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Anti-Cytokine Active Immunotherapy Based on
Supramolecular Peptides for Alleviating IL-1𝜷-Mediated
Inflammation

Shamitha Shetty, Yaoying Wu, Christopher Z. Lloyd, Nalini Mehta, Yining Liu,
Mia E. Woodruff, Tatiana Segura, and Joel H. Collier*

IL-1𝜷 is a principal proinflammatory cytokine underlying multiple local and
systemic chronic inflammatory conditions including psoriasis, rheumatoid
arthritis, inflammatory bowel disease, and type 2 diabetes. Passive
immunotherapies and biologic drugs targeting IL-1𝜷, while offering
significant clinical benefit, nevertheless have limitations such as significant
non-response rates, induction of anti-drug antibodies, and high costs. Here,
an active immunotherapy raising antibody responses against IL-1𝜷 employing
self-assembling peptide nanofibers is described. The nanofibers contain
defined quantities of B-cell epitopes from IL-1𝜷 and exogenous T helper
epitopes and employ the Q11 self-assembling peptide platform. Without
adjuvant, the nanofibers raised durable anti-IL-1𝜷 antibody responses that
inhibit IL-1𝜷 activity in vitro and in vivo. In a mouse model of
imiquimod-induced psoriasis, prophylactic immunizations with the
nanofibers diminished symptoms of epidermal thickening. This therapeutic
effect is associated with biasing the immune response toward an
anti-inflammatory IgG1/Th2 phenotype and a lowered expression of
proinflammatory genes in the skin. Further, anti-IL-1𝜷 nanofibers induced
therapeutic immunosuppressive CD62L+ Treg cells. This technology
represents a potential alternative for passive immunotherapies and other
biologics for treating chronic inflammatory conditions.

1. Introduction

Chronic inflammatory diseases are the primary cause of mortal-
ity in the world and the greatest threat to human health accord-
ing to the World Health Organization.[1] Patients with chronic
inflammatory conditions in the U.S. spend ≈$38 000 on addi-
tional medical expenditures each year.[1,2] Interleukin-1 beta (IL-
1𝛽) is a principal proinflammatory cytokine—a key mediator and
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a potent “upstream” therapeutic target for
an expanding number of local and sys-
temic chronic inflammatory conditions.[3]

The prevalence of IL-1𝛽-mediated chronic
inflammatory diseases such as psoriasis,
rheumatoid arthritis (RA), inflammatory
bowel disease (IBD), and type 2 diabetes
(T2D), is anticipated to increase persistently
for the next 30 years in the United States. IL-
1𝛽 dysregulation propagates and sustains
sterile chronic inflammation by inducing
a self-perpetuating cascade of other proin-
flammatory cytokines and chemokines,
such as IL-6, tumor necrosis factor (TNF),
and IL-1𝛽 itself, and it bridges the innate
and adaptive immune system by activa-
tion of T helper 1 (Th1) and Th17 cells,
the dysregulation of which is known to
be pathogenic in a host of inflammatory
conditions.[4]

Psoriasis is a chronic inflammatory skin
disease estimated to affect 2–3% of the
general population.[5] Several studies have
shown that IL-1𝛽 plays a pivotal role in
both triggering and sustaining psoriasis
by promoting the maturation of Th17

cells and subsequent production of proinflammatory
cytokines.[6] In one study, Meng et al. demonstrated that
the mutation of the inflammasome-associated nlrp3 gene re-
sulted in permanent activation of IL-1𝛽, which augmented a
Th17 cytokine-dominant immunopathological response, leading
to spontaneous skin inflammation resembling psoriasis in
mice.[7] Similarly, other groups have shown that mice lacking
interleukin-1 receptor antagonists (IL-1Ra) also spontaneously
develop psoriasis.[8] Anakinra, an IL-1Ra, and IL-1𝛽 monoclonal
antibodies such as Canakinumab and Gevokizumab have been
used as treatments against severe psoriasis.[9-11] Passive im-
munotherapies (monoclonal antibodies), corticosteroids, and
molecular antagonists against IL-1𝛽 (Anakinra, Rilonacept)
and other proinflammatory cytokines (such as TNF and IL-6)
are the only FDA-approved treatments currently available for
individuals with these diseases that can produce a rapid and
sustained reduction in disease severity.[3] However, these treat-
ments are limited by high non-response rates and increased risk
of infections.[12,13] A common feature among these inhibitors is
their strong interaction with either the cytokine or its receptor,
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which can lead to excessive inhibition and subsequent adverse
effects.[14] Additionally, a common side effect is the development
of anti-drug antibodies following treatment, often resulting in
primary or secondary resistance to the therapy. Moreover, these
medications generally exhibit limited efficacy; for example, in
RA, targeted treatments induce remission in only 25–30% of
patients after six months, with a non-response observed in 50%
of cases. Partial resistance is encountered in ≈70% of patients
within the first six months.[15] Furthermore, the available anti-
cytokine drugs are costly and require frequent and prolonged
administration.[13,16–18]

In this context, several research groups including ours
have recently explored active immunotherapies in strategies
aimed at overcoming some of the limitations posed by current
passive treatments against cytokines such as TNF, IL-17, and IL-
1𝛽.[2,18–29,72] Previous anti-IL-1𝛽 immunotherapy strategies have
been formulated by linking the whole protein target or peptide
epitopes to various carrier proteins containing exogenous T cell
epitopes (KLH, virus-like particles (VLPs), Ovalbumin, DTT).[14]

The use of recombinant proteins in active immunotherapies,
however, may elicit non-specific antibodies against all exposed
epitopes or cross-reactive responses against shared epitopes. Al-
ternatively, active immunotherapies containing peptide epitopes
have shown therapeutic efficacy in treatments of rheumatic dis-
eases and cancers.[30–32] A peptide-based approach allows for the
generation of selective anti-cytokine polyclonal neutralizing anti-
bodies while also minimizing the potential for non-specific anti-
bodies or autologous T cell responses that could unintentionally
increase the cytokine activity or cross-react with other cytokines
and host proteins.[20,29] Anti-IL-1𝛽 active immunotherapies
based on proteins and peptides have been studied pre-clinically
and in Phase I clinical trials but have not been successful due
to challenges with clinical translation. The use of entailing in-
flammatory adjuvants, VLPs, and/or carrier proteins, repetitive
boosting schedules, and similarity of the vaccine antigens to
host proteins are some of the key challenges with the current
anti-IL-1𝛽 active immunotherapy platforms.[14,18] Adjuvants es-
pecially can complicate anti-inflammatory vaccine formulations
by inducing inflammation at the injection site or by triggering
systemic effects. Further, adjuvants may not necessarily induce
the desired T helper phenotype and antibody isotypes that are
most therapeutic, and many of them are not approved for human
use, presenting challenges for regulatory approval. Currently,
no active immunotherapy targeting IL-1𝛽 has been clinically
approved.[14]

In the work reported here, we describe a novel approach for
anti-IL-1𝛽 active immunotherapy based on supramolecular pep-
tide nanofibers that eliminate the need for supplemental ad-
juvants. Previously, we have investigated active immunothera-
pies against other inflammatory molecules such as TNF, IL-17,
and C3dg via a supramolecular nanofiber platform based on the
self-assembling peptide Q11 (Ac-QQKFQFQFEQQ-NH2).[21–23]

In this strategy, exogenous T cell epitopes (such as PADRE), and
B cell epitopes from the selected target are co-assembled into
extremely multivalent nanofibers via the Q11 fibrillization do-
main, with precise control over the ratios of the various com-
ponent peptides. The modularity of the platform facilitates the
development of multi-peptide nanofibers with strictly controlled
compositions, and they can be formulated with or without ad-

juvants to adjust the immune response for maximal therapeutic
effect.

