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Current treatments for chronic immune-mediated diseases such as psoriasis, rheumatoid

arthritis, or Crohn’s disease commonly rely on cytokine neutralization using monoclonal

antibodies; however, such approaches have drawbacks. Frequent repeated dosing

can lead to the formation of anti-drug antibodies and patient compliance issues, and

it is difficult to identify a single antibody that is broadly efficacious across diverse

patient populations. As an alternative to monoclonal antibody therapy, anti-cytokine

immunization is a potential means for long-term therapeutic control of chronic

inflammatory diseases. Here we report a supramolecular peptide-based approach for

raising antibodies against IL-17 and demonstrate its efficacy in a murine model of

psoriasis. B-cell epitopes from IL-17 were co-assembled with the universal T-cell epitope

PADRE using the Q11 self-assembling peptide nanofiber system. These materials, with

or without adjuvants, raised antibody responses against IL-17. Exploiting the modularity

of the system, multifactorial experimental designs were used to select formulations

maximizing titer and avidity. In a mouse model of psoriasis induced by imiquimod,

unadjuvanted nanofibers had therapeutic efficacy, which could be enhanced with alum

adjuvant but reversed with CpG adjuvant. Measurements of antibody subclass induced

by adjuvanted and unadjuvanted formulations revealed strong correlations between

therapeutic efficacy and titers of IgG1 (improved efficacy) or IgG2b (worsened efficacy).

These findings have important implications for the development of anti-cytokine active

immunotherapies and suggest that immune phenotype is an important metric for eliciting

therapeutic anti-cytokine antibody responses.
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INTRODUCTION

Anti-cytokine blockade with monoclonal antibodies (mAbs) has revolutionized the treatment
of immune-mediated diseases by providing an efficacious treatment modality for multiple
inflammatory conditions such as multiple sclerosis, rheumatoid arthritis, and plaque psoriasis (1).
Despite incompletely understood etiologies (2), many chronic inflammatory conditions are fueled
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by a limited set of cytokines which act in concert with
immunological and non-immunological cells to induce
symptoms of disease (3). In plaque psoriasis, for example, γδ

T cells produce the cytokine IL-17, inducing both keratinocyte
hyperplasia and the recruitment of neutrophils (4). Inhibition
of IL-17 with the monoclonal antibody ixekizumab blocks
this recruitment and has been shown to lead to the remission
of symptoms in as many as 90% of plaque psoriasis patients
receiving injections every 4 weeks. However, the effectiveness of
mAbs can both be undercut by secondary resistance due to anti-
drug antibodies and difficulties developing mAb subclasses that
are most therapeutically effective. To counter these concerns,
research has been undertaken to evaluate a new class of cytokine
blockade therapies involving immunization against these
inflammatory cytokines (5, 6). In some instances, biomaterial
platforms are being investigated for this purpose. These therapies
could provide an alternative to mAbs and could leverage the
ability of biomaterials to induce tailored immune phenotypes in
the context of long-term cytokine blockade therapy.

Monoclonal antibodies are manufactured with a uniform
specificity (target and affinity for that target) and subclass
(function) that dictates the phenotype of the response. While
specificity has often been able to be optimized for neutralization,
antibody subclass is generally selected for mAb half-life rather
than optimal functionality for a specific disease (7, 8). Further,
to maintain a therapeutic concentration of mAbs, patients
must receive regularly scheduled injections, commonly for
the duration of their lives. For example, the dosing of
infliximab (anti-TNF) usually occurs once every 8 weeks
intravenously, and adalimumab (anti-TNF) and ixekizumab
(anti-IL17) are administered once every 2 weeks subcutaneously
with adjustments made based on disease severity (9, 10).
Anti-drug antibodies that develop against these frequently
administered mAbs can lead to secondary resistance to therapy
by rapidly clearingmAbs from circulation and can increase risk of
adverse effects such as hypersensitivity reactions (11–13). In the
case of bococizumab, a mAb designed to reduce LDL-cholesterol
by targeting an endogenous kinase, the first long-term study
in humans revealed anti-drug antibodies in more than 48% of
patients, resulting in reduced outcomes and the cancellation of
the drug’s development (14).

As an alternative approach that could circumvent these
challenges, anti-cytokine immunization has received attention
(15). While both anti-cytokine immunization and mAb therapies
can target the same inflammatory molecules, anti-cytokine
immunization leads to the production of long-lived endogenous
polyclonal antibodies and potentially allows for the tailoring
of the immune response to elicit antibody subclasses that are
most therapeutically effective. Although both approaches target a
single epitope of the target cytokine, induced polyclonal antibody
responses could have their affinity improved by repeated booster
immunizations (16), can avoid any anti-antibody responses from
foreign epitopes that vary by population (17), and provides a
significantly longer half-life of serum antibody concentration
(18, 19). Anti-cytokine immunizations that have been previously
investigated have included endogenous cytokines conjugated to
protein carriers such as keyhole limpet hemocyanin (KLH) (20)

or virus-like particles (VLP) (21–23). In both cases, the carriers
supply exogenous T cell epitopes to enable B cells to produce
anti-cytokine antibodies in a T-dependent fashion (22, 24). Anti-
IL-17A immunizations have previously been shown to induce
antibodies when whole IL-17A was conjugated to ovalbumin
protein (25), when conjugated to VLPs (26, 27), or when an IL-
17 peptide epitope was conjugated to VLPs (28). A few of these
approaches have reached clinical trials for various cytokines, but
with limited success in terms of therapeutic efficacy (29–32).

