoded modified bnAbs provide a more
effective and user-controlled HIV prevention strategy for women while
offering advantages over traditional protein-based prophylaxis. This
approach emphasizes the need to revisit antibody design strategies to
further optimize clinically ready antibodies and can be extended to
prevent other sexually transmitted infections, establishing a versatile
platform for mucosal immunity.

Results
Single-chain mRNA-encoded IgGs are expressed with enhanced
assembly compared to conventional separate heavy and light
chain mRNA system
Several studies have demonstrated the expression of IgGs from
mRNAs by using two mRNAs encoding the heavy and light chains,
respectively. However, the optimal assembly ratio of heavy and light
chains varies for each IgG, typically ranging from 1:1 to 4:1*> (Fig. 1a).
To optimize the heavy and light chain assembly, we designed single-
chain mRNAs by connecting the heavy and light chains with 12 repeats
of Gly-Gly-Gly-Gly-Ser (G,S) linker* (Fig. 1b). Lindsay et al. previously
reported dual-chain mRNA-encoded PGT121 in two formats: secreted
and glycosylphosphatidylinositol (GPI)-anchored IgGs, demonstrating
more durable antibody expression with the GPl-anchored IgG in
sheep”. Building on this work, we developed a single-chain version of
the GPl-anchored PGT121 IgG (SC-PGTI121 algG). While SC-PGT121 algG
is expected to persist longer on the cell membrane, it was revealed that
its molecular weight and neutralizing capability remained comparable
to its secreted format (SC-PGT121 slgG) (Supplementary Fig. 1).

To compare the novel single-chain mRNA system with the con-
ventional dual-chain system, we transfected A549 cells with each

mRNA. Staining the expressed IgGs using anti-human secondary anti-
bodies revealed similar expression on the cell membrane (Fig. 1c).
Additionally, we produced both IgGs in the Expi293F expression sys-
tem for further characterization. As the expressed IgGs were bound to
the cell surface by GPI anchors, we treated the cells with
phosphatidylinositol-specific phospholipase C (PI-PLC), which cleaves
the GPIl-anchor and releases the anchored IgGs from the membrane,
allowing for collection from supernatant fluids. The expression levels
of PGT121 algGs from dual- and single-chain mRNAs were measured
using ELISA, revealing 1.5x higher IgG production by the single-chain
system (Fig. 1d). We then performed capillary-based Western blot
(JESS) to visualize the expressed IgGs and determine their molecular
weights. In both single- and dual-chain mRNA-expressed PGT121 algGs,
fully assembled IgGs with major bands around 180 kDa were confirmed
(Fig. 1e). However, in the dual mRNA system, an additional band was
detected at around 150 kDa, suggesting the presence of heavy-chain-
only IgGs, which lost their pairing light chain. In the single-chain sys-
tem, a minor band was observed at approximately 260 kDa. To inves-
tigate this, we treated the single-chain algG with 40 mM dithiothreitol
to reduce disulfide bonds between single-chain monomers, resulting
in a single 90 kDa band (Fig. 1f). This suggests that the 260 kDa band
represents a single-chain trimer or 1.51gG, potentially increasing the
number of binding sites. Overall, these results indicate that the single-
chain mRNA system is a reliable alternative to the conventional dual-
chain system, offering improved heavy and light chain assembly.

The single-chain mRNA format offers additional benefits for
combinational treatment of bnAbs, a strategy frequently seen in sev-
eral clinical trials’®. Unlike the traditional dual-chain system, which can
and will produce at least one arm of the antibody with mismatched
heavy and light chain pairings, the single-chain system ensures the
expression of antibodies with correctly paired heavy and light chains
(Fig. 1g). Considering this, we designed six single-chain mRNAs
encoding potent bnAbs (PGT1217, VRC07%7°, 10E8.4%, iMab***,
CAP256*, PGDM1400%*) in a GPl-anchored IgG format. The six algGs
were expressed in A549 cells and isolated for Western blot analysis,
showing IgG bands at around 180 kDa (Supplementary Fig. 2a, b). Their
neutralizing capabilities were evaluated in in vitro TZM-bl neutraliza-
tion assays against three tier 2 SHIV strains representing different
clades. While PGDM1400 and CAP256 did not neutralize the tested
SHIV strains, VRCO7 exhibited the most efficient neutralizing capability
(Fig. 1h and Supplementary Fig. 2c). For comparison, conventional
recombinant bnAbs were also tested in parallel and showed neu-
tralization trends consistent with their mRNA-encoded counterparts
(Fig. 1h, i and Supplementary Fig. 2d). Based on these results, we
selected PGTI121 and VRCO7 for a co-expression approach, targeting
the V3-glycan® and CD4 binding site”” of the HIV envelope (Env),
respectively.

Enhanced neutralizing capability through multimerization of
mRNA-encoded antibodies
Among the five isotypes of mammalian immunoglobulins (IgA, IgD, IgE,
IgG, and IgM), only IgA and IgM can multimerize, providing higher
avidity”, and these isotypes generally present better stability in mucosal
environments®. We hypothesized that the potency of mRNA-encoded
antibodies could be enhanced by increasing avidity through antibody
multimerization. Without any modifications to the antibody binding sites
(variable regions), we designed: (1) IgA-like PGTI21 (PGT121 IgA) by
replacing the IgG constant heavy chain (IgG-Cy) with the IgA-Cy, and (2)
IgM-like PGT121 (PGTI21 IgM-tail) by incorporating an IgM tailpiece
sequence (PTLYNVSLVMSDTAGTCY) at the end of IgG-C,i*° (Fig. 2a).
To facilitate multimerization, we also designed mRNAs encoding
the joining (J) chain, which plays a critical role in multimeric IgA and
IgM formation. We optimized the ratio of the mRNA-encoded J-chain
to mRNA-encoded antibodies (Ab: J-chain=1: 0.15) to maximize mul-
timeric IgA formation and minimize monomeric IgA formation
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Fig. 1| Comparison of dual- and single-chain mRNA-encoded antibody systems.
a Schematic of antibody expression using the conventional dual-chain approach
with separate heavy chain (HC) and light chain (LC) mRNAs. The 1gG HC mRNA
encodes the variable (Vy) and constant (Cy;) domains of the heavy chain, while the
1gG LC mRNA encodes the variable (V,) and constant (C;) domains of the light
chain. Both mRNAs are delivered into the cytoplasm and translated into HC and LC
proteins, respectively. The HC and LC are assembled in the endoplasmic reticulum,
transported to the cell membrane, and secreted outside the cells. b Schematic of
single-chain (SC) mRNA-based antibody expression. The LC and HC mRNAs are
linked into a single mRNA strand using 12 repeats of Gly-Gly-Gly-Gly-Ser (G4S)
linker ((G4S)12). The SC-IgG mRNA is translated into a fully assembled HC-LC
complex. ¢ Representative immunostaining images of algG expression in A549
cells. Glycosylphosphatidylinositol (GPI)-anchored PGT121s (PGT121 algG) expres-
sed from dual- or single-chain mRNAs localize on the cell membrane (AF-488,
green). The nuclei were stained with DAPI (blue). The Scale bar represents 20 um.
d Quantification of PGT121 algG expression in Expi293F cells from dual- and single-
chain mRNAs. A total of 75 pg of each mRNA was used for transfection in 75 x 10°

Expi293F cells. Data from n =3 independent experiments are shown as individual
values and their mean. e Capillary electrophoresis-based Western blot (JESS) ana-
lysis of PGT121 algG expression from dual- or single-chain mRNAs produced in
Expi293F cells. The antibodies were detected using HRP-conjugated anti-human
IgG antibody, with chemiluminescence signals normalized to the highest value.

f JESS analysis of single-chain mRNA-expressed PGT121 algG under reducing con-
ditions. g Combinational treatment of multiple antibodies. In the dual-chain mRNA
system, partial or complete heavy-light mismatched antibodies (highlighted in red
and purple) can form, whereas the SC mRNA system produces antibodies with
correctly paired heavy and light chains. h TZM-bl neutralization assays against tier
2 SHIV strains from clades A, B, and C. The 50% inhibitory concentrations (ICs) are
summarized in the table. All neutralization assays were performed in duplicates
and repeated at least twice in independent assays (*: ICsq values from literature).
i Correlation of ICsg values between mRNA-encoded and conventional bnAbs from
in vitro neutralization assays. Statistical comparison by Pearson correlation:

r(10) = 0.6921, p = 0.0126 (two-tailed), 95% CI [0.1960, 0.9061]. a, b, g Created in
BioRender. Santangelo, P. (2025) https://BioRender.com/fowauum.

