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before this exclusion. Other side effects in 
PATHFINDER included cognitive adverse 
events, which occurred in 11% of patients 
and were generally mild. Interestingly, the 
cognitive domain in the EORTC-QLQ-C30 
quality-of-life scale improved overall, 
despite these adverse events; the 
mechanisms underlying these events are  
yet to be elucidated.

Advanced SM is a complex and 
heterogeneous disease often associated 
with other myeloproliferative neoplasms 
and other mutations, in addition to the KIT 
D816V mutation. Both the EXPLORER 
trial and the PATHFINDER trial excluded 
patients with acute myeloid leukemia or 
very-high-risk myelodysplastic syndrome, 
as defined by the Revised International 
Prognostic Scoring System. The optimal 
treatment strategies for advanced SM 
associated with these poor prognostic 
factors remain to be determined, and  
may be further guided by individual 
mutational profiling.

The use of avapritinib should be 
guided by a proactive monitoring 
strategy to identify patients who develop 
thrombocytopenia and may be at risk for 
intracranial bleed, which will facilitate 
appropriate dose modifications or 
discontinuation of the drug. The effect of 
avapritinib in terms of symptom reduction 
and decrease in skin lesions is encouraging 
not only for patients with advanced SM 
but also for those with indolent SM, 
who typically carry only the KIT D816V 
mutation and may be more amenable 
to therapies that specifically target this 
variant12,13. Preliminary results from an 
ongoing study using avapritinib in low 
doses in patients with indolent SM yielded 
positive results in terms of both symptom 
reduction and a decrease in markers of 
mast-cell burden, with no serious adverse 
events13. Treatment of symptomatic patients 
with indolent SM concurrently with 
anti-mediator treatment (e.g., antihistamines 
or mast-cell stabilizers) may expand the 

clinical use of these drugs in the future  
in select populations of patients with 
indolent disease.

Overall, data from the EXPLORER and 
PATHFINDER studies strongly support 
avapritinib as a first-line treatment option 
in patients with advanced SM, with the 
exception of those with thrombocytopenia 
and those with substantial baseline cognitive 
impairments. Future trials may focus on the 
role of KIT D816V–selective inhibitors as 
part of combination regimens with other 
cytoreductive approaches in patients with 
high-risk advanced SM. ❐
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Fig. 1 | SM symptoms, mediators and organ impact of indolent and advanced disease. mrGPrX2, G 
protein–coupled receptor; IgG and Ige, immunoglobulins; PAF, platelet-activating factor; IL-6,  
interleukin 6; TNF, tumor-necrosis factor; GI, gastrointestinal.

INFECTIOUS DISEASE

mRNA vaccines offer hope for HIV
mrNA technology may be uniquely positioned to tackle a major hurdle for HIV vaccines: the elicitation of broadly 
cross-reactive neutralizing antibodies. A preclinical study takes the first step toward this goal.

Lynn Morris

The remarkable success of mRNA 
vaccines against COVID-19 has 
been nothing short of miraculous. 

Whether this unique technology platform 
can be used to tackle the more complex 
task of developing a vaccine against human 

immunodeficiency virus (HIV) is now under 
intense scrutiny. In this issue of Nature 
Medicine, a preclinical study by Zhang et al. 
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Fig. 1 | complexity of HiV-1 env versus SarS-coV-2 spike. HIV env (left) has multiple conformational 
bNAb epitopes (four of the six epitopes are shown here), is densely covered in glycans, and elicits a 
polyclonal neutralizing antibody response. Genes encoding antibodies to env are heavily mutated, and 
bNAbs are rarely elicited by infection or vaccination. In contrast, the SArS-CoV-2 spike protein (right) is 
lightly covered in glycans, and the receptor-binding domain (rbD) is the main immunodominant epitope, 
with the N-terminal domain (NTD) targeted to a lesser extent. It generates a focused neutralizing 
antibody response; genes encoding antibodies to spike protein have limited or no mutations, and bNAbs 
are commonly elicited after infection and vaccination. CD4bs, CD4-binding site. Images from rCSb 
Protein Data bank (https://www.rcsb.org/) accession codes 4ZmJ (glycans transposed from 5FUU; HIV 
env) and 6VSb (glycans transposed from 7CN9; SArS-CoV-2 spike protein). We thank T. moyo-Gwete 
for preparation of this figure.

suggests that the mRNA platform may be up 
to the challenge1. The authors encapsulated 
mRNA encoding the HIV envelope 
glycoprotein (Env) (the equivalent of the 
SARS-CoV-2 spike protein), together with 
the structural HIV group-specific antigen 
protein (Gag), in a lipid nanoparticle, 
to produce virus-like particles (VLPs) 
in vivo. These Env-expressing VLPs elicited 
broadly neutralizing antibodies (bNAbs) 
and other immune responses that were 
protective against viral challenge in a 
macaque model. Although the VLPs were 
not nearly as immunogenic or as efficacious 
as mRNA vaccines against COVID-19, these 
results are encouraging and illuminate a 
pathway toward inducing the higher and 
more-durable antibody responses needed to 
prevent infection with HIV.

