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Abstract

Widespread vaccination is essential to global health. Significant barriers exist to improving
vaccine coverage in lower- and middle-income countries, including the costly requirements for
cold-chain distribution and trained medical personnel to administer the vaccines. We designed a
heat-stable and highly porous tablet vaccine that is administered sublingually via simple
dissolution under the tongue. We produced SIMPL (Supramolecular | mmunization with Peptides
SubL ingually) tablet vaccines by freeze-drying a mixture of self-assembling peptide-polymer
nanofibers, sugars, and adjuvant. Sublingual immunization with SIMPL tablets raised antibody
responses against both a model epitope from ovalbumin and a clinically relevant epitope from M.
tuberculosis. Further, sublingual antibody responses were not diminished after heating the tablets
for 1 week at 45 °C, in contrast to a more conventional carrier vaccine (KLH). This approach
directly addresses the need for a heat-stable and easily deliverable vaccine to improve equity in
global vaccine coverage.
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Global vaccination coverage against infectious diseases in lower- and middle-income
countries still lags behind higher-income countries, resulting in preventable deaths.[]
Improving global vaccine coverage is a complex and multifaceted challenge, a major
component of which is the chain of distribution.[?] Vaccines must be transported and stored
within a continuous cold-chain near 4 °C to prevent loss of potency,[3] but poorly maintained
equipment and unreliable electricity grids in lower- and middle-income countries make such
transport difficult.[2] Inequities of distribution occur even within countries due to
transportation costs and proximity to health care facilities where trained personnel can safely
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administer the vaccines.[4] A heat-stable and self-deliverable vaccine would directly address
these challenges.

Sublingual vaccine delivery (under the tongue) is needle-free and has the potential for self-
administration,[5-6] making it an ideal route for global vaccine distribution. Vaccines based
on chemically defined biomaterials are increasingly being considered for infectious
diseases[’~9] and have the potential for greater thermal stability than traditional vaccines
based on attenuated pathogens. Despite this, sublingual biomaterial vaccines remain
relatively unexplored due in part to challenges of delivery through the salivary mucus layer.
Sublingual vaccine materials are taken up by dendritic cells in the mucosal tissue below the
epithelium, which transport them to the cervical lymph nodes to prime immune
responses[10]. The mucus layer above the epithelium is a significant barrier, as it can ensnare
vaccine materials through polyvalent, low-affinity adhesive interactions[t1l. We recently
reported the design of a sublingual nanofiber vaccine based on self-assembling Q11 peptides
conjugated to mucus-inert materials such as polyethylene glycol (PEG) or random sequences
of proline, alanine, and serine (PAS).[12] Here, we designed a process to tabletize these
nanofibers, producing a first-of-its-kind, heat-stable, and easily-administrable SIMPL
(Supramolecular Immunization with Peptides SubL ingually) tablet vaccine that dissolves
under the tongue.

In designing this tablet vaccine, we sought to meet the key design criteria of structural
integrity for handleability, microscale porosity for promoting dissolution, and preservation
of nanofiber structure for immunogenicity. We focused on a freeze-dried tabletization
process, adopting the use of sugar excipients from pharmaceutical tablet production[23]. We
selected mannitol and dextran to promote tablet strength and porosity[14-151 and trehalose as
a cryoprotectant to aid in retaining nanofiber morphology.[16] We also included an adjuvant
in the formulation due to our previous finding that this was needed for high-titer sublingual
antibody responses with peptide nanofibers.[*2] To control tablet size and shape, we 3D-
printed a custom negative tablet mold, then made the final mold of flexible
polydimethylsiloxane (PDMS) (Fig. S1). Freeze-dried SIMPL tablets were formed by
mixing the sugars and adjuvant with fibrillized peptide-polymers, transferring the solution to
the PDMS mold, and lyophilizing (Fig. 1A).

