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Abstract
Adjuvants play a central role in enhancing the immunogenicity of otherwise poorly immunogenic vaccine antigens. Combining adjuvants has the 
potential to enhance vaccine immunogenicity compared with single adjuvants, although the cellular and molecular mechanisms of combination 
adjuvants are not well understood. Using the influenza virus hemagglutinin H5 antigen, we define the immunological landscape of combining 
CpG and MPLA (TLR-9 and TLR-4 agonists, respectively) with a squalene nanoemulsion (AddaVax) using immunologic and transcriptomic profil
ing. Mice immunized and boosted with recombinant H5 in AddaVax, CpGþMPLA, or AddaVax plus CpGþMPLA (IVAX-1) produced comparable 
levels of neutralizing antibodies and were equally well protected against the H5N1 challenge. However, after challenge with H5N1 virus, 
H5/IVAX-1–immunized mice had 100- to 300-fold lower virus lung titers than mice receiving H5 in AddaVax or CpGþMPLA separately. 
Consistent with enhanced viral clearance, unsupervised expression analysis of draining lymph node cells revealed the combination adjuvant 
IVAX-1 significantly downregulated immune homeostasis genes, and induced higher numbers of antibody-producing plasmablasts than either 
AddaVax or CpGþMPLA. IVAX-1 was also more effective after single-dose administration than either AddaVax or CpGþMPLA. These data 
reveal a novel molecular framework for understanding the mechanisms of combination adjuvants, such as IVAX-1, and highlight their potential 
for the development of more effective vaccines against respiratory viruses.
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Introduction
Subunit vaccines based on recombinant proteins are inher
ently safer than live attenuated vaccines and offer many 
advantages for at-scale manufacture and lot-to-lot consis
tency. However, recombinant proteins are poorly immuno
genic and require adjuvants to engender a robust and durable 
immune response.1,2 Aluminum salts (alum) have been 
widely used as adjuvants since the 1930s, when they were 
first shown to enhance the immune response to tetanus and 
diphtheria toxoids (reviewed recently).3 Billions of doses of 
vaccines adjuvanted with alum have been since administered 
safely to humans, and it remains the most widely used adju
vant in current vaccines. The adjuvant effect of alum is 
thought to reside in the particulate nature of aluminum salts, 
and its capacity to activate the inflammasome and a T helper 
2 (Th2)–polarized humoral response.4 However, alum does 
not stimulate a robust Th1 response, which is needed for ef
fective immunity against intracellular pathogens, and until 
relatively recently, alum was also the only adjuvant approved 
for human use.

In the early 2000s, the first generation of vaccines that 
exploited ligands of innate microbial sensing receptors as 
adjuvants, such as toll-like receptor (TLR) agonists, were first 

approved.5 TLR agonists operate through a common signal
ing pathway mediated through MyD88 and TRIF (except for 
TLR3, which is MyD88 independent and TRIF mediated), 
resulting in the initiation of a complex signaling cascade cul
minating in the activation of nuclear factor kappa B (NF-κB) 
and initiation of innate and adaptive immune responses.6,7

Next generation adjuvants used in approved vaccines include 
Adjuvant System 1 (AS01) from GlaxoSmithKline, which 
comprises 3-O-desacyl-40-monophosphoryl lipid A (MPLA), 
a nonreactogenic derivative of bacterial lipopolysaccharide, 
and a plant-derived saponin, QS-21, that acts as a surfactant. 
These are combined in dioleoyl phosphatidylcholine and 
cholesterol-based liposomes.8 MPLA and QS-21 synergize to 
induce a local inflammatory reaction.9 AS01 is used in the 
commercial vaccines Shingrix and Mosquirix (both 
GlaxoSmithKline) against shingles (herpes zoster) and ma
laria, respectively. AS04, also developed by GlaxoSmithKline, 
comprises alum and MPLA, and is used in the vaccine 
Cervarix, for prevention of human papillomavirus infections 
and cervical cancers. The only other TLR agonist currently 
used in approved vaccines is unmethylated oligodeoxynucleo
tides containing cytosine-guanine dinucleotide motifs (CpG 
ODN). TLR9 was first cloned and identified as a receptor for 
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CpG 20 years ago,10 and was subsequently shown to drive a 
Th1 immune profile.11–13 CpG-1018 (Dynavax) is used in the 
current hepatitis B vaccine Heplisav-b. Other TLR agonists, 
including poly I:C (TLR3 agonist) and imiquimod (TLR7), 
are currently under intense investigation as adjuvants.

An additional adjuvant family comprises viscoelastic car
riers, and in particular emulsions. The first emulsions were 
water-in-oil (WO), such as Incomplete Freund’s Adjuvant, 
which is a WO emulsion of nonmetabolizable mineral oil. 
Complete Freund’s Adjuvant is mineral oil containing a sus
pension of killed Mycobacterium bovis. While Freund’s 
adjuvants are strongly immunogenic and act as an antigen 
depot, they are difficult to formulate consistently; require 
large gauge needles which increase injury at the injection 
site; and are too reactogenic for human use.14 Replacing 
mineral oil with metabolizable vegetable oil (eg, Montanide 
series of adjuvants) reduces toxicity but nevertheless 
remains difficult to formulate. Oil-in-water (OW) emulsions 
are easier to formulate, but the antigen depot effect is likely 
reduced. The OW emulsion, MF59, is used as an adjuvant 
in FluAd (Seqirus), a quadrivalent split virion seasonal influ
enza vaccine designed for persons 65 years of age or older. 
AS03 (GlaxoSmithKline) is a squalene OW emulsion con
taining DL-α-tocopherol and polysorbate 80 that has been 
used in several of GlaxoSmithKline’s products, including 
the inactivated split virion influenza vaccines, Pandemrix, a 
monovalent H1N1 2009 pandemic influenza vaccine (subse
quently withdrawn owing to risk of narcolepsy), and 
Arepanrix and Q-Pan, both of which are monovalent H5N1 
pandemic influenza vaccines. Both MF59 and AS03 squa
lene OW emulsions are also maintained in the US National 
Pre-Pandemic Influenza Vaccine Stockpile for use with 
reserves of influenza pandemic vaccines to be mixed on de
mand to enhance vaccine immunogenicity and durability, to 
increase the breadth of antigen recognition, and for possible 
dose-sparing. The immunostimulatory properties of emul
sions are distinct from the pathogen-associated molecular 
patterns described previously, each of which triggers a spe
cific signal transduction pathway, and are instead thought 
to be mediated by multimerizing antigen on the micelle sur
face to enhance receptor crosslinking, acting as an antigen 
depot to allow for sustained antigen release, or triggering 
additional responses, such as by causing cell lysis and acti
vation of damage-associated molecular pattern im
mune pathways.15

Our previous studies in the influenza hemagglutinin 
(HA) H5 model showed that the adjuvanticity of CpG and 
MPLA are enhanced by combining with squalene nanoe
mulsion (AddaVax) with an associated shift in the Th1/Th2 
response,16,17 although efficacy was not tested in these 
studies. Here, we show that mice receiving H5 antigen in 
AddaVax, CpGþMPLA, or AddaVax plus CpGþMPLA 
(aka IVAX-1) induce comparable titers of neutralizing anti
bodies (nAbs), and were protected equally well against 
H5N1 challenge. However, H5N1 virus lung titers were 
lower in mice that received the combination adjuvant com
pared with mice administered emulsion or TLR agonists 
separately. A transcriptomic analysis of draining lymph 
nodes 4 d after a boost revealed the combination adjuvant 
enhanced the downregulation of tumor suppressor and 
immune homeostasis genes compared with emulsion or 
TLR agonists alone, which was associated with enhanced 
immunity, particularly plasmablast numbers. These data 

indicate that depending on the biological screen, combina
tions of adjuvants may allow for fine-tuning of immune 
responses, and may assist in the long-term goal of generat
ing effective and durable protection against multiple patho
gen variants.

Materials and methods
Immunizations and challenge studies
Antigen used for immunizations was purified HA subtype H5 
from A/Vietnam/1194/2004 expressed in human HEK293 
cells (Sino Biological; catalog # 11062-V08H1). Adjuvants 
used in this study comprised CpG-1018 (Integrated DNA 
Technologies), MPLA (Avanti Polar Lipids), and the squalene 
OW emulsion, AddaVax (Invivogen). CpG was dissolved in 
sterile water at 1 mM as stock, and endotoxin activity of <1 
EU/mL was confirmed with LAL Endotoxin Assay Kits 
(GenScript). MPLA was obtained at >99% purity and incor
porated into liposomes of the inert colipid, DOPG (Avanti 
Polar Lipids), at a 1:5 molar ratio, and is manufactured in or
ganic solvents and has minimal endotoxin activity.

