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There is a clear need for low-cost, self-applied, long-lasting ap-
proaches to prevent human immunodeficiency virus (HIV)
infection in both men and women, even with the advent of
pre-exposure prophylaxis (PrEP). Broadly neutralizing anti-
bodies represent an option to improve HIV prophylaxis, but
intravenous delivery, cold-chain stability requirements, low
cervicovaginal concentrations, and cost may preclude their
use. Here, we present an approach to express the anti-GP120
broadly neutralizing antibody PGT121 in the primary site of
inoculation, the female reproductive tract, using synthetic
mRNA. Expression is achieved through aerosol delivery of un-
formulated mRNA in water. We demonstrated high levels of
antibody expression for over 28 days with a single mRNA
administration in the reproductive tract of sheep. In rhesus
macaques, neutralizing antibody titers in secretions developed
within 4 h and simian-HIV (SHIV) infection of ex vivo explants
was prevented. Persistence of PGT121 in vaginal secretions
and epithelium was achieved through the incorporation of a
glycosylphosphatidylinositol (GPI) anchor into the heavy chain
of the antibody. Overall, we present a new paradigm to deliver
neutralizing antibodies to the female reproductive tract for the
prevention of HIV infections.

INTRODUCTION
Human immunodeficiency virus (HIV) remains a substantial
public health burden worldwide, with 36 million people infected
and 1.8 million new cases per year.1 More than 90% of infections
occur via sexual contact and the estimated probability of
infection of the female genital tract (FRT) is 1 in 200–2,000
per coital act, depending on the viral burden in the donor.2,3

Recipient factors providing protection include mucus, antimicro-
bials present in genital secretions, intact tight junctions between
epithelial cells, lactobacillus-dominated microbiome, and
genetic factors.4 The increased use of anti-retroviral therapy
(ART) has markedly improved the outlook of HIV-infected
patients and the recently approved pre-exposure (PrEP) and
Mo
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post-exposure prophylaxis regimens are >90% efficacious. PrEP
however, consists of a daily use regimen, with a high probability
of non- or partial adherence, the potential for side effects, expen-
sive cost, and a lack of coverage against other sexually transmitted
infections (STIs). Therefore, alternative approaches suitable for
self-application in the treatment and prevention of HIV could
prove useful.

Virus introduced into the FRT lumen via ejaculate or released
from infected donor cells rapidly permeates the vaginocervical epithe-
lium by passive diffusion, perhaps as quickly as within 30 min5,6 and
reaches systemic lymph nodes in less than 24 h.7 Thus, intervention
strategies should counteract initial virus seeding and replication in
the lower FRT and prevent trafficking of virions to regional lymph
nodes.

HIV envelope (Env) is expressed on the surface of virions and infects
cells as a trimeric glycoprotein of two non-covalently associated sub-
units, gp120 and gp41, responsible for binding CD4 receptors on
target cells and mediating membrane fusion, respectively. For genital
immunoglobulin G (IgG), it appears that neutralization of Env is a
major factor in protection from viral acquisition.8

Broadly neutralizing antibodies (bNAbs), characterized by
their ability to neutralize a broad assortment of HIV strains
with high potencies, have been isolated from a small subset
of infected individuals.9 Passive immunoprophylaxis by paren-
teral administration of bNAbs has been shown to prevent infec-
tion,10–12 and even post-exposure,13 and is currently being tested
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for its ability to reduce viral reservoirs in HIV-infected pa-
tients14,15 and suppress viral recrudescence after ART interrup-
tion.16 In one study, administration of bNAbs to monkeys during
acute SHIV infection led to long-lasting CD8+ T cell immunity
that suppressed virus long after administered antibody titers
were undetectable.17

To protect patients from mucosal HIV infection, antibodies deliv-
ered parenterally must reach the genital compartment through
transudation from the serum. It has been estimated that the con-
centration of antibody in the serum is approximately 90-fold
higher than in vaginal secretions.2 The amount of bNAb required
in genital secretions to prevent infection decreases with higher
binding affinities. For the bNAb PGT121, with a relatively high
binding affinity (KD = 0.086 nM), genital secretion concentrations
as low as 30 ng/mL are estimated to provide neutralizing protec-
tion.2 There also appears to be a time delay between the peak
serum concentration of injected antibody (which is almost imme-
diately) and the peak concentration in the vaginal secretions,
although the magnitude of this delay is dependent on the specific
antibody.12,18 While systemically administered bNAbs have
demonstrated promising anti-viral properties, the large doses
and uncertain time required for genital secretions and tissues to
reach sufficient concentrations suggest that local application of
bNAbs could provide a viable alternative. Direct vaginal applica-
tion of bNAbs before challenge protected non-human primates
(NHPs),19 but the half-life of such an approach is likely on the or-
der of several hours.20

Our group recently demonstrated that administration of mRNA
in water by lung aerosol led to the expression of membrane-
anchored neutralizing antibodies against respiratory syncytial vi-
rus that protected mice from infection.21 Here, we explored the
use of the cervicovaginal mucosa as a platform to express
mRNA-encoded bNAbs at the site of infection. Specifically, we
demonstrated that aerosolized mRNA induces expression of
PGT121 at high concentrations in the vagina and cervix in
sheep and rhesus macaques. These models were chosen because
(1) sheep are a reasonably accurate anatomical model of the adult
human FRT and (2) macaques are compatible with SHIV infec-
tions, allowing for neutralization assays in cervical biopsies and
secretions.22–25

Critically, protein expression was detected within 4 h post-delivery
of mRNA. Incorporation of a glycosylphosphatidylinositol (GPI)
membrane anchor to the heavy-chain (HC) Fc domain of PGT121
(aPGT121), allowed for protein expression up to 28 days after a
single administration. In comparison, secreted PGT121 levels
decreased substantially by 3 weeks. Furthermore, in rhesus macaques,
aPGT121 was able to inhibit SHIV infections of cervicovaginal
biopsies infected ex vivo as a challenge model.26 Overall, we present
a new paradigm for transient expression of neutralizing antibodies
against HIV in the female genital tract, with the possibility of multi-
plexing against other pathogens.
806 Molecular Therapy Vol. 28 No 3 March 2020
RESULTS
Aerosolized Transfection Delivers mRNA into the Cell

Cytoplasm

We hypothesized, based on our prior work, that aerosolizing
mRNA diluted in water may transfect other mucosal interfaces,
such as the FRT.21 This method avoids induction of innate
immunity and inflammation, which can be activated by many
common synthetic mRNA carriers,27,28 and facilitates potential
translation to the clinic. The use of water as an mRNA solvent
is substantiated by prior research, which demonstrated that
hypotonic formulations markedly increased the rate at which
small molecule drugs and muco-inert nanoparticles reached
the vaginal epithelial surface in mice29,30 or rectal epithelial
tissues in monkeys.26 We employed a vertical in vitro apparatus
to transfect cell monolayers with aerosolizers (Figure S1A).
Upon aerosol transfection to Vero cells, the mean fluorescence
intensity (MFI) of mRNA-encoded GFP was significantly
higher compared to either the pDNA-encoded or control treat-
ments (Figures 1A and 1B).

