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Although more than four decades have elapsed since the onset 
of the HIV/AIDS pandemic, a protective vaccine has yet to 
be developed. A series of major hurdles are responsible for 

this lack of success, including the remarkable antigenic variability of 
the HIV-1 envelope (Env), the protected configuration of conserved 
neutralization epitopes due to both an extensive glycan shield 
and conformational masking, the relative in vivo rarity of B cells 
expressing germline precursors of broadly neutralizing antibodies 
(bNAbs), and the autoreactivity of bNAbs directed against certain 
Env sites1–3. In the context of this unique combination of challenges, 
elicitation of bNAbs has proven extremely difficult to achieve by 
vaccination, and even natural HIV-1 infection leads to broad neu-
tralization only in a fraction of infected individuals and only after 
months or years of persistent antigenic stimulation1,3. Accordingly, 
most bNAbs that have been isolated from chronically infected indi-
viduals have unusual features, such as a high frequency of somatic 
hypermutations and long complementarity-determining regions4,5.

A variety of HIV-1 vaccine approaches have been evaluated in 
preclinical models and clinical studies, but the results have been, 
overall, unsatisfactory6–8. Only a single human vaccine trial, the 
RV144 study in Thailand, has hitherto yielded a low degree of protec-

tion (~30%), although it failed to elicit bNAbs and its partial success 
was not reproduced in recent attempts at corroboration in clinical 
trials conducted in Africa9–11. Preclinical studies with soluble forms 
of the HIV-1 Env trimer stabilized in a configuration similar to that 
presented on native viral particles, such as SOSIP trimers and varia-
tions thereof12–17, have documented robust induction of autologous 
neutralizing antibodies, primarily targeting strain-specific holes in 
the Env glycan shield, accompanied by large amounts of off-target, 
non-neutralizing antibodies primarily directed at the trimer base, 
further emphasizing the challenges in eliciting bNAbs by vaccina-
tion18–23. Epitope-based vaccine approaches, guided by knowledge of 
the major structural vulnerability supersites recognized by bNAbs, 
have been extensively explored24,25 and recently yielded a partial 
success in inducing neutralization breadth by targeting the fusion 
peptide in glycoprotein (gp)41 (refs 26,27). Another major line of 
research, based on sequential modulation of B cell responses along 
specific bNAb lineages by initial priming with germline-engaging 
core antigens followed by stepwise immunization with increasingly 
antibody-shielded Env forms, holds promise of success in recruit-
ing the appropriate precursor B cells28–30. Additional vaccine strate-
gies, mostly based on prime–boost schemes, have yielded different 
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degrees of protection in non-human primate models31–35. Some 
approaches have used messenger RNA (mRNA) as a vector, result-
ing in the induction of polyfunctional antibody responses compa-
rable to those induced by protein immunization, as well as efficient 
T cell responses36–38. Altogether, the evidence so far accumulated 
suggests that no individual factor will determine the ultimate suc-
cess of a bNAb-inducing HIV-1 vaccine, which probably requires 
a combination of efficient precursor B cell priming, optimization 
of Env design and presentation, and sustained heterologous Env 
boosting.

Results
Design of an env–gag VLP mRNA vaccine platform. Critical 
advancements in mRNA technology over the past two decades39,40 
have enabled the development of mRNA-based vaccine plat-
forms, which have recently shown remarkable effectiveness against 
COVID-19 (refs 41–43). Taking advantage of the versatility of mRNA 
as an expression system, we designed a novel vaccine platform by 
combining a series of features that we postulated to be critical for 
the elicitation of protective antibody responses. These include, 
first, the use of mRNA as a vehicle in order to instruct host cells 
to endogenously express membrane-bound viral glycoproteins and 
decorate them with native N-linked glycosylation; second, the use of 
full-length or minimally truncated HIV-1 Envs that do not expose 
distractive immunodominant epitopes, unlike truncated soluble 
trimers; third, co-expression of Env with Gag in order to promote 
the in vivo production of virus-like particles (VLPs), which closely 
mimic native viral particles produced by HIV-1 infection; fourth, 
initial priming with an Env capable of engaging germline bNAb pre-
cursors; and last, intensive heterologous boosting with tier-2 Envs 
from different clades in order to selectively expand B cell responses 
against shared bNAb epitopes and mimic the sustained antigenic 
stimulation that occurs in chronically infected patients who eventu-
ally develop broad neutralization1–5.

Co-expression of env and gag mRNAs leads to VLP production. 
The production of VLPs may offer critical advantages in terms of 
both antigen structure and size, and was suggested to be best suited 
for efficient uptake and processing by antigen-presenting cells44–47. 
Previous work showed that expression of lentiviral Gag proteins 
is sufficient to induce the extracellular release of Gag-containing 
VLPs48,49, which can mount viral Env glycoproteins on their surface 
when co-expressed in the same cell50. We evaluated the ability of 
different HIV-1 Env immunogens to generate extracellular VLPs by 
in vitro mRNA transfection into female human embryonic kidney 
(HEK)293T cells. Thus, mRNA expressing Env from five HIV-1 
strains of different clades (BG505 375Y, clade A; WITO.27 Δ276 and 
WITO.27 G153E, clade B; 426c.D276.D460.D463 (426c.3dg) and 
DU422 375Y, clade C) were individually co-transfected with simian 
immunodeficiency virus (SIV) gag mRNA (strain SIVmac239). SIV, 
rather than HIV-1, Gag was used given that the preclinical studies 
involved macaques, which are susceptible to infection with chime-
ric simian–human immunodeficiency virus (SHIV) but not HIV-
1. After 48 hours, the production of VLPs was tested in the culture 
supernatants using a virion-capture assay with two bNAbs (PG16 
and PGT128) bound to immunomagnetic beads, and the amount 
of captured SIV p27Gag was quantified. The assembly and extracel-
lular release of Env-coated VLPs were readily documented with all 
the Envs tested, while only background levels were measured when 
Gag was expressed alone (Fig. 1a). These results confirmed that 
co-expression of env and gag mRNAs leads to the production and 
extracellular release of Env-coated VLPs.

Characteristics of mRNA-expressed Env–Gag VLPs. To characterize 
the structure of mRNA-expressed Gag–Env VLPs, we performed 
negative-staining electron microscopy (NSEM) on concentrated 

VLPs after ultracentrifugation on a sucrose cushion. The VLPs 
appeared as roughly spherical profiles with a mean diameter of 
~90 nm (range, 65–110 nm), an external membrane surrounding 
an amorphous matrix and a dense array of spike-like projections 
on the surface (Fig. 1b). The projections visible around the profile 
of VLPs were manually counted and their number was doubled to 
conservatively account for invisible spikes on the top and bottom 
surfaces of the VLPs. Using this method, the inferred mean num-
ber of spikes per particle was 32.4 ± 10.1, which is probably an  
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Fig. 1 | Production and characteristics of mRNA-expressed Env–Gag 
VLPs. a, Co-transfection of different HIV-1 env mRNA with SIV gag mRNA 
leads to the assembly and extracellular release of VLPs. Quantification 
of released VLPs in the supernatants of transfected cells was done by 
virion-capture assay using magnetic beads coated with two anti-Env 
human bNAbs (PG16 and PGT128) and then by measuring the amount 
of captured SIV Gag by ELISA. Data given as the mean ± s.d. of three 
replicates from a representative experiment out of three performed.  
b, Visualization of three representative mRNA-expressed Env–Gag VLPs 
using NSEM. The conservatively inferred mean number of spikes per 
particle is 32.4 ± 10.1. c, Quantification of HIV-1 Env in mRNA-expressed 
VLPs. This was done using a trimer-specific ELISA with a cocktail of 
anti-Env human bNAbs (that is, PG16, PGT128, N6, PGT151). To obtain a 
reliable quantification, a reference curve was generated for each HIV-1 Env 
using the corresponding soluble trimers. The amount of HIV-1 Env was 
normalized for the amount of SIV Gag, as quantified by ELISA. Data given 
as the mean ± s.d. of three replicates from a representative experiment out 
of three performed.
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underestimate, but still more than twice the number of spikes pres-
ent on wild-type HIV-1 virions51.

To evaluate the relative abundance of Env in VLPs produced 
with different HIV-1 Env immunogens, we performed a quantita-
tive analysis of concentrated VLP stocks by ELISA, using a cock-
tail of four bNAbs reactive with all the Envs used (that is, PG16, 
PGT128, N6, PGT151). Env incorporation was detected in all VLPs, 
with variable amounts of gp120 equivalents relative to SIV Gag p27, 
ranging from 0.7 to 12.5 ng per µg p27Gag (Fig. 1c).

