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Abstract

Epitope content plays a critical role in determining T cell and antibody responses to vaccines,
biomaterials, and protein therapeutics, but its effects are nonlinear and difficult to isolate. Here,
molecular self-assembly was used to build a vaccine with precise control over epitope content, in
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order to finely tune the magnitude and phenotype of T helper and antibody responses. Self-
adjuvanting peptide nanofibers were formed by co-assembling a high-affinity universal CD4+ T
cell epitope (PADRE) and a B cell epitope from Staphylococcus aureus at specifiable
concentrations. Increasing the PADRE concentration from pM to mM elicited bell-shaped dose-
responses that were unique to different T cell populations. Notably, the epitope ratios that
maximized T follicular helper and antibody responses differed by an order of magnitude from
those that maximized Thl or Th2 responses. Thus, modular materials assembly provides a means
of controlling epitope content and efficiently skewing the adaptive immune response in the
absence of exogenous adjuvant; this approach may contribute to the development of improved
vaccines and immunotherapies.
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co-assembly; immunoengineering; MRSA; self-adjuvanting; scaffolds

1. Introduction

Vaccine design is moving away from using whole pathogens in favor of selecting only the
most protective antigens for immunization with a suitable adjuvant. The most tailored of
these sub-unit vaccines utilize specific B cell or CD8+ T cell epitopes, such as the short
peptides and carbohydrates that have been used to elicit antibody or killing responses against
malaria pathogens, bacterial infections, or tumors.[!: 2] In addition to the desired target
epitope, these vaccines also require one or more CD4+ T cell epitopes to engage CD4+
helper T cells. For example, in the highly successful protein-polysaccharide vaccines,
capsular sugars from pneumococcus, Haemophilus influenzae, or Neisseria meningitidis are
conjugated to a protein carrier in order to elicit protective T cell-dependent antibody
responses.[3] Both professional antigen-presenting cells (APCs), e.g. dendritic cells (DCs),
as well as polysaccharide-specific B cells internalize the conjugate and degrade the protein.
All of these cells must engage with CD4+ T cells by presenting peptide epitopes from the
protein in a class Il major histocompatibility complex (MHC II), which binds to the T cell
receptor (TCR). Activation signals from DCs and B cells guide T cell differentiation into
various effector subsets, while B cells also use TCR-MHC binding to procure essential T
cell help. Help from the T follicular helper (Tfh, CXCR5+ PD-1+) subset of CD4+ T cells is
particularly important for the induction of class-switched B cells and high-affinity
antibodies.[4 Thus, subunit vaccines are effective only if CD4+ T cells differentiate into a
suitable effector subset, a process that is mediated in part by the signals they receive through
the TCR.

The strength of the TCR signal integrates both the peptide dose and the dwell time of the
TCR-peptide-MHC binding event, and it has a nonlinear effect on CD4+ T cell activation
and differentiation that is difficult to predict.[5 81 This uncertain relationship makes it
important to develop well-controlled experimental methods to optimize the vaccine
composition for the generation of specific CD4+ T cell types. T cells respond to very low
doses of epitope with anergy or regulatory T cell induction, but actively suppress regulatory
responses at higher doses of antigen.[”] At still higher doses of antigen (e.g., 100 ug protein
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adjuvanted with alum), CD4+ T cells again become hyporeactive.[8] Recently, it has been
shown that intermediate concentrations or dwell times elicit the strongest effector (Th1)
responses, while Tfh responses in germinal centers are favored by higher TCR signal
strengths,[® 101 but it can be difficult to predict a priori what epitope concentrations and
ratios constitute such concentration regimes.

Despite its importance for T cell activation, precise control over the T cell epitope dose
remains challenging to incorporate into vaccine design. Protein carriers, including
conjugates and virus-like particles,[3: 111 include many T cell epitopes and raise strong
antibody responses, but it is laborious to modify their quantity or composition. A highly
precise strategy is to covalently link the target antigen to a synthetic peptide or short protein
that comprises only T cell epitopes.[12 131 Such constructs are usually made at a single
molar ratio (e.g. 1:1 or 3:1) between the B cell or CD8+ T cell epitope(s) and the CD4+ T
cell epitope, because comparing different ratios requires separate synthesis and purification
for each version.[¥4] Furthermore, for linear constructs or branched multiple-antigen
peptides, the maximal ratio of T cell and B cell epitopes is limited by length or branching
architecture, respectively.

In this paper, we used non-covalent self-assembly to integrate defined T cell epitopes into a
self-adjuvanting vaccine platform. In contrast to covalent conjugation, this approach can
incorporate arbitrary concentrations of the desired epitope (here, from the uM to mM range),
while keeping the concentrations of other epitopes and the adjuvanting backbone constant. A
short assembly domain, called Q11 (acetyl-QQKFQFQFEQQ-amide), was used to form
beta-sheet nanofibers in water and physiological buffers and preserve the molar ratio of the
precursors in the assembled fibers.[15] We have previously synthesized peptide antigens
such as OVAs323.339 (POVA), which contains epitopes for both B cells and CD4+ T cells,[16]
in tandem with Q11 (OVAQ11). When assembled into fibers and injected without additional
adjuvants into mice, OVAQ11 activated antigen presenting cells in vivo and raised T-cell
dependent antibody responses,[17: 18 yet it did not elicit the inflammation typically
associated with conventional adjuvants.[*®] The absence of inflammation is advantageous in
light of evidence that inflammatory adjuvants such as alum and incomplete Freund's
adjuvant can diminish the strength of the Tfh response by selecting for T cells with low-
affinity receptors.[10: 201 Here we used the Q11 platform to co-assemble separate T cell and
B cell epitopes and to isolate the effect of the dose of CD4+ epitope on the T cell and B cell
responses.