(Supplementary Fig. 3). The J-chain mRNA was designed in two forms: a
secreted J-chain (sJC) for secreted IgA (SC-slgA) and a GPl-anchored J-
chain (aJC) for membrane-bound IgA (SC-algA). For IgM-tail, only sJC
was used to support antibody multimerization in this study.

We compared the single-chain and conventional dual-chain sys-
tems for both IgA and IgM-tail formats, showing that both antibodies
were expressed in A549 cells without observable differences (Fig. 2b).
Expression levels of PGT121 slgAs and IgM-tails from dual- and single-
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Fig. 2 | Multimerizing antibodies via isotype modifications can provide more
potent neutralization. a Schematics of single-chain mRNA-based antibody mod-
ifications. A GPl-anchor sequence (purple) was inserted into the secreted IgG (sIgG,
Supplementary Fig. 1) to produce GPl-anchored IgG (algG). Dimeric IgAs were made
by replacing the IgG constant heavy (IgG-Cy;) domain with the IgA-Cy; (green), and
their dimerization was facilitated by co-delivery of secreted J-chain (sJC) mRNA. A
GPI-anchored J-chain (aJC) was designed by incorporating the GPI-anchor sequence
into the sJC mRNA, enabling IgAs to attach to the cell membrane. The IgM-tail
version was created by inserting IgM tailpiece sequence (red) at the end of IgG-CH
domain, forming pentameric IgM-like antibodies. Created in BioRender. Santan-
gelo, P. (2025) https://BioRender.com/yuy35vv. b Representative immunostaining
images of sIgA and IgM-tail PGT121 expression in A549 cells. Dual- or single-chain
mRNA-encoded IgAs and IgM-tails expressed in A549 cells were visualized with anti-
human IgA or IgG antibodies with AF-488 (green), and the nuclei were stained with

DAPI. The scale bar represents 20 um. ¢ Quantification of PGT121 sIgA and IgM-tail
expressions in Expi293F cells from dual- and single-chain mRNAs. A total of 75 ug of
each mRNA was used for transfection in 75 x 10° Expi293F cells. Data from n=3
independent experiments are shown as individual values and their mean. d JESS
Western blot analysis of PGT121 sIgA and IgM-tail. The peaks at approximately
170 kDa represent monomeric antibodies, while the peaks around 300 kDa indicate
dimeric antibodies. e Traditional Western blot of mRNA-encoded PGT121 IgM-tail
antibody. f TZM-bl neutralization assays. The neutralization efficacy of three dif-
ferent isotype antibodies (algG, slgA, and IgM-tail) expressed from dual- or single-
chain mRNAs was evaluated against tier 2 SHIV strains from clades A, B, and C, and
their 50% inhibitory concentrations (ICso) are summarized in the table. All neu-
tralization assays were performed in duplicates and repeated at least twice in
independent assays.

chain mRNAs were compared, demonstrating comparable levels of
slgAs and higher IgM-tail production in the single-chain system
(Fig. 2c). Notably, increased formation of multimers of PGT121 sIgA
and IgM-tail were detected in the single-chain system, with higher

ratios of multimers (around 300 kDa) to monomers (around 180 kDa)
(Fig. 2d). Given that JESS Western blots can only detect proteins up to
440 kDa, we conducted traditional Western blots to visualize multi-
mers with higher molecular weights, such as pentamers and
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20 um. ¢ JESS Western blot analysis of SC-algG, SC-sIgA, and SC-IgM-tail variants of
PGTI121, VRCO7, and PGT121+ VRCO7. d, e TZM-bl neutralization assays against five
SHIV and six HIV strains from different clades. f Summary of 50% inhibitory con-
centrations (ICsp). All neutralization assays were performed in duplicate and
independently repeated at least twice.

hexamers, which are naturally formed in IgM. Accordingly, the mRNA-
encoded PGT121 IgM-tail clearly produced pentameric and hexameric
populations (Fig. 2e).

We then compared the neutralizing capabilities of mMRNA-
expressed PGT121s from the single-chain and dual heavy/light chains
platforms against three tier 2 SHIV strains from different clades,
demonstrating no marked differences between both expression sys-
tems (Fig. 2f). However, we found a 2-log difference in the half-maximal
inhibitory concentration (ICso) between PGTI21 algG (~ 440 ng/mL)
and PGT121 IgM-tail (- 3 ng/mL) against SHIV-C109 (clade C), and a log
difference between PGTI121 algG and PGTI21 sigA (- 30 ng/mL). These

results imply that multimerization via isotype modifications can
enhance the neutralizing ability of existing bnAbs.

Co-expressed, isotype-modified PGT121 and VRCO7 exhibit
enhanced potency and breadth compared to their individual
IgG forms

Considering the advantages of the single-chain system and isotype
modifications, we co-expressed PGT121 and VRCO7 as different iso-
types. Single-chain GPl-anchored PGTI121 and VRCO7 IgG (SC-
PGT121 + SC-VRCO7 algG) was produced by delivering each mRNA at a
1:1ratio (Fig. 3a). Additionally, single-chain PGT121 and VRCO7 secreted
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or GPl-anchored IgAs (SC-PGT121+ SC-VRCO7 sIgA or algA, respec-
tively) and IgM-tailed single-chain PGT121 and VRCO7 (SC-PGT121 + SC-
VRCO7 IgM-tail) were produced using three mRNAs: PGT121 mRNA,
VRCO7 mRNA, and J-chain mRNA with or without the GPl-anchor
sequence, at a 1:1:0.3 ratio. Antibody expression was confirmed in A549
cells without notable differences compared to individually expressed
PGT121 and VRCO7 (Fig. 3b). The antibodies were co-expressed in
Expi293F cells and visualized by JESS Western blots, showing mole-
cular weights consistent with the individual ones: around 180 kDa for
algGs and approximately 180 and 320 kDa for monomeric and dimeric
slgAs and IgM-tails (Fig. 3c).

Next, we evaluated the neutralizing capability of nine antibodies
produced from transduced Expi293F cells, representing three isotypes
(SC-algG, SC-slgA, and SC-IgM-tail) for two different bnAbs or their
combination (PGT121, VRCO7, and PGT121 + VRCO7), against five SHIV
and six HIV-1 strains (Fig. 3d-f). All antibodies demonstrated potent
neutralization (ICso <100 ng/mL) against six strains: SHIV-KNH1144p2
(clade A), SHIV-162p3 (clade B), SHIV-1157ipd3N4 (clade C), SHIV-C109
(clade C), HIV-1JRFL (clade B), and HIV-1 93/MW/965 (clade C). How-
ever, SC-PGTI121 algG poorly neutralized SHIV-C109 (clade C) with an
ICso of 598.7 ng/mL, but its potency was dramatically enhanced upon
co-expression with VRCO7 algG (ICso = 5.9 ng/mL) and when expressed
in sIgA and IgM-tail formats, reducing ICso values to 17.7 ng/mL and
1.0 ng/mL, respectively. All algG variants failed to neutralize SHIV-AE16
(clade AE), HIV-192/RW/024 (clade A), HIV-193/RW/002 (clade A), HIV-
1 94/UG/118 (clade D), and HIV-1 RV217 (clade AE), with ICso values
exceeding 5000 ng/mL. In contrast, while slgA formats showed partial
neutralization against HIV-1 92/RW/024 (clade A), HIV-1 94/UG/118
(clade D), and HIV-1 RV217 (clade AE), co-expressed IgM-tail variants
demonstrated markedly enhanced potency, achieving ICso values of
8.9, 47.3, and 9.9 ng/mL, respectively. Although less potent against
certain strains, co-expressed IgM-tails still recovered measurable
neutralization activity against SHIV-AE16 (clade AE) and HIV-1 93/RW/
002 (clade A), with ICso values of 118.2ng/mL and 388.6 ng/mL,
respectively. These results demonstrate that antibody potency and
breadth can be substantially improved through co-expression strate-
gies and isotype-driven multimerization.