The SIMPL tabletization process yielded tablets that were strong enough to be handled
without breaking, fulfilling the bulk handleability requirement (Fig. 1B). An effective tablet
should quickly dissolve in the volume-limited sublingual space. MicroCT analysis of the
tablet’s microstructure showed a high-degree of porosity qualitatively (Fig. 1C). This large
surface area allowed the tablets to dissolve rapidly in aqueous solvent (Movie S1). Further,
by modulating the concentrations of peptide and sugar within the tabletized solutions we
could tune the elastic modulus of the resulting tablets (Fig. 1D, S2). We do not expect the
adjuvants utilized to affect moduli, owing to their comparably much lower concentrations.
Previous work in our lab has shown that fibrillization is critical to the function of Q11-based
vaccines.[271 We used electron microscopy to compare the structure of nanofibers before and
after tabletization (Fig. 1E-F). We immediately prepared TEM grids after dissolving tablets
in PBS to prevent re-fibrillization over time from skewing the results. Nanofibers remained
after tabletization, though they appeared slightly shorter by qualitative comparison. To
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corroborate this finding, we analyzed the extent of B-sheet secondary structure by Thioflavin
T (ThT) binding (Fig. 1G). ThT binding was reduced after tabletization, but remained
significantly higher than vehicle controls. Taken together, these findings suggested that
although the tabletization process diminished nanofiber structure to some extent, significant
fibrillar morphology was retained within SIMPL tablets. We next sought to determine
whether peptide nanofibers prepared in this way retained their immunogenicity.

An advantage of supramolecular vaccines is their ability to raise antibody responses against
peptide epitopes, which are highly specific but poorly immunogenic.[*8] We first tested the
ability of tabletized supramolecular assemblies to raise responses against the model
OVAg3,3_339 peptide (pOVA). Nanofibers assembled from OVA-Q11-PEG3pp0 (OVAQ11)
were readily acquired when delivered to cultures of dendritic cells (Fig. 2A). Unadjuvanted
tabletized nanofibers also upregulated CD80, and to a lesser extent MHC-II, on dendritic
cells in vitro, in contrast to non-tabletized nanofiber solutions (Fig. S3). For sublingual
immunizations, we placed SIMPL tablets under the tongue of anesthetized C57BL/6 mice
and allowed them to dissolve unaided (without the application of additional liquid). Mice
immunized in this way with tablets containing nanofibers and the protein adjuvant cholera
toxin B (CTB) raised epitope-specific 1gG responses (Fig. 2B). Notably, tablets that
contained PEG-conjugated pOVA (non-assembling) rather than self-assembling OVAQ11
failed to raise responses, highlighting the importance of supramolecular assembly and
suggesting the ability of the supramolecular tablet to preserve nanofiber structure. This is in
line with previous work showing that assembly is essential for immunogenicity of
subcutaneously delivered Q11 nanofibers[7] and sublingually delivered Q11-PEG solutions.
[8] By contrast, T-cell responses were unaffected by the presence or absence of the Q11
assembly domain, with IL-4 dominant splenic responses observed for all groups (Fig. 2C,
S3).

To test the ability to modulate the antibody titer raised by the SIMPL sublingual tablet
vaccine, we increased the CTB adjuvant dose from 7 pg per tablet to 14 pg per tablet (Fig.
2D). Mice immunized with the higher adjuvant dose had significantly higher serum IgG
titers after two boosts, with an increase in mean titer from 2.2 to 4 representing an over 60-
fold change in antibody concentration (Fig. 2E). The higher dose of CTB adjuvant also led
to T-cell responses that were more balanced between IL-4 and IFNvy in the spleen (Fig. 2F,
S4), similar to previously published CTB-adjuvanted sublingual vaccines.[19 It is possible
that at lower adjuvant doses, the Th2-bias of unadjuvanted Q11 vaccines!2%! remains, but
that at higher doses the effects of CTB are more pronounced. In contrast to the spleen, T-cell
responses in the draining submandibular and cervical lymph nodes were more biased
towards IFNy (Fig. 2F). This is perhaps due to CTB adjuvant draining to the lymph node,
but future characterization of the T-cell response to SIMPL tablets is needed to address these
questions.