To initially investigate the uptake mechanism involved with
aerosol-based transfection, we transfected monolayers of adherent
cells with Dylight 650 fluorescently labeled GFP mRNA, through
the use of complementary oligos annealed to its 30 untranslated
region (30 UTR).31–33 At discrete time points after spraying, the
fraction of nucleic acid outside of the endosomal compartment or
nucleus was estimated using fluorescence microscopy (Figure 1C).
Since approximately 30% of the mRNA signal overlapped with en-
dosomal markers, it follows that approximately 70% of aerosolized
GFP mRNA was found to be cytosolic 15 min post-delivery (Fig-
ure 1D). There was a slight, but not significant, increase in endo-
some localization over time (up to 6 h) (Figure 1E). Therefore,
aerosol transfection likely delivers unformulated nucleic acids
directly into the cytosol of cells, allowing rapid access to the ribo-
somal machinery and subsequent protein expression.
mRNA Aerosolization Is Required to Transfect the Cervix

Epithelium

We explored the spatiotemporal parameters governing FRT trans-
fection in sheep, which have geometrically similar FRT compared
to humans. In the sheep used in this study, the distance from the
vaginal vestibule to the cervix was 9 –11 inches. We delivered
250 mg of firefly luciferase encoding mRNA in water to the FRT via
a MADgic Teleflex aerosolizer (Figures S1B and S1C). After 24 h,
the entire FRT was removed during postmortem necropsy, D-lucif-
erin substrate was applied, and an In Vivo Imaging System (IVIS)
was used to record the bioluminescence signal. As an alternative
delivery method, mRNA was “squirted” by high-pressure syringe
onto the cervix. Robust transfection of the cervix was observed
by aerosolization, but no signal was detected using a high-pressure
syringe (Figure 1F). These data indicate that aerosolization is a reli-
able means to transfect the cervix epithelium with synthetic mRNA
in water.



Figure 1. Aerosolized mRNA in Water Transfects Vero Cells and Ovine Cervical Epithelium, Likely through Direct Cytosolic Entry

(A) Vero cells were transfected via aerosol with H2O (control), GFP-encoding mRNA, or GFP-encoding plasmid complexed with Lipofectamine 2000 (pDNA+L2k). Cells were

fixed and imaged for GFP (green) at 24 h. Scale bars represent 30 mm. (B) Quantification of the GFP MFI on a per-cell basis, for each transfection condition. (C) Dye-labeled

mRNA (green) was delivered via aerosol to Vero cells and fixed at 30 s, 5 min, 1 h, 2 h, and 6 h post-transfection. Cells were then stained with a pan-endosomal marker

cocktail including: CD63, clathrin, caveolin, EEA1, and LAMP-1 (red). Scale bars represent 10 mm. (D) The extent of spatial overlap between the endosomal markers and

mRNA at each time point, up to 1 h. The Mander’s overlap coefficient reflects the proportion of mRNA that overlaps with the endosomal markers. (E) The proportion of mRNA

overlapping with the endosomal markers from 1 h to 6 h; contrast enhanced on a different scale than the acute time points in (D). (F) In live sheep, 250 mg of firefly luciferase

mRNA in H2Owas delivered to the cervix as a single dose with either a high-pressure syringe or via aerosolizer. A speculum was used to visualize the cervix in sedated sheep

during transfection. 24 h post-transfection, the animals were euthanized and subjected to necropsy. Luciferin was added to isolated cervix and luminescence quantified as

the average radiance (p/s/cm2/sr) per animal via an IVIS Lumina imaging system. Statistical comparison was performed using two tailed Mann-Whitney non-parametric

analyses. For all panels, *p < 0.05, ****p < 0.00005; error bars represent ± 95% confidence interval (CI).
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PGT121-NanoLuc Anchored to the Membrane of Cells Binds

SHIV

To ensure that experimentally relevant epithelium tissue was
examined during necropsy and subsequent tissue processing, a
luminescence reporter, nanoluciferase (NanoLuc), was fused to
the 30 end of PGT121 light chain (LC) (Figure 2A). Secreted
PGT121-NanoLuc (sPGT121-NanoLuc) was isolated by gentle
protein A/G purification of the supernatant after transient
transfection of adherent cells. The dynamic range for PGT121-
NanoLuc in solution was found to be nearly six orders of
magnitude (Figure S2). In a modified gp120 ELISA assay a sensi-
tivity of approximately 500 pg/mL was observed, on par with con-
ventional ELISA readouts, but with a greater dynamic range
(Figure S2).
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Figure 2. Transfected Cells Displaying Membrane-Anchored PGT121 on Their Surface Bind SHIV Virions

(A) Schematic of the PGT121-NanoLuc fusion protein, in secreted and anchored forms. NanoLuc was fused to the 30 end of the kappa light chains (2 per antibody

molecule). In the case of the membrane-anchored PGT121, a GPI anchor was fused to the 30 end of the HC. Total MW of anchored PGT121-NanoLuc was 195 kDa

(B) HEK293 cells were transfected with 1 mg of PGT121 mRNA, delivered at a 4:1 ratio of HC to LC with Lipofectamine 2000 (top row). Respiratory syncytial

virus neutralizing anchored Palivizumab (aPali) antibody mRNA was used as a control comparison (bottom row). 24 h later, DyLight 680-labeled SHIV particles

(red) were incubated with the transfected cells for 4 h without agitation. After washing 3�, the cells were fixed and immunostained with an anti-human secondary

antibody (green). (C) Average percentage overlap between SHIV virus and anchored antibodies from panel (B), using 30 cells per condition. The error bars represent

the mean ± 95% CI. (D) Anchored and secreted PGT121 was produced in Vero cells and purified. The mRNA-expressed antibodies were compared

against parental PGT121 for SHIV neutralization with either a clade B or clade C SHIV isolate. Error bars represent SD. (E) Anchored and secreted PGT121 fused

to NanoLuc was produced in Vero cells and purified. The mRNA-expressed NanoLuc fusion antibodies were compared against parental PGT121 for SHIV

neutralization with either a clade B or clade C SHIV isolate. Error bars represent SD. (F) mRNA-expressed anchored or secreted PGT121 either with or without

NanoLuc was purified, diluted, and tested for ADCC against SHIV162p3 (clade B). Complete dilution series (left) and percent maximal ADCC (right) are shown. Error

bars represent SD. Percent maximum ADCC compared by Kruskal-Wallis. (G) The same antibodies from (F) were purified, diluted, and tested for ADCC against

SHIV2871Nip (clade C). Complete dilution series (left) and percent maximal ADCC (right) are shown. Error bars represent SD. Percent maximum ADCC compared by

Kruskal-Wallis.
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Additionally, the GPI anchor of decay-associated factor (DAF)
was fused to the 30 end of the HC domain of the PGT121 mRNA
transcript (Figure 2A).34,35 The complete IgG, anchored PGT121
(aPGT121), efficiently localized to the cell surface when GPI
anchored-HC and LC mRNA transcripts were delivered simulta-
neously at a 1:4 mass ratio (Figure S3). As expected, the delivery
of mRNA encoding either single chain alone did not result in
significant staining with an anti-human secondary antibody, indi-
cating incomplete antibody formation.

Expressed aPGT121 retained the ability to bind SHIV virions when
displayed on the cell membrane. HEK293 cells were transiently
808 Molecular Therapy Vol. 28 No 3 March 2020
transfected with either aPGT121 or anchored palivizumab (aPali)
mRNA 24 h prior to addition of fluorescently labeled SHIV
AD8EO virions, and the cells were analyzed by confocal microscopy
(Figure 2B). Colocalization analysis indicated that aPGT121-ex-
pressing cells, but not aPali, were able to bind SHIV virions and
capture them at the surface of transfected cells (Figure 2C).