To assess the binding affinity of these antibodies to HIV envelope
(Env) trimers, we conducted bio-layer interferometry (BLI), which
measures real-time biomolecular interactions*’. Four synthetic HIV Env
gp140 proteins, including UG37 (clade A), SF162 (clade B), JRFL (clade
B), and C1086 (clade C), were immobilized onto biosensors. For each
mRNA-encoded antibody, we measured association rate constant (k,)
and dissociation rate constant (kq), from which equilibrium dissocia-
tion constant (Kp) values were calculated, where lower Kp values
indicate stronger binding affinity. Association/dissociation curves
revealed that SC-IgM-tail antibodies exhibited higher binding signals,
with this trend being particularly notable in the PGT121 + VRCO7 co-
expressed group (Fig. 4a). To compare binding affinity across groups,
K, and K4 values were plotted on iso-affinity kinetic plots, with diag-
onal lines representing Kp values (Fig. 4b). Most PGT121 antibodies
showed Kp values between 10 and 100 nM, while VRCO7 antibodies
demonstrated stronger affinity, with Kp values between 1 and 10 nM.
Co-expression of PGT121 and VRCO7 resulted in clustered Kp values
around 10 nM, indicating that VRCO7’s strong binding affinity could
complement PGT121 when co-expressed.

Repeating VHH domains via nanobody engineering enhances
potency

Heavy chain-only antibodies from llama and their variable regions
(VHH), also known as nanobodies, are potential alternatives to con-
ventional mammalian immunoglobulins due to their high binding
affinity and smaller sizes. In particular, J3-VHH has demonstrated
broad and potent neutralization against various HIV-1 strains*’. Build-
ing on this, we designed mRNAs encoding GPl-anchored J3-VHH (a)3)

derivatives with the following modifications: (1) addition of 1x, 2%, and
4x repeated VHH domains and (2) addition of an IgG constant heavy
chain fragment (Fc) to VHHSs (Fig. 5a). To confirm expression of the six
resulting engineered VHH nanobodies, A549 cells were transfected
with each mRNA and stained with anti-VHH and anti-human IgG sec-
ondary antibodies. aJ3s with or without Fc were similarly expressed on
the cell surface regardless of the number of repeated domains.
Decreased Fc signal was observed for aJ3-4x-Fc, likely due to steric
hindrance and potentially decreased translation rate of the longer
mRNA** (Fig. 5b). JESS Western blot results confirmed increased
molecular weights proportionate to the number of VHH repeats:
33 kDa for aJ3, 42 kDa for aJ3-2x, and 60 kDa for aJ3-4x (Fig. 5c). The
aJ3s-Fcs showed two populations of monomeric and dimeric heavy
chain-only antibodies: 51 and 103 kDa for aJ3-Fc, 57 and 123 kDa for aJ3-
2x-Fc, and 73 and 151 kDa for aJ3-4x-Fc.

To test our hypothesis that increasing the number of VHH
domains would improve affinity, we conducted BLI binding kinetic
assays for the six VHH derivatives under the same conditions used to
test the co-expressed, isotype-modified PGT121 and VRCO7. In most
cases, the binding affinity was proportionate to the number of VHH
repeats, particularly within the VHH-Fc groups (Fig. 5d and Supple-
mentary Fig. 4). An exception was represented by GPl-anchored J3s
without Fc, where aJ3’s binding affinity was stronger than aJ3-2x. This
may be due to its low molecular weight and rapid diffusion, and lower
probability of steric hindrance, which facilitates ligand-nanobody
interaction. Additionally, the results showed that incorporating Fc
increased binding affinity by inducing the formation of two popula-
tions of nanobodies, monomeric and dimeric, with 4 and 8 VHH
domains, respectively, in the case of aJ3-4x-Fc.

In TZM-bl neutralization assays, the six VHH variants displayed
robust neutralizing capabilities against SHIV-KNH1144p2 (clades A),
SHIV-162p3 (clade B), SHIV-1157ipd3N4, and SHIV-C109 (clade C) but
were ineffective against SHIV-AE16 (clade AE), HIV-1-RV217 (Fig. Se).
Like the BLI results, their neutralizing capabilities increased with the
number of VHH domains and with the addition of Fc. For instance, aJ3-
Fc neutralized SHIV-KNH1144p2 (clade A) with an ICso of 125.3 ng/mL,
but aJ3-2x-Fc and aJ3-4x-Fc showed enhanced neutralizing capabilities
against the same virus with ICsq of 25.4 ng/mL and 3.7 ng/mL, respec-
tively. aJ3 also showed exceptional neutralization, likely due to its small
size. Overall, these results suggest that the potency of nanobodies can
be enhanced by increasing the number of VHH domains and incor-
porating Fc.

mRNA-transduced macaque vaginal explants are protected
from SHIV infection

Before conducting an in vivo challenge, we performed ex vivo tissue
infection studies. To confirm local protein expression in vaginal
mucosa of rhesus macaques, we first administered 1mg of GPI-
anchored nanoluciferase (aNluc)-encoding mRNA intravaginally using
an aerosolizer, as previously described”. Whole reproductive organs
were collected 24 h post-administration, and luminescent signal was
visualized using an in vivo imaging system (IVIS) upon its substrate
application. Robust and localized expression was detected across the
vaginal surface, while no luminescence signal was observed in the
upper reproductive tracts (ovaries and uterus) or adjacent iliac lymph
nodes, confirming spatial restriction of expression to the lower tract
(Supplementary Fig. 5a).

To assess pharmacokinetics of antibody expression, SC-PGT121
algG mRNA was administered intravaginally, and vaginal secretions
were collected over time. IgG levels in vaginal secretions increased on
day 3, indicating that the expressed algGs remained in the tissue until
day 1 before gradually being released (Supplementary Fig. 5b). Based
on these observations, we selected 24 h post-administration as the
optimal time point for vaginal biopsy collection in the subsequent
ex vivo challenge study.
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Fig. 4 | Biolayer Interferometry (BLI) binding kinetics for PGT121 and VRC0O7
with different isotypes. a Association and dissociation curves showing the inter-
actions between HIV Env proteins and antibodies at three different antibody con-
centrations. b Two-dimensional iso-affinity kinetic plots of mRNA-encoded PGT121,
VRCO7, and their combination (PGT121+ VRCO7). The table summarizes the

equilibrium dissociation constants (Kp), where lower values indicate higher binding
affinity, along with the association (K,) and dissociation constants (Ky). Diagonal
dashed lines represent K, values. Reported Ky, values are the average of three
experiments using an independent antibody dilution series.

For the ex vivo challenge study, mRNAs were delivered intravag-
inally, and vaginal pinch biopsies were collected 24 h post-treatment.
Biopsies were infected ex vivo with SHIV strains from different clades
and incubated in tissue culture media. Excess virus was washed out
after 2 h, and the culture media were collected and replaced on days 4,
7, and 10 to measure the levels of viral protein p27, serving as an
indicator of SHIV replication in the tissues (Fig. 6a).

We first tested protection upon co-expressing GPl-anchored
PGT121 and VRCO7 IgGs, and Fc-incorporated a)3-2x (aJ3-2x-Fc)
(Fig. 6b). Vaginal biopsies from both control macaques showed
robust viral production after infection with all three SHIV strains
tested. Biopsies from macaques administered mRNA encoding SC-
PGTI121 algG showed lower yet measurable viral production than
controls. However, complete protection was achieved upon either

co-expression of algG (SC-PGT121 + VRCO7 algG) or expression of aJ3-
2x-Fc, regardless of doses tested (1 or 3 mg). These results demon-
strated that the combination of PGT121 and VRCO7 and incorporation
of Fc in the nanobody efficiently protected vaginal tissues ex vivo. We
then tested protection by different isotypes, including PGT121 algG,
slgA, algA, and IgM-tail (Fig. 6¢). Incomplete protection was observed
with PGT121 algG and PGT121 slgA, while algA and IgM-tail success-
fully protected the tissues from SHIV-162p3 (clade B) and SHIV-C109
(clade C). Lastly, the effects of co-expressed, isotype-modified anti-
bodies were tested against four different SHIV strains (Fig. 6d).
Compared to SC-PGTI121 algG, SC-VRCO7 algG conferred complete
protection against SHIV strains from clades A, B, and C, suggesting
that protection observed with SC-PGT121 + VRCO7 algG in Fig. 6b was
primarily attributable to VRCO7. However, SC-VRCO7 algG failed to
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Fig. 5 | Nanobody engineering for enhanced potency. a Schematic of GPI-
anchored J3-VHH constructs with repeated domains (1x, 2%, and 4x) and J3-VHH-Fc
constructs. VHH domains are linked by two repeats of G4S linker ((G4S),), and the
IgG CH2 and CH3 with the hinge region are attached to VHH to form J3-VHH-Fc.
Created in BioRender. Santangelo, P. (2025) https://BioRender.com/z117hh5.