While carrier proteins have offered one route for anti-cytokine
immunotherapies, materials research has begun to redefine
vaccine development by emphasizing how physical parameters
such as size (33, 34), shape (35, 36), charge (37), and other
materials properties can alter the immune response. Recently,
our group has pursued anti-cytokine immunization via a
supramolecular nanofiber platform based on the self-assembling
peptide Q11 (Ac-QQKFQFQFEQQ-NH2) (38). In contrast to
carrier proteins, the use of supramolecular nanofibers facilitates
the straightforward assembly of different immunological epitopes
together in finely controlled ratios (37, 39–42). This modularity
enables the application of multifactorial Design of Experiments
(DoE) methodologies to investigate and optimize various co-
assembled epitopes (43). In this context, previous work has
shown that changing the T cell epitope content can alter both the
T cell and B cell response of an anti-cytokine immunization (42).
In an active immunotherapy raising antibodies against TNF, it
was shown that prior immunization with Q11-based nanofibers
bearing TNF B-cell epitopes and exogenous T-cell epitopes could
partially protect mice in a model of acute inflammation (38).

Here we have expanded upon these previous observations
to design peptide nanofibers raising antibodies against IL-17,
a central cytokine in the pathophysiology of multiple diseases,
particularly psoriasis (44–46). We investigated two anti-IL-17
peptide epitopes and demonstrated their ability to assemble into
nanofibers and induce antibodies in an adjuvant-free context.
Using a DoE approach, we elucidated that the B and T cell epitope
density, as well as the ratio between these two components,
strongly influenced the strength and quality of the anti-IL-17
antibody response. Finally, we evaluated optimized formulations
in a murine model of psoriasis, finding that therapeutic efficacy is
strongly correlated with the subclass of IgG antibodies raised.

METHODS

Epitope Selection
B-cell epitopes for investigation were selected using the Kolaskar
Tongaonkar Antigenicity Test, which uses known antigenic
sequences and amino acid neighbors to produce predictions with
reported 75% accuracy (47). Scores from the murine sequence
of IL-17 were then compared to known crystal structures from
its human homolog. One previously reported epitope (28) also
returned high scores using this tool and was evaluated for
antigenicity within the Q11 platform. Two epitopes identified
for this study were named IL17.1 and IL17.2 to avoid confusion
with alternative IL17 isoforms (IL17A and IL17B). All peptide
sequences studied are listed in Supplementary Table 1.
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Solid Phase Peptide Synthesis
Peptides were synthesized as previously reported (48). Briefly,
peptides were synthesized using microwave-assisted solid phase
peptide synthesis on a Liberty Blue Peptide Synthesizer (CEM)
with standard FMOC chemistry. Peptides were cleaved from the
resin with trifluoroacetic acid and precipitated in diethyl ether
prior to purification using reverse phase HPLC. Peptide identity
was confirmed using MALDI mass spectrometry, and purity was
assessed to be >80% by analytical HPLC.

Preparation of Immunization Formulations
Nanofibers were formed by mixing dry purified peptide for
10min prior to adding sterile water to form an 8mM peptide
solution. This solution was incubated overnight at 4◦C prior
to adding 10x PBS (Corning 46-013-CM) and additional sterile
water to form a 2mM peptide solution in 1x PBS, which
was incubated at room temperature for 3 h before being used
for further studies. For immunizations containing CpG (ODN
1826, IAX-200-002-3001 Innaxon), CpG was added to peptide
solutions at a concentration of 100µg/mL, after overnight
fibrillization (at the same time as the addition of 10x PBS), while
for immunizations containing Alum (Invivogen Alhydrogel 2%),
the adjuvant was mixed at a 1:1 concentration with previously
formed nanofibers for 10 min.

Transmission Electron Microscopy
Peptide nanostructure was evaluated using Transmission
Electron Microscopy (TEM) on an FEI Tecnai G2 Twin.
Peptides were fibrillized for 3 h, diluted to 0.2mM in PBS
as previously reported (37), applied to formvar copper grids
(Electron Microscopy Sciences, EMS400-Cu), and negative-
stained with uranyl acetate 1% (w/v) in distilled water (Electron
Microscopy Sciences).

Thioflavin T Binding Assay
As a measure of fibrillization, the Thioflavin T (ThT) assay
was utilized. For these measurements, 20 µL of 2mM peptide
solutions were mixed with 180 µL of a 50µM solution of ThT
(Alfa Aesar, J61043) in 1X PBS in a black 96-well plate and read
using a Molecular Devices Spectramax M2 spectrophotometer
(excitation at 440 nm, emission at 488 nm).

