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Despite the enormous effort in the development of effective vac-
cines against HIV-1, no vaccine candidate has elicited broadly
neutralizing antibodies in humans. Thus, generation of more
effective anti-HIV vaccines is critically needed. Here we charac-
terize the immune responses induced by nucleoside-modified
and purified mRNA-lipid nanoparticle (mRNA-LNP) vaccines
encoding the clade C transmitted/founder HIV-1 envelope
(Env) 1086C. Intradermal vaccination with nucleoside-modi-
fied 1086C Env mRNA-LNPs elicited high levels of gp120-spe-
cific antibodies in rabbits and rhesus macaques. Antibodies
generated in rabbits neutralized a tier 1 virus, but no tier 2
neutralization activity could be measured. Importantly, three
of six non-human primates developed antibodies that neutral-
ized the autologous tier 2 strain. Despite stable anti-gp120
immunoglobulin G (IgG) levels, tier 2 neutralization titers
started to drop 4 weeks after booster immunizations. Serum
from both immunized rabbits and non-human primates
demonstrated antibody-dependent cellular cytotoxicity activ-
ity. Collectively, these results are supportive of continued devel-
opment of nucleoside-modified and purified mRNA-LNP
vaccines for HIV. Optimization of Env immunogens and vacci-
nation protocols are needed to increase antibody neutralization
breadth and durability.
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INTRODUCTION
There has been great progress in understanding the biology of human
immunodeficiency virus type 1 (HIV-1) infection, but no effective
vaccine has advanced to clinical development. Generation of broadly
neutralizing antibodies (bnAbs) that recognize a wide range of HIV-1
isolates has been difficult due to the large number of host glycans that
are linked to the HIV-1 envelope (Env), the rapid mutability of viral
immunogens, and the ability of the virus to hide neutralization epi-
topes.1 Interestingly, some HIV-infected individuals develop bnAbs
years after natural infection, which suggests that generation of anti-
body-based protective vaccines may be possible. The tremendous ef-
forts to elicit potent bnAbs against HIV-1 in small and large animals
using various vaccine platforms (protein, viral vectors, DNA) and
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optimized Env immunogens2,3 have largely failed; thus, the develop-
ment of new vaccine types, immunization schemes, and vaccine im-
munogens remains a global priority.

Lipid nanoparticle (LNP)-encapsulated nucleoside-modified mRNA
vaccines have recently demonstrated protective efficacy against
various viral pathogens in preclinical studies.4–9 We are just begin-
ning to learn the mechanisms of action of nucleoside-modified
mRNA-LNP vaccines, and they appear to have features that are found
to be important for the development of bnAbs against HIV-1. Most
notably, recent studies have demonstrated that this vaccine type has
the ability to efficiently activate T follicular helper (Tfh) cells6,10

that drive germinal center (GC) reactions, leading to durable, high-
affinity neutralizing antibody responses.11 Generation of HIV bnAbs
in infected patients can take 2–4 years due to their complexity (mul-
tiple somatic hypermutations, long complementarity determining
regions [CDRs]); thus, it has been widely accepted that strong and
sustained GC reactions are prerequisites for the production of such
antibodies.12

Here we report on studies where rabbits and rhesus macaques were
immunized with nucleoside-modified mRNA-LNPs encoding the
clade C transmitted/founder 1086C HIV-1 Env.13 mRNA constructs
induced high titers of anti-gp120 antibodies, as well as antibody-
dependent cellular cytotoxicity activity in rabbits and non-human
primates. Importantly, 3 of 6 rhesus monkeys developed neutralizing
antibodies against the autologous tier 2 strain after 3 or 4
immunizations.
thor(s).
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C Figure 1. Antibody Responses after Nucleoside-

Modified 1086C Env mRNA-LNP Immunization in

Rabbits

(A) Schematic of experimental design. Rabbits were

immunized intradermally with 50 mg HIV-1 1086C B2

ecto Env or influenza virus A/California/07/2009 HA-

encoding nucleoside-modified mRNA-LNPs or poly(C)

RNA-LNPs at weeks 0, 6, 18, and 30. (B) Sera were

collected at weeks 0, 6, 18, 30, 34, and 38, and the

kinetics of 1086C anti-gp120 IgG titers were determined

by endpoint dilution ELISA. Vertical black arrows indi-

cate dates of immunizations. Shaded area indicates the

limit of detection. n = 5 rabbits and each symbol rep-

resents one animal. (C) Neutralization titers (expressed

as the reciprocal serum dilution resulting in 50% inhibi-

tion of infection) from sera were determined against

the MW965.26 (tier 1A) virus. Each symbol represents

one animal. Means of values with SEM are displayed.