Having established the immunogenicity of SIMPL tablets, we next investigated the
important consideration of heat stability. Given the importance of thermal stability to
equitable global vaccine distribution, we chose a peptide epitope from M. tuberculosis.
Tuberculosis is the leading cause of infectious death globally, with 97% of cases coming
from low- and middle-income countries.[21] The selected peptide epitope from the 6 kDa
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early secretory antigenic target of M. tuberculosis (ESAT6) contains contiguous B- and T-

cell epitopes and was a protective target in a preclinical model of tuberculosis infection.[22]
In all experiments, heated groups were kept for one week at 45 °C, a temperature at which

even relatively stable vaccines can lose potency.[23-24]

We compared the thermal stability of the tablet vaccine with a conventional peptide-carrier
conjugate, keyhole limpet hemocyanin (KLH). Subcutaneous injection of CBA/J mice with
KLH-ESAT6 and alum adjuvant led to strong antigen-specific antibody responses even after
heating (Fig. 3A). Strikingly, however, sublingually delivered KLH-ESAT6 with CTB
adjuvant led to no detectable response after heating, highlighting the challenge of sublingual
peptide immunization. By contrast, sublingual immunization with heated SIMPL tablets
containing MPEGyqpg-Q11ESAT6 nanofibers (QL1ESAT6) and CTB adjuvant raised 1gG
antibodies (Fig. 3B). Most notably, there was no significant difference in response for mice
immunized with heated or non-heated Q11ESAT6 + CTB tablets (Fig. 3C).

To confirm and extend these findings, we repeated this experiment and tested the use of the
nucleotide adjuvant cyclic-di-AMP. We also included a higher dose of adjuvant due to its
ability to modulate titers in the tablet immunizations against the pOVA epitope (Fig. 2E).
Sublingually delivered, non-heated KLH-ESAT6 + CTB raised responses that were the same
as tablets adjuvanted with cyclic-di-AMP and slightly higher than tablets adjuvanted with
CTB (Fig. 3D). The results were dramatically different after heating, however, as CTB-
adjuvanted tablets elicited significantly greater antibody levels than the KLH-based vaccine
(Fig. 3E). We again found that SIMPL tablets containing ESAT6Q11 + CTB were
completely unaffected by heating, while KLH + CTB responses were significantly reduced
(Fig. 3F). Interestingly, tablets containing cyclic-di-AMP adjuvant were not heat-stable,
indicating that adjuvant stability is an important consideration even when using a heat-stable
vaccine platform. While only serum IgG responses were measured in this study, mucosal
IgA responses characteristic of sublingually administered vaccines may also be elicited,
though future work is needed to characterize the mucosal responses raised by SIMPL
tablets.

In summary, we designed a sublingual tablet vaccine based on self-assembling peptide-
polymer nanofibers. These SIMPL tablets represent the first demonstration of a nanomaterial
sublingual tablet vaccine to our knowledge. Through addition of sugar excipients and freeze-
drying, the tabletization process produced highly porous and easily handleable tablets that
raise antibody responses against both the model epitope pOVA and the M. tuberculosis
epitope ESAT6. The tablets were easily administrable by dissolving under the tongue. In
contrast to a conventional KLH-based vaccine, sublingually delivered tablets with CTB
adjuvant were heat-stable and showed no loss of immunogenicity after heating at 45 °C for
one week. Cyclic-di-AMP adjuvanted tablets did show some loss of potency after heating.
Exploring the use of alternate adjuvants or modifications to the tabletization process to
preserve the effects of thermally-sensitive adjuvants is an interesting area for future work.
For example, we used a relatively low molecular weight of dextran (20 kDa) to promote fast
dissolution rates[2], but higher MW dextran has been shown to promote chemical stability
during lyophilization in some cases!2l. Further formulation optimizations may allow for
tablets that maximize dissolution rate, tabletability, and immunogenicity. Additionally,
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focused structural analyses such as circular dichroism or IR spectroscopy could reveal any
subtle morphological changes that may occur during tabletization and dissolution. In sum,
the thermal stability of SIMPL tablets, combined with their potential for self-administration,
shows exciting potential for improving equitable global vaccine distribution.