We then purified mRNA-expressed aPGT121 and sPGT121
with and without a NanoLuc and compared the clades B
(SHIV162p3) and C (SHIV2871Nip) SHIV-neutralizing capacity
of each construct to a parental PGT121 produced in Nicotiana
(PGT121-N). While both the anchored and secreted forms of



Figure 3. The Entire Sheep Cervicovaginal Epithelium Is Receptive to Transfection by Large Doses of aPGT121 mRNA

(A) A single 250 mg or 750 mg dose of aPGT121-NanoLuc was delivered by aerosol to the cervix. After 24 h, sheep were euthanized, FRT excised, luciferin added, and

luminescence measured via IVIS. Representative images demonstrating the intensity in each animal are displayed. (B) The FRT from an untreated sheep processed in

the same manner as in (A). (C) The average radiance at the cervix over the average radiance in the control animal, for each mRNA dosing group. Error bars represent

the ± 95% CI. (D) In 2 animals, aerosolized dye-labeled mRNA was delivered as previously described. After 24 h, the cervix was excised and processed for

immunofluorescence tissue imaging. The bottom panel represents secondary only control. DAPI, cell nuclei; white, aPGT121 mRNA; green, anti-NanoLuc antibody.

Section scale bars represent 10 mm. (E) aPGT121-NanoLuc mRNA was sprayed in four consecutive 750 mg doses, beginning at the cervix (marked as “1”) and

retracting caudally to distal vagina (“4”).
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mRNA-expressed PGT121 without a NanoLuc were not signifi-
cantly different from PGT121-N (Figure 2D), the fusion of the
NanoLuc reporter had a minor effect on the neutralization of
both clades (Figure 2E). Hence, aPGT121-NanoLuc anchored to
the plasma membrane retained Env binding capacity and neutral-
izing capacity.

Finally, to verify that mRNA-expressed antibodies retained similar
Fc function to the parental PGT121, we conducted an antibody-
dependent cell-mediated cytotoxicity (ADCC) assay using the
same clade B and clade C SHIV strains, respectively. No detectable
difference was measured between any of the mRNA-expressed
antibody forms and PGT121-N with either viral clade (Figures
2F and 2G). Notably, the concentration of PGT121 required to
elicit 50% neutralization or ADCC are significantly different.
This is consistent with previous reports that neutralizing capacity
and effector cell function, while related, are not completely depen-
dent on one another, and the relationship between titers for each
assay can vary depending on virus strain and neutralizing antibody
used.36 Therefore, mRNA-expressed antibodies, regardless of
membrane-anchor or NanoLuc modification, retain neutralizing
capacity and effector cell function comparable to the commercial
PGT121.

The Entirety of the Lower FRT Can Be Transfected by mRNA

Aerosol

In the luciferase expression experiments in Figure 1, a dose of 250 mg
mRNA was arbitrarily chosen. To determine whether higher doses of
mRNA lead to production of more antibody, we treated three sheep
each with either 250 mg or 750 mg of mRNA; all treatments were
administered in a 300 mL volume. After 24 h, the FRT was removed
after euthanasia and necropsy and 2 mL of NanoLuc substrate was
applied to cover the entire vaginal, cervical, and uterine epithelium;
IVIS imaging was used to observe the location and quantify the lumi-
nescence from each animal (Figure 3). Luminescence at and sur-
rounding the cervix was higher in all 750 mg dosed animals (Figures
Molecular Therapy Vol. 28 No 3 March 2020 809
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Figure 4. aPGT121 Persists in Vaginal Secretions out to

28 Days Post-transfection

Three sheep were transfected with two doses of 750 mg of

mRNA encoding for aPGT121, while another two sheep were

transfected with an equal mass of sPGT121 mRNA. Vaginal

secretions were collected at 1, 7, 14, 21, and 28 days post-

transfection. (A) Longitudinal sampling of PGT121 concen-

trations over time, for all animals. The horizontal asymptote

represents the limit of detection. Individual and mean values

can be found in Table S1. (B) Antibody concentrations in

vaginal secretions were quantified via western blot analysis,

using a standard curve of purified PGT121-NanoLuc protein.

The expected size of aPGT121-NanoLucwas confirmed to be

around 195 kDa. For secreted antibody, the LC uncoupled

from the HC, resulting in a 54 kDa band.
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3A–3C). Given the increase in expression, subsequent experiments
utilized 750 mg of mRNA per dose.

To visualize mucosal transfection via microscopy, we delivered fluo-
rescently labeled mRNA to the cervix via aerosol. At 24 h, FRT tissue
was removed, fixed, and immunostained for NanoLuc, allowing
for both mRNA and protein visualization. Expressed aPGT121 was
localized to both the cervical epithelial layer and stromal cells (Fig-
ure 3D). Surprisingly, both mRNA and protein expression were de-
tected well below the outer-most epithelial layers. A secondary only
control demonstrated a lack of non-specific binding by the secondary
antibody.

We next explored whether both the vaginal and cervical epithelia were
equally permissive to transfection. Four sprays, 750 mg each, were
applied sequentially starting at the cervix, with 2–3 cm retractions af-
ter each administration (Figure 3E). The amount and distribution of
expressed protein were assessed via IVIS imaging at 24 h. In both
tested animals, aPGT121-NanoLuc expression was detected
throughout the vagina and cervix with similar luminescence intensity
maximums (Figure 3E). These data suggest that both the vagina and
cervix epithelia can be efficiently transfected via aerosol.

Membrane Anchoring Retains PGT121 in Genital Secretions and

FRT Epithelium

Our next goal was to evaluate the pharmacokinetics of the anchored
(aPGT121) and secreted (sPGT121) forms of PGT121 over 1 month
in two physiologically relevant compartments—genital secretions
and the FRT mucosa. We hypothesized that aPGT121 would be re-
tained in the secretions and mucosa longer than sPGT121. After
delivery of two 750 mg doses of either aPGT121 or sPGT121 to
sheep, genital secretions were collected longitudinally on a weekly
basis and PGT121 concentrations were quantified via western blot
(Figure 4; Figure S4). The GPI anchor retained aPGT121 at high
concentrations in genital secretions compared to sPGT121. Secre-
tion kinetic patterns of aPGT121 were consistent: maximum
bNAb concentration at 24 h, followed by a plateau from 7 to
810 Molecular Therapy Vol. 28 No 3 March 2020
21 days, after which concentrations began to decrease (Figures 4A
and 4B; Table S1). At 28 days, the average aPGT121 concentration
was 40 mg/mL. In contrast, sPGT121 concentrations peaked at
24 h and then decreased to barely above 10 mg/mL at 14 days. The
maximum mean concentration of PGT121 was achieved at 24 h,
with 210 mg/mL and 80 mg/mL for anchored and secreted
PGT121, respectively. Since we did not assay sPGT121-treated ani-
mals at 28 days, it is possible that anchored and secreted antibody
concentrations are similar at this time point.