2.1. Nanofibers assembled with a T cell epitope elicit T cell activation

The PADRE peptide (HoN-aKXVAAWTLKAa-amide, where “X” is cyclohexylalanine and
“a” is D-alanine) has been shown to bind with high affinity to most common human HLA
DR molecules and to the MHC Class 11 1-AP molecule expressed by C57BI/6 mice.[21] It
also can provide help for generating antibody and CD8 responses in vivo.[21: 221 We tested
whether presentation on beta-sheet nanofibers, without exogenous adjuvants, was sufficient
to elicit a functional T cell response to the PADRE epitope. We first synthesized the tandem
peptide PADRE-SGSG-Q11, where SGSG serves as a short flexible linker, and then

Adv Healthc Mater. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pompano et al.

Page 4

assembled it into Q11 fibers (PADREQ11) (Figure 1a). Subcutaneous immunization of
C57BI/6 mice followed by a boost on day 14 with these fibers induced activated PADRE-
specific T cells that secreted IL-4 or IFN-[3], as detected by ELISPOT assays (Figure 1b).
We worked with the NIH Tetramer Core facility to develop a PADRE-IAP tetramer that
allowed the visualization of the endogenous PADRE-specific CD4+ T cell response in vivo
(Figure 1c and Figure S1).

A significant increase in the total number of PADRE™ T cells was detected in the lymph
nodes at 7 days after primary immunization with PADREQ11 assemblies (Figure 1d). All of
these cells expressed CD44, a marker of antigen-experienced cells.[23] Therefore, the CD4+
PADRE+ CD44+ population was used to track the T cells that had responded to PADRE.
This population includes all PADRE-specific CD4+ T cells, regardless of their effector
polarization (Th1, Tfh, or Th2). We also observed a significant increase in the total number
of PADRE-specific Tfh cells (CXCR5" PD1%) at this time, although they were only d 10 %
of all PADRE-specific T cells (Figure 1d). In contrast, no increase in PADRE-specific T
cells was observed after immunization with PADRE peptide in buffer, indicating that Q11-
dependent fibrillization was required (Figure 1d). These experiments demonstrated that T
cells were capable of recognizing and responding to the PADRE epitope presented by I-AP
on APCs.

2.2. Non-covalent assemblies of B cell and T cell epitopes raise modular responses

Next, we tested whether a B cell epitope could be co-assembled with the T-cell epitope to
create an integrated material (Figure 2a) capable of raising both T and B cell responses. A
model antigen that contained only a B cell epitope was selected based on an initial
requirement for conjugation to a carrier protein to raise an antibody response. The E214
peptide (acetyl-KFEGTEDAVETIIQAIEA-amide) from the enolase protein of
Saphylococcus aureus, when conjugated to a carrier protein (CRM-mutant diphtheria toxin)
and adjuvanted with alum, has been shown to raise antibody responses in mice, rats, and
macaques,[24] and it has been investigated as part of a vaccine against methicillin-resistant S.
aureus.[24] This E214 peptide was also predicted by the IEDB epitope predictor [25] to
contain a B cell epitope but no T cell epitopes for I-AP (with affinity < 5 mM). We
synthesized the tandem peptide E214-SGSG-Q11 (E214Q11), and successfully assembled
them into nanofibers. However, immunization of C57BI/6 mice with E214Q11 alone failed
to raise an antibody response, even when adjuvanted with alum (Figure 2b). In contrast,
when E214Q11 was co-assembled with PADREQ11, the assemblies were highly
immunogenic and raised anti-E214 antibody titers that reached 10[4] after a single boost
(Figure 2b).

Consistent with the modular design of this vaccine, serum from immunized mice was
reactive in ELISAs only to E214, and not to PADRE-Q11 or SGSG-Q11 alone (Figure 2c).
This result indicated that the B cell response was only focused on the E214 epitope.
Similarly, cells from the lymph nodes of immunized mice were responsive in IFN-[3] and
IL-4 ELISPOT assays only to PADRE, not E214Q11 (Figure 2d), in agreement with the
prediction that E214 (and Q11) lacks a T cell epitope. Even though only a single T cell
epitope was included, the antibody titers raised by these co-assembled fibers were similar to
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those raised by our positive control, an alum-adjuvanted E214-CRM protein conjugate
(Figure 2e). Thus the Q11 self-assembled vaccine that incorporates PADRE is able to elicit
T cell help for antibody responses against antigens that lack an inherent T cell epitope.

2.3. Co-assemblies require T cell - B cell interactions to raise antibody responses

We predicted that the PADRE-Q11 co-assembled vaccine raised antibody responses to the B
cell epitope by functioning similarly to a peptide-protein conjugatel3] rather than by acting
as an inflammatory adjuvant. In this scenario, B cells would internalize the E214Q11/
PADREQ11 nanofiber by engaging E214 through the B-cell receptor. The B cell would then
solicit T cell help by presenting the PADRE epitope on I-AP for recognition by T cell
receptors (Figure 3a). Thus, B cells would have to internalize both epitopes together to be
able to generate an antibody response. We tested this requirement for cognate T-B
interaction by immunizing and boosting mice with either co-assembled E214Q11/
PADREQ11 or with separately assembled E214Q11 and PADREQ11. The latter two
solutions were delivered in two injections, administered close together to ensure that both
peptides drained to the same lymph node. Indeed, only the co-assembled fibers raised an
antibody response (Figure 3b), consistent with a requirement for cognate T cell help. The
memory B cell response also required T cell help; mice initially immunized with co-
assembled E214Q11/PADREQ11 showed an increase in antibody titer only when boosted
with co-assembled fibers, not with E214Q11 alone or PBS buffer (Figure S2).

