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Abstract

Several different self-assembling peptide systems that form nanofibers have been investigated as
vaccine platforms, but design principles for adjusting the character of the immune responses they
raise have yet to be well articulated. Here we compared the immune responses raised by two
structurally dissimilar peptide nanofibers, one a B-sheet fibrillar system (Q11), and one an a-
helical nanofiber system (Coil29), hypothesizing that integrated T-cell epitopes within the latter
would promote T follicular helper (Tfh) cell engagement and lead to improved antibody titers and
quality. Despite significantly different internal structures, nanofibers of the two peptides exhibited
surprisingly similar nanoscale morphologies, and both were capable of raising strong antibody
responses to conjugated peptide epitopes in mice without adjuvant. Both were minimally
inflammatory, but as hypothesized Coil29 nanofibers elicited antibody responses with higher titers
and avidities against a conjugated model epitope (OVA323-339) and a candidate peptide epitope
for vaccination against S. aureus. Subsequent investigation indicated that Coil29 nanofibers
possessed internal CD4+ T cell epitopes: whereas Q11 nanofibers required co-assembly of
additional CD4+ T cell epitopes to be immunogenic, Coil29 nanofibers did not. Coil29 nanofibers
also raised stronger germinal center B cell responses and follicular helper T cell (Tth) responses
relative to Q11 nanofibers, likely facilitating the improvement of the antibody response. These
findings illustrate design strategies for improving humoral responses raised by self-assembled
peptide nanofibers.
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Coil29 nanofibers with integral T cell epitopes generated strong humoral responses and B cell
memory by eliciting additional Tfh cells.

Introduction

Recent progresses in personalized vaccines,! 2 synthetic adjuvant design,3-5 structural-based
vaccine design,’- 8 and delivery strategies® 10 have all greatly improved the ability to
generate antigen-specific cellular and humoral immune responses to combat infectious
diseases and cancer. However, for many pathogens it remains challenging to raise high-
affinity protective antibodies with vaccines, including HIV and malaria.11 High-quality
protective antibodies are generated by B cells that have undergone somatic hypermutation
and affinity maturation in germinal centers,2: 13 where they receive help from T follicular
helper (Tfh) cells through cognate interactions.14-16 Tth cells play crucial roles in humoral
immunity, including selecting B cells for germinal center formation,! directing B cells
affinity maturation,18: 19 and driving the development of memory B cells 20. Much current
research is focused on enhancing immunity with adjuvants that act primarily on innate
immune cells or by improving antigen trafficking to relevant lymphoid tissues,® 10: 21-23 pyt
the therapeutic potential of promoting Tfth generation specifically is less investigated, with
limited technological platform available.10: 22-24

Adjuvants have been utilized extensively to promote humoral responses.2> Many adjuvants,
such as CpG and monophosphoryl lipid A (MPLA), are agonists for various toll-like
receptors.24 26 Other adjuvants based on emulsions or particulates, such as MF59 or alum
primarily rely on NLRP3 inflammasome activation to stimulate innate immunity.27-29
Although such adjuvants are commonly quite useful for enhancing immune responses to
vaccines, they do not always generate high levels of Tfh cell responses,3%: 31 and the strong
inflammatory responses they induce may be difficult to balance with immunogenicity,
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challenging to implement clinically,32 or even counterproductive with respect to vaccine
efficacy.33 Recent emerging platforms, including self-assembling protein nanoparticles,34 35
peptide antigen-conjugated synthetic particles,36: 37 and self-assembling peptide
nanofibers38-41 have been found to induce strong cellular and humoral responses without
explicitly requiring such inflammatory agonists. Such biomaterial-based and nanomaterial-
based platforms provide an alternative strategy to elicit strong humoral responses while
minimizing potentially detrimental inflammation.

We have previously reported self-adjuvanting self-assembled peptide nanofiber vaccines
based on two considerably different modes of self-assembly. Nanofibers of the first type
have been based on B-sheet fibrillizing peptides,38-40 42 primarily the peptide Q11
(QQKFQFQFEQQ). Nanofibers of the second type are comprised of peptides forming
nearly entirely a-helical structures, namely the peptide Coil29
(QARILEADAEILRAYARILEAHAEILRAD).#! In this system, the constituent peptides
form a-helical ladder-like structures in which each layer consists of four peptides with their
C-termini pointing inward towards the fiber axis and the N-termini projecting radially from
the fiber axis.3 The core Coil29 peptide was originally designed by Egelman, Conticello,
and co-workers,*3 and in subsequent work we found that it was still capable of self-
assembling into helical nanofibers even when its N-terminus was appended with various
peptide epitopes, including the universal T-cell epitope PADRE, a tumor-specific B-cell
epitope from the epidermal growth factor receptor class I1 variant, or the model CD8* T-cell
epitope SIINFEKL.41 Both B-sheet and a.-helical nanofibers have been previously found to
raise strong humoral and cellular immune responses without supplemental adjuvants,
indicating that neither secondary structure per seis essential for the adjuvanting effects of
self-assembled peptide nanofibers.

Given the considerable differences in primary, secondary, and supramolecular structures
between these two platforms, we hypothesized that they would elicit different immune
phenotypes, and in the present study we sought to elucidate these differences, hypothesizing
that potential endogenous T cell epitopes within the Coil29 sequence could provide
platform-specific T cell help for humoral responses and improve Tfh cell differentiation
relative to other peptide nanofibers. We tested this hypothesis by comparing immune
responses raised by Coil29 and Q11, first using the model T- and B-cell epitope OVA323_339
(ISQAVHAAHAEINEAGR), and subsequently using a B-cell epitope of interest for
vaccination against S. aureus, E214.4 We comprehensively evaluated a wide range of
immune responses, including the strength and quality of antibody responses, any
inflammatory responses associated with the immunizations, dendritic cell activation, and Tfh
cell generation. Our findings shed light on the features of peptide self-assemblies
influencing the character of the immune responses they raise.

