
npj | vaccines Article
Published in partnership with the Sealy Institute for Vaccine Sciences

https://doi.org/10.1038/s41541-025-01130-z

Emulsion adjuvant-induced uric acid release
modulates optimal immunogenicity by
targeting dendritic cells and B cells

Check for updates

Sun Min Lee1, Junghwa Lee1, Dong-In Kim1, Jonathan P. Avila2, Helder Nakaya2,3, Kihyuck Kwak4 &
Eui Ho Kim1,5

Squalene-based emulsion (SE) adjuvants like MF59 and AS03 are used in protein subunit vaccines
against influenza virus (e.g., Fluad, Pandemrix, Arepanrix) and SARS-CoV-2 (e.g., Covifenz,
SKYCovione). We demonstrate the critical role of uric acid (UA), a damage-associated molecular
pattern (DAMP), in triggering immunogenicity by SE adjuvants. In mice, SE adjuvants elevated DAMP
levels in draining lymph nodes. Strikingly, inhibition of UA synthesis reduced vaccine-induced innate
immunity, subsequently impairing optimal antibody and T cell responses. In vivo treatment with UA
crystals elicited partial adjuvant effects. In vitro stimulation with UA crystals augmented the activation
of dendritic cells (DCs) andB cells and alteredmultiple pathways in these cells, including inflammation
and antigen presentation in DCs and cell proliferation in B cells. In an influenza vaccine model, UA
contributed to protection against influenza viral infection. These results demonstrate the importance
of DAMPs, specifically the versatile role of UA in the immunogenicity of SE adjuvants, by regulating
DCs and B cells.

Vaccination is crucial for improving public health by preventing infectious
diseases. Purified antigens, used in vaccines for their safety, often have
reduced immunogenicity and require adjuvants to induce sufficient
immune responses. Classical adjuvants include those based on pathogen-
associated molecular pattern (PAMP) pathways, which stimulate innate
immune receptors to activate adaptive immune responses. Recently, the
damage-associated molecular pattern (DAMP) pathway has emerged as a
novel pathway. For instance, alum, a classical adjuvant, elicits adjuvant
activity through the release of DNA, uric acid (UA), and ATP from dying
cells, thus stimulating dendritic cell activation1–4. Similarly, the saponin-
based adjuvant component QS-21 stimulates innate cell recruitment and
dendritic cell maturation through the local release of HMGB1 in draining
lymphnodes (dLNs)5.Althoughadvanceshave beenmade in identifying the
danger signals involved in adjuvant effects, the underlying mechanisms of
action are not comprehensively understood.

Squalene-based emulsion (SE) adjuvants are oil-in-water emulsions
consisting of squalene, which are widely used in seasonal and pandemic
influenza vaccines. MF59 (Novartis) and AS03 (GSK) are SE adjuvants
included in licensed vaccines approved in Europe or USA. Despite the
widespread use of MF59, its mechanism of action has not yet been fully

characterized. An in vitro study on human cells demonstrated that MF59
triggers the recruitment of monocytes and granulocytes to injection sites by
inducing chemokine secretion and stimulating their differentiation into
dendritic cells (DCs)6. In vivo studies further demonstrated the formation of
an immunocompetent environment as a mechanism of action of MF59 in
mice7,8. Mechanistic studies have focused on immune cell activation and
recruitment. The initial stages of these MF59 actions are suggested to be
independent of TLRs and the Nlrp3 inflammasome9, similar to the
mechanism of action of alum, a TLR-independent adjuvant. Recently, an
in vivo study demonstrated that SE adjuvants flow to dLNs and that LN-
resident macrophages take up SE adjuvants to undergo cell death, which
triggers antigen-specific CD8+ T cell responses10. They assumed that
DAMPs might mediate cell death-induced immune responses based on
observations of increased DAMP and pro-inflammatory cytokine levels in
the serum after the administration of Addavax (AV)10. Here, they used
Addavax (AV) for the in vivo experiments, as it has a similar formulation
and comparable adjuvant effects to MF5910. MF59 has been reported to
induce the release of ATP, promoting CD4+ T-cell and antibody
responses11. The role of UA is knownwith regard to the pathological aspect.
Because the UA can activate the NLRP3 inflammasome, the hyperuricemia
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that shows abnormally elevated serumUA level can be a causative factor in
diseases such as gout12. However, the mechanism of action of UA as a
DAMP in vaccine response is poorly understood.

Based on this background, we hypothesized that UA is important for
optimal vaccine responses to SE-adjuvanted vaccines. This study demon-
strates that UA is essential for humoral and cellular responses to SE adju-
vants through the activation of innate immunity. Furthermore, we describe
the mechanisms of action of UA by addressing its direct effects on the
functions and signaling of DCs and B cells.

Results
SE adjuvant induces the release of DAMPs and cytokines
First, we longitudinally tracked the early kinetics of DAMPs release in dLNs
and serum following subcutaneous injection of the emulsion adjuvant. AV
significantly increased the local concentrations of all threeDAMPmolecules
(ATP, dsDNA, and UA) in dLNs (Fig. 1a). In particular, UA showed a
gradual increase from the early hours until 48 h, although the systemic level
of UA displayed an increasing tendency only at the early hours. The serum
ATP and dsDNA levels remained largely unchanged. These results show
that AV triggers the release of local DAMPs in the dLNs, andUA seemed to
be dynamically affected among the tested DAMPs.

Next, we investigated whether inflammatory cytokines were induced
by the emulsion adjuvants. To this end,wemeasured cytokine profiles in the
dLNs and serumafterAVadministration.Although therewere somekinetic
differences of cytokine levels in between LN fluid and serum, there were
rapid increases of IL-6 andMCP-1 at 6 h, while the peak level of IFN-γwas
at 24 h post-administration. The peak levels of IL-27 and TNF-α were at
48 h or later after the vaccination with AV (Fig. 1b). The mildly affected or
only locally increased cytokines are presented in Supplementary Fig. 1. The
levels of IL-1α, IFN-β, GM-CSF, and IL-10were significantly increased only
in dLNs, not in serum. Overall, the cytokine profiles showed an increase in
pro-inflammatory cytokines in both the dLNs and serum.

Blocking UA abrogates humoral and cell-mediated immunity by
SE adjuvant
Since all three DAMPs tested were released by the SE adjuvant, we were
curious about the relative contribution of each DAMP molecule to SE
adjuvant-mediated immunogenicity. Therefore, the release of ATP,
dsDNA, and UA was temporarily monitored in vivo after the co-
administration of DAMP blockers, including apyrase (ATPase), DNAse I,
and uricase or febuxostat (a UA synthesis inhibitor). In vivo depletion of
either ATP or dsDNA at the site of injection had no significant reducing
effect on Ova-specific IgG levels, formation of germinal center (GC) B cells
and follicular helper T (TFH) cells, or CD8

+ T cell responses after Ova+AV
vaccination (Supplementary Fig. 2).