We next confirmed that co-assembly with PADRE-Q11 did not alter the non-inflammatory
character of the nanofibers (Figure 3c). We previously demonstrated that i.p. immunization
of Q11-based vaccines raised comparable antibody responses as s.c. immunization, and that
both did so without detectable local inflammation!2l. For ease of analysis and better
sensitivity, we chose the i.p. route for these studies. As observed previously for OVAQ11
nanofibers,[19] neither E214Q11 nor co-assembled E214Q11/PADREQ11 fibers elicited
recruitment of inflammatory dendritic cells, neutrophils, or eosinophils after i.p. injection.
Only an alum-adjuvanted formulation elicited such a response. Immunization with E214Q11
or co-assembled E214Q11/PADREQ11 nanofibers differed from PBS-immunization only in
the number of macrophages that remained in the peritoneum, with a 2 — 4-fold reduction in
the numbers recovered. The reason for this small reduction in macrophage numbers is not
known, but it could reflect a loss of the F4/80 macrophage marker, migration (including
adherence to the peritoneal wall), or apoptosis of F4/80+ macrophages following
immunization. By comparison, immunization with E214Q11 + alum reduced the numbers of
macrophages by greater than 40-fold. Because loss of macrophages from the peritoneal
lavage is associated with activation of these cells[?], these observations suggest that the
nanofibers may activate macrophages in a nontraditional manner, without recruiting other
innate immune cells.

Finally, we tested whether B cells specific for a single B cell epitope could receive help
from multiple T cell populations, as predicted by the proposed mechanism of action for
these assemblies (Figure 3a). We co-assembled pOVA, which contains both a B cell epitope
and a moderate-affinity CD4+ T cell epitope (400 nM IC50), with high-affinity PADRE (94
nM 1C50 for 1AP).[21] Mice were immunized and boosted with OVAQ11, OVAQ11
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adjuvanted with alum, or OVAQ11/PADRE-Q11 co-assemblies, and the antibody responses
were measured by ELISA. Co-assembly with PADREQ11 significantly increased the
pOVA-specific 1gG titers, which were an average of approximately 10-fold higher than with
OVAQL1 alone over the entire 9 weeks of the experiment (Figure 3d). Titers were not
different between the OVAQ11/PADREQ11 and OVAQ11 + alum groups after one or two
boosts, suggesting that inclusion of the extra epitope had increased the anti-pOVA response
to its maximum value. When the T cell response was measured by ELISPOT, it was specific
for both pOVA and PADRE (Figure 3e). These results suggest that the addition of a second
T cell epitope increased the pool of cognate T cells that could interact with OV A-specific B
cells, resulting in enhancement of anti-OVA antibody production.

2.4, Different T cell subsets respond differently to the dose of epitope

The dose of T cell epitope can have gross effects on T cell behavior (e.g., high doses
inducing anergy) as well as more subtle subset-specific effects. For instance, Tth
differentiation has been recently reported to require higher affinity or longer-lasting
interactions between the MHC class I1/peptide complex and the T cell receptor than does
differentiation into other effector T cell subsets (Th1/Th2).[% 101 We hypothesized that
precise control over the amount of T cell epitope within peptide co-assemblies would enable
one to design a vaccine that preferentially favored the Tfh response and therefore maximized
the antibody response.

To test this hypothesis, we controlled the amount of PADREQ11 that was mixed with
E214Q11 before fiber formation, so that the PADRE concentration ranged from 0.005 to 0.5
mM. The E214 concentration was held constant at 1 mM, and the total peptide concentration
(E214Q11 + PADREQ11 + Q11) was maintained at 2 mM by using unconjugated Q11 as
filler. Mice were immunized at week 0 and boosted with half-doses at week 4 and week 8.
At week 9, the total number of PADRE-specific CD4* T cells measured by PADRE-
tetramer staining (Figure 4a) followed a bell-shaped curve that peaked at the lowest
concentration of PADREQ11, 0.005 mM, and dropped steadily at higher concentrations
(Figure 4b). This nonlinearity in dose-response, especially hypo-responsiveness at very high
doses of antigen, is consistent with previous reportst® 271 and highlights the importance of
selecting a proper dose of the T cell epitope. Bell-shaped profiles were also observed for the
PADRE-specific Tth, Thl, and Th2 responses (Figure 4c), measured in terms of the total
numbers of CXCR5+ PD-1+, Thet*, and Gata3* cells, respectively, recovered from six
draining lymph nodes per mouse. We confirmed the dose response profile for Th1l and Th2
cells by quantifying the frequency of IFN-[31 and IL-4 producing cells in a PADRE-specific
ELISPOT assay (Figure 4d).

Interestingly, the PADRE-specific Tfh response peaked at a higher dose than the Th1 or Th2
responses did: 0.05 — 0.10 mM PADREQA11 for Tfh, versus 0.005 mM for Thl and Th2
(Figure 4e). At 0.10 mM PADREQ11, the Tfh cells were 13 + 5 %, whereas at 0.005 mM,
only 2 + 1 % were Tfh cells (mean and standard deviation, n = 5). No skewing towards Thl
over Th2, or vice versa, was observed over the doses of PADREQ11 examined. Thus,
increasing the dose of PADREQ11 in the nanofibers impacted both the magnitude and the
quality of the effector CD4 T cells response. Different T cell populations exhibited distinct

Adv Healthc Mater. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pompano et al. Page 7

dose responses when the epitope content was varied, with Tth development being selected at
the higher concentrations of PADREQ11.