We also evaluated the distribution of PGT121 on the mucosal surface
over time. Anchoring PGT121 to the cell membrane surface
retained the expressed antibody in the epithelium for at least 1-
month post-transfection, while sPGT121 amounts were significantly
reduced by 2 weeks (Figure 5). PGT121-NanoLuc in the mucosal
compartment was evaluated at 14 and 28 days post-transfection in
two ways: (1) IVIS imaging of NanoLuc signal directly following
necropsy (Figures 5A and 5B) and (2) quantitative western blot37

following tissue pulverization (Figures 5C–5E). The luminescence
signal in all aPGT121 tissues (n = 6) was higher than in sPGT121
tissues (p = 0.024). sPGT121 transfected animals at 28 days were
originally scheduled but were repurposed, after assessing the low
signal results at 14 days. Again, because we did not assay sPGT121-
treated animals at 28 days, it is possible that anchored and secreted
antibody concentrations are similar at this time point, and such
studies should be performed in future work.

From each FRT explant taken at 28 days, regions of caudal vagina,
rostral vagina, cervix, and uterus were removed, using the IVIS signal
as a guide (Figure 5C). We estimated by western blot that the average
concentration of aPGT121 across the three animals was above 1 mg
per mg of tissue (Figure 5D). Surprisingly, similar quantities of anti-
body were measured in each section of the FRT, for a given animal
(Figures 5D and 5E). Interestingly, while only rostral vagina and
cervix received doses of mRNA, aPGT121-NanoLuc localized to other
regions of the FRT, likely a result of DAF GPI linker re-association
with cellular membranes after release.38



Figure 5. aPGT121 Persists in the FRT Mucosa at 28

Days Post-transfection

(A) IVIS imaging of the excised lower FRT at 14 days and

28 days post-transfection. 28-day samples for sPGT121

transfected animals were not collected due to the low signal

observed at 14 days. (B) Average radiance of the secreted

and anchored PGT121-NanoLuc constructs. Mann-Whit-

ney non-parametric analysis was used to compare the two

groups (C) After 28 days, tissue samples were excised un-

der the guidance of IVIS signal, snap-frozen, and pulverized

for downstream western blot analysis. (D) Day 28 post-

transfection aPGT121 concentrations in excised cervix,

vagina, uterus, and caudal vagina were estimated using

quantitative western blot. Five animals, euthanized at

28 days, were used in total. (E) Western blot demonstrating

the characteristic aPGT121 band at 195 kDa for all regions

of the FRT of one treated sheep, compared to control cervix.
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PET/CT Imaging Detects mRNA in the FRT

To characterize aerosolized mucosal mRNA trafficking and localiza-
tion, we labeled PGT121 encoding mRNA orthogonally with 64Cu, an
approach described recently by our group.39 250 mg of radiolabeled
mRNA was delivered in two 125 mg doses, one at the ectocervix
and a second dose after a 2–3 cm retraction of the atomizer within
the vagina. Three rhesus macaques were treated in total. PET/CT im-
aging was performed at 70 min, 4 h, 24 h, 48 h, and 72 h post-admin-
istration (Figure 6).

Our visualization target during speculum insertion and mRNA deliv-
ery was the cervical os, which was the focal point of mRNA transfec-
tion, as resolved in the PET/CT imaging (Figure 6A; Video S1). Be-
tween 70 min and 4 h, the PET signal in the FRT decreased by
approximately 50%–67% (Figure 6B). After this initial rapid decrease,
the rate of standard uptake value (SUV) decline from 4 h to 72 h
decreased and resembled a more linear process (Figure 6B). A poten-
tial cause of the rapid decrease over the first 4 h is that excess mRNA
in the delivery volume was excreted from the vagina. Excess mRNA is
not surprising considering that the original aerosol parameters were
optimized in sheep, and the vaginal vault of a rhesus macaque is
smaller; therefore, aerosol parameters were adjusted for the
remainder of the NHP studies. Hence, the radioactive signal also pro-
vided useful insight into the efficiency of the delivery method.

When the amount of radioactivity in the FRT (SUVFRT) was reported
relative to the total radioactivity in the body (SUVWhole Body), then the
relative amount of mRNA within the FRT remained constant over
48 h and increased between 48 to 72h (Figure 6C). This relative increase
in mRNA concentration in the FRT is likely due to the SUV values in
M

other organs, mainly draining lymph nodes
(LNs) (Figure 6D), decreasing below the limit of
detectiondue to eithermRNAor radioactive decay.

A large portion of the mRNA (>99%) was
restricted to the FRT, while a small fraction
of the mRNA was also detected via PET/CT in LNs 70 min after
aerosolized delivery (Figure 6D), including sacral, popliteal,
inguinal, femoral, iliac, para-aortic, and mesenteric LNs. After 48
h, the signal in the LNs was no longer detectable. However,
signal was still abundant in the FRT mucosal surface after 72 h
(Figures 6A and 6C), indicating retention of mRNA within trans-
fected cells.

Cervicovaginal Biopsy Explants Are Protected from SHIV

Challenge

To test protective efficacy across the FRT, we used an ex vivo bi-
opsy challenge model. Four female rhesus macaques were used:
two were sprayed with 250 mg, one with 400 mg, and one with
1,000 mg of aPGT121 mRNA. To minimize potential leakage of
excess mRNA solution, we reduced the dose volume to 150 mL.
mRNA was delivered in two sequential doses, once at the ectocer-
vix and then another dose 2–3 cm rostral in the vagina. Biopsies
were collected before and at 1 day post-transfection. In the
250 mg group, one sample was taken from the endocervix and
two from the vagina, while in the 400 and 1,000 mg groups, two
samples each were taken from the uterus, endocervix, ectocervix,
proximal vagina, and distal vagina. FRT biopsies were then chal-
lenged with SHIV162p3, a clade B Env virus. We observed a
dose-dependent decrease in p27 production in the biopsy explants,
with all baseline biopsies exhibiting productive infection (Fig-
ure 7A; Figure S5). While one explant produced strong p27 at
the 250 mg dose, this effect was diminished at 400 mg dose and
completely abrogated at the 1,000 mg dose, where none of the 10
biopsies from 5 different regions of the FRT yielded productive
SHIV infection.
olecular Therapy Vol. 28 No 3 March 2020 811
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Figure 6. Longitudinal PET/CT Monitoring of 64Cu Radiolabeled aPGT121 mRNA after Aerosolized FRT Delivery

(A–C) Two 125 mg doses of 64Cu radiolabeled aPGT121mRNAwere delivered via aerosol to first the cervix, then ~3–4 cm caudally in the vagina. A total of 200 mCi of 64Cuwas

administered. PET/CT imaging over 3 days was used to monitor mRNA biodistribution. (A) Representative PET/CT images of the abdomen and pelvis from 70 min to 72 h.