Statistical significance of differences (denoted by aster-

isks) was determined using two-way ANOVA with

Bonferroni multiple comparisons after log transformation

of values; p < 0.0001. ** denotes significant difference to

*p < 0.005.
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RESULTS
In Vitro Characterization of Nucleoside-Modified 1086C Env

mRNA Vaccine Immunogens

Protein production from mRNAs encoding 1086C.DRss and 1086C
B2 ecto Env gp160s was confirmed by western blot analyses on cell
lysates obtained from Env mRNA-transfected HEK293T cells (Fig-
ure S1). The DRss and B2 ecto Env constructs differed in their signal
sequences and several residues in their cytoplasmic tails.

Next, the ability of selected HIV-1 anti-Env antibodies to bind to
1086C Env protein expressed on the surface of transfected 293F cells
was determined by flow cytometry. 1086C Env gp160 binding to an-
tibodies CH58,14 CH106,15 and 17b16 was observed (Figure S2). These
data suggested that the nucleoside-modified mRNA-LNP-encoded
1086C Env gp160 expressed on the 293F cell surface is capable of pre-
senting antibody binding to V2 (CH58), CD4 (CH106), and a CD4-
inducible (17b) epitope.

ImmunizationwithNucleoside-Modified 1086CEnvmRNA-LNPs

Elicits High Levels of Antigen-Specific Antibodies with ADCC

and Tier 1 Virus Neutralization Activity in Rabbits

New Zealand white rabbits were intradermally immunized with 50 mg
(�0.025 mg/kg) 1086C B2 ecto Env, influenza virus A/California/07/
2009 hemagglutinin (HA)-encoding8 purified, nucleoside-modified
mRNA-LNPs, or poly(C) RNA-LNPs at weeks 0, 6, 18, and 30 (Fig-
ure 1A), and 1086C anti-gp120 immunoglobulin G (IgG) titers
were determined at weeks 0, 6, 18, 30, 34, and 38 sera by ELISA.
Env mRNA-LNP-vaccinated animals developed antigen-specific
antibodies 6 weeks after a single immunization (Figure 1B). Admin-
istration of subsequent doses potently boosted anti-gp120-specific
antibody titers that remained stable over the course of the study
(Figure 1B).

Next, HIV-1 pseudovirus neutralization assays were performed on
pre-immune and week 18 and 34 sera using the standard TZM-bl
luciferase reporter system.17 Amurine leukemia virus (MLV) Env-ex-
pressing pseudovirus was used as a negative control. All Env mRNA-
LNP-vaccinated animals developed neutralizing antibodies against
the tier 1A virus, MW965.26, after 2 immunizations (Figures 1C
and 2). Significantly increased neutralization activity was measured
in week 34 samples. No tier 2 neutralization activity could be
measured in immunized rabbits (Figure 2).

The effector function of non-neutralizing antibody responses is often
measured by antibody-dependent cellular cytotoxicity (ADCC) as-
says. Importantly, studies investigating antibody responses from the
RV144 trial suggest that ADCC likely contributed to vaccine effi-
cacy.18 To measure ADCC activity in rabbits, we utilized two ap-
proaches: the flow cytometry-based GranToxiLux (GTL) assay that
measures responses against 1086C gp120-coated target cells and a
luciferase-based assay that measures ADCC activity against HIV-1
1086C transmitted/founder infectious molecular clone (IMC)-in-
fected cells. Both assays revealed that all animals immunized with
Env mRNA-LNPs developed significant ADCC responses after 2 im-
munizations (week 18) that were further increased after 4 immuniza-
tions (week 34) (Figure 3).
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Figure 2. Neutralizing Antibody Titers in Rabbits

Neutralizing antibodies generated by 1086C B2 ecto Env mRNA-LNP immunizations in rabbits were measured in week 0, 18, and 34 sera by the TZM-bl assay against HIV-1

isolates MW965.26 (tier 1A), Ce1086_B2 (autologous tier 2), and Ce1176_A3 (tier 2). Data are reported as dilution of sera required to inhibit 50% of viral infectivity (ID50) and

labeled in blue (21–100), yellow (101–1,000), orange (1,001–5,000), and red (>5,001).
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ImmunizationwithNucleoside-Modified 1086CEnvmRNA-LNPs

Elicits High Levels of Antigen-Specific Antibodies with ADCC

and HIV-1 Neutralization Activity in Rhesus Macaques

Rhesus macaques (Table S1) were intradermally immunized with
50 mg (�0.014 mg/kg) 1086C.DRss Env mRNA-LNPs at weeks 0, 4,
20, 32, and 48 (Figure 4A). First, 1086C Env gp120-specific IgG titers
were determined from serum samples collected at weeks 0, 4, 8, 24, 34,
40, 50, and 52. A single immunization elicited anti-gp120 IgG re-
sponses that were potently boosted by subsequent injections. All
animals developed high levels of anti-gp120 IgG by week 8 that re-
mained relatively stable over the course of the study (Figure 4B). Of
note, the pre-immune sample from one animal had unusually high
gp120-specific binding activity.

