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Biomaterials are receiving increased attention as vaccine adjuvants owing to their chemical
and compositional definition and their ability to stimulate immune responses against a
variety of co-delivered antigens.[1-¢] Supramolecular self-assembly can be a useful route for
producing such materials-based adjuvants,[t: 2491 put it has been largely restricted to the
incorporation of short peptide epitopes rather than larger protein immunogens.[L: 48 In this
report, we developed nanofibers displaying properly folded, biologically active protein
antigens. Peptides bearing p-nitrophenyl phosphonate (pNP) ligands were self-assembled
into nanofibers and subsequently reacted with cutinase fusion proteins via a covalent active
site-directed capture approach to afford protein-laden nanofibers. These nanofibers could be
formulated to present precisely controlled amounts of protein antigen and acted as self-
adjuvanting vaccines in mice. Cutinase-pNP reactions were site-selective, allowing antigens
to be conjugated without disrupting their tertiary structures, making the approach broadly
useful for developing protein-bearing supramolecular materials in a range of applications
including immunotherapies.

Adjuvants and delivery platforms that present properly folded protein antigens are important
in the development of vaccines because they allow for broad immunogenicity in outbred
populations compared with peptide vaccines, and because they can include conformational
epitopes.[1%] Supramolecular assemblies are gaining interest in this regard, because they can
be functionalized with a high density of antigens, in some cases without perturbing antigen
conformation or self-assembly of the material. For example, supramolecular nanoparticle
vaccines have been designed to contain both folded protein antigens and peptide antigens
that mimic native epitope conformations.[”: 8 11-131 B_sheet-rich nanofibers of peptides and
peptide amphiphiles can also act as self-adjuvanting vaccines,[1: 4 6] and they have an
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additional advantage of being highly modular, allowing the incorporation of multiple
different molecular components with negligible compositional drift.[14.15] However,
although a few instances of protein-bearing -sheet-rich nanofibers have been reported
previously,[16-18] vaccine platforms developed from these materials have employed only
peptide antigens to date, which lack any intentionally designed conformation.

We developed a general approach to produce supramolecular assemblies containing properly
folded proteins using green fluorescent protein (GFP) as a model antigen, and we
characterized the materials’ ability to raise immune responses in mice. Proteins were
attached to peptide nanofibers using the chemoselective reaction of cutinase fusion proteins
with nanofiber-bound “suicide” pNP ligands (Figure 1a—b), an approach that has been used
previously to conjugate proteins to solid surfaces,[*9: 201 but not to construct soft materials.
First, we synthesized pNP-Q11, a variant of the -sheet fibrillizing peptide
QQKFQFQFEQQ (Q11)[15.21.22] having a pNP ligand on its N-terminus, by reacting
cysteine-terminated Q11 with maleimido-penta(ethylene glycol)-ethyl-p-nitrophenyl
phosphonate, which we also synthesized (Figure 1a, detailed methods in Supplemental
Information). In parallel we designed and expressed in £. colia fusion protein containing
cutinase and green fluorescent protein domains separated by a flexible linker of glycine and
serine residues (cut-GFP). In phosphate-buffered saline, pNP-Q11 self-assembled into
individual nanofibers and bundles of nanofibers whose morphologies were similar to
previously investigated Q11 materials (Figure 1c).[21. 22] The peptides maintained this
fibrillar morphology following reaction with cutinase fusion proteins (Figure 1d), which
indicated that the presence of a relatively large appended protein did not perturb Q11
fibrillization.