All animal work was approved by the University of 
Califronia, Irvine Institutional Animal Care and Use 
Committee Protocols and AUP-21-067 and AUP-21-133. The 
laboratory animal resources at UCI are Internationally accred
ited by the Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC #000238). All virus han
dling was performed in US Department of Agriculture– 
inspected and approved BSL2þ/ABSL2þ facilities. Female 
C57BL/6 mice (7–10 wk of age) were purchased from Charles 
River Laboratories, and housed in standard cages with enrich
ment. Mice for single-cell messenger RNA (mRNA) sequenc
ing analysis and efficacy studies were immunized according to 
the table shown in Fig. 1A. Five groups of 10 mice were 
primed and boosted on d28 with different formulations as fol
lows: group 1, phosphate-buffered saline (PBS); group 2, H5/ 
PBS; group 3, H5/AddaVax; group 4, H5/CpGþMPLA; 
group 5, H5/CpGþMPLAþAddaVax. Each mouse received 
5.0 μg H5 antigen administered in a volume of 50 μL via sub
cutaneous (base of tail) route. Plasma samples were collected 
on days 14 and 42 for serological analysis by protein microar
ray and microneutralization assay. Four days after the boost, 
3 mice from each group were withdrawn and single cell sus
pensions of draining (inguinal) lymph nodes prepared for 
mRNA sequencing using the Chromium (10X Genomics) and 
Illumina HiSeq systems. The remaining 7 mice from each 
group were challenged on day 96 with reassortant influenza 
virus H5N1 (A/Vietnam/1194/2004 × A/Puerto Rico/8/1934) 
(NIBSC; catalog # NIBRG-14) as described previously.16

Transiently anesthetized mice were administered 50 μL of vi
rus at 104 TCID50/mL via the intranasal route and monitored 
daily for behavior and body weight until the endpoint (day 6 
postchallenge), at which time lungs were harvested for 
viral lung titers by quantitative polymerase chain reaction 
(qPCR).

Virus lung titers by qPCR
To quantify virus titers, lungs were collected into preweighed 
cryotubes, snap frozen on dry ice, and stored at −80 �C until 
required for RNA extraction. Total RNA was extracted by 
homogenizing weighed lung tissue in 1 ml of TRIzol (Thermo 
Fisher Scientific) using a GentleMacs Tissue Homogenizer 
(Miltenyi Biotec) using the preset RNA-01 program, followed 
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by phase separation in Phasemaker tubes and total RNA ex
traction according to the manufacturer’s guidelines (Thermo 
Fisher Scientific). Total RNA was then resuspended in 100 µL 
of ultrapure RNAse/DNase-free distilled water and stored 
at −80 �C. Real-time qPCR (RT-qPCR) amplification was 
performed according to the World Health Organization 
guidelines for molecular detection of influenza viruses 
(https://cdn.who.int/media/docs/default-source/influenza/molec 
ular-detention-of-influenza-viruses/protocols_influenza_virus_ 
detection_feb_2021.pdf). The HA H5 gene was amplified using 
forward primer NIID-swH1 TMPrimer-F1 (50-AGAAAAGA 
ATGTAACAGTAACACACTCTGT-30), reverse primer 
NIID-swH1 TMPrimer-R1 (50-TGTTTCCACAATGTAGG 
ACCATG-300), and TaqMan probe NIID-swH1 probe2 
(50-56-FAM-TGGGTAAAT-ZEN-GTAACATTGCTGGCTG- 
30IBkFQ-30). As a positive amplification control, the house
keeping gene GAPDH from Mus musculus was used using pri
mers GADPH-Fw (50-CAATGTGTCCGTCGTGGATCT-30), 
GADPH-Rv (50-GTCCTCAGTGTAGCCCAAGAT-30), and 
the TaqMan probe GADPH probe 50-SUN-CGTGCCG 
CC-ZEN-TGGAGAAACCTGCC-30IABkFQ-30.18,19 RT-qPCR 
was performed using AgPath-ID One-Step RT-PCR Reagents 
(Thermo Fisher Scientific) following the manufacturer’s 
instructions. Briefly, 20 µL of master mix containing each 
primer at 0.5 µM, each probe at 0.2 µM, 1× of Q-RT-PCR 
Master Mix and 1× of QuanTec RT-PCR enzyme mix, plus 
the inhibitory of RNases (RNaseout; Thermo Fisher 
Scientific) at 0.4 mM was added to 5 µL of the total extracted 
RNA and amplified at 50 �C for 10 min, 95 �C for 10 min, 

and 45 cycles of 95 �C for 10 seconds, 56 �C for 30 seconds 
(collection data), and 72 �C for 15 seconds. For quantifica
tion, an H5 standard curve was produced using log10 serial 
dilutions of a synthetic linear DNA that contains 1 copy of 
the H5 gene (8.3 × 107 to 8.3 copies/reaction). A standard 
curve was generated in parallel with each amplification to es
timate the number of H5 copies amplified in each sample. 
The total copies of H5 gene present in the total RNA extrac
tion were normalized against the weight of lungs (expressed 
as genomic RNA copies/mg lung).

Immunoassays
Protein microarrays
Magnitude and breadth of antibody response and IgG sub
typing were performed using protein microarrays, as de
scribed previously.16,20 Briefly, custom protein microarrays 
of purified HA and other influenza antigens (purchased from 
Sino Biological) were printed on nitrocellulose-coated glass 
slides (Grace Biolabs) using an OmniGrid 100 microarray 
printer (Genomic Solutions). The content of the array was as 
reported previously.21 For probing, plasma samples were di
luted 1:100 in blocking buffer (GVS) supplemented with a 
polyhistidine peptide (Biomatik USA) to final concentration 
0.10 μg/mL to block any antibodies to polyhistidine tags. 
After rehydration, arrays were incubated in diluted plasma 
overnight at 4 �C, then washed in Tris-buffered saline con
taining 0.05% Tween 20. Bound IgG was visualized using 
biotinylated anti-mouse IgG (Jackson ImmunoResearch; Cat. 
No. 115-068-071), followed after washing by incubation in 

Figure 1. Adjuvant screen in mice. (A) Groups of 10 C57BL/6 female mice were administered H5 (VN04) formulated in IVAX-1 or AddaVax or CpGþMPLA 
separately, as shown. (B) Timeline; mice received vaccine on d0 and d28 via the subcutaneous route; blood was collected on d14 and d42 for serological 
analysis. Three mice were withdrawn from each group 4 d postboost for subcutaneous mRNA sequencing analysis of draining lymph nodes (Figs. 3–7) 
and the remaining 7 mice were challenged on d96 with 50 μL 104 TCID50 /ml of H5N1 virus matched to the H5 in the vaccine. (C) Magnitude of IgG 
responses on d14 (preboost) to different H5 drift variants as determined by protein microarray in which each spot is a different H5 drift variant; inset, 
magnitude of response on d42 (2 weeks postboost); open symbols are the immunizing antigen. (D) IgG1/IgG2c (Th2/Th1) profiles on d42 determined by 
protein microarray, in which each spot is a different H5 drift variant; open symbols are the immunizing antigen. (E) Microneutralization titers on d42. (F) 
Normalized body weights (mean ± SD) postchallenge; animals were sacrificed 6 d postchallenge and lungs harvested for virus titers. (G) Lung titers by 
qPCR. Limit of detection is 10 copies RNA per PCR reaction, which ranges from 0.55 to 5 copies/mg/lung (hashed lines). Significance was calculated 
using 1-way analysis of variance between the PBS group and each of the other groups using Dunnett’s multiple comparisons test. ��P ≤ 0.01; 
���P ≤ 0.001; ����P < 0.0001. i.n., intranasal; ns, nonsignificant, s.c., subcutaneous, s.c. mRNA seq, single-cell messenger RNA sequencing.
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streptavidin-conjugated Qdot-800 (Life Technologies; Cat. 
No. Q10173MP) diluted 1:250 in blocking buffer. For IgG 
subtyping, anti-mouse IgG1-Alexa Fluor 647 or IgG2c-Alexa 
Fluor 555 (Southern Biotech; Cat. Nos. 1073-31 and 1077- 
32) were used as secondary antibodies. After washing and 
drying, scanned images were acquired using the ArrayCAM 
imaging system (Grace Bio-Labs). Signal intensities for each 
antigen on the array were first background-corrected by sub
tracting sample-specific PBS containing 0.05% Tween 20 
buffer signals from purified protein spot signals. Data were 
plotted and statistical analyses performed using Prism soft
ware (GraphPad Software, Version 10.4.1).