2.5. Antibody titers are optimized at the peak of the Tfh response

The magnitude of the antibody response should be controlled by the magnitude of CD4+ T
cell response, particularly by the Tfh response.[4] To test whether titration of T cell epitopes
could be used to optimize the antibody response to a vaccine, we measured the Ig titers
against the E214 peptide using serum collected from the experiment described above (Figure
5a). At each dose of PADREQ11, the titers increased within 1 — 2 weeks after each boost. In
the secondary and tertiary responses, the titers followed a bell-shaped dose-response curve
that peaked at 0.05 — 0.1 mM PADREQ11 (Figure 5b). This was the same concentration as
the maximal Tfh response. At the PADREQ11 dose of 0.5 mM, the anti-E214 titers
decreased substantially, paralleling the reduced PADRE-specific Tfth numbers (Figure 4c).
We further confirmed this high-dose hypo-responsiveness in a separate experiment using 1
mM PADREQ11 + 1 mM E214Q11, which raised log10 titers of only 2.0 £ 1.0 by week 8
(n = 3 mice). Thus, the development of the antibody titers reflected the development of the
Tth response both in its rise and its fall. Despite this correlation, we cannot exclude the
possibility that other non-Tfh subsets also contribute to the antibody response across the
entire PADREQ11 dose range.

In contrast to the changes in the magnitude of the T cell response and the antibody response
relative to the dose of PADREQ11, the 1gG isotypes were mostly unaffected. AntiE214
isotypes consisted primarily of a mixture of IgG1 and 1gG2b (Figure 5c), except at the
lowest dose of PADREQ11, where the 1gG1 response was significantly greater than the
1gG2b response. The average affinity for E214 was similarly unaffected by dose. Using a
competitive ELISA, we observed IC50 values of approximately 0.6 uM and 2 uM 1C50 at
low and high densities of E214 coated on the ELISA plate, respectively, for all doses of
PADREQ11 (Figure 5d). These IC50 values were not significantly different than those of
the E214-CRM+alum group (0.2 uM and 0.7 uM, respectively), indicating that the
optimized self-adjuvanting vaccine with a single CD4+ T cell epitope raised essentially the
same affinity antibodies as the alum-adjuvanted protein conjugate.

3. Discussion

Historically, vaccines have been based on whole pathogens and protein antigens that include
their own endogenous CD4* T cell epitopes. Now, as vaccine design is focusing on ever
more highly defined peptide and carbohydrate antigens,[X] CD4* T cell help may have to be
provided to maximize the T and B cell responses, without a priori knowledge of the optimal
concentrations of epitopes. Currently antigens that have only B cell epitopes need to be
chemically conjugated to protein carriers, usually large inactivated toxins such as tetanus
toxoid, diphtheria toxoid, or diphtheria CRM197. While these carriers have been shown to
be effective, they are not amenable to the efficient analysis of a wide variation in epitope
content. In addition, their production processes can require multiple steps for expression and
purification, can employ toxic coupling compounds and/or bacterial expression systems, and
are prone to batch-to-batch variability.[28] These processes generate a vaccine product that is
often a heterogeneous mix of conjugates, with different numbers of the B cell epitope bound

Adv Healthc Mater. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pompano et al.

Page 8

to the protein. In addition, carrier proteins often contain their own B cell epitopes that are
the preferential targets of the immune response, thus overriding the response to the antigen
(immunodominance).[29] Furthermore, if the same carrier is re-used in a future vaccination,
memory responses to the carrier can prevent response to the desired B cell epitope (carrier-
specific suppression).[30]

To address some of the technical limitations of peptide/carrier subunit vaccines, here we
took advantage of a vaccine system that has modular epitope content and does not require
exogenous adjuvants to carefully quantify the effects of T cell antigen dose on the T cell and
antibody responses. Our working model is that co-assembled E214Q11/PADREQ11 fibers
are taken up by DCs that present PADRE in the context of MHC Il molecules to T cells.
Additionally, E214-specific B cells take up co-assembled fibers through BCR-mediated
endocytosis and then present PADRE in the context of I-AP to receive co-stimulatory signals
from PADRE-specific T cells. The data in Figure 3b, demonstrating that co-assembly of the
two epitopes is essential, is consistent with this model.

The ability to integrate epitopes in precise quantities over multiple orders of magnitude into
a single construct is a feature that is perhaps unique to self-assembly of small monomers.
Covalent conjugation of peptides to intact proteins by chemical linkages would be difficult
to regulate over the micromolar to millimolar range. Self-assembly of proteins or
polypeptide subunits typically incorporates on the order of tens to hundreds of subunits into
spherical or low aspect ratio particles,31] so if a single epitope is added to each monomer,
the available concentration span has at most a hundred-fold range. In contrast, self-assembly
of short peptides into long, high aspect ratio, beta-sheet fibers incorporates thousands of
monomers per micron length (each monomer is approximately 0.5 nm)32l. Emulsification of
peptides, e.g. in Freund's adjuvant, can achieve this range and has been used to combine B
cell or CD8+ T cell with CD4+ T cell epitopes previously,[?: 33] hut these adjuvants also
induce local inflammation that can alter the helper T cell response. Based on our
observations, we anticipate that the construction of other types of modular self-adjuvanting
nanoparticles will provide a broad platform for controlled epitope dosage in vaccine design.

As a proof of principle, we focused on using non-covalent self-assembly to specify the dose
of CD4+ T cell epitopes, in order to favor the emergence of distinct CD4+ T cell subsets and
antibody responses after vaccination. It is generally accepted that the quality of the TCR-
peptide-MHCII interactions impact the magnitude of clonal expansion and the acquisition of
distinct effector CD4+ T helper cell functions.[20: 34] The quality of interaction is a
combination of the TCR affinity for peptide-MHCII,[19] the off rate of TCR binding to
peptide-MHCII,[3%] abundance of antigen,[36. 371 and the duration of Th-APC contact.[36. 38]
Furthermore, in many experiments, the incorporation of adjuvants can obscure the effects of
TCR signal strength and alter the clonal composition of the responding T cell
population.[1920] By using non-covalent self-assembly to titrate minimal T cell epitopes
across multiple orders of magnitude, we were able to demonstrate that, in the absence of
inflammation, the magnitude of the T cell as well as the antibody response also varied by
multiple orders of magnitude. Notably, this vaccine system favored the development of Th2
cells, and a ten-fold higher antigen dose was required for optimal Tfh and antibody
responses than for optimal Th1l and Th2 responses. These results are consistent with a recent
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report,[%] where strong TCR signaling inhibited Th1 formation and favored Tfh formation by
naive cells in an infectious model. Finally, the mechanistic basis for a depressed PADRE-
specific T cell response at the highest high doses of PADRE is not known, and the
possibility of regulatory T cell involvment is under investigation.