Immunizations
Female, wild-type C57BL/6 mice (Envigo) 8–12 weeks of age
at the start of experimental protocols were used for all animal
studies. Animal experiments were approved by the Institutional
Animal Care and Use Committee of Duke University in
compliance with the NIH Guide for the Care and Use of
Laboratory Animals. Mice were anesthetized with isoflurane
prior to subcutaneous immunization. For prime and boost
immunizations, mice were injected subcutaneously with 50 µl
of 2mM peptide nanofiber solutions in PBS on their left and
right shoulder. In all studies, mice were boosted with the same
dose at week 2.5 and 5 after primary immunizations, with
or without adjuvants indicated. For CpG, 10 µg per mouse
per immunization was administered according to manufacturer
guidelines. For alum, 500 µg per mouse per immunization of

alum was administered according to manufacturer guidelines.
Blood was collected for analysis at weeks 2, 4, and 7 unless
otherwise indicated.

Enzyme-Linked Immunosorbent Assay
(ELISA)
ELISA was conducted as previously described (38, 48). For total
IgG ELISA, plates were coated with streptavidin overnight, and
then either coated with biotinylated peptide solution (20 µg /ml)
or PBS. A reported titer of 1 indicates no detectable signal above
background. For measuring antibody responses against whole
protein, murine IL-17A (R&D Systems #421-ML-025) was coated
at 5µg/mL overnight in sterile 4mM HCl containing 0.1% w/v
bovine serum albumin. Background wells were coated with the
same solution lacking IL-17A. Plates were then blocked with a 2%
(w/v) BSA solution. Serum was diluted and coated onto plates for
2 h prior to incubating with an antibody targeting the conserved
Igκ fragment (Jackson ImmunoResearch #115-035-008). For the
antibody avidity rank assay, 50 µl of 5M urea (Sigma) was
added to half the wells and incubated for 5min before washing
and adding detection antibody. For antibody isotyping, isotype
specific-antibodies (Southern Biotech #1010-05) were used in
place of the total IgG detection antibody while all other steps
were similar.

Enzyme-Linked Immune Absorbent Spot
(ELISpot) Assay
T cell responses to immunizing peptides were measured by
ELISpot assay. Mice were sacrificed 7 days after a booster
vaccination to measure T cell responses (58 weeks after the initial
immunization). Splenocytes purified from mice were plated at
a density of 250,000 spots per well of a 96-well ELISpot plate
(Millipore, MAIPSWU10) and stimulated with 5µM soluble
IL17.1 or PADRE peptide, left untreated, or stimulated with
Concanavalin A (Con A) (Sigma, C5275) which non-specifically
activates T cells. Biotinylated capture-detection antibody pairs
for either IL-4 (BD Cat. 551878) or IFNγ (BD Cat. 551881)
were used according to manufacturer’s guidelines in conjunction
with streptavidin-alkaline phosphatase (Mabtech, 3310-0) and
Sigmafast BCIP/NBT (Sigma, B5655). After development, plates
were evaluated for spot count by Zellnet Consulting using a Zeiss
KS ELISpot reader.

Imiquimod-Induced Psoriasis
To induce psoriasis, hair was removed from the backs of mice by
plucking, and 0.125 g 5% imiquimod cream [6.25mg imiquimod
(Perrigo)] was applied topically daily for 5 consecutive days.
Twenty four hours after the last application, mice were sacrificed
and skin was harvested for histology. Mice were immunized
prophylactically at 8 weeks of age, with a boost 2.5 weeks
afterwards, and imiquimod treatment was initiated 5 weeks after
the primary immunization. Only one boost was administered to
avoid the complication of barbering, a well-documented, age-
dependent phenomenon in C57BL/6 mice (49) that interfered
with the onset of IMQ-induced psoriasis in our hands. Anti
IL-17 antibody was used as a control (Bio-X-Cell clone 17F3,
#BE0173, 250 µg administered IP at 3 days before and again on

Frontiers in Immunology | www.frontiersin.org 3 August 2020 | Volume 11 | Article 1855

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shores et al. Supramolecular Peptide Vaccine Against IL-17

the same day as the initial imiquimod application). Body weight
and spleen weight were recorded at the endpoint (immediately
after euthanization).

Histology
Skin was harvested from the backs of mice and submerged in
OCT solution prior to freezing with dry ice. Sections 18µm
thick were then collected (Thermo Scientific CryoStar NX50),
stained with Toluidine Blue O (Harleco 364-12), and imaged
with brightfield microscopy (EVOS FL Auto). Measurements of
epidermal thickness in interfollicular regions were taken with
ImageJ software at 4 locations per section from two different
sections by an individual blinded to the experimental conditions.
Follicles were not included in these measurements.

Statistical Analysis
For statistical analyses using multifactorial designs, JMP14 Pro
software was used to determine statistical significance and power
calculations. In multifactorial experiments, tests for main effect
and interaction parameter were carried out using generalized
linear regression models. For traditional one-factor at a time
analyses involving one-way ANOVA, multiple comparisons, and
individual t-tests, Graphpad prism software was used. Specific
analyses are described in the figure legends.