Here, we present an anti-cytokine treatment targeting the
proinflammatory cytokine IL-1𝛽 as a therapeutic approach for
chronic inflammation. We designed supramolecular nanofiber
immunogens containing defined quantities of mouse IL-1𝛽 B-
cell epitope peptides and PADRE T-cell epitope peptides and
demonstrated their ability to raise humoral responses. Further,
these formulations were investigated for their ability to inhibit IL-
1𝛽 activity in vitro and in vivo. In a mouse model of psoriasis, we
show that prophylactic immunizations with the IL-1𝛽 nanofibers
diminish symptoms of epidermal thickening. This therapeutic ef-
fect was partly conferred by biasing the immune response toward
an anti-inflammatory IgG1/Th2 phenotype and lowering the ex-
pression of proinflammatory genes in the skin. Finally, we eval-
uated the influence of IL-1𝛽 active immunization on the genera-
tion of therapeutic regulatory T cells (Tregs) for treating chronic
inflammation.

2. Results

2.1. Design and Characterization of IL-1𝜷 Epitope-bearing
Nanofibers

To design an anti-IL-1𝛽 nanofiber immunotherapy employing the
Q11 fibrillizing sequence, we utilized Kolaskar Tongaonkar anti-
genicity prediction[33] and surveyed previously published B-cell
epitopes. Four potential B cell epitopes were chosen: “IL1𝛽−1-
linear (IL1𝛽−1L)” and “IL1𝛽−1-cyclic (IL1𝛽−1C)” were selected
from a previous study employing KLH-conjugated peptides for
active immunotherapy[24] whereas “IL1𝛽−2” and “IL1𝛽−3” were
selected by Kolaskar Tongaonkar antigenicity prediction[33] and
their apparent availability on the protein surface for binding the
receptor (Figure 1a). Together, these four peptides represented
a practicable set that could be synthesized and investigated on
the peptide nanofiber platforms, with a significant likelihood that
at least one would raise anti-IL-1𝛽 antibody responses in our
hands. Epitope-bearing peptides were synthesized with Q11 at
the C-terminus and the epitope at the N-terminus separated by a
flexible Ser-Gly-Ser-Gly- linker (sequences in Table S1 (Support-
ing Information), assembly schematic in Figure 1b). To formu-
late the self-assembling peptide nanofiber immunizations, the
ratio of each component was established by drawing from prior
research in our lab on developing active immunotherapies tar-
geting TNF, IL-17, and the complement system[21–23]—All for-
mulations were prepared at a molar ratio of IL1𝛽-Q11/PADRE-
Q11/Q11 (1:0.05:0.95) at 2 mM total peptide concentration.
All epitopes were found to assemble into nanofibers by TEM
when co-assembled with Q11 and PADRE-Q11 (Figure 1c) and
showed significant 𝛽-sheet character via a thioflavin-T (ThT)
binding assay (Figure 1d). Zeta-potentials of epitope formula-
tions were slightly negative or close to neutral and were consis-
tent with previous nanofiber characterizations (Figure S1, Sup-
porting Information).[34] We did not observe significant precip-
itation or aggregation in any of the prepared nanofiber formu-
lations. Consequently, due to their ability to form nanofiber as-
semblies, all four formulations (IL1𝛽−1L-Q11, IL1𝛽−1C-Q11,
IL1𝛽−2-Q11 and IL1𝛽−3-Q11), were advanced to in vivo im-
munogenicity evaluation.
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Figure 1. IL-1𝛽 peptide epitopes self-assemble into 𝛽-sheet nanofibers upon co-assembly with Q11. a) Top: Three peptide epitopes, IL1𝛽−1 (linear
and cyclic), IL1𝛽−2, and IL1𝛽−3 were identified within mouse IL-1𝛽, as shown within the crystal structure (PDB ID: 2MIB). Bottom: mouse IL-1𝛽
superimposed on human IL-1𝛽 (PDB ID: 5I1B) with homologous epitopes highlighted. Epitopes were selected for their potential to block IL-1𝛽 binding
to IL-1 receptor (IL-1R). b) Schematic of co-assembled Q11 nanofibers containing IL1𝛽 B-cell epitopes and PADRE T cell epitope. c) Negative-stained
TEM images of all four nanofiber formulations (IL1𝛽−1L-Q11, IL1𝛽−1C-Q11, IL1𝛽−2-Q11, and IL1𝛽−3-Q11). Molar ratios for all epitope formulations:
IL1𝛽-Q11/PADRE-Q11/Q11 (1:0.05:0.95) prepared at 2 mm total peptide concentration and diluted to 0.2 mm for imaging. d) 𝛽-sheet fibrillar structure
was further confirmed using Thioflavin T (ThT) fluorescence (mean ± SEM, n = 3, all groups significantly different from all other groups, ****p < 0.0001
by one-way ANOVA and Dunnett’s Multiple Comparisons test).

2.2. Subcutaneous Immunization with Co-assembled Anti-IL-1𝜷
Nanofibers Elicits a B-cell Response Against IL-1𝜷 Epitopes

We investigated the immunogenicity of nanofibers contain-
ing the selected IL-1𝛽 epitopes, the universal T helper epitope
PADRE,[35] and unmodified Q11 (see methods for nanofiber for-
mulations). C57BL/6 mice received subcutaneous immuniza-
tions (1 prime and 2 boosts at weeks 2 and 4 respectively). Serum
antibody responses were evaluated 1 week after each immu-
nization and at week 8. All nanofiber formulations were im-
munogenic upon boosting, but IL1𝛽−1C-Q11 and IL1𝛽−3-Q11
raised significantly higher titers than the other two formulations
by week 8 (Figure 2a). Further, antibodies raised upon immu-
nization at Week 5 showed similar binding to both the pep-
tide epitope as well as the recombinant murine IL-1𝛽 protein
via ELISA (Figure 2b) suggesting that the antibodies generated
could influence IL-1𝛽 activity in vivo.[36] Additionally, the experi-
ments also demonstrated that the cyclic peptide epitope induced
stronger antibody responses compared to the linear peptide se-
quence (Figure 2a–c) corroborating the observations in the study
by Bertin-Maghit et al.[24] There are two potential explanations

for the superior performance of the cyclic peptides: 1) Cyclization
may allow the peptides to better mimic the natural conformation
of the cytokine loops, making them more effective at inducing an-
tibodies that recognize the native protein. 2) The cyclic structure
could stabilize the peptide conformation in a way that increases
its immunogenicity and ability to provoke an antibody response
from the immune system. We also observed higher frequencies
of memory B cells in the splenocytes of immunized mice at 8
weeks which were not significantly different compared to unim-
munized mice (Figure 2c), potentially indicating a long-lasting
response as has been previously observed with other active im-
munotherapies based on Q11.[22]