Coil29 nanofibers elicit strong humoral responses

We initially studied whether the a-helical Coil29 nanofiber system raised antibody
responses of differing quality and strength compared to the B-sheet fibrillized Q11 system
and found key differences between the two. Using microwave-assisted solid phase peptide
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synthesis, we synthesized Coil29, Q11, and both peptides bearing the MHC class I1-
restricted ovalbumin peptide (OVA323_339) at their N-termini (Table S1 lists all peptide
sequences). Coil29 nanofibers bearing OVA were created by co-assembling the OVA-Coil29
and Coil29 peptides in a 1:2 ratio in PBS using methods previously described.#! We
prepared Q11 B-sheet nanofibers bearing OVA epitopes in the same molar ratio by co-
assembling OVA-Q11 with unmodified Q11 peptide. The 1:2 ratio was selected for optimal
OVA-Coil29 nanofiber formation, as we observed irregularities in nanofiber formation at
higher loading of OVA-Coil29 within the nanofibers. (Figure S1) Nanofibers from each
peptide system exhibited remarkably similar morphologies under transmission electron
microscopy (Figure 1A) despite their markedly different internal structures, Coil29
nanofibers being almost entirely a-helical and Q11 nanofibers being rich in B-sheet
structure, consistent with previous reports38 41 (circular dichroism shown in Figure S2).
Solutions of the two different types of nanofibers also exhibited similar viscosity (Figure S3)
suggesting similar length and entanglement of the fibers, as the entanglement between
nanofibers is likely the main contributor to the mechanical properties of these two systems.*°
Both nanofibers were able to deliver the OVA epitope such that it was efficiently acquired
and presented by BMDCs (Figure S4). Mice were immunized with each of the pOVA-
carrying nanofiber constructs, and as a frame of reference we also immunized mice with
OVA peptide (pOVA) adjuvanted by either Alum or Sigma adjuvant system (SAS). Alum is
known to promote Th2-biased responses, while SAS, comprised of Monophosphoryl Lipid
A (MLPA), trehalose dicorynomycolate, and squalene, generates more balanced humoral
responses and has been shown to be effective for subunit peptide vaccines.*2 C57BL/6 mice
were immunized subcutaneously and subsequently boosted 4 weeks later, and anti-pOVA
serum antibodies were measured in two-week intervals by 1gG ELISA.

The Coil29 platform was superior in its ability to elicit antibody responses, showing the
greatest response of all materials tested after primary immunization, after boosting, and
throughout the 24-week duration of the experiment (Figure 1B). Q11 also raised durable
antibody responses, but they were of a lower magnitude. Alum was a poor adjuvant for
pOVA, consistent with previous findings,3° and SAS raised titers similar to Coil29, although
only after boosting. To assess the quality of antibodies elicited by different platforms, we
utilized surface plasmon resonance (SPR) using methods adapted from Lynch et al 46
Briefly, in this method the antibody avidity score is defined as the ratio of binding responses
to the dissociation rate (RU/kg, s~1). The early kinetic binding response (relative unit, RU)
primarily reflects changes in antibody concentration, whereas the early dissociation constant
(kg) indicates antibody binding affinity to the peptide antigens, independent of antibody
concentration, which can be calculated from the slope of the curve (see methods for
complete details). By taking both antibody concentration and binding affinities into
consideration, the avidity scores indicate overall antibody quality (Figure 1C, D, and Figure
S5). Utilizing this scoring system, we found that at peak titers (week 5, immediately after
the boost), Coil29 elicited higher-quality antibodies than Alum (p<0.0001), SAS (p < 0.01)
or Q11 (p < 0.0001) (Figure 1D). The Coil29 group continued to have the highest average
scores at week 24, but by this timepoint the differences were not statistically significant.

We next examined antigen-specific B cell memory 24 weeks after immunization, finding
that unadjuvanted Coil29 nanofibers also raised significantly more pOVA antigen-specific
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memory B cells (CD138 gD CD38*CD95*B220"pOVA™) compared to Q11 (Figure 1E).
These levels were also on average greater than Alum or SAS, but not to a statistically
different degree. Overall, these data suggested that Coil29 nanofibers, without adjuvant,
elicited antibody responses with higher titers, higher quality, and better memory B-cell
responses than Q11.

Coil29 contains integral T-cell epitopes

Having observed the superior ability of Coil29 nanofibers to raise antibody responses, we
hypothesized that potential novel internal T-cell epitopes in the Coil29 sequence may be
responsible, so we next investigated T-cell responses to the different platforms. Because our
search of the immune epitope database (www.iedb.org) did not yield any known T cell
epitope for Coil29 peptide, we decided to utilize ELISPOT assays to determine T cell
responses against the Coil29 peptides. C57BL/6 mice were immunized subcutaneously with
OVA-Coil29, OVA-Q11, or adjuvanted peptides and boosted once 14 days later. On day 21,
spleens were harvested and splenocytes were stimulated with soluble pOVA peptide, Coil29,
or Q11 and evaluated using ELISPOT. Platform-specific cellular responses (i.e. against the
core nanofiber-forming Coil29 or Q11 sequences) were found only in mice immunized with
Coil29-based nanofibers, and not against Q11 (Figure 2A, B). This implied that only the
Coil29 sequence contained competent T-cell epitopes. With respect to responses against the
OVA epitope, Coil29 and Q11 nanofibers elicited similar levels of pOVA-specific IFNy-
producing and IL-4-producing cellular responses, suggesting a similar ability of the two
nanofibers to generate T-cell responses to attached T-cell epitopes. SAS adjuvant elicited
higher and more variable IFNvy responses, and Alum generated slightly lower IFNy
responses.