Next, monkey sera were examined by HIV-1 pseudovirus neutraliza-
tion assays.17 MLV Env-expressing pseudovirus was used as a nega-
tive control. All animals developed antibodies that neutralized the
tier 1A virus MW965.26 after 2 immunizations (Figures 4C and 5).
Significantly increased tier 1A virus neutralization activity was
measured after booster immunizations in samples taken at weeks
24, 34, 40, 50, and 52. Of note, serum neutralization titers started to
drop 4–6 weeks after booster immunizations, as can be seen between
weeks 34 and 40 or between weeks 50 and 52. Five of 6 animals devel-
oped low but measurable serum neutralization activity against a clade
C tier 1B virus (92BR025.9) after 5 immunizations (Figures 4D and 5).
Most importantly, 3 of 6 monkeys generated neutralizing antibodies
against the autologous tier 2 1086C virus after 3 or 4 immunizations
(Figures 4E and 5). This neutralization activity was low and waned
shortly after booster vaccinations in 2 animals, but, interestingly,
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animal A16334 developed extremely high and relatively stable tier 2
virus neutralization titers. Finally, low and transient heterologous
tier 2 virus (25710-2.43 and Ce1176_A3) neutralization titers were
measured in animal A16337 (Figure 5).

As animal A16334 displayed potent autologous tier 2 virus neutrali-
zation activity, pseudovirus neutralization epitope-mapping assays
were performed by using a panel of mapping mutants of 1086C
Env that eliminate or introduce the binding sites of the known classes
of bnAbs (Figure 6). Serum from week 34 was assayed against this
panel of viruses, and several bnAbs were included to document the
phenotype of the mutant viruses assayed.19–24 Similar to the previous
studies, potent neutralization of the parent 1086_B2 virus was de-
tected, and no decrease was observed for the CD4-binding site mu-
tants N276Q, N279Q, and N280D. N332A, which targets the V3
glycan-dependent epitope, maintained neutralization. For gp120-
gp41 interface mutations N88A and N625A, a small decrease in
neutralization was observed. V295N designed to re-introduce the
2G12 epitope had no effect on neutralization. Interestingly, neutrali-
zation was eliminated by the K160N mutation, which introduces the
V2 glycan-dependent bnAb epitope that is missing in the 1086C Env.
This mutation restores neutralization by the bnAbs PG9, PG16,
CH01, and PGDM1400, but it completely blocks neutralization by
serum from animal A16334.

This loss of neutralization by the addition of a glycan could be similar
in mechanism to the filling of glycan holes previously described for
autologous neutralization of BG505 Env.25,26 Surprisingly, neutraliza-
tion by the A16334 serum was also eliminated by the N611A
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B Figure 3. ADCC Activity after Nucleoside-Modified

1086C Env mRNA-LNP Immunization in Rabbits

ADCC activity in rabbit sera obtained at weeks 0, 18, and

34 was assessed. (A and B) ADCC responses against the

1086C recombinant gp120-coated target cells (GTL

assay). Granzyme B activity (A) and ADCC antibody titers

(B) were determined. The cut-off for positivity (indicated

with a horizontal dotted line) was R8% of granzyme B

activity after subtracting the background measured in

the uncoated cells. Antibody titers are expressed as the

dilution at which the dilution curve interpolate with the

15% cut-off value. Each symbol represents one animal.

(C and D) ADCC responses against HIV-infected cells

(luciferase-based assay). Specific killing activity (C) and

ADCC antibody titers (D) were determined. The analysis of

the results was conducted after subtracting the back-

ground detected with the pre-immunization (week 0)

samples. The horizontal dotted line indicates the cut-off for

positivity. n = 5 rabbits and each symbol represents one

animal. Means of valueswith SEMare displayed.Statistical

significance of differences (denoted by asterisks) was

determined using two-way ANOVA with Bonferroni multi-

ple comparisons after log transformation of values;

p < 0.0001. ** denotes significant difference to *p < 0.005.
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mutation. As noted in the figure legend, there was still positive deflec-
tion in the neutralization curve that reached a maximum of 44% for
the serum, but neutralization by serum was substantially reduced by
removal of the N611 glycan. The N611A mutation has been shown to
reduce or abrogate neutralization of the gp120-41 interface bnAb
PGT151 in most HIV strains.20 In contrast, Ce1086_B2.N611A is
more sensitive to neutralization by PGT151 than the parent virus,
and, surprisingly, N611A also enables neutralization by the V2
glycan-dependent bnAbs PG9, PG16, PGDM1400, and CH01. We
have sequenced the Env expression plasmid used to make this
Ce1086_B2.N611A pseudovirus, we have confirmed the presence of
both K160 and the N611A mutation, and we have repeated neutrali-
zation assays of Ce1086_B2.N611A with PGT151 and the V2 glycan-
dependent bnAbs several times with the same results (data not
shown).