b Expression of J3-VHH derivatives in A549 cells. Each J3 nanobody was visualized
using anti-VHH-AF488 (green) and anti-human IgG-AF647 (white). The scale bar
represents 20 um. ¢ JESS Western blot analysis of aJ3, aJ3-2x, aJ3-4x (without Fc) and

aJ3-Fc, aJ3-2x-Fc, aJ3-4x-Fc (with Fc). d BLI binding kinetic assays of J3-VHH deri-
vatives. Association and dissociation curves showing the biomolecular interactions
between HIV Env proteins and nanobodies are presented in the graphs, with three
different concentrations of each nanobody. The equilibrium dissociation constants
(Kp) are summarized in the corresponding table. e TZM-bl neutralization assays of
J3-VHH derivatives against SHIV/HIV. ICsos are summarized in the corresponding
table. All neutralization assays were performed in duplicates and repeated at least
twice in independent assays.

protect against SHIV-AE16, aligning with in vitro neutralization data
shown in Fig. 3f. Although co-expressed SC-algG was not tested
against SHIV-AE16, in vitro data suggest limited expected ex vivo
efficacy. While co-expressed SC-sigA showed lower protection
against SHIV strains from clades A, B, and C compared to co-
expressed algGs, it provided partial protection against SHIV-AE16.
Most importantly, the combination of mRNA-encoded PGT121 and
VRCO7 as an IgM-like multimer achieved near-complete protection
against all the strains tested.

Intravaginal mRNA delivery induces minimal systemic or local
toxicity in female rhesus macaques

To evaluate the safety of mRNA-encoded antibodies delivered intra-
vaginally, we first assessed systemic responses in female rhesus
macaques treated with SC-PGTI121+VRCO7 IgM-tail, SC-PGT121+
VRCO7 algA, or a negative control. Blood samples were collected at
baseline and 24 h post-administration, and changes in clinical para-
meters were analyzed. Blood chemistry results showed no significant
alterations in liver enzymes, renal markers, or other systemic
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Fig. 6 | Macaque ex vivo explant SHIV challenges. a mRNAs encoding each
antibody were delivered intravaginally into rhesus macaques using an aerosolizer
(n=2 per group). Cervicovaginal tissue biopsies were collected 24 h post-
administration and subsequently infected with different SHIV strains. Untreated
explants were served as a negative control. Tissue culture media were collected on
days 4, 7, and 10, and the viral replication in the biopsies was determined using SIV
p27 antigen capture assays. Created in BioRender. Santangelo, P. (2025) https://
BioRender.com/u70z502. b Efficacy of tissue protection via IgG co-expression and
J3-VHH-Fc against SHIV strains from clade A, B, and C. The mRNA dose was 1 mg,

1500 200

except for group 4, which received 3 mg. (dpi: days post-infection) ¢ Efficacy of
tissue protection via SC-PGT121 with various isotypes against SHIVs from clades B
and C. All groups received 1 mg doses. d Efficacy of co-expressed, isotype-modified
SC-PGTI21 and VRCO?7 in protecting tissues against SHIVs from clades A, B, C, and
AE. All groups received 1 mg doses. The lower detection limit of the assay is

31.25 pg/mL (dashed vertical line). The p27 values shown for each collection
represent the amount of viral replication which occurred between the successive
collections.

indicators, with exception of a modest increase in alanine amino-
transferase (ALT) and total protein in the algA group (Fig. 7a and
Supplementary Fig. 6a). A similar ALT elevation was also observed in
the untreated control group, while the IgM-tail group showed no
increase. These data suggest that observed ALT elevations are unlikely
to be treatment-related and may instead reflect transient, non-specific
stress responses, such as those caused by anesthesia or handling®.
Importantly, ALT levels in all groups mostly remained within normal
physiological range.

Similarly, the effects of delivered mRNA on peripheral blood
mononuclear cells (PBMCs) were evaluated. Most immune cell popu-
lations showed no significant alterations in cell number, proliferation,

or activation. In the IgM-tail group, a slight increase in proliferation of
non-classical monocytes and a slight decrease in proliferation of
plasmacytoid DCs (pDCs) were observed in the heatmap, but these
changes were not statistically significant (Fig. 7b and Supplementary
Fig. 6b). Furthermore, multiplexed cytokine/chemokine analysis
demonstrated no evidence of systemic inflammation in any groups
(Fig. 7c and Supplementary Fig. 10a).

To evaluate local tissue responses, reproductive tract tissues
(vaginal, cervical, and uterine) were collected from two female maca-
ques, one treated with 1 mg of aNluc mRNA and one untreated control,
at 24 h post-administration. Hematoxylin and eosin (H&E) staining was
performed to evaluate histopathological changes (Fig. 7d and
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mononuclear cell (PBMC) profiling by flow cytometry (see Supplementary Fig. 6b).
¢ Cytokine and chemokine levels measured by multiplexed immunoassays (see
Supplementary Fig. 10a). d Representative H&E-stained sections of female repro-
ductive tissues from untreated (negative control) and mRNA-treated animals. The
scale bar represents 100 um. Additional images are shown in Supplementary

Fig. 10b.

Supplementary Fig. 10b). A board-certified veterinary pathologist
scored the tissues based on epithelial integrity, leukocyte infiltration,
edema, and vascular congestion. No histological abnormalities were
observed in the tissues treated. Morphological features were com-
parable to the control group, with no evidence of inflammation,
necrosis, epithelial or stromal injury, atypia, or degenerative changes.

Taken together, these findings indicate that intravaginal
mRNA delivery is well tolerated, without notable signs of systemic
toxicity, immune activation, or local tissue damage at 24 h post-
treatment. These results support the safety of localized mRNA
administration and its potential for clinical application in mucosal
immunoprophylaxis.
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Fig. 8 | Systemic expression of mRNA-encoded IgA and IgM-tail antibodies via
lipid nanoparticles (LNPs). a Experimental design. For SC-PGT121 + VRCO7 IgA or
IgM-tail formulations, LNPs were diluted in saline at a 4:4:2 ratio. The LNP mixtures
were delivered two times on days O and 2 via retro-orbital (RO) injection at 2 mg/kg
dose (n=5 per group). Serum samples were collected on day 3. Created in BioR-
ender. Santangelo, P. (2025) https://BioRender.com/hjOjyqn. b Quantification of

IgA and IgM-tail antibodies by ELISA. Data are presented as mean + SD. ¢ TZM-bl
neutralization assays of mice serum samples against SHIV/HIV. Data are presented
as mean + SD. The 50% inhibitory concentrations (ICso) are summarized in the
corresponding table. All neutralization assays were performed in duplicates and
repeated at least twice in independent assays.

mRNA-encoded antibodies are effectively expressed and retain
functionality in two different species via alternative delivery
methods

We evaluated potency enhancement through co-expression and iso-
type modifications using an alternative delivery method and animal
model. mRNAs encoding SC-PGT121 and SC-VRCO7 in their sIgA or
IgM-tail forms were formulated into lipid nanoparticles (LNPs) and
administered intravenously to mice in two doses (Fig. 8a). Serum
samples were collected and quantified, with concentrations of 19.2 ug/
mL for sIgA and 82.8 pg/mL for IgM-tail (Fig. 8b). Their neutralizing
capabilities were then evaluated using TZM-bl neutralization assays
against SHIV and HIV strains from different clades (Fig. 8c). Consistent
with our previous results, [gM-tail groups demonstrated substantially
enhanced neutralizing ability against all the viruses tested compared
to the IgA group, particularly rescuing potency against HIV-1-RV217
(clade AE). These results suggest that mRNA-encoded antibodies can
be effectively expressed in different species while maintaining their
functional properties. Additionally, this suggests that systemic mRNA
delivery via LNPs offers a potential complementary approach to loca-
lized intravaginal delivery, potentially enhancing overall neutralizing
effect for HIV prevention.

Discussion

Despite rapid progress in long-duration antiretroviral therapy (ART)
formulations for PrEP, the need for a sustained drug regimen has not
gained uniform approval among various populations at risk, especially
those at low risk, and/or necessitating only transient on-demand pro-
tection. Thus, alternative strategies, such as local administration of a
preventative at the portal of infection, remain desirable. HIV bnAbs
have been shown to prevent infections of non-human primates with
SHIV, yet the route of administration of such a drug would require a
medical environment, and the cost of bnAb production remains
markedly high*’.