To search for CD4+ T-cell epitopes within the Coil29 sequence, we created a library of five
different overlapping 15-mer Coil29 fragment peptides, Coil29a-e (Figure 2C). In an IFN-y
ELISPOT assay, splenocytes from mice immunized with either pOVA-Coil29 or pOVA-Q11
nanofibers were stimulated with one of these fragment peptides, the full-length Coil29, or
pOVA. Significant cellular responses were detected in Coil29-experienced splenocytes when
stimulated with Coil29, Coil29c, Coil29d, or Coil29e, and statistically insignificant
responses were generated by Coil29a or Coil29b (Figure 2D). Again, comparable humbers
of pOVA-specific spot-forming cells were detected for mice immunized with the full OVA-
Coil29 and OVA-Q11 peptides. These findings confirmed the presence of multiple T cell
epitopes in the Coil29 sequence, with strongest activity near the C-terminus.

Coil29 nanofibers promoted germinal center B cells

To generate high quality antibodies, B cells need to be activated during antigen acquisition
and must receive sufficient T cell help to proliferate and differentiate into germinal center B
cells. Germinal center B cells will then undergo somatic hypermutation and affinity
maturation, with the help of T cells, to eventually mature into antibody-producing plasma
cells and memory B cells.1® Considering the improved antibody responses observed for
Coil29 nanofibers, we hypothesized that with their internal T cell epitopes they could
promote the differentiation of germinal center B (GCB) cells by providing additional T cell
help. To test this hypothesis, we measured germinal center B cells (GL7*Fas™ B cells) in the
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draining lymph nodes 3 weeks after primary immunizations and found that Coil29
nanofibers stimulated the highest proportion of GCB cells among all B cells, an average
percentile of 5.0% (Figure 3A). SAS adjuvant generated 3.2% GCB cells, and both Q11
nanofibers and Alum generated 1.3% GCB. While Coil29 generated higher titers and higher
proportions of germinal center B cells, they did not generate the highest proportion of
activated B cells. Rather, both adjuvanted formulations generated the highest proportion of
activated B cells (MHCII*CD86™), with Coil29 and Q11 generating relatively fewer
activated B cells (Figure 3B). We also did not find measurable differences in plasma cell
generation in the four groups (Figure S6). Taken together with the titer data, these results
indicated that Coil29 nanofibers’ improved antibody titers were associated with improved
germinal center B cell formation, but not necessarily B cell activation or plasma cell
formation.

Coil29 nanofibers are minimally inflammatory

It has been found previously that although Q11 nanofibers are immunogenic, they generate
almost no inflammatory responses, in stark contrast with most other adjuvants.3° We
hypothesized that Coil29 nanofibers would be similarly non-inflammatory, because both
nanofiber platforms lack known pathogen-associated molecular pattern (PAMP) or damage-
associated molecular pattern (DAMP) molecules and exhibit similar physical properties after
assembly. To investigate this, we measured the concentration of inflammatory chemokines
(MCP-1/CCL2) and cytokines (G-CSF, TNF, IL-5, IL-6, IL-1pB), along with the numbers of
recruited immune cells to the intraperitoneal (i.p.) space after i.p. immunization (Figure 4).
Twelve hours after injections, SAS adjuvant induced significant levels of MCP-1 (~ 990
pg/mL) and G-CSF (~ 580 pg/mL) (Figure 4A). Alum adjuvant stimulated the highest
production of other examined cytokines (TNF, IL-1B, IL-5, and IL-6). In stark contrast, both
Coil29 and Q11 elicited minimal cytokine responses, indistinguishable from PBS injections,
with the one exception being MCP-1 (~ 96 pg/mL), which was induced by Coil29 in 3-fold
higher amount than Q11 nanofibers. With respect to cellular infiltration after i.p.
immunization (Figure 4B), neither pOVA-Coil29 nor pOVVA-Q11 nanofibers recruited
significant levels of inflammatory cells in comparison with the two adjuvants. However, we
noted that pOVA-Coil29 nanofibers recruited more neutrophils (3-fold higher) and
eosinophils (5-fold higher) than Q11. This is consistent with the higher concentration of
MCP-1 chemokine observed in Coil29 group, as MCP-1 is one of the key chemokines to
regulate migration of monocytes,*’ but the reason why Coil29 nanofibers induced higher
level of MCP-1 secretion remains to be explored. Despite these small differences, overall we
interpreted the minimal inflammatory response exhibited by Coil29 nanofibers as an
indication that they do not stimulate humoral responses via highly inflammatory pathways,
similarly to Q11 and other peptide nanofibers.

Coil29 nanofibers are avidly acquired by dendritic cells in vivo

Dendritic cell (DC) uptake and activation are crucial for the generation of antigen-specific
humoral immunity, so we evaluated the ability of DCs to internalize antigen delivered by
Coil29 using TAMRA-conjugated nanofibers and flow cytometry after i.p. injections. In
peritoneal lavage fluid collected from mice 12 hours after immunization, over 40% of DCs
were found to internalize Coil29 nanofibers, greater than Q11 (25%, Figure 5). For
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adjuvanted groups and Q11, between 20% and 29% of dendritic cells were found to be
TAMRA-positive. Moreover, mean fluorescence intensity (MFI) of TAMRA in DCs for
Coil29 groups was about 4-fold higher than the other three groups (Figure 5B). The ability
of nanofibers to activate DCs was assessed by measuring the upregulation of CD80 and
CD86 (Figure 5C). We previously showed that for Q11 nanofibers, only DCs that acquired
the materials were activated.3? Here, Coil29 nanofibers also exhibited the same behavior:
DCs that internalized TAMRA-pOVA-Coil29 nanofibers exhibited increased CD80 and
CD86, whereas DCs that did not acquire TAMRA-labeled nanofibers did not become
activated (Figure 5C). Moreover, the MFI values for both CD86 and CD80 were about 2—3-
fold higher for Coil29 compared to Q11, potentially indicating a greater activation of the
DCs.