The nanofiber co-assembly system based on synthetic peptides has many advantages and
also some significant limitations in terms of the range of epitopes can be presented. Whereas
CD4+ and CD8+ T cell epitopes are linear, B cell epitopes can be either linear (such as the
E214 epitope used here) or conformational (a discontinous sequence requiring proper
folding to be recognized by the B cell receptor). Linear peptide epitopes of up to
approximately 30 - 40 amino acids in length are ideal candidates for solid-phase synthesis
and co-assembly on nanofibers, although it can be challenging to synthesize very
hydrophobic sequences in high purity. It may also be possible to synthesize carbohydrate
epitopes in tandem with the peptide co-assembly domain. Further, we have recently
developed a strategy for incorporating precise combinations of whole proteins into beta-
sheet nanofibers by expressing them with a tag that transitions from an alpha-helical to a
beta-sheet structure. Antibodies can be raised against such proteins co-assembled into Q11
nanofibers.[39] Alternatively, proteins can also be attached to Q11 nanofibers once the
peptide has self-assembled, and these also raise antibody responses.[4%l We have not tested
whether protein-conjugated nanofibers are processed in the same manner as peptide-
displaying fibers, nor whether co-assembly with a precise dose of an epitope such as
PADRE would enhance the response to a protein. However, most proteins have abundant
CDA4+ T cell epitopes, so they may not benefit as much from co-assembly with additional
CDA4+ T cell epitopes. Thus future experiments will focus on expanding the nanofiber
platform to incorporate a wider range of antigen types, and on testing the functionality of the
elicited immune response in live infection models in mice.

Precise control over epitope dose to determine the quality and magnitude of the CD4+ T cell
and antibody responses contrasts with traditional vaccine design, which relies on the non-
specific action of exogenous inflammatory adjuvants to drive the responses to subunit
vaccines.l4tl Aluminum salts, including aluminum hydroxide, aluminum phosphate, alum or
mixed aluminum salts, have been the predominant adjuvant for clinical use. A number of
new adjuvants also have been approved, including AS04, which incorporates
monophosphoryl lipid A (MPL) in aluminum hydroxide, and AS03 and MF59, which are
squalene-based emulsions with or without additional immunomodulators, respectively.
Specifically, the incorporation of immune modulatory molecules, such as ligands for Toll-
like receptors, has been particularly effective at enhancing the immune response. However,
the responses to all epitopes in the vaccine construct are equally enhanced, potentially
leading to opportunities for immunodominance and carrier-specific suppression.[2]
Furthermore, these adjuvants make the assessment of the safety profile of the vaccine more
difficult; for instance, the administration of millions of doses of the AS03-adjuvanted
vaccine for the 2009 H1N1 influenza pandemic unexpectedly revealed an increased risk of
narcolepsy.[42] The lack of specificity and concerns over unanticipated side effects, in
addition to the known effects of adjuvants in inducing inflammation and pain at the site of
injection, underscore the need for a new generation of subunit vaccines that work outside of
this paradigm. The recent emergence of a new class of chemically defined nanoparticulate
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vaccines that are effective without exogenous adjuvants or the inclusion of TLR
agonists,[11: 13. 18,19, 43] jncluding the self-assembled peptide nanofibers described here,
provides growing evidence that such vaccines may be possible. As such materials and
platforms continue to be developed, careful tuning of epitope content may be critical for
adjusting the strength and quality of the immune response, as illustrated here. This
consideration may be even more important for unadjuvanted particulates than vaccines
containing exogenous adjuvants, as the adjuvant may override or mask the effects of epitope
content.[10. 20]

4. Conclusion

This study demonstrates that modular assembly can be used to vary the T epitope dose
within non-inflammatory materials-based vaccines, enable strong T cell and antibody
responses, and specify the resulting CD4 effector types. Maximizing the Tfh response is
critical, as the strength of the Tth response is tightly associated with the magnitude of the
antibody responses and protection in human vaccination.l44] This is especially true for
vaccines against extracellular bacteria (e.g. S. Pneumoniae and Meningococcus), as well as
for influenza, where high titers of neutralizing antibodies and B cell memory have been
shown to be correlated with protection.[4?! In contrast, the ability to optimize for effector
Th1 and Th2 responses would important for the generation of vaccines targeting cancer
immunotherapy, viral infections, and parasitic infections. Thus, using modular self-assembly
to precisely incorporate B cell and T cell epitopes into vaccine should allow for efficient
optimization of vaccines that can elicit the appropriate types of protective immune
responses.

5. Experimental Section

Peptide synthesis and characterization

Peptides were synthesized using standard Fmoc solid-phase chemistry, purified by HPLC
and MALDI-MS, and lyophilized as previously reported 131, A list of peptides with
sequences and molecular weights is provided in the Supplementary Information (Table S1).
C-terminally biotinylated E214 (MW = 2435 g/mol) was prepared by synthesizing E214 on
Fmoc-PEG-biotin Novatag resin (Novabiochem #8.55145.8500); preliminary tests showed
that N-terminal biotinylation prevented recognition of the E214 epitope in ELISA. For TEM
analysis, peptide solutions were prepared as for immunization, diluted to 0.4 mM in 1x PBS
immediately before deposition on 400 mesh carbon grids, stained with 1% uranyl acetate,
and imaged immediately using a FEI Tecnai F30.