2.3. Antibodies from Immunized Mice Inhibit IL-1𝜷 Activity In
Vitro and In Vivo

We next assessed the in vitro neutralizing capacity of the induced
antibodies using inhibition of mIL-1𝛽-induced secretion of IL-6
from HeLa cells as described by Spohn et al. previously.[26] We
purified the IgG from the sera of mice receiving either IL-1𝛽
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Figure 2. Co-assembled peptide nanofibers elicit anti-IL-1𝛽 B-cell responses. a) IL1𝛽−1L-Q11, IL1𝛽−1C-Q11, IL1𝛽−2-Q11 and IL1𝛽−3-Q11 peptides
were co-assembled into nanofibers along with Q11 and PADRE-Q11 and injected subcutaneously without adjuvant at weeks 0, 2, and 4. Antibody titers
were measured at weeks 1, 3, 5, and 8. Mice immunized with IL1𝛽−1C-Q11 and IL1𝛽−3-Q11 raised significantly higher antibody titers against the
immunizing peptide compared to mice immunized with IL1𝛽−1L-Q11 and IL1𝛽−2-Q11. b) Antibodies raised by IL1𝛽-Q11 immunizations at Week 5
showed similar binding to both immunizing peptide and mouse IL-1𝛽 protein when measured via ELISA. c) A higher frequency of epitope-specific
memory B cells was observed among memory B cells from immunized mice 8 weeks after primary immunizations as compared to unimmunized mice
(gating strategy in Figure S2, Supporting Information). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way (a) and one-way (b)
ANOVA with Tukey’s multiple comparison test (c) no significant difference between groups as determined by one-way ANOVA with Tukey’s multiple
comparison test (n = 5). Illustration in (a) was partly created using Biorender.

immunizations or IL-1𝛽 mAb treatment and compared it to pu-
rified IgG from the sera of unimmunized mice. An IL-1𝛽 pAb
was also included in the assay as a positive control. Immuniza-
tion with IL1𝛽−2-Q11 and IL1𝛽−3-Q11 significantly inhibited IL-
1𝛽–mediated IL-6 secretion by HeLa cells to a degree compara-
ble to IL-1𝛽 mAb treatment (Figure 3a), confirming the neutral-
izing ability of the antibodies induced by active immunization
with IL-1𝛽 peptide nanofibers. Thus, the inflammatory activity of
mIL-1𝛽 was inhibited in vitro with sera of mice immunized with
supramolecular assemblies.

To investigate if the nanofiber-induced antibodies were able
to inhibit the inflammatory activity of IL-1𝛽 in vivo, mice im-
munized with each of the four epitope formulations were chal-
lenged intraperitoneally (i.p.) with alum, which is known to trig-
ger IL-1𝛽 release via the Nlrp3 inflammasome.[37] The IL-1𝛽 lev-
els were measured in the i.p. lavage after 24 hours, showing that
this alum challenge increased IL-1𝛽 expression in unvaccinated
mice. These levels were significantly reduced by immunization
with the IL1𝛽−1L, IL1𝛽−1C and IL1𝛽−3 nanofibers (Figure 3b).
We concluded that IL1𝛽−1L, IL1𝛽−1C and IL1𝛽−3 formulations
on Q11 were more immunogenic in mice and induced mIL-1𝛽-
specific IgG antibodies, which effectively inhibited the activity
of IL-1𝛽 in vivo, and therefore proceeded to down-select these
top formulations for evaluating their therapeutic efficacy in a
murine model of IL-1𝛽-mediated chronic inflammation. Addi-
tionally, we concluded that IL1𝛽−3-Q11 immunization in partic-
ular raised antibodies that were neutralizing, as demonstrated by

their ability to inhibit the IL-1𝛽-induced secretion of IL-6 from
HeLa cells in vitro and their ability to counteract the inflamma-
tory effects of IL-1𝛽 in vivo.

2.4. Immunization Significantly Reduced Inflammation in
Imiquimod-induced Psoriasis in Mice

Given the successful inhibition of IL-1𝛽 activity in vitro and in an
acute inflammation model, we hypothesized that the nanofibers
would diminish systemic inflammation in a chronic inflamma-
tory disease model. To test this hypothesis, we investigated the
ability of anti-IL-1𝛽 nanofiber immunizations to reduce inflam-
mation in a murine model of imiquimod-induced psoriasis. The
IL-1𝛽-IL-1R signaling pathway has been demonstrated to play a
pivotal role in the development of psoriasis by stimulating der-
mal 𝛾𝛿 T cell proliferation, synergizing with IL-23 for IL-17 pro-
duction, and stimulating keratinocytes to amplify inflammatory
responses in mice.[6,38,39] Anti-IL-1𝛽 treatments have shown clin-
ical efficacy[9] suggesting that active immunization against IL-
1𝛽 could improve treatment outcomes in psoriasis.[9,10] In the
murine psoriasis model, topical administration of imiquimod
(IMQ), a TLR7/8 ligand and potent immune activator, can ini-
tiate and worsen psoriasis, a chronic inflammatory skin dis-
order. This model recapitulates several clinical and histolog-
ical features of skin inflammatory diseases similar to human
psoriatic inflammation including increased thickening of the
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Figure 3. Immunization with peptide nanofibers raises neutralizing antibodies that inhibit IL-1𝛽 activity in vitro and in vivo. a) IL-1𝛽 neutralization was
assessed in vitro with an IL-6 secretion assay. Serum from IL1𝛽−2-Q11 and IL1𝛽−3-Q11 groups showed significant IL-1𝛽 neutralization, comparable to
mice receiving mAb treatment and the pAb positive control. b) Immunization with peptide nanofibers inhibited IL-1𝛽 activity from alum-induced acute
inflammation in mice. Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA with Tukey’s multiple comparison test (n = 5, except for
unvaccinated group with n = 3). Illustrations were partly created using Biorender.

epidermal layer due to hyperkeratosis (Figure 4b), increased im-
mune cell infiltration, altered angiogenesis, and the primary in-
volvement of the IL-23/Th17 immune axis.[40] Analysis of H&E-
stained sections from IMQ-treated skin showed that mice im-
munized with the IL1𝛽−3-Q11 formulation exhibited the least
amount of epidermal thickening among the immunized mice
groups and a significant reduction from the unimmunized con-
trol (Figure 4a–b). The IL1𝛽−3-Q11 treatment group exhibited
significantly reduced epidermal thickening, similar to the group
treated with a monoclonal antibody against IL-1𝛽 (Figure 4b),
the current gold-standard treatment. The effect observed due to
the active immunization with IL1𝛽−3-Q11 was similar to what
was observed in a study performed in IL-1𝛽 KO mice.[41] The
IL1𝛽−1C-Q11 formulation also showed a reduction in epidermal
thickening suggesting that this formulation might also have po-
tential for therapeutic benefit.

2.5. Active Immunotherapy Against IL-1𝜷 Raised IgG1 Responses
and Downregulated the mRNA Expression of Pro-inflammatory
Cytokines in Skin of Mice with Imiquimod-induced Psoriasis

The hyperimmune response in psoriasis is predominantly of the
Th1/Th17 phenotype and is characterized by heightened activa-
tion of CD4+ T cells and increased systemic and local expression
of the pro-inflammatory cytokines IFN- 𝛾 , IL-6, IL-17, and TNF
among others.[42,43] Additionally, previous work by our group in-
volving anti-cytokine active immunization has shown that an

IgG1/Th2 phenotype was associated with a reduction in pso-
riasis symptoms, particularly epidermal thickness. Conversely,
an IgG2b/Th1 phenotype showed a less effective symptom re-
duction and possibly even exacerbation of symptoms in IMQ-
induced psoriasis.[22] With this context, we investigated the na-
ture of the immune phenotype raised by anti-IL1𝛽 immuniza-
tions and its contribution to therapeutic efficacy. Further char-
acterization of the antibody response raised in the immunized
mice revealed that there was predominantly an IgG1-focused re-
sponse, especially in the IL1𝛽−1C-Q11 and IL1𝛽−3-Q11 groups
(Figure 5a). This potentially indicated a predominant Th2 re-
sponse, which corresponded with previous observations of unad-
juvanted Q11-based immunizations also raising predominantly
Th2 responses.[21]