RESULTS

Epitope Selection and Nanofiber
Characterization
In order to develop an active immunotherapy capable of raising
antibodies against a focused B cell epitope within IL-17A, we
utilized Kolaskar Tongaonkar antigenicity predictions (47) and
surveyed previously published B-cell epitopes (Figure S1). Two
potential B cell epitopes were selected: IL17.1 was selected
from a previous report employing virus-like particles (28)
and IL17.2 was selected from antigenicity prediction and its
apparent availability on the protein surface (Figure 1A). These
epitopes were then synthesized in tandem with the Q11 self-
assembling sequence.

Both IL17.1-Q11 and IL17.2-Q11 were found to assemble
into nanofibers by TEM alone (Figures 1B,D) or when co-
assembled with Q11 and PADRE-Q11 in a 1.0:0.05:0.95 molar
ratio (Figures 1C,E). Interestingly, IL17.1-Q11 formed fibers that
appeared more tape-like than Q11 nanofibers (Figure 1A), while
IL17.2-Q11 formed assemblies more similar to Q11. Despite
minor morphological dissimilarities, ThT binding indicated
that both IL17.1-Q11 and IL17.2-Q11 formed structures with
significant β-sheet character and maintained this character when
co-assembled with Q11 (Figure 1G, Figure S2). The IL17.1
peptide lacking the Q11 assembly domain did not exhibit
ThT fluorescence significantly above that of PBS (Figure S2),
whereas, the soluble IL17.2 peptide did exhibit ThT fluorescence,
potentially indicating that it had some capacity to assemble even
without conjugation to Q11, yet this aspect was not explored
further. In sum, owing to their capacity to form nanofibers both
alone and when mixed with Q11 and PADRE-Q11, both IL17.1-
Q11 and IL17.2-Q11 were carried forward into evaluations
of immunogenicity.

IL-17 B-Cell Epitope Evaluation
Self-assembled formulations were subsequently tested for
immunogenicity in mice. Mice were immunized with nanofibers
containing IL17.1-Q11 or IL17.2-Q11 co-assembled with Q11
and PADRE-Q11, to provide nanofibers presenting both B
cell epitopes from IL-17 and the universal T-helper epitope
PADRE (50, 51). Mice were boosted at weeks 2.5 and 5, and
antibody responses were measured at weeks 2, 4, and 7. For
nanofibers containing IL17.1-Q11, all mice produced antibodies
targeting the B-cell epitope peptide (Figure 2A, Figure S3).
In contrast, only one of five mice produced antibodies against
IL17.2-Q11 (Figure 2B). Further, when serum was tested
against recombinant murine IL-17A, IL17.1 immunization
produced a significantly higher response against the protein
(Figure 2C). IL17.1 was accordingly chosen to advance into
further study owing to its superior immunogenicity. Further
characterization of the IL17.1 antibody response revealed
that there was predominantly an IgG1-focused response with
only 2 mice producing detectable titers of IgG2b at the lowest
dilution tested. This potentially indicated a predominantly
Th2 response, which corresponded with previous observations
of Q11-based immunizations also raising predominant Th2
responses (38).

Q11-Based Vaccination Produced a
Long-Lived Response Against IL17.1
Mice from the original IL17.1 trial were maintained for 1
year after the previous immunization schedule (Figure 3A).
While as a group, mice at 57 weeks after immunization
did not maintain statistically significant titers compared to
unvaccinated mice, two of four mice maintained measurable
titers, indicating that long-lived responses are possible.Moreover,
the group responded to boosting with a recall response, with
measurable, antigen-specific titers after 1 week in all four
mice. This response did not cross-react with other peptide
epitopes such as the OVA epitope from the model antigen
ovalbumin (Figure 3B, Figures S4, S5). These kinetics are faster
than observed for primary immunizations (Figure 2), suggesting
a recall response. Though antibody titer measurement at week
58 was not significantly higher than the pre-boost (ns, p =

0.1411) it was significantly higher than antibody response at
2 weeks (∗∗, p = 0.0056). Following this boost, spleens were
harvested from mice at week 58, and the T cell responses to
the IL17.1 peptide and the PADRE T cell epitope were analyzed.
Strikingly, IL17.1 produced no detectable T cell responses,
while PADRE stimulation indicated a significant population of
responding T cells producing IL-4 but not IFN-γ (Figures 3C,D).
This indicated a T cell response that was PADRE-specific
but not IL17.1-specific, an important consideration for anti-
cytokine immunization which aims to avoid breaking T cell
tolerance (24).