ADCC activity in non-human primate (NHP) week 34 sera was
measured using the GTL and luciferase-based assays (Figure 7).
ADCC responses against gp120-coated target cells were detected
against both the subtype C HIV-1 TV-1 and 1086C gp120-coated
target cells in 5 of 6 animals (A16337 was a non-responder) (Fig-
ure 7A). The mean of the maximum granzyme B activity was similar
against TV-1 (11.88 ± 3.59) compared to 1086C (11.71 ± 3.76). The
mean antibody titers were higher against 1086C (1:10,891 ± 11,520)
compared to TV-1 (1:2,774 ± 2,379) (Figure 7B). Interestingly,
ADCC responses against either the TV-1 or 1086C IMC-infected cells
were not detectable in week 34 NHP sera.

DISCUSSION
HIV-1 infection is a global health threat with approximately 2 million
new adult infections every year. Although the widespread use of
antiretroviral drugs has been very effective in controlling the virus
in infected individuals and decreasing the probability of spreading
the infection, generation of an effective anti-HIV vaccine is likely to
be necessary to end the pandemic. Since bnAbs have the ability to
neutralize multiple circulating strains of HIV-1, they are in the fore-
front of vaccine development. Unfortunately, generation of potent
bnAbs has been extremely difficult, and it has been shown to occur
only in a fraction of HIV-infected individuals years after natural
infection.27 The production of bnAbs has never been achieved by
any HIV vaccine in humans.

The disappointing results from multiple preclinical and several
clinical HIV vaccine studies have made it clear that traditional vac-
cine approaches will not be sufficient to elicit broadly protective
anti-HIV immune responses and that the rational design of new
immunization schemes, vaccine modalities, and immunogens is
necessary to create an effective antibody-driven vaccine. Rational
vaccine design will likely benefit from better understanding the
biology of HIV infection, investigating the structure of bnAbs,
and identifying elements of the immune system that are necessary
for bnAb production. Multiple studies revealed that bnAbs have
unusually high numbers of somatic hypermutations, including
rare insertions, deletions, and cys-cys double mutations that are
often critical for the bnAb activity.28–33 Generation of somatic mu-
tations (antibody affinity maturation) occurs in the GCs through
the dynamic interactions of Tfh and GC B cells.11 A positive cor-
relation between the frequencies of antigen-specific Tfh cells and
induction of neutralizing antibody breadth has been demonstrated
in simian immunodeficiency virus (SIV) and simian/human im-
munodeficiency virus (SHIV) infection studies in non-human pri-
mates.34–38 Therefore, identification of new adjuvants and vaccine
platforms that promote sustained GC reactions through the potent
activation of Tfh and GC B cells is critically important for the
Molecular Therapy: Nucleic Acids Vol. 15 April 2019 39
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Figure 4. Antibody Responses after Nucleoside-

Modified 1086C Env mRNA-LNP Immunization in

Rhesus Macaques

(A) Schematic of experimental design. Rhesus macaques

were immunized intradermally with 50 mg HIV-1

1086C.DRss Env mRNA-LNPs at weeks 0, 4, 20, 32, and

48. (B) Sera were collected at weeks 0, 4, 8, 24, 34, 40,

50, and 52, and the kinetics of 1086C anti-gp120 IgG

titers were determined by endpoint dilution ELISA. Verti-

cal black arrows indicate dates of immunizations. Shaded

area indicates the limit of detection. Each symbol repre-

sents one animal. (C–E) Neutralization titers (expressed as

the reciprocal serum dilution resulting in 50% inhibition of

infection) from sera were determined against MW965.26

(C, tier 1A), 92BR025.9 (D, tier 1B), and Ce1086_B2

(E, autologous tier 2). n = 6 monkeys and each symbol

represents one animal. Means of values with SEM are

displayed. Statistical significance of differences (denoted

by asterisk) was determined using one-way ANOVA with

Bonferroni multiple comparisons to week 0 samples after

log transformation of values; p < 0.0001.
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development of an effective, broadly protective antibody-driven
HIV vaccine.