Notably, the inhibition of UA by febuxostat significantly impairedOva-
specific IgG responses (Fig. 2a). Consistent with the antibody-level data, the
frequency of GC B cells was significantly decreased following febuxostat
treatment (Fig. 2b and Supplementary Fig. 3a). Moreover, the generation of
TFH cells in the LNs was significantly reduced in the UA synthesis–inhibited
mice (Fig. 2c and Supplementary Fig. 3a). These data indicate that UA
contributes to AV-induced antibody responses by orchestrating GC B and
TFH cells. Next, we examined whether UA inhibition could attenuate T cell
responses induced by the SE adjuvant. We observed that the frequency of
activatedCD4+T cells (CD44+CD62L- CD4+T cells) in the dLNs and spleen
was decreased by UA inhibition (Fig. 2d and Supplementary Fig. 3a). In
addition, ex vivoTcell stimulation and intracellular cytokine staining showed
that the AV induced the increase of the IFN-γ-producing CD4+ T cell
population, and that febuxostat treatment significantly inhibited those
responses. Likewise, the frequencies of the activated CD8+ T cells
(CD44+CD62L- CD8+ T cells) and Ova-specific CD8+ T cells (H2Kb-SIIN-
FEKL tetramer (Tet)+CD44+CD62L- CD8+ T cells) were reduced sig-
nificantly by the inhibition of UA, as well, and the frequencies and the
absolute numbers of IFN-γ-producing CD8+ T cells were decreased by
febuxostat (Fig. 2e and Supplementary Fig. 3b). In addition to the inhibition

of UA synthesis by febuxostat, the involvement of UA in AV-induced
adaptive immune responseswas evaluated using uricase, which degradesUA
(Supplementary Fig. 4). UA depletion by uricase treatment consistently
inhibited antibody responses, and the formation of GC B and TFH cells and
the activation of CD4+ and CD8+ T cells were moderately decreased. Taken
together,UAplays a crucial role in the generationofoptimal antibodies andT
cell responses induced by the SE adjuvant.

UA contributes to the SE-induced innate immune responses
Based on the kinetics of UA release and the influence of UA on the adaptive
immune responses to SE adjuvants, we explored the underlyingmechanism
ofUA-mediated immunogenicity.As shown inFig. 1b,weobservedapotent
induction of pro-inflammatory cytokines in the dLN fluid and serum upon
AV administration. Following the in vivo prevention of UA synthesis by
febuxostat treatment, local and systemic secretions of IL-6, IFN-γ, MCP-1,
and TNF-α after AV injection were substantially decreased (Fig. 3a, b). The
extent of reduction in other inflammatory cytokines by febuxostat was
statistically insignificant (Supplementary Fig. 5). Next, we assessed the role
of UA in thematuration of dendritic cells (DCs) at 24 h after immunization
with AV alone or with febuxostat. Although the number of DC subsets was
only significantly altered in residentDCs (CD11c+MHCII+, rDCs) (Fig. 3c),
the activation of total DCs (CD11c+), migratory DCs (CD11cint MHCIIhi,
mDCs), and rDCs in the dLNs was strongly stimulated by AV and sig-
nificantly attenuated by febuxostat treatment (Fig. 3d). The rDCs were
further analyzed for two major subsets: CD8+ DCs and CD11b+ DCs (Fig.
3e). The expression of the activationmarkerCD80was increased byAVand
decreased by febuxostat in all DC subsets (Fig. 3e). The increased frequency
and number of neutrophils induced by AV in the dLN were decreased by
febuxostat (Supplementary Fig. 6). The cell number of eosinophil was also
increased byAV, and reduced by febuxostat. Collectively, these results show
that UA plays an important role in triggering potent innate immune
responses in dLNs following SE adjuvant administration.

Exogenous addition of UA demonstrates adjuvant effects
Given that UA is necessary for optimal vaccine-induced immune responses
with the SEadjuvant,wenext investigatedwhether exogenous administration
of UA itself could enhance vaccine responses to antigens. We used UA
crystals (monosodium urate, MSU) as a supplement to the protein antigen
Ova in the absence of the SE adjuvant. Immunization with Ova and MSU
induced a significantly higher antibody response in the serum than in mice
immunized with Ova alone. (Fig. 4a). With regard to IgG subtypes, the
stimulatory effect of MSU was prominent on Ova-specific IgG1 levels, and
there was no significant change in IgG2b and IgG2c. Consistent with the
antibody data, frequencies of GCB cells (median:MSU 5.485%, PBS 1.240%;
FDR-adjusted P value, padj = 0.103) and TFH cells (median: MSU 3.665%,
PBS 1.770%; padj < 0.01) were slightly augmented in the presence of MSU
(Fig. 4b, c). MSU triggered notable increase of activated (CD44+CD62L-)
CD4+ T cells, and there was mild inflation of IFN-γ-producing CD4+ T cells
(cell no.median:MSU1932 cells vs PBS 690 cells) in response toOva peptide
stimulation (Fig. 4d). The effects of MSU supplementation on CD8+ T cells
wereminimal, because eitheractivated (CD44+CD62L-)CD8+TcellsorOva-
specific CD8+ T cells (Tet+CD44+CD62L-) were marginally increased by
MSU (Fig. 4e). These results demonstrate that MSU itself can effectively
potentiate antigen-specific antibody responses but has a limited effect on
CD8+ T cell responses.

UA directly targets DCs and potentiate their function
Based on the finding that UA facilitates innate and adaptive immune
responses to SE adjuvants, we investigated the cellular targets of UA. We
tested the effects of MSU on mouse immune cell subsets, including DCs,
macrophages, B cells, andT cells, whichmaybe involved in the SE adjuvant-
induced immune responses. For this experiment, we prepared BMDCs or
BMMs and isolated splenic T andB cells for ex vivo culturewithMSU in the
presence or absence of primingwith low concentrations of LPS for BMDCs,
BMMs, andBcells orwith anti-CD3andanti-CD28antibodies forTcells. In
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Fig. 1 | Time-dependent changes in DAMPs and cytokine levels during 72 h after
administration of AV.WTB6mice were subcutaneously injected with AV. DAMP
and cytokine levels were measured in dLN and serum at 0, 2, 6, 12, 24, 48, and 72 h.
Levels of (a) DAMPs (UA, ATP, and dsDNA) and (b) pro-inflammatory cytokines
in dLN fluids and serum. *P < 0.05, **P < 0.01, ***P < 0.001 (in comparison with

0 h, by ANOVA or Kruskal-Wallis test). Data are pool of at least two independent
experiments (mean and SEM). a dLN: n = 7 mice at 0, 6, 12 h and n = 4 at 2, 24, 48,
72 h). Serum: n = 9 mice at each time-point. b dLN: n = 6 mice at 0, 6, 12, 24 h and
n = 3 at 2, 48, 72 h. Serum: n = 3 mice at each time-point.
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BMMs, MHC II and CD86 expression were slightly increased by MSU
treatment in a dose-dependentmanner. (Supplementary Fig. 7a). MSU had
no direct stimulatory effect on T cells, which marginally reduced the
expression ofCD44 andCD69 (Supplementary Fig. 7b). In contrast, inDCs,
the expression of MHC II, CD80, and CD86 was significantly increased by
MSU in a dose-dependent manner (Fig. 5a).