Microneutralization assays
Microneutralization (MN) assays were performed as de
scribed previously.16 Briefly, early passage MDCK cells 
(CCL-34; ATCC) were cultured in Eagle’s Minimum 
Essential Medium (EMEM) with penicillin/streptomycin and 
10% heat-inactivated fetal calf serum (FCS) to 80% to 85% 
confluency. Plasma samples were treated overnight with 
receptor-destroying enzyme (Denka Seiken) to digest any sol
uble sialic acid, and then heat-inactivated to denature the 
receptor-destroying enzyme. Plasma samples were then 2-fold 
serially diluted from 1/10 to 1/640 in serum-free EMEM con
taining TPCK-treated trypsin (Worthington Biochemical), 
and 100 TCID50 in 50 μL of H5N1/PR8 virus (NIBRG-14; 
NIBSC) was added in 50 μL to the equal volume of serially di
luted plasma. After 1 h incubation, plasma/virus mixtures 
were overlaid onto FCS-free MDCK monolayers for 1 h, and 
then replaced with medium containing 2% heat-inactivated 
FCS. After 48 h incubation to allow cytopathic effect to de
velop, cells were fixed in 4% paraformaldehyde, permeabi
lized in 0.1% PBS/Triton X-100, and blocked in 3% bovine 
serum albumin. Influenza nucleoprotein was then detected 
using a cocktail of anti-nucleoprotein monoclonal antibodies 
(Millipore; Cat. Nos. MAB 8257 and MAB 8258) followed 
by horseradish peroxidase–conjugated anti-mouse IgG. Plates 
were developed in TMB peroxidase substrate (SureBlue; 
KPL), stopped using 0.18 M H2SO4 and reaction product 
quantified in an enzyme-linked immunosorbent assay plate 
reader. Graphical presentations and statistical analyses were 
performed in Prism.

Single-cell mRNA sequencing library preparation 
and data analysis
Single-cell suspensions from draining lymph nodes were filtered 
through a 45-µm mesh, counted, and loaded at � 2,000 cells 
per microliter, for a total of � 20,000 cells per sequencing run 
following the 10X Geomics manufacturer's recommendations. 
Cells were obtained from 3 animals per group and sequenced 
separately. All analyses were performed using scanpy (v1.8.2). 
For initial quality control, we removed cells with less than 200 
sequenced genes and genes sequenced in <3 cells. We then re
moved cells with more than 10% mitochondrial gene expres
sion. We then removed all mitochondrial and ribosomal genes 
from the dataset. Data were LogNormalized: the count of each 
transcript in a cell was divided by the total number of tran
scripts in that cell, then multiplied by the scale factor (1 × 105). 
The result was then taken to the natural log plus 1. The follow
ing pipeline applies to the results from all figures unless other
wise stated. Genes that were sequenced in <3 cells were 
removed, then cells were quality controlled again (retaining 

only cells with more than 400 genes expressed). Features for  
Fig. 2 were selected using scanpy’s highly_variable_genes func
tion with defaults. Features for Figs. 3, 4, and 5 were selected 
using the BigSur python package (https://github.com/landerlab 
code/BigSur). Briefly, BigSur calculates a statistic that accounts 
for inherent source variation in scRNAseq (called the 
“modified and corrected Fano factor,” or mcFano). Genes 
were first filtered by mcFano P value ≤ 0.01, then ran the func
tion with min_mcfano_cutoff ¼ false. This causes the feature 
selection function to calculate silhouette score of clusters calcu
lated from features with different cutoffs of the mcFano (using 
the default quantile cutoffs from 0.7 to 0.996 with step size of 
0.001) and selected the cutoff that resulted in the highest sil
houette score. After feature selection, the principal components 
(PCs) was calculated using scanpy’s built in method and 
retained the top 50 PCs by highest variance explained. Batch 
correction was performed using the scanpy implementation of 
harmony, with key ¼ “adjuvant condition.” Clusters were then 
calculated using leiden and visualized using Uniform Manifold 
Approximation and Projection (UMAP), both using defaults.

Normalization of cell counts
The number of cells in each cell type/state (“cell group”) per 
mouse were summed, then divided by total number of cells 
per mouse (using pandas value_counts function, with nor
malize ¼ true).

Differential expression
In order to leverage the number of replicates per condition, 
the mice were pseudobulked and then differentially expressed 
genes (DEGs) calculated. We combined the ideas from pub
lished methods22,23 by first pseudobulking, then running 
Mann-Whitney U (MWU) on the pseudobulked data. 
Specifically, the counts of each cell group per mouse per gene 
were summed together, then divided by the total number of 
counts in that cell group/mouse pair, to create a normalized 
pseudobulk. We then filtered the genes by how highly 
expressed they were in the negative control (H5/PBS) to only 
retain genes that had higher than 1 × 10−4 normalized 
counts. We then ran MWU on each gene, with groups in 
most cases H5/PBS vs H5/adjuvant and corrected for multiple 
testing using Benjamini-Hochberg.

Pseudotime
Pseudotime analyses were performed using the Monocle 3 
(v2.18.0) pipeline with defaults, with one exception. We 
exported the PCs calculated by harmony during the batch 
correction step and applied the monocle pipeline to those 
PCs, as opposed to calculating PCs using Monocle. All other 
steps were held the same: preprocessing using preprocess_cds, 
cluster cells using cluster_cells, learn the graph using learn_
graph (with use_partition ¼ false), and differential expression 
using Moran’s I using graph_test.

Synergy calculations
The synergy score of a gene was defined as the ratio of mean 
expression in IVAX-1 condition to the sum of the means of 
gene expression in AddaVax and CpGþMPLA conditions. 
We assumed that the means of each gene in each condition 
are equal; therefore, a gene will be synergistic if the ratio of 
IVAX-1 to the sum of AddaVax and CpGþMPLA is different 
from 1/2. A positively synergistic gene has higher mean 
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expression in IVAX-1 than the addition of the means of 
AddaVax and CpGþMPLA. A negatively synergistic gene has 
lower mean expression in IVAX-1 than the addition of the 
means of AddaVax and CpGþMPLA. The log2 of this score 
was taken for convenience, such that a positively synergistic 
gene has a score greater than -1, and a negatively synergistic 
gene has a score <−1. Each mouse replicate was psuedobulked 
prior to synergy score calculation. 

synergyg ¼ log2
meanðIVAXgÞ

meanðAddaVaxgÞ þ meanðCpG þ MPLAgÞ

 !

Where g is a given gene. To calculate P values for each syn
ergy score, we fit the psuedobulked data to a general linear 
model with covariate condition: 

expressiong � 0 þ condition 

We then calculated the P values for whether the sum of the 
means of the gene expressions in AddaVax and CpGþMPLA 
were different from the means of gene expressions in IVAX-1 
(contrast test, with weights 1, 1, −1 respectively), using mult
comp (v1.4.25).

CellChat analyses
To predict communication probabilities, CellChat (v1.6.1) 
was used.24 We ran the pipeline with defaults up to calculat
ing communication probabilities. We then calculated the syn
ergy score of communication probabilities using the same 
formula as the synergy score of a gene: 

synergyp ¼ log2
meanðIVAXpÞ

meanðAddaVaxpÞ þ meanðCpG þ MPLApÞ

 !

Where p is the probability of communication of a pathway.