Contrast enhancement was adjusted to reflect the high SUV signals within the FRT. (B) The total SUV in the FRT over time. (C) The ratio of the total SUV in the FRT to the total

SUV contained within the entire body. (D) Whole-body PET/CT images of macaque RVg13 at 70 min and 24 h post-transfection. Numbers in white represent the total SUV

within the nearby organ. Contrast enhancement was adjusted to allow visualization of draining lymph nodes.
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Genital Secretions from aPGT121 mRNA-Treated Macaques

Neutralize SHIV In Vitro

To examine the functional activity of aPGT121, we collected secre-
tions from three biopsied macaques prior to transfection and post-
transfection with a 250 mg dose of aPGT121 mRNA at 4 h, 24 h, 48
h, 72 h, and 7 days. It is important to note that macaque RCo13
was transfected with an equal mass of only HC of aPGT121
mRNA. The secretions were evaluated for their ability to neutralize
SHIV through the TZM-bl neutralization assay (Figure 7B; Figure S6).
Genital secretions from animals transfected with whole aPGT121
mRNA demonstrated an ability to neutralize SHIV162p3 (clade B)
and SHIV2873Nip (clade C)40 out to 1 week. Critically, by 4 h
post-transfection, genital secretions already displayed substantial
neutralizing activity. The kinetics over time for the HC only (macaque
RCo13) construct suggest that without the association of the constant
regions of the HC and LC, either the binding pocket is compromised,
resulting in reduced neutralization, or ER trafficking is modulated by
binding of the ER molecular chaperone HC binding protein (BiP).41

DISCUSSION
The vaginal mucosa has been explored to deliver drugs both locally
and systemically due to its large surface area, a high degree of vascu-
larization, avoidance of first-pass metabolism by the liver, good drug
permeability, and its accessibility to allow self-application.42 Though
several approaches have had successes, protection from HIV acquisi-
tion has been a challenge, because most antimicrobials also damage
the epithelium, creating inflammatory conditions and a portal of en-
try for the virus.43,44

With the aerosolized, unformulated mRNA transfection platform
described here, the local production of transgene protein by the native
epithelium ensures that high tissue and secretion concentrations are
achieved quickly, while also ensuring that host glycosylation and
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other post-translational motifs are preserved. The entire lower FRT
was conducive to transfection by aerosolized, naked, synthetic
mRNA. Tethering PGT121 to the transfected cell surface using a
GPI anchor promoted genital secretion and tissue concentrations
well above neutralizing concentrations at 28 days post-transfection.
Moreover, mRNA-expressed aPGT121 retained the neutralizing ca-
pacity and effector-cell function of parental PGT121. Ex vivo
challenge of rhesus macaque FRT biopsy explants with SHIV demon-
strated tissue level protection due to aPGT121 tissue expression,
as well as antibody neutralization activity in secretions.

Recent data using fluorescent HIV suggest that all areas of the fe-
male reproductive tract can be considered vulnerable to infection.5

Thus, prophylactic approaches will likely need to protect the en-
tirety of the lower FRT. IVIS imaging at 1, 14, and 28 days demon-
strated that the entirety of the lower FRT epithelium expressed
aPGT121. However, by 14 and 28 days, the cervix was the site of
the majority of luminescent signal, perhaps in part due to differen-
tial turnover and shedding of epithelial cells, differences in cellular
metabolism, and the more superficial nature of basal stem cells at
the cervix compared to the stratified vagina. Surprisingly, at
28 days post-transfection, tissue lysates from each portion of the
FRT (caudal vagina, rostral vagina, cervix, and uterus) still con-
tained substantial aPGT121 concentrations, even though only
rostral vagina and cervix were directly transfected by aerosol. Tak-
ing into account that the GPI membrane anchor is not a permanent
tether and proteins can be cleaved by endogenous glycolipidases,45

it is possible that GPI anchored PGT121 is able to associate with
cell membranes of non-transfected cells, as suggested by prior
studies.46,47 In the case of genital secretions, the source of
aPGT121 is likely a combination of enzyme GPI anchor cleavage
and cell membranes, whether in the form of non-adhered cells or
as fragments, such as exosomes.



Figure 7. aPGT121 mRNA Protects Rhesus Macaque

Biopsy Explants from SHIV162p3 Challenge and Is

Neutralizing in Genital Secretions

(A) 250 (n = 2), 400 (n = 1), or 1,000 mg (n = 1) of aerosolized

aPGT121 mRNA was delivered to the ectocervix and rostral

vagina of rhesus macaques. From the 250 mg group, biopsy

explants were collected from the endocervix and vagina at

24 h post-transfection, while from the 400 and 1,000 mg

groups, two biopsies were collected from each of the indi-

cated regions at 24 h post transfection. Dotted vertical line

separates the two animals in the 250 mg group. Biopsies

were then challengedwith SHIV162p3 virus. Baseline biopsy

challenge data can be found in Figure S5. (B) The neutrali-

zation activity of genital secretions at 4 h, 24 h, 48 h, 72 h,

and 1-week post-transfection against clade B and C SHIV

strains was evaluated using the in vitro TZM-bl assay. All

macaques were treated with 250 mg of aPGT121 mRNA.

Macaque RCo13 was only transfected with aPGT121 HC

(i.e., no LC). The dashed horizontal line represents the lower

limit of detection. Complete dilution series neutralization data

can be found in Figure S6.
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In this study, the average PGT121 concentrations in both genital se-
cretions and mucosal epithelium remained above the predicted IC50

concentration of 30 ng/mL at 30 days.2 The amount of PGT121
required in the cervicovaginal mucosa (as opposed to the amount
within the secretions) to provide adequate protection is unknown. Ul-
timately, in vivo, both compartments will contribute to protecting
against HIV infection as virus is introduced into the vaginal lumen
and diffuses into the mucosa in search of underlying target cells.
Passive immunity against intravaginal SHIV infections by bNAbs
delivered via intravenous (i.v.) bolus injection is typically conferred
by clearance of the virus from distal tissues.13,48 This is unsurprising
given the significantly higher concentration of bNAb in circulation
versus vaginal lumen.2 Clearly, our local delivery approach of
mRNA-expressed bNAbs should be intensively tested in an intravagi-
nal SHIV challenge model in macaques.

Rapid expression kinetics were observed in sheep and rhesus ma-
caque models (less than 4 h) suggesting that aerosolized mRNA
transfection may serve as an acute therapeutic intervention at the
site of infection. If cervicovaginally expressed bNAbs have the poten-
tial to follow the same diffusion and trafficking routes as cell-free vi-
rions, mRNA transfection may be used in combination with paren-
teral bNAbs to prevent or attenuate initial virus seeding. PET/CT
tracking of mRNA further suggests that mRNA reaches systemic
lymph nodes within 70 min after aerosol administration; mRNA
expression in these secondary lymphoid organs was not evaluated
in this study, but future work will explore this observation further.
The majority of mRNA remained in the FRT, which is useful in pre-
venting liver expression and toxicity, and localized antibody produc-
tionmaymitigate development of anti-antibody responses.While sig-
nificant cytokine responses to mRNA delivery in the lung were not
observed in our previous work, future studies will assess the safety/
toxicity profile of local mRNA delivery to the cervicovaginal
mucosa.21

Another benefit of this platform lies in the relatively simple formu-
lation with water. When lyophilized, mRNA is extremely stable and
is not dependent on cold-chain storage conditions.49 The robust
transfections we observed, simplicity of the aerosolizer, and low
cost of IVT mRNA, all support the potential for on-demand use as
a self-applied prophylaxis technique.