To understand how MSU promotes DC activation, we analyzed the
transcriptional profiles of BMDCs three hours after MSU stimulation.
According to RNA sequencing data, overall 737 genes were up-regulated,
648 genes were down-regulated, and 15,725 genes were unperturbed (Fig.
5b). Annotation of the genes into pathway databases indicated the pathways
upregulated by MSU in DCs, including TNF-α signaling via NF-κB,

Fig. 2 | Blocking UA abrogates humoral and cell-
mediated immunity by SE adjuvant. WT B6 mice
were prime-boost immunized subcutaneously with
AV ± febuxostat, with Ova antigen. a Levels of anti-
Ova IgG, IgG1, IgG2b, and IgG2c. Frequency of (b)
germinal center (GC) B cells and (c) follicular helper
T (TFH) cells in LNs. b, c Flow cytometry plots of GC
B and TFH cells are displayed. d Frequency of acti-
vated CD4+ T cells, frequency and cell number of
IFN-γ+ CD4+ T cells in dLNs. e Frequencies of
activated CD8+T cells and Tet+CD8T cells in dLNs
and spleen, and frequency and cell number of IFN-
γ+ CD8+ T cells in dLNs and spleen. *P < 0.05,
**P < 0.01, ****P < 0.0001 (ANOVA or Kruskal
−Wallis test). Data are representative of at least two
independent experiments (mean and SEM, n = 4
mice per group). Feb., febuxostat.
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Fig. 3 | Perturbation of UA suppresses the innate immunity during vaccination.
WT B6mice were immunized subcutaneously with AV ± febuxostat. dLN fluid and
serum were obtained at 6, 12, and 24 h after immunization to measure pro-
inflammatory cytokine levels in (a) dLN fluid and (b) serum. c−e At 24 h post-
immunization, the dLN cells were analyzed by flow cytometry. c Flow cytometry
plots show the gating of total DCs,migratoryDCs (mDCs), and resident DCs (rDCs)
in live LN cells. Total DCs were gated on CD11c+ cells. rDCs and mDCs were
characterized by gating on CD11c+MHCIIlo cells (rDCs) and CD11c+MHCIIhi

(mDCs). The rDCs were further analyzed in CD8+ rDCs and CD11b+ rDCs. Cell
number per LN tissue of (c) total DCs, mDCs, rDCs, (e) CD8+ rDCs and CD11b+

rDCs. CD80MFI of (d) total DCs, mDCs, rDCs, (e) CD8+ rDCs and CD11b+ rDCs.
d, e Histograms show CD80 expression levels in each DC subsets. a−b Data are
representative of two independent experiments (mean and SEM, n = 3 mice per
group at each time-point). *P < 0.05, ** P < 0.01 (t-test). c−e Data are pool of two
independent experiments (mean and SEM, n = 7 mice per group). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 (ANOVA). Feb., febuxostat.
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receptor ligand activity, inflammatory response, and cytokine responses
(Fig. 5c). First, the ‘TNF-alpha signaling via NF-κB’ pathway genes were
upregulated byMSU in BMDCs, with the highest NES among the pathways
(padj < 0.001) (Fig. 5d). It is known that antigen presentation by DCs is
dependent on NF-κB signaling pathway13. Therefore, the upregulation of
this pathway in our data implied the stimulation of NF-κB pathway in the

DC activation by MSU. Second, the ‘inflammatory response’ pathway
showed an increase by MSU in BMDCs (padj < 0.001) (Fig. 5e). The
inflammatory responses of the DCs were also evidenced by the increase of
other relevant pathways: ‘receptor ligand activity’, ‘inflammatory response’,
‘cytokine-cytokine receptor interaction’, ‘cytokines and inflammatory
response’, and ‘positive regulation of cytokine-mediated signaling pathway’

Fig. 4 | In vivo treatment of UA crystals with
antigen enhances adaptive immune responses.
WT B6 mice were immunized subcutaneously with
MSU or AV, with Ova antigen. Adaptive immune
responses were analyzed at day 7 post-boosting.
a Levels of anti-Ova IgG, IgG1, IgG2b, and IgG2c in
serum. Frequency of (b) germinal center B cells and
(c) follicular helper T cells in dLNs. d Frequency of
activatedCD4+T cells, frequency and cell number of
IFN-γ+ CD4+ T cells in dLNs. e Frequencies of
activatedCD8+T andTet+CD8+Tcells in dLNs and
spleen, and frequency and cell number of IFN-γ+

CD8+ T cells in dLNs and spleen. Data are repre-
sentative of at least two independent experiments
(mean and SEM, n = 4 mice per group). *P < 0.05,
**P < 0.01, ***P < 0.001 (ANOVA or Kruskal-
Wallis test). MSU, monosodium urate.
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(all padj < 0.001) (Fig. 5c). Among the leading-edge genes of the ‘inflam-
matory response’ pathway, Inhba increased the most (log2 fold change,
log2FC = 4.342) by MSU in BMDCs (Supplementary Table 1). Inhba is a
gene encoding inhibin A, amember of the TGFβ family, which is known to
be essential forDCmaturation, evidencedby the decrease ofMHCII, CD80,
and CD86 in BMDCs from inhibin knockout mice14. Among the leading

edge genes in the ‘receptor ligand activity’ pathway, Wnt5a, a member of
Wnt signaling pathway, was themost increased gene.Wnt5a contributes to
antigen processing/presentation and CD8+ T-cell activation15. Moreover,
our gene profile showed an increased expression of Ccr7 (log2FC = 1.111),
which is crucial for themigration ofDCs to the LNs16–18. Taken together, the
pathway and DEG analyses revealed transcriptomic changes in MSU-
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treated BMDCs toward DC maturation, effective antigen processing/pre-
sentation, and migration.