One of the advantages of supramolecular systems is that the relative amounts of different
functional components in the final material can often be controlled simply by mixing
specific combinations of precursor molecules and inducing self-assembly.[23-25] The
phosphonate-cutinase system also lent itself to this modularity, as the amount of antigen
coupled to the peptide nanofibers could be controlled by specifying the amount of pNP-Q11
co-assembled with non-functionalized Q11 (Figure 2). Protein conjugation was assessed
both directly by measuring GFP fluorescence on sedimented nanofibers, and indirectly using
a colorimetric assay for residual unreacted cutinase following conjugation.[26] GFP
fluorescence additionally served as an indication of proper protein folding. Self-assembled
Q11 peptide nanofibers bearing increasing amounts of co-assembled pNP-Q11 bound
predictably increasing amounts of cut-GFP, whether measured by the fluorescence of bound
GFP (Figure 2a) or by residual cutinase activity (Figure 2b, ¢). Q11 fibrils lacking pNP
bound negligible amounts of cut-GFP non-specifically, whereas pNP-bearing fibrils
incubated with a molar equivalent of cut-GFP bound the protein with about 80% efficiency
(Figure 2a). A 3-fold molar excess of cut-GFP led to nearly complete reaction of the pNP
ligand (not shown). In this way, the amount of protein displayed on the fibrils could be
controlled with precision in a simple, straightforward manner, by dosing pNP-Q11 into Q11
nanofibers and reacting them with a slight molar excess of cut-GFP. Importantly, the pNP-
cutinase conjugation proceeded to the same extent whether cut-GFP was added to freshly
dissolved pNP-Q11 or to peptide that had been allowed to assemble into more mature
peptide fibrils over the course of 24 h (Figure 2a), indicating that the assembly process did
not adversely affect the availability of the ligand. The precision of the reaction was also
reflected in the amount of active cut-GFP that remained after conjugation. Nanofibers
bearing increasing amounts of pNP-Q11 were added to cutinase solutions and incubated
overnight, after which the cutinase activity was measured using p-nitrophenyl butyrate
(pPNB) at a concentration below the Km for cutinase-pNB (Supplemental Figure S4).[26] The
progress of these reactions showed diminishing initial velocities (14) with increasing pNP
content on the nanofibers, indicating progressively diminishing amounts of active residual
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cutinase (Figure 2b), presumably because the balance was conjugated to the nanofibers. By
calculating the ratio of vy values for the various pNP-containing samples to those containing
only Q11, it was observed that almost all of the available pNP ligands were reacted when
there was a molar excess of cut-GFP (Figure 2¢). When there were equimolar concentrations
of the ligand and protein (5 uM of both), about 80% of the ligands were bound with protein.
This observed decrease in reaction efficiency at a high pNP-Q11 concentration suggested
that we may be approaching the steric limit for GFP conjugation onto Q11 nanofibers,
despite a pNP:Q11 ratio of 1:200 within these materials. These results corresponded closely
with the direct measures of GFP fluorescence discussed above and in Figure 2a, illustrating
that the conjugation reaction likely proceeded through the predicted mechanism, that the
GFP domain retained its proper folding, and that collectively the strategy provided
predictable control over protein loading on the peptide fibrils.

In mice, Q11 nanofibers bearing cut-GFP (Q11-cut-GFP) acted as self-adjuvanting vaccines,
eliciting robust and durable anti-GFP antibody responses following subcutaneous delivery.
C57BL/6 mice immunized with 9.3 pg cut-GFP conjugated to Q11 fibrils or emulsified in
CFA raised significant anti-cut-GFP antibodies over 16 weeks, without boosting (Figure 3a).
On the other hand, mice immunized with the same amount of cut-GFP in PBS did not raise
detectable anti-cut-GFP antibodies, and an intermediate reaction was observed for mice
immunized with the same amount of cut-GFP mixed with but not conjugated to Q11 fibers.
One possible explanation for the weak anti-GFP responses following immunization with
Q11 + cut-GFP could be the presence of a short-lived depot of co-localized protein and
nanofibers in the subcutaneous space that can elicit immune responses against the delivered
antigen due to the adjuvant properties of the nanofibers. Reducing the dose to 1.86 pg Q11-
cut-GFP also resulted in similar antibody titers, and these titers were strongly boostable with
a second dose of half this protein amount. Conversely, 1.86 pg of soluble cut-GFP mixed
with Q11 fibers failed to raise a detectable primary response at all (Figure 3b) and were
accordingly not boosted. The antibodies raised against Q11-cut-GFP or cut-GFP in CFA
were reactive towards both the cutinase and GFP domains, whereas antibodies raised against
soluble cut-GFP mixed with Q11 fibers were more reactive towards the cutinase domain
(Figure 3c and Supplemental Figure S5) illustrating that peptide nanofiber conjugation not
only increased the overall immunogenicity of the protein but also promoted the
immunogenicity of the model antigen (GFP) relative to the cutinase domain.