Multifactorial Optimization
Multifactorial experimental designs are commonly employed
in a broad range of technical fields to efficiently optimize
a desired outcome while simultaneously gaining knowledge
about how multiple factors may interact. Although traditionally
underutilized in biological settings, such designs have been

Frontiers in Immunology | www.frontiersin.org 4 August 2020 | Volume 11 | Article 1855

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shores et al. Supramolecular Peptide Vaccine Against IL-17

FIGURE 1 | Selection of IL-17 epitopes and characterization of IL17.1 and IL17.2 nanofibers. Two peptide epitopes, IL17.1 and IL17.2, were identified within mouse

IL17A. (A) Homologous epitopes are shown within the crystal structure of human IL17A. (B–F) Both IL17.1-Q11 and IL17.2-Q11 peptides self-assembled into

nanofibers (imaged using negative-stained TEM) alone or when co-assembled with Q11 and PADRE-Q11 (single peptides formulated at 2mM; co-assembled

peptides formulated at 1mM IL17.1-Q11 or IL17.2-Q11/0.95mM Q11/0.05mM PADRE-Q11; all nanofibers diluted 10-fold before application to TEM grids). (G) All

formulations had significant β-sheet character by ThT fluorescence (mean ± SD, n = 3, all groups significantly different from all other groups, ***p < 0.001 by one-way

ANOVA and Tukey’s Multiple Comparisons test).

receiving increasing attention recently (43, 52–54). We chose
to employ this methodology to investigate how epitope content
influenced overall titer and avidity, using a 2 × 2 full factorial
design with a center point (Figures 4A,D). Based on previous
research analyzing the impact of altering T cell epitope content
alone (42), we chose three concentrations of T cell epitopes
at different orders of magnitude and B cell epitopes over a
linear range. All nanofibers were formed using a total peptide
concentration of 2mM, using unmodified Q11 peptide as
a base material (Figure 4A). Based on previously published
data comparing anti-cytokine responses at different T cell
epitope ratios (38), we used JMP14 to select a sample size
of 7 mice per group to provide an estimated 80% power for
this experiment.

Analysis of these results by two-way ANOVA indicated
that the B cell epitope content in nanofibers had a significant
main effect influencing antibody titer (p = 0.0242) within the
range tested. The T cell epitope content (p = 0.4305) and the
interaction parameter (p = 0.1940). having a non-significant
effect (Figure 4B). Antibody titer is a combined metric which
is dependent on both antibody concentration in the serum and
antibody avidity for the target. To better assess the antibody
avidity, a urea assay was used on serum from the same 35 mice.
Interestingly, avidity exhibited distinct differences compared
with the response shown for antibody titers, with no significant
main effect of either epitope density (B cell: p= 0.9808 and T cell:
p = 0.9188) but a strongly significant effect for the interaction
parameter (p = 0.0054) (Figure 4C). This suggested that neither

the T cell nor B cell epitope alone were responsible for the
changes in avidity noticed here, but rather the ratio of the T and
B cell epitope density.

The predictive value of the model generated was tested
by evaluating a new formulation not included in the original
experimental design. A group of 5 mice was immunized with
nanofibers containing a previously untested epitope ratio (shown
schematically as an orange circle in Figure 4B, titer data shown
in Figure 4E), and antibody titers were compared to the value
predicted by the factorial design. The mean titer measured in
this experiment closely matched the predicted antibody titer at
week 7, supporting the validity of this model to predict responses
not included in the original design. Fortuitously, the center
of the design was selected as the formulation to advance into
further studies with adjuvants and in a mouse model of psoriasis.
All further experiments were conducted with this optimized
nanofiber immunization formulation.

Adjuvants Enhanced Antibody Responses
and Influenced Antibody Subclass
Although it is not yet clear what titers of anti-IL-17 antibodies
will be most protective in the context of various inflammatory
conditions, the antibody titers measured in the study thus
far against optimized IL17.1-containing nanofibers were
considered to be only moderate. To investigate the extent to
which antibody titers could be augmented, we investigated
formulations containing the adjuvants CpG (ODN 1826) or
alum (Alhydrogel, Invivogen). Both adjuvants were able to
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FIGURE 2 | B cell epitope screening in mice. (A) IL-17.1-Q11 and IL17.2-Q11 peptides were co-assembled into nanofibers with Q11 and PADRE-Q11 and injected

subcutaneously without adjuvant at weeks 0, 2.5, and 5. Antibody titers were measured at weeks 2, 4, and 7. Mice immunized with IL17.1 raised significantly higher

antibody titers against both immunizing peptide (B) and IL17A protein (C) compared to mice immunized with IL17.2. Analysis of the antibody isotype raised by IL17.1

demonstrated a bias toward IgG1 (D). Statistical comparisons were conducted by Student’s t-test (n = 5), *p < 0.05. Data are presented as mean ± SD.

significantly increase (p < 0.001) the anti-IL17.1 IgG titer
compared to the unadjuvanted formulation, but the two
adjuvants also had distinct effects on IgG antibody subclasses
elicited (Figure 5, Figure S6). Alum produced stronger total
IgG and IgG1 responses but did not influence IgG2b, whereas
CpG produced stronger IgG2b responses. These results were
expected, as they corresponded with previous observations that
alum-based adjuvants tend to skew the immune response toward
an IgG1-dominated Th2 phenotype, while CpG skews toward an
increased IgG2b phenotype associated with Th1 responses (55).
These differences in IgG antibody subclass have been shown
previously to influence cellular engagement with antibody-bound
antigens. For example, mouse IgG1 interacts with activating
receptor FcγRIII and inhibiting receptor FcγRIIB, which are
found on all myeloid cells, while mouse IgG2b additionally
binds the activating receptors FcγRI on monocyte-derived
dendritic cells and FcγRIV on Ly6clo monocytes, macrophages,
and neutrophils (56). While beneficial for the clearance of viral
infections, the additional cellular recruitment and activation
from IgG2b has not been thoroughly investigated for its role in
anti-cytokine immunizations to our knowledge.