This study demonstrates the feasibility of single-chain mRNA-
encoded antibodies, exhibiting comparable expression profiles to
conventional dual heavy and light chain mRNA systems but with
improved heavy and light chain assembly. This simplified production
approach offers numerous advantages, including consistent antibody
expression in complex combinations and potential cost reductions. In
addition, while improper stoichiometry between heavy and light
chains in the dual-chain system may lead to excess free light chains,
raising potential concerns about light chain deposition disease, the
single-chain system mitigates this risk**. Previous studies by
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Narayanan et al. have developed single-chain variable fragment (scFv)-
Fc constructs*’, and Stadler et al. have created bispecific Fab-(scFv),
constructs*®, both excluding the constant heavy 1 (CHI) domain. In
contrast, our single-chain mRNA system includes entire antibody
sequences with the CH1 domain, which may play a crucial role in
controlling the binding affinity of the variable region***°.

Several clinical trials have demonstrated that delivering multiple
bnAbs is effective for HIV prevention and treatment, as it can increase
coverage against high HIV-1 diversity and arising bnAbs-resistant
variants”®*', While enhancing breadth, co-expressing PGT121 and
VRCO7 maintains potency levels comparable to those observed with
each bnAb expressed individually. The mRNA expression platform
simplifies this and avoids costly antibody purification processes. While
here we enhanced breadth and potency by combining potent bnAbs
targeting different sites in HIV Env, this single-chain mRNA-encoded
antibody approach could be multiplexed, with inclusion of immuno-
contraceptives and antibodies against other sexually transmitted
infections in a single dose. In addition to the mRNA platform’s versa-
tility, we further explored modifications to enhance potency and
breadth by designing IgA forms of bnAbs and incorporating an IgM-
tail, aiming to improve antibody functionality within mucosal
environment.

Abundance and active transport of IgA and IgM in mucosal
immunity, compared to IgG, can be attributed to their specific struc-
tural and functional properties”. Mucosal IgA primarily exists as a
dimer with a J-chain, making it resistant to proteolytic degradation in
harsh mucosal environment™. IgM exists as a pentamer, providing high
avidity for antigens and effectively agglutinating pathogens’. Lever-
aging these characteristics for mucosal delivery, we designed IgA
forms of bnAbs and incorporated an IgM tailpiece to IgG, while
keeping variable regions unchanged. These modifications remarkably
enhanced neutralizing ability against various SHIV/HIV strains, parti-
cularly enabling neutralization of SHIV-C109, SHIV-AE16, HIV-1 92/RW/
024, HIV-1 93/RW/002, HIV-1 94/UG/118, and HIV-1-RV217, which were
not neutralized by the same mRNA-expressed bnAbs in their 1gG
forms. These findings are critical as they demonstrate a remarkable
increase in the breadth of these antibodies, crucial for combating
highly mutating viruses. While underlying mechanisms are not fully
understood, several explanations have been suggested for the differ-
ence in antibody affinity and specificity with identical variable regions
but different constant regions. Recent studies have shown that IgM
provides more effective viral protection than IgG, attributed to
increased avidity and epitope-dependent steric hindrance®***. Another
possible explanation is that modification of constant regions can affect
electrostatic and hydrophobic interactions at variable regions, making
the antigen-binding site more flexible or rigid, with subtle conforma-
tional changes®*. Our study demonstrated potency enhancement
with mRNA-expressed IgM-tail antibodies by adding IgM tailpiece
sequence to IgG. These findings underscore the critical role of con-
stant region modifications in optimizing antibody efficacy.

Similarly, nanobody engineering results suggest that increasing
the number of VHH domains can enhance potency (Fig. Se). The
exception of monomeric aJ3 is probably due to its smaller size than the
other five VHH derivatives, which likely allows it to access the Env
trimers with less steric hindrance and more rapid diffusion. This
property suggests the potential for broader applications when co-
expressed with other antibodies. Although VHH modifications
improved binding affinity and neutralizing capability, they did not
confer the ability to neutralize SHIV/HIV strains from clade AEs, in
contrast to the enhanced potency observed with the PGTI21 and
VRCO?7 in IgM-tail format. This is probably due to differences in spatial
arrangement of binding domains. In multimerized sIgA and IgM-tail
formats, flexible configuration may enable simultaneous engagement
of multiple Env proteins on a single virion or even crosslink multiple
virions, potentially resulting in viral aggregation. In contrast, VHH

domains multimerized in a linear string may be sterically constrained,
limiting such multivalent interactions. The observation that potency
enhancement was more pronounced with Fc-fused VHHs further
supports this interpretation. Furthermore, incorporating an Fc could
offer several benefits beyond doubling VHH domains. Apart from
directly neutralizing viruses, antibodies can also activate immune
effectors via their Fc domains, interacting with Fc receptor-expressing
immune cells and the complement system®”*%, Additionally, successful
incorporation of an Fc can open opportunities for isotype modifica-
tions, such as IgA or IgM-tailed form of VHHSs, expecting similar
enhancements seen with PGT121 and VRCO7 IgA and IgM-tail con-
structs. Overall, our findings demonstrate feasibility of mRNA-encoded
nanobody system and its design strategies.

Previously, our group has shown successful expression of func-
tional IgGs in the female reproductive tracts (FRT) of sheep and rhesus
macaques. We achieved this through aerosolized intravaginal delivery
of conventional dual heavy and light chain mRNAs, and assessed their
neutralizing abilities using ex vivo explant SHIV challenge”. The ex vivo
method provides a rigorous assessment as it directly exposes the
epithelium, removing natural physical barriers. Building on this work,
we have further demonstrated enhanced potency in rhesus macaques
using co-expressed, isotype-modified bnAbs based on the single-chain
mRNA system. It is worth noting that our ex vivo challenges utilized a
small number of animals per group (n=2). However, despite this lim-
itation, the results indicated high sensitivity to viral infection in non-
protected tissues, with all control animal biopsies productively infec-
ted by all SHIV strains tested. Groups with one of two animals pro-
tected could be interpreted as having some level of effectiveness,
though with insufficient potency. Despite these limitations, co-
expressed IgM-tail group showed robust protection against all tested
viruses, indicating potential efficacy for in vivo challenges.

With intravaginal administration of SC-PGT121 algG mRNA,
increased PGT121 IgG levels were detected in day 3 vaginal secretions,
suggesting delayed release from local tissue expression. While this
supports mucosal antibody expression, we acknowledge limitations in
our pharmacokinetic (PK) assessment. Specifically, vaginal swab sam-
pling method only captures antibodies present in luminal fluids,
whereas a potentially significant portion may remain within the tissue,
where protective activity is most relevant. Furthermore, unlike con-
ventional PK studies using blood samples, mucosal PK assessment is
complicated by biological factors, such as menstrual cycle-dependent
fluid variability, mucus accumulation, natural secretion, and menstrual
shedding. These variables can affect both the amount of fluid recov-
ered and assay accuracy. Given these challenges, we recognize the
need for a more refined and standardized approach to characterize PK
in the female reproductive tract. In addition, our findings suggest that
intravaginal delivery of mRNA-encoded antibodies is well tolerated in
female rhesus macaques. All of the data support the safety of localized
mRNA delivery to the FRT and provide a strong foundation for future
studies involving mucosal mRNA-based antibody approach.

While we demonstrated localized protection in the FRT of rhesus
macaques, we also administered LNPs containing mRNAs encoding for
SC-PGTI21 and SC-VRCO7 slgA or IgM-tail intravenously to mice, con-
firming that the IgM-tail group exhibited remarkably enhanced neu-
tralizing ability compared to the IgA group, consistent with our results
in NHPs. This study suggests that our mRNA-encoded antibodies are
effectively expressed and retain their functional properties regardless
of the host tissue in which they are expressed. Moreover, this approach
offers an additional mode for HIV protection, potentially synergizing
the neutralizing effect with localized intravaginal delivery.

In conclusion, this study demonstrates how the single-chain
mRNA-encoded antibody system has the potential to enhance breadth
and potency of current bnAbs, highlighting the need to reevaluate
current antibody discovery approaches. Our findings also indicate new
potential drug formulations for intravaginal mRNA delivery to protect
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women from HIV infection, as well as possible applications in pre-
venting other sexually transmitted infections. Future research will
focus on durability studies, further optimization of delivery methods,
and in vivo challenge studies to validate the effectiveness of our
approach to prevent HIV acquisition. This, in turn, will contribute to
the development of more efficient and versatile mRNA-based HIV
prophylactics.

