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A B S T R A C T

Induction of antigen-specific immune tolerance has emerged as the next frontier in treating autoimmune dis-
orders, including atherosclerosis and graft-vs-host reactions during transplantation. Nanostructures are
under investigation as a platform for the coordinated delivery of critical components, i.e., the antigen epitope
combined with tolerogenic agents, to the target immune cells and subsequently induce tolerance. In the
present study, the utility of supramolecular peptide nanofibers to induce antigen-specific immune tolerance
was explored. To study the influence of surface charges of the nanofibers towards the extent of the induced
immune response, the flanking charge residues at both ends of the amphipathic fibrillization peptide sequen-
ces were varied. Dexamethasone, an immunosuppressive glucocorticoid drug, and the ovalbumin-derived
OVA323-339 peptide that binds to I-A(d) MHC Class II were covalently linked at either end of the peptide
sequences. It was shown that the functional extensions did not alter the structural integrity of the supramo-
lecular nanofibers. Furthermore, the surface charges of the nanofibers were modulated by the inclusion of
charged residues. Dendritic cell culture assays suggested that nanofiber of less negative z-potential can aug-
ment the antigen-specific tolerogenic response. Our findings illustrate a molecular approach to calibrate the
tolerogenic response induced by peptide nanofibers, which pave the way for better design of future tolero-
genic immunotherapies.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Autoimmune disorders (e.g., atherosclerosis and graft-vs-host
reactions during transplantation) are rising in developed and rapidly
developing countries.1 There is currently no cure for autoimmune
disorders. Standard treatments of autoimmune disorders involve
symptom alleviation through pharmacological intervention. How-
ever, most immunosuppressive interventions are not targeted and
affect the entire body, leading to undesirable systemic immunodefi-
ciency and life-changing side effects. Therefore, to incur higher dis-
ease specificity towards immunosuppression, antigen-specific
immunotolerance has emerged as the next frontier in autoimmune
disorder treatments.2-4

The establishment of antigen-specific immune tolerance requires
1) surface presentation of disease-specific antigen epitopes on anti-
gen-presenting cells (APCs); and 2) modulating APCs toward a tolero-
genic phenotype, which leads to activation of antigen-specific
regulatory T (Treg) cells. Nanoparticles are extensively explored as a
platform for induction of antigen-specific immune tolerance, either
through delivering antigen to APCs present in natural tolerogenic
environments (e.g., liver),5,6 or co-delivery of tolerogenic pharmaco-
logical agents (e.g., dexamethasone) and antigens to the APCs. In par-
ticular, the latter approach can steer the recipient APCs toward a
tolerogenic phenotype, thereby avoiding the "off-target" induction of
proinflammatory responses in the former approach7-9 as well as lim-
iting the side effects of long-term systemic immunosuppression, e.g.,
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cancer promotion.10 However, usage of conventional nanoparticles
still encounters challenges in large-scale production11 and stability
and transport.12,13

