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Adjuvants can be incorporated into vaccines to enhance the magnitude and functionality of adaptive immune
responses. In this issue of Immunity, Alameh et al. (2021) reveal that lipid nanoparticles, which are key com-
ponents of effective SARS-CoV-2 mRNA vaccines, have broad adjuvant function, enhancing B cell responses
and protective efficacy of protein-based subunit in addition to mRNA antigens.

Neutralizing antibodies (NAbs) are re-
garded as a key correlate of the protection
induced following infection with or vacci-
nation against SARS-CoV-2 and influenza
viruses (Khoury et al., 2021; Ng et al,
2019). A priority in both cases is the
design of vaccines that promote sus-
tained and broad NAb responses that
can address the challenge of antigenic
variation and guard against breakthrough
infections in the vaccinated population.
Recent evidence suggests that NAb re-
sponses against SARS-CoV-2 spike pro-
tein are correlates of protection for
COVID-19 vaccines comprising lipid
nanoparticle (LNP)-encapsulated mRNA
(Earle et al., 2021; Khoury et al., 2021).
However, resolving why and how these
COVID-19 mRNA vaccines (Moderna
and Pfizer/BioNTech) elicit such strong
antibody (Ab) responses and protection
in humans is a priority. Clearly the nature
of the antigen is critical in dictating the
specificity of the Ab response induced,
but the potential of adjuvants to enhance
both the magnitude and type of Ab re-
sponses may be pivotal. The ability of
oil-in-water (o/w) emulsion adjuvants to
enhance broadly neutralizing antibodies
against influenza haemagglutinin (HA)
has been documented (Khurana et al.,
2010), and the superior efficacy of o/w
emulsions over the most widely used
adjuvant, alum, in the context of influenza
vaccination points to the scope of further
improvements in vaccine design by adju-
vant optimization. In this issue of Immu-
nity, Alameh et al. demonstrate that
LNPs act as potent adjuvants, enhancing
T follicular helper (Tth) cells, germinal cen-
ter B (GCB) cells, long-lived plasma cells
(LLPCs), and memory B (MB) cells associ-
ated with protective and durable Ab re-
sponses (Alameh et al., 2021). Remark-
ably, these LNPs optimized for mRNA
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delivery are also potent adjuvants for pro-
tein antigens (recombinant influenza HA
[rHA] and recombinant receptor binding
domain [rRBD] of SARS-CoV-2 spike),
highlighting their potential for both RNA
and subunit protein antigens.

LNPs, such as ALC-0315 and SM-102
in the BNT162b2 and mRNA-1273 vac-
cines, respectively, are spherical vesicles
comprising helper lipids to promote cell
binding, cholesterol to fill the gaps be-
tween the lipids, polyethylene glycol
(PEG) to reduce opsonization by serum
proteins and reticuloendothelial clear-
ance, and ionizable lipids, which are posi-
tively charged at low pH and enable RNA
complexation (Hou et al., 2021). LNPs are
taken up by cells via endocytosis, and the
ionizability (positive charge) of the lipids at
low pH likely enables endosomal escape,
delivering the RNA cargo to the cytosol for
subsequent translation (Hou et al., 2021).
Despite their original inclusion as delivery
systems in MRNA vaccines, there is evi-
dence that ionizable LNPs have adjuvant
properties (Swaminathan et al., 2016). In
line with this, Alameh et al. found that in-
jection of mice with rHA mixed with empty
LNPs (eLNPs) induced durable and pro-
tective Ab responses against PR8 influ-
enza infection in mice that outperformed
the oil-in-water emulsion adjuvant
AddaVax.

Tfh cells play a fundamental role in
regulating high-quality and durable Ab re-
sponses by supporting germinal center
formation, B cell somatic hypermutation
(SHM), Ab class-switching (ACS), and
the generation of LLPCs and MBCs. The
authors identified LNPs as superior
drivers of Tfh cells versus AddaVax,
correlating with increased numbers of
GC B cells, somatic hypermutation
(SHM) of Ag-binding class-switched cells,
and LLPC and MB cell formation. Criti-

cally, these observations were recapitu-
lated with a second antigen, rRBD, with
comparable LLPC and MB cell responses
detected 3 months after a single rRBD +
eLNP immunization to an rRBD mRNA-
LNP vaccine.

Rational vaccine design requires an
understanding of how specific formula-
tion characteristics such as particle size
and charge impact the induction of
innate and adaptive immune responses.
By engineering eLNPs with similar phys-
iochemical characteristics but perma-
nently cationic (non-ionizable) lipids, the
authors identified LNP ionizable lipids
as the critical determinant of LNP adju-
vanticity. Thus, the ionizable lipid is not
only crucial for the efficient translation
of mMRNA (Hassett et al., 2019) but also
the immunogenicity of mMRNA-LNP vac-
cines and LNP-adjuvanted protein sub-
unit antigens.