Experimental Section

Peptide Synthesis:

Peptides were synthesized using Fmoc solid phase synthesis, cleaved with trifluoroacetic
acid, and precipitated in diethyl ether prior to purification by RP-HPLC on a C4 column.
Conjugation of PEG3gqg to the C-terminus of OVAQ11 and pOVA and mPEGyqqg
conjugation to the N-terminus of Q11ESAT6 were performed as described.[12] Biotinylation
and conjugation of fluorescent TAMRA were performed as described.[27] Peptide identity
was confirmed using MALDI mass spectrometry. KLH-ESAT6 conjugates were prepared as
described[28] using Cys-ESAT6 peptide and Imject Maleimide Activated mcKLH Kit
(Thermo Scientific, cat #77666).

SIMPL Tabletization Process:

MicroCT:

Reverse tablet molds were designed in FreeCAD and 3D-printed with a MakerBot Ultimaker
3. PDMS molds were prepared using SYLGARD 184 kits (Sigma, cat #761028). Peptide
solutions were prepared at 2 mM in 1X PBS, incubated for 3—4 h at room temperature to
fibrillize, and mixed with sugars to a final concentration of 0.67 mM peptide and 7.8 wt%
each of trehalose (Santa Cruz Biotechnology, cat #394303), 20,000 Da dextran (Alfa Aesar,
cat# J61216), and mannitol (Sigma, cat #M4125). Adjuvanted formulations contained
cholera toxin B (List Biological, cat #104) or Vaccigrade cyclic-di-AMP (Invivogen, cat
#vac-nacda) at doses indicated in figure captions. Final solutions were pipetted into the
PDMS tray (30 pL per tablet), frozen at =80 °C, and lyophilized. Heating was performed by
placing individual tablets in microcentrifuge tubes in a heating block set at 45 °C. KLH
groups were heated as solutions in their final formulation.

Analysis was performed using a Nikon XTH 225 ST instrument, with collection of 2500
projections and an exposure time of 500 ms. Raw data was reconstructed using the Nikon
Feldkamp Cone Based CT algorithm and Nikon software. Avizo software was used for 3D
reconstructions.

Thioflavin T (ThT) Binding:

To measure B-sheet character, 20 UL of 2 mM peptide or dissolved tablet solutions were
mixed with 180 uL of a 50 uM solution of ThT (Alfa Aesar, cat # J61043) in 1X PBS in a
black 96-well plate and read using a Molecular Devices Spectramax M2 spectrophotometer
(excitation at 440 nm, emission at 488 nm).
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Electron Microscopy:

Transmission EM was performed as described.[2] For tablet imaging, tablets were dissolved
in 1X PBS and samples were immediately prepared to avoid refibrillization.

Micro-Strain Analysis:

Tablets were subjected to compressive testing at room temperature using a TA Instruments
Alll microstrain-analyzer. The 15 mm size parallel plates corresponding to —81.8 gm + 1.0
gm force were used. The diameter and height of each tablet was measured, and a
compressive force was applied on each tablet for 360 seconds at an extension rate of —0.003
mm/sec.

In vitro Uptake Assay:

DC2.4 mouse dendritic cells were seeded overnight in a 12 well plate at 1 x 10° cells/mL (1
mL per well) in complete RPMI media. The next day, 500 pL of media was aspirated and
500 uL of TAMRA-pOVA or media were added to pOVA-treated and untreated wells,
respectively. For the tablet group, 500 pL of media was added to each well and the tablets
were gently dropped into the wells to dissolve. All groups contained 20 nmol of total peptide
per well. After incubation for 2 or 6 hours, the cells were prepared for flow cytometry. Cells
were treated with Fc blocking antibody (BD Biosciences, cat # 553141) for 30 min and
stained with CD11c:PE-Cy7 (BD Biosciences, cat #561022) for 30 min. Flow cytometry
was performed on a FACS Canto cytometer and data was analyzed using FlowJo software.