Proteinaceous aggregates in the nano and microscale are known
to display enhanced immune activity.14,15 Harnessing this potential,
several groups have engineered these proteinaceous aggregates for
immunomodulatory applications.16-18 In particular, b-sheet rich pep-
tide nanofibers represent promising vaccination agents thanks to
their multivalent functionality,19,20 simple preparation procedure,
and high thermal stability.21,22 Furthermore, to avoid the unlimited
growth of these b-sheet aggregates, the peptide can be molecularly
engineered to regulate the assembly of these nanofibers (e.g., insti-
gating molecular frustration).31 Upon subcutaneous injection, these
peptide nanofibers (<10nm in diameter, >200nm in length) can reach
the site of action (lymphatic system) and elicit potent antigen-spe-
cific immune responses.17,23 Moreover, unlike conventional vaccine
adjuvants (e.g., colloidal alum), peptide nanofibers can induce anti-
gen-specific immune responses without inducing local inflamma-
tion.24 Like other nanoparticle-based vaccines,25 the surface charge
of peptide nanofibers is a pivotal parameter for adjusting their immu-
nogenicity.17 It was shown that reducing the negative charges on the
nanofiber surfaces can augment the dendritic cell (DCs) uptake, lead-
ing to more robust immune responses. However, alteration of the
nanofibers' surface charge alone was insufficient to establish anti-
gen-specific immune tolerance.17 Besides, control over nanofibers'
aspect ratio (diameter and length) is another approach often
employed for modulating the immune response.16,26 Due to the
inherent structural helicity, the width of peptide nanofibers is ener-
getically restrained,27,28 with a diameter generally between 3-
10nm.26,29,30 Regarding control over the length, Collier et al. showed
that, in the range of 200-1800nm, shorter nanofibers could induce a
more robust CD8+ T cell response.26 However, they also showed that
length alteration of the nanofibers does not cause a significant effect
Fig. 1. Summary of peptides in this study and representation of the molecular arrangement
molecular organization of the supramolecular nanofibers. The chemical structure of the m
(hydrophilic, in blue) and leucine residues (hydrophobic residue, in magenta). This structur
and hydrophobic interfaces. Due to the arrangement of the nanofiber in the form of an aniso
face exposed charged residues are marked with + or -.
on CD4+ T cell responses. In this regard, Jiskoot et al. demonstrated
that nanosized aggregates formed by adjuvant-antigen conjugates
can efficiently control the resultant immune response.18 Further-
more, they showed that these adjuvant-antigen aggregates can elicit
more robust responses than the conventional antigen/adjuvant co-
encapsulated nanoparticles. Therefore, it is hypothesized that ligation
of tolerogenic adjuvants to peptide nanofibers presents a new oppor-
tunity in controlling the antigen-specific immune response.

This study investigated the effect of surface charge on the peptide
nanofibers towards eliciting antigen-specific immunotolerance. Mul-
tidomain peptides (MDPs), a well-studied b-sheet forming sequence
(-SLSLSLSLSLSL-) developed by Hartgerink et al., were deployed as
the fibrillization domain.31 Dexamethasone and the model ovalbu-
min (OVA) I-A(d) major histocompatibility complex (MHC) class II
peptide epitope (OVA323-339: ISQAVHAAHAEINEAGR) were flanked
at two ends of the fibrillization domain, spaced with either two posi-
tively charged lysine (K) or negatively charged glutamate (E) residues
(Fig. 1a). The physicochemical properties of the peptide nanofibers'
(morphology, z-potential, secondary structure) were subsequently
characterized. Finally, the immune response elicited by nanofibers
with different physicochemical properties was studied in murine
bone marrow-derived dendritic cells (BMDC).

Materials and Methods

Materials

Pre-loaded Fmoc-Arg(Pbf)-Wang resin, Fmoc-protected amino
acids were purchased from Novabiochem (Darmstadt, Germany).
Oxyma pure was obtained from Manchester Organics (Manchester,
UK). N, N'-Diisopropylcarbodiimide, acetonitrile (MeCN) was
obtained from Biosolve BV (Valkenswaard, the Netherlands). Tri-
fluoroacetic acid, triisopropylsilane, formic acid, ammonium
in nanofibers. a) list of peptides studied in this work. b) Graphical representation of the
ultidomain (MDP) fibrillization domain consists of alternative arrangements of serine
al chemical anisotropy aids the molecular arrangement of nanofibers into hydrophilic
tropic tape, the flanking charge groups are exposed at the nanofiber surface. All the sur-
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bicarbonate, b-mercaptoethanol, and lipopolysaccharide were pur-
chased from Sigma-Aldrich (Zwijndrecht, the Netherlands). Dulbec-
co's phosphate-buffered saline buffer (1£ PBS, 2.7mM KCl, 1.5mM
KH2PO4, 138mM NaCl, 8mM Na2HPO4, pH 7.4), Roswell Park Memo-
rial Institute Medium (RPMI 1640) medium, Iscove's Modified Dul-
becco's Medium (IMDM), and penicillin/streptomycin were
purchased from Lonza (Basel, Switzerland). Granulocyte-macrophage
colony-stimulating factor (GM-CSF) was purchased from PeptroTech
(London, UK). ViaKrome 808 Fixable Viability Dye (Cat# C36628) was
purchased from Beckman Coulter (California, USA). Monoclonal anti-
bodies specific for mouse CD4 (Cat# 11-0042-82), Foxp3 (Cat# 45-
5773-82), and T-bet (Catalog # 17-5825-82) were purchased from
eBioscience (California, USA), while the monoclonal antibodies spe-
cific for CD25 (Cat# 553866) was purchased from BD Bioscience
(New Jersey, US). Fetal calf serum (FCS) was purchased from GE
Healthcare (Little Chalfont, UK).