Vaccine preparation

To prepare immunization solutions from PADRE-Q11 co-assembled with Q11 and/or E214-
Q11, PADRE-Q11 was first dissolved in sterile water at 0.1 - 0.2 mM and used immediately
or frozen at —20 °C until use. The appropriate quantities of lyophilized Q11 and/or E214-
Q11 powders were vortexed together for at least 25 min before being dissolved in the
PADRE-Q11 solution or in sterile water (4 mM total peptide) and stored overnight at 4 °C.
Then, sterile water and 10x PBS (Fisher BP399-500) were added to bring the mixture to the
working concentration (2 mM total peptide, 1x PBS), and the solution was incubated for 3-
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5 hr at room temperature before immunization. The final pH of the PADREQ11/E214-
Q11/Q11 solution was 6.5 at all doses of PADRE-Q11, as measured by pH paper. We
verified by TEM imaging that fibers were formed at all doses of PADRE-Q11. For
immunizations with Imject Alum, a 4 mM working solution of peptide was mixed 1:1 v/v
with Imject Alum (Pierce) and vortexed for 30 — 60 min to allow adsorption. The E214-
CRM conjugate was synthesized by Merck by using E214-ahx-Cys to link through the thiol
group. Ahx is a linker, 6-aminohexanoic acid.

To prepare OVA-Q11 with or without co-assembled PADRE-Q11, OVA-Q11 powder was
dissolved in freshly prepared 0.4 mM PADRE-Q11 or in sterile water to produce 8 mM
OVA-Q11. This solution was stored overnight at 4 °C, and then PBS was added to bring the
solution to 2 mM OVA-Q11 + 0.1 mM PADRE-Q11. This solution was incubated for 3- 5
hr at room temperature before immunization.

Endotoxin measurements were conducted on the same peptide solutions that were used for
immunization, using the Limulus Amebocyte Lysate chromogenic endpoint assay (Lonza).
Endotoxin levels of all peptide solutions used for immunization were < 0.1 EU/mL (< 0.01
EU per 100 pL dose).

Mice and Immunizations

Female C57BL/6 mice were purchased from Harlan laboratory and housed at the animal
facility at the University of Chicago. All procedures were approved by the University of
Chicago Institutional Animal Care and Use Committee (protocol 71-900). Mice (6 — 12
weeks old; age-matched within each experiment) were randomly assigned in groups of 5 for
each condition based on previous findings that this size was sufficient to distinguish
responding versus non-responding groups. Anesthetized mice were immunized
subcutaneously with the indicated solutions (2 x 50 uL at the shoulders, 200 nmol total
peptide) and boosted where indicated with half-doses (2 x 25 uL, 100 nmol total peptide)
after 4 weeks and 8 weeks. Serum was collected from the submandibular (cheek) vein for
analysis by ELISA. Mice were sacrificed 7 days after the final immunization, and the cells
from the draining lymph nodes (axillary, brachial, and inguinal) were collected. Investigator
blinding was not used during the experiment.

Testing the requirement for co-assembly

Mice were immunized with co-assembled E214-Q11/ PADRE-Q11/ Q11 (1 mM, 0.05 mM,
0.95 mM, respectively) prepared as described above, or with an injection of E214-Q11 (1
mM) and a separate injection of co-assembled PADRE-Q11/ Q11 (0.05 mM, 0.95 mM,
respectively). The separate injections were given at the same time and only approximately 3
mm apart on the shoulder of the animal, to allow drainage to the same lymph nodes. Mice
were boosted in the same manner with a half-dose at week 4. Serum was collected at week 5
for analysis by ELISA.

Testing the dose-response to PADRE-Q11

Mice were immunized with co-assembled E214-Q11/ PADRE-Q11/ Q11 (1 mM, 0.005 -1
mM, 0.995 — 0 mM, respectively) prepared as described above, and boosted with a half-dose
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at weeks 4 and 8. Serum was collected every 1 — 2 weeks for analysis by ELISA. Antibody
affinity and isotypes was measured using serum from week 9. Mice were sacrificed at week
9, lymph nodes were collected, and the T cell response was analyzed by ELISPOT and
tetramer-staining.

Antibodies and Flow Cytometry

Antibodies were purchased from eBioscience unless specified. Flow cytometry was
performed using LSRII blue (BD). FlowJo (Tree Star Inc.) was used in the analysis of flow
data. For analysis of cell recruitment to the peritoneal cavity, cells isolated from i.p. lavage
fluid were stained and analyzed as described [19].

PADRE-specific T cell staining

PADRE tetramers were obtained as a custom order from the NIH Tetramer Core Facility (I-
Ab MHC class Il tetramer against sequence AKFVAAWTLKAA). Draining lymph nodes
were collected and processed into a single cell suspension. Then, 2 to 5 million cells were
resuspended in 50 pL of flow staining buffer (PBS containing 2 % FCS and 0.01% sodium
azide) and pre-blocked with 2.4G2 antibody for blocking non-specific FCR binding site for
5 min at 4 °C. PE-conjugated PADRE tetramer was added at a final concentration of 2.5
pg/mL, and the suspension was incubated at 37 °C in a cell culture incubator for 1 hour.
Cells were washed with 2 mL of flow cytometry buffer and then stained with other
antibodies as needed for each cell type. For Tth staining, cells were stained with CD44-
APC-Cy7 (IM7, BD Biosciences), CXCR5-APC (2G8, BD Biosciences), PD-1-PE-CY7
(J43), CD4-FITC (GK1.5, Biolegend), and lineage antibodies (i.e. a dump channel)
including CD8, B220, Ter119, DX5 and F4/80. For T-bet and GATA-2 intracellular
staining, cells were stained with LIVE/DEAD Fixable Violet Dead Cell Staining regent
(L34955, Molecular probes) to discriminate live and dead cells according to the
manufacturer instructions, then stained with PE-conjugated PADRE tetramer, then with
CDA4-FITC and CD44-APC-CY7. Foxp3/ Transcription Factor Staining Buffer Set
(00-5523-00, eBioscience) was then used for T-bet-PerCP-Cy5.5 (eBio4B10) and GATA3-
PE-CY7 (L50-823, BD Biosciences) staining according to its product information.