Coil29 nanofibers generated Coil29-specific Tth cells

To examine the extent to which additional T cell epitopes contributed to the improved
humoral responses elicited by the Coil29 platform, we first compared the T follicular helper
(Tth) cell frequency in vaccine-draining lymph nodes between pOVA-Coil29 and pOVA-
Q11 nanofibers. Lymphocytes were harvested 7 days after primary immunization and
stained for Tfh cell markers (CD4+*CD44*PD-1*CXCR5*). Higher frequencies of Tth cells
among antigen-experienced CD4+ T cells (CD4*CD44%) were identified in the lymph nodes
of Coil29-immunized mice compared to Q11-immunized mice (p = 0.0286). To further
investigate the presence of Tth cells specific to Coil29, we utilized the activation induced
marker (AIM) assay pioneered by the Crotty group8: 4 and performed /n vitro stimulation
with either pOVA peptide or Coil29 peptide on lymphocytes harvested from draining lymph
nodes 10 days after immunization with nanofibers (Figure 6B). Tfh cell activation markers
(CD25 and OX40) were measured 30 h after incubation with peptide antigens. Stimulation
with pOVA peptides resulted in comparable levels of Tth cell activation between the two
groups. However, incubation with Coil29 peptide led to significant upregulation of activation
markers in Tfh cells isolated from the Coil29 group, but not from the Q11 group (p=0.011).
Because the frequency of pOVA-specific Tfh cells were similar between the two nanofiber
platforms, the higher levels of total Tfh cells in the Coil29 group was likely caused by the
additional Coil29-specific Tfh cells. Considering that Tfh cells are essential in humoral
immunity as they govern hyper somatic mutation for antibody affinity maturation, the
increase of Coil29-specific Tfh cells was consistent with our previous finding that Coil29
nanofibers generated higher-quality antibody responses.

Coil29 nanofibers promoted humoral responses and strong B cell memory against a
vaccine-relevant epitope from S. aureus

We finally examined the capacity of Coil29 nanofibers to evoke humoral responses against a
candidate epitope for vaccination against methicillin-resistant S. aureus. This peptide, E214
(Ac-KFEGTEDAVETIIQAIEA-amide), is a B cell epitope from the S. aureus enolase
protein. Conjugated on a carrier protein, it can raise antibodies with protective capacities
against methicillin-resistant S. aureus when delivered with adjuvants.59 Previously, Q11
nanofibers exhibited an ability to raise antibodies against E214 epitopes, but only when
E214 peptides were also co-assembled with a CD4+ T-cell epitope peptide, PADRE (H,N-
aKXVAAWTLKAa-amide, where “X” is cyclohexylalanine and “a” is D -alanine).*4
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Consistent with our previous findings, PADRE T-cell help was again found to be essential
for Q11 nanofibers to generate detectable IgG titers against E214 peptide, reiterating that
humoral responses against E214 peptide are T-dependent and that Q11 nanofibers alone
cannot provide the T-cell help required (Figure 7A). Conversely, Coil29 nanofibers
conjugated to E214 alone stimulated strong anti-E214 IgG antibody production over 30
weeks, and the addition of PADRE within the co-assembly yielded only a slight increase in
IgG titers that was not statistically significant (Figure 7A). The splenocytes from all
immunized mice were collected for the analysis of class-switched E214-specific memory B
cells (CD138IgD"CD38*CD95*B220"E214") (Figure 7B), and it was found that E214/
PADRE Coil29 nanofibers generated the highest frequency of antigen-specific memory B
cells (average 4.1%). Q11 bearing E214 raised considerably lower memory B cell responses,
whereas Q11 nanofibers bearing E214 and PADRE performed more similarly to Coil29
bearing E214 and SAS-adjuvanted formulations. Alum-adjuvanted E214 raised poor
memory B cell responses. Taken together, Coil29 nanofibers alone can provide T-cell help
required for T-dependent humoral responses, and with additional help from incorporated T
cell epitopes, antibody responses can be improved further.

Discussion

Biomaterials have been investigated extensively to promote strong protective immune
responses by prolonging antigen duration,® 10 codelivering adjuvants,>1-53 facilitating
antigen trafficking,>* 55 or recruiting specific immune cells.>6-58 Much attention has
focused on innate immune responses, for example facilitating activation and antigen
presentation by APCs, but the B cell affinity maturation process is not always improved by
the adjuvants delivered,® and sometimes it is even impaired.33 This highlights the
complexity of humoral immune responses and also reveals the unpredictability associated
with enhancing humoral responses using adjuvants alone.

We took advantage of the inherent T cell epitopes within the a-helical Coil29 nanofiber
system that we identified through ELISPOT assays and focused on the quality of humoral
responses elicited by Coil29 nanofibers. We found that Coil29 nanofibers rapidly generated
substantial antibody titers after primary immunizations (103 on week 3), while Q11
nanofibers elicited comparatively lower titers. Although the MPLA/squalene-based SAS
adjuvant raised OVA-specific antibodies at comparable titers, SPR experiments revealed that
Coil29-generated antibodies had higher avidity scores, suggesting that SAS adjuvant
amplified the magnitude of responses without significantly improving the affinity maturation
process. In addition, Coil29 nanofiber immunizations led to higher levels of OVA-specific
memory B cells in splenocytes relative to Q11 nanofibers.