Synthesis and Preparation of the Supramolecular Peptide Nanofibers

Peptides (Fig. 1a) were synthesized in-house with standard Fmoc
solid-phase chemistry using a Liberty blue peptide synthesizer (CEM
Corporation, Matthews, US). Pre-loaded Fmoc-Arg(Pbf)-Wang resin
was used as the starting material. For each coupling cycle, 5eq Fmoc-
protected amino acids were activated with 5eq of Oxyma pure and N,
N'-Diisopropylcarbodiimide to react with the free N-terminal amino
acids in the resin for 1 minute at 908C. After each coupling step, the
Fmoc group was removed by treatment with 20% piperidine for 1
minute at 908C. Dexamethasone succinate was synthesized as
described before (Fig. 2a)32 and conjugated to the free N-terminal of
the protected peptide on the resin using the same coupling condition
as with other Fmoc-amino acids (Fig. 2b). A cleavage cocktail, tri-
fluoroacetic acid/water/triisopropylsilane (95/2.5/2.5), was used to
simultaneously cleave the peptide off the resin and remove the side
chain protecting groups. Crude products were purified by preparative
reverse-phase HPLC using Reprosil-Pur C18 column (10 mm,
250£ 22 mm) eluted with water-MeCN gradient 5% to 80% MeCN
(0.1% formic acid for K-containing peptides, 10mM ammonium bicar-
bonate for E-containing peptides) in 35 minutes at a flowrate of
15.0ml/min with UV detection at 220 nm. Purity was confirmed to be
>90% by analytical HPLC-MS using Waters XBridge C18 column
(5mm, 4.6£ 150mm) eluted with water-MeCN gradient 5 to 80%
Fig. 2. Chemical synthesis pathway for a) dexamethason
MeCN (0.1% formic acid for K-containing peptides, 10mM ammonium
bicarbonate for E-containing peptides) in 20 minutes at a flow rate
1.0 ml/min and UV detection at 220 nm. MS analysis was performed
using a Bruker microTOF-Q instrument.

The nanofibers were prepared by dissolving peptides in sterile
ultrapure water at a concentration of 8 mM. After overnight incuba-
tion at 48C, the peptide solution was diluted to 2 mM in 1£ PBS
buffer to reach pH value 7.3-7.5, followed by incubation at room tem-
perature for 3 hours.33

Circular Dichroism (CD) & z-potential Measurement

The dispersions of nanofibers (2 mM in 1£ PBS) were diluted to
0.2 mM with 1£ PBS buffer for both CD and z -potential measure-
ment. Far-UV CD spectra were recorded on a double beam DSM 1000
CD spectrometer (Online Instrument Systems, Athens, USA) from 260
to 180 nm in a quartz cuvette with 0.1 cm path length. Three accumu-
lations were averaged for each sample, and the spectra were
expressed in molar ellipticity (103 deg cm2 dmol�1). z-Potential was
measured with a DTS1070 folded capillary cell on a Malvern Zetasizer
Nano-Z (Malvern Instruments, Malvern, UK). Samples were equili-
brated for 3 min at room temperature and measured 3 times, and
results were shown as averaged.