We next examined the level of pro-inflammatory gene expres-
sion in psoriatic skin tissues from the skin of mice receiving
IMQ. Consistent with previous studies[6] IL-1𝛽 mRNA levels
were significantly increased in psoriatic lesional skin compared
to that in normal skin (Figure 5b). Correspondingly, immuniza-
tion against IL-1𝛽 led to a decrease in IL-1𝛽 mRNA levels across
all treatment groups (both immunized and Ab control), with
the IL1𝛽−3-Q11 group showing significant reduction from the
unimmunized group and comparable efficacy to the Ab control
group (Figure 5b). Similarly, the mRNA expression levels of IL-
17, TNF, and IL-6 were also decreased in IL1𝛽−1C-Q11, IL1𝛽−3-
Q11, and Ab control groups consistent with the aforementioned
observations in reduction of epidermal thickening (Figure 4b).
These results also supported previous studies in which improved
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Figure 4. IL-1𝛽 nanofiber immunizations reduce the amount of epidermal thickening in a model of imiquimod-induced psoriasis. a) Timeline of exper-
imental procedure. b) Representative histology images of H&E-stained skin sections and epidermal thickening of skin collected from C57BL/6 mice. c)
Mice immunized with IL1𝛽−3-Q11 nanofibers exhibited significant levels of reduction in epidermal thickening, similar to mice treated with anti-IL-1𝛽
antibody 48 h and 0 h prior to the first application of imiquimod (IMQ). Both groups were significantly different from unimmunized mice receiving IMQ.
Mean ± SEM is shown. The p-value calculated with one-way ANOVA with Tukey’s multiple comparison test is shown above the plots (n = 10, from two
experiments of n = 5/group). Graphic in (a) was created using Biorender.

Figure 5. Immunization with peptide assemblies induces an anti-inflammatory IgG1-biased humoral response and downregulates pro-inflammatory
gene expression in the skin of mice with imiquimod-induced psoriasis. a) IgG raised by IL-1𝛽 immunizations (after 2 boosts) prior to IMQ treatment
was primarily IgG1. b) Relative mRNA expression of pro-inflammatory genes IL-1𝛽, IL-17a, IL-6, and TNF, after immunization and IMQ application,
assessed by RT-qPCR (data normalized to unimmunized mice receiving IMQ, represented by the dotted line at 1). Statistical comparisons in (a) were
conducted by ANOVA with Tukey’s multiple comparison tests where *p < 0.05, ****p < 0.0001 (n = 10, from two experiments of n = 5 per group). Data
is represented as Mean ± SEM. In (b), the median ± SEM is shown. *p < 0.05, **p < 0.01, or not significant relative to unimmunized mice receiving
IMQ by Student’s t-test.
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clinical responses in psoriasis were reported to be associated with
a decrease in pro-inflammatory cytokine expression and a shift
from a Th1 to a Th2 pathway.[44] It is not known why the IL-1𝛽
mRNA levels were decreased, but the suppression of IL-1𝛽 has
been observed previously following TNF mAb therapy. Studies
on cytokine mRNA expression after anti-TNF therapy in RA pa-
tients have shown reduced proinflammatory mediators IL-6, IL-
1𝛽, and IFN-𝛾 mRNA levels.[45] It is possible that neutralization
of IL-1𝛽 protein diminishes inflammatory signaling broadly, in-
cluding reduced production of TNF, IL-17, IL-6, and IL-1𝛽.

2.6. Immunization with Nanofibers containing IL-1𝜷 Epitopes
causes the Production of PADRE-Specific Th2-biased Helper T
Cells without an Autologous T cell Response

After observing an IgG1-biased antibody response, we next ex-
amined the extent to which the immunizations promoted a pro-
ductive T-helper (Th) response. We previously found that the
Th phenotype influences the therapeutic efficacy of anti-cytokine
immunizations.[21,22] Also, a potential drawback associated with
active immunization strategies for blocking IL-1𝛽-mediated in-
flammation is the induction of T cells specific for IL-1𝛽, which
could have the potential to cause immunopathology. Typically,
the induction of such self-reactive T cells is not anticipated, as
T cell tolerance toward self-antigens tends to be stringent ow-
ing to the clonal deletion of autoreactive T cells during devel-
opment. Nonetheless, we explored whether immunization with
nanofibers containing IL-1𝛽 epitopes could trigger the produc-
tion of IL-1𝛽-specific T cells.

Our hypothesis posited that incorporating a PADRE T cell epi-
tope in the immunizations would diminish T cell reactions to-
ward endogenous targets and instead bolster the population of
Th2-skewed, PADRE-specific T helper cells. Our observations
revealed that upon restimulation with PADRE peptide, lym-
phocytes extracted from the spleens of mice immunized with
formulations containing PADRE predominantly released IL-4
(Figure 6a), indicating the existence of Th2-skewed, PADRE-
specific helper T cells. Comparatively, far fewer IFN𝛾-secreting
cells were observed across the immunized groups (Figure 6c).
Moreover, stimulation with the IL-1𝛽 B-cell epitopes (IL1𝛽−1 and
IL1𝛽−3) did not elicit a significant IL-4 or IFN-𝛾 response in the
immunized groups (Figure 6b,d) indicating that the T cell re-
sponse from immunizations was PADRE-specific but not IL-1𝛽-
specific. This result indicated that immunization with IL-1𝛽 as-
semblies led to the generation of a non-autoreactive IgG1/Th2-
slanted response which could be contributing to the reduction
of local and systemic inflammation in the IMQ-induced psori-
asis model by secreting anti-inflammatory cytokines and other
immunomodulatory factors.

2.7. Anti-IL-1𝜷 Nanofiber Assemblies led to the Generation of a
Therapeutic Immunosuppressive CD62L+ Treg Cell Subset

In order to gain more mechanistic insight into the therapeu-
tic benefit of immunization with IL-1𝛽-Q11 nanofibers, we ex-
plored the role of T cells, specifically the contribution of Treg cells
in the IMQ-induced psoriasis model. Treg-mediated immuno-
suppression has been shown to play a key therapeutic role in

reducing the severity of autoimmune inflammatory conditions
such as psoriasis.[46] Although the precise importance of Treg lev-
els remains uncertain, compromised Treg function and an im-
balanced Th17/Treg ratio have been associated with the devel-
opment and worsening of psoriasis. Recent research has high-
lighted the immunosuppressive role of Treg subsets exhibiting
heightened CD62L+ activity in autoimmune conditions like type
1 diabetes (T1D), multiple sclerosis (MS), and iIBD. CD62L+
Treg cells, serving as markers of T cell autoimmune disease ac-
tivity, could serve as indicators for assessing the effectiveness of
experimental therapies.[35–37]

Therefore, we evaluated the Treg response in the draining
lymph nodes 6 days after IMQ application across all groups. Im-
munized mice showed significantly higher frequencies of Treg
cells than unimmunized mice that did not receive IMQ applica-
tion (Figure S5c, Supporting Information). Unimmunized mice
receiving IMQ and Ab control groups also showed higher fre-
quencies of Tregs, with the unimmunized mice receiving IMQ
being significantly higher, suggesting a correlation between IMQ
application and an increase in Treg frequency. CD62L+ Treg fre-
quencies were significantly higher across all immunized groups
compared to the unimmunized mice groups (Figure 7). The Ab
control groups also interestingly showed higher CD62L+ Treg
frequencies than unimmunized mice, despite lower overall Treg
frequencies than unimmunized mice receiving IMQ. This result,
though surprising, is supported by evidence of an association be-
tween high CD62L+Treg activity and low disease severity in other
autoimmune conditions.[34–36]