We interpret these results as indicating that platform-specific T cell responses elicited by
OVA-Coil29 nanofibers potentially took part in the antibody generation process by providing
T cell help to OVA-specific B cells. To this end, we demonstrated that higher frequencies of
germinal center B cells were induced by Coil29 nanofibers, while similar frequencies of GC
B cells were found in Q11 nanofibers and Alum-adjuvanted groups. This hypothesis was
further confirmed upon finding improved Tth cell frequencies in Coil29-immunized mice
and by identifying the presence of Coil29-specific Tfh cells. As the OVA epitopes and
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Coil29 peptides are covalently linked via a short peptide linker (SGSG), it is reasonable to
assume that some B cells can present Coil29 epitopes within their MHC class-11 molecules
once they have internalized the entire OVA-Coil29 peptide, making the cognate interaction
between B cells and Coil29-specific T cells possible. Interestingly, neither nanofiber system
was as potent as adjuvanted groups for activating B cells. This may be due to the minimally
inflammatory nature of nanofibers compared to adjuvanted groups.

Tth cells are crucial in T-dependent humoral immunity because they maintain germinal
centers and influence the selection of high-affinity B cells, ultimately leading to long-term
serological memory and B cell memory.®0: 61 Carrier proteins such as tetanus toxoid and
keyhole limpet hemocyanin have been extensively utilized to improve the immunogenicity
of subunit vaccines, in part owing to their ability to generate T cell help.2: 63 However,
carrier protein-conjugated subunit vaccines are generally administered with adjuvants to
generate immune responses, and the control over antigen density on the protein is limited.
Conversely, the present epitope-bearing nanofiber platform can self-assemble in a well-
defined fashion and thus yield improved control over epitope dosing. Moreover, Coil29
nanofibers not only exhibited strong self-adjuvanting humoral immunogenicity similar to
Q11 nanofibers, but they also significantly improved the generation of memory B cells and
the quality of antibodies. Although the exact mechanism is unclear, the additional platform-
specific T cell responses stimulated by Coil29 peptides, especially the Coil29-specific Tth
cells, potentially contributed to B cell maturation during germinal center formation,
subsequently driving memory B cell differentiation for the two epitopes tested in the current
study. This finding raised important considerations for biomaterials vaccine delivery
platforms, especially for inducing strong humoral immunity. It is worth noting that these
findings may not apply to all B cell epitopes, however, as Coil29 nanofibers were previously
shown to only generate low levels of 1gG against a tumor-specific growth factor receptor
variant 11 (PEPvII1) without additional T cell epitopes,*! which may have arisen from low
immunogenicity of PEPvIII B cell epitopes. Given the T cell immunogenicity of the Coil29
sequence, future experiments could be carried out to determine the effectiveness of Coil29 as
a T cell epitope in direct comparison with other T cell epitopes such as PADRE.

Another interesting observation is that when compared to adjuvanted groups, both Q11 and

Coil29 nanofibers induced low levels of inflammatory cytokine secretion and inflammatory
cell influx. This minimally inflammatory character may be a general feature of peptide self-
assemblies, making them useful in applications where inflammation must be minimized, for
example in active immunotherapies against autologous targets.54

There are other important differences in the immunogenicity of these two nanofiber
platforms revealed by the present study. For example, Coil29 nanofibers stimulated slightly
higher levels of macrophage recruitment, but this did not necessarily result in significant
increases in the inflammatory cytokines IL-1B, IL-6, or TNF, confirming the minimally
inflammatory nature of Coil29 nanofibers. Also, Coil29 nanofibers were more avidly
internalized by dendritic cells than Q11 nanofibers after i.p. administration. The
improvement in dendritic cell uptake and activation by Coil29 could possibly be caused by
the modestly increased inflammatory reactions induced by Coil29, but this remains to be
fully investigated. Another potential reason for the differences in DC internalization may be
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that the a-helical secondary structure of Coil29 nanofibers engage DC surface receptors
more effectively than Q11, as some cytokines share similar helical structures.5® It is also
possible that the potentially more stable p-sheet Q11 nanofibers can withstand shearing
during injections better than Coil29 nanofibers, and any resulting Coil29 nanofiber
fragments could be more accessible to DCs. However, future studies are needed to pinpoint
the underlying immunologic mechanisms causing the observed differences between these
two nanofiber systems.

The present study focused on comparing the immunogenicity of two different nanofiber
systems in physiological conditions. Both the thermal stability and long-term shelf life of the
nanofiber solutions will need to be determined in the future, although we previously
demonstrated that Q11 nanofibers maintain their immunogenicity after extensive exposure to
heat.56 The impact of changes in ionic strength or serum proteins would also be interesting
to explore, as it is possible that the two nanofiber systems may be variably stable in vivo.

Overall, a-helical peptide nanofibers constructed using the Coil29 platform share
considerable similarities with structurally dissimilar B-sheet nanofibers constructed using the
Q11 platform. Both raise antibody titers without additional adjuvants, and both were found
to be non-inflammatory. However, the Coil29 platform was found to raise antibody
responses of a higher titer and quality, which was associated with better germinal center B
cell formation, better acquisition by and activation of DCs, and better Tfh cell responses. In
vaccine applications where maximization of antibody quality and titer is placed at a
premium, these considerations may favor selection of Coil29. Countervailing factors to
consider include that the greater length of the Coil29 sequence may be associated with
greater costs of synthesis and purification. Moreover, Q11 nanofibers have been previously
found to be stable for extended durations in temperature regimes outside the standard “cold
chain” range,56 and it is not yet known the extent to which Coil29 nanofibers may be
similarly stable.