Comparison of env-only versus env–gag mRNA vaccination in 
mice. Based on the in vitro evidence of VLP assembly and extracel-
lular release upon Env–Gag co-expression, we compared the in vivo 
immunogenicity of HIV-1 env plus SIV gag mRNA versus HIV-1 
env mRNA alone in a wild-type mouse model. The study design, 
which included three groups of mice, is summarized in Fig. 2a:  
group 1 (n = 8) was inoculated with HIV-1 env mRNA (strain 
426c.3dg); group 2 (n = 8), with the same env mRNA co-formulated 
with SIV gag mRNA (strain SIVmac239); and group 3 (n = 4), 
with PBS as a control. To ensure co-expression of Env and Gag 
in the same cells, env and gag mRNAs were co-formulated in the 
same lipid nanoparticles (Fig. 2b). The antigenic profile of the 
mRNA-expressed 426c.3dg Env is given in Supplementary Table 
1. All the mice received two inoculations 28 days apart, and blood 
was drawn at 2 week intervals until day 57. The vaccine was immu-
nogenic, as shown by the appearance of trimer-binding antibodies 
after a single immunization (days 14 and 28), which were markedly 
boosted at weeks 2 (day 43) and 4 (day 57) after the second immu-
nization (Fig. 2c). Despite a higher mean titer in group 2 than in 
group 1 at both day 14 and day 28, the difference did not reach sta-
tistical significance. Neutralizing antibodies against the autologous 
virus, 426c.3dg, appeared earlier and were boosted to higher levels 
in group 2 compared with group 1 (Fig. 2d and Supplementary Table 
2). The mean (±s.e.m.) reciprocal half-maximal inhibitory concen-
tration (IC50) at day 57 was 10,955 ± 3,949 for env–gag mRNA and 
1,920 ± 2,476 for env-only mRNA (P = 0.042, two-tailed unpaired 
t-test). Notably, all the mice (8/8, 100%) immunized with env–gag 
mRNA developed measurable neutralizing antibodies by day 57, in 
contrast with only five of eight mice (62.5%) immunized with env 
mRNA alone and none of the controls (Fig. 2e). These data indicate 
that a vaccine based on co-formulated env–gag mRNA is superior 
to env-only mRNA in inducing neutralizing antibody responses, 
and provide an in vivo validation of the env–gag mRNA VLP vac-
cine platform.

An env–gag VLP mRNA vaccine is safe and immunogenic in 
macaques. We next assessed the immunogenicity and efficacy of a 
VLP-producing env–gag mRNA vaccine in rhesus macaques, which 
provide a more suitable preclinical model and can be challenged 
with live SHIV bearing the HIV-1 Env. The design of the study is 
summarized in Fig. 3a. A total of 14 naive female rhesus macaques 
(7 vaccinees and 7 controls) were enrolled, all negative for the pro-
tective Mamu alleles A*01, B*08 and B*17. Vaccinated animals 
sequentially received four env mRNAs (that is, WITO4160.27 Δ276, 
WITO4160.27 G153E, BG505.T332N and DU422.1) from three 
different HIV-1 clades, each co-formulated with SIVmac239 gag 
mRNA at a ratio between 1.7:1 and 2.2:1. In previous in vitro trans-
fection experiments we had determined that a ratio of 2:1 was 
optimal for VLP formation. A variable amount of total mRNA was 
inoculated at each immunization (up to 400 µg per dose) depend-
ing on the production yield (Supplementary Table 3). The antigenic 
profile of the four Env immunogens is given in Supplementary Table 
1. All the Envs, except BG505.T332N, were truncated at residue 745 
in the cytoplasmic tail of gp41 to increase the level of cell-surface 
expression and, thereby, VLP incorporation without altering their 
antigenic profile. The WITO4160 clone 27 Env (WITO.27, clade 

B)52 was selected because it is a transmitted-founder Env that effi-
ciently presents all major bNAb epitopes, binds to the unmutated 
common ancestor of the bNAb CH01 (ref. 53), and naturally binds 
to and utilizes macaque CD4 (Supplementary Table 1 and Extended 
Data Fig. 1). The initial priming was performed with an open form 
of WITO.27 (Δ276) from which the N-glycan at position 276 in 
gp120 was removed to facilitate recognition of the CD4-binding 
site (CD4-BS) by putative germline antibody precursors54. The two 
subsequent boosts were performed with a closed form of WITO.27 
bearing the N276 glycan and a G→E substitution at position 
153, which was introduced because it is present in most reported 
WITO4160 clones and reduces the exposure of CD4-induced epi-
topes (Supplementary Table 4). The WITO SOSIP.664 trimer used 
as a protein boost in vaccine subgroup 1 had the same N276.G153E 
sequence. The BG505.W6M.C2.T332N.375Y Env (BG505, clade A) 
was selected because it is a reference Env in the field, is available 
in a SOSIP trimer version for protein boosting, and binds to the 
majority of known bNAbs but inefficiently to non-neutralizing anti-
bodies (Supplementary Table 1). The DU422.1.386N.295N.375Y 
Env (DU422, clade C) was selected because it is available in a 
SOSIP trimer version and has a closed trimer conformation with 
minimal exposure of epitopes for non-neutralizing antibodies 
(Supplementary Table 1). Both the BG505 and DU422 Envs and 
their respective SOSIP versions were modified by an S→Y substitu-
tion at position 375 to allow binding to macaque CD4 (ref. 55), which 
is otherwise null (Extended Data Fig. 1). This choice was made to 
better mimic the physiological conditions that occur in humans, 
given that the use of HIV-1 Envs in macaques could yield artifac-
tually more favorable results by averting in vivo CD4 interaction 
and CD4-induced conformational changes. The S375Y mutation 
did not significantly alter the antigenic profile of these two Envs 
(Supplementary Table 1)55.

The original vaccine protocol encompassed seven sequential 
immunizations: three with WITO.27 Env, defined as the autologous 
phase, and four with combined BG505 and DU422 Envs, defined 
as the mixed heterologous phase. To exclude the possibility of 
generating hybrid trimers containing the two Envs, the two heter-
ologous immunogens were inoculated at two distinct sites at least 
1 inch apart in the same muscle. Given that mRNA vaccines have 
only recently been introduced, we wanted to address the impor-
tance of protein boosts in addition to mRNA. Thus, one subgroup 
of animals (subgroup 1; n = 3) received a single protein boost with 
homologous SOSIP trimers at the end of each phase, while the other 
(subgroup 2; n = 4) received mRNA exclusively during both phases. 
After completion of the seven immunizations, however, a protocol 
amendment was introduced to perform three additional boosts 
in an attempt to further enhance the neutralizing antibody titers 
before the live virus challenge: one, at week 56, with the autologous 
Env (WITO.27; either SOSIP trimer or mRNA in subgroups 1 and 
2, respectively) and two with recombinant heterologous SOSIP tri-
mers in all seven animals (one with JR-FL SOSIP.664 at week 51 and 
one with a mixture of four trimers, that is, WITO, BG505, DU422 
and JR-FL SOSIP.664, at week 59). Thus, altogether, subgroup 1 
received five mRNA and five protein inoculations, while subgroup 
2 received eight mRNA and only two protein inoculations.

Despite the multiple immunizations with high mRNA doses, the 
vaccine was well tolerated with only mild adverse events after each 
inoculation (Supplementary Table 5). The most common side-effect 
was loss of appetite, while local reactions such as swelling or redness 
at the injection site were notably absent. The env–gag VLP mRNA 
vaccine was highly immunogenic, as shown by the rapid induc-
tion of autologous trimer-binding antibodies in all macaques as 
early as week 6, following a single mRNA inoculation (Fig. 3b and 
Supplementary Table 6). The antibody titers markedly increased after 
boosting with the closed WITO Env at weeks 11 and 19. Given that 
the induction of antibodies against the V3 loop has been highlighted  
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as a marker of non-protective vaccine responses18, we tested the reac-
tivity with a linear V3 peptide containing the autologous sequence 
(WITO pV3). Anti-V3 antibody titers were generally lower and 
developed with slower kinetics compared with trimer-binding anti-
bodies (Fig. 3c), suggesting that the bulk of trimer-binding antibod-
ies elicited by the vaccine were not directed against the V3 loop. 
Heterologous trimer-binding antibodies, tested against the AD8  

trimer, were induced in all animals, although they emerged later and 
remained at lower titers compared with autologous trimer-binding 
antibodies, reaching the highest levels only after completion of the 
four heterologous immunizations (Fig. 3d). No significant differ-
ences in the magnitude and kinetics of antibody responses against 
autologous or heterologous trimers or the V3 loop were observed 
between animals in subgroups 1 and 2 (Extended Data Fig. 2).
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Neutralizing antibody responses. Next, we evaluated the elicitation of 
neutralizing antibodies. Low titers of autologous neutralizing anti-
bodies (against wild-type WITO.27 bearing the N276 glycan) became 