This is no small feat; Env is a formidable 
target that fails to induce the right kind of 
antibodies even in the majority of people 
who are infected with HIV. Unlike spike 
protein, which is relatively stable and 
contains just a few immunodominant 
epitopes (mostly restricted to the 
receptor-binding domain), Env is a complex 
trimeric protein with multiple dispersed 
antibody epitopes — many of which are 
conformational and heavily coated in sugars 
that shield them from antibody attack (Fig. 
1). The ability to generate soluble trimeric 
Env proteins through the introduction 
of key mutations was a major advance in 
immunogen design, although these so-called 

‘SOSIP proteins’ induced only autologous 
strain–specific neutralizing antibodies2. In 
the present study by Zhang et al., antibodies 
elicited by the Env–Gag mRNA were able 
to neutralize almost all members of a global 
panel of HIV isolates, classified as having a 
tier 2 phenotype1. This represents a major 
step forward for a vaccine against HIV, as 
this phenotype is typical of most circulating 
strains, which are difficult to neutralize due 
to a closed Env conformation.

It is likely that a number of factors 
contributed to the greater immunogenicity 
of the mRNA vaccine designed by Zhang 
et al.1. The endogenous expression of the 
native Env on the surface of a VLP would 
preserve conformational epitopes, and 
VLPs were also shown to contain double 
the number of Env molecules present in an 
HIV viral particle. Furthermore, mRNA 
continues to be expressed for several days 
after administration, providing ongoing 
immunostimulation3. Another potential 
advantage is the ability of VLPs to bind to 
antigen-presenting cells, which guarantees 
delivery of mRNA into the appropriate 
cells and the induction of follicular 
helper T cells that are crucial for B cell 
development in germinal centers4. Zhang 
et al. also chose an HIV Env sequence that 
lacks a glycan at position 276; this enabled 
better access to the B cell precursors of 
bNAbs that target the CD4-binding site 
on the viral envelope1. Indeed, Env–Gag 
mRNA elicited antibodies to that site and, 

interestingly, to many other HIV epitopes 
— a considerable improvement on the 
strain-specific ‘glycan-hole’ responses 
seen with SOSIP proteins. It will be 
important in future studies to isolate B 
cells from mRNA-immunized animals 
to ascertain whether they are capable of 
broad neutralization and if they carry the 
genetic features associated with known 
bNAb lineages. Although the results from 
Zhang et al.1 are encouraging for the 
HIV vaccine field, this is a complex and 
impractical protocol that requires multiple 
immunizations with high doses of mRNA. 
Moreover, the levels of bNAbs elicited in this 
study were extremely low and took a year to 
develop, and their role in protection from 
infection remains unclear.

mRNA technology has only recently 
come of age; it was originally hampered by 
instability and unfavorable immunogenicity, 
but decades of research have solved these 
problems, and the advantages of mRNA 
as a vaccine platform continue to emerge5. 
These include rapid development, ease of 
manufacture and scalability, which offer 
advantages over the traditional vector-based 
or protein-based vaccines being pursued in 
the HIV field. For example, mRNA would 
enable testing of sequential immunization 
and lineage-based approaches that require 
multiple immunogens with minor but 
important sequence changes6. mRNA is 
also considerably cheaper to produce and 
can be modified as needed, an important 
consideration for rapidly mutating viruses 
like HIV. Among the vaccines against 
COVID-19, those based on the mRNA 
platform have superior immunogenicity 
and stimulate both B cell responses and 
T cell responses7,8. The precise mechanisms 
underlying mRNA immunogenicity, 
however, are still unknown, and much 
remains to be learned if they are to be 
optimized and applied to HIV prevention. 
Nonetheless, the vast amount of safety data 
available from mRNA vaccines against 
COVID-19 will probably contribute to 
streamlined regulatory approval processes 
for vaccines against HIV and other diseases.

In contrast to the swift success of 
vaccines against COVID-19, the story of the 
development of vaccines against HIV has 
been long and troubled. Of the eight vaccine 
efficacy trials conducted so far, only one (with 
a viral-vector and protein-based vaccine 
prime–boost regimen) has shown moderate 
efficacy, although the follow-up trial failed to 
replicate this result9. This has shifted the field 
back to the pursuit of a vaccine able to induce 
bNAbs. Recently, the Antibody-Mediated 
Prevention clinical trials demonstrated that a 
monoclonal bNAb against the CD4-binding 
site can prevent infection of humans with 
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HIV10, although it came with the sobering 
realization that high levels of bNAbs will 
probably be required (P. Gilbert, personal 
communication). Another approach to 
generating bNAbs is to trigger the B cell 
precursors of specific bNAb lineages. One 
such germline-targeting immunogen is 
eOD-GT8, a nanoparticle coated with HIV 
Env gp120 proteins, which binds rare B cells 
specific for the CD4-binding site in monkeys 
and humans11. eOD-GT8 has now been 
converted into an mRNA vaccine through 
the same platform as the successful Moderna 
vaccine against COVID-19, with human 
clinical trials due to start soon.

There is no doubt that HIV presents 
a much greater challenge for vaccine 
developers than COVID-19 does. The 
vast genetic diversity and the ability of 

HIV to integrate into the human genome 
necessities that a vaccine elicits antibodies 
able to block every viral particle. Whether 
further optimization of Env immunogens, 
together with the strong priming effect of an 
mRNA vaccine platform, is able to achieve 
this will require further investigation. The 
hope is that the lessons learned from the 
development of vaccines against COVID-19 
will be used to solve the HIV problem and 
that this will be tackled with the same sense 
of urgency, given that HIV remains a major 
global health challenge. ❐
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