It has recently been demonstrated that nucleoside-modified and pu-
rified mRNA-LNP vaccines have the ability to induce strong GC Tfh
cell responses and durable neutralizing antibody responses in NHPs.6

In this study, we show that 3 of 6 rhesus macaques, immunized with
HIV-1 1086C Env gp160 nucleoside-modified mRNA-LNP vaccine,
generated antibodies with autologous tier 2 neutralization activity
and one animal developed short-lived antibodies with weak heterol-
ogous tier 2 virus neutralization ability (Figures 4 and 5). Interest-
ingly, despite the relatively stable and high Env-specific IgG titers
in all monkeys, both the tier 1 and tier 2 virus neutralization activities
40 Molecular Therapy: Nucleic Acids Vol. 15 April 2019
of Env-specific antibodies started to decline
4 weeks after each immunization (Figures 4B
and 5). Of note, one animal displayed high
anti-gp120-specific IgG responses in pre-im-
munization serum that could be due to cross-
reactive anti-HIV responses with commensal,
environmental, or even self antigens, as re-
ported by several studies.39–41

To gain more insights into the specificity of the
tier 2 antibodies elicited by 1086C Env mRNA-
LNP immunizations, epitope-mapping experi-
ments were performed using pseudoviruses
with resistance mutations for known bnAbs.
Since animal A16334 developed extremely
high autologous tier 2 virus-neutralizing re-
sponses, we tested week 34 serum from this
animal. These studies revealed that antibodies
developed by this rhesus monkey likely target
a glycan hole in the vicinity of the V2 loop, as neutralization was abro-
gated by adding a glycan residue with the K160N mutation. Interest-
ingly, the N611A mutation in gp41 also eliminated neutralization by
serum from A16334. This mutation reduces neutralization by
PGT151 in most HIV strains, but our data show that N611A actually
increases the sensitivity of 1086C to PGT151 and also enables neutral-
ization of this mutant virus by V2 glycan-dependent bnAbs. We
believe that there are two possible explanations for the increased
V2 glycan binding: either by rearrangement of apex and other glycans
or by gp41-induced conformational changes.42–45

As a positive correlation was demonstrated between the ADCC activ-
ity of antibodies and vaccine efficacy in the RV144 trial,18 ADCC



Figure 5. Neutralizing Antibody Titers in Rhesus Macaques

Neutralizing antibodies generated by 1086C.DRss Env mRNA-LNP immunizations in rhesus macaques were measured in week 0, 8, 24, 34, 40, 50, and 52 sera by the TZM-

bl assay against HIV-1 isolates MW965.26 (tier 1A), 92BR025.9 (tier 1B), Ce1086_B2 (autologous tier 2), 25710-2.43 (tier 2), and Ce1176_A3 (tier 2). Data are reported as

dilution of sera required to inhibit 50% of viral infectivity (ID50) and labeled in blue (21–100), yellow (101–1,000), orange (1,001–5,000), and red (>5,001).
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Figure 6. Neutralizing Antibody Epitope Mapping in Rhesus Monkey A16334

Epitope-mapping experiments were performed with week 34 serum from rhesus macaque A16334 using pseudoviruses with resistance mutations for known bnAbs tar-

geting various regions of the HIV-1 envelope. Concentration (mg/mL) of bnAbs required to inhibit 50% of viral infectivity (IC50) is shown. Serum neutralization titers are reported

as dilution of serum required to inhibit 50% of viral infectivity (ID50). *Positive deflection (44%) was detected for Ce1086_B2.N611A.
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assays were performed on rabbit andmonkey samples. All rabbits and
5 of 6 1086C Env mRNA-LNP-immunized NHPs developed anti-
bodies with ADCC activity (Figures 3 and 7). Interestingly, rabbit
serum showed ADCC against both 1086C recombinant gp120-coated
and virus-infected target cells (Figure 3), while no ADCC was detect-
able against infected cells in NHPs. Additionally, rabbit antibodies
seemed to recruit human natural killer (NK) cells (used as effector
cells in these assays) much better than the NHP antibodies (G.F.,
unpublished data).