Additionally, this platform provides a means to combine multiple
therapeutics into a single formulation, as reported here with the
simultaneous expression of antibody HCs and LCs, and in our previ-
ous study on respiratory syncytial virus (RSV),21 overcoming the
limits imposed by the use of delivery vehicles.30 Combinations of
neutralizing or non-neutralizing antibodies that target non-overlap-
ping gp120 and gp41 epitopes could be co-expressed, either as sin-
gle-chain antibodies such as single-domain camelids, ScFv, and
ScFvFc or as antibodies that share a HC or LC amino acid
sequence.50,51 There is some evidence that chronic controllers do
this naturally and develop multiple bNAbs targeting different, non-
overlapping sites on Env to suppress virus.9 Using optimal CD4bs,
V3, and MPER targeting antibodies simultaneously could result in
IC50’s as low as 0.01 mg/mL, with 100% breadth.52 Alternatively, bis-
pecific and trispecific ScFv antibodies consisting of the binding do-
mains of multiple bNAbs, increase the breadth of coverage and
display high binding affinities, and can be expressed from a single
mRNA transcript comparable in size to the ones used in this study.53
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Other STIs that correlate with HIV, such as herpes, hepatitis B, and
genital warts (human papillomavirus [HPV]), could be concomi-
tantly targeted with relevant antibodies or anti-microbial peptides.

This study suggests a complementary mRNA-based approach to large
dose systemic antibody injection to achieve rapid (less than 4 h) and
long-lasting (at least 28 days) neutralizing antibody concentrations
within the lower female reproductive tract, providing a firm basis
and rationale for an in vivo SHIV challenge in NHPs, and a possible
platform paradigm shift for the prevention and treatment of STIs.

MATERIALS AND METHODS
Animals

Yearling nonpregnant female Katahdin ewes were sourced from a
farm in Starkville, MS, and housed in the College of Veterinary Med-
icine Teaching and Research Pastures 11, 12, and 3 at Mississippi
State University. All experiments were reviewed and approved by
the Mississippi State University IACUC.

Female rhesus macaques (n = 3) used in this study were housed in
the BSL2+ housing of the New Iberia Research Center and main-
tained in accordance with the regulations of the Guide for the Care
and Use of Laboratory Animal and the studies were reviewed and
approved by the University of Louisiana IACUC. The macaques
were fed monkey chow (Purina) supplemented daily with fresh fruit
or vegetables with water provided ad libitum. All procedures in ma-
caques were conducted under sedation with Telazol and/or ketamine.

Cell Lines and Virus Culture

Vero and HEK293 cells were obtained from ATCC and cultured in
RPMI1640 media supplemented with L glutamine, 10% fetal bovine
serum (FBS), and antibiotics.

SHIV162p3 (simian immunodeficiency virus SIVmac239 backbone
with an HIV-1 clade B, R5-tropic envelope) was provided by Dr.
Nancy Miller, National Institute of Allergy and Infectious Diseases,
National Institutes of Health. SHIV2873Nip (SIVmac239 backbone
with an HIV-1 clade C, R5-tropic envelope isolated from a Zambian
infant) was obtained from Dr. Ruth Ruprecht, the Texas Biomed
AIDS Research Program, Texas Biomedical Research Institute. Both
viruses were propagated in rhesus peripheral bloodmononuclear cells
activated with Concanavalin A and recombinant interleukin-2 (IL-2).
Virus stocks were titrated in TZM-bl cells to derive the 50% tissue cul-
ture infective dose (TCID50). For neutralization assay, both viruses
were used at a concentration that resulted in 105 relative light units
(RLU) with a repeat titration of viral stocks in parallel to each assay.

Antibodies

For immunostaining, the primary antibodies used were mouse anti-
CD63 (Developmental Studies Hybridoma Bank, Cat. No. H5C6),
mouse anti-clathrin LC (Biolegend, Cat. No. MMS-423P), mouse
anti-caveolin (Abcam, Cat. No. ab17052), LAMP1 (Developmental
Studies Hybridoma Bank, Cat. No. H4A3), mouse anti-EEA1 (BD
Biosciences, Cat. No. 610456), and rabbit anti-NanoLuc (Promega).
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All primary antibodies for immunostaining experiments were used
at 1 mg/mL. Secondary antibodies used were donkey anti-mouse
Alexa Fluor 546 (Life Technologies) and donkey anti-rabbit Alexa
Fluor 488 (Life Technologies). All secondary antibodies for immuno-
staining experiments were used at 8 mg/mL.

For western blot, primary antibodies used were rabbit anti-NanoLuc
(Promega), and mouse anti-GAPDH (GeneTex, Cat. No. GT239),
diluted to 0.74 mg/mL and 1 mg/mL, respectively, in Odyssey blocking
buffer (LI-COR) with 0.1% Tween-20. The secondary antibodies were
a donkey anti-mouse IRDye 680RD (LI-COR) and a donkey anti-rab-
bit IRDye 800 (LI-COR) and were diluted 1:3,000 in Odyssey blocking
buffer with 0.1% Tween-20.
Synthetic mRNA In Vitro Transcription

The anchored and secreted PGT121 sequences were ordered as a
DNA gBlock from IDT (Integrated DNA Technologies; sequences
found in Table S2) containing a 50 UTR with Kozak sequence, a 30

UTR derived from the mouse alpha globin sequence, and extensions
to allow for Gibson assembly. The sequences were human codon opti-
mized using the IDT website. The gBlock was cloned into a PCR
amplified pMA7 vector (primers B1 and B2, Table S3) through
Gibson assembly using NEB Builder with 3� molar excess of insert.
All reaction transcripts were 0.8% agarose gel purified prior to assem-
bly reaction. Subsequent plasmids from each colony were Sanger
sequenced to ensure desired sequence fidelity.

Plasmids were linearized with NotI-HF (New England BioLabs) over-
night at 37�C. Linearized templates were purified by sodium acetate
(Thermo Fisher Scientific) precipitation before being rehydrated
with nuclease free water. IVT was performed overnight at 37�C using
the HiScribe T7 kit (NEB) following the manufacturer’s instructions
(N1-methyl-pseudouridine modified). RNA product was treated with
DNase I (Aldevron) for 30 min to remove template and purified using
lithium chloride precipitation (Thermo Fisher Scientific). RNA was
heat denatured at 65�C for 10 min before being capped with a Cap-
1 structure using guanylyl transferase (Aldevron) and 20-O-methyl-
transferase (Aldevron). Transcripts were then polyadenylated enzy-
matically (Aldevron). mRNA was then purified by lithium chloride
precipitation, treated with alkaline phosphatase (NEB), and purified
again. Concentrations were measured using a Nanodrop. mRNA
stock concentrations were 3–5 mg/mL. Purified RNA products were
analyzed by gel electrophoresis to ensure purity.
Particle Mediated In Vitro Transfections

Vero or HEK293 cells were transfected using either Lipofectamine
2000 (Thermo Fisher Scientific) or Neon electroporation system (In-
vitrogen), according to the manufacturer’s instructions, into a 24-well
plate (for imaging) and were transfected with the indicated amount
of mRNA per 200,000 cells. For mRNA encoding whole IgG, HC
and LCmRNAs were combined in a 4:1 mass ratio for equimolar con-
ditions. 20 h post-transfection, cells were fixed and immunostained
with or without permeabilization.
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Immunostaining

Vero or HEK293 cells were fixed with 4% paraformaldehyde (PFA)
(Electron Microscopy Sciences) for 10 min at room temperature
before permeabilization with 0.2% Triton X-100 (Sigma) for 5 min
at room temperature. Then, cells were blocked by incubation with
5% BSA (Calbiochem) for 30 min at 37�C before being incubated
with primary antibody for 30 min at 37�C. Cells were then washed
with PBS and incubated with secondary antibody for 30 min at
37�C. Multiple antibody labeling was performed simultaneously
after checking cross-reactivity. Nuclei were then stained with
4’,6-diamidino-2-phenylindole (DAPI) (Life Technologies), and cov-
erslips were mounted onto glass slides with Prolong Gold (Life
Technologies).
Sheep Aerosol Delivery