3. Discussion

IL-1𝛽 is a key mediator of the inflammatory response and plays
a critical role in the development and progression of chronic
inflammatory diseases. IL-1𝛽 promotes inflammation by acti-
vating various signaling pathways that lead to the production
of other pro-inflammatory cytokines, chemokines, and adhesion
molecules. It also stimulates the recruitment and activation of a
wide range of target immune cells, including neutrophils, mono-
cytes, and T cells, to sites of inflammation. In chronic inflamma-
tory diseases such as psoriasis, IL-1𝛽 is often produced in exces-
sive amounts, leading to sustained inflammation and tissue dam-
age. Therefore, specific blockade of IL-1𝛽 is emerging as a thera-
peutic strategy to improve clinical outcomes for the treatment of
psoriasis and other chronic inflammatory diseases.[3,14,47]

In the present work, we demonstrated in a preclinical mouse
model that an IL-1𝛽 active immunotherapy based on Q11 can
raise anti-inflammatory responses. We observed that immuniza-
tions with IL-1𝛽-Q11 nanofiber formulations in some groups led
to a decrease in epidermal thickness in IMQ-treated mice and the
reduction was comparable to a gold-standard IL-1𝛽 mAb treat-
ment. The trends observed were consistent with the decrease of
epidermal thickening in IMQ-treated IL-1𝛽 knockout mice in pre-
vious findings.[41] Likewise, In WT mice, IMQ treatment signif-
icantly induces the expression of IL-1𝛽 as well as downstream
cytokines known to be induced by IL-1𝛽 namely IL-17, TNF,
and IL-6, among others who also play critical roles in psoriasis
pathogenesis.[48] Consistent with these studies, we found that the
IMQ model significantly upregulated mRNA level of these fac-
tors in skin, while immunizations against IL-1𝛽 (specifically with
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Figure 6. Active immunization with IL-1𝛽 nanofibers induced the production of Th2-biased PADRE-specific T helper cells. Cytokine-secreting cells post-
immunization were quantified by ELISPOT. Splenocytes were left unstimulated or re-stimulated with peptide epitopes IL1𝛽−1 or IL1𝛽−3, PADRE peptide,
or Concanavalin A. Immunized mice demonstrated a) a significant IL-4 response against PADRE but (b) no significant response against IL-1𝛽 epitopes
compared to unimmunized mice or mice receiving antibody treatment. c,d) Neither IL-1𝛽 epitopes nor PADRE elicited a significant IFN-𝛾 response in
any of the groups. Imiquimod-induced psoriasis did not alter the phenotype of the T-cell response in any of the groups. Data is represented as Mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test (n = 10, from two experiments of n = 5/ group).

epitope IL1𝛽−3) and treatment with IL-1𝛽 mAb reversed this up-
regulation, further emphasizing a wide-ranging reduction in in-
flammation.

In vitro, under the right assay conditions, antibodies can di-
rectly neutralize IL-1𝛽 activity, as seen with IL1𝛽−2-Q11 and
IL1𝛽−3-Q11 as well as the antibody controls. However, this di-
rect neutralization may not necessarily occur in vivo due to fac-
tors such as low antibody titers. In vivo, there are also several ad-
ditional factors to consider. For example, cytokine inactivation or
clearance can also occur via non-neutralizing antibodies, where
antibodies bind to the target, do not neutralize it directly, but

subsequently induce downstream effects such as Fc-dependent
functions. These processes can lead to the opsonization, clear-
ance, or degradation of the target, none of which are captured
in the comparatively simpler in vitro assays. Thus, neutraliza-
tion observed in vitro may not always be a decisive contributor to
the in vivo efficacy of antibodies in this context. Accordingly, in
this study the formulations that performed best in vivo (IL1𝛽−1L-
Q11, IL1𝛽−1C-Q11, IL1𝛽−3-Q11) were selected for further inves-
tigation.

Although further comprehensive investigations are necessary
to delineate the factors governing the spectrum of T cell pheno-
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Figure 7. Active immunization with IL-1𝛽 nanofibers induces the produc-
tion of CD62L+ Treg cells. Draining lymph nodes were harvested 6 days
after IMQ application. CD62L+ cells were counted among CD3e+B220-
/CD25+Foxp3+ T cells. CD62L+ Treg subset frequencies were significantly
higher across all immunized groups as compared to the unimmunized
mice groups. CD62L+ cell frequency is shown as Mean ± SEM. (n = 5,
*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with Tukey’s mul-
tiple comparison test).

types elicited by these peptide nanofiber immunotherapies, we
have established the influence of Th phenotype on their ther-
apeutic effectiveness. Prior studies showed that unadjuvanted
Q11-based materials when incorporating the OVA epitope, elicit
either unpolarized[49] or Th2-skewed[35] T-cell responses. How-
ever, the inclusion of an adjuvant like CFA or CpG induces a
strong shift toward a Th1-skewed response.[21,50] Additionally,
a previous study demonstrating the efficacy of a supramolecu-
lar peptide-based approach in generating antibodies against IL-
17 found significant correlations between therapeutic effective-
ness and the antibody subclass induced by adjuvanted and unad-
juvanted formulations. Specifically, IgG1 titers were associated
with improved efficacy, while IgG2b titers were linked to dimin-
ished efficacy.[22] In the current study, we observed that unadju-
vanted Q11 assemblies stimulated a significantly IgG1-biased re-
sponse against IL-1𝛽, which corresponded with the Th2-biased
response observed against PADRE (the exogenous T cell epitope),
while no autologous T cell responses were observed. This pheno-
type was not altered upon IMQ application. Although we did not
test adjuvants in our study, using a Th2-slanting adjuvant such

as alum might potentially boost the IgG1/Th2 response and lead
to enhanced therapeutic outcomes.

Motivated by our prior findings, we also wanted to explore
the extent to which IL-1𝛽 immunizations could be influencing
other T helper cell types. Specifically, we sought to explore Tregs,
which are pivotal in preserving immune balance by suppressing
inflammatory cells, thereby thwarting autoimmune conditions
such as psoriasis and other skin-related autoimmune diseases.
In our current study, we observed that immunized mice showed
significantly higher frequencies of Treg cells than unimmunized
mice that did not receive IMQ application. Interestingly, Treg fre-
quencies in unimmunized mice receiving IMQ also were signif-
icantly higher than in unimmunized mice, suggesting a correla-
tion between IMQ application and an increase in Treg frequency.
Strikingly, Treg CD62L+ subpopulation frequencies were signif-
icantly higher across all immunized groups as compared to the
unimmunized groups. The Ab control groups also interestingly
showed higher CD62L+ Treg frequencies than unimmunized
mice, despite lower overall Treg frequencies than unimmunized
mice receiving IMQ, suggesting there might be an increase in
other Treg subpopulations in the unimmunized mice receiving
IMQ. These findings demonstrate that active immunotherapies
with nanofibers can also influence the activity of Tregs in autoim-
mune diseases and could offer novel insights into treatment ap-
proaches.