In vitro Activation Assay :

DC2.4 cells were seeded overnight in a 48-well plate at 5 x 10* cells per well in complete
RPMI media. Cells were treated for 16 hours with either 20 nmol of freshly prepared
MPEG000”Q110VA nanofiber solutions or with tablets containing the same quantity of
nanofibers. Formulations were unadjuvanted or contained CTB at 50 pg/mL. Cells were
stained with 1-A/I-B:FITC (BioLegend, cat #107606), CD80:PE (BioLegend, cat #104708),
CDB86:APC/Cy7 (BioLegend, cat# 105030), and DAPI. Flow cytometry was performed on a
FACS Canto cytometer and data was analyzed using FlowJo software.

Mice and Immunizations.

Due to haplotype compatibility, female C57BL/6 mice (Envigo) were used for
immunizations against pOVA and female CBA/J mice (Jackson Laboratory) were used for
immunizations against ESAT6. Mice were 8-12 weeks at initiation of experiments (age
matched within experiments). All animal experiments were performed under Duke
University Institutional Care and Use Committee protocol A264-18-11. Sublingual
immunizations were performed as previously described[12]: for tablet groups, the tablets
were placed under the anesthetized mouse’s tongue using silicone-tipped tweezers. Peptide
concentration, adjuvant dose, and boosting schedule are described in figure captions. KLH
injections were performed as previously described.[28]
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Antibody Measurement:

Serum ELISAs were performed as previously described.[12] Briefly, plates were coated with
streptavidin at 4 °C overnight, followed by incubation with biotin-pOVA or biotin-ESAT6.
Plates were blocked, diluted serum was added, and antigen-specific IgG was detected using
goat anti-mouse IgG (Jackson Immuno Research, cat #115-035-071).

T-Cell Response Measurement:

ELISPOT assays were performed essentially as described.[27] For analysis of lymph node
responses, the submandibular and cervical nodes were taken as the draining lymph nodes.
Antigen-specific stimulation was performed using the pOVA epitope.

Statistical Analysis:

Statistical analysis was performed using the group sizes and statistical tests indicated in the
figure legends (1-way or 2-way ANOVA with Tukey’s multiple comparison’s test; t-tests
with Holm-Sidak correction), using GraphPad Prism version 7 software. Means + standard
error of the mean (s.e.m.) are presented. Statistically significant differences are indicated in
each graph as *p < 0.05, **p < 0.01, ***p < 0.001, and **** p< 0.0001.
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Fig. 1: SIMPL Tabletization process produces highly porous freeze-dried tablets that maintain
nanofiber structure.

(A) Schematic illustrating production of SIMPL tablet vaccines. (B) Camera image of tablet.
(C) Volumetric reconstruction and cross-section of tablet structure from microCT
highlighting tablet porosity. (D) Contour plot showing combined effects of peptide and sugar
concentration in tablets on elastic modulus. Tablets were prepared at nine combinations of
peptide (OVAQ11) and sugar (dextran and mannose) concentrations (black dots on plot) and
subjected to compressive testing using a micro-strain analyzer. Trehalose concentration was
held constant. n=3 tablets/group, mean values shown. Individual graphs showing effects of
sugar and peptide concentration individually are in Figure S2. (E-F) TEM images of PEG-
Q110VA nanofibers prepared at 2 mM (E) or a tablet dissolved at 2 mM (F), each diluted to
0.2 mM before imaging. (G) p-sheet secondary structure was assessed by thioflavin T
binding of a nanofiber solution before tabletization and of an equal concentration solution of
a dissolved tablet. Excipient control contained no OVAQ11. *** p< 0.001 by 1-way
ANOVA with Tukey’s multiple comparisons test, n=3/group.
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Fig. 2. SIMPL Tablets containing Q11-PEG assembliesraise antibody responsesin an adjuvant
dose-dependent manner.