T cell ELISPOT

T cell ELISPOTS were performed as described [29. Briefly, 0.5 million cells from the
draining lymph nodes were plated in each well of a 96-well ELISPOT plate (Millipore,
MSIPS4510), in 200 pL per well. The cells were then stimulated with peptide or left
untreated as negative controls. Preliminary experiments showed that the response to PADRE
saturated at concentrations above 0.5 uM. Therefore, stimulation was performed with 1 uyM
PADRE; when E214-Q11 or pOVA were used, they were included at 5 pM. 1L-4 (551818)
or INF-[31 (551881) ELISPOT Pairs were from BD. Streptavidin-alkaline phosphatase
(3310-10) was purchased from Mabtech. Spots were developed using substrate Sigmafast
BCIP/NBT (Sigma, B5655). Plates were imaged and enumerated using an ELISPOT reader
(Cellular Technology, Ltd).
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ELISA for serum antibodies

Serum was analyzed for antigen-specific Ig (Anti-IgG (H+L), Jackson Immuno Research,
Cat #115-035-003) or 1gG (gamma-specific, #115-035-071) by ELISA, as previously
described (Rudra, Tian et al. 2010). To detect E214-specific antibodies, the plate was coated
with 5 pg/mL E214-ahx-C (provided by Merck) in PBS or with 5 pg/mL streptavidin (Sigma
#85878) followed by 10 pg/mL E214-PEG-biotin in PBS. To detect antibodies specific for
Q11 or PADRE-Q11, the plate was coated with 20 ug/mL SGSG-Q11 or PADRE-Q11 in
PBS. Isotyping was conducted similarly except that alkaline-phosphataseconjugated
antibodies for total 1gG (#155-055-071) or IgG1, 1gG2b, 1gG2c, or 1gG3 (#155-055-205,
155-055-207, 155-055-208, 155-055-209, respectively) were used (diluted 1:5000) along
with SigmaFast pNPP substrate.

Competitive ELISA

To assess antibody affinity, high-binding ELISA plates were coated overnight with
streptavidin (5 pg/mL) and then with E214-PEG-biotin. Preliminary experiments showed
that the signal saturated at E214-PEG-biotin concentrations above 0.2 pg/mL. Thus, 0.1 or 1
ug/mL E214-PEG-biotin was used as a low-density and high-density coating, respectively.
Lower-density coatings select for higher-affinity antibodies in this assay. Plates were
blocked for 1 hr with 1% BSA. Equal volumes of sera from the 5 mice in each group were
pooled to create a single sample per group. Each pooled serum sample was used at a single
dilution that gave approximately half the maximal possible ELISA signal (e.g.,
approximately 1:104 for a serum with a titer of 104). After blocking, E214 peptide solution
was added to the wells in a dilution series starting at 10-4 M, with seven 10-fold or 5-fold
steps plus a buffer control. The diluted serum sample was added immediately, mixed, and
the plate was incubated for 2 hr. Plate-bound IgG (gamma-specific) was detected as
described above. To calculate the 1C50, the ELISA absorbance was plotted against the log of
the E214 concentration (in Molar) and fitted with a sigmoidal curve in Prism 6
(log(inhibitor) vs. response (three parameters)) to determine the concentration that gave
half-maximal inhibition. The assay was performed twice, and the average and standard
deviation reported for each serum sample.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel1. A high-affinity T cell epitopeincorporated into Q11 nanofiber sinduces antigen-specific
T cell responses
(a) PADRE, a high-affinity CD4+ T cell epitopel?!], was synthesized in tandem with the

Q11 assembly domain and mixed into unconjugated Q11 to form integrated assemblies
observable by TEM (0.05 mM PADRE-Q11, 1.95 mM Q11). (b) Mice were immunized with
PADREQ11 (0.05 mM PADREQ11 + 1.95 mM Q11) and boosted on day 14; on day 21,
cells from the lymph nodes were stimulated with PADRE peptide, and the IL-4 and IFN-[3] -
secreting cells were quantified by ELISPOT. (c) A PADREI-AP tetramer was validated to
detect endogenous PADRE-specific T cells (CD4+ CD44+ PADRE+) by flow cytometry.
CD44 is a marker for T cells that have encountered cognate antigen. Data from one
PADREQ11-immunized and one PBS-immunized mouse are shown; representative of 3
mice per group, repeated twice. (d) Immunization with PADREQ11 but not free PADRE
peptide (0.05 mM PADRE in saline) generated PADRE-specific CD4+ T cells as defined
above, as well as PADRE-specific Tth cells (CD4+ PADRE+ CXCR5+ PD-1+) by 7 days
after primary immunization. In b and d, each dot indicates 1 mouse, and cell numbers are
quantified from the six draining lymph nodes that were collected from each mouse.
Analyzed by 1-way ANOVA. Bars show average values.
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Figure 2. Co-assembled B and T epitopes raise a high-titer antibodiesand a modular T cell
response
(@) In the co-assembly strategy, B cell and T cell antigens are synthesized separately in