Conclusion

This work indicated that peptide nanofibers constructed with vastly different internal peptide
structures share the ability to raise antibody responses in the absence of adjuvant. Relative to
Q11 nanofibers, however, Coil29 nanofibers raised antibody responses of higher titers and
quality, enhanced GC formation, and improved B cell memory. ELISPOT assays revealed
the presence of T cell epitopes within the helical self-assembling structure of Coil29, and the
significant role of such platform-specific T cell responses in driving humoral immunity was
suggested by the observation of Coil29-specific Tth cells. Despite improved
immunogenicity of Coil29 nanofibers relative to Q11 nanofibers, they remained minimally
inflammatory, even though dendritic cells avidly internalized Coil29-based nanofibers and
were effectively activated by them. Although self-adjuvanting properties are shared by
dissimilar peptide nanofibers, the present study suggests a strategy to augment humoral
responses by providing additional T cell help within the self-assembling domains of fibrillar
peptide materials. Such an approach may be broadly applicable for improving the efficacy of
subunit peptide vaccines.
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Materials and methods

Peptide and vaccine preparation

All peptides were synthesized using Fmoc solid-phase chemistry on a CEM Liberty Blue
microwave synthesizer and purified with HPLC and MALDI-MS. Biotinylated peptides
were prepared on-resin by reacting Biotin-ONp (Novabiochem) in DMF overnight with
amine-terminated peptides in a 3-fold excess before cleavage. TAMRA-labeled peptides
were synthesized on-resin by reacting 5(6)-TAMRA (Anaspec Inc.) in a 3-fold excess in the
presence of N,N’-Diisopropylcarbodiimide (DIC) and 6-Chloro-1-hydroxybenzotriazole
(HOBt-CI).

To prepare peptide fiber solutions for immunizations, lyophilized peptides were weighed
separately and mixed in predetermined molar ratios of 1:2 (epitope-bearing peptides:
unmodified fiber-forming peptides). Mixed Coil29 peptides were then dissolved in 10 mM
sterilized acetate buffer (pH 4) at a total peptide concentration of 8 mM and incubated
overnight at 4 °C. The peptide solutions were subsequently diluted to 2 mM in 1xPBS, and
incubated for 3 h at room temperature before immunizations. Epitope-bearing Q11
nanofibers were prepared by dissolving pre-mixed peptide powders in sterile water at 8 mM.
After overnight incubation at 4 °C, the peptide solutions were diluted and incubated
similarly before injections. To prepare alum peptide formulations, OVA or E214 peptides
were dissolved at 1.34 mM in 2xPBS, and an equal volume of alum salt (Thermo Fisher,
77161) was mixed with the peptide solutions and vigorously vortexed for 45 min to form
emulsions and yield the final peptide epitope concentration of 0.67 mM, equivalent to the
epitope concentration in nanofiber formulations. Sigma Adjuvant System (Sigma, S6322)
emulsions were prepared following the manufacturer’s protocol. Briefly, antigen peptides
were dissolved at 1.34 mM in 1xPBS, and equal volumes of SAS and peptide solutions were
mixed and warmed to 37 °C in a water bath and vortexed before immunization.

TEM analysis

Nanofiber solutions were prepared in the same way as for immunizations, with further 10-
fold dilution to 0.2 mM with 1xPBS. Five microliters of sample solutions were deposited
onto 400 mesh carbon copper grids (EMS400-Cu). The sample grids were then rinsed with
DI water droplets three times after 1 min incubation at room temperature and were
subsequently stained with 1% uranyl acetate for 30 s before washing and blotting away the
excess liquid. Samples were imaged using a FEI Tecnai F30 TEM and analyzed with FEI
TEM Imaging and Analysis (TI1A) software. The diameters of the self-assembled nanofibers
were calculated from 20 measurements made within three different images for both Coil29
and Q11 nanofibers.

Circular dichroism (CD) analysis

A Bioz PiStar-180 CD spectrometer was used with a 0.1 cm path length quartz cell.
Nanofiber solutions were prepared in the same way as for immunizations, with further
dilution to 0.1 mM with 1xPBS. Circular dichroism spectra were collected between 190 nm
and 260 nm with a scanning speed of 0.5 nm/s and a bandwidth of 0.5 nm. Each spectrum
shown was the average of three scans with the solvent background subtracted.
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Mice and immunizations

Female C57BI/6 mice (7-9 weeks) were purchased from Harlan laboratory and housed at the
animal facility of Duke University. All animal procedures were performed in accordance
with the guidelines for care and use of laboratory animals of Duke University and approved
by the Institutional Animal Care and Use Committee (IACUC) of Duke University. Duke
University’s Animal Care and Use Program is fully accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, International (AAALAC). Mice
were assigned in groups of five for each treatment. Anesthetized mice were immunized
subcutaneously each with 100 pL of indicated solutions (50 uL at each shoulder) and
boosted with half-doses (2x25L) at indicated time points. Sera were collected from the
submandibular vein to analyze for epitope-specific 1gG titers via ELISA. Intraperitoneal
injections were administered by injecting 100 uL of peptide solutions into the peritoneal
cavity. At indicated timepoints, mice were sacrificed, and 1 mL of intraperitoneal lavage
fluid was collected from each mouse for subsequent assays.

T-Cell ELISPOT

ELISPOTs were performed as previously described.*! Briefly, splenocytes were harvested
from immunized mice one week after final immunizations. After treatment with ACK lysis
buffer (Thermo Fisher, A1049201) and gradient centrifugations with Lympholyte M
(Cedarlane CL5031), 0.25 million splenocytes were plated in each well of a 96-well
ELISPOT plate (Millipore, MSIPS4510). The cells were then stimulated with indicated
peptides at 51073 mM of peptide epitopes, PBS as negative controls, or ConA (Sigma,
C5275) as positive control. IFNy ELISPOT pairs (BD, 551881), IL4 ELISPOT pairs (BD,
551878), streptavidin-alkaline phosphatase (Mabtech, 3310-10) and Sigmafast BCIP/NBT
substrate (Sigma, B5655) were used to detect and develop antigen-specific spots. Plates
were enumerated by ZellNet Consulting using a Zeiss KS ELISPOT system.