detectable as early as 2 weeks after the second autologous immuni-
zation (week 13), but they were initially short-lived and disappeared 
in all animals by week 19 (Fig. 4a and Supplementary Table 7).  
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seven mRNA immunizations while the other received mRNA followed by a single protein boost with homologous SOSIP trimers in each phase. After 
completion of the first seven immunizations, a protocol amendment was introduced to include three additional immunizations: one with the autologous 
Env (WITO.27 mRNA or protein in the respective subgroups) and two with recombinant heterologous proteins in both subgroups (one at week 51 with 
JR-FL SOSIP.664 and one at week 59 with a mixture of four soluble trimers, that is, WITO SOSIP.664, BG505 SOSIP.664, DU422 SOSIP.664 and JR-FL 
SOSIP.664). b, Induction of autologous trimer-binding antibodies in all seven immunized macaques over time as assayed with ELISA using the WITO 
SOSIP.664 trimer captured on lectin-coated plates. The data are given in box-and-whisker representation, with the ends of the box representing the first 
and third quartiles, the horizontal line representing the median, and the whiskers representing the minimum and maximum, with the blue dots representing 
endpoint dilution titers for individual macaques. Each serum was tested in duplicate wells. c, Induction of antibodies binding to the autologous V3 loop in 
immunized macaques over time as assayed using a linear WITO V3 peptide directly coated on the plate surface. Each serum was tested in duplicate wells. 
d, Induction of antibodies binding to a heterologous trimer (AD8) in immunized macaques over time as assayed with ELISA using the soluble AD8 trimer 
captured on lectin-coated plates. The sequence and timing of immunizations are indicated by color-coded triangles on the top. Each serum was tested in 
duplicate wells.
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The titers became more durable after the third immunization and 
received the strongest boost by the first heterologous immunization 
(week 27). To investigate to what extent these neutralizing antibod-
ies were directed against the V3 loop, we tested an autologous V3 

peptide (WITO pV3) as a competitor. V3-specific antibodies con-
stituted only a fraction of the total neutralizing antibodies, particu-
larly at the later time point tested (week 37), when the difference 
between neutralization in the presence and absence of pV3 was not 
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Fig. 4 | Induction of neutralizing antibodies in immunized macaques over time. a, Serum titers of neutralizing antibodies (IC50) against the autologous 
Env (WITO4160.27) in all seven immunized macaques over time, as assayed using pseudoviruses on TZM-bl cells. The data are given in box-and-whisker 
representation, with the ends of the box representing the first and third quartiles, the horizontal line representing the median, and the whiskers 
representing the minimum and maximum, with the blue dots representing IC50 for individual macaques. b, Effect of the autologous V3 peptide (WITO 
pV3) on autologous neutralization at two time points (week 29 and 37). The assays were performed by incubating the linear V3 peptide with macaque 
sera prior to addition to the pseudovirus stock. The neutralization titers were moderately reduced by incubation with the V3 peptide but the difference was 
statistically significant only at week 29 (two-tailed paired t-test). c, Serum titers of neutralizing antibodies against a heterologous Env (JR-FL). d, Serum 
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statistically significant (Fig. 4b). No significant differences in autol-
ogous neutralization were observed between animals in subgroups 
1 and 2, with the exception of higher neutralization titers in sub-
group 1 at week 27 and a greater reduction of neutralization by the 
V3-loop peptide in the same subgroup at week 37 (Extended Data 
Fig. 3). These results suggest that the protein boosting may have 
induced slightly higher V3-specific antibody responses.

Heterologous tier-1a neutralizing antibodies, tested against the 
SF162 strain (clade B), began to appear after the first heterologous 
immunization and subsequently reached relatively high titers,  

comparable to those of autologous neutralizing antibodies 
(Extended Data Fig. 4a). Heterologous tier-1b neutralizing antibod-
ies, tested against the BaL strain (clade B), were also induced at the 
same time but remained at relatively lower titers throughout the 
immunization period (Extended Data Fig. 4b), confirming the lack 
of dominant targeting of tier-1 epitopes by neutralizing antibodies 
in vaccinated animals. No evidence of heterologous tier-2 neutral-
ization was seen throughout the autologous immunization phase or 
after the first two heterologous immunizations (Fig. 4c,d). However, 
after the third heterologous immunization, low titers of bona fide 
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tier-2 heterologous neutralizing antibodies started to appear in all 
animals, as tested against two difficult-to-neutralize tier-2 strains, 
JR-FL (Fig. 4c) and AD8-EO (Fig. 4d), which have Env sequences 
unrelated to those used for immunization. Heterologous neutral-
ization was boosted by subsequent immunizations although the 
titers remained relatively low (range of the mean reciprocal IC50, 
30–48 against JR-FL and 20–45 against AD8). Of note, the last 
three immunizations (added as a protocol amendment) did not sig-
nificantly boost heterologous neutralization (Fig. 4c). Remarkably, 
by week 58 all the animals had developed broadly tier-2 neutral-
izing antibodies that were effective against 11 of 12 HIV-1 strains 
included in a reference global panel of Envs of different geographic 
and genetic origin56 (Fig. 4e). Although four isolates in this panel 
possess an intermediate neutralization phenotype (tier-1/2) due to 
increased exposure of the V3 loop57, these isolates were not neutral-
ized more efficiently than the others. No significant neutralization 
was detected against one of the panel isolates (CNE55) or against 

the irrelevant SIVmac251 Env used as a control. No significant dif-
ferences in heterologous neutralization were observed when ani-
mals in subgroups 1 and 2 were separately analyzed, with the only 
exception being HIV-1 BaL neutralization at week 49 (Extended 
Data Fig. 4).

Viral antigen-specific T cell responses. Virus-specific T cell responses 
were tested against the two viral antigens expressed by the vac-
cine, that is, HIV-1 Env and SIV Gag, at two time points: week 
27, after completion of the autologous phase, and week 60, after 
completion of the entire immunization protocol. Polyfunctional 
Env-specific CD4+ T cell responses were already detectable at week 
27 but were markedly boosted in all animals at week 60 (Fig. 5a and 
Supplementary Table 8). Of note, there was a significant increase in 
polyfunctionality in CD4+ T cells at week 60 (P = 0.0008) (Fig. 5c),  
with nearly 50% of the responding cells co-expressing three cyto-
kines or more, consistent with the elicitation of a strong T cell helper 
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activity for antibody production. Env-specific CD8+ T cell responses 
were also detected, but at much lower levels than the CD4+ T cell 
responses (Fig. 5b). In contrast, SIV Gag-specific CD4+ and CD8+ 
T cell responses were low to undetectable at both week 27 and week 
60 ((Extended Data Fig. 5a,b). There were no significant differences 
at either time point between T cell responses elicited in vaccine sub-
groups 1 and 2 (Supplementary Table 8).

With regard to CD4+ T cells, we evaluated the frequency and 
phenotype of circulating T-follicular helper (Tfh) cells given that 
they represent a key subpopulation in germinal centers for the gen-
eration of neutralizing antibody responses58. CD4+ T cells express-
ing CXCR5 (CD185), a Tfh-associated chemokine receptor that 
enables access to germinal centers in lymphoid organs, were abun-
dant in the peripheral blood of vaccinated macaques at both week 
27 and week 60, but the majority were negative for the Tfh marker 
PD-1 (CD279) (Fig. 5d). However, analysis of Env-specific CD4+ 
T cells showed a skewed phenotypic distribution of CXCR5+ T cells 
(CXCR3+ or CXCR3−), with a dominance of PD-1-positive Tfh 
cells (Fig. 5d). The mean frequency of Env-specific CXCR5+ cells 
co-expressing PD-1 at weeks 27 and 60 was 65.9% (range, 38.5–80.5) 
and 77.9% (range, 63.3–86.9), respectively, with a higher proportion 
of triple-positive cells (CXCR5+CXCR3+PD-1+) compared with all 
the other CXCR5+ subsets. Accordingly, vaccinated macaques had 
a high frequency of Env-specific CD4+ T cells secreting interleukin 
(IL)-4 and IL-21, two cytokines that constitute the functional signa-
ture of Tfh cells58.