Results
IVAX-1 combination adjuvant shows equivalent 
efficacy but improved viral clearance compared 
with emulsion or TLR agonists 
administered separately
Our previous studies using influenza HA H5 antigen showed 
that the magnitude and breadth of the antibody response in
duced by the squalene OW nanoemulsion, AddaVax, is en
hanced by CpG and MPLA (TLR-9 and TLR-4 agonists, 

Figure 2. Major immune cell types identified by transcriptomic profiling. (A) Bubble plot showing markers used to identify main immune cell subsets, 
with expression level and proportion of each marker in each cell subset represented by shade and size of the bubble, respectively. (B) UMAP plots 
showing major cell subsets and vaccine groups pooled. (C) Location of cell subsets in UMAPs broken out by vaccine group. (D) Bar charts of normalized 
cell numbers (% of total number of lymph node cells) by vaccine group; each spot represents an individual mouse. (E) Stacked plots of normalized cell 
counts as shown in panel (C), median of 3 mice.
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respectively), a combination adjuvant we have termed 
IVAX-1.16 It is unknown, however, if the enhanced immuno
genicity of IVAX-1 relative to its constituent components 
translates into enhanced efficacy against virus challenge 
in vivo. Therefore, we administered H5 in IVAX-1, or in ei
ther class of adjuvant separately (ie, H5/OW emulsion, and 
H5/TLR agonists) to groups of C57BL/6 female mice 
(n ¼ 10 per group) via the subcutaneous (s.c.) route at the 
base of the tail (Fig. 1A). Control mice received either PBS, 
or H5 in PBS without adjuvants. Mice were boosted on day 
28, and 3 mice were culled 4 d after the boost for single-cell 
mRNA sequencing of draining (inguinal) lymph nodes 
(Fig. 1B). The remaining 7 mice per group were challenged 
on day 96 with 104 TCID50/mL H5N1 virus in a volume of 
50 μL via the intranasal route. The magnitude of the H5- 
specific IgG response on day 14 (d14) (after prime only) 
revealed IVAX-1 generated the greatest magnitude and 
breadth, followed by CpGþMPLA, and finally by 
AddaVax. In the H5/PBS group, the response was not sig
nificantly different to PBS alone after a single dose 
(Fig. 1C) although signals of all 3 adjuvanted groups were 

high after boosting (Fig. 1C, inset). Th1/Th2 profiling on 
d42 postboost revealed a modest response by the H5/PBS 
group that was polarized entirely in an IgG1 (Th2) direc
tion (Fig. 1D). The magnitude and breadth of this IgG1 re
sponse was significantly enhanced with AddaVax; this was 
also accompanied by the appearance of modest levels of 
IgG2c although the response was still overwhelmingly po
larized to IgG1 (Th2). In contrast, mice receiving H5 in 
CpGþMPLA or CpGþMPLAþAddaVax (IVAX-1) pro
duced a more IgG2c (Th1) skewed-response. Virus neutrali
zation assays (Fig. 1E) revealed comparable nAb titers in all 
3 adjuvanted groups, with no detectable neutralization in 
the PBS or H5/PBS control groups. Similarly, all 3 groups 
receiving adjuvanted H5 were equally well protected 
(100% survival) against H5N1 challenge, while control 
mice receiving PBS or H5/PBS were unprotected and were 
euthanized when they fell below 80% of their original body 
weight (Fig. 1F). Despite seeing no difference in nAb titers 
and efficacy when H5 was formulated in IVAX-1 compared 
with AddaVax or CpGþMPLA separately, we did observe 
a benefit on clearance of virus from the lungs from the 

Figure 3. Analysis of B cells. (A) Bubble plot showing markers used to define B cell subsets, with shading and size of bubble representing mean 
expression in each group, and the proportion of each marker expressed in each B cell subset, respectively. (B) UMAPs of B cell subsets according to 
vaccine group. (C) Bar charts of normalized cell counts (expressed as % of total B cells) of each subset associated with each vaccine group; each dot 
represents an individual mouse. (D) Stacked plots of normalized cell counts shown in panel B, median of 3 mice. (E) Number of DEGs meeting cutoffs 
(Benjamini-Hochberg–corrected P values <0.2, log2 fold change >1) with log fold change higher in H5/PBS or adjuvanted formulations. Only naïve B cells 
in H5/CpGþMPLA and H5/IVAX had DEGs meeting the cutoff. See the main text for statistical test details. (F) Heatmap of the expression of the top 
DEGs in naïve B cells in IVAX/H5 vs PBS/H5. Downregulated gene groups correspond to genes related to NF-κB signaling (1), tumor suppressor (3), 
immune suppression (5), or combinations thereof (NF-κB and tumor suppressor (2), tumor suppressor and immune suppression (4), NF-κB and immune 
suppression (6), other down-regulated DEGs (black). Upregulated genes are group 8.
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IVAX-1 combination (Fig. 1G). Thus, the median titer 
on d6 in the H5/IVAX-1 group was �300-fold lower 
than the H5/CpGþMPLA, and �100-fold lower than 
H5/AddaVax.

Transcriptomic profiling 4 d after boost reveals 
increased proportions of B cells and monocytes 
with adjuvant complexity
To define the transcriptomic changes among different adju
vants, we sequenced 3 mice from each of the groups shown in  
Fig. 1A. Draining (inguinal) lymph nodes were collected 4 d 
after the boost and processed separately for single-cell RNA 
sequencing (10X Genomics; see Materials and Methods). We 
chose to perform single-cell RNA sequencing after the boost 
because we typically obtained several percent of antigen- 
specific T cells in recall assays by flow cytometry or 
ELISPOT. The day 4 time point was selected to capture the 
peak of activation and proliferation of responding lympho
cyte (d3–5) before contracting.

After filtering cells based on the number of genes per cell, 
and genes based on the number of cells expressing that gene, 

we retained 146,532 cells by 21,822 genes. Genes used to 
identify major cell types are shown in Fig. 2A. The UMAP 
space is dominated by immune cells, which were classified by 
gene markers as B cells (Cd79a), plasma cells (Cd79a and 
Sdc1), T cells (CD3e), dendritic cells (H2-Aa), monocytes 
(Lyz2), and natural killer cells (Ncr1) (Fig. 2B). When 
UMAPs were plotted according to the vaccine groups 
(Fig. 2C), clear differences could be seen between the 2 non
adjuvanted groups (PBS and H5/PBS) and the 3 adjuvanted 
groups (H5/AddaVax, H5/CpGþMPLA) and H5/IVAX-1). 
To quantify this, the proportions of each cell type (medians 
of normalized cell numbers expressed as % of total cells) 
were plotted as separate bar charts to identify adjuvant 
effects within each cell type (Fig. 2D), and as stacked bar 
charts to assess adjuvant effects at the whole lymph node 
level. The proportions of B cell, plasma cells and monocytes 
increased with increased adjuvant complexity. The most dra
matic effect was seen in plasma cells, with proportion means 
of 6.9%, 12.8%, and 12.1% for H5/AddaVax, H5/ 
CpGþMPLA, and H5/IVAX-1, respectively, compared with 
1.2% and 1.1% for PBS and H5/PBS, respectively. The 

Figure 4. Analysis of CD4 T cells. (A) Bubble plot showing markers used to define CD4 T cell subsets, with shading and size of bubble representing mean 
gene expression in group and proportion of each marker expressed in each T cell subset, respectively. (B) UMAPs of CD4 T cell subsets according to 
vaccine group. (C) Bar charts of normalized cell counts (expressed as % of total CD4 cells) of each subset associated with each vaccine group; each spot 
represents an individual mouse. (D) Stacked plot of normalized cell counts as shown in panel B; median of 3 mice. (E) Number of DEGs meeting cutoffs 
(Benjamini-Hochberg–corrected P values <0.2, log2 fold change >1) with log fold change higher in H5/PBS or adjuvanted (adj.) formulations. Only the 
naïve CD4þ T cell population had DEGs meeting cutoff in CpGþMPLA and in IVAX compared with H5/PBS. (F) Heatmap of the expression of DEGs in 
naïve CD4 T cells in H5/IVAX compared with H5/PBS. Gene groups annotated as per Fig. 3.
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proportions of T and natural killer cells decreased with in
creasing adjuvant complexity, owing to the expansion of B 
and plasma cells, while the proportion of dendritic cells 
stayed relatively stable. Overall, the effects of H5/ 
CpGþMPLA and H5/AddaVaxþCpGþMPLA (IVAX-1) 
were more similar to each other than to H5/AddaVax, while 
all 3 adjuvanted groups were more similar to each other than 
the nonadjuvanted (PBS and H5/PBS) groups. The following 
sections describe adjuvant effects on the main lymphocyte 
subsets in more detail.