Passive IL-1𝛽-targeted therapy using monoclonal antibodies or
small antagonists in pre-clinical studies and clinical trials has
shown therapeutic efficacy in several chronic inflammatory con-
ditions and is currently the standard of care. Active immunother-
apies against IL-1𝛽 have also shown promise but have yet to
receive approval, partly owing to the drawbacks of the vaccine
platforms used in these therapies, including non-neutralizing
immunodominant epitopes or unwanted reactions against epi-
topes shared between cytokines and other host proteins. Epitope-
restricted peptide approaches can be employed to minimize
such off-target effects, but peptides are poorly immunogenic.
Supramolecular nanofibers can be utilized to augment responses
against selected epitopes or combinations of epitopes.[51] One
platform developed by our group is the Q11 self-assembling plat-
form, which offers the modularity of fine-tuning the epitope con-
tent and if desired, supplementation with adjuvants to adjust
the phenotype of the ensuing response. This is particularly at-
tractive in the context of inflammatory diseases, as Q11-based
immunotherapies are highly biocompatible and show minimal
or no inflammation by themselves compared to traditional ad-
juvanted vaccines, while still eliciting B- and T-cell responses.
For example, in cytokine-driven pathologies, a Q11-based active
immunotherapy can successfully raise anti-cytokine responses
while avoiding a pathogenic inflammatory response, either by
eliminating adjuvants or utilizing those that bias toward Th2
responses.[21,22] Further, in previous studies, we have observed
that the antibody titers against Q11 nanofibers bearing other epi-
topes remain stable but taper over one year and can be boosted
at 58 weeks. For example, long-term immunization with IL17-
Q11 nanofibers maintained immune memory without an autolo-
gous anti-IL17 T-cell response.[22] Similar durability has also been
observed for other epitopes with the Q11 platform.[52] Taken to-
gether, this anti-cytokine active immunotherapy approach har-
nesses the capability of unadjuvanted Q11 assemblies to elicit
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durable therapeutic antibody responses while avoiding associ-
ated inflammation.

The primary goal of an anti-cytokine therapeutic vaccine is to
trigger a B cell response capable of generating neutralizing anti-
bodies that can block the pathogenic effects of an overproduced
cytokine. The widely accepted notion is that an anti-cytokine T
cell response is neither deemed necessary nor likely beneficial
for this purpose because, unlike existing anti-cytokine B cells,
T cells have undergone thymic-negative clonal selection against
self-cytokines. However, recent research conducted by our team
has underscored the therapeutic role of T cells in active im-
munotherapies against inflammatory self-molecules such as cy-
tokines and complement proteins.[23] Tregs play a crucial role
in robust immunosuppression, ensuring self-tolerance and pro-
tection against autoimmune diseases. Nevertheless, the precise
contribution of Tregs to various autoimmune disease models re-
mains unclear.[46] Recent clinical observations and preclinical in-
vestigations have highlighted certain Treg subpopulations char-
acterized by CD62L expression, exhibiting heightened suppres-
sive activity and capable of controlling inflammation, thereby
providing protection in conditions such as T1D, acute graft ver-
sus host disease (GVHD), MS, and IBD.[53–56] Additionally, at-
tenuated Treg activity and an imbalanced Th17/Treg equilibrium
have been associated with psoriasis pathogenesis.[46] Notably,
specific Treg subpopulations expressing high levels of TNF re-
ceptor type 2 (TNFR2) have been found in increased proportions
in patients with active inflammatory conditions like T1D and
RA. Conversely, lower percentages of peripheral blood Tregs ex-
pressing CD62L have been observed in T1D patients compared
to healthy individuals.[55,57] Furthermore, in autoimmune dis-
eases, therapies involving certain approved biologics, including
TNF and IL-6 inhibitors, have been shown to enhance Treg num-
bers or function.[58] For instance, treatment with infliximab, a
TNF monoclonal antibody, enhanced the ability of Tregs to in-
hibit cytokine production and increased Treg numbers.[59] Sim-
ilarly, the human anti-TNF antibody adalimumab increased the
percentage of Foxp3+ cells with restored regulatory function.[60]

Tocilizumab, an IL-6 inhibitor effective in treating RA, has been
found to elevate Treg numbers, thereby restoring the Th17/Treg
cell equilibrium in responsive patients.[61] While passive im-
munotherapy with TNF and IL-6 monoclonal antibodies has
proven clinically effective in managing autoimmune diseases,
the precise mechanisms underlying these therapies’ clinical ef-
fects remain incompletely understood.[62] These findings collec-
tively suggest that modulating Tregs could present a novel thera-
peutic approach in autoimmune disorders, although this avenue
has yet to be explored in active immunotherapies or mouse mod-
els of autoimmune diseases, to the best of our knowledge.

Ultimately, the pathogenesis of chronic inflammatory condi-
tions involves multiple inflammatory cytokine pathways syner-
gistically driven by IL-1𝛽, TNF, and IL-6. Targeted passive im-
munotherapies against these cytokines have demonstrated rel-
evance in rodent models of arthritis and psoriasis.[63–66] Con-
sidering future investigations, a combination therapy targeting
multiple cytokines utilizing a modular immunotherapy platform
presents a promising avenue for translational therapies in con-
ditions characterized by multi-cytokine morbidities. The IL-1𝛽
active immunotherapy approach reported here holds potential
not only for mitigating persistent skin inflammation but also for

other IL-1𝛽-mediated chronic inflammatory conditions. Due to
the limited genetic diversity across inbred mouse strains, the re-
sponses to various therapies could be strain-dependent. There-
fore, for future studies, identifying these strain-specific effects
may be important for translating findings to genetically heteroge-
neous human populations. Although it was found that the raised
antibodies could neutralize IL-1𝛽 (Figure 3, Figure 5), another in-
teresting future experiment to elucidate the therapeutic contribu-
tion of the raised antibodies would be an adoptive transfer model
to determine if raised antibodies would be protective when trans-
ferred to unimmunized mice subjected to imiquimod-induced
psoriasis. Similarly, T-cell depletion studies could ascertain the
contribution provided by CD4+ T-cells; in previous studies of
peptide nanofibers raising neutralizing responses against com-
plement components, such T-cell responses were found to be
a significant contributor to overall efficacy.[23] In light of these
previous and current findings, it is likely that both B- and T-
cell responses significantly contribute to the therapeutic effect
of the IL-1𝛽-neutralizing immunotherapies studied herein. Al-
though further mechanistic insight will clarify the specific contri-
butions of humoral and T cell responses, the unique and distinc-
tive mechanism of IL-1𝛽 active immunotherapy with nanofibers
warrants exploration in additional IL-1𝛽-mediated diseases, par-
ticularly those where insufficient Treg activity is implicated as a
pathophysiological mechanism.

4. Conclusion

This study illustrates a proof-of-concept that peptide nanofibers
can be designed to raise durable neutralizing responses against
the cytokine IL-1𝛽 and that the induced immune response can
have therapeutic efficacy in a mouse model of psoriasis. Overall,
these results further our understanding of IL-1𝛽 blockade ther-
apy for the treatment of chronic inflammation and enable the
design of biomaterial-based strategies for active immunotherapy
in other inflammatory conditions.

5. Experimental Section
Epitope Selection and Synthesis of IL-1𝛽 Epitope-Bearing Nanofibers:

Nanofiber-forming peptides consisted of C-terminal Q11 domains and
N-terminal epitope sequences joined by a Ser-Gly-Ser-Gly flexible linker
(sequences in Table S1, Supporting Information). The linear and cyclized
forms of the IL1𝛽−1 B-cell epitope for investigation were selected from a
previous study employing adjuvanted KLH-conjugated peptides for active
immunization.[24] The other two epitopes, IL1𝛽−2 and IL1𝛽−3 were identi-
fied for this study using the Kolaskar Tongaonkar Antigenicity Test, which
uses known antigenic sequences and amino acid neighbors to produce
predictions with reported 75% accuracy. The accessibility of the selected
epitopes and their proximity to the receptor was assessed in Pymol using
available crystal structures of mouse IL-1𝛽 protein and its human homolog
from the Protein Data Bank (PDB).