To understand how ionizable LNPs
boost the efficacy of subunit protein
and mRNA vaccines, wild-type (WT),
Myd88”, and Mavs ™~ mice were vacci-
nated with rHA + eLNP or HA mRNA-
LNP. Tth cell and GC B cell responses
were diminished in Myd88~/~ mice vacci-
nated with HA mRNA-LNP compared to
WT controls, but responses to rHA +
eLNP were largely intact, although further
analysis of antibody titers, subclasses,
and functionality may be required to fully
discount a role for MyD88. Regardless,
the study unveils a role for MyD88
signaling in nucleoside-modified mMRNA-
LNP vaccines, suggesting that nucleoside
modification and cellulose purification
steps do not fully abolish the recognition
of mRNA by toll-like receptors (TLRs) (or
a capacity to trigger IL-1 family cytokines
that require MyD88 for signaling) and that
this residual capacity to promote TLR
signaling is an active component of the
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Figure 1. Mechanism of action of ionizable lipid nanoparticles

lonizable lipid nanoparticles (ILNPs) are endocytosed by cells at the site of injection or in the draining
lymph node. As endosomes acidify, the ionizable lipids of the LNPs become positively charged and
interact with negatively charged endosomal membranes. This cationic membrane disruption is a potential
DAMP that promotes IL-6 in a MAVS- and MyD88-independent manner. Dendritic cells (DCs) take up
antigen at the site of injection or in the draining lymph nodes and promote T follicular helper (Tfh) cell
differentiation in the presence of LNP-induced IL-6. Tth cells promote germinal center B cell (GCBC)
formation, somatic hypermutation (SHM) of the B cell receptor, and affinity class switching (ACS). High-
affinity B cells go on to form long-lived plasma cells (LLPCs) or memory B cells (MBCs). ICD; immunogenic

cell death.

ability of mRNA-LNP to foster GC
responses.

The authors present convincing evi-
dence that interleukin (IL)-6 production
after LNP injection is required for Tfh re-
sponses. This potentially explains the
rapid induction of phosphorylated
STAT3 (pSTAT3) in multiple cell types,
particularly CD4* T cells and plasma-
blasts of patients one day after vaccina-
tion with BNT162b2 (IL-6 is one of a
number of cytokines that signals via
STAT3) (Arunachalam et al., 2021). LNP
injection promoted strong IL-6 cytokine
response in draining lymph nodes
(dLNs) between 4 and 24 h, and /I67/~
mice vaccinated with rHA + eLNPs or
HA mRNA-LNPs demonstrated reduced
Tfh and GC responses compared to WT
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counterparts. Of interest, the response
to HA mRNA-LNPs was less reliant on
IL-6 signaling. As IL-6 is not universally
required for Tfh differentiation, the resid-
ual signaling capacity of nucleoside-
modified mMRNA may compensate for a
loss of IL-6 and promote other cytokines
to support Tth and GC responses. Inter-
estingly, in COVID-19 convalescent pa-
tients, both Th1 (IFNy) and Th2 (IL-4)-
biased Tfh cells have been implicated in
shaping neutralizing antibody responses
to SARS-CoV-2 (Juno et al.,, 2020). It
would be interesting to profile Tth re-
sponses induced by LNP-adjuvanted
protein subunit and mRNA vaccines
and determine whether the two adjuvant
entities in MRNA-LNP lead to a different
profile from an LNP protein formulation
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where the ionizable LNP is the sole adju-
vant (Figure 1).

These exciting data pose several
questions for further study: what are
the key innate sensors and signaling
pathways activated by ionizable LNPs?
How do ionizable LNPs drive IL-6 secre-
tion and in which cell type? Is the adju-
vanticity of ionizable LNPs due to selec-
tive disruption of endosomes (as
opposed to the cell membrane with
1,2-Dioleoyl-3-trimethylammonium-pro-
pane [DOTAP]), or do ionizable LNPs
exhibit improved lymph node trafficking
due to reduced cationic interactions in
the extracellular milieu? In particular, it
would be important to determine
whether cationic membrane patches on
LNP-containing endosomes serve as a
damage-associated molecular pattern
(DAMP) or provide a trigger for IL-6
secretion (Figure 1). Alternatively, are
whole ionizable-LNPs or ionizable lipids
themselves recognized by a specific
pathogen recognition receptor? Another
issue is whether patients treated with IL-
6 targeting therapeutics may respond
more poorly to LNP-enabled vaccines
due to depletion of this key B cell pro-
moting factor. Finally, could this newly
defined role for IL-6 (or other STAT-3
activating cytokines) in the generation
of sustained Ab responses by LNP-adju-
vanted COVID-19 vaccines provide a
path toward overcoming waning immu-
nity and reducing the requirement for
boosters?  Additional research to
address these questions will help guide
the development of more effective vac-
cines for the promotion of sustained
protective B cell responses.
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