Protection from mucosal infection with a heterologous tier-2 SHIV. 
Having verified the induction of heterologous tier-2 neutralizing 
antibodies in all immunized animals, we proceeded with the live 
virus challenge phase (Fig. 2a) using a heterologous tier-2 SHIV 
strain (SHIV AD8-EO)59. Starting at week 60, all the animals were 
challenged weekly with intrarectal inoculations of SHIV AD8-EO 
at 10 TCID50 (half-maximal tissue culture infectious doses; equiva-
lent to 0.27 half-maximal macaque infectious doses60) for a total of 
13 sequential challenges. The non-immunized control group was 
infected in parallel. Infection was monitored using a sensitive quan-
titative real-time polymerase chain reaction (PCR) assay for plasma 
viremia. Control macaques were readily infected, with a restricted 
mean infection-free time of 3.0 weeks (95% confidence interval 
(CI): 1.5–4.5 weeks), which matches previous results obtained using 
the same SHIV stock, dose and route61. In contrast, two of seven 
immunized animals never showed any signs of infection after the 
completion of all 13 weekly inoculations, while the others were 
infected with a significant delay, with an overall restricted mean 
infection-free time of 8.1 weeks (95% CI: 5.2–11.0 weeks; P = 0.002). 
On Kaplan–Meier survival analysis there was a significant differ-
ence in virus-free survival between vaccinated and control animals 
(P = 0.028, Wilcoxon exact test) (Fig. 6a), with a per-exposure risk 
reduction of 79% (95% CI: 9–95%) (Fig. 6b). No significant differ-
ence in virus-free survival was seen between animals in subgroups 1 
and 2, with respective per-exposure risk reductions of 76% and 86% 
(Extended Data Fig. 6a,b). Once infection was detected, the levels of 
viremia (peak and area under the curve) did not significantly differ 
between the vaccinated animals and controls (Fig. 6c), or between 
the two vaccine subgroups (Extended Data Fig. 6c).

Assessment of potential protection correlates. The observed protec-
tive effect of the vaccine prompted us to investigate the potential 
immunological correlates of protection, which might shed light 
on the mechanisms of vaccine efficacy. The binding specificity of 
vaccine-elicited antibodies was mapped by competition with a panel 
of bNAbs directed against different supersites of HIV-1 vulnerabil-
ity. A variety of antibody specificities was seen, as shown by compe-
tition with sCD4 and bNAbs against the CD4-BS (VRC01, N6 and 
3BNC117), the V3-base glycan region (PGT121 and PGT135), the 

V2-apex glycan region (PG16 and PGT145) and the gp120–gp41 
interface (35O22), while the fusion peptide region recognized by 
bNAb VRC34 was not significantly targeted (Extended Data Fig. 7a).  
To evaluate the elicitation of off-target antibodies, we performed 
competition assays with a set of well-characterized antibodies 
against the trimer base, different glycan holes (289, 465, 611) and 
the highly variable V1 region of the BG505 Env62,63 (Extended Data 
Fig. 7b). Low levels of competition were detected, in contrast to the 
results with bNAb epitopes, suggesting that our vaccine did not elicit 
dominant antibody responses against these irrelevant epitopes. As 
expected, antibodies against the trimer base were more abundant 
in animals that received more protein immunizations with SOSIP 
trimers (subgroup 1), but still remained at relatively low levels.

In a representative protected animal (macaque V3, subgroup 1) 
we also performed polyclonal epitope mapping by NSEM using a pre-
viously reported method64. A large fraction of trimers were bound to 
antigen-binding antibody fragments (Fabs) (9.8% of total trimers), 
which appeared to be targeting at least five major regions: a region 
deep in the inter-protomer groove, compatible with the CD4-BS; a 
second region in the inter-protomer groove more distal from the 
trimer axis; a third region at the trimer apex targeted by two Fabs 
simultaneously; a fourth region at the trimer apex targeted by a sin-
gle Fab, compatible with the V2-glycan supersite; and a fifth region 
at the trimer base, as widely reported after SOSIP immunization18–21 
(Extended Data Fig. 8). These results confirmed that the vaccine was 
able to elicit antibodies against different trimer regions and that the 
trimer base was not a dominant target of such antibodies.

Next, we tested the correlations between the number of viral 
challenges necessary to transmit the infection in individual ani-
mals (time to infection) and the antiviral immune responses. On 
Spearman correlation testing, no significant correlations were 
observed between protection and antibody titers against SIV Gag 
p27 or against both autologous (WITO) and heterologous (AD8) 
Env trimers (Supplementary Table 6). Likewise, serum neutraliza-
tion titers measured at week 58 against any individual HIV-1 strain, 
including AD8, were not correlated with protection (Supplementary 
Table 7). Also, no significant correlations were found between pro-
tection and CD4+ and CD8+ T cell responses or specific phenotypic 
or functional subpopulations, including Tfh cells (Supplementary 
Table 8). Only the proportion of Env-specific CXCR5+CXCR3−PD-1+ 
Tfh cells at week 60 was significantly correlated with protection after 
exclusion of a single outlier (Extended Data Fig. 5c).

Next, we tested the reactivity of week 58 immune sera with vari-
ous epitope-specific probes. No correlations were seen with anti-
bodies against either autologous or heterologous V3-loop peptides, 
nor against a V1V2 scaffolded antigen (gp70), the recognition of 
which had previously been correlated with a reduced risk of infec-
tion in the RV144 clinical trial65 (Extended Data Fig. 9). However, 
a significant correlation was found with antibodies against the 
CD4-BS, as assayed using an engineered outer domain (OD) 
probe, eOD-GT8, versus its mutated CD4-BS knock-out counter-
part66 (r = 0.818; P = 0.024) (Fig. 6d). Binding to a glycan-masked 
eOD-GT8-derivative probe (eOD-GT8 M49)67 also showed a highly 
significant correlation (r = 0.986; P = 0.0003) after the removal of a 
single outlier for which the pre-immune serum already had high 
baseline reactivity with the probe (Fig. 6e).

To assess the interaction of serum antibodies from protected ani-
mals with the native, membrane-expressed Env, we tested their abil-
ity to bind to the surface of primary CD4+ T cells infected in vitro 
with SHIV AD8, the same virus used for challenge, and to mediate 
antibody-dependent cellular cytotoxicity (ADCC). These are bio-
logically relevant assays because they measure antibody recogni-
tion of membrane-anchored Env spikes endogenously produced 
by primary cells. Given that cell-surface binding assays are biased 
by the bystander effect of uninfected CD4+ cells, which passively 
adsorb extracellular soluble gp120 through CD4, we used a vali-
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dated method to selectively analyze infected cells, which down-
regulate CD4 and, therefore, do not passively bind free gp120 
(refs 68,69). Both cell-surface binding and ADCC showed a trend 
toward correlation with protection, which became significant in 
both cases (P = 0.016 and 0.028, respectively) after exclusion of a 
single outlier (Extended Data Fig. 9d,e). Further corroborating the 
presence of trimer-binding antibodies specific for the CD4-BS, 
binding to the surface of primary SHIV AD8-infected cells was sig-
nificantly reduced by pre-treatment with a Fab of the bNAb VRC01 
(P < 0.0001) (Extended Data Fig. 9f).

Discussion
The present study provides a proof of principle that a multiclade 
HIV-1 env–gag mRNA vaccine is safe and immunogenic, can induce 
neutralization breadth accompanied by polyfunctional CD4+ T cell 
responses, and can protect rhesus macaques from infection with a 
heterologous tier-2 virus. Specifically, the results that we obtained 
both in mice and macaques validate the further development of 
a VLP-generating env–gag mRNA platform for the presentation 
of native HIV-1 Env to the immune system. The use of mRNA 
as a vehicle may offer significant advantages over immunization 
with exogenous proteins in terms of the challenges, cost and time 
required for immunogen manufacturing for human clinical trials. 
In the specific case of HIV-1, it may also overcome many of the 
issues that arise with the recombinant production of Env trimer 
immunogens, especially glycan processing, antigenic modifications 
associated with trimer stabilization, and the immunodominance of 
off-target epitopes. Furthermore, many primary HIV-1 Envs that 
might serve as effective immunogens are not amenable to expres-
sion as stabilized soluble trimers.

The vaccine platform that we designed combines a series of 
unique features, all of which may have contributed to its efficacy. 
One of the most notable is the co-formulation of mRNAs encod-
ing membrane-anchored Env and Gag proteins, which leads to the 
endogenous generation of VLPs similar to the viral particles pro-
duced during natural infection. Although in vivo-generated VLPs 
are difficult to visualize, in vitro transfection experiments docu-
mented a robust and consistent VLP formation with diverse HIV-1 
Env immunogens. The results obtained in mice by direct compari-
son of co-formulated env–gag mRNA with env mRNA alone pro-
vided supporting evidence for the advantages of this design. Other 
factors that were presumably critical were the initial priming with 
a transmitted-founder HIV-1 Env lacking the N276 glycan, which 
is in line with lineage-based vaccine strategies aimed at the early 
recruitment of germline bNAb precursors, and the intensive multi-
clade heterologous boosting. Corroborating the importance of such 
intensive multiclade stimulation, neutralization breadth started to 
appear only after the third heterologous immunization.