Methods

Ethics approval

All the experiments using rhesus macaques were performed under
ethical guidance and upon approval from the University of Louisiana
Institutional Animal Care and Use Committee (IACUC protocol 2020-
8803-09). All the mouse studies were approved by the Emory Uni-
versity Institutional Animal Care and Use Committee (IACUC protocol
PROT0202300033).

Animals

Sexually mature female rhesus macaques (Macaca mulatta), aged six to
fourteen years, were used for the ex vivo SHIV challenge studies. Ani-
mals were obtained from the New Iberia Research Center Specific
Pathogen-Free (SPF) breeding cohorts and housed individually in barrier
facilities under BSL2+ containment at the New Iberia Research Center.
The animals were cared for in compliance with the Guide for the Care
and Use of Laboratory Animals, and all experiments were approved by
the University of Louisiana IACUC. They were fed a diet of monkey chow
(Teklad), supplemented daily with fresh fruits or vegetables, and water
ad libitum. All procedures were performed under anesthesia with Tela-
zol and/or ketamine. The vaginal mucosa of animals was examined by a
veterinarian before and after procedures, and animals in their menstrual
period were excluded from this study. Animals were humanely eutha-
nized via intravenous barbiturate administration, consistent with
American Veterinary Medical Association recommendations.

Six to eight-week-old C57BL/6J female mice (Mus musculus)
(Jackson Laboratory, stock #: 000664) were used in the LNP study in
accordance with the approved IACUC protocol. Mice were maintained
in a SPF barrier facility with controlled environmental conditions
(20-24 °C, 30-70% humidity, 12:12 light/dark cycle). Experimental and
control groups were housed separately but within the same facility.
The animals were acclimatized for a week before any procedures and
were fed ad libitum. The LNP injection and blood sample collection
were carried out under sedation by isoflurane inhalation. Following
blood collection by cardiac puncture, animals were euthanized by
cervical dislocation.

Cell culture

A549 cells were sourced from the American Type Culture Collection
(ATCC, CCL-185) for the cell staining experiments to confirm the
expression of mRNA-encoded antibodies. The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11995) supple-
mented with 10% fetal bovine serum (FBS, Cytiva, SH30071.03) and 1%
penicillin-streptomycin (Corning, 30-002-Cl). Passaging was per-
formed when cells reached 90% confluence, and the cells were main-
tained at 37 °C with 5% CO,.

Expi293F cells, purchased from Thermo Fisher Scientific (A14528),
were used for antibody production and were cultured in Expi293
expression media (Thermo Fisher Scientific, A1435101) using an orbital
shaker at 125rpm. Sub-culturing was performed according to the
manufacturer’s protocol, and the cells were maintained at 37 °C with
8% CO,.

SHIV/HIV stocks
The SHIV-KNH1144p2 (clade A), SHIV-162p3 (clade B), SHIV-1157ipd3N4
(clade C) and SHIV-C109p5 (clade C)*° viruses were propagated at New

Iberia Research Center (NIRC) by infecting ConA (1 pg/mL)-stimulated
rhesus macaque PBMCs and culturing infected cells with complete
media supplemented with 50 U/mL rMamulL-2 (Resource for nonhu-
man primate Immune Reagents, NIRC) for 21 days after stimulation.
Viral supernatants were tested for the amount of virus (SIV p27) by
ELISA using the SIV p27 antigen capture assay kit (ABL, 5436). Super-
natants with p27 values>100 ng were pooled, sterile filtered, and
stored separately in 1 mL aliquots in liquid nitrogen. The SHIV-AE16
(clade AE) virus stock was kindly provided by Dr. Dan Barouch’s
laboratory®®, SHIV-KNH1144 by Dr. Ruth Ruprecht’s laboratory®, and
SHIV-C109 by Dr. Cecilia Cheng-Mayer’s laboratory®?. The HIV-1-RV217
(clade AE, 40100) viral stocks were obtained from the National
Institutes of Health (NIH) AIDS Research and Reference Reagent Pro-
gram. Those SHIV or HIV-1 stocks were titrated on TZM-bl reporter
cells for 50% tissue culture infective dose (TCIDso) by luminescence
[relative luciferase unit (RLU)] and on vaginal explants from untreated
naive macaques. The same virus stocks were used throughout
the study.

In vitro transcription of mRNA

Plasmid DNAs encoding different antibodies were synthesized by
GenScript based on the mRNA sequences provided in Supplementary
Data 1. mRNA synthesis was performed as previously described®**.
First, constructs were in vitro transcribed (IVT) using the Hiscribe T7
kit (New England Biolabs, E2040S), incorporating NI-
methylpseudouridine (Crystal Chem, 13946). Resulting RNA was
enzymatically capped with a Cap-l structure using 2’-O-methyl-
transferase (Aldevron, 9130), guanylyl transferase (Aldevron, 9131),
and polyadenylated. Finally, the IVT mRNA was treated with Antarctic
Phosphatase (New England Biolabs, M0289L). Purity was determined
by capillary electrophoresis (Agilent, DNF-471). All mRNA concentra-
tions were greater than 5 mg/mL.

In vitro mRNA transfection and antibody collection

For A549 cell transfection, the cells were prepared in 24-well glass-
bottom plates with 80% confluency. The mRNAs and Lipofectamine
MessengerMAX reagent (Thermo Fisher Scientific, LMRNAO15) were
diluted in Opti-MEM medium (Gibco, 31985070) separately. The
mRNAs (1pg total) were mixed with 1.5uL of the reagent, and the
resulting mRNA-MessengerMAX complex was added to the cells. The
transfected cells were incubated for 24 h prior to cell staining.

For Expi293F cells, 7.5 x 107 cells were prepared in a 125 mL flask
with 30 mL of Expi293 expression medium. A total of 75 pg of mRNAs
and 112.5 uL of Lipofectamine MessengerMAX reagent were diluted in
Opti-MEM medium separately and then mixed. The mRNA-
MessengerMax complex was added to the cells, with incubation for
48 h. To collect the secreted antibodies, the cells were centrifuged at
1000 x g for 10 min, and the supernatant was collected and con-
centrated with Amicon Ultra-15 Centrifugal Filters (Millipore Sigma,
UFC9050). To collect the GPl-anchored antibodies, the PI-PLC (Milli-
pore Sigma, P5542) solution was prepared and used to release the
surface-bound antibodies, according to the method described in
Vanover et al.”>. The transfected cells were centrifuged at 300 x g for
5min, and the cell supernatant was discarded to remove unanchored
proteins. The cell pellet was then washed with 1 x PBS and centrifuged
again. After discarding the supernatant, the PLC solution (2.5 U/mL)
was added to the cells and incubated for 1h at 37 °C on the orbital
shaker. The cell suspension was then centrifuged at 1000 xg for
10 min, and the supernatant was collected. The collected solution was
concentrated with Amicon Ultra-15 Centrifugal Filters. The antibody
concentrations were quantified by human IgG or IgA ELISA kits
(Abcam, abl95215, ab196263) according to the manufacturer’s
instructions. Data from n =3 independent experiments are shown as
individual values and their mean.
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Immunofluorescence

mRNA-transfected A549 cells were washed with 1 x PBS and fixed using
4% paraformaldehyde (Electron Microscopy Sciences, 157-8). To detect
membrane-bound antibodies (algGs and algAs), the fixed cells were
blocked with 5% BSA (Gibco, 15260037). For the detection of secreted
antibodies (slgAs and IgM-tails), the cells were permeabilized using
0.1% Triton X-100 (Millipore Sigma, X100) for 5 min at RT, followed by
blocking with 5% BSA. Alexa Fluor 488 AffiniPure Donkey Anti-Human
IgG (H+L) (Jackson ImmunoResearch Laboratories, 709-545-149),
Goat Anti-Human IgA alpha chain (DyLight 488, pre-adsorbed) (abcam,
ab98553), and MonoRab Rabbit Anti-Camelid VHH Cocktail [iFluor
488] (GenScript, A02021) were used to capture the mRNA-encoded
IgGs, IgAs, and J3 nanobody derivatives, respectively. The nuclei were
stained with DAPI (Sigma-Aldrich, D9542). After staining, ProLong
Gold Antifade Mountant (Invitrogen, P10144) was applied, and cover
glasses were placed over the cells. Andor BC43 microscope system
(Oxford Instruments) was used to image the cells, and the images were
analyzed with Imaris Image Analysis Software (v10.1.0). This was per-
formed at least twice, and representative images were presented in
the figure.