Primary responses to Q11-cut-GFP were skewed towards TH2-type responses, indicated by
the predominance of GFP-reactive 1gG1 in sera as early as two weeks following
immunization, and an increasing predominance of IgG1 at five weeks (Figure 3d). In
contrast, cut-GFP emulsified in CFA elicited a broader spectrum of GFP-reactive
immunoglobulin (lg) isotypes, which became particularly apparent by week 5 (Figure 3e).
Unconjugated cut-GFP mixed with Q11 fibers lacked a discernible anti-GFP isotype profile
(Figure 3e), which was consistent with the previous observation that much of the antibody
response was directed towards the cutinase domain, not the GFP domain, for this
formulation.

Given the bacterial source of cut-GFP, we undertook methods to greatly minimize the
endotoxin content in the nanofiber-adjuvanted materials, and we used endotoxin-insensitive
mice to rule out any role for endotoxin in the materials’ efficacy. During purification of
cutinase fusion proteins, endotoxin was removed using Triton X-114 cloud-point
precipitation (see methods),[2] ultimately producing materials for which the endotoxin
content was measured to be below 1 EU/mL immediately preceding immunizations. This
endotoxin level is consistent with guidelines for the preclinical testing of protein
therapeutics.[28] The Ty2-type skewing of immune responses raised by Q11-cut-GFP
(Figure 3d) also suggested that any residual endotoxin was not unduly influencing responses
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to nanofiber-conjugated proteins, as any Toll-like receptor-4 (TLR-4) activation would be
expected to skew the immune response towards a Tp1-type response.[2] To further rule out
the role of any residual endotoxin, we immunized C3H/HeJ mice with Q11-cut-GFP or
soluble cut-GFP mixed with Q11. This strain has a mutation in the locus of the Toll-like
receptor-4 (TLR-4) gene that renders them non-responsive to endotoxin.[39] High anti-cut-
GFP titers were observed in C3H/HeJ mice following immunization with 9.3 pg Q11-cut-
GFP (Figure 3f), which were comparable to serum titers from C57BL/6 mice immunized
with the same dose (Figure 3a). Like the responses raised in C57BL/6, antibodies raised
against Q11-cut-GFP in C3H/HeJ mice were skewed towards 1gG1 (Figure 3g). In addition
to being a measure for endotoxin insensitivity, the study in C3H/H3J mice also
demonstrated that Q11-cut-GFP was immunogenic in strains with different haplotypes
(C57BL/6 mice are H-20; C3H/HeJ mice are H-2X). This result emphasizes one of the key
advantages of protein-displaying nanofibers over previously developed peptide-displaying
nanofibers, as full proteins contain a greater diversity of possible epitopes and are more
likely to be reactive in a broad, outbred population containing multiple haplotypes.

In summary, we have demonstrated that Q11 nanofibers presenting pNP ligands can
covalently capture a cutinase fusion protein without disrupting fibrillization. The amount of
cutinase fusion conjugated onto these assemblies can be precisely controlled by varying the
concentration of pNP-Q11 co-assembled within the material. We have previously
demonstrated that precisely controlling the concentration of peptide ligands incorporated
into Q11 assemblies can enable the use of statistical methods to optimize the biological
responses elicited by these materials.[24] Importantly, cutinase-pNP capture may allow these
approaches to be extended to protein-functionalized non-covalent assemblies. In addition,
co-assembly of pNP-Q11 and Q11 variants terminated with ligands that selectively capture
other enzymes (e.g. SNAP-tagl31]) may enable the future development of materials
functionalized with multiple different protein ligands, in which the stoichiometry of proteins
within the material could be precisely controlled and optimized. Q11 fibers bearing GFP
elicited robust anti-GFP antibodies, which demonstrated that supramolecular assemblies can
act as self-adjuvanting vaccines for whole-protein antigens. Eliciting anti-GFP antibodies
following immunization with Q11-cut-GFP did not depend on endotoxin-mediated
activation of TLR-4, which suggested that the adjuvanticity arises from the supramolecular
assembly itself, analogous to supramolecular assemblies bearing peptide antigens.[®]
Additionally, although it is conceivable that protein antigens could be more susceptible to
proteolysis compared with previously studied peptide antigens, this possibility does not
seem to have precluded the ability of the protein-bearing materials to also raise strong
antibody responses. Q11 nanofibers carrying GFP strongly skewed anti-GFP humoral
immune responses to a Ty2-type, which is similar to alum adjuvants in current clinical
use.[32] These observations suggest that using Q11-based materials as an adjuvant for whole-
protein antigens may be advantageous in the development of anti-bacterial or extracellular
antigen vaccines, which benefit from enhanced antibody and T2-type responses to elicit
protection. Notably, these responses were achieved without addition of any
immunomodulatory agents, such as cytokines or TLR ligands. However, in light of the
modular nature of non-covalent assemblies, it may also be possible to engineer Q11 variants
with TLR agonists or pathogen-associated molecular patterns that can be co-assembled with
phos-Q11 to develop materials that elicit mixed THy1/TH2, THO0, or Ty1-type adaptive
immune responses. In total, cutinase-pNP capture is likely to enable the design of non-
covalent assemblies with defined and tunable protein ligand composition for diverse
biomedical and biotechnological applications, including self-adjuvanting prophylactic
vaccines against clinically relevant pathogens, as well as therapeutic vaccines for cancer or
autoimmune disorders.
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Experimental