As often occurs in preclinical and clinical vaccine studies, the 
immunological mechanisms responsible for the risk reduction 
conferred by our vaccine remain uncertain. However, analysis of 
protection correlates conducted at the time of virus challenge pro-
vided some clues about the potential protective mechanisms. A 
significant correlation was observed with antibodies against the 
CD4-BS, a key supersite of HIV-1 vulnerability, which supports a 
role of the humoral immune response in mediating protection. In 
rhesus macaques, the lineages of anti-CD4-BS bNAbs are not yet 
clearly defined and, therefore, it was not possible to test the ability 
of our priming immunogen to engage germline macaque antibod-
ies against this site. However, we can postulate that removal of the 
N276 glycan, which effectively shields the CD4-BS from germline 
bNAb precursors in humans, may have succeeded in recruiting the 
relevant macaque B cell precursors at the onset of the immuniza-
tion protocol. The multiple booster immunizations with closed, 
tier-2 Envs from three different clades may have then focused the 
B cell responses on shared tier-2 epitopes, thereby fostering the 

maturation of broad-spectrum neutralizing antibodies. Consistent 
with a role of humoral immune responses in protection, our vac-
cine induced robust polyfunctional Env-specific CD4+ T cells at the 
time of virus challenge. As previously reported with mRNA vac-
cines41,70–72, we also documented the induction of virus-specific Tfh 
cells, a key subpopulation that was shown to support B cell differen-
tiation into affinity-matured long-lived plasma cells and promote 
bNAb development against HIV-1 (ref. 73).

Despite these encouraging results, there are some limitations 
with the present study. First, the neutralization titers elicited by our 
vaccine against the challenge virus, AD8, and other heterologous 
tier-2 viruses were relatively low and did not reach levels that have 
previously been reported to be protective in vivo7,74–78. This suggests 
that protection was unlikely to be due to neutralizing antibodies 
alone, but rather to a combination of neutralizing antibodies with 
other immunologic mechanisms. One such mechanism could be 
ADCC, which was effectively documented in our immunized ani-
mals. Moreover, the induction of antibodies against multiple Env 
antigenic sites by our vaccine raises the possibility of a coopera-
tive effect between antibodies with different specificity and func-
tionality. Another limitation of our study was that the protective 
effect of the vaccine was partial, with only two animals being fully 
protected. However, it should be emphasized that we used a het-
erologous tier-2 strain (SHIV AD8) that is particularly difficult to 
neutralize, and still the vaccine induced a 79% per-exposure risk 
reduction upon 13 sequential mucosal challenges, a protocol that 
best approximates the prevalent modality of sexual transmission in 
humans. Given that mucosal transmission of HIV-1 in humans is 
an inefficient event, this level of risk reduction might still have a 
significant impact on viral transmission. Finally, the vaccine has so 
far been tested only in a single study, and therefore the results need 
to be confirmed with additional preclinical and clinical trials.

In conclusion, the env–gag VLP mRNA platform described here 
offers a promising approach for the development of a preventive 
HIV-1 vaccine. Although the intensive immunization schedule 
with high mRNA doses that we used was remarkably well toler-
ated, a vaccination regimen encompassing seven or more sequen-
tial immunizations would be difficult to implement in humans. 
Refinements of the current protocol, including improvements 
in both the yield and quality of VLP generation, may increase 
the efficacy of immunization and thereby require fewer vaccine 
boosts. Specific modifications in the choice of Env immunogens 
and mRNA formulations are being evaluated, in parallel with the 
original protocol, in a second vaccine-challenge study in rhesus 
macaques that is currently under way.
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Methods
Animals. BALB/c mice (6–8 weeks old) were obtained from Charles River. 
The experiments in mice were carried out in compliance with all pertinent US 
National Institutes of Health (NIH) regulations and were approved by the Animal 
Care and Use Committee (ACUC) of Moderna. Fourteen outbred naive female 
rhesus macaques of Indian origin, 6–10 years of age, were genotyped and selected 
as negative for the protective major histocompatibility complex (MHC) class I 
alleles Mamu-A*01, Mamu-B*08 and Mamu-B*17. The animals were randomly 
assigned to the study groups, which were balanced for age, weight, complete 
blood count and chemistry profiles. All the animals were housed at Bioqual in 
Rockville, MD, USA according to the guidelines of the Association for Assessment 
and Accreditation of Laboratory Animal Care standards, with the exception of 
three vaccine-naive controls, which were housed at the NIH Animal Facility in 
Poolesville, MD, USA. During the challenge phase, the animals received the same 
dose of the same viral stock (SHIV AD8-EO) in both facilities and the veterinary 
staff followed the same operating procedures. The study protocol was approved by 
both the NIH and the Bioqual ACUCs.

mRNA immunogens. Sequence-optimized mRNAs encoding the immunogens 
were synthesized in vitro using an optimized T7 RNA polymerase-mediated 
transcription reaction with N1-methylpseudouridine-5'-triphosphate utilized 
in place of uridine-5'-triphosphate79. The in vitro transcription DNA template 
contained the target open reading frame flanked by 5' and 3' untranslated 
regions and an encoded polyA tail. The GenBank accession numbers for 
the mRNA immunogens are: WITO4160.27.ENV.gp145.N276D.(1–745aa), 
MZ362872; WITO4160.27.ENV.gp145.G153E.(1–745aa), MZ362873; 
DU422.1.ENV.K295N.D386N.375Y.(1–745aa), MZ362874; BG505.W6M.
ENV.C2.T332N.S375Y.gp160, MZ362875; SIVmac239.gag.P55, MZ362876. 
After transcription, a cap 1 structure was added enzymatically using vaccine 
capping enzyme and 2'-O-methyltransferase (New England Biolabs). Purified 
mRNA was sterilized by filtration and co-formulated into the same lipid 
nanoparticle using a method described previously80. In brief, mRNA was diluted 
in acetate, pH 5.0, and mixed with lipids (SM-102 : 1,2-distearoyl-sn-glycero-
3-phosphocholine : cholesterol : polyethylene glycol 2000-dimyristoyl glycerol) 
dissolved in neat ethanol at a ratio of 3:1 (mRNA : lipids). The product was 
then dialyzed against PBS, pH 7.4, tested for encapsulation, particle size and 
polydispersity, and mRNA purity and endotoxin, and was deemed acceptable for 
in vivo use. The env : gag mRNA ratio ranged between 1.7:1 and 2.2:1 in the various 
immunogen formulations (Supplementary Table 3).

In vitro transfection and VLP capture and quantification. The mRNAs 
encoding different HIV-1 Env constructs (1 µg) and SIVmac239 Gag (2 µg) were 
co-transfected into HEK293T cells. The RNA mixtures were added to 6-well plates 
(106 cells per well) with 6 µl transfection reagent and transfection booster from 
the TransIT-mRNA Transfection Kit (Mirus). Supernatants were collected 48 h 
after transfection, centrifuged at 1,000 r.p.m. and filtered through a 0.45 µM PES 
filter (Millipore). For VLP capture from culture supernatants, the anti-Env bNAb 
PG16 and PGT128 were incubated with Protein G-conjugated immunomagnetic 
beads (Dynabeads; Life Technologies) at 20 µg ml−1. Antibody-armed beads were 
incubated with VLP-containing supernatants at room temperature for 30 min and 
then washed three times with PBS containing 0.025% (vol/vol) casein (Vector 
Laboratories) to remove the unbound material. Captured VLPs were lysed with 
RIPA buffer on the beads, and the released p27 Gag protein concentration was 
measured using an SIV p27 antigen in-house ELISA. Serial dilutions of reference 
p27 protein and lysed VLP p27 were coated onto 96-well ELISA plates (Corning) at 
4 °C overnight. Then, the plates were blocked with 1x casein at room temperature 
for 1 h, followed by the addition of mouse anti-p27 monoclonal antibody (AIDS 
Reagent Program, cat. no. 3537) at 1 µg ml−1. After washing, horseradish peroxidase 
(HRP)-conjugated goat anti-mouse immunoglobulin G (IgG) (Invitrogen, cat. no. 
A16072) was added for 1 h at room temperature. The optical density at 450 nm 
was measured. The VLP p27 concentrations were calculated using a dose–
response curve fit with a 5-parameter non-linear function in GraphPad Prism 8. 
For concentrating VLPs, 25 ml VLP-containing supernatants were layered onto 
a 10–20% linear gradient sucrose PBS buffer and centrifuged at 29,300 r.p.m. 
(Beckman Rotor Type 50.2 Ti, ~78,000 ×g) for 2 h at 4 °C. After centrifugation, the 
supernatants were discarded and the VLP pellets were resuspended in PBS and 
stored at 4 °C for NSEM or gp120/p27 ELISA.