Adjuvants enhance numbers of germinal center B 
cells and plasma cells
We first characterized B cells in the dataset. The gene markers 
used to define different B cell subsets are shown in Fig. 3A. 
The gene marker Cd79a was used to define all B cells, and 
subsets thereof were defined as pro–B cells (Ebf1),25 naïve B 
cells (Ighd),21 light zone cells (Bcl2a1b),21 dark zone cells 
(Stmn1),21 a population of germinal center (GC) B cells 
(Stmn1, Tnfrsf13b, and Aicda),21 cycling GC B cells (Aicda 
and Mki67),21,26 and memory B cells (Tcf7).21 The plasma 
cells were composed of plasmablasts (Jchain),21 plasma cells 

(Jchain and Xbp1),21 and dividing plasma cells (Xbp1 
and Mki67).21,26

UMAP plots of these subsets according to vaccine group are 
shown in Fig. 3B, which shows discernable expansion of sev
eral B cell subsets associated with the adjuvants, particularly 
plasma cells and plasmablasts. To quantify these adjuvant 
effects, the proportions of each subset (expressed as % of all B 
cells) was defined and represented as bar plots (Fig. 3C) and as 
a stacked plot (Fig. 3D). The proportions of GCs, cycling GCs 
and all plasma cell subsets all increased with adjuvant com
plexity, while there were no discernable changes in the propor
tions of pro–B cells or memory B cells. The proportion of 
naïve B cells decreased from nonadjuvanted to adjuvanted 
conditions. These data reflect a progressively increasing effect 
of adjuvant complexity on antibody-secreting B cells.

We also calculated the pseudotime trajectories for the B cell 
populations, along with DEGs along the trajectory (Fig. S1). 
There were several immediate early genes (Egr1, Fosb, Jun, 
Fos, Junb) with high expression in naïve B cells that decreased 
along the trajectory, along with Ebf1, known to be a crucial 
gene in B cell development and maintenance,25 as well as H2- 
Ab1 and Cd74 involved in antigen presentation to T cells.27

Figure 5. Analysis of CD8 T cells. (A) Bubble plot showing markers used to define CD8 T cell subsets, with shading and size of bubble representing gene 
expression level and proportion of each marker expressed in each T cell subset, respectively. (B) UMAPs of CD8 T cell subsets according to vaccine 
group. (C) Bar charts of normalized cell counts (expressed as % of total CD8 cells) of each subset associated with each vaccine group; each dot 
represents an individual mouse. (D) Stacked plot of normalized cell counts as shown in panel B, median of 3 mice. (E) Number of DEGs meeting cutoffs 
(Benjamini-Hochberg–corrected P values <0.2, log2 fold change >1) with log fold change higher in H5/PBS or adjuvanted formulations. Only the naïve, 
memory, prememory, and Dapl1þ CD8 T cell populations had DEGs meeting cutoff in H5/CpGþMPLA compared with H5/PBS; (F) Heatmap of the 
expression of the DEGs in naïve CD8 T cells in H5/CpGþMPLA versus H5/PBS.Gene groups annotated as per Fig. 3.
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We next determined the number of DEGs between each of 
the 3 adjuvanted formulations and the H5/PBS control in 
each B cell subset. We leveraged the number of batches per 
group by pseudobulking each batch, normalizing by total 
counts, and using MWU for hypothesis testing (see Materials 
and Methods). Only naïve B cells showed any differential ex
pression at this time point (4 d postboost), and differences 
were confined to the H5/CpGþMPLA and H5/IVAX-1 
groups (Fig. 3E). The detection of DEGs in naive B cells only 
may reflect their being in the early stages of differentiation, 
although this may also be caused by the relative abundance 
of naive B cells, thereby facilitating the statistical detection of 
DEGs in this group. Relatively few genes were upregulated 
(Fig. 3F); these had disparate functions and comprised Mzb1 
(marginal zone B and B1 cell–specific protein), Ifi27l2a (in
terferon, alpha-inducible protein 27 like 2A), Ly6a (lympho
cyte activation protein-6A), and PLAC8 (placenta associated 
8). Mzb1 is constitutively expressed in innate-like B cells 
(marginal zone B cells, B1 cells) and is significantly upregu
lated in plasma cells, where it functions as a molecular chap
erone to facilitate assembly of IgA and IgM with J-chain and 
transcytosis into mucosal secretions.28,29 Ifi27l2a is an antivi
ral interferon-response gene that is upregulated in several cell 
types in response to infections, including lung macrophages 
and lymphocytes,30 microglia 31,32 and mucosal epithelium.33

Our results indicate that Ifi27l2a is also upregulated by 
IVAX-1, predominantly by the TLR4 and/or TLR9 agonist 
components. The Ly6a gene product is upregulated on acti
vated lymphocytes although its function remains unclear.34

Similarly, PLAC8, first discovered in a placenta expression li
brary,35 plays a role in T cell immunity (see the following), al
though its role in B cells is unknown.

In contrast, many more genes were downregulated relative 
to the control, with log2 fold changes <−11 (Fig. 3F). Of 
these, 7 were linked to NF-κB signaling, namely Ifrd1,36,37

Rasgef1b,38 Dennd4a,39 Rel,40 Vps37b,41 Irs2,42,43 and 
Arl5b39,44; 7 genes were directly or indirectly identified as tu
mor suppressor genes (TSGs), namely Vps37b,41 Plk2,45

Suco,46 Samsn1,47 Tnfaip3,48 Klf6,49 and Nr4a150,51; and 8 
genes were linked to immune suppression, including 
Tnfaip3,48,52 Klf6,49 Nr4a1,50,51 Cd83,51,53,54 P2ry10,55

Irf4,56 Irs2,42,43 and Arl5b.39,44 These results imply that the 
adjuvants greatly increase the proportions of GCs and plasma 
cells and decrease the proportion of naïve B cells, suggesting 
an activation of naïve B cells transitioning toward a differen
tiated plasma cell state. This cell state transition is also corre
lated with downregulation of immune homeostasis and 
TSGs, consistent with entry into cell cycle.

Adjuvants expand T follicular helper cells
We next defined CD4 T cell subsets. CD4 T cells were de
fined by expression of the Cd4 gene, with 5 subsets identified: 
naïve CD4 T cells, Lef157 and Tcf758 expression; dividing 
CD4 central memory (CM) T cells, Mki6726 and Cxcr359; 
CD4 memory T cells, Il7r60; T follicular helper T (Tfh) cells, 
Cxcr561; and T regulatory (Treg) cells, Foxp3 (Fig. 4A).62,63

UMAPs according to vaccine groups (Fig. 4B) show discern
ible expansion of Tfh cells. Proportions of each subset 
(expressed as % of all CD4 T cells) were determined and rep
resented as bar plots (Fig. 4C) and a stacked plot (Fig. 4D). 
There was a small yet significant decrease of naïve CD4þ T 
cells associated with adjuvanted H5 versus H5/PBS (P val
ue ¼ 0.036, MWU) and an increase of Tfh cells associated 

with adjuvant (P value ¼ 0.009, MWU). There was no signifi
cant change in the proportion of dividing CM CD4 T cells, 
memory CD4 T cells, or Treg cells in adjuvanted H5 groups 
combined versus H5/PBS (P values of 0.145, 0.145, and 
0.727, respectively, MWU). However, the proportion of di
viding CM cells did significantly increase when H5/ 
CpGþMPLA and H5/IVAX-1 were compared separately to 
H5/PBS (P values of 0.1 and 0.1, respectively, MWU), and 
there was a significant decrease of memory CD4þ T cells in 
H5/CpGþMPLA (P value of 0.1). Overall, the expansion of 
Tfh cells and dividing CM cells are consistent with the in
crease in plasma cells and plasmablasts seen previously.

We further characterized the CD4þ T cell population by 
calculating their pseudotime trajectories (computationally in
ferred differentiation trajectory) along with DEGs along this 
trajectory. We used the same principal components used to 
calculate the UMAPs in Fig. 4 but allowed the UMAP to be 
recalculated to optimize the trajectory projection onto 2 
dimensions (see Methods). The naïve CD4 T cell population 
was totally disconnected from the other populations, imply
ing that the naïve population is more different to the other 
populations than the other populations are to themselves 
(Fig. S2). The DEGs along the pseudotime trajectory include 
Treg marker genes; Foxp3,62,63 Il2ra and Il2rb64; 2 S100 
family genes, S100a4 and S100a6; and Cxcr6, which has 
been shown to be important for T cell recruitment.65,66

Finally, we characterized the DEGs (using the same pseu
dobulking and MWU procedure as previous) between the 
PBS/H5 formulation and the 3 adjuvanted formulations. As 
with B cells, only the naïve T cells in the H5/CpGþMPLA 
and H5/IVAX groups had DEGs after filtering based on cut
offs (log2 fold change >1, false discovery rate–adjusted P 
value <0.2) (Fig. 4E). Relatively few genes were upregulated. 
As seen with B cells, these included Ifi27l2a, an interferon- 
response gene that is upregulated in several cell types in re
sponse to infections; Fos and Fosb, both components of the 
AP-1 transcription factor that regulates cell proliferation and 
differentiation in the immune response;54,67 and Igkc, the κ 
chain of immunoglobulin with no known function in T cells.