Sheep were sedated using 0.2 mg/kg of xylazine administered i.v.
After 3–5 min, animals were positioned in dorsal recumbency
on a flat table. A polyethylene vaginal speculum, with an internal
diameter of 15 mm, was coated with sterile lubricant and posi-
tioned such that the cervical os was visible. Mucus was cleared
away by brief surface cleaning with a cotton-tipped applicator.
The MADgic, with dosing syringe, was then inserted into the spec-
ulum until the distal nozzle of the aerosolizer was 5 mm from the
distal opening of the speculum. Hand pressure was then used to
spray the mRNA. If the vagina was also being sprayed in the
same animal, the speculum was removed in a caudal direction
by 2–4 cm, surface cleaning was performed, and the vagina was
sprayed with a freshly loaded dose of mRNA. Average volumes
delivered ranged from 300–450 mL, depending on the experiment.
Upon completion of the procedure, the sheep was placed in sternal
recumbency and sedation was reversed via intramuscular adminis-
tration with 1.4 mg/kg tolazoline when applicable. Speculums
were disinfected in 4% chlorhexidine solution and rinsed with
distilled water between animals, to minimize potential cross
contamination. All medication doses, mRNA doses, times of
administration, and other experimental notes were recorded, as
required by IACUC at Mississippi State University.
Sheep Secretion Collection

Sponges (Beaver-Visitec International) were presoaked with 50 mL of
1� PBS. If multiple sites within the lower FRT were sampled simul-
taneously, the sponges were connected using monofilament suture.
With the animals standing and non-sedated, vaginal secretions
were collected by positioning the sponge in the desired location using
forceps and waiting for 3 min. The sponges were then removed and
placed into 1.5 mL tubes and frozen at �80�C until analysis. To
extract secretions from the sponges, we first placed the sponges into
pre-weighed QiaShredder filters and centrifuged them at 20,000� g
for 10 min at 4�C. 200 mL of extraction solution (IGEPAL, protease
inhibitor in PBS) was added to the sponge and placed on ice for
15 min. The sponge was then spun at 20,000� g for a further
30 min. Secretions were aliquoted and stored at �80�C for further
analysis.
IVIS Imaging and Image Analysis

Sheep were euthanized by i.v. barbiturate injection and the female
reproductive tract was removed and excised. The tract was cut along
a single edge so the entire surface area of the vagina and cervix lay flat.
2 mL of a fresh 1:40 solution of NanoGlo Substrate in 1� PBS was
added to the entire vagina and uterus. After 1 min at room tempera-
ture, the organ was imaged with an IVIS (IVIS lumina XRMS, Series
III; supported through USDA-ARS Biophotonics Initiative #58-6402-
3-018). The positive regions were identified from the images and
carefully excised. The tissues were then either weighed and snap
frozen in liquid nitrogen for protein extraction or placed in 4% para-
formaldehyde overnight at 4�C for microscopic analysis.

Acquired luminescence FRT images were analyzed using Living
Image Software (PerkinElmer). Relevant regions of interest (ROIs)
were identified from background tissue by high-pass thresholding
at 10%. The average radiance for each ROI was measured and control
average radiance from a negative control sample was used for
background subtraction purposes.

Sheep Tissue Lysate Preparation

Frozen sheep FRT tissues were crushed using a BioPulverizer (Bio-
Spec Products). Radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific) was then added at a ratio of 2 mL to
1 mg of tissue. This solution was then further homogenized using a
bead mill (Next Advance) before being centrifuged at 16,000� g for
20 min. Lysate supernatants were then aliquoted and stored frozen
at �80�C. Lysate protein concentrations were determined using a
bicinchoninic acid assay (BCA, Pierce).

Macaque Aerosol Delivery

Female rhesus macaques (n = 3) were used in this study. Rhesus
macaques were sedated with Telazol/ketamine and placed in ventral
recumbency. PGT121 mRNA solution, in molecular grade
nuclease-free H2O, was loaded into a 1 mL high-pressure syringe
(Medline). The syringe was attached to the MADgic Laryngo-
Tracheal Mucosal Atomization Device (Teleflex). A modified 3 mL
syringe was used as a speculum to visualize the cervix. Mucus from
the cervicovaginal lumen was cleared away by brief surface cleaning
with a cotton-tipped applicator. The MADgic, with dosing syringe,
was then inserted into the tube until the distal nozzle of the aerosol-
izer was 5 mm from the distal opening of the speculum. Hand
pressure was then used to spray the mRNA solution. If the vagina
was also being sprayed in the same macaque, the speculum was
removed in a caudal direction by 2–4 cm, and the vagina was sprayed
with a freshly loaded dose of mRNA. Each 250 mg dose was 300 mL,
while the 400 and 1,000 mg dose was 150 mL each to minimize leakage
of excess solution.

mRNA Radiolabeling and Distribution by PET/CT Imaging

To study the bio-distribution of IVTmRNA via whole-body PET-CT,
we annealed radionuclide-labeled antisense oligonucleotides to the
mRNA before delivery, as previously described.31,32,39 Briefly, two
20O-methyl RNA/DNA chimeric oligos (Biosearch Technologies)
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complementary to the mRNA 30 UTR were purchased with the
following sequences: MT1 50-Thiol-XTTTTTXGCAAGCCCCGCA
GAAGX-30 and MT2 50-Thiol-TXTTATTXAGAGAAGAAGGG
CAXGG-30 where the boldface indicates 20-O-methyl RNA and X
indicates T(C6-Amino) modifications.

For chelator conjugation, the 50 disulfide was reduced by incubation
with tris(2-carboxyethyl)phosphine(TCEP) (5 mM) (Thermo Fisher
Scientific). Oligonucleotides were then repeatedly diluted in 0.1 M
chelexed phosphate buffer pH 7.3 and filtered (3 kDa MWCO,
Millipore) to remove the reducing agent. Oligonucleotides were
then modified by incubation with 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA)-maleimide and DOTA-NHS ester
(10� and 50� molar excess, respectively, Macrocyclics) for 6 h at
room temperature under gentle agitation.

Unbound chelators were removed by centrifugal filtration (3 kDa
MWCO) in 0.1 M chelexed-phosphate buffer, and the individual
oligos were quantified by Nanodrop, aliquoted, and lyophilized.
Oligos were then resuspended in 0.1 M chelexed ammonium acetate
pH 5.5 and incubated with 64Cu for 1 h at 37�C. Unbound 64Cu
was removed by centrifugal filtration (3kDA MWCO) in 0.1 M
chelexed-phosphate buffer.

To pre-label IVT mRNA before delivery, we annealed mRNA to
0.7� molar excess probes in a thermal cycler with the following
optimized protocol: 80�C for 2 min, gradients from 80�C to 25�C
in 30 s steps (1 deg/step), and 25�C for 2 min. The mRNA was imme-
diately resuspended in saline and delivered.

The aerosolized dose of radiolabeled mRNA delivered to rhesus
macaques was 0.2 mCi per macaque, delivered in two sequential
300 mL doses using the Teleflex atomizer. PET/CT scanning was
undertaken at 70 min, 4 h, 24 h, and 48 h post administration using
a Philips Gemini TF64 clinical PET/CT scanner.