Peptides and proteins

The peptides Q11 (QQKFQFQFEQQ) and Cys-SGSG-Q11 were synthesized using standard
Fmoc solid-phase peptide synthesis, as previously reported [21, 22]. pNP-Q11 was produced
by first synthesizing ethyl (4-nitrophenyl) (17-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)-3,6,9,12,15-pentaoxaheptadecyl) phosphonate, and then conjugating it to Cys-SGSG-
Q11 (see Supporting Information for synthesis details) [expected m/z [M+Na]* = 2515.04;
observed m/z [M+Na]* = 2515.3]. Cut-GFP was expressed in E. coli using previously
reported methods for cutinase fusion proteins (See Supporting Information for expression
details and sequences) [19]. Endotoxin was removed using an established protocol [27] by
adding Triton X-114 to proteins at a 1:10 (v/v) ratio at 4 °C, maintaining them on ice for 20
min, and then heating them to 37°C for 10 min. Endotoxin-loaded Triton X-114 micelles
were then removed by centrifugation at 5000xg, and the process was repeated twice.
Endotoxin levels in all final immunization formulations were below 1 EU/mL, measured
immediately prior to injection using the limulus amoebocyte lysate chromogenic end-point
assay (Lonza).

Preparation and characterization of supramolecular assemblies

Stock solutions of Q11 and pNP-Q11 (10 m and 1 mM, respectively) were prepared in
deionized water. Aqueous peptides were mixed to give the desired molar ratio, vortexed and
sonicated. For experiments characterizing cut-GFP conjugation onto nanofibers, aqueous
peptides were diluted 10-fold in phosphate buffered saline (PBS) containing cut-GFP (final
[cut-GFP] = 4.5 or 5 uM, as indicated in Figure 2), and incubated overnight at room
temperature. For immunization experiments, aqueous solutions containing Q11 and pNP-
Q11 (9.9 mM and 0.1 mM, respectively) were diluted 10-fold in PBS containing cut-GFP (5
pM), and incubated overnight at 4 °C. Protein conjugation efficiency was not significantly
influenced by incubation temperature. For all experiments, buffered solutions containing
protein and peptides were incubated on a Barnstead/Thermolyne LabQuake rotator to ensure
even mixing. Protein-bearing nanofibers were collected and unreacted protein was removed
by three rounds of sedimentation at 12000xg and resuspension in PBS. TEM was conducted
as previously reported [21, 22], and nanofiber-conjugated protein was measured via GFP
fluorescence (395 nm excitation, 503 nm emission, [GFP] calculated from standard curves
of un-conjugated cut-GFP). Residual cutinase activity was measured as previously
described, using p-nitrophenyl butyrate as a substrate [19, 26]. For immunization
experiments, nanofibers bearing cut-GFP were diluted 2-fold or 10-fold in sterile PBS to
achieve the desired antigen dose (9.3 ug or 1.86 pg, as indicated in Figure 3). Additional
detailed methods for preparation and characterization of nanofibers are provided in the
Supplemental Information.