To our knowledge, this is the first study that evaluates nucleoside-
modified mRNA-LNP HIV vaccine efficacy in large animals. We
demonstrate that nucleoside-modified mRNA-LNP vaccination in-
duces high levels of antigen-specific IgG in both rhesus monkeys
and rabbits. Interestingly, none of the rabbits and only half of the
monkeys developed antibodies with tier 2 neutralization activity. Pre-
vious studies demonstrated that one or two immunizations with
nucleoside-modified mRNA-LNPs induced complete and durable
protection against various infectious diseases in large animals.5,7

Here we found that five injections with HIV Env mRNA-LNP vac-
cines did not result in broad and durable neutralizing antibody
responses, which further demonstrates the extreme difficulty of
generating effective HIV vaccines. We vaccinated animals with
wild-type HIV Env gp160-encoding mRNA constructs, which may
not be the best immunogens for the induction of bnAb responses.
We believe that the use of mRNA-encoded rationally designed
next-generation immunogens, such as stabilized SOSIPs46 or cell sur-
face trimers47 that better mimic bnAb epitopes and thus allow the
development of Abs with greater potency and B cell lineage immuno-
gens48 that enable the generation of rare bnAbs through the stimula-
tion of various bnAb clonal lineages, would be a promising future
direction. It is also possible that immunization schemes need to be
optimized: numerous studies49 demonstrated that prime-boost im-
munizations (for example, DNA prime-viral vector boost or DNA
prime-protein boost) led to more robust immune responses; thus, it
would be intriguing to perform experiments that use mRNA vaccines
42 Molecular Therapy: Nucleic Acids Vol. 15 April 2019
for prime and protein vaccines for boost. These approaches may lead
to more effective vaccines with increased neutralization breadth and
durability, which would be worth evaluating in clinical trials.

MATERIALS AND METHODS
Ethics Statement

The investigators faithfully adhered to the “Guide for the Care and
Use of Laboratory Animals” by the Committee on Care of Laboratory
Animal Resources Commission on Life Sciences, National Research
Council.

Rabbits

The animal facility at the University of Pennsylvania is fully ac-
credited by the American Association for Accreditation of Laboratory
Animal Care (AAALAC). All studies were conducted under protocols
approved by the University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC).

Monkeys

Indian origin rhesus macaques (Macaca mulatta) were housed in
AAALAC-accredited facilities, and all procedures were conducted
with University of Washington IACUC approval.

mRNA Production

mRNAs were produced as previously described,50 using T7 RNA
polymerase (Megascript, Ambion) on linearized plasmids encoding
codon-optimized51 firefly luciferase (pTEV-new Luc2-A101), two
variants of clade C 1086C Env13 (pTEV-1086C.DRss Env-A101 and
pTEV-1086C B2 ecto Env-A101), and A/California/07/2009 influ-
enza virus hemagglutinin (pTEV-Cal09 HA-A101). mRNAs were
transcribed to contain 101-nt-long poly(A) tails. One-methylpseu-
douridine (m1J)-50-triphosphate (TriLink) instead of uridine-5’-
triphosphate (UTP) was used to generate modified nucleoside-
containing mRNA. RNAs were capped using the m7G capping kit
with 20-O-methyltransferase (ScriptCap, CellScript) to obtain cap1.
mRNA was purified by fast protein liquid chromatography (FPLC)
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Figure 7. ADCC Activity after Nucleoside-Modified 1086C Env mRNA-LNP Immunization in Rhesus Macaques

ADCC activity in monkey sera obtained at weeks 0 and 34 was assessed. (A and B) ADCC responses against HIV-1 TV-1 and 1086C recombinant gp120-coated target cells

(GTL assay). Granzyme B activity (A) and ADCC antibody titers (B) were determined. The cut-off for positivity (indicated with a horizontal dotted line) wasR8% of granzyme

B activity after subtracting the background measured in the uncoated cells. Antibody titers are expressed as the dilution at which the dilution curve interpolate with the 15%

cut-off value. n = 6 monkeys and each symbol represents one animal. Means of values with SEM are displayed. Statistical significance of differences (denoted by asterisk)

was determined using two-way ANOVA with Bonferroni multiple comparisons (after log transformation of values in the case of B); p < 0.01.
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(Akta Purifier, GE Healthcare), as described.52 All mRNAs were
analyzed by denaturing or native agarose gel electrophoresis and
were stored frozen at �20�C.

LNP Formulation of the mRNA

FPLC-purified m1J-containing firefly luciferase, HIV-1 Env, influ-
enza virus hemagglutinin-encoding mRNAs, and polycytidylic acid
(poly(C)) RNA (Sigma) were encapsulated in LNPs, using a self-as-
sembly process as previously described,53 wherein an ethanolic lipid
mixture of ionizable cationic lipid (proprietary to Acuitas Therapeu-
tics), phosphatidylcholine, cholesterol, and polyethylene glycol
(PEG)-lipid was rapidly mixed with an aqueous solution containing
mRNA at acidic pH. The RNA-loaded particles were characterized
and subsequently stored at �80�C at a concentration of 1 mg/mL.
The mean hydrodynamic diameter of these mRNA-LNPs was
�80 nm, with a polydispersity index of 0.02–0.06 and an encapsula-
tion efficiency of �95% LNP.