ELISA for serum antibodies

Sera were analyzed by ELISA for epitope-specific 1gG as previous described.*! Briefly,
high-binding ELISA plates (Costar, 3915) were coated with 5 pug/mL streptavidin (Sigma,
85878) overnight at 4 °C and followed by incubation with 10 pg/mL of biotinylated peptide
antigen in PBS for 1 hour at room temperature. 1gG detection HRP antibodies (Jackson
Immunoresearch) were diluted 5000 fold and detected using SigmaFast PNPP substrate
solution (Thermo Fisher, 37621).

Surface plasmon resonance (SPR)

Antigen-binding affinities of serum antibodies were analyzed using a GE Biacore T200.
Channel 1 and 2 of a GE Biacore Sensor Chip (CM5) were both activated using 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS),
and coated with streptavidin at 5 pL/min to reach an equal level of the total relative unit
(RU) of about 1500. Biotinylated OVA peptides (25ug/mL) were only immobilized in
channel 2 with a flow rate of 5 uL/min for 30 seconds with the RU increased by 140. The
instrument was then equilibrated using PBS with 1% BSA and 0.05% Tween 20 (PBST) as
running buffer at a flow rate of 5 pL/min for 1 h. For each sample analysis, PBST running
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buffer was first flowed through both channel 1 and 2 at a rate of 25 uL/min for 2 min,
followed by sera solution (10 fold dilution in running buffer) for 2 min, and finally running
buffer for another 5 min, before regeneration with 50 mM NaOH for 30 s twice. To remove
non-specific background, binding signals from channel 1 (streptavidin coating only) were
subtracted from channel 2, followed by substraction of signals for naive mouse sera.
Stability points were taken 30 s after the injection, and the early dissociation factor (kq) was
calculated as the slope of the relative response units (RU) between 70 s and 30 s after
injection. Avidity is defined as the ratio of the stability response to the early dissociation
rate.46

Antibodies and flow cytometry

Flow cytometry was performed using a BD Canto Il instrument or a BD Fortessa instrument.
FlowJo software (FlowJo 10.6.1) was used for data analysis. Specific staining procedures
and clone numbers are provided in the Supporting Information.

Cytokine level analysis

To determine the chemokine and cytokine levels after i.p. immunizations, lavage fluid was
collected from mice 12 hours after immunization, and the supernatants were analyzed using
cytokine ELISA kits following manufacturer’s protocols (TNF, Thermo Fisher: 88—-7324;
IL-5 Thermo Fisher: 88—-7054-88, IL-6 Thermo Fisher: 88—-7064; IL-1beta, Thermo Fisher:
88-7013; G-CSF Thermo Fisher: EMCSF3; MCP-1, Thermo Fisher: BMS6005).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad software, Inc.). Data
are presented as mean + SEM. Comparisons between two groups were performed using two
tailed unpaired Student’s t-test. Comparisons of multiple groups at a single time point were
performed with one-way analysis of variance (ANOVA), and comparisons of multiple
groups over time were performed by using two-way ANOVA tests. Dunnett post-hoc test
was used when means are compared to a control group. Tukey post-hoc tests were utilized
when all possible pairs of means were compared. Multiple t-tests were used when two
groups were compared under different independent stimulations, using the Holm-Sidak
method for multiple comparison correction. P-values are presented in the figures as: *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Coil29 nanofibers promoted humoral responseswith high 1gG antibody titers, superior
antibody quality, and more antigen-specific memory B cellsrelative to Q11 nanofibers.

Groups of C57BL/6 mice (n=5) were immunized s.c. either with 120 ug of OVA peptides
(0.067 mmol) delivered with Alum salt or SAS adjuvant, with pOVA-Coil29, or pOVA-Q11
nanofibers carrying equivalent molar amounts of the OVA peptide, followed by booster
injections with half of the primary dose on week 4. All values shown are mean + SEM. (A)
Both pOVA-Coil29 and pOVA-Q11 self-assemblies exhibited similar nanofiber
morphologies, with diameters of 10.9+0.5 nm and 10.2+0.2 nm respectively by TEM (B)
Total serum anti-OVA IgG titers measured by ELISA (* p<0.05, ** p<0.01, *** p<0.001,
**** n<0.0001 compared to pOVA/Alum by two-way ANOVA with Dunnett post-hoc test).
(C) Representative surface plasma resonance binding curves of polyclonal sera from the four
immunization groups. The window indicates the region where kq was calculated. (D) Serum
antibody avidity scores (the ratio of binding responses to the dissociation rate, RU/kq) on
week 4(prior to boosting), week 5 (after boosting), week 24 (end point) (** p<0.01, ****
p<0.0001 by two-way ANOVA with Tukey post-hoc test). (E) Frequency of OVA-specific
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memory B cells among memory B cells from immunized mice 24 weeks after primary
immunizations (gating, left; quantification, right; p-value calculated using one-way ANOVA
with Dunnett post-hoc test, comparing to pOVA-Q11 group).
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Figure. 2. Multiple T-cell epitopeswere detected in Coil29 peptide sequences.
C57BL/6 mice were immunized s.c. with equivalent molar amounts of pOVA epitope

peptides delivered by either pOVA/Alum (green), pOVA/SAS emulsion (purple), pOVA-
Coil29 nanofibers (red), or pPOVA-Q11 nanofibers (blue) on day 0 (0.2 x10~3 mol peptide)
and day 14 (0.1 x1073 mol peptide) (n=4 per group). Splenocytes were harvested on day 21
for ELISPQOT. All values shown are mean + SEM. (A, B) Both nanofibers elicited similar
levels of OVA-specific cellular responses secreting IFNy (A) and IL4 (B), but only mice
immunized with pOVA-Coil29 nanofibers generated significant responses against the
relevant nanofiber-forming portions of the peptides. A series of overlapping 15-mer peptides
spanning portions of the Coil29 sequence (C) were used to stimulate splenocytes from mice
immunized with pOVA-Coil29 or pOVA-Q11 ELISPOT, identifying multiple T cell epitopes
toward the C-terminus of Coil29 (D), * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 by
two-way ANOVA multiple comparison with Sidak post-hoc test.
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Figure 3. Coil29 nanofibers promoted germinal center B cell differentiation relativeto Q11

nanofibers.