Mouse immunization protocol. BALB/c mice were injected with mRNA 
formulations in a volume of 0.05 ml using a sterile syringe by intramuscular 
injection in the hind leg. The animals were immunized at days 0 and 28 with 
2.5 µg HIV-1 env 426c.D276.D460.D463(1–745aa) mRNA alone (group 1; 
n = 8) or co-formulated with 2.5 µg SIVmac239 gag mRNA (group 2; n = 8). 
Control mice (n = 4) received PBS because previous studies have proven that the 
mRNA formulations being tested do not create substantial levels of non-specific 
immunity81. Blood was collected on day −1, 14, 28, 43 and 57. Blood collections 
did not exceed 1% of the total body weight or 10 ml kg−1 over a 2 week period, 
per ACUC protocol. Regarding the sample size, a Wilcoxon sum rank test with a 
two-tailed level of significance of 0.05 would have >80% power to detect an effect 

size of 1.6 between the Env and Env–Gag vaccine arms, each with a sample size of 
8, and to detect an effect size of 2 between a vaccine arm and the control arm, with 
sample sizes of 8 and 4, respectively.

Macaque immunization protocol and live virus challenges. Formulated mRNA 
was diluted in sterile PBS immediately before the immunizations, as required 
to reach the desired volume. The protein immunization doses were prepared 
by mixing 100 µg SOSIP trimer with 100 µl adjuvant (Adjuplex; Sigma) in PBS 
per animal. The final inoculation volume was 500 µl per animal. Animals were 
vaccinated intramuscularly at week 0, 11, 19, 27, 35, 43, 47, 51, 56 and 59 with 
either mRNA or protein into the right hind leg. At week 27, 35, 43 and 47, the 
animals received two separate inoculations (DU422 375Y.1-745 and BG505 
375Y gp160 mRNA or protein), at least 1 inch apart, in the same quadriceps 
muscle. The mRNA and protein doses inoculated at each time point are listed in 
Supplementary Table 3. For live virus challenge, molecularly cloned SHIV AD8 
previously titrated in vivo was inoculated intrarectally. Animals were scheduled 
to receive 13 sequential low-dose intrarectal inoculations containing 10 TCID50 of 
SHIV AD8-EO diluted in sterile PBS. For reference, a previous study conducted 
with 10 TCID50 of the same viral stock via intrarectal inoculation in 12 naive 
macaques yielded infection after a mean of 3.8 ± 1.1 inoculations (range, 2–6; 
median, 3 inoculations)61. Challenges were suspended in animals with confirmed 
infection. All blood samples (serum, plasma or peripheral blood mononuclear cells 
(PBMCs)) were collected either on the day of or 2 weeks after vaccine inoculations. 
PBMCs were isolated by Ficoll and frozen in 10% DMSO and 90% FBS in CoolCell 
LX cell freezing containers (Corning), left at −80 °C overnight and then transferred 
to a vapor-phase liquid nitrogen freezer (Thermo Scientific) for long-term storage. 
Regarding the sample size, with seven rhesus macaques per arm, the study had 
>80% power to detect the protective efficacy of the vaccine against SHIV infection 
if the protective efficacy, defined as 1 minus the hazard ratio, was not less than 0.90 
in a Wilcoxon sum rank test on the time to infection with a two-tailed significance 
level of 0.05.

Mutagenesis, protein expression and purification. Mutations were introduced 
by site-directed mutagenesis using the QuikChange Lightning Multi Site-Directed 
Mutagenesis Kit (Agilent Technologies, part no. 210514). The mutagenized trimers 
426C.DS.SOSIP, WITO 501GCG SOSIP.664 (containing a modified furin cleavage 
site), BG505 375Y SOSIP.664 and JR-FL 375Y SOSIP.664 (containing a tyrosine 
substitution at position 375) were expressed by co-transfecting the mutagenized 
plasmids with a plasmid expressing the cellular protease furin into Free-style 293-F 
cells (ThermoFisher Scientific). For AD8, a non-SOS soluble trimer was used 
that was devoid of the stabilizing 501–605 disulfide bond but which contained a 
neo-disulfide bond between amino acids 113 and 432 (ref. 17). This trimer design 
will be described elsewhere (Zhang et al., in preparation). Cell-free supernatants 
were collected after 6–7 days by centrifugation and passed through a 0.22 μm filter. 
A Galanthus nivalis lectin affinity column (Vector Laboratories) and size-exclusion 
column were used to purify the trimer proteins. The Env trimer protein 
corresponding to the peak was collected and concentrated, and then processed 
in a monoclonal antibody 447-52D affinity column for negative selection of open 
trimer forms. Purified trimers were concentrated to 0.5–2 mg ml−1 in PBS and 
stored at −80 °C.

In vitro mRNA transfection and flow cytometry assays. HEK293T cells (obtained 
from ATCC) were transiently transfected with mRNA encoding different HIV-1 
Envs using the TransIT-mRNA Transfection Kit (Mirus). After 48 h the cells were 
collected by mechanical shaking and pipetting, washed with PBS, and incubated 
with CD4-Ig or anti-gp120 antibodies (1 μg ml−1) in flow cytometry buffer (1× 
PBS with 2% FBS) at room temperature for 30 min. After washing with PBS twice, 
the cells were incubated with phycoerythrin (PE)-conjugated goat anti-human 
IgG (Southern Biotech) at room temperature for 15 min. The cells were then 
washed once with PBS, fixed in 2% paraformaldehyde (PFA) and analyzed on a 
BD LSRFortessa (BD Biosciences). Data analysis and geometric mean fluorescence 
intensity measurement were performed using FlowJo v10.7.1.

Antibody-binding assays. HIV-1 Env binding by antibodies present in macaque 
plasma or serum was tested using ELISA as previously described17. For assessing 
endpoint binding titers, 96-well ELISA plates (Corning) were either coated with 
4 μg ml−1 Galanthus nivalis lectin (Sigma) for testing Env trimer binding or directly 
coated with smaller antigens (for example, SIV p27 Gag, V3 peptides, gp70-V1V2 
scaffold, or eOD-GT8 and related proteins) at 1 µg ml−1 in PBS at 4 °C overnight. 
Then, the plates were blocked with 1× casein at room temperature for 1 h. All 
the antibodies and HIV-1 Env proteins used in ELISA experiments were diluted 
in 0.1× casein solution in PBS (washing buffer). All samples were washed three 
times with washing buffer after each step. To evaluate macaque sera binding to 
soluble Env trimers, purified SOSIP trimers (1 μg ml−1) were added to lectin-coated 
plates for 1 h at room temperature. After washing, serially diluted rhesus macaque 
sera were added and incubated for 1 h at room temperature. After washing, 
HRP-conjugated goat anti-human IgG (Jackson ImmunoResearch), cross-reactive 
with macaque IgG, was added for 1 h at room temperature. The reaction was 
revealed by incubation with 50 μl substrate (R&D Systems) for 15 min before the 
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addition of 25 µl stop solution. Light absorption was measured at a wavelength of 
450 nm. All samples were tested in duplicate wells.

bNAb competition ELISA. BG505 SOSIP.664 trimers (1 µg ml−1) were added to 
lectin-coated ELISA plates for 1 h at RT. Macaque sera (at 1:100 dilution) and 
biotinylated bNAbs or sCD4-4d at pre-determined concentrations to yield 50–60% 
of maximum binding signal were added to the plates simultaneously. Bound bNAbs 
were detected using Streptavidin-HRP (R&D Systems). The optical density at 
450 nm was measured and the binding data were analyzed with Prism 8 (GraphPad 
Prism Software). The degree of competition was calculated as the percentage of 
signal reduction in the presence or absence of the immune macaque sera.

HIV-1 pseudovirus production and neutralization assays. Plasmids expressing 
various HIV-1 Envs were co-transfected with an HIV-1 backbone plasmid 
(pSG3Δenv, Env-deficient) into HEK293T cells. One μg of each Env-expressing 
plasmid and 1 μg of the backbone plasmid were mixed in Opti-MEM medium 
(Gibco), and 4 μl LiFect293 Transfection Reagent were added at a 1:2 DNA : reagent 
ratio. The DNA-LiFect293 Transfection Reagent complex was incubated for 15 min 
at room temperature and added to 106 HEK293T cells in 6-well plates with 2 ml 
fresh 10% FBS-DMEM. After incubation for 2 days at 37 °C, the supernatants 
containing pseudoviruses were centrifuged, filtered by a 0.45 µm filter, aliquoted 
and titrated for further use. For single-round HIV-1 Env-pseudovirus infection of 
TZM-bl cells, heat-inactivated rhesus macaque sera were serially diluted threefold 
and incubated with the pseudoviruses for 30 min at room temperature; then, 
104 TZM-bl cells were added to 96-well flat-bottom plates in 10% FBS-DMEM, 
in a total volume of 200 µl per well. All the samples were tested in duplicate or 
triplicate wells. After 72 h the medium was completely removed and the reporter 
gene (luciferase) expression was detected by adding 50 μl per well Luciferase Assay 
Reagent (Promega). The cell lysates were transferred to luminescence plates and 
measured with a luminometer (PerkinElmer). The viral stocks were used at a 
concentration yielding approximately 100,000–500,000 relative light units (RLU). 
IC50 values were calculated using a dose–response curve fit with a 5-parameter 
non-linear function using GraphPad Prism 8.