Capillary electrophoresis-based Western blots (JESS)

The JESS automated Western blot system (Bio-Techne, 004-650) was
used to analyze mRNA-expressed antibodies according to the manu-
facturer’s instructions. Capillaries with size ranges of 12-230 kDa or
66-440 kDa were selected based on the size of the analytes (Bio-
Techne, SM-W001, SM-W005). Samples were diluted and mixed with
5x fluorescent master mix. To avoid reducing the antibodies, DDT
solution was omitted from the master mix. The samples were dena-
tured by heating at 95 °C for 5 min and then kept on ice until loading
into the cartridge. For IgG detection, an anti-human secondary-HRP
(Bio-Techne, 043-491-2) was used, and for IgAs, goat anti-human IgA
alpha chain (HRP) (abcam, ab97215) was used as a secondary antibody
without using primary antibodies. For VHH detection, MonoRab Rab-
bit Anti-Camelid VHH Cocktail (GenScript, AO2014) and anti-rabbit
secondary HRP antibody (Bio-Techne, 042-206) were used as primary
and secondary antibodies, respectively.

Western blots for IgM-tail antibody

The IgM-like multimers larger than 440 kDa were characterized by
Western blots as described by Karola Vorauer-Uhl et al.®. Samples were
diluted with NuPAGE LDS sample buffer (Invitrogen, NPOO0O7) and
loaded onto NativePAGE 3-12% Bis-Tris gels (Invitrogen, BN1001BOX).
The samples were run with Nupage Tris-Acetate SDS running buffer
(Invitrogen, LAOO41) at 200 V for 2 h. The gels were briefly washed and
transferred into 0.45 um PVDF membranes (Thermo Fisher Scientific,
88518) at 20 V for 1 h. The membrane was blocked with 5% non-fat dry
milk (Santa Cruz Biotechnology, sc-2324) in TBST at RT for 2 h. For
detection, a rabbit anti-human IgG antibody (Abcam, ab109489) was
applied with a 1/1000 dilution and incubated for 2 h at RT. As a sec-
ondary antibody, goat anti-rabbit IgG-HRP (Abcam, ab6721) was used
with a 1/1000 dilution and incubated at RT for 1 h. Radiance Q chemi-
luminescent substrate (Azure Biosystems, AC2101) was treated on the
membrane and waited for 1 min at RT. The membrane was imaged by
Western blot imaging systems ¢400 (Azure Biosystems).

Biomolecular interaction analysis using Octet Biolayer
Interferometry (BLI)

Binding kinetics of antibodies and nanobodies were performed with
HIV-1 Env proteins (obtained from NIH AIDS Reagent Program)
including clade A: UG37 gpl40 (Cat. #12063), clade B: SF162 gp140
Trimer recombination Protein (Cat. #12026), and JRFL gp140 recom-
binant protein (BJRFL gpl40CF; Cat. #12573), and clade C: C.1086
gp140C (Cat. #12581). Briefly, HIV-1 Env ligands were biotinylated using
EZ-Link Sulfo-NHS-LC-Biotinylation kit (Thermo Fisher Scientific,

21435). The proteins were incubated with biotin for 2 h on ice. Residual
biotin was removed using a desalting column and buffer exchanged
with PBS.

The analyte-ligand binding kinetics assay was run on the BLItz
platform (Fortebio) using the advanced kinetics module with a default
shaker speed of 2200 rpm at 25 °C. The run parameters for each assay
are mentioned below. Prior to running the assay, the Octet Streptavi-
din (SA) Biosensors (Sartorius, 18-5020) were hydrated for 10 min in
kinetics buffer (0.1% BSA in 1x PBS buffer). The same buffer was used to
dilute the ligand and analyte (twofold dilution series). The hydrated
probe was then loaded with specific concentrations of biotinylated
ligand (UG37: 80 pg/mL, SF162: 10 pg/mL, JRFL: 40 pg/mL, C1086:
10 ug/mL) for 5 min. Following the loading step, association with the
analyte was monitored for 2 min. The tips were then moved to the tube
containing buffer to monitor dissociation for 2 min. The association
and dissociation curves were fitted with a 1:1 binding model using BLItz
Pro software (Fortebio), which provided the association and dissocia-
tion rate constants (k,, kg) and the equilibrium dissociation constant
(Kp). Reported Kp values are the average of 3 experiments using
independent antibody dilution series.

TZM-bl neutralization assays

The neutralization activity of antibody against multiple SHIV strains
(clades A, B, C, or AE) was measured using a standard protocol of
luciferase-based HIV-1 neutralization assay in TZM-bl cells (Dr. Montefiori
laboratory, Duke University). Briefly, equal volume (50 uL) of fivefold
serial diluted antibody and titrated SHIV virus (10°RLU) were pre-
incubated for 1h at 37 °C. Freshly trypsinized TZM-bl cells (10,000 cells
in 100 pL of 10% FBS-supplemented DMEM media containing 15 pyg/mL
DEAE-dextran) were added to each well and cultured for 48 h at 37 °C. At
48h, the cells were lysed, and luminescence (RLU) was measured
using a BioTek Synergy HT microplate reader. The background lumi-
nescence (RLU) from cell control wells was subtracted from the lumi-
nescence for each experimental well. The neutralization curves and 50%
inhibitory concentration (ICsp) were calculated and generated using
GraphPad Prism (v10.3.1) software. All neutralization assays were per-
formed with duplicate wells and repeated at least twice in independent
assays.

mRNA delivery in rhesus macaques

The mRNA samples were prepared by diluting them into 3.33 mg/mL in
nuclease-free H,0. The diluted mRNA solutions were loaded onto 1 mL
high-pressure syringes (Medline, DYNJSYRPCO1W). The MADgic
Laryngo-Tracheal Mucosal Atomizer (Teleflex, MAD720) was con-
nected to the syringe. Rhesus macaques were sedated with Telazol/
ketamine and positioned in ventral recumbency. The cervicovaginal
mucosa was visualized with a speculum to check up, and mucus on the
cervicovaginal wall was cleared away by gently swabbing with cotton
tips. The delivery was performed as previously described”. Two doses
of 150 uL. mRNA samples were sprayed on each animal: one onto the
cervical os at a1 cm distance and the other onto the vaginal surface ata
2-3 cmdistance from the cervix. All animals received 1 mg of mRNAs in
300 L in total. All physical exams, mRNA doses, administration times,
and other notes were recorded.

Luminescence imaging of local protein expression in rhesus
macaques

Atotal of 1 mg of mRNA encoding GPI-anchored nanoluciferase (aNluc)
was administered intravaginally to two female rhesus macaques. After
24 h, animals were euthanized, and FRTs and iliac lymph nodes were
collected. The FRTs were bisected longitudinally along the coronal
plane to expose the luminal surface. Tissues were incubated in Nano-
glo Luciferase Assay Substrate (Promega, N1150) diluted 1:50 in 1x PBS
for 5 min. Luminescence signals were captured using an IVIS (Perkin
Elmer) and analyzed using Living Image software (v4.8.2, Revvity).
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Macaque vaginal secretion collection

Vaginal secretions were collected using Weck-cel swabs (Beaver-Visitec
International, 0008685) pre-soaked with 50 uL of PBS. Under sedation,
swabs were placed into the vaginal lumen for 5 min, then transferred to
QIAshredder columns (Qiagen, 79656) and centrifuged at 20,000 x g
for 10 min. Subsequently, 200 uL of PBS containing 1x Halt protease
inhibitor cocktail (Thermo Scientific, 78429) was added to each swab,
followed by incubation on ice for 15 min. After additional centrifuga-
tion, the recovered secretions were collected and stored at —80 °C
until analysis.

Quantification of mRNA-expressed antibody in macaque vaginal
secretions

SOSIP BG505.664 Env proteins®” (provided from Albert Cupo’s
laboratory) were diluted to 10 ug/mL in 1x PBS, coated onto high-
binding 96-well plates (Corning, 9018), and incubated O/N at 4 °C.
Plates were washed, and vaginal secretion samples, alongside SC-
PGT121 algG standards produced in Expi293F cells, were added and
incubated for 1h at RT. After washing, goat anti-human IgG-HRP
(1:5000; Abcam, ab6858) was added and incubated for 1 h. Following a
final wash, TMB substrate solution (Thermo Scientific, 34018) was
added and incubated for 20 min. Reactions were stopped using stop
solution (Thermo Scientific, N600), and absorbance values were
measured using a microplate reader (BioTek). Antibody concentra-
tions were calculated by interpolation from a standard curve using
GraphPad Prism 10 (v10.3.1).