To predict the cellular receptors ofMSU through the RNA sequencing
data, we further investigated the upstream receptors of the activated genes
using the ShinyGo analysis tool (http://bioinformatics.sdstate.edu/go80/)19.
The activated pathways in MSU-stimulated BMDCs were mediated by
various receptors including IL-1R, CD14, IL-17RA, TLR1, TLR2, EGFR,
IFNGR, and GPCR (Supplementary Table 2). Among theMSU-stimulated
pathways, there was an upregulation of the NLR signaling pathway in
BMDCs with the increased expression of NLRP3 inflammasome compo-
nents (NLRP3 and ASC) and IL-1β (Supplementary Table 2). According to
the KEGG database, an upstream receptor of NLR signaling is G protein-
coupled receptor (GPCR), with orthologs K04612 (calcium-sensing recep-
tor) and K04622 (GPCR6A). Notably, our data showed increased expres-
sion of the GPCR and its subsequent NLRP3 inflammasome components
(NLRP3 and ASC), and downstream products (pro-IL-1β and IL-1β) in the
KEGG pathway (Supplementary Fig. 8). According to functional enrich-
ment analysis, theGPCR signaling pathwayswere upregulatedwithMSU in
BMDCs (Supplementary Table 3). Specifically, the Gprc5a expression level
commonly increased by MSU both in BMDC and B cells (Supplementary
Table 4).

We further conducted a functional verification to determine whether
MSU-treated DCs exerted a superior capacity for antigen presentation.
BMDCs were stimulated with Ova in the presence or absence of MSU,
followed by co-culture with naïve T cells obtained fromOT-I or OT-II TCR
transgenic mice for three days. Both OT-I (CD8+ T) and OT-II (CD4+ T)
cells showed increased proliferation in MSU-treated BMDCs in a dose-
dependent manner (Fig. 5f, g). Together, these data imply that UA directly
triggers DC activation, leading to an enhancedT cell response following SE-
adjuvanted vaccination.

UA directly stimulates B cell activation
Next, we examinedwhetherUA crystals directly affectedB cells by assessing
their activation status in vitro in the presence of MSU. MSU treatment
increased the expression levels of MHC II, CD69, and CD86 in a dose-
dependent manner (Fig. 6a).

To determine themechanism underlying B-cell activation byMSU, we
analyzed the mRNA profile 3 h after stimulation with MSU. In the B cell
transcriptional analysis data, 218 genes were up-regulated, 17 genes were
down-regulated, and 11610 genes were unperturbed (Fig. 6b). Annotation
of all genes showed that pathways were altered byMSU in B cells, including
the IL-2 signaling pathway, positive regulation of cell population pro-
liferation, and cellular response to cytokine stimulus. (Fig. 6c–f). Pathway
analysis results indicated alterations in gene expression related to B cell
functions in vaccine responses. First, IL-2 signaling pathway was activated
by MSU in the splenic B cells (padj = 0.004) (Fig. 6d). Second, ‘positive
regulation of cell population proliferation’ pathway significantly increased
by the MSU in B cells (padj = 0.011) (Fig. 6e). This is notable given that
B-cell proliferation and differentiation into effector B cells are important
processes for effective B cell response and antibody production. It is rea-
sonable that the RNA sequencing data only showed proliferation, con-
sidering that the B cells were in the early phase of activation. The leading
edges of the upregulated pathways included genes related to B cell functions
during vaccine responses, such as Il2, Myc, Il10, and Irf4 (Supplementary

Table 5). In particular, Il2 is upregulated in plasma cells and is well
understood for its ability to stimulate B cell activation and proliferation20.
Myc regulates cell proliferation and differentiation21. Il10 increase gradually
in marginal zone B cells, germinal center B cells, and plasma cells22. Auto-
crine IL-10 is involved in B cell differentiation into plasmablasts23. Irf4 is a
transcription factor essential for the differentiation of T and B cells. It is
highly expressed inplasmacells and is involved in germinal center responses
and plasma cell differentiation22,24. Among all of the DEGs, the most highly
upregulated gene was Ifi202b (log2FC = 9.820, padj < 0.001) (Fig. 6b).
Ifi202b is an IFN-inducible gene that is highly expressed in plasma and
marginal zone B cells22. Considering that IFNs enhance B cell recruitment,
upregulation of Ifi202bmay indicate an indirect pathway of B cell response
toMSU25,26. Overall, the transcriptional data indicate that MSU facilitates B
cell and antibody responses by stimulating the proliferation and plasma cell
differentiation of B cells.

The upstream receptors of the upregulated pathways in B cells in the
presence of MSUwere IL-1R, IL-2R, and TNFR2 (Supplementary Table 2).
Consistent with the increase in BMDCs, theGPCR signaling pathways were
upregulated in splenic B cells (Supplementary Table 3), with the increase of
Gprc5a expression (Supplementary Table 4).

UA is critical for the protective immunity in SE-adjuvanted influ-
enza vaccine
Finally, we aimed to confirm the essential role of UA in the protective
efficacy of the SE-adjuvanted influenza vaccine. Therefore, mice were vac-
cinated and subsequently challenged with a lethal dose of live influenza
virus. For this purpose, recombinant HA protein from the A/PR8/
1934(H1N1) virus was utilized as a vaccine antigen, and different additives
such as MSU, AV, and AV+febuxostat were used. We first tested the
protective efficacy of a single-dose vaccine in mice. Three weeks after
immunization, anti-HA IgG levels were not detectable in the HA-only
group, butMSUsupplementation enhanced the IgGresponses (Fig. 7a).The
AV adjuvant generated the highest IgG response against HA, and blocking
UAsignificantly attenuated the antibody levels.Wealsodetermined the titer
of neutralizing antibodies using plaque reduction neutralization tests
(PRNT) (Fig. 7a). The single dose ofHAwithMSUorAV supplementation
slightly induced the production of neutralizing antibodies, whereas the titer
was not detectable in the HA-only group at this time point. Blocking UA
with febuxostat seem to suppress the normal production of neutralizing
antibodies. The mice were infected with a lethal dose of live influenza virus.
As a result, onlyHA+AVgroupdisplayedattenuatedweight loss and100%
survival (Fig. 7b, c). Notably, the febuxostat treatment largely negated the
protective effects of AVon survival (100%survival inAVvs. 20% survival in
AV+febuxostat; Fig. 7b, c). In contrast, prime-boost vaccination of mice
under the same conditions narrowed the gaps inHA-specific IgG levels and
survival between groups (Fig. 7d, f). Nevertheless, viral challenge after
prime-boost immunization demonstrated the enhancement of protective
capacity by MSU supplementation of the HA antigen, at least in part (Fig.
7d–f). In addition, neutralizing antibody titers were increased by MSU
supplementation during the HA vaccination, and febuxostat treatment
consistently inhibited AV-induced neutralizing antibody production (Fig.
7d). Collectively, these data suggest the crucial role of UA in providing
protective immunity against influenza vaccination by modulating adaptive
immune responses.

