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ABSTRACT
Over the past few decades, research in therapeutic cancer vaccines has achieved remarkable
advances in both pre-clinical and clinical studies. However, strategies to boost antigen presentation
and T cell priming in order to increase the fraction of patients responding to immunotherapy
remains an urgent need.
For the delivery platform, we applied microneedle (MN) skin patches to transdermally deliver
vaccines to activate the potent epidermal Langerhans cells and dermal dendritic cells. The drug
was incorporated as a releasable multilayer coating on the microneedle surface constructed with
alternating absorption of oppositely charged species including protein or nucleic acid drugs and
biocompatible polymer carriers, forming a ‘sticky’ layer-by-layer (LbL) film through electrostatic
attraction. Past LbL MN strategies have all retained this ‘sticky’ nature and therefore require a
long application time (15-90 mins) for drug implantation. To resolve this problem, we devised a
pH-induced charge-invertible polymer as a lift-off layer that significantly shortens the application
time to 1 min. Our approach has inspired other work involving rapid film lift-off with chargeinvertible species.
On the drug side, we focused on the stimulator of interferon genes (STING) pathway. Current
strategies mostly focus on developing synthetic vehicles to deliver the STING agonist, cyclic
GMP-AMP (cGAMP) into the cells. However, this assumes the presence of fully functional
STING protein to bind cGAMP. STING signaling has not only been shown to be frequently
impaired in cancer cells due to epigenetic silencing of the protein; it is also under debate whether
the overall population is responsive to delivery of just the agonist, since 19% of humans carry a
mutated STING variant called HAQ STING that has been suggested to exhibit impaired function.
To address these challenges, we engineered a recombinant STING protein without the
transmembrane domain (STINGΔTM) that could be used as a functional carrier for cGAMP
delivery and elicit type I IFN expression in cell lines deficient of STING or with defective
endogenous STING. In vivo, our cGAMP-STINGΔTM signaling complex elicited enhanced
antigen specific B and T cell responses as well as robust anti-tumoral immunity in a B16 melanoma
and a MC38 colon cancer mouse model.
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(b).
Figure 2.2. ATRP synthesis kinetics of PNHP. (a) First order kinetics of monomer consumption
for the ATRP synthesis of PNHP. (b) Correponding GPC evolution curves.
Figure 2.3. UV-sensitivity of PNHP. The o-nitrobenyl group can be cleaved off upon UV
irradiation, leaving a carboxylic acid group.
Figure 2.4. UV-sensitivity enables PNHP to function as a photoresist. (a) Schematics of photochemically patterning of LbL film using PNHP and a photomask. (b) Confocal microimage of
microarrays of (PEI/PolyI:C-TMR)3 deposited on PNHP uv-treated through a cell strainer as a
crude photomask. Scale bar 100μm. (c) Schematics of material-saving photomask only revealing
microneedle tips for LbL film build up. (d) Photos of PNHP coated microneedles uv-treated
with/without photomask then dipped in methylene blue, a cationic dye that attaches to negatively
charged regions. Scale bar 2mm.
Figure 2.5. pH-dependent solubility of uv-PNHP. pKa of the carboxylic acid is around 6. From
pH 5 to pH 7, the degree of ionization of the carboxylic acid groups would significantly increase
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Figure 2.6. pH-dependent solubility enables uv-PNHP to assist LbL film build up and lift-off
at pH 7.4. (a) LbL assembly of lysozyme-releasing surface on Si wafer: (uv-PNHP)(Lys/PAA)n.
(b) Profilometry measured film thickness growth curve as a function of number of bilayers
deposited, fitted to an exponential growth function (n=4). (c) Representative Si wafers. (d)
Profilometry measured film roughness curve as a function of number of bilayers deposited (n=4).
(e) Procedures of in vitro lift-off and E.coli growth inhibition experiment of (Lys/PAA)n. (f) E.coli
growth curve inhibited by 15 mins lift-off of (Lys/PAA)n bilayers by uv-PNHP (n=3). Values are
reported as mean±s.e.m.