Macaque ex vivo explant SHIV challenges

Vaginal tissue explants (similar size of 2-3 mm in diameter) were col-
lected 24 h post-administration in testing groups of rhesus macaques
or from untreated macaques. Each vaginal explant was placed indivi-
dually in a well of a 24-well plate and challenged ex vivo with 2.0 x 10*
TCIDso of SHIV-KNH1144p2 (clade A), 5.5 x10* TCIDso of SHIV-162p3
(clade B), 4.8 x10* TCIDso of SHIV-C109p5 (clade C), and 1.4 x10*
TCIDso of SHIV-AE16 (clade AE) for 2 h at 37 °C. The untreated explants
served as negative controls. After 2h of infection, explants were
thoroughly washed out with PBS, and then placed on presoaked Sur-
gifoam rafts (Ethicon, 1969) in individual wells of 24-well plates con-
taining 500 uL of explant culture media (RPMI 1640, 10% FBS, 1%
antibiotic-antimycotic). On days 4, 7, and 10, supernatants from the
cultures were harvested and replaced with fresh explant culture media.
The extent of viral replication in tissue explants was determined by
measuring SIV p27 antigen concentrations in supernatants using the
SIV p27 antigen capture assay kit (ABL, 5436) according to the manu-
facturer’s instructions.

Systemic assessment of mRNA toxicity

EDTA plasmas were collected before and 24 h after intravaginal mRNA
administration. Plasma samples were aliquoted and stored at —80 °C
until analysis. Blood chemistry was conducted using the Superchem
panel, performed by the Emory National Primate Research Center.
Multiplex cytokine and chemokine profiling was conducted by the
Emory Multiplexed Immunoassay Core using U-PLEX and V-PLEX cus-
tom non-human primate (NHP) biomarker assay kits (Meso Scale
Diagnostics).

Immunophenotyping by flow cytometry

Immunophenotyping of T cells, B cells, NK cells, monocytes, and
dendritic cells (DCs) was conducted by flow cytometry using cryo-
preserved peripheral blood mononuclear cells (PBMCs) isolated from
whole blood on day O (pre-mRNA dosing) and day 1 (post-24 h dosing).
One million cryopreserved PBMCs were thawed in complete RPMI
medium supplemented with 10% FBS and rested overnight at 37 °C
before staining. The next day, PBMCs were first stained with live/dead
viability dye (Invitrogen, L3224) to exclude dead cells. The cells were

washed with PBS supplemented with 2% FBS and surface-stained at
4 °C for 30 min with the following antibodies: anti-CD3 Alexa 700 (BD
Biosciences, 557917), anti-CD4-FITC (BD Biosciences, 550628), anti-
CD8-BV650 (BioLegend, 301042), anti-CD20-APC-Cy7 (BD Biosciences,
335812), anti-NKG2a (CD159a)-APC (Beckman Coulter, A60797), anti-
CD14-PE (BioLegend, 301806), anti-CD16-BV711 (BioLegend, 302044),
anti-CD123-PerCP-Cy5.5 (BD Biosciences, 558714), anti-CD11c-PE-Cy7
(BioLegend, 301608), anti-BDCA-1 (CDIc)-Pacific Blue (BioLegend,
331508), anti-HLA-DR-PE-CF594 (BD Biosciences, 562304), and anti-
CD86-BV605 (BioLegend, 305430). For intracellular staining, the cells
were first fixed and permeabilized with Cytofix/Cytoperm (BD Bios-
ciences, 554714) for 30 min, washed with 1x Perm/Wash, followed by
staining with anti-Ki-67-BV786 (BD Biosciences, 563756). Stained cells
were fixed in 1% formaldehyde and acquired on a BD FACSAria Fusion
cell sorter. Flow cytometry data were analyzed using FlowJo (v10.7.1).
For each cell population, a singlet, followed by live cells were first
gated. For T cells: CD3" cells were gated and divided into CD4" and
CD8" T cells. For B cells: CD20" CD14™ cells were gated. For NK cells,
CD16" NKG2a* cells were gated from CD8" cells. Monocytes were gated
from CD3™ CD8 CD20™ HLA-DR" cells and further divided into three
subsets: classical CD14* CD16~ monocytes, intermediate CD14" CD16"
monocytes, and non-classical CD14~ CD16" monocytes. DCs were gated
from CD3™ CD8 CD16™ HLA-DR' cells and further divided into two
subsets: plasmacytoid DC (pDC), identified as CD123* CD1ic’, and
myeloid DC (mDC), identified as CD123™ CD11c” BDCA-1". In addition,
each gated population was further analyzed for the proliferation
(Ki67%) and activation (HLA-DR" or CD86°), respectively.

Histologic evaluation of female reproductive tissues
Histopathological assessment was conducted to evaluate potential
local changes in the female reproductive tract (FRT) by intravaginal
aNluc mRNA administration. Female reproductive tissue samples were
collected from two rhesus macaques (one control, one treated) and
fixed in 10% neutral buffered formalin (VWR, 10790-714). Tissue blocks
approximately 1cm?® in size were prepared from the vagina, cervix, and
uterus, and processed by the Emory Cancer Tissue and Pathology core.
Sections were embedded in paraffin, sectioned, stained with H&E, and
mounted for analysis. Histological examination was done by a board-
certified veterinary pathologist. Evaluation criteria included epithelial
architecture, glandular organization, stromal integrity, vascular mor-
phology, and presence or absence of inflammatory infiltrates.

LNP formulation

The mRNAs were diluted in 10 mM citrate buffer (pH 3) to create the
aqueous phases. To prepare the organic phases, cKK-E12 (Organix, O-
8744), cholesterol (Sigma, C8667), C14-PEG 2000-PE (Avanti Polar
Lipids, 880150P), and DOPE (Avanti Polar Lipids, 850725 P) were added
to 100% ethanol at a ratio of 35:46.5:2.5:16. A mass ratio of 20 (lipid/
mRNA) was used for all in vivo formulations. The two phases were
mixed using a NanoAssemblr benchtop device containing a micro-
fluidic cartridge (Precision NanoSystems, NINOO61) at an aqueous to
organic flow rate ratio of 3:1 at 12 mL/min. The LNPs were next diluted
6x in 10 mM Tris buffer and concentrated using 30 kDa MWCO cen-
trifugal filters (Millipore Sigma, UFC903096), followed by a 7x diafil-
tration with 6% (w/v) sucrose. After sterile filtering, particle size was
determined by dynamic light scattering on a Zetasizer Pro (Red)
(Malvern Panalytical). A RiboGreen assay (Invitrogen, R11490) was
performed to calculate the encapsulation percentage and concentra-
tion of mRNA cargos. After size and concentration were characterized,
LNP solutions were diluted with 6% sucrose to the desired final con-
centration, aliquoted, and stored at —80 °C until use.

LNP delivery to mice
The LNPs encapsulating mRNAs of SC-PGT121 IgA, SC-VRCO7 IgA, and J
chain were mixed at a 4:4:2 ratio and diluted to 0.4 mg/mL in 0.9%
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Sodium Chloride Injection (Hospira, 00409-4888-10) to prepare the
dose for IgA. Likewise, the LNP samples for IgM-tail antibodies were
prepared by mixing the mRNAs encoding SC-PGTI21 IgM-tail, SC-
VRCO7 IgM-tail, and J chain at the same ratio and concentration. The
LNP mixtures were loaded onto a 1-mL syringe, and a 27-G needle was
connected to the syringe. C57BL/6) mice were anesthetized by iso-
flurane inhalation before each retro-orbital (RO) injection. In the first
injection (day 0), 40 ug in 100 pL (2 mg/kg) was delivered to the left
side of the eye, and the same dose was delivered to the alternate side of
the eye two days after the first dose (day 2). On day 3, mice blood was
collected from cardiac puncture and centrifuged at 2000 xg for
10 min. The serum was collected and stored at —80 °C until TZM-bl
neutralization assays. The concentrations of mRNA-expressed anti-
bodies in mouse serum were determined by human IgG or IgA ELISA
kits (Abcam, ab195215, ab196263) according to the manufacturer’s
protocols. Data are presented as mean + SD.

Statistics and reproducibility

Experimental data were analyzed and plotted using GraphPad Prism 10
(v10.3.1). Statistical analyses included two-way ANOVA with Sidak’s
multiple comparisons and Pearson correlation analysis. Error bars
represent standard deviation (SD). Sample sizes (n) and the number of
independent biological replicates are specified for each experiment in
the figure legends. Representative images and data are from experi-
ments that were independently repeated at least three times with
consistent results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided with this paper.
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