As with B cells, many more genes were downregulated 
genes in the naïve T cell population at this time point 
(Fig. 4F), which included 7 NF-κB–related genes, namely 
Pde4d,68 Dennd4a,39 Ptp4a1,69 Vps37b,41 Dusp5,70,71

Irs2,42,43 and Rnf19a72; 11 TSGs, namely Vps37b,73

Dusp5,70,71 Mafk,74 Dnajb9,75 Suco,46 Spty2d1,76 Rgs2,77

Zfp36l2,78 Dusp10,79,80 Tnfaip3,48,81 and Skil82; and 9 im
mune suppression genes, namely Dusp10,79,80

Tnfaip3,48,52,83 Rgs1,84 P2ry10,55 Cblb,85 Rnf125 
(TRAC-1),86,87 Icos,88 Irs2,89 and Rnf19a.72 These results 
indicate that, similarly to B cells, naïve CD4 T cells downre
gulate immune homeostasis genes.

Adjuvants reduced the proportion of naive CD8 
T cells
We then characterized CD8 T cell subsets. After unsupervised 
clustering, we found 5 groups of cells (Fig. 5A): naïve CD8 T 
cells, Ccr790 expression; memory CD8 T cells, Ccl5,91 and di
viding CD8 T cells, Mki67; Dapl1 CD8 T cell subset,92 and a 
Ly6c292 Ccl5-expressing subset,. which we labeled 
“prememory” CD8 T cells. To validate this subset further, 
DEGs between the prememory and memory CD8þ T cells 
were determined (Fig. S3). Of note, Ccr7 is more highly 
expressed in prememory CD8þ T cells, whereas memory T cells 

ImmunoHorizons, Vol. 9, No. 2                                                                                                                                                                                                  9 

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unohorizons/article/9/2/vlae007/7965806 by U

C
 - Irvine user on 09 April 2025

https://academic.oup.com/immunohorizonsarticle-lookup/doi/10.1093/immhor/vlae007#supplementary-data
https://academic.oup.com/immunohorizonsarticle-lookup/doi/10.1093/immhor/vlae007#supplementary-data


have higher expression of Ccl5 and IL-18 (Ifng, Pdgfb, and 
Il18rap) and Ly49 family (Klra1, Klre1, Klra6, and Klra9) genes, 
further validating the classification of this CD8þ T cell subset.93

We also identified a cluster of γδ T cells (Tcrg-C4) which we 
placed into the dividing CD8 T cell subset for convenience.

UMAP plots for each vaccine group are shown in Fig. 5B. 
Proportions of each subset (expressed as % of all CD8 T cells) 
were determined and represented as bar plots (Fig. 5C) and a 
stacked plot (Fig. 5D). As with the CD4 T cells, the naive 
CD8 T cells were the greatest proportion of all CD8 T cells, 
and showed a small yet significant decrease with addition of 
adjuvant versus H5/PBS (P value ¼ 0.06, MWU). The preme
mory and memory subsets increased with adjuvants; the 
Dapl1þ, dividing CD8 T cells and γδ T cells stayed constant.

We also calculated the pseudotime trajectories of the CD8þ T 
cells, with the differential expression along this trajectory. Most 
of the DEGs along the pseudotime trajectory match the marker 
genes previously identified, except for Samd3 which has been re
cently discovered to be a memory CD8 T cell marker of un
known function,94 and Klf2 which is known to suppress T cell 
maturation and activation in naïve T cells (Fig. S4).95,96

We calculated the DEGs in the 3 adjuvanted groups com
bined versus H5/PBS using the method described previously 
(Fig. 5D). Unlike in the preceding analyses, only T cells in the 
H5/CpGþMPLA adjuvanted group had DEGs. We selected 
the naïve CD8 T cells for further analysis (Fig. 5E). The 5 upre
gulated genes comprised Ifi27l2a (also seen upregulated in B 
cells and CD4 T cells described previously), Ccl5, Egr1, Plac8, 
and Igkc. Ccl5 (RANTES) is a T cell chemoattractant/chemo
kine required for T cell migration and homing to sites of infec
tion97; Egr1 (early growth response-1) is a transcriptional 
regulator required for cell proliferation and differentiation98; 
Plac8 is reported to be expressed in Th1 CD4 cells, where it 
suppresses expression of IFNγ99; andthe same study also 
reported expression in CD8 and promotes establishment of 
influenza-specific CD8 T cells in vivo.99 Igkc, the kappa chain 
of Ig, is also upregulated in CD4 T cells but has no known 
function in CD4 or CD8 cells and may not be translated. Of 
the 5 genes downregulated in mice receiving H5/CpGþMPLA 
compared with H5/PBS, 3 have been linked to tumor suppres
sion, Skil,82 Slc16a6 100 and Hivep3101; 2 have been linked to 
immune suppression; Hivep3102 and Irs289; and 1 was linked 
to NF-κB signaling, Irs2.42,43 Irs2 mediates Th2 signaling and 
macrophage activation via the type I IL-4 receptor.98,99

Overall, the data show that the adjuvants examined cause a 
strong downregulation in naïve T and B cells of genes that 
have been previously tied to immune suppression or immune 
homeostasis, tumor suppression (which could equivalently be 
called proliferation suppression) and NF-κB signaling, which is 
canonically tied to immune activation and differentiation.103

We propose that these genes normally maintain a state- 
immune homeostasis in the adaptive immune system, but 
which are downregulated in naive lymphocytes by adjuvants, 
thereby releasing the brakes on cell cycle and allowing naïve 
lymphocytes to reach a poised state undergo proliferation and 
differentiation into effector cells upon antigen encounter.

IVAX-1 confers synergistic effects on immune 
hemostasis genes
The immunological studies described previously showed that 
administration of H5 in the combination of CpGþMPLA 
with AddaVax (IVAX-1) synergistically enhanced viral clear
ance from lungs (Fig. 1E) compared with administration of 

H5 in CpGþMPLA or AddaVax separately. Therefore, we 
assessed whether the IVAX-1 combination adjuvant also 
showed any synergistic effects at the transcriptomic level, 
particularly in the downregulation of the immune homeosta
sis genes. We define synergy as “more than additive,” mean
ing that the sum of the mean of transcriptomic expression of 
IVAX-1 is greater than the sums of the means of transcrip
tomic expression in the AddaVax and CpGþMPLA groups 
separately (see Materials and Methods). A synergy score <0 
implies smaller than additive expression in IVAX-1. In order 
to account for random fluctuations between groups, we fit a 
linear model to the pseudobulked transcriptomic expression 
of each cell state with covariate formulation, and calculated 
the P value of the linear combination of coefficients corre
sponding to our definition of synergy (see Materials and 
Methods for details).

Figure 6A shows an overall heat map of immune homeo
stasis gene expression in the naïve CD4, naïve CD8, and 
naïve B cells, ranked top to bottom within each cell type by 
increasing adjuvant complexity. It can be seen that for many 
genes there is decrease in expression, as described in the pre
ceding sections. Synergy scores are shown in Fig. 6B. 
Surprisingly, with one exception, all the genes we categorized 
as immune homeostasis genes had a synergy P value of <0.05 
and a synergy score <−1; the exception was Icos in naïve B 
cells, with a P value ¼ 0.1 and a synergy score of −0.75. This 
implies that for almost all identified immune homeostasis 
genes in naïve CD4 T, CD8, and B cells, IVAX-1 had at least 
a log2 fold change, equivalent to a 2-fold downregulation, 
compared with the additive prediction of AddaVax and 
CpGþMPLA separately.