Cell Culture

HEK293T cells (ATCC) were cultured in DMEM supplemented with
2 mM L-glutamine (Life Technologies) and 10% fetal calf serum
(FCS) (HyClone) (complete medium). The 293T cell line was tested
for mycoplasma contamination after receipt from ATCC and before
expansion and cryopreservation.

The 293F cells (Life Technologies) were cultured in Freestyle 293
Expression Medium (Gibco). The 293F cell line was tested for myco-
plasma contamination after receipt from Life Technologies and
before expansion and cryopreservation.

mRNA Transfection

Transfection of HEK293T cells was performed with TransIT-mRNA
(Mirus Bio), according to the manufacturer’s instructions: mRNA
(0.3 mg) was combined with TransIT-mRNA Reagent (0.34 mL) and
Boost Reagent (0.22 mL) in 17 mL serum-free medium, and the com-
plex was added to 5 � 104 cells in 183 mL complete medium. After
overnight incubation at 37�C, supernatant was collected and cells
were lysed for 1 h on ice in radio immunoprecipitation assay
(RIPA) buffer (Sigma) at 18 h post-transfection.

2.5 � 105 HEK293F cells were transfected with 0.1 mg mRNA in 24-
well plates using TransIT-mRNA, following the manufacturer’s in-
structions. Cells were incubated at 37�C, harvested at 72 h, then
washed with PBS with 1% BSA and resuspended at 2 � 107 cells/mL.

Western Blot Analysis of Env Protein Expression

Whole-cell lysates and supernatants from 1086C Env mRNA-trans-
fected cells were assayed for Env protein by denaturing SDS-PAGE
western blot. Samples were combined with 4� Laemmli buffer
(Bio-Rad) and incubated at 95�C for 10 min, then separated on a
4%–15% precast polyacrylamide Mini-Protean TGX gel (Bio-Rad)
for 1 h at 150 V. Transfer to polyvinylidene fluoride (PVDF)
membrane was performed using a semi-dry apparatus (Ellard Instru-
mentation) at 10 V for 1 h. The membrane was blocked with 5% non-
fat dry milk in Tris-buffered saline (TBS) buffer containing 0.1%
Tween-20. Env protein was detected using 1:2,000 dilution of
117054 rabbit serum overnight at 4�C, followed by secondary donkey
anti-rabbit horseradish peroxidase (HRP)-IgG (1:5,000; Jackson
ImmunoResearch Laboratories) incubation for 1 h at room tempera-
ture. Blots were developed using Amersham ECL Western Blotting
Detection Reagent on an Amersham Imager 600 (both from GE
Healthcare) system.

Immunization of Rabbits and Monkeys

Rabbits

Female New Zealand white rabbits aged 6 weeks were obtained from
Charles River Laboratories. Animals were induced with butorphanol
(0.2 mg/kg) and dexmedetomidine (0.02 mg/kg) subcutaneously,
masked with isoflurane, and then shaved on their backs and injected
intradermally with mRNA-LNPs diluted in PBS. Six sites of injection
(45 mL each) were used. Animals were randomly designated to
experimental groups. After injections, the rabbits were reversed
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with atipamezole (0.2 mg/kg) subcutaneously and monitored until
fully recovered.

Monkeys

Ketamine-anesthetized animals were shaved on their backs and in-
jected intradermally with mRNA-LNPs diluted in PBS. Ten sites of
injection (60 mL each) were used. Animals of similar age and weight
were randomly designated to dose groups.

Blood Collection

Rabbits

Blood was collected from the aural artery or the lateral saphenous
vein. The animals were induced with the medications listed above
and maintained on isoflurane anesthesia during blood collection.
Blood was centrifuged for 10 min at 3,000 rpm in an Eppendorf mi-
crocentrifuge, and the serum was stored at �80�C and used for
ELISA, ADCC, and virus neutralization assays.

Monkeys

Blood was collected by femoral or peripheral venipuncture under ke-
tamine anesthesia. Serum separator tubes (SSTs) were centrifuged for
20min at 1,750 rpm, and serumwas collected and stored at�80�C for
ELISA and neutralization analysis.

Antibody Reagents

The following antibodies were used for ELISAs: goat anti-rabbit IgG
HRP conjugate (Millipore) and rabbit anti-monkey IgG HRP conju-
gate (Sigma) were used as detection antibodies for measuring anti-
gp120 IgG titers.