Macaque CD4 functional assay. Rhesus macaque CD4 (rhCD4) and HIV-1 
co-receptor-expressing HEK293T cells were generated by transient transfection of 
rhCD4, rhCXCR4 and rhCCR5 expression vectors (NIH HIV Reagent Program, 
cat. nos. 3600, 3602 and 3601) on the day before the pseudovirus titration 
experiment. Titrated HIV-1 WT or 375Y pseudoviruses were incubated with 
the transfected HEK293T cells. Seventy-two hours later, the cells were lysed and 
luciferase activity (RLU) was measured.

Cell-surface staining and ADCC assay. For cell-surface staining, 
SHIV AD8-infected primary human CD4+ T cells were stained with AquaVivid 
viability dye and incubated with heat-inactivated macaque sera (at 1:100 dilution) 
for 1 h at 37 °C. Cells were washed three times with cold PBS before adding Alexa 
Fluor 647-conjugated anti-human IgG secondary antibody (Invitrogen). Productively 
infected cells were identified by intracellular staining for SIV p27 (antibody clone 
2F12) and CD4 (antibody clone OKT4) as p27+CD4low cells. For ADCC, infected 
cells were stained with AquaVivid viability dye and cell proliferation dye (eFluor670, 
eBioscience) and used as target cells. Autologous PBMC effector cells, stained with 
proliferation dye eFluor450 (eBioscience), were added at an effector : target ratio of 
10:1 in 96-well V-bottom plates (Corning). Then, heat-inactivated macaque sera 
(at 1:100 dilution) were added to appropriate wells and the cells were incubated 
for 15 min at room temperature. Subsequently, the cells were centrifuged for 1 min 
at 300x g and incubated at 37 °C in 5% CO2 for 5 h before being fixed in a 2% PFA 
solution in PBS. Samples were acquired on an LSRII cytometer (BD Biosciences) 
and data analysis was performed using FlowJo vX.0.7 (Tree Star). The percentage of 
cytotoxicity was calculated using the following formula: (% of p27+CD4low cells in 
targets plus effectors) − (% of p27+CD4low cells in targets plus effectors plus sera)/(% 
of p27+CD4low cells in targets) by gating on infected live target cells.

T cell immunity assays. Cryopreserved PBMC were thawed into warm R10 media 
(RPMI 1640, 10% FBS, 2 mM l-glutamine, 100 U ml−1 penicillin and 100 μg ml−1 
streptomycin), washed and rested for 1 h before stimulation. For stimulation, 
1–1.5 million cells were plated into 96-well V-bottom plates in 200 µl R10 and 
stimulated with SIV Gag or HIV-1 clade-B Env peptides (2 µg ml−1; NIH AIDS 
Reagent Program) in the presence of Brefeldin A (10 µg ml−1; Sigma-Aldrich) and 
monensin (GolgiStop; BD Biosciences). Titrated amounts of anti-CD107a and 
anti-CXCR3 were included in the culture during cell stimulation. A DMSO-only 
condition was included to determine background for unstimulated cells. Following 
stimulation for 6 h, samples were stained with LIVE/DEAD Fixable Blue Dead Cell 
Stain for 10 min at room temperature and surface stained with titrated amounts of 
anti-CD14, anti-CD20, anti-CD4, anti-CXCR5, anti-CD28, anti-PD-1, anti-CD8, 
anti-CD95 and anti-CCR7 for 20 min at room temperature. Cells were washed in 
FACS Buffer (PBS + 2% FBS), fixed, and permeabilized (Cytofix/Cytoperm; BD 
Biosciences) for 20 min at room temperature. Cells were washed with Perm/Wash 
buffer (BD Biosciences) and stained intracellularly with anti-CD3, anti-CD154, 
anti-interferon-γ (anti-IFN-γ), anti-IL-2, anti-IL-4, anti-IL-21, anti-tumor necrosis 

factor-α (anti-TNF-α), anti-Granzyme B and anti-CD69 for 20 min at room 
temperature. The antibodies used for staining are listed as follows. The directly 
conjugated antibodies purchased from BD Biosciences were CD107a BV510 
(Clone H4A3; cat. no. 563078), CXCR3 PE-Cy5 (Clone 1C6/CXCR3; cat. no. 
551128), CD14 BUV805 (Clone M5E2; cat. no. 612902), CD20 BUV805 (Clone 
2H7; cat. no. 612905), CD4 BUV395 (Clone L200; cat. no. 564107), CD28 BB515 
(Clone CD28.2; cat. no. 564492), CD8 BUV496 (Clone RPA-T8; cat. no. 612942), 
CD3 APC-Cy7 (Clone SP34-2; cat. no. 557757), IFN-γ V450 (Clone B27; cat. no. 
560371), IL-2 BUV737 (Clone MQ1-17H12; cat. no. 612836) and IL-21 Alexa Fluor 
647 (Clone 3A3N2.1; cat. no. 560493). The antibodies purchased from Biolegend 
were PD-1 BV785 (Clone EH12.2H7; cat. no. 329930), CD95 BV605 (Clone DX2; 
cat. no. 305628), CCR7 BV650 (Clone G043H7; cat. no. 353234); CD154 BV711 
(Clone 24-31; cat. no. 310838), TNF-α Alexa Fluor 700 (Clone Mab11; cat. no. 
502928) and CD69 PE (Clone FN50; cat. no. 310906). CXCR5 PE-eFluor 610 
(Clone 5UMUBEE; cat. no. 61-9185-42), IL-4 PE-Cy7 (Clone 8D4-8; cat. 25-7049-
82) and Granzyme B PE-Cy5.5 (Clone GB11; cat. no. GRB18) were purchased from 
Invitrogen along with LIVE/DEAD Fixable Blue Dead Cell Stain (cat. no. L34962). 
After intracellular staining the cells were washed with Perm/Wash buffer, fixed 
with 1% PFA, and data were acquired on a modified BD FACSymphony. Data were 
analyzed using FlowJo v10.7.1, and the cytokine frequencies were background 
subtracted. Examples of the gating strategy are shown in Supplementary Fig. 1. 
Polyfunctional T cell responses were analyzed using SPICE, as reported82.

Plasma viral RNA quantification assay. Plasma SHIV RNA levels were measured 
using a gag-targeted quantitative real-time PCR with reverse transcription 
(RT-PCR) assay. Plasma RNA was extracted using a QIAamp Viral RNA Kit 
(Qiagen) and reverse-transcribed with the AgPath-ID One-Step RT-PCR Kit 
(Applied Biosystems). The primers, probe and amplification conditions were as 
previously reported83. The samples were measured in triplicate reactions, and the 
copy numbers were calculated by interpolation of a standard curve generated 
with a digested SIV gag DNA fragment that contains the RT-PCR amplicon (serial 
10-fold dilutions from 1 copy per reaction to 106 copies per reaction).

Polyclonal epitope mapping by NSEM. Fabs were generated from macaque sera 
using the Pierce Fab Preparation Kit following the manufacturer’s protocol. In 
brief, macaque IgG was purified by affinity columns of Protein A-Sepharose resin 
(GE Healthcare). After washing with PBS (10-fold the column volume), IgG was 
eluted by IgG-elution buffer (Thermo Fisher) and immediately neutralized with 
pH 9.0 Tris-HCl buffer. Resin-immobilized papain (250 µl settled resin for 4 mg 
IgG, Thermo Fisher Scientific) was prepared and equilibrated in the digestion 
buffer with 20 mM cysteine, pH 7.4, for 3 h at 37 °C with the end-over-end mixer. 
Heavy chain constant fragments (Fc) and undigested IgG were removed by passage 
over Protein A-Sepharose. The Fab-containing supernatant was buffer exchanged 
into PBS by centrifugation with an Amico MWCO 10,000 Da centrifuge filter unit 
(EMD Millipore). Polyclonal Fabs were diluted to a concentration 10-fold higher 
than that of BG505 SOSIP.664 trimer, and the mixtures of Fab and BG505 were 
incubated at 4 °C overnight in PBS. The complexes were diluted to a concentration 
of ~0.02 mg ml−1, adsorbed to freshly glow-discharged carbon-coated grids for 15 s, 
washed with a buffer containing 10 mM HEPES, pH 7, and 150 mM NaCl, and 
stained with 0.7% uranyl formate. Images were collected on a Thermo Scientific 
Talos F200C electron microscope operating at 200 kV and equipped with a 
4k × 4k Ceta CCD camera at a nominal magnification of 57,000, corresponding 
to a pixel size of 0.253 nm. Particles were picked from micrographs automatically 
using an in-house written software (Y.T., unpublished data). Reference-free 
two-dimensional classification was performed in Relion84.