Figure 2.7. In vivo implantation of microneedle LbL vaccines on mice skin. (a) Schematics
and (b) confocal images (TMR, 555nm) of (TMR-poly(I:C)/PEI)40 (uv-PNHP) layer-by-layer thin
film assembled on PLLA microneedle surface. (b, left) before and (b, right) after 15 min
14

application to mice ear. Scale bar 200 μm. (c) Confocal images (TMR, 555nm) of mice ear
epidermis at penetration sites after 15 min microneedle application. Upper row LbL film is
assembled on uv-PNHP, lower row is the negative control, same LbL film assembled directly on
microneedle surface without uv-PNHP. Scale bar 200 μm.
Figure 2.8. Antigen presenting cells show rapid uptake of microneedle-delivered PNHP LbL
films in human skin. (a) Schematics and (b) confocal imaging of uvPNHP-(Poly1/PolyI:CTMR)40 film assembled on microneedle array, representative images shown; (left) bright field,
(right) TMR (555 nm), scale bar 200μm. Flow cytometric analysis performed on cells isolated
from human skin following 20 minute microneedle application for detection of film uptake, shown
as (d) proportion, and (c) representative plots of antigen presenting cells (CD45+ HLA-DR+)
positive for PolyI:C-TMR LbL film; values are reported as mean±s.e.m., ***p=0.0008 unpaired ttest with Welch’s correction; numbers in plots indicate percent cells in outlined area.
Figure 3.1. Overview of state-of-the-art approaches and the current design of LbL film liftoff from microneedles. (A) Schematic view of the microneedle skin patches where drug-releasing
surface is generated. (B) Two state-of-the-art approaches utilizing (i) chemically functionalizing
surface with pyridine moiety (ii) coating of a layer of polymer with carboxylic acid functional
groups to support and release the LbL film on top depending on the environmental pH, and (iii)
the current design of LbL film lift-off mechanism based on charge-invertible polymers.
Figure 3.2. Synthesis scheme and kinetic study of PDM polymer. (A) Synthesis scheme of onepot RAFT polymerization of PDM polymer. (B) Number average monomers converted per
initiator calculated from monomer consumption kinetics as determined from 1H nuclear magnetic
resonance. (C) First order linear kinetics of DPAEMA monomer and (D) MAA monomer
consumption as determined from 1H nuclear magnetic resonance.
Figure 3.3. Charge-invertible micellization behavior of PDM polymer. (A) Schematics of
PDM’s charge-invertibility with pH change, the pKa of carboxylic acid and the pKa of the tertiary
alkyl amine’s conjugated acid, respectively, coincide at around pH = 5.8. (B) Proposed schematics
of charge-invertible micellization behavior. (C) Zeta-potential and (D) particle diameter measured
from electrophoretic and dynamic light scattering, respectively, of 0.1 mg/mL PDM dissolved in
10mM sodium acetate buffer solution titrated from pH 5.1 to 6.8. (E) TEM images of PDM in
aqueous solution at pH 5.1 and 6.5, respectively. Scale bar 200 nm.
Figure 3.4. LbL film growth study on PDM. (A) Film architecture schematics of (Lys/PAA)
LbL film constructed on top of PDM polymer coated silicon wafer at acidic LbL assembly
environment. (B) Profilometry measured LbL film thickness growth with the number of (Lys/PAA)
bilayers deposited atop PDM. (C) LbL film roughness as a function of numbers of bilayers coated
(n = 4). Values are reported as mean ± s.e.m. (D) BCA assay determined Lys drug loading in LbL
film with the number of (Lys/PAA) bilayers deposited atop PDM coated silicon wafer (n = 3) after
1 min in vitro incubation in PBS. Values are reported as mean ± s.e.m. (E) Representative scanning
electron microscopy images of cross-sections of (Lys/PAA)20,30,40 LbL film constructed on top of
PDM coated silicon wafer.