All peptides were synthesized using standard Fmoc solid-phase syn-
thesis protocols on a CEM Liberty Blue peptide synthesizer, purified
via reverse-phase high-performance liquid chromatography on a C18
reverse-phase column, and lyophilized. Peptide m/z was verified us-
ing matrix-assisted laser desorption/ionization (MALDI) mass spectrom-
etry with 𝛼-cyano-4-hydroxycinnamic acid as the matrix as previously
reported.[49,50,52] For biotinylated peptide synthesis, on-resin N-terminus
biotinylation was performed using biotin o-nitrophenyl ester, and similar
purification steps were followed as mentioned above.
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Preparation of Immunization Formulations: For all immunizations,
nanofiber formulation was carried out with previously published
protocols.[21,22,35] Briefly, all formulations contained a total peptide con-
centration of 2 mm in phosphate-buffered saline (1xPBS). Nanofibers con-
tained 1 mm IL1𝛽-Epitope-Q11, 0.05 mm PADRE-Q11, and the balance
Q11 to equal 2 mm total peptide. Nanofibers were formed by mixing puri-
fied and lyophilized peptides as dry powders for 30 min prior to adding
sterile water to form an 8 mm peptide solution. This solution was in-
cubated overnight at 4 °C prior to adding 10x PBS (Corning, Cat#: 46-
013-CM) and additional sterile water to form a 2 mm peptide solution in
1xPBS, which was incubated at room temperature for 3 h before being
used for immunization or further studies following previously reported
methods.[21,22,49,50,52]

Transmission Electron Microscopy (TEM): To visualize nanofiber mor-
phology by TEM, peptides were fibrillized for 3 h, diluted to 0.2 mm in
1xPBS as previously reported, and applied to Formvar/carbon-coated 400
mesh copper grids (Electron Microscopy Sciences, Cat#: EMS400-Cu) for
1 min and negative-stained with 1% (w/v) uranyl acetate in ultrapure
water.[21,35,49,50,52] Peptide nanostructure was evaluated using Transmis-
sion Electron Microscopy (TEM) on a FEI Tecnai G2 Twin electron micro-
scope at 120 kV.

Thioflavin T (ThT) Binding Assay: As a measure of fibrillization, the ThT
assay was utilized as previously reported.[22] For these measurements,
20 μL of 2 mm peptide solutions were mixed with 180 μL of a 50 μm so-
lution of ThT (Alfa Aesar, Cat#: J61043) in 1xPBS in a black 96-well plate
and read using a Molecular Devices Spectramax M2 spectrophotometer
(excitation at 440 nm, emission at 488 nm) as previously reported.[22,34]

Zeta-potential Measurements: Peptides were prepared at 2 mm and di-
luted to 0.2 mm with PBS just prior to analysis. Zeta-potential was mea-
sured at 25 °C using Anton Paar Litesizer 500 dynamic light scattering
instrument.

Mice and Immunizations: Female, wild-type C57BL/6 mice (Envigo) 8–
12 weeks of age at the start of experimental protocols were used for all ani-
mal studies. Female mice were used due to their tendency to develop more
severe systemic psoriasis and a higher incidence of inflammatory autoim-
mune disease than male mice.[67,68] Animal experiments were authorized
by the Institutional Animal Care and Use Committee of Duke University,
adhering to the NIH Guide for the Care and Use of Laboratory Animals, un-
der protocol A199-21-09. Prior to subcutaneous immunization, mice were
anesthetized with isoflurane. For both prime and boost immunizations,
mice received subcutaneous injections of 50 μl of 2 mm peptide nanofiber
solutions in 1xPBS on their left and right shoulder flanks. Throughout the
studies, mice were administered booster doses of the same dose at weeks
2 and 4 following primary immunizations, with or without indicated ad-
juvants. Blood samples were collected for analysis at weeks 3, 5, and 8
unless specified otherwise.

Measurement of Serum Antibodies Using Enzyme-Linked Immunosorbent
Assay (ELISA): Biotinylated peptide epitopes were synthesized for use
in ELISA assays, following previously reported methods.[69] Serum was
collected via the submandibular vein. For the analysis of antigen-specific
IgG by ELISA, plates were initially coated with a 20 μg mL−1 streptavidin
solution (Sigma, Cat#: S4762) and incubated overnight at 4 °C. Subse-
quently, plates were washed with 0.5 g L−1 Tween-20 in PBS (1x PBST)
and coated with 20 μg mL−1 of biotinylated peptide epitope for 1 h at
room temperature. After another washing step, plates were blocked with
Superblock blocking buffer solution (ThermoFisher, Cat#: 37515). Serum
samples were serially diluted in 1% BSA in 1x PBST and added to the
plate, incubated for 2 hours, and washed again, followed by the addi-
tion of antigen-specific IgG, which was detected with horseradish peroxi-
dase (HRP)-conjugated Fc𝛾 fragment specific goat anti-mouse IgG (Jack-
son ImmunoResearch, Cat#: 115–035-071). Titers (area under the curve,
AUC) were calculated as previously described using GraphPad PRISM
9.[22] For the measurement of antibody subclasses, HRP-conjugated goat
anti-mouse detection antibodies were procured from Southern Biotech
(IgG1: 1071–05, IgG2b: 1091–05, IgG2c: 1078–05, IgG3: 1101–05).

In Vitro IL-1𝛽 Neutralization Assay: Mouse sera were pooled for each
group (n = 5/group) from immunized mice, mice treated with mAb,
or unimmunized mice. Serum IgG was purified using NAb Protein G

Spin Columns (ThermoFisher, Cat#: 89953) and buffer-exchanged into
1xPBS using Zeba Spin Desalting Columns (ThermoFisher, Cat#: 89882).
HeLa cells (in complete minimal essential medium containing 10% fe-
tal bovine serum) were seeded on 96-well cell culture plates at a density
of 6× 104 cells per well and maintained at 37 °C. For neutralization as-
says, 100 μg mL−1 of purified serum IgG or a control IL-1𝛽 pAb (R&D
Systems, Cat#: AF-401-NA) was preincubated in complete minimal essen-
tial medium containing 10% fetal bovine serum for 1 hour at room tem-
perature along with a constant amount of 10 ng mL−1 (≈0.6 nmol L−1)
of wild-type mouse IL-1𝛽 (R&D Systems, Cat#:401-ML-010) followed by a
24 h incubation with the cells. For determination of IL-6 concentrations,
cell culture supernatants were diluted 1:1 in 1x PBS/0.05% Tween-20/2%
bovine serum albumin, and IL-6 concentration was quantified using an
IL-6 Human ELISA Kit (ThermoFisher, Cat#: 88-7066-88).