Fig. 5 | UA crystals trigger the activation of BMDCs. a BMDCs were treated with
MSU and analyzed with flow cytometry at 24 h. MFIs of activation markers MHCII,
CD86, andCD80. b−eBMDCswere stimulated withMSU for 3 h ex vivo. bVolcano
plot of bulk mRNA sequencing of BMDCs (MSU vs PBS control) with cut-off at
│log2FC│ > 1 and padj < 0.01. Gene names of the most highly increased genes
(based on log2FC) of the relevant pathways shown in (c) are marked on the volcano
plots. c NES and padj (MSU vs PBS control) of pathways increased in MSU-treated
BMDCs. Pathways relevant to the vaccine responses are described. FGSEA plots of
(d) inflammatory responses and (e) TNF-alpha signaling. Histograms of CFSE-

stained (f) OT-I (CD8+ T) and (g) OT-II (CD4+ T) cells show the increased pro-
liferation of the OT-I (CD8+ T) or OT-II (CD4+ T) cells after co-culturing with
MSU-stimulatedBMDCs. aData are representative of two independent experiments
(n = 4 independent biological replicates). Box extends from 25th to 75th percentiles,
and all points are shown with median, min and max. *P < 0.05, **P < 0.01,
****P < 0.0001 (ANOVA or Kruskal-Wallis test). b−e n = 3 independent biological
replicates. f, g Percentage of divided cells are shown as numbers. Data are repre-
sentative of two independent experiments (n = 3 independent biological replicates).
NES, normalized enrichment score; DI, division index.
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Discussion
In this study, we have demonstrated the essential role of UA in the optimal
immunogenicity of SE adjuvant-containing vaccines and its direct effect on
specific immune cells. This allowed us to understand the underlying
mechanism of SE adjuvant action and to suggest the possibility of UA-
mediated pathways as novel targets for enhancing immunity.

According to a previous study, ATP is transiently released from
muscles during the 30min period after intramuscular administration of
MF59, and the generated ATP shapes the humoral immune response to
MF5911. In addition toATP, an earlier study identified the release ofUA as a
danger signal that triggered DC activation in mice27. Notably, our data
clearly showed that the SE adjuvant triggered the release of UA in the
context of vaccination and promoted the optimal induction of antibody and

Tcell responses.At the same time, it is important to note that the recovery of
transiently elevated DAMPs to basal levels was seen in our data, since
consistently elevated UA can lead to chronic inflammation, which can be
pathogenic12. Regarding this concern, we also showed that after short period
of time (6–72 h), pro-inflammatory cytokine levels returned to normal
levels. In addition, IL-27 is a pleiotropic cytokine with both immune-
stimulatory and anti-inflammatory functions. A recent study reported that
IL-27 secreted by myeloid cells acts on CD8 T cells to sustain their
expansion28. In contrast, given that the IL-27 can also function as a reg-
ulatory cytokine29, we suppose that the IL-27 at 48 h in LNsmay regulate the
early inflammatory responses to suppress excessive inflammation. SE
adjuvants elicit immunogenicity through the formation of immuno-
competent environment7,8. Administration of SE-adjuvant AV recruits

Fig. 6 | UA crystals stimulate the activation of B cells. a Splenic B cells were
stimulated with MSU, and analyzed with flow cytometry at 24 h. MFIs of activation
markers MHCII, CD86, and CD69. b−f Splenic B cells were treated with MSU for
3 h ex vivo. b Volcano plot of bulk mRNA sequencing of B cells (MSU vs PBS
control) with cut-off at │log2FC│ > 1 and padj < 0.01. Gene names of the most
highly increased genes (based on log2FC) of relevant pathways shown in (c) are
marked on the volcano plots. c NES and padj (MSU vs PBS control) of pathways
increased in MSU-treated B cells. Relevant pathways are shown. FGSEA plots of (d)

‘interleukin-2 signaling’ and (e) ‘positive regulation of cell population proliferation’
and (f) ‘cellular response to cytokine stimulus’. a Data are representative of two
independent experiments (n = 4 independent biological replicates). Box extends
from 25th to 75th percentiles, and all points are shown with median, min and max.
*P < 0.05, **P < 0.01, ****P < 0.0001 (ANOVA or Kruskal-Wallis test). b−f PBS
control (n = 3 independent biological replicates), MSU (n = 2 independent biolo-
gical replicates). NES, normalized enrichment score.
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immune cells including neutrophils, and stimulates the activation of DCs in
dLNs10. This finding is consistent with the results of the present study.
Furthermore, we propose that UA release by the SE adjuvant is essential for
this process, based on the reduced frequency of neutrophils and low acti-
vation of DCs in dLNs through depletion of UA during immunization.
Neutrophils are known to contribute toDCactivation through the release of

cytokines and chemokines, including TNF6,30. Consistent with previous
findings, our cytokine data support the idea that the elimination of UA
impairs the secretion of pro-inflammatory cytokines, including TNF, both
in local and systemic circumstances. The local increase of IL-1α, IFN-β, and
GM-CSF in dLNs indicate the recruitment of innate immune cells by AV.
Our data showed that AV induced the activation of DC subsets, including

Fig. 7 | UA crystals protects from lethal viral
infection through enhancing vaccine effects.
BALB/c mice were immunized with (a−c) single or
(d−f) double (prime-boost) doses of 0.1 μgHAwith
MSU, AV, or AV + febuxostat. d−f Boosting vac-
cination was performed at day 21 after the primary
vaccination. The mice were infected with PR8 at
(a−c) day 28 after the primary or (d−f) day 21 after
the boosting vaccination. Monitored daily for body
weight decrease and survival for 2 weeks. Anti-HA
IgG levels and PR8 neutralizing antibody titers in
serum at (a) day 25 after vaccination, or (d) at day1
(as a primary response) and 15 post-boosting (as a
secondary response). b, eChanges in body weight of
mice after challenge with a lethal dose of PR8.
c, f Survival rate of the mice to PR8 infection. Data
are representative of two independent experiments
(median with interquartile range). a n = 9 mice per
group. b, c n = 5 mice per group except HA group
(n = 4). d n = 4 mice per group. e, f n = 5 mice per
group except PBS group (n = 3). a, d *P < 0.05,
***P < 0.001, ****P < 0.0001 (ANOVA or Kruskal-
Wallis test). c *P < 0.05 (log-rank test). Feb.,
febuxostat.
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mDCs, CD8+ rDCs, and CD11b+ rDCs, which was inhibited by UA
depletion in vivo. This suggests thatUA is required for propermaturation of
DC subsets for CD4+ and CD8+ T cell stimulation. UA depletion also
inhibited eosinophil recruitment to dLNs. Interestingly, it has been pre-
viously demonstrated that human eosinophils can recognize danger signals
from UA crystals to elicit pro-inflammatory cytokine production via
autocrine ATP production31. As a mechanism of alum, it has been reported
that eosinophils may be necessary for vaccine responses considering that
they mediate alum-elicited early B cell priming and IgM generation32.
Further studies are required to understand the exact role of eosinophils in
the immunogenicity of SE adjuvants. Overall, our results indicate that UA
contributes to the formation of an immunocompetent environment during
the early phase of immunization with SE adjuvants.