C57BL/6 mice (n=3) were immunized s.c. with pOVA-Coil29 or pOVA-Q11 nanofibers
containing the same molar amount (67 umol) of OVA epitopes. Control groups received the
same amount of peptide delivered with Alum or SAS adjuvant. Draining lymph nodes were
harvested from immunized mice at indicated time points to count germinal center B cells (A;
DAPI"CD3F4/80-GL7*Fas*B220") and activated B cells (B; DAPI"CD3 F4/80"MHCI|I
*CD86*B220™) via flow cytometry. Representative flow plots (left) and frequency among B
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cells (right) are shown. All values reported are mean + SEM. * p<0.05, ** p<0.01, ***
p<0.001 by two-way ANOVA with Dunnett post-hoc test, as compared to Alum (A), and

Q11 (B).
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Figure 4. Both Coil29 and Q11 nanofibersinduced low levels of inflammatory cytokines and
inflammatory cell influx, relative to both Alum and SAS adjuvanted groups.

Cytokine responses and cellular responses in the lavage fluid were analyzed for C57BL/6
mice intraperitoneally immunized with either nanofibers or peptide/adjuvant formulations.
All values reported are mean £ SEM. (A) Cytokine secretion levels were determined using
cytokine ELISA 12 hours after i.p. immunization. Abbreviation: MCP-1 (monocyte
chemotactic protein-1), G-CSF (granulocyte colony-stimulating factor), TNF (tumor
necrosis factor), IL (interleukin). (B) Immune cell populations in lavage fluid were analyzed
1 hour and 12 hours after immunization using flow cytometry. For both (A) and (B): *
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p<0.05, ** p<0.01, *** p<0.001 **** p<0.0001 by two-way ANOVA with Tukey post-hoc
test.
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Figure 5. Coil29 nanofiberswere acquired by DCsand activated DCsto a greater degree than
Q11 or adjuvanted formulations.

Groups of C57BL/6 mice (n=3) were immunized i.p. with either PBS, TAMRA-labeled OVA
peptides formulated with Alum or SAS adjuvants, TAMRA-labeled pOVA-Coil29, or pOVA-
Q11 nanofibers. DCs (DAPI'F4/80-CD11c*MHCII*) in lavage fluid were counted 12 hours
after immunization using flow cytometry. All values shown are mean £ SEM. (A)
Representative flow panels indicating the percentage of TAMRA+ DCs among DCs (left),
and combined results (right). (B) Mean fluorescence intensity of TAMRA in dendritic cells.
(* P<0.05, by one-way ANOVA with Tukey post-hoc test) (C) Representative fluorescence
histograms (left) and combined results (right) of CD86 and CD80 in antigen+ (TAMRA-
pOVA+) dendritic cells 12 hours after immunization, compared to the DC population that
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did not acquire antigen (TAMRA-pOVA-). Asterisks indicate statistical significance as
determined by one-way ANOVA with Tukey post-hoc test (* p<0.05).
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Figure 6. Coil29 nanofibersinduced greater numbers of follicular T helper (Tfh) cellsthan Q11
nanofibers.

(A) Draining lymph nodes were harvested 7 days after immunizations with either pOVA-
Coil29 or pOVA-Q11 nanofibers. Tfh (CXCR5*PD-1*) were counted among CD44*CD4* T
cells. Representative flow cytometry plots (left) and Tfh cell frequency (right) are shown (n
=4, p-value calculated with unpaired t-test). (B) Coil29 nanofibers induced platform-
specific Tfh cell responses. Lymphocytes from draining lymph nodes of immunized mice
were split into three groups (unstimulated, pOVA-stimulated, Coil29 stimulated).
CD2570X40* cells were counted by flow cytometry 18 hours after stimulation treatments.
Representative flow plots (left) and antigen-specific Tfh cell frequency (right) are shown. P
value was calculated with multiple t test using Holm-Sidak method for multiple comparison
correction.
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Figure 7. Coil29 nanofibersinduced strong long-term E214-specific 1gG humoral responses and
promoted higher antigen-specific memory B cell frequency when coassembled with additional
(0.01 mmol) PADRE T cell epitopes.

Groups of C57BL/6 mice (n=5) were immunized s.c. either with 134 ug of E214 peptides

(0.067 mmol) delivered with Alum or SAS adjuvant, with E214-Coil29 (E214-C), or E214-
Q11 (E214-Q) nanofibers carrying equivalent amounts of E214 peptides, with or without co-
assembled PADRE-Coil29 or PADRE-Q11 (PAD-C or PAD-Q, respectively) followed by
booster injections on week 4. All values shown are mean + SEM. (A) Total serum anti-E214
IgG titers measured by ELISA (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
compared to E214/Alum group by two-way ANOVA with Dunnett post-hoc test). (B)
Frequency of E214-specific memory B cells among memory B cells from immunized mice
30 weeks after primary immunizations. *p<0.05 compared to E214-Q group by ordinary
one-way ANOVA with Dunnett post-hoc test.
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