Negative-staining Transmission Electron Microscopy (TEM)

The dispersions of nanofiber (2 mM) were diluted five-fold with
1X PBS buffer. Formvar/carbon-coated 400 mesh copper grids (Poly-
sciences Inc., Warrington, US) were placed on top of a droplet of
20 mL of diluted samples. After 2 min incubation, the grid was
washed three times with 0.2 mm filtered milli-Q water and blotted
dry with filter paper. Negative staining was performed for 1 min with
2% w/v uranyl acetate in water. The staining solution was removed
by blotting with filter paper. Samples were imaged on a Tecnai 20
microscope equipped with a 4K square pixel Eagle CCD camera (FEI,
Eindhoven, The Netherlands).

Mice

Eight weeks old female C57BL/6-Ly5.1 and C57BL/6-Tg(TcraTcrb)
425Cbn/Crl (OTII) mice were purchased from Charles River and kept
under conventional conditions (type 3H filtertop Makrolon cages
e succinate; b) dexamethasone-peptide conjugates.
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(n=10/cage), type 2L filtertop Makrolon cages n=5/cage), respectively,
(12h day/night cycles) at the animal facility. Mice were provided
with tap water and food (SDS) ad libitum. All animal experiments
were performed following the Dutch Animal Experimentation Act.
EU directives 86/609/CEE and 2010/63/EU related to the protection of
vertebrate animals used for experimental and other scientific pur-
poses and were approved by the Committee on Animal Experiments
of the University of Utrecht (DEC2015.II.811.050, 8 march 2016) and
performed in the Central Laboratory Animal Research Facility of the
University of Utrecht (GDL), which has AAALAC (Association for
Assessment and Accreditation of Laboratory Animal Care) accredita-
tion.

BMDCs

Bone marrow cells were isolated from the tibias and femurs of
C57BL/6 mice, and a single-cell suspension was obtained using a
70 mm cell strainer (Greiner Bio-One B.V., Alphen aan den Rijn, the
Netherlands). The bone marrow cells were seeded at 9£ 105 cells
per well in a 6 well-plate and incubated for 7 days in IMDMmedium
supplemented with 2 mM glutamine, 10% FCS, 20 ng/mL GM-CSF,
100 U/mL penicillin/streptomycin, and 50 mM b-mercaptoethanol.
The cells were cultured at 37 ֯C. The medium was refreshed every
other day. On day 7, cells were matured in the presence of 10 ng/mL
lipopolysaccharide and used for the In vitro OVA-specific tolero-
genic assay.

In vitro OVA-specific Tolerogenic Assay

The matured BMDCs were incubated with 10 mM of Dex-MDP-K/
E-OVA, Ac-MDP-K/E-OVA nanofiber, or OVA323 epitope for 2 days.
Afterward, CD4+ T cells were isolated from the spleens of OTII mice
using a CD4+T cell isolation kit (Miltenyi Biotec B.V., Leiden, the Neth-
erlands). The purified CD4+ T cells were added at a density of 1£ 105

cells per well and incubated for 3 days in a complete RPMI 1640
medium supplemented with 2 mM glutamine, 10% FCS, 100U/mL
penicillin/streptomycin, and 50 mM b-mercaptoethanol. The cells
Fig. 3. Identify confirmation of the synthesized peptides. a) HPLC chromatograms of the s
traces of the synthesized peptides
were stained for viability using ViaKrome 808 Fixable Viability Dye.
Cells were further stained with monoclonal antibodies specific for
mouse CD4, CD25, Foxp3, and T-bet. The proportion of Treg
(CD25+Foxp3+) and T-helper 1 (Th-1, T-bet+) cells in the live CD4+ T
cell population was analyzed by flow cytometry using a Gallios flow
cytometer (Beckman Coulter, California, US) and FlowJo 7.6.5 (Fig. S1).