Reduction of Epidermal Thickening in a
Model of Psoriasis
Mice immunized with variously adjuvanted nanofibers were
then studied with a model of psoriasis in which the application
of imiquimod leads to epidermal thickening (Figure 6A)
mimicking plaque psoriasis in humans in addition to the
increase of IL-17 and other inflammatory cytokines. Epidermal
thickness, which correlates with the expression of these
cytokines, was chosen for the sole metric of outcome. In
this model, mice that had been previously immunized
with unadjuvanted nanofibers showed an improvement
compared to unvaccinated controls, exhibiting reduced
epidermal thickening (Figures 6B,D, p = 0.0315). An even
greater therapeutic effect was observed for alum-adjuvanted
nanofibers, which significantly reduced epidermal thickening
compared to unvaccinated (p < 0.0001), CpG-adjuvanted
(p < 0.0001), and unadjuvanted (p = 0.0109) nanofiber
formulations (Figures 6E,G). Strikingly, despite elevated IgG1
and total IgG titers compared to unadjuvanted controls,
CpG-adjuvanted nanofibers exhibited the highest average
epidermal thickness among all groups tested (Figures 6C,G),
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FIGURE 3 | Long-term immunization with IL-17.1 maintained immune memory without an autologous anti-IL17.1 T-cell response. (A) Mice were maintained for 1 year

after the final immunization before blood collection and a subsequent boost, with the exception of one mouse that died of unrelated causes at 50 weeks. Final sera

were collected at week 58 and mice were sacrificed for analysis of T cell response by ELISpot. (B) Anti-IL17.1 responses had declined by 1 year but rebounded after

being recalled (unrelated antigen (OVA) responses included as a negative control). The difference was measurable although not statistically significantly different (ns, p

= 0.1411) (C) Splenocytes were left unstimulated or stimulated with IL17.1 peptide, PADRE peptide, or Concanavalin A and demonstrated a significant IL-4 response

against PADRE but no significant response against IL17.1. (D) Neither IL17.1 nor PADRE elicited a significant IFN-γ response. n = 4, statistical differences for antibody

responses were calculated by paired t-test, while statistical differences for the ELISpot assay were calculated by one-way ANOVA and Tukey’s test for multiple

comparisons. **p < 0.01, ***p < 0.001. Data are presented as Mean ± SD.

suggesting an exacerbation of psoriatic symptoms compared
to unimmunized or immunized groups, although comparisons
to unimmunized mice did not reach statistical significance.
All imiquimod treated groups exhibited increased epidermal
thickening compared to control mice that were not administered
imiquimod (Figure 6F). A commercially available IL17
mAb was then compared to these samples in age-matched
mice, with no significant differences observed between
nanofiber immunization and anti-IL17 mAb treatment
(Figure S8).

While the role of antibody subclass has been investigated
thoroughly in the context of infectious disease, comparatively
little work has been done to clarify the effects of subclass in
anti-cytokine immunization. To further analyze the relationship

between epidermal thickening and antibody subclass in this
model, the absorbance of IgG2b at a dilution of 1:100 and
IgG1 at a dilution of 1:1000 was compared. For unadjuvanted
vs. alum-adjuvanted responses, where IgG2b titer was constant,
IgG1 absorbance negatively correlated with epidermal thickening
(Figure 7A, R2 = 0.50, p < 0.01). That is, increased IgG1 was
associated with reduction in the severity of psoriasis symptoms.
In contrast, for alum- and CpG-adjuvanted groups where IgG1
titer was constant, IgG2b absorbance positively correlated with
epidermal thickening (Figure 7B, R2 = 0.76, p < 0.01). That is,
IgG2b was associated with a poorer ability to reduce psoriasis
symptoms and potentially an exacerbation of symptoms. Plotting
this data as a heatmap of epidermal thickening, the optimal
condition of low IgG2b and high IgG1 response becomes

Frontiers in Immunology | www.frontiersin.org 7 August 2020 | Volume 11 | Article 1855

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shores et al. Supramolecular Peptide Vaccine Against IL-17

FIGURE 4 | Multifactorial optimization of nanofibers containing IL17.1 B-cell epitopes and PADRE T-cell epitopes. Design of Experiments (DoE) methodology (A,D)

was employed to investigate how T-cell epitope and B-cell epitope content influenced anti-IL17 titers (B) and avidity (C). A 2 × 2 multifactorial design with a center

point was utilized, using nanofibers with stoichiometrically controlled amounts of B- and T-cell epitope indicated (n = 7). To test the predictive power of the DoE, a

formulation not specifically tested in the original design was tested subsequently (Formulation shown by the orange dot in B). (E) Average titers generated by this

formulation corresponded closely with the DoE prediction (n = 5, individual mice shown, with mean ± SD indicated).