The present study showed that blockingUA substantially inhibited the
CD4+ and CD8+ T cell responses to AV. In contrast, exogenous MSU
triggered a CD4+T cell response without significantly affecting CD8+T cell
activation. Theminimal effect onCD8+T cells byMSU in our study is likely
because MSU alone may not be sufficient to mimic the complicated
immunocompetent conditions generated by the SEadjuvant.According to a
previous study, CD8+ T cell responses to the SE adjuvant require uptake of
the adjuvants by LN-resident macrophages10. The SE adjuvant induces
RIPK3-dependent cell death in medullary macrophages, which activates
Batf3+ DCs that are responsible for antigen cross-presentation to CD8+

T cells10. Considering that cell death induces the release of DAMPs other
than UA, it is plausible that administration of MSU alone may not be
sufficient to stimulate these cellular pathways. Cytokines and other DAMPs
may be involved along with UA for the activation of Batf3+ DCs, which is
necessary for sufficient CD8+ T cell activation. Indeed, HMGB1 released
from dying tumor cells, which is recognized by TLR4 in DCs, is crucial for
antigen processing for cross-presentation and for triggering the activity of
cytotoxic CD8+ T cells33,34. In addition, the delivery of MSU to the LNs can
be limited because of its crystal form. This is important, because the SE
adjuvant induces cell death in LN-resident cells10. Hence, in situ UA gen-
eration via cell death by AV is essential for the immunogenicity of AV;
however, the administration of exogenous UA crystals may not be able to
fully mimic the physiological environment.

Regarding the cellular sensing of MSU, an early suggested
mechanism is lipid-based interaction independent of receptor signaling35.
On the other hand, there have been suggestions for UA receptors, such as
urate anion transporter 1 (URAT1) and Clec12a as UA crystal receptors
that can trigger pro-inflammatory responses in human macrophages36 or
IFN-I responses in BMDCs37,38, respectively. The murine Naip1-Nlrp3
inflammasome has also been predicted to be a sensor of UA in mice39.
Among upregulated receptors in our RNA sequencing data, we focused
on GPCR as a possible MSU sensor because it was discovered as an
upstream receptor of a known signaling outcome of MSU (NLRP3
inflammasome activation). Similarly, a previous report showed that IL-
1β production by MSU in BMM depends on purinergic receptor P2YRs,
a family of GPCRs4. The functional enrichment analysis showed the
activation of GPCR signaling in BMDCs and B cells. Moreover, MSU
stimulation in BMDCs increased the expression levels of the GPCR
ortholog and the downstream components within the NLR signaling
pathway. Therefore, the present study demonstrates multiple receptors
and pathways responsive to MSU in DCs and B cells and proposes that
GPCRs may need to be studied for its ability to recognize MSU.

The main consequence of MSU stimulation in immune cells is acti-
vation of the NLRP3 inflammasome in macrophages in pathological con-
ditions related to gout12. Meanwhile, the mechanism of action of UA in
vaccine responses may be distinct from that of inflammatory pathways, as
seen in unchanging antigen-specific antibody levels during vaccinationwith
AV in Casp1 and ASC knockout mice compared to the wild-type10. Addi-
tionally, the SE adjuvant MF59 can elicit adjuvanticity independent of the
Nlrp3 inflammasome but requiring MyD88 for an antibody response9.
Thus, UA-mediated inflammasome activation may not be responsible for
stimulating antibody responses during SE-adjuvant vaccination. According

to our experimental results, MSU potentiated DC antigen presentation.
Through the transcriptomic data, we presume that the various pathways
besides the NLRP3 inflammasome pathway are involved in DC activation,
and that the utmost increase in TNF-α signaling via NF-κB may be crucial
for theMSU stimulation inDCs.We also propose a direct influence ofMSU
on B cells, showing transcriptional changes in typical B cell activation
processes needed for vaccine responses, such as B cell proliferation, cellular
responses to cytokine signaling, and the IL-2 signaling pathway. However,
current suggestions regarding the intracellular mechanisms are based on
transcriptomic data. Therefore, further studies are required in order to
identify these signaling pathways in detail.

This study demonstrates the role of UA in the innate immune
responses, humoral responses, and T cell responses in the context of
emulsion adjuvant effects. These results indicate that UAplays a crucial role
in the adjuvanticity of AV, by inducing DC activation, recruiting innate
immune cells in the early phase, and enhancing subsequentCD4andCD8T
cell responses, as well as humoral responses. Furthermore, we could further
demonstrate the influence of UA on the actual protection provided by the
vaccine using HA antigen and influenza viral challenge experiments. The
addition or inhibition of UA resulted in differences in survival rates and
infection severity, with varying levels of antibody responses. Based on the
results with theOva antigen, we expect that the protection against influenza
would be dependent on UA. However, a limitation of this study is that cell-
mediated protection was not verified experimentally. Further investigations
should be conducted to understand how UA influences overall immune
responses across various vaccine antigens and to fully comprehend varia-
tions among different antigens.

We showed that the temporal release of UA by the SE adjuvant played
an essential role in immunogenicity by promoting the activation ofDCsand
B cells. Thesefindings help better understand themechanismof action of SE
adjuvants by presenting the DAMP pathway as an immunogenic pathway.

Methods
Mice
Wild-type (WT) C57BL/6 (B6) and BALB/c mice (6–8 week old, female)
were purchased from Orient Bio (Seongnam, South Korea). OT-I (C57BL/
6-Tg(TcraTcrb)1100Mjb/J) and OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J)
mice were purchased from Jackson Laboratories (ME, USA). Mice were
maintained under specific pathogen-free conditions. Anesthesia and
euthanasia were performed following the approved IACUC protocols. For
subcutaneous injection, submandibular (facial) bleeding, and intranasal
virus challenge, mice were anesthetized with isoflurane inhalation in an
anesthesia jar. For tissue sampling and terminal bleeding (via cardiac
puncture), mice were euthanized with exposure to CO2. The animal
experiments were approved by the Institutional Animal Care and Use
Committee of Institut Pasteur Korea (IACUC approval no. IPK-20012-C2,
IPK-21003-D2, and IPK-23005).

