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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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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
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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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