(A) Fluorescently labelled TAMRA-pOVA peptide or SIMPL tablets prepared with
TAMRA-OVAQ11 nanofibers were incubated with DC2.4 mouse dendritic cells, and uptake
was measured by flow cytometry. ***p < 0.001 by 2-way ANOVA with Tukey’s multiple
comparisons test, n=3/group. (B) C57BL/6 mice were immunized sublingually with tablets
containing 20 nmol of pOVA or OVAQ11 and 7 pg cholera toxin B adjuvant (CTB) and
boosted at weeks 2, 5, and 8. *** p< 0.001 by 2-way ANOVA with Tukey’s multiple
comparisons test, n=5/group. (C) Mice from (B) were boosted at week 15 and sacrificed 7
days later. Spleens were harvested and T-cell responses were measured by ELISPOT. SFC:
spot-forming cells. n.s. (not significant) by multiple 1-way ANOVAs, n=5/group. Full
ELISPOT results are in Fig. S4. (D) Mice were immunized sublingually with tablets
containing 20 nmol OVAQ11-PEG and 14 ug CTB and boosted at weeks 1, 5, and 17. n=5/
group. (E) Mice from OVAQ11 + CTB tablet groups in (B) and (D) were compared to show
effect of adjuvant dose on titer. Color-coded arrows indicate boosting (black arrows indicate
both groups were boosted). * p < 0.05 by 2-way ANOVA. (F) Mice from (D) were sacrificed
at week 18, spleens and draining lymph nodes (submandibular and cervical) were harvested,
and T-cell responses were measured by ELISPOT. Full ELISPOT results are in Fig. S5. * p<
0.05 by multiple t-tests with Holm-Sidék correction.

Adv Healthc Mater. Author manuscript; available in PMC 2022 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelly et al.
A B
o _ &5
<8 °
8 3 <
2< g5
55 s 2
IF "
83 2
£
B KLH-ESAT6 + Alum Injection (Heated)
BN KLH-ESAT6 + CTB Sublingual (Heated) —8— QI1ESATG6 + CTB
= <M=« QI1ESAT6 + CTB (Heated)
D E 4

g = 3 l - j
£8 e / i
wi = n = 4 ~
8y i I ~
g - Sy 2

3 ) -4

TS s ffecion] S R
0 3 6 9 12 15
4 ] Week # 1}

—&— QI1ESAT6 + CTB = <= - QI1ESAT6 +CTB (Heated)
—8@— QIIESATE +AMP | ** - M= QI1ESAT6 +AMP (Heated)

"
B— KLH-ESAT6 + CTB - <=« KLH-ESAT6 +CTB (Heated) ‘

Week 7 anti-ESAT6
1gG Titer (log 10)

B QT1ESAT6 + CTB B KLH-ESAT6 + CTB
B Q11ESAT6 + CTB (Heated) SL (Heated)

Week 12 anti-ESAT6
IgG Titer (log 10)

NH Heated NH Heated NH Heated

H Q11ESAT6 + CTB
E Q11ESAT6 + AMP
I KLH-ESAT6 + CTB

Fig. 3: SIMPL tablet vaccineraises antibody responses against M. tuberculosis peptide epitope

that are not diminished by heating.

(A) CBA/J mice were immunized subcutaneously with a 1:1 mixture of alum and KLH-
ESAT6 or sublingually with KLH-ESAT6 and 10 pg CTB and boosted at week 3. Heated
group was heated at 45 °C for 7 days. ** p<0.01 by 1-way ANOVA with Tukey’s multiple
comparisons test, n=5/group. (B) Mice were immunized with SIMPL tablets containing 20
nmol Q11ESAT6 and 10 pg CTB adjuvant and boosted at weeks 1, 3, and 6. Heated group
was heated at 45 °C for 7 days. n=5/group. (C) Comparison of groups from (A) and (B). All
groups were boosted at weeks 1, 3, and 6 and week 7 titer is shown. n.s. (not significant) or
*p < 0.05 by 1-way ANOVA with Tukey’s multiple comparisons test, n=5/group. (D-E)
Mice were immunized sublingually with KLH-ESAT6 or Q11ESAT6 and 15 ug CTB or
AMP adjuvant and boosted at weeks 1, 3, 9, and 12. Heated groups were heated at 45 °C for
7 days. * p<0.05, ** p <0.01 by 2-way ANOVA with Tukey’s multiple comparisons test,
n=5/group. (F) Serum IgG titers of heated and non-heated (NH) formulations from (D) and
(E) were compared. n.s. (not significant), * p< 0.01, *** p< 0.001 by multiple t-tests with

Holm-Sidak correction, n=5/group.
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