The following antibodies and staining reagents were used for the
in vitro-binding studies: goat anti-human IgG Fc-PE secondary anti-
body (Invitrogen); LIVE/DEAD Aqua Dead Cell Stain Kit (Life Tech-
nologies); CH65;55 and HIV nAbs CH58,14 CH106,15 and 17b.16

Peptides and Proteins

The HIV-1 1086C gp120D7/293F/Mon was used as a coating antigen
for ELISAs. The blocking protein for ELISAs was BSA (Sigma).

Indirect Fluorescence Flow Cytometry Analyses of

mRNA-Transfected 293F Cells

4� 105 transfected cells were incubated at 4�C for 1 h with 30 mg/mL
nAb, then washed in PBS with 1% BSA. Cells were then incubated at
4�C for 30 min with goat anti-human IgG Fc-PE secondary antibody
(2.5 mg/mL, Invitrogen). Finally, cells were incubated with a LIVE/
DEAD differential stain (Life Technologies), following the manufac-
turer’s instructions, and washed in PBS with 1% BSA. The presence of
PE-labeled antibody on cell surfaces was detected on a BD LSRII flow
cytometer. At least 10,000 events for each sample were recorded and
data were analyzed with the FlowJo 10 software.

ELISA

HIV-1 gp120-specific IgG in rabbit and monkey sera was measured
by ELISA. Immulon 4 HBX (rabbit samples) and Nunc MaxiSorp
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(monkey samples) high-binding plates were coated with 100 mL pu-
rified HIV-1 1086C gp120D7/293F/Mon gp120 at a final concentra-
tion of 1 mg/mL in PBS overnight at 4�C. The plates were washed
three times with wash buffer (0.05% Tween-20 in PBS) and then
blocked with blocking buffer (2% BSA in PBS) for 1 h at room tem-
perature (RT), after which the plates were washed once with wash
buffer. Dilutions of serum samples for the gp120-specific IgG mea-
surement were made in blocking buffer and incubated on the plate
(100 mL/well) for 1.5 h at RT. Samples were removed and the plate
was washed four times with wash buffer. Detection antibodies were
diluted 1:10,000 (rabbit) or 1:20,000 (monkey) in blocking buffer
and incubated (100 mL/well) for 1 h. After four washes, 3,3’,5,5’-Tet-
ramethylbenzidine (TMB) substrate mixture (KPL) was added at
100 mL/well for 20 min. 2 N sulfuric acid (50 mL/well) was used
to stop the reaction, and the optical density was read at 450 nm
on a Dynex MRX Revelation microplate reader. Endpoint dilution
titers were defined as the highest reciprocal dilution of serum to
give an optical density (OD) greater than the sum of the back-
ground OD plus 0.01 units.

HIV-1 Virus Neutralization Assays

Neutralizing antibody activity was measured in 96-well culture
plates by using Tat-regulated luciferase (Luc) reporter gene expres-
sion to quantify reductions in virus infection in TZM-bl cells.
TZM-bl cells were obtained from the NIH AIDS Research and
Reference Reagent Program, as contributed by John Kappes and
Xiaoyun Wu. Assays were performed with HIV-1 Env-pseudotyped
viruses as described previously.17 Test samples were diluted over a
range of 1:20 to 1:43,740 in cell culture medium and pre-incubated
with virus (�150,000 relative light unit equivalents) for 1 h at 37�C
before the addition of cells. Following a 48-h incubation, cells were
lysed and Luc activity was determined using a microtiter plate lu-
minometer and BriteLite Plus Reagent (PerkinElmer). Neutraliza-
tion titers are the serum dilution at which relative luminescence
units (RLUs) were reduced by 50% compared to RLUs in virus
control wells after subtraction of background RLUs in cell control
wells. Serum samples were heat inactivated at 56�C for 1 h prior
to assay.

ADCC Assays

Both the flow cytometry-based (GTL)56 and the luciferase-based
(Luc)57 assays were utilized in this study. The subtype C HIV-1
1086C and TV-1 recombinant gp120 proteins were used to coat the
cells in the GTL assay. The cut-off for positivity in the GTL assay
was R8% of granzyme B activity after subtracting the background
noted in the absence of any antibody (target and effector cells
only). We also tested the samples using the luciferase-based (Luc)
ADCC assay against the HIV-1 1086C transmitted/founder IMC-in-
fected target cells. The IMC is ecto-IMCs generated using the NL4-3
HIV backbone with the insertion of the HIV-1 1086C Env and the
luciferase reporter genes. The analysis of the results was conducted af-
ter subtracting the background detected with the pre-immunization
(baseline) samples. After baseline subtraction, results were considered
positive where the percent specific killing was R15%.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism. Data were
compared using one-way or two-way ANOVA corrected for multiple
comparisons (Bonferroni method).
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