In addition to synergistic expression of genes, we also com
pared the strength of cell-cell signaling between cell subsets 
using CellChat.24 We first computed the differential interac
tion strength for each vaccine formulation compared with 
H5/PBS, where blue edges indicate higher expression in H5/ 
PBS, and red edges indicate higher expression in the other 
conditions (Fig. 6C). Overall, there was higher signaling in 
the adjuvanted conditions compared with H5/PBS, with most 
differential signaling going toward CD8 T cells. We then cal
culated the synergistic signaling in IVAX-1 compared with 
AddaVax and CpGþMPLA using the same procedure as pre
vious, by simply replacing expression values with communi
cation probabilities, and keeping the same thresholds (see 
Materials and Methods). As before, we focused on downre
gulated synergistic probabilities. The number of synergistic 
communications in each source/target pair are shown in  
Fig. 6D. The majority senders of synergistic communication 
were naïve B cells, CD4 CM dividing T cells, and dividing 
CD8 T cells. The majority of receivers were memory CD8 T 
cells, CD4 CM dividing T cells, Treg cells, and CD4þ naïve 
T cells. Among the most active interactions were between na
ive B cells signaling to CD4 CM dividing T cells and Treg 
cells, presumably reflecting presentation of antigen by B cells 
in the context of class II major histocompatibility complex 
(MHC) to both CD4 T cell subsets. Similarly, CD4 CM di
viding T cells were actively signaling to prememory and mem
ory CD8 T cells, consistent with a role for CD4 CM T cells in 
the development of CD8 T cell memory.106 Given the large 
differences found previously within naïve B cells, and the im
portance of Treg cells in preventing overactivation of an im
mune response, we further analyzed the signaling from naïve 
B cells to Treg cells (Fig. 6E). Interestingly, we saw synergistic 
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downregulation of genes of several ligand/receptor pairs, in
cluding the costimulatory interaction between Cd86 and 
Cd28, and the T cell inhibitory interaction between Cd86 
and Ctla4. Synergistic downregulation of the interaction be
tween Cd4 and several genes encoded in class II region of the 
MHC in Treg cells were also observed, consistent with the 
antigen-presenting role of B cells speculated previously. We 
also observed downregulation of the Cd4 gene in Treg cells, 
which led to a downregulation of signaling of MHC class II 
genes to this coreceptor (Fig. 6E). Rapid downregulation of 
surface CD4 is known to occur after T cell receptor–mediated 
activation,104–106 and may serve to transiently desensitize T 
cells. The downregulation of Cd4 expression in Treg cells 
would be consistent with detuning of Treg cells to allow an 
immune response to occur.

IVAX-1 enhances efficacy after single-dose 
administration
Given the transcriptomic evidence of the synergistic effects of 
combining CpGþMPLA with AddaVax emulsion, we sought 
to find other benefits of combining the adjuvants at the 
in vivo level. For this, we performed antigen dose-sparing 
and single-dose vaccination studies. Groups of 5 mice were 
administered 5 μg or 1 μg H5 in IVAX-1, AddaVax, or 
CpGþMPLA in a prime/boost regimen, or 5 μg H5 adju
vanted in the same way but administered as a single-dose 
only. Mice receiving H5/PBS were used as challenge controls. 

Comparable levels of survival were achieved at both the 5 μg 
and 1 μg H5 doses using all 3 adjuvant formulations after a 
prime and boost (data not shown). However, a clear benefit 
of IVAX-1 over AddaVax or CpGþMPLA used separately 
was revealed after single-dose administration (Fig. 7A). Thus, 
mice primed with H5/IVAX-1 were protected against mortal
ity (100% survival), while mice receiving a single dose of H5/ 
AddaVax or H5/CpGþMPLA were either unprotected (0% 
survival) or partially protected (40% survival), respectively. 
IgG subtyping (Fig. 7B) revealed a similar pattern to that seen 
with the prime-boost regimen, characterized by a strongly po
larized Th2/IgG1 response by antigen alone or in emulsion, 
which becomes more skewed toward a Th1/IgG2c with the 
addition of CpGþMPLA. AddaVax enhances the magnitude 
and breadth of the response seen by antigen alone or antigen/ 
CpGþMPLA. These indicate the lack of efficacy from a single 
dose of H5 in AddaVax or CpGþMPLA was not caused by a 
shift in Th1/Th2 balance. Adjuvants that allow for single- 
dose vaccination may have applications in influenza pandem
ics in which vaccine supplies are limited, or in which rapid ac
quisition of immunity is desirable.

Discussion
The formulation of IVAX-1 studied here was selected on the 
basis of previous immunogenicity screens with influenza and 
Ebola virus surface antigens in mice with different TLR ago
nists administered with or without AddaVax emulsion.16,17

Figure 6. IVAX induces synergistic downregulation of both immune homeostasis genes and immune suppressive signaling. (A) Psuedobulked expression of 
naïve CD4 and CD8 T cells, and naïve B cells of immune homeostasis genes (see main text). (B) Synergy scores for immune homeostasis genes (logged 
quotient of IVAX-1 expression to the sum of CpGþMPLA and AddaVax expression separately, in which a score of <−1 implies synergistic effect; see main 
text for details); gene groups annotated as per Fig. 3. (C) Cumulative strength of T and B cell signaling in the H5/PBS group versus other groups; the width of 
edges indicates the strength of signaling. (D) The number of synergistic signaling pathways in each source/target pair of different cell types. (E) The 
synergistic signaling pathways along with signaling synergy score (calculated the same as synergy score, see the main text) from naïve B cells to Treg cells.
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These studies showed IVAX-1 consistently outperformed the 
individual components in immunogenicity studies. Hitherto, 
however, we had not reported on efficacy in challenge stud
ies. Contrary to expectations, H5 administered in IVAX-1, 
CpGþMPLA, or AddaVax all engendered comparable levels 
of H5N1 nAbs and efficacy against weight loss after H5N1 
challenge (Figs. 1E and F), despite IVAX-1 being more immu
nogenic in our prior studies. Given that adjuvants have the 
potential to cause undesirable side effects,107 it is important 
to justify their inclusion when used in combination. In this re
gard, the IVAX-1 combination did result in 100- to 300-fold 
less virus in the lungs on d6 postchallenge than CpGþMPLA 
or AddaVax administered separately (Fig. 1G), indicating a 
synergistic effect on viral clearance. We also observed a simi
lar synergistic clearance of SARS-CoV-2 from the lungs of 
hamsters administered Spike protein in IVAX-1 compared 
with administration in either AddaVax or CpGþMPLA alone 
(manuscript in preparation). We also noted that nAb titers 
achieved from AddaVax, CpGþMPLA and IVAX-1 were 
equivalent, while a nonfunctional binding assay (protein mi
croarray) revealed higher signals associated with IVAX-1 and 
CpGþMPLA compared with AddaVax. The role of non- 
neutralizing antibodies is presently unclear, but these may 
contribute to protection by other means such as opsonization 
and enhanced antigen presentation, complement fixation, or 
antibody-dependent cell-mediated cytotoxicity.

An additional benefit of IVAX-1 versus the individual com
ponents was revealed after single-dose administration 
(Fig. 7). Single-dose vaccines may have utility in pandemic sit
uations where rapid responses are essential, or in settings 
where vaccine supplies are limited. Traditionally, durable im
munity from single-dose vaccination has best been accom
plished using live/attenuated vaccines, notably vaccinia 
(smallpox vaccine) 108 and yellow fever (YF) vaccine.109 The 
YF vaccine is probably the most effective of all live vaccines, 
being able to confer durable immunity from a single dose in 
nearly all vaccinated individuals.109,110 Systems immunology 
approaches have revealed YF induces a panoply of innate and 
adaptive immune responses, spanning complement, type I 
interferons, inflammasomes, and rapid T and B cell 
responses.111–113 For nonlive (ie, recombinant protein based) 
vaccines, priming followed by 1 or more boosts are typically 
required to drive the germinal center reaction and generate 
protective titers of neutralizing antibodies.113,114 Attempts to 
enhance the efficacy from single-dose vaccination have 

typically used controlled-release strategies in place of tradi
tional bolus immunizations, which are thought to more 
closely mimic natural infection.115–117 However, adequate 
protection can also be achieved from a single dose of recom
binant protein by the use of certain adjuvants.118–120 In prac
tice, there may be several strategies that could achieve 
protection from single-doses of nonlive vaccines. The mecha
nism of protection achieved from a single-dose of IVAX-1 is 
not yet understood but is likely to be independent of nAbs, 
because in our experience the generation of nAbs typically 
requires boosting.16,20