Statistical analysis. The protective efficacy of the vaccine was evaluated based on 
the time to infection over the course of 13 sequential weekly low-dose inoculations. 
The Kaplan–Meier curves of vaccinated and control macaques were provided and 
compared using the Wilcoxon exact test. Vaccine efficacy, defined as 1 minus the 
hazard ratio, was estimated from a Cox proportional hazards regression using 
exact partial likelihood with group (vaccinated versus control) as the regressor. 
The association of various immunological parameters with vaccine protection was 
assessed using Spearman’s rank correlation with the number of infection-free days 
post-challenge.

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

Data availability
The GenBank accession codes for the mRNA sequences are MZ362872, MZ362873, 
MZ362874, MZ362875 and MZ362876.
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Extended Data Fig. 1 | Utilization of macaque CD4 by wild-type and mutated HIV-1 Envs. Ability of three wild-type (WT) and corresponding aa. 
375-mutated HIV-1 strains to utilize rhesus macaque CD4 (rhCD4) for infection. rhCD4 transfection and pseudovirus infection are described in the 
Methods section.
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Extended Data Fig. 2 | Induction of trimer-binding antibodies in the two subgroups of immunized macaques over time. Subgroup 1 received 5 mRNA 
and 5 protein immunizations; subgroup 2 received 8 mRNA and 2 protein immunizations. a. Serum titers of antibodies binding to the autologous trimer 
as assayed by ELISA using the WITO SOSIP.664 trimer captured on lectin-coated plates. b. Serum titers of antibodies binding to the autologous V3 
loop peptide (WITO pV3) as assayed using the linear WITO V3 peptide directly coated on the plate surface. c. Serum titers of antibodies binding to a 
heterologous trimer (AD8) as assayed by ELISA using the AD8 IP trimer captured on lectin-coated plates. Statistical differences were calculated using a 
paired two-tailed t-test. The sequence and timing of immunizations are indicated by color-coded triangles on the top.
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Extended Data Fig. 3 | Induction of autologous neutralizing antibodies in the two subgroups of immunized macaques. Subgroup 1 received 5 mRNA and 
5 protein immunizations; subgroup 2 received 8 mRNA and 2 protein immunizations. a. Serum titers of neutralizing antibodies against the autologous 
Env (WITO4160.27), as assayed using pseudoviruses on TZM-bl cells. The sequence and timing of immunizations are indicated by color-coded triangles 
on the top. b. Effect of the autologous linear V3-loop peptide (WITO pV3) on autologous neutralization at two time points (week 29 and 37). The assays 
were performed by incubating the linear V3 peptide with macaque sera prior to addition to the pseudovirus stock. The asterisk denotes a p value <0.05, as 
assessed by two-tailed paired t-test.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Induction of heterologous neutralizing antibodies in immunized macaques. a. Serum titers of neutralizing antibodies against a 
heterologous tier-1a Env (SF162). b. Serum titers of neutralizing antibodies against a heterologous tier-1b Env (BaL). c. Neutralization of SF162 in the two 
vaccine subgroups. d. Neutralization of BaL in the two vaccine subgroups. The asterisk denotes a p value <0.05, as assessed by two-tailed unpaired t-test. 
e. Neutralization of the tier-2 Env JR-FL in the two vaccine subgroups. f. Neutralization of the tier-2 Env AD8 in the two vaccine subgroups. g. Serum titers 
of neutralizing antibodies against a panel of heterologous tier-2 Envs at week 58 in the two vaccine subgroups. Neutralization assays were performed using 
pseudoviruses on TZM-bl cells. The sequence and timing of immunizations are indicated by color-coded triangles on the top. Subgroup 1 received 5 mRNA 
and 5 protein immunizations; subgroup 2 received 8 mRNA and 2 protein immunizations.
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Extended Data Fig. 5 | SIV Gag-specific T-cell responses. Induction of SIV Gag-specific CD4+ and CD8+ T-cell responses in all 7 vaccinated macaques 
at weeks 27 and 60 of immunization. a. Gag-specific CD4+ T-cell responses calculated as fractions of memory CD4+ T cells expressing CD154 and the 
indicated intracellular cytokines or CD69. b. Gag-specific CD8+ T-cell responses calculated as fractions of memory CD8+ T cells expressing CD69 and the 
indicated intracellular cytokines or CD107. c. Correlation between a subset of Env-specific T-follicular helper cells (CXCR5+CXCR3-PD-1+) and protection 
in vaccinated macaques. The correlation was statistically significant after exclusion of a single outlier (macaque V7, highlighted in red). The correlation 
coefficient and P value with the inclusion of the outlier are indicated in red.
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Extended Data Fig. 6 | Vaccine-induced protection in the two subgroups of immunized macaques challenged with SHIV AD8. Subgroup 1 received 5 
mRNA and 5 protein immunizations; subgroup 2 received 8 mRNA and 2 protein immunizations. a. Kaplan-Meier analysis of virus-free survival in the 
course of 13 weekly intrarectal inoculation of 10 TCID50 of SHIV AD8 (red arrows) in the two subgroups of immunized macaques. Infection was evaluated 
by the appearance of plasma viremia on two subsequent tests using a sensitive real-time PCR method. Significance was calculated by the Wilcoxon exact 
test. b. Statistical analysis of hazard ratio and per-exposure risk in the two subgroups of immunized macaques, as assessed by 1 minus the hazard ratio, 
estimated from a Cox proportional hazards regression via the exact partial likelihood with group (vaccinated versus control) as the regressor. c. Mean 
levels of viremia (± SD) in macaques in the two vaccine subgroups synchronized by peak of viremia. Levels of viremia were evaluated by quantitative 
real-time PCR. The courses of viremia in different animals were aligned by setting the peak of viremia at day 21 for each animal.
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Extended Data Fig. 7 | Epitope mapping of trimer-binding antibodies in serum from vaccinated macaques. a. Competition with HIV-1 bNAbs, as assessed 
by ELISA on lectin-captured HIV-1 BG505 SOSIP.664 trimers. b. Competition with macaque monoclonal antibodies directed against off-target and 
non-bNAb-target regions (RM20A3, RM20C, RM20E1, RM20F, RM20G, RM20J, RM15E and RM54B1). TB: trimer base; GH: glycan holes; V1: V1 loop; FP: 
fusion peptide.
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Extended Data Fig. 8 | Polyclonal epitope mapping of trimer-binding antibodies in a representative protected animal by negative-staining electron 
microscopy (NSEM). The analysis was performed using purified Fab fragments isolated from serum collected from macaque V3 (subgroup 1) at week 
58. The arrow heads point to the trimer-bound Fab fragments. Visualization of antibodies binding to: a. A region compatible with the CD4-BS deep in 
the inter-protomer groove; b. A region in the inter-protomer groove more distal from the trimer axis than the CD4-BS; c. A region(s) at the trimer apex 
targeted by 2 Fabs simultaneously; d. A region at the trimer apex compatible with the V2-glycan supersite targeted by a single Fab; e. A region at the 
trimer base, presumably constituted by neo-epitopes produced by gp41 truncation.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Correlation between vaccine-induced protection and antibodies against specific epitopes, infected cells or ADCC. a. Correlation 
between protection and antibodies against an autologous linear V3 peptide (WITO pV3). b. Correlation between protection and antibodies against a 
heterologous linear V3 peptide (JR-FL V3). c. Correlation between protection and antibodies against a V1V2 scaffolded protein (gp70 V1V2). d. Correlation 
between protection and antibodies binding to the surface of SHIV AD8-infected primary CD4+ T cells. The results are mean values from two experiments. 
The correlation becomes significant after exclusion of an outlier (macaque V7, highlighted in red). The correlation coefficient and P value with the inclusion 
of the outlier are indicated in red. e. Correlation between protection and antibodies mediating ADCC against SHIV AD8-infected primary CD4+ T cells. 
The results are mean values from two experiments. The correlation becomes significant after exclusion of an outlier (macaque V1, highlighted in red). The 
correlation coefficient and P value with the inclusion of the outlier are indicated in red. f. Inhibitory effect of a VRC01 Fab fragment on macaque antibody 
binding to SHIV AD8-infected primary CD4+ T cells. C denotes Fab-untreated controls. All correlations were determined by the Spearman test.
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