Statistical Analysis

Statistical analysis was performed in GraphPad Prism v.9.1.1 using
one-way ANOVA with Turkey’s multiple comparison test. Data are
presented as average§ standard deviations unless otherwise indi-
cated. Significant statistical difference is annotated as *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Results & Discussion

Molecular Design & Synthesis

To systematically investigate the effect of linker-charged residues
on the formation of supramolecular nanofibers and antigen-specific
tolerance induction, a library of MDPs with either K or E flanking resi-
dues appended to both ends of the fibrillization domain was designed
(Fig. 1a). Via solid-phase chemistry (Fig. 2b), dexamethasone was
conjugated to the N-terminus of the peptides via a biodegradable
succinyl-spacer, which is susceptible to (intracellular) carboxylester-
ase degradation but is otherwise stable under physiological
conditions.32,34,35 The identities of the purified MDPs were confirmed
using HPLC-MS (Fig. 3, Table 1). Since carboxylesterases are ubiqui-
tously expressed in the intracellular compartment36 and whole
blood,37,38 a short succinyl spacer (»11 A

�
extended length, Fig. 1b)

was used to ensure the ester bond was inaccessible to the catalytic
binding site of carboxylesterase in the nanofiber state, thereby pre-
venting premature release of dexamethasone from the nanofiber
before taking up by the APCs.39 Once the APCs take up the nanofibers,
the fibrous structure will be processed through autophagy.40,41 Sub-
sequently, the nanofibers are processed by aminopeptidase and
ynthesized peptides with a UV detection wavelength of 220nm; b) corresponding MS



Table 1
Summary of the Theoretical Mass and the MS Trace Found.

Peptide Theoretical Mass Mass Found

Dex-MDP-K-OVA323 3962.6 Da [M+2H]2+=1982.3, [M+3H]3+=1321.9, [M+4H]4+=991.6, [M+5H] 5+=793.5
Dex-MDP-E-OVA323 3966.4 Da [M+2H]2+=1984.2, [M+3H]3+=1323.1
Ac-MDP-K-OVA323 3530.1 Da [M+3H]3+=1177.7, [M+4H]4+=883.5, [M+5H]5+=707.0, [M+6H]6+=589.4
Ac-MDP-E-OVA323 3533.9 Da [M+2H]2+=1768.0, [M+3H]3+=1179.0
OVA323 1l73.9 Da [M+2H]2+=888.0
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carboxylesterase, leading to antigen epitope processing and dexa-
methasone release to exert its antigen-specific tolerogenic effect.4,10

To evaluate the effect of dexamethasone conjugation, two peptides
composed of N-acetylated MDPs, Ac-MDP-K/E-OVA323 were
included, for functional comparison with Dex-MDP-K/E-OVA323
(Fig. 1a).

Self-assembly & Physicochemical Characterization

The morphology of the peptide aggregates was characterized by
transmission electron microscopy (TEM). TEM images confirm that
peptide nanofibers were formed from all four MDP-containing pepti-
des (»4nm diameter, >500nm long) (Fig. 4a). Even though Dex-MDP-
K-OVA323 has the shortest range of nanofiber lengths among the 4
studied nanofibers (Figure S2), it was shown that these length differ-
ences have a negligible effect on the resultant CD4+ response.26 Next,
the mode of fibrillization of these peptides was investigated. Previous
studies showed that the MDP sequence initiated fibrillization through
the b-sheet formation. Using CD spectrometry, a single negative min-
imum at 220-230 nm and a positive band at 200-205 nm were
observed in the different samples (Fig. 4b), which signifies that the
b-sheet conformation is the predominant secondary structure in the
investigated nanofiber systems.17 Furthermore, amongst these 4
studied nanofibers, Dex-MDP-K-OVA323 has the most flattened
Fig. 4. Physicochemical properties of the formed peptide nanofibers. a) Negative-stain TEM
methasone and/or OVA323 epitopes. b) CD spectra of the peptides studied. All peptides d
205nm). This shows that the b-sheet is the driving force for the fibrillization process. c) z
z-potential (-2 to -4mV), while the E-containing nanofibers display a more negative z-poten
alter the z-potential of the nanofibers. The z-potential Data expressed as the mean § standar
minima at 220-230nm. It is plausible that amongst the 4 nanofibers
studied, the supramolecular organization of the Dex-MDP-K-OVA323
nanofiber is the most favorable for the OVA323 sequence to maintain
an a-helical conformation (Figure S3). Regarding the use of 1£ PBS
as a buffer for z-potential measurement, the relatively high ionic
strength and presence of multivalent ions (e.g., HPO42�) as compared
to buffers of low ionic strength (e.g., 10-25 mM HEPES, pH 7.4) in
which z-potential measurements are routinely measured can com-
press the electric double layer on the nanofiber surface, leading to a
low z-potential value.42 However, z-potential measurements in buf-
fers of lower ionic strength can alter the nanofiber polymorphism,
thereby changing the resultant surface chemistry.43 Therefore,
1£ PBS was used to determine the z-potential of the nanofibers.
Fig. 4c shows that the linker-charged residues influenced the
z-potential of the peptide nanofibers. The K-containing nanofibers
(Dex-/Ac-MDP-K-OVA323) exhibited less negative zeta potential (-2
to -4mV) when compared to the E-containing nanofibers (Dex-/Ac-
MDP-E-OVA323, -20 to -23mV). This significant difference in
z-potential can be explained by the inherent chemical anisotropy in
the fibrillization domain, causing the MDP nanofibers to molecularly
arrange in the form of an anisotropic tape28 (Fig. 1b). Due to the
molecular organization of the MDP nanofibers, the linker-charged
residues are exposed at the surface of the nanofibers (highlighted in
purple in Fig. 1b).
images show that MDP nanofiber formation is not disturbed by conjugation of dexa-
isplay signature b-sheet patterns (negative minima: 220-230nm; positive band: 200-
-potential of the peptide fibers studied. The K-containing nanofibers display a lower
tial (-20 to -23mV). This shows that variation in charge of the flanking aa residues can
d deviations