Transcriptomic analyses of immune cells in draining lymph 
nodes 4 d postboost were used to compare IVAX-1 with 
CpGþMPLA or AdaVax separately, and with nonadjuvanted 
controls for signs of additive or synergistic responses. We ob
served a dramatic increase in plasma cells after H5 adminis
tration in IVAX-1, which was �2-fold higher than 
administration in CpGþMPLA or AddaVax, and �10-fold 
higher than antigen administered without adjuvant. 
However, unbiased DEG screens comparing unadjuvanted 
H5 with the adjuvanted groups at d4 postboost revealed rela
tively few genes that were upregulated. Of note, Mzb1 ex
pression in B cells is higher in response to IVAX-1 and 
CpGþMPLA compared with AddaVax. Given the role of 
Mzb1 in the assembly of IgA and IgM with J-chain and trans
cytosis into mucosal secretions,28,29 biochemical studies to 
confirm enhanced protein expression are warranted, as this 
would be consistent with the synergistic clearance of virus 
from lungs achieved by the IVAX-1 combination. Unbiased 
DEG screens in T cells also revealed relatively few genes were 
upregulated but included adjuvant-dependent expression of 
Fos, Fosb, Ifi27l2a, and Igkc (CD4 cells) and Ccl5, Egr1, 
Plac8, Ifi27l2a, and Igkc (CD8 cells). Targeted (biased) 
screens of the CD4 T cell compartment revealed upregulation 
of PD-1 (Pdcd-1) in Tfh cells and dividing CD8 T cells, which 
was also higher in mice receiving H5/IVAX-1 than the indi
vidual components. PD-1 induces a co-inhibitory signal in ac
tivated T cells and promotes T cell apoptosis, anergy, and 
functional exhaustion121,122 and is likely to be involved here 
in the downregulation of T cells at d4 postboost. Other lym
phoid cell markers were not elevated at this time point.

In contrast, DEG screens revealed many more downregu
lated genes compared with upregulated genes. In all the cell 
types examined, there was a clear correlation between down
regulation of genes that control cell cycle/apoptosis and 

Figure 7. IVAX-1 shows efficacy from a single dose. Groups of 5 C57BL/6 female mice were administered 5 µg H5 (VN04) formulated in PBS, AddaVax, 
CpGþMPLA, or IVAX-1 on d0 via the subcutaneous route and challenged on d28 with 50 μL 104 TCID50 /ml of H5N1 virus. (A) normalized body weights 
postchallenge; each line represents an individual mouse. (B) IgG1/IgG2c (Th2/Th1) profiles on d23 determined by protein microarray, in which each spot 
is a different H5 drift variant. Two-way analysis of variance between H5/PBS and other groups; Dunnett’s multiple comparisons test. �P < 0.05; 
����P < 0.0001. ns, nonsignificant.
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adjuvant complexity, consistent with a role for adjuvants in 
releasing the brakes on immune-homeostasis and driving the 
immune response. For example, in B cells, adjuvant- 
dependent downregulated genes include the TSGs Vps37b,41

Plk2,45 Suco,46 Samsn1,47 Klf6,49 Nr4a1,4,51 and Tnfaip3 
(Fig. 3F).48 Those with a putative role in B cell function in
clude Vps37b (vacuolar protein sorting 37 b), which not only 
is normally involved in transport vesicle sorting, possibly in B 
cells for antigen processing,123 but also is downregulated in 
colorectal cancers41; Plk2 (Polo-like kinase 2) is a serine/thre
onine kinase normally involved in B cell activation, but 
defects in this gene are associated with B cell malignancies45; 
Samsn1 (SAM domain, SH3 domain and nuclear localization 
signal 1) encodes a cytoskeletal protein that is normally a 
negative regulator of B cell activation,124 but which is overex
pressed in malignant plasma cells125; Nr4a receptors restrain 
B cell responses to antigen in the absence of costimulation126; 
and Tnfaip3 (TNF-α induced protein 3, formerly known as 
A20) is a cytokine-inducible gene that negatively regulates 
NF-κB and inhibits apoptosis.83 Defects in this gene in B cells 
lead to enhanced inflammation and autoimmune 
disease.127,128

In T cells, adjuvant-dependent downregulated genes in
clude 11 TSGs. Those with putative roles in T cell function 
include Vps37b, a memory T cell marker129; Dusp5, which 
promotes T cell survival130; Rgs2 (regulator of G protein sig
naling 2), which controls T cell proliferation and IL-2 pro
duction in T cells131; Zfp36l2, which regulates T cell immune 
homeostasis132; Dusp10, which is constitutively expressed in 
T cells but downregulated after activation133; and Tnfaip3, 
an NF-κB inhibitor that is expressed at high levels in resting 
T-cells134 but is degraded after T cell activation to facilitate 
NF-κB translocation.135

Genes linked to immune suppression are also downregu
lated. In B cells these include Tnfaip3,48,52 Klf6,49

Nr4a1,50,51 Cd83,53,54 P2ry10,55 Irf4,56 Irs2,42,43 and 
Arl5b.39,44 In addition to those discussed previously are 
Cd83, which is associated with a shift to a Th2 response and 
secretion IgE when downregulated in B cells53; Irf4 (inter
feron regulatory factor 4), which is involved in B cell differen
tiation86; and Irs2 (insulin receptor substrate 2), which is 
involved downstream of B cell receptor–initiated signaling 
and plays a role in B cell immune homeostasis.42 In T cells, 
downregulated immune suppression genes include 
Dusp10,79,80 Tnfaip3,48,52,83 Rgs1,84 P2ry10,55 Cblb,85

Rnf125 (TRAC-1),136,137 Icos,88 Irs2,89 and Rnf19a.72 In ad
dition to those discussed previously, those with a putative 
role in T cell function include Rgs1, which regulates tissue 
resident memory T cells87 and T cell exhaustion138; P2ry10, 
which regulates chemokine-induced migration of T cells139; 
Cblb, which plays critical roles in T cell activation and ho
meostasis140; Rnf125, a regulator of T cell activation136,137; 
Icos, which regulates T cell activation and proliferation88; 
and Irs2, which is involved in signaling triggered by the IL-4 
receptor on Th2 cells.141

Although the role that dysregulation of TSGs have in onco
genesis has long been recognized, their role in immune regula
tion has become evident only recently.142 For example, p53 is 
a master regulatory transcription factor that normally con
trols entry into cell cycle, DNA repair, and apoptosis, and 
many tumors are associated with mutated or deleted p53.143

In addition, p53 is thought to play a role in the control of 
various viral pathogens.144 For example, in influenza, mice 

deleted of p53 show more severe disease compared with 
wild-type mice, with delayed cytokine and antiviral gene ex
pression, reduced dendritic cell activation, and impaired CD8 
T cell responses.145 The importance of p53 in antiviral immu
nity is also evidenced by the strategies that some viruses have 
evolved to subvert its activities.146 Given our findings, it is 
not surprising that vaccine adjuvants, which are designed to 
activate the innate immune system through recognition of 
pathogen-associated molecular patterns, may act to switch 
off TSGs and other genes that maintain immune homeostasis. 
As far as we are aware, the downregulation of immunosup
pressive and TSGs by vaccines is not widely reported.147

Indeed, downregulation of immune homeostasis genes, such 
as by using combination adjuvants, might represent an addi
tional strategy to improve the efficacy and durability of subu
nit vaccines.

Transcriptomic studies provide comprehensive data on gene 
expression but not translated protein expression levels or activi
ties. Such observations need to be followed up with biochemi
cal or immunological studies. Other limitations of the present 
study include the single time point used for single-cell mRNA 
sequencing. This provides a snapshot, rather than a temporal 
pattern of expression, and significant genes that peak at earlier 
or later time points will be missed. Selection of the time point 
was informed by our previous studies of where numbers of 
antigen-specific B cells were quantified by flow cytometry.16,20

Another limitation may have been the dose of adjuvants that 
were used, which may have been too high, as the efficacy 
against H5N1 challenge of IVAX-1 was the same as the 
AddaVax and CpGþMPLA administered separately. The 
advantages of combining adjuvants may be observed only at 
more stringent conditions, such as lower doses of adjuvant and/ 
or antigen, or after single-dose administration, or in challenge 
studies against HA variants outside the vaccine formulation.

In summary, both immunological and transcriptomic data 
show benefits of combining TLR-agonists (CpG and MPLA) 
with the squalene-in-water emulsion, AddaVax compared 
with the CpGþMPLA or AddaVax alone. In particular we 
noted improved downregulation of immune hemostasis path
ways, higher numbers of plasmablasts and enhanced viral 
clearance. Combination adjuvants, such as IVAX-1, may lead 
to the development of improved vaccines for single-dose or 
dose-sparing applications, and may also enhance the efficacy 
of vaccines against respiratory viruses.
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