tandem with the Q11 assembly domain, then mixed in the specified ratio with unconjugated
Q11 to form integrated assemblies that are visible by TEM (shown with 1 mM E214Q11,
0.05 MM PADREQ11, 0.95 mM Q11). (b) Anti-E214 responses to Q11-based vaccines
required assembly with a T cell epitope, PADRE. Mice were immunized at week 0 and
boosted with a half-dose of peptide at week 4 (grey arrows). E214Q11 (2 mM) failed to raise
a response even when adjuvanted with Alum, whereas the co-assembled E214Q11 (1 mM)/
PADREQ11 (0.05 mM) vaccine raised a strong response. h = 3 mice per group,
representative of at least 2 independent experiments. (c) The antibodies were specific to only
the E214 epitope, not PADREQ11 or Q11, in ELISA (serum after two boosts). (d) The T
cell IL-4 and IFN-gamma responses were specific to only PADRE, not E214Q11, in
ELISPOT assays (lymph nodes collected after two boosts). In (c) and (d), each dot indicates
1 mouse, with 5 mice in each group. (¢) Mice immunized with alum-adjuvanted E214-CRM
protein or with unadjuvanted E214Q11/PADREQ11 assemblies raised equivalent E214-
specific responses. Serum was analyzed at week 9, one week after a second boost. n =3
mice per group. All error bars show standard deviation.
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Figure 3. Antibody responses arise from cognate T-B interaction and are not associated with
inflammation

(a) Peptide co-assemblies are proposed to function similar to an adjuvanted peptide-protein
conjugate, as described in the text. (b) Antibody responses required co-assembled fibers;
mice injected simultaneously with separate solutions of E214Q11 and PADREQ11 fibers
failed to raise a response by 7 days after a boost (n = 5 mice per group, two-tailed t-test). (c)
Peptide assemblies did not induce recruitment of inflammatory cells after i.p. injection. Cells
in the peritoneal lavage fluid were analyzed 20 hr after injection. N = 4 mice per group. *, p
<0.05 compared to EQ11 group, by two-way ANOVA with Dunnett correction for multiple
comparisons. The immunizations were as follows (100 uL per injection): E-Q11 (1 mM
E214-Q11, 1 mM Q11), E-Q11 +Alum (2 mM E214-Q11, 2 mM Q11, mixed 1:1 v/v with
Imject Alum), E-Q11/PQ11 (1 mM E214-Q11, 0.95 mM Q11, 0.05 mM PADRE-Q11), PBS
(saline). Abbreviations: Macrophages (mac), conventional dendritic cells (cDC),
inflammatory DCs (iDC), plasmacytotoid DC (pDC), neutrophils (neut), inflammatory
monocytes (iMono), eosinophils (eosi), as defined in ref ([19]). (d,e) C57BI/6 mice were
immunized and boosted with 2 mM OVAQ11 alone, co-assembled with 0.1 mM
PADREQ11, or adjuvanted with Imject alum. (e) The pOVA-specific 1gG titers were
enhanced by co-assembly with PADREQ11 (p = 0.051 by two-way ANOVA over 9 weeks)
to levels that equaled the alum-adjuvanted response after one boost. (e) After immunization
co-assembled fibers, the T cell response was divided between pOVA and PADRE instead of
being focused exclusively on pOVA. Mean + standard deviation is shown; n =5 mice per

group.
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Figure4. The activity of Tfh cellsfollows a different dose-response curvethan Thl or Th2 cells
asT cdl help istitrated into co-assembled nanofibers

T cell responses were assessed using cells collected from the lymph nodes of mice after
immunization and two boosts with E214Q11/PADREQ11. (a) The PADRE-MHC tetramer
was used to quantify the PADRE-specific tetramer+ CD4+ T cells (left column) and
phenotype them (gating for Tfh shown in right column). A representative result from each
dose of PADREQ11 is shown. (b) The numbers of total PADRE tetramer-positive cells and
(c) PADRE-specific CXCR5+ PD1+ Tfh cells, Thet+ Thl, or Gata3+ Th2 cells were
quantified. Cell numbers are quantified per mouse, where six draining lymph nodes were
collected from each mouse. (d) An ELISPOT quantified the IL-4 and IFN-gamma secreting
cells after stimulation with PADRE peptide, which also followed a bell-shaped dose
response curve. (e) The response of each cell type was normalized to its maximum, and the
responses were compared by 2-way ANOVA. Dunnett's multiple comparisons test was
conducted at each dose of PADREQ11, comparing the response of each cell type to the total
tetramer+ response. *, p < 0.001. N = 5 mice per group. Mean + standard deviation is
shown.
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Figure 5. Optimizing antibody titersto co-assembled fibersusing T cell epitopetitration
(a) Fibers were co-assembled with E214Q11 and 5 different concentrations of PADREQ11,

and mice were immunized and boosted (half-dose) with these formulations according the
schedule shown. (b) The antibody response against E214 was measured over time by ELISA
and (d) followed a bell-shaped dose response curve, shown 7 days after the first and second
boosts. (c) Antibody isotypes were measured by ELISA and normalized to the total I1gG
response. Isotypes in responding groups consisted equally of 1gG1 and IgG2b at all doses of
PADREQ11, with only the lowest dose (0.005 mM) showing a significant polarization to
IgG1 (serum from week 9; analyzed for each dose using a t-test; *, p<0.01). Contributions
from 1gG2c or 1gG3 were negligible at all doses. (d) Competitive ELISA was used to
compare antibody affinity for E214 in serum samples collected after the second boost.
ELISA plates were coated with E214 at high (1 ug/mL) or low (0.1 ug/mL) density to assess
lower and higher affinity antibodies, respectively. No significant differences were observed
between doses of PADREQ11 or with the CRM+alum group, by 2-way ANOVA. N =5
mice per group. Mean + standard deviation is shown.
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