Fig. 5. In vitro tolerogenic effect of the nanofiber treatment. a) Graphical representation of the intracellular processing of the dexamethasone-containing nanofibers. The fibrous
structure is first processed through autophagy engagement. Dexamethasone is then released by carboxylesterase catalyzed hydrolysis, which can upregulate regulatory T (Treg)
level and lower the T helper 1 (Th1) level; while OVA323 epitope is processed by aminopeptidase to elicit antigen-specific response b,c) BMDCs were incubated with 10 mM of pep-
tide nanofiber dispersions for 2 days. Subsequently, CD4+ OTII T cells were added and incubated for 3 days. b) The level of Treg was analyzed by flow cytometry. Significant Treg
expansion was only observed for Dex-MDP-K-OVA323 when compared to the negative control (PBS treatment). c) The level of Th1 was analyzed by flow cytometry. Dex-MDP-E-
OVA323 treatment group significantly lowered the Th1 level compared to the negative control, while OVA323 treatment can significantly upregulate the Th1 level. d) The dexa-
methasone functionalized MDP nanofibers were both shown effective in establishing tolerogenic profiles (Treg/Th1 ratio), with Dex-MDP-K-OVA323 more effective than Dex-MDP-
E-OVA323. Data were analyzed by one-way ANOVA with Turkey’s multiple comparison test (compared to the OVA323 group) and expressed as the mean § standard deviations
(n=3); * p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001.
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Dex-MDP-K-OVA323 Upregulated OVA323-specific Treg

To investigate whether Dex-MDP-OVA323 nanofibers can induce
antigen-specific Tregs, BMDCs were incubated with the nanofibers
for 2 days, followed by 3 days of co-culturing with CD4+ T cells freshly
isolated from the spleens of OTII mice. The level of OVA323-specific
immune tolerance was probed by the relative amount of Treg cells
compared to all CD4+ T cells. BMDC that received 1XPBS was included
as sham treatment throughout the in vitro tolerogenic assay. It was
observed that only the Dex-MDP-K-OVA323 nanofiber formulation
significantly expanded the Treg level amongst all the treatment
groups (Fig. 5b). The differential Treg induction effect between Dex-
MDP-K-OVA323 and Ac-MDP-K-OVA323 shows that dexamethasone
functionalization is essential for establishing antigen-specific
immune tolerance (Fig. 5b). The failure for Ac-MDP-K/E-OVA323 to
expand Treg concur with the previous findings that variation in the
nanofiber surface charge alone was insufficient to establish immune
tolerance.17 Finally, the difference in Treg induction between Dex-
MDP-K-OVA323 and Dex-MDP-E-OVA323 show that reducing the
surface negative charges can potentiate the induction of Treg. The dif-
ference in Treg level is likely caused by the higher uptake of the nano-
fibers by the DCs due to the lower electrostatic repulsion between the
negatively charged cell surface and nanofibers.17