Immunization
Mice were vaccinated with single or double (prime-boost) doses of antigens
and additives as described below. Immunization was performed sub-
cutaneously at the base of the tail, in less than 150 μL of inoculum. For the
immunization, we used following materials: endotoxin-free ovalbumin
(Ova) (10 μg/mouse for primary and 50 μg/mouse for secondary immuni-
zation, Worthington, OH, USA), influenza A/Puerto Rico/8/1934(H1N1)
(PR8) hemagglutinin (HA) protein (0.1 or 0.5 μg/mouse, SinoBiological,
China), AV (50 μL/mouse, Invivogen, CA, USA), uricase (10 unit/mouse,
Sigma-Aldrich,MO,USA), febuxostat (100 μg/mouse, Sigma-Aldrich), and
monosodium urate (MSU, 500 μg/mouse, Invivogen). AV was used as a
preclinical grade SE adjuvant with a formulation similar to that of MF59.

Viral challenge experiments
Vaccinated mice were intranasally infected with a highly lethal dose of the
PR8 virus (400 PFU, 20× LD50 for a single dose and 2000 PFU, 100× LD50

for a double dose vaccination model), using 20 μL of inoculum per mouse,
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administered by placing droplets on the nostrils and allowing inhalation of
the solution.After infection, themouse bodyweightwasmonitoreddaily for
14 days, and the mice were euthanized at the humane endpoint. The
humane endpoint was determined based on a scoring system measuring
body weight loss, physical appearance, and behaviors. Since the infected
micewith > 25%weight loss typically reached score of endpoint by revealing
anorexia, progressive dehydration, and reduced mobility, this was the final
criterion for scoring death and performing euthanasia.

DAMP assays
Serum and inguinal LN samples were collected at the indicated time points.
For serum separation, blood samples were clotted for 1 h at 4 °C and cen-
trifuged at 10,000× g at 4 °C for 10min. To prepare LN fluids without
rupturing cells, two inguinal LNs from each mouse were dissociated into a
single-cell suspension by grinding them on a 70 μmcell strainer in 300 μl of
PBS. Supernatants were collected by centrifugation at 300× g for 10min at
4 °C. DAMP assays were performed using UA and ATP assay kits (Abcam,
Cambridge, UK), and a Quanti-iT PicoGreen dsDNA assay kit (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s protocol.

Flow cytometry
Flow cytometry was performed to detect cell surface proteins and
intracellular cytokines in single-cell suspensions of various tissues and
immune cells. Single-cell suspensions were prepared by dissociating the
tissues through a 70 μm cell strainer. For the preparation of innate
immune cells, tissues were treated with collagenase type IV (Worthing-
ton, 400 U/tissue) at 37 °C (30min for the spleen, 15min for LNs) prior
to passing through the cell strainer. The following antibodies were pur-
chased from BD Biosciences (NJ, USA) for detection of each molecules:
CD8 (53-6.7), CD4 (RM4-5), CD95 (Jo2), CD279 (PD-1) (J43), CD185
(CXCR5) (2G8), CD80 (16-10A1), NK1.1 (PK136), CD317 (PDCA-1)
(927), CD11b (M1/70), Siglec-F (E50-2440), and CD69 (H1.2F3). The
following antibodies were purchased from Biolegend for detection of
each molecules: CD62L (MEL-14), CD19 (6D5), GL7 (GL7), CD3
(17A2), Ly6G (1A8), Ly6C (HK1.4), CD86 (GL1), CD11c (N418), F4/80
(BM8), MHC II (I-A/I-E) (M5/114.15.2), IL-2 (JES6-5H4), TNF (MP6-
XT22), IFN-γ (XMG1.2), and CD185 (CXCR5) (L138D7). Staining was
performed with a mouse Fc block (BD Biosciences). The H2Kb-SIIN-
FEKL reagent was provided by the NIH Tetramer Core Facility (GA,
USA). To assess cell viability, we used the following viability kits prior to
staining: Zombie Aqua or Zombie NIR (BioLegend). For intracellular
cytokine staining, the Cytofix/Cytoperm solution kit (BD Biosciences)
was used according to the manufacturer’s protocol. Stained cells were
analyzed using CytoFLEX LX (Beckman Coulter, Brea, CA, USA), and
the data were analyzed using FlowJo software (BD Biosciences).

Bead-based cytokine array and cytokine ELISA
Mouse inflammatory cytokine levels in LN fluid and serum were analyzed
using bead-based cytokine assays (LEGENDplex mouse inflammation
panel, BioLegend), according to the manufacturer’s instructions. LN fluids
were used for the cytokine array without dilution, and serum samples were
1:1 dilutedwith the assay buffer. All sampleswere analyzed usingCytoFLEX
LX (Beckman Coulter). Mouse IL-18 and CXCL10 levels were determined
using DuoSet ELISA kits (R&D systems).

Antibody ELISA
Antigen-specific immunoglobulin (Ig) levels were determined by ELISA,
as described previously40 using 96-well EIA/RIA high-binding plate
(Corning, NY, USA) coated with Ova (2 μg/mL in PBS, Worthington) or
HA (2 μg/mL in PBS, SinoBiological). We used the following antibodies
conjugated with horseradish peroxidase (HRP): goat anti-mouse IgM,
goat anti-mouse IgG, goat anti-mouse IgG1, goat anti-mouse IgG2b, and
goat anti-mouse IgG2c (all from Southern Biotech, AL, USA). HRP
activity was measured using the BD OptEIA Reagent Set (BD Bios-
ciences) and stopped using 2 N H2SO4.

Plaque reduction neutralization test (PRNT)
Mouse sera were serially diluted in infection media (DMEM supplemented
with 0.3%BSAand2 μg/mLTPCK-treated trypsin). Eachdiluted samplewas
mixedwith anequal volumeof virus suspension (100pfu/well) and incubated
at room temperature for 1 h.MDCK cells were cultured to confluence in 12-
well cell culture plates 24–36 h before the experiment, washed with PBS, and
infectedwith each serum-virusmixtures at 37 °C for1 h.After incubation, the
mixtureswere removed, and the cells were overlaidwith agarosemedia (0.5%
agarose, DMEMwith 0.3% BSA and 2 μg/mL TPCK-treated trypsin at final
concentration). The plates were incubated at 37 °C with 5% CO2 for 48 h.
Following incubation, the cellswerefixedwith4%paraformaldehyde at room
temperature for at least 15min before removing the agarose overlay. The
fixed cells were then stained with 0.1% crystal violet, and washed with water.
Plaques were counted after the plates were dried. PRNT50 titers were calcu-
lated as the reciprocal of the lowest serum dilution at which 50% of the virus
was neutralized compared to the infection control (with no serum).