Measurement of T cell Responses Using Enzyme-Linked Immune Absorbent
Spot (ELISpot) Assay: For the analysis of T cell activation by ELISpot, mice
were euthanized 7 days after the final booster immunization or 24 h after
the final imiquimod application on Day 6, and spleens were harvested.
Subsequently, 0.25 ´106 splenocytes in 200 μL were seeded into each well
of a 96-well ELISpot plate (Millipore, Cat#: MSIPS4510). The cells were
then stimulated either with 1 μm IL-1𝛽 or PADRE peptide epitope, left un-
treated as negative controls, or stimulated with Concanavalin A (ConA)
(Sigma, Cat#: C5275) as positive controls. To detect IFN𝛾-secreting cell
spots, a biotinylated anti-mouse IFN𝛾 (Mabtech, Cat#: 551881) detec-
tion antibody pair from BD Bioscience, streptavidin-alkaline phosphatase
(Mabtech, Cat#: 3310–0), and Sigmafast BCIP/NBT (Sigma, Cat#: B5655)
were employed. The plates were then imaged and counted by Zellnet Con-
sulting using a Zeiss KS ELISpot reader.

Intraperitoneal Alum Challenge: To induce acute inflammation, mice
were challenged with 1 mg mL−1 alum (Sigma, Cat#: 239186) in sterile
1xPBS intraperitoneally (i.p.) at a dose of 10 mg k−1g one week after the
final booster immunization. After 24 h, the i.p. lavage was performed with
100 μL 1xPBS and IL-1𝛽 concentration was determined using a mouse IL-
1𝛽 ELISA kit (ThermoFisher, Cat#: 88-7013-86).

Imiquimod (IMQ)-Induced Psoriasis: To evaluate the therapeutic con-
tribution of IL-1𝛽 immunizations in mice, the IMQ-induced psoriasis-like
skin inflammation model described by van der Fits et al was used.[70]

Mice received prophylactic immunizations starting at 8 weeks of age and
boosted 2 and 4 weeks afterward, and imiquimod treatment was initiated
5 weeks after the primary immunization. A therapeutic anti-IL-1𝛽 antibody
was used as a control (Bio-X-Cell, Cat#: BE0246); 250 μg was administered
intraperitoneally 3 days before and again on the same day as the initial im-
iquimod application. For psoriasis induction, hair was removed from the
backs of mice by plucking, and 0.125 g 5% imiquimod cream [6.25 mg im-
iquimod (Perrigo)] was applied topically daily for 6 consecutive days. 24
hours after the final application, mice were euthanized, and skin samples
were collected for histological analysis. The experiments were performed
twice with n = 5 per group.

Histopathological Evaluation: Skin was harvested from the backs of
mice and submerged in optimal cutting temperature (O.C.T.) compound
(VWR, Cat#: 25608–930) prior to freezing with an isopentane and dry
ice slurry. 18-μm cryosections were collected (ThermoScientific CryoStar
NX50), stained with Hematoxylin and Eosin (16 sections from each
mouse), and imaged with a slide scanner. The same staining protocol and
imaging settings were used for all sections, however, subtle differences in
the staining protocol design, such as timing or temperature, can impact
the final staining intensity and did not have any impact on the epidermal
thickness measurement. Epidermal thickness in interfollicular regions was
assessed using ImageJ software, with the reported thicknesses represent-
ing the average of four measurements taken per section per mouse. The
researcher responsible for measuring the epidermal thickness was blinded
to the experimental groups.

Flow Cytometry: To assess the frequency of antigen-specific memory
B cells, single-cell suspensions were prepared from spleens of immunized
mice following treatment with ACK lysing buffer (ThermoFisher, Cat#:
A1049201). Splenocytes were initially incubated with biotinylated antigen
peptide (20 μg mL−1) on ice for 1 h. After 3 washes with staining buffer,
cells were stained with streptavidin-APC-Cy7 (BioLegend, Cat#: 405206)
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and streptavidin-PE (BioLegend, Cat#: 405203) for 30 min at 4 °C, fol-
lowed by Fc receptor blocking with 2.4G2 antibodies (2.4G2, BD) and
staining with IgD-FITC (11-26c.2a, BioLegend), CD138-PE/Cy7 (281-2, Bi-
oLegend), CD62L-APC (MEL-14, BioLegend) and CD38-BV605 (90/CD38,
BD) for 30 min at 4 °C, with antigen-specific memory B cells defined as
antigen+CD19+/IgD-/CD138-/CD62L+CD38+.

To examine the CD62L+ Treg cell frequency in draining lymph nodes,
after Fc receptor blocking with 2.4G2 antibodies, cells from draining lymph
nodes were stained with CD3e-APC-Cy7 (145-2C11, BioLegend), B220-
BV510 (RA3-6B2, BD), CD25-PerCP-Cy5.5 (PC61, BioLegend), CD62L-APC
(MEL-14, BioLegend) for 30 min at 4 °C. Cells were fixed using 4%
paraformaldehyde solution (Electron Microscopy Sciences) followed by
permeabilization using 1x permeabilization buffer (eBioscience, Cat#: 00-
8333-56) then stained for Foxp3-PE (R16-715, BD). CD62L+ Treg cell pop-
ulations were defined as (CD3e+B220-/CD25+Foxp3+/CD62L+).

To examine the Th17+ T cell frequency in draining lymph nodes, af-
ter Fc receptor blocking with 2.4G2 antibodies, cells from draining lymph
nodes were stained with CD3e-APC-Cy7 (145-2C11, BioLegend) and CD4-
FITC (GK1.5, BioLegend) for 30 min at 4 °C. Cells were fixed using 4%
paraformaldehyde solution (Electron Microscopy Sciences) followed by
permeabilization using 1x permeabilization buffer (eBioscience, Cat#: 00-
8333-56). After restimulation with PMA and ionomycin and brefeldin A
treatment, cells were stained for IL-17-PE/Cy7 (TC11-18H10.1, BD). Th17+
T cell populations were defined as (CD3e+CD4+/Th17+). Flow cytometry
was performed using a BD Canto II instrument. FlowJo software (FlowJo
10.6.1) was used for data analysis.

RNA Extraction and Quantitative Real-time PCR (RT-qPCR) Analysis:
Skin samples from mice were collected in RNAlater (Ambion, Cat#:
AM7020). Tissue was homogenized using a Bead Lysis Kit for tough tis-
sues (Next Advance, Cat#: NAVYE1-RNA), and total RNA was extracted us-
ing RNEasy Plus Mini Kit (Qiagen, Cat#: 74134) according to the manufac-
turer’s instructions. Total RNA (100-500 ng) was then reverse-transcribed
using SuperScript IV VILO Master Mix with ezDNase Enzyme (Invitrogen,
Cat#: 11766050). The mRNA expression levels were determined by quanti-
tative PCR using PrimeTime Gene Expression Master Mix (Integrated DNA
Technologies, Cat#: 1055772) according to the manufacturer’s protocol.
The predesigned probe-based primer sequences (Integrated DNA Tech-
nologies) were detailed in Table S2 (Supporting Information). Quantitative
real-time PCR was performed using the real-time PCR system (StepOne-
Plus Real-Time PCR System, Thermo Scientific). The reaction involved a
denaturation step at 95 °C for 30 s, annealing at 60 °C for 30 s, and ex-
tension at 72 °C for 30 s, repeated for 45 cycles. The relative quantity of
the target mRNA was normalized to the level of GAPDH mRNA (the in-
ternal control) and then compared to the unimmunized mice treated with
imiquimod using a comparative method (2−ΔΔCt). Negative controls, in-
cluding non-reverse-transcribed RNA samples and buffer, were included
in the analysis.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism 9. Statistical tests used for each experiment were indicated in
brackets in the figure captions. All values were reported as means ± SEM
(unless stated otherwise), with sample sizes indicated in the figure cap-
tions. Statistical significance was indicated in the figures as n.s. (nonsignif-
icant), *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Supporting Information is available from the Wiley Online Library or from
the author.
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