Dex-MDP-E-OVA323 Downregulated OVA323-specific Th-1

Since parallel activation of proinflammatory effector T cells is
undesirable for the potential treatment of autoimmune disorders,44-
46 the level of antigen-specific Th1 cells was monitored to validate
the balance of the immune response. The autoreactive Th1 cell level
was chosen for monitoring as its upregulation can exacerbate auto-
immune disorders such asatherosclerosis44,45 or diabetic coronary
artery disease.46 It was observed that all MDP nanofiber treatment
groups did not upregulate the Th1 level (Fig. 5c). The absence of
autoreactive Th1 activation by the MDP nanofiber treatment groups
concurred with the previous observations about the ability of nano-
fibers to serve as a non-inflammatory vaccine adjuvant.24 Further-
more, a significant downregulation of Th1 cells was observed for the
Dex-MDP-E-OVA323 treatment group. This shows that, despite fail-
ing to upregulate OVA323-specific Treg, Dex-MDP-E-OVA323 can
exert its tolerogenic effect by tuning down the OVA323-specific Th-1
level (Fig. 5c). Besides, treatment of the OVA323 epitope alone has
been shown to upregulate the Th1 level significantly. This shows that
the matured BMDCs displayed an immunogenic phenotype under the
above-specified culture conditions (especially the seeding density).47

Therefore, it illustrates that the BMDC model can serve as a relevant
model in assaying the ability of the MDP nanofibers to reverse the
immunogenic phenotype of DCs.

Dex-MDP-K-OVA323 More Efficient than Dex-MDP-E-OVA323 in
Establishing Tolerogenic Profiles (Treg/Th1)

Finally, since Treg and Th1 are reciprocally regulated in the
body,48,49 the ratio between Treg and Th1 (Treg/Th1) can indicate the
overall tolerogenic effect induced by the MDP nanofibers. Dexameth-
asone functionalized MDP nanofibers can steer antigen-specific toler-
ance, while the unfunctionalized MDP nanofibers failed to do so
(Fig. 5d). Furthermore, Dex-MDP-K-OVA323 can elicit a more potent
tolerogenic effect than Dex-MDP-E-OVA323 (Fig. 5d). Taken together,
these results show that dexamethasone-incorporated nanofibers are
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capable of inducing antigen-specific immune tolerance without par-
allel proinflammatory immune activation. Furthermore, it shows
that, like other particulate vaccines, the surface property of the pep-
tide nanofibers is critical parameters governing the immune
response25 and the extent of immune tolerance is increased by low-
ering the negative z-potential of the peptide nanofibers.
Conclusion

In summary, the application of dexamethasone-incorporated pep-
tide nanofibers for the induction of antigen-specific immune toler-
ance was explored. It was shown that the supramolecular
organization of the nanofibers remained unaltered amid functional
extension. Further, the incorporation of anionic or cationic amino
acid residues at each end of the fibrillization domain was shown to
be an effective approach in changing the z-potential of the nanofib-
ers. The extent of the tolerogenic response was found to be influ-
enced by the z-potential of the nanofibers. Nanofibers with less
negative z-potential gave a more robust tolerogenic response in the
BMDC model. Our study offers a molecular approach to calibrate the
magnitude (i.e., Treg/Th1 ratio) and the type (i.e., Treg or Th1 level) of
tolerogenic response induced by peptide nanofibers. This knowledge
paves the way for better design of future tolerogenic immunothera-
pies, such as antigen-specific Treg cell-based therapy50 or in vivo
application for eliciting in-situ tolerogenic response.6,51 Further stud-
ies are needed to investigate how these modifications can affect
nanofibers interaction with the biological environment (e.g., opsoni-
sation, albumin binding), which also plays a critical role towards the
immunological outcomes.
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