Intracellular cytokine staining
Cells fromtheLNsand spleenswere stimulatedwithOvapeptides inmedia at
37 °C for 5 h in the presence of theprotein transport inhibitorsGolgiStop and
GolgiPlug (BD Biosciences), in 96-well cell culture plates (1 × 106 cells/well).
We used a mixture of Ova MHC class I peptide epitope (OVA 257–264,
Invivogen) and the Ova MHC class II epitope (OVA 323–339, Invivogen).
The cells were subjected to cell surface and intracellular cytokine staining.

Generation of bonemarrow-derived dendritic cells (BMDCs) and
macrophages (BMMs)
BMDCs and BMMs were prepared by culturing B6 female mouse bone
marrow cells in RPMI-1640 (Welgene, South Korea) supplemented with
10% heat-inactivated fetal bovine serum (Gibco), 10mM HEPES (Wel-
gene), 100 U/mL penicillin and 100 μg/mL streptomycin (Welgene), and
50 μM β-mercaptomethanol (Sigma-Aldrich), supplemented with 2mM
L-glutamine (Welgene) for BMDCs and 2mM sodium pyruvate (Welgene)
for BMMs. Cell cultures were supplemented with 20 ng/mL GM-CSF for
BMDC differentiation or 20 ng/mL M-CSF for BMM differentiation (Mil-
tenyi Biotec, Germany). BMDCswere harvested by collecting non-adherent
cells on day 10. BMMs were harvested on day 6 by collecting adherent cells
using trypsinization.

DC-T cell proliferation assay
The antigen presentation capacity of the DCs was evaluated by T cell pro-
liferation after DC-T cell co-culture. BMDCs were stimulated with Ova
(80 μg/mL), Ova+MSU (100 μg/mL) orOva+MSU (300 μg/mL) for 20 h
in 96-well round-bottom cell culture plates (SPL Life Sciences, Pocheon,
South Korea). For DC recovery from theMSU culture, we isolated CD11c+

cells using anti-CD11c magnetic beads (Mojosort nanobeads, BioLegend)
and a magnet (Easysep magnet, STEMCELL Technology, Vancouver,
Canada). To isolate OT-I or OT-II cells, we obtained the spleen and LNs
from each mouse and enriched the naïve OT-I or OT-II cells by negative
selection using amouse pan-naïve T cell isolation kit (EasySep, STEMCELL
Technology). To track the proliferation of T cells, we stained the isolated
T cells with 0.5 μMCFSE (CellTrace cell proliferation kit, Invitrogen, MA,
USA) at 37 °C for 5min, followed by quenching on ice for 5min. Amixture
of DCs and CFSE-labeled T cells was incubated for 3 days, and CFSE
dilutions were measured by flow cytometry. The ratios of cell number
between the DCs and T cells were 1:1, 1:5, and 1:10. T-cell CFSE levels were
measured on days 0 and 3.

Stimulation of immune cells with MSU
BMDCs and BMMs were cultured fromWT B6mouse bone marrow cells,
as described above. Splenic B and T cells were isolated using an EaspSep
mouse B cell isolation kit and a pan-naïve T cell isolation kit (STEMCELL
Technology). BMDCs (5 × 105 cells/well) in 24-well non-TC cell culture
plates (Nunc, Roskilde, Denmark), BMMs (5 × 105 cells/well), splenic B
(5 × 105 cells/well), and T cells (2 × 105 cells/well) in 24-well cell culture
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plates (SPL Life Sciences) were stimulated with MSU as indicated, either
with or without 100 ng/mL LPS priming. Activation marker expression
levels were analyzed after stimulation with 100 or 300 μg/mLMSU for 24 h,
by flow cytometry. RNA sequencing was performed after stimulation with
300 μg/mL MSU for 3 h.

RNA sequencing and data analysis
Total RNA was extracted using the TRIzol reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol. The RNA amount was
quantified using nanodrop (Thermo Fisher Scientific), and ≥2 μg RNA per
sample was used for RNA sequencing.

RNA sequencing was performed by ROKIT Genomics (South
Korea). For the analysis of the bulk RNA sequencing data, we used the
mouse genome (mm10_NCBI_108)41 along with gene annotations from
mm10.refGene.gtf 42. We employed Hisat2 v2.1.043 for mapping and
alignment, and featureCounts v2.0.3 for counting44. After each step, we
conducted quality control checks using FastQC 0.11.9 and MultiQC
v1.1245,46. To identify differentially expressed genes (DEGs), raw counts
were obtained from the sequencing data. Genes with zero counts across
all of the samples were removed. We then searched for unusual values or
outliers using Cook’s distance from the DESeq2 1.40.2 package47 and the
Molecular Degree Perturbation (MDP) score from the mdp 1.24.0
package in R48. For the actual differential expression analysis, we used the
default parameters of the DESeq2 package47. We considered genes with
padj < 0.01 and │log2FC│ > 1 as statistically significant DEGs.

For functional enrichment analysis,we selectedDEGsusing a statistical
cutoff of a padj < 0.05 and│log2FC│ > 1.We ranked theseDEGsby log2FC
and conducted a pre-ranked gene set enrichment analysis (GSEA) using the
fgsea 1.28.0 package49. Comprehensive annotation datasets were used,
including “BioCarta 2016,” “BioPlanet 2019,” “GOBiological Process 2021,”
and others50–57. To ensure robust and relevant pathways, we excluded those
with sizes < 15 or > 500 during enrichment analysis. We considered path-
ways with padj < 0.05 as statistically significant. The analyses were per-
formed using the fgsea and hypeR 2.0.1 packages in R software49,58.

Statistical analysis
All statistical analyses were performed using Prism 9 software (GraphPad
Software, CA, USA). Normal distribution was evaluated using the Shapiro-
Wilk test before determining statistical significance (normal distribution if
p > 0.01). Equality of variance was also examined with the Brown-Forsythe
test for more than three groups and with the F-test for comparison of two
groups. For comparison of the three groups, statistical significance was
determined by one-way ANOVA, Welch ANOVA, or the Kruskal-Wallis
test, depending on the normal distribution and variance equality, followed
by multiple comparison tests using the two-stage linear step-up procedure
of Benjamini, Krieger, and Yekutieli. For comparison of data between the
two groups (AV vs. AV+febuxostat), we used the Mann-Whitney U test,
unpaired t-test, or Welch’s t-test, depending on normal distribution and
variance equality. Survival data were analyzed using the log-rank test. Sta-
tistical significance is indicated by P values (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).

Data availability
The RNA sequencing datasets generated and analysed during the current
study are available in the Gene Expression Omnibus repository (accession
numberGSE273800).All other data supporting thefindings of this study are
available within the article and its Supplementary Information file.
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