All quantitative software analysis was completed from DICOM
formatted images using MIM Software (Cleveland, OH). A high-
pass thresholding filter set at 28% (i.e., only the highest 72% of
signal within a given region) was used to assign ROIs for each lymph
node. These volumetric regions of interest were used to report the
total SUV. To account for instrument parameters that might have
altered between imaging sessions, we used contralateral muscle
SUV average values for a circumscribed ROI to normalize readings.
The video clip in Video S1 displaying a 3D reconstruction of the
PET/CT data was accomplished through Amira software (Thermo
Fisher Scientific, CA).

SHIV Neutralization Titers

The neutralization activity of antibody in macaque vaginal secretions
against either SHIV162p3 (clade B) or SHIV2873Nip (clade C) was
measured using the reference protocol of the luciferase-based HIV-
1 neutralization assay in TZM-bl cells (Dr. Montefiori laboratory,
Duke University). Briefly, 50 mL of 5-fold serial dilutions of vaginal
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secretions and 50 mL of titrated virus (105 RLU) were incubated for
1 h at 37�C in a 96-well flat-bottom plate. Next, 100 mL of TZM-bl
cells (1 � 104/well) in 10% DMEM growth medium containing
30 mg/mL diethylaminoethyl (DEAE) dextran (Sigma-Aldrich) were
added to each well, and the 96-well plates were incubated for 48 h.
Assay controls included TZM-bl cells alone (cell control, no virus)
and TZM-bl cells with virus only (virus control, no test reagent). At
48 h, the cells were lysed and luciferase activity was measured using
a BioTek Synergy HT multimode microplate reader. The average
background luminescence (RLU) from cell control wells was sub-
tracted from the luminescence for each experimental well, and infec-
tivity curves were generated using GraphPad Prism (v7.01) software,
where values from the experimental wells were compared against the
value from virus control wells. The 50% inhibitory concentration
(IC50) was calculated based on the vaginal secretions dilution that
caused a 50% reduction of RLU compared to the virus control wells
after subtraction of cell control RLU.

To measure the neutralization activity of mRNA-expressed anti-
bodies, we seeded Vero cells into 75 cm2 culture flasks and transfected
with either aPGT121 or sPGT121 HC mRNA and NanoLuc or non-
NanoLuc PGT121 LCmRNA. For aPGT121 constructs, the cells were
lysed using RIPA buffer and clarified by centrifugation for 20 min at
18,000� g at 4�C. The supernatant was then collected and stored
at �80�C until further use. For sPGT121 constructs, the culture me-
dia supernatant was concentrated using a 10 kDa molecular weight
cutoff (MWCO) centrifugal filter before being stored at �80�C until
further use. The cell lysates (for aPGT121) and cell supernatants (for
sPGT121) were purified using a NAb Protein A Plus spin column
(Pierce) before being assayed for neutralization activity as described
above. mRNA-expressed antibodies were compared to PGT121-N
(a gift from Mapp Biopharmaceutical). Neutralization activity from
all constructs was compared using molarity to account for molecular
weight difference due to the inclusion of the membrane anchor or
NanoLuc reporter.

SHIV ADCC Assay

ADCC was assessed as previously described.54 Briefly,
CEM.NKR.CCR5.CD4+-Luc target cells were infected with 50 ng
SHIV162p3 or SHIV2873Nip by spinoculation and cultured for
4 days. 2-fold serial dilutions of each PGT antibody, either mRNA-ex-
pressed (aPGT121-NLuc, aPGT121, sPGT121-NLuc, or sPGT121)
were added to the infected targets for 20 min at room temperature.
An NK cell line CD16-KHYG-1, as effector cells, were added at a
10:1 effector to target ratio and these were incubated for additional
8 h. The cells were then lysed and luciferase activity (RLU) was
measured using a luminometer (Synergy HT, Bio-Tek).

Macaque Explant SHIV Challenge

At 24 h post transfection, biopsies from the indicated regions of the
FRT in transfected macaques were collected. Biopsies were cut to
similar size, between 2.5 and 3 mm in diameter. Replicate biopsies
at a given dose represent separate biopsies from an area, rather
than single biopsies dissected into multiple pieces. Tissues were
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then washed 3� with 1� PBS, incubated with 5.5 � 104 TCID50 of
SHIV162p3 for 2 h at 37�C, washed a further 3�, and then cultured
on collagen sponges (Surgifoam) in 10% FBS supplemented DMEM
media. Supernatant from the cultures was collected at the indicated
time points and frozen, until p27 ELISA results could be attained
by ELISA.
NanoLuc Luciferase gp120 ELISA

The gp120 ELISA protocol was adapted from Parren et al.18 Recom-
binant gp120JR-FL (MyBioSource) was coated to the wells of a micro-
titer plate (Corning) at a concentration of 2 mg/mL by incubation
overnight at 4�C in 1� PBS. The plates were washed four times
with PBS–0.05% Tween-20 and blocked with 3% BSA. Following
washing, vaginal secretions or purified PGT121-NanoLuc stocks
were applied to the plate and incubated for 2 h at 37�C. A
PGT121-NanoLuc antibody standard curve was run on each plate,
as necessary. After washing, a 1:50 ratio of NanoGlo in 1� PBS was
added to each well. After 1 min, a BioTek Synergy H4 Microplate
reader set at an emission spectrum of 450 nm and 2 s integration
time was used to record the luminescence in each sample.

Western Blot

The indicated quantity of tissue lysates or secretions were mixed with
4� SDS loading buffer (LI-COR Biosciences), boiled for 10 min at
70�C, chilled on ice, and loaded into wells of a Bolt 4%–12% Bis-
Tris Bolt precast gel (Life Technologies) alongside a molecular weight
marker (LI-COR). Gel was run in a Mini Gel Tank system (Life Tech-
nologies) in 1X 3-morpholinopropane-1-sulfonic acid (MOPS)
running buffer (Life Technologies) at a constant 200 V for 32 min.
Protein was then transferred to 0.45 mm pore nitrocellulose mem-
branes (Life Technologies) in 1� Bolt western transfer buffer (Life
Technologies) at a constant 12 V for 1 h using a Mini gel blot module
(Life Technologies).

Nonspecific binding to blot was blocked using PBS Odyssey blocking
buffer (LI-COR) at room temperature. Primary antibody was then
applied in blocking solution with 0.1% Tween-20 (VWR) and allowed
to incubate overnight at 4�C. Blots were washed three times with 1�
PBS containing 0.1% Tween-20 (PBST). Secondary antibody was then
applied and allowed to incubate for 1 h before blots were again
washed three times with PBST. Blots were imaged using an Odyssey
CLx IR scanner (LI-COR). Only linear contrast enhancements were
performed for the final representative images.

For quantification, a standard curve dilution series of purified
PGT121 was loaded in the same gel as the samples in all cases. A linear
regression with interpolation was then performed on the densitom-
etry of the detected band and samples.
Statistical Analysis

Results were plotted, and statistical analyses were performed using
Prism 8 (GraphPad, La Jolla, CA). Power analysis was performed to
ensure adequate sample size for experiments. Hypothesis tests were
chosen and performed as appropriate, indicated in the figure
captions.
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