Immunizations and ELISA

Immunizations were prepared containing Q11-cut-GFP in PBS, soluble cut-GFP, soluble
cut-GFP mixed with Q11 fibers, or cut-GFP emulsified 1:1 in complete Freund’s adjuvant.
Female C57BL/6 mice (6-8 weeks old, Taconic Farms, IN) or female C3H/HeJ mice (8-10
weeks old, Jackson Labs, ME) were each given two 50 pL subcutaneous injections near the
shoulder blades, together containing the amounts of cut-GFP and Q11 indicated in the text
for each experiment, similar to previously reported methods [6]. Some groups received
booster immunizations of one half the primary dose at week 16. Blood was collected weekly
via the submandibular vein. Serum antibody titers were measured as previously reported,
using ELISA [6]. Detailed ELISA methods are provided in the Supplemental Information.
For lg isotyping, serum diluted 1:103 was applied, followed by goat anti-mouse 1gG1,
1gG2a/2c, 1gG2b, 1gG3, and IgM (Sigma). Institutional guidelines for the care and use of
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laboratory animals were strictly followed under a protocol approved by the University of
Chicago’s Institutional Animal Care and Use Committee.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protein-bearing self-assembled peptide nanofibers

a) pNP-Q11. b) Schematic of the non-covalent assembly of Q11 and pNP-Q11 into
nanofibers, and the subsequent covalent capture of cutinase-GFP by pNP-bearing Q11
nanofibers. c-d) TEM of pNP-Q11 nanofibers before (c) and after (d) conjugation with cut-
GFP.
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Figure 2. Covalent capture of cut-GFP by pNP-bearing Q11 nanofibers

a) Conjugation of cut-GFP to nanofibers bearing different amounts of pNP-Q11, which were
reacted with cut-GFP either immediately upon hydration or after extended assembly in water
for 24 h. Immobilized cut-GFP was measured directly by GFP fluorescence on sedimented
and resuspended nanofibers. Inset: Fluorescent micrograph of fibril aggregates of the
formulation indicated. b) Reaction progress curves illustrating the residual activity of
cutinase after overnight reaction with Q11 nanofibers bearing different amounts of pNP-
Q11, as measured by p-nitrophenyl butyrate hydrolysis. (c) Initial velocities (vp) derived
from (b) were used to calculate the % of active cutinase remaining after conjugation (5 pM
cut-GFP, 0-5 uM pNP-Q11). All data show means * s.d., n=3. pNP amounts are reported as
the concentration of the enantiomerically active species (half of the total pNP racemate).
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Figure 3. Antibody responsesto GFP-bearing peptide nanofibers

a) Primary anti-cut-GFP serum Ig responses following immunization with 9.3 pg cut-GFP
delivered either in PBS, conjugated to 0.5 mM Q11 via 5 uM co-assembled pNP-Q11 (Q11-
cut-GFP), mixed with 0.5 mM Q11 (cut-GFP + Q11), or emulsified in CFA. b) Anti-cut-
GFP serum Ig titers following immunization with 1.86 ug cut-GFP either mixed with 0.1
mM Q11 or conjugated to 0.1 mM Q11 via 1 yM co-assembled pNP-Q11. Arrow represents
a booster of one-half the primary dose delivered to the Q11-cut-GFP group at week 16. c)
Relative reactivity of serum Ig towards GFP or cutinase domains, and (d-e) anti-GFP Ig
isotype profiles from mice shown in (a), at 2 weeks and 5 weeks. f) Primary anti-cut-GFP
serum Ig responses in C3H/HeJ mice following immunization with 9.3 ug cut-GFP
delivered with 0.5 mM Q11 (Q11 + cut-GFP) or conjugated to 0.5 mM Q11 via 5 yM co-
assembled pNP-Q11 (Q11-cut-GFP). g) Isotype profile for C3H/HeJ mice shown in (f), at
week 5. N =5 for all serum Ig titer plots, N = 4 for all reactivity and Ig isotype profile plots.
* p<0.05 (compared to cut-GFP + Q11 group in a, b, ¢, f; compared to Q11-cut-GFP group
(panel d) at the respective time point in €), # p<0.05 (compared to PBS group in A), by
ANOVA with Tukey post-hoc testing.
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