FIGURE 5 | Adjuvants impact antibody titer and alter IgG subclass. To

enhance antibody titers, optimized nanofibers containing IL17.1 B cell

epitopes and PADRE T cell epitopes were administered along with the

adjuvants shown. CpG (n = 5) and alum (n = 5) enhanced total IgG and IgG1

anti-IL17.1 IgG titers compared to unadjuvanted controls (n = 10), but only

CpG adjuvant significantly enhanced anti-IL17.1 IgG2b titers, indicating a

more Th1-like phenotype. Data shown represent two separate experiments:

Experiment 1: CpG n = 5 and unadjuvanted n = 5, Experiment 2: Alum n = 5

and unadjuvanted n = 5. ***p < 0.001 by one-way ANOVA and Tukey’s test

for multiple comparisons. Data are presented as means ± SD, with individual

mice indicated.

clearly visible (Figure 7C). Of course, these data are correlative
at present and are shown to suggest future mechanistic
and immunologically controlled experiments clarifying causal

relationships between IgG subclass and therapeutic efficacy of
anti-cytokine vaccines.

DISCUSSION

Peptide nanofiber immunization against autologous targets offers
a means to control both the magnitude and phenotype of
therapeutic antibody responses for the long-term treatment
of inflammatory diseases. While antibody responses have
primarily been controlled by changing innate cell signaling,
we demonstrate here how B- and T-cell epitope content can
influence responses in a supramolecular peptide-based vaccine,
utilizing DoE methodologies to demonstrate how both titer and
avidity can be influenced by these inputs. We then demonstrate
how phenotypes of the immune response can have a significant
impact on the course of imiquimod-induced psoriasis. These
results demonstrate how a peptide-based approach can allow
for highly specific targeting of cytokines—both capitalizing on
the strengths and buttressing the weaknesses of monoclonal
antibody-based therapeutics.

Peptide immunization for anti-cytokine vaccination offers
an opportunity to increase specificity of antibody responses,
avoiding off-target effects which have hindered other anti-
cytokine efforts such as non-neutralizing immunodominant
epitopes and unwanted reactions against epitopes shared
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FIGURE 6 | IL17.1 nanofiber immunizations diminished imiquimod-induced psoriasis. Mice were immunized prophylactically at 8 weeks of age and boosted 2.5

weeks afterwards. Five weeks after primary immunization, imiquimod (IMQ) was applied daily for 5 days, and tissues were harvested on the sixth day (A). Groups

included unvaccinated mice (B), mice vaccinated with CpG-adjuvanted nanofibers (C), unadjuvanted nanofibers (D), and alum-adjuvanted nanofibers (E), plus mice

that were neither vaccinated nor administered imiquimod (F). Epidermal thickness was compared at 8 locations over two sections from each animal (G). Statistical

significance was measured by one-way ANOVA and Tukey’s Multiple Comparisons post-hoc analysis. *p < 0.05, ***p < 0.001. Data are presented as means ± SD.

Data shown represent two separately conducted experiments: Experiment 1: unvaccinated + IMQ n = 5, CpG-adjuvanted nanofibers n = 5, unadjuvanted nanofibers

n = 5, unvaccinated without IMQ n = 5; Experiment 2: unvaccinated + IMQ n = 5, alum-adjuvanted nanofibers n = 5, unadjuvanted nanofibers n = 5. See Figure S7

for statistical justification for combining these experiments in the analysis shown in (G).

FIGURE 7 | Correlations between antibody titer, subclass, and psoriasis severity. Increased IgG1 correlates with improved psoriasis (decreased epidermal thickness)

(A), while increased IgG2b correlates with exacerbated psoriasis (increased epidermal thickness) (B). A heatmap of epidermal thickness illustrates a target region

(green) for reduced epidermal thickening (C). Analysis was carried out by simple linear regression. Data shown represent a combination of two separately conducted

experiments: Experiment 1: CpG n = 5 and unadjuvanted n = 5; Experiment 2: alum n = 5 and unadjuvanted n = 5.

between cytokines (6). However, the reduced immunogenicity
of peptides has historically posed a challenge (57). Soluble
peptides rarely elicit high-titer, long-lasting antibody responses
without adjuvants, but biomaterials such as supramolecular
nanofibers can be employed to produce long-lived, high-titer
responses from these otherwise non-immunogenic peptides, in
many cases without adjuvants (37, 40, 58–60). These nanofiber
materials have also been demonstrated to be stable, maintaining
immunogenicity in vitro under prolonged conditions which
otherwise cause loss of immunogenicity for complex folded
proteins (61). Nanofiber vaccine responses can be controlled

by B-cell and T-cell epitope content, representing a modulation
of adaptive immune signals as opposed to the more common
approach of modulating antigen presenting cell signaling to
change co-stimulation and cytokine production (62–65). Further,
biomaterials with high modularity, such as supramolecular
assemblies, are particularly amenable to engineering strategies
such as Design of Experiments methodologies. These statistical
constructs can be employed for optimization and can also
provide insight into interactions between factors in a way that
is more informative than simple presence/absence or one-factor-
at-a-time experiments.
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In addition to advantages offered by the modularity of Q11
with respect to changing epitope content, these materials can also
be formulated with adjuvants to further shape the phenotypes
of antibody responses (59). By themselves, Q11-based vaccines
have been shown repeatedly to not induce pro-inflammatory
cytokines, representing a relative “blank slate” that can be
combined with additional adjuvants or immune modulators to
further shape or augment responses (41, 58). In contrast to
both Th1 and Th2 focused adjuvants that induce inflammation,
Q11 nanofibers induce minimal inflammatory responses while
still producing B-cell and T-cell responses (58), suggesting
minimal direct interaction with TLRs or the adsorption of
cytokines or other innate immune proteins that could trigger
the inflammatory response. This suggests that Q11 adjuvanticity
is independent of classical adjuvanting pathways which rely on
inflammation for cellular recruitment, which may be one reason
why antibody class switching was found here to be primarily
driven by additional exogenous adjuvants and not by variations
in the Q11 platform itself.

Although many anti-cytokine vaccines report total antibody
titer for IgG, no publications to our knowledge report
antibody subclass and isotype in the context of anti-cytokine
immunization. This is in contrast to fields where vaccines
are used to treat infectious disease. In these contexts, it is
well-acknowledged that antibody subclass plays an active role
in controlling viral infections (66–68). One posited role for this
effect is the engagement of additional activating Fc Receptors
in myeloid cell populations (56). In autoimmune conditions,
where myeloid cell recruitment and complement activation
are known to influence disease progression (69, 70), the same
importance of antibody subclass is being actively explored with
mAbs (71) but has yet to be shown in vivo with an anti-cytokine
vaccination. Specifically for imiquimod-induced psoriasis,
epidermal thickening via keratinocyte hyperproliferation is
linked to both MyD88-dependent and MyD88-independent
mechanisms and the recruitment of various myeloid populations
(72). IgG2b, observed in the CpG vaccinated population, but not
significantly in other adjuvanted conditions, also facilitates the
recruitment of myeloid populations shown to be essential for
IMQ psoriasis pathology (56).

Further, this study does not analyze the systemic effects of
adjuvants such as CpG. CpG (ODN 1826) which acts as a
TLR9 agonist (73), recruits many of the same cytokines that
are essential for the IMQ-induced pathology (74). At sufficiently
high doses systemic effects have been observed for as long as 8
days after administration (73, 75). Though this is significantly
shorter than the 2.5 weeks between the final boost and beginning
of IMQ application in this study it does not rule out at least
some contribution of CpG systemic inflammation to the results
reported here. Although the precise mechanism remains to be
fully clarified, the replication of reduced therapeutic outcomes
with CpG administration in both this and prior anti-cytokine
therapies targeting TNF (38) suggests an important role for
immune phenotype in the development of autologous antibody
responses that will require further studies.

Additionally, the correlative nature of these conclusions
highlights the limitations of our analysis of the IMQ-induced

psoriasis model, which uses only epidermal thickening as
the main metric for disease and does not examine different
signaling pathways which may be responsible for the observed
effects. The development and analysis of in vitro assays which
are sensitive to both the specificity of induced-polyclonal
antibodies for IL-17 protein in aqueous state and can account
for effects induced by different Fc-receptor interactions will
be necessary to characterize the mechanistic reason for the
observed reductions in epidermal thickness. Assays not based
on surface-bound antigen, which are subject to antigen
denaturation or epitope occlusion, would also be able to
more clearly measure the neutralizing characteristics of the
antibodies raised against IL-17. Further investigation will also
be required to determine if this is a phenomenon that is
specific to the inhibition of inflammatory cytokines, or if the
targeting of any endogenous protein will result in increased
inflammation or pathology when the auto-antibody response has
an IgG2b phenotype.

While tuning an anti-IL17 therapeutic in rodents has clear
translational value in psoriasis, the role of this cytokine in
other human disease appears to be less straightforward. Anti-
IL-17 mAbs have not had the same success in rheumatoid
arthritis, multiple sclerosis, or ankylosing spondylitis as has
been seen in rodent models (3, 76, 77). While IL-17-dependent
pathologies are seen in primary non-responders to other
treatments such as anti-TNF therapy for rheumatoid arthritis
(78), more commonly it is found that IL-17 synergistically
promotes inflammation in several inflammatory diseases rather
than acting as the primary driver of inflammation. This
suggests that for future translation, a combination therapy
or anti-cytokine immunization targeting multiple cytokines
using a modular vaccine platform may provide an area of
future exploration.

CONCLUSION

We show here that peptide self-assemblies displaying B-cell
epitopes from IL-17A and exogenous T-cell epitopes can raise IL-
17A-specific antibodies and diminish symptoms of imiquimod-
induced psoriasis in mice. The modularity of the system enabled
a Design-of-Experiments approach where the influence of T-cell
and B-cell epitope content on antibody titer and avidity could
be investigated. Unadjuvanted nanofibers and those adjuvanted
with alum had therapeutic efficacy in a mouse model of
psoriasis, whereas formulations adjuvanted with CpG showed the
opposite effect. Therapeutic efficacy was correlated with IgG1
but inversely correlated with IgG2b, illustrating the importance
of tuning immune phenotype in active immunotherapies against
cytokine targets.
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