Figure 3.5. In vivo mouse skin and ex vivo human skin implantation of LbL drug film from
microneedle surface upon charge invert of PDM. (A) Film architecture schematics of
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[PAsp(EDDPA)/Cy5-OVA]40 LbL coated microneedle for mouse ear. (B) Confocal micrograph
of Cy5-OVA on microneedle surface before and after 1 min application in mouse dermis. Scale
bar 0.5 mm. (C) Image of mouse ear skin after 1 min microneedle (PDM/Polystyrene
sulfonate/methylene blue)1 application showing the penetration pattern. Scale bar 2 mm. (D)
Confocal micrograph of Cy5-OVA delivered onto mouse dermis after 15 s, 30 s, 60 s of
microneedle insertion, respectively. Scale bar 1 mm. (E) Representative IVIS images showing Cy5
signal intensity on mouse ear at day 0, 1, 2, and 3 after MN or SC administration on left ear (right
ear untreated). (F) Integrated radiant efficiency decay of Cy5-OVA on mouse ear in 3 days
demonstrating in vivo sustained release of Cy5-OVA from PDM microneedle (MN) implanted
LbL film, compared to subcutaneously (SC) injected same amount of Cy5-OVA (n = 6/group).
Values are reported as mean ± s.e.m. ***p = 0.0004, as analyzed by one-way ANOVA. (G) Film
architecture schematics of [Poly1/PolyI:C-TMR]40 LbL coated microneedle for human skin tissue.
Flow cytometric analysis performed on cells isolated from human skin following 2 minute
microneedle application for detection of film uptake, shown as (I) proportion, and (H)
representative plots of antigen presenting cells (CD45+ CD14+ HLA-DR+) positive for PolyI:CTMR LbL film; values are reported as mean ± s.e.m. **p=0.0017 unpaired t-test; numbers in plots
indicate percent cells in outlined area.
Figure 3.6. In vivo OVA vaccination of LbL drug film from microneedle surface upon charge
inversion of PDM. (A) Film architecture schematics of [PAsp(EDDPA)/OVA]40 LbL coated
microneedle. (B) Vaccination dosing and ELISA schedule, each dose is 0.5 μg of OVA by either
PDM-mediated microneedle, subcutaneous, or intramuscular administration. (C) Serum OVAspecific IgG1 antibody level measured in mouse serum (n = 10/group). Values are reported as mean
± s.e.m. ***p < 0.0001, as analyzed by one-way ANOVA.
Figure 4.1. Overview of the bio-inspired assembly for enhanced mRNA delivery. A) The stateof-the-art approach of directly complexing mRNA with cationic carriers for mRNA delivery.
When mRNA associates with cationic carriers, the poly A tail may not be readily accessible to
endogenous PABP owing to steric hindrance. Upon release from the complex, however, mRNA is
susceptible to degradation (deadenylase and exonucleases), resulting in poor expression of the
desired protein. B) Preassembly of mRNA/PABP nanoplexes with polyamines enhances mRNA
translation by improving both mRNA stability and protein translation. C) Molecular structures of
polycation carriers used in this study. The degree of polymerization of the backbone was
determined to be 86 by 1H NMR spectroscopy. Note that amination of the backbone likely induces
intramolecular isomerization of the repeating unit, aspartamide, generating two isomers.
Figure 4.2. The mRNA/PABP nanoplex enhances luciferase expression in a polyaminearchitecture-dependent manner. A) Schematic representation of synthetic luciferase mRNA
with a 120 (A) tail binding to multiple PABP proteins in a tandem manner (not drawn to scale).
One PABP protein binds to 12 contiguous adenosine nucleotides. B) Luciferase mRNA (100 ng)
was preassembled with PABP at the indicated molar ratios and transfected with polyamines at a
50:1 N/P ratio. Luciferase expression was quantified 24 h after transfection into HEK293T cells.
The polyamine structures are shown in Scheme S1. C) Fold change in luciferase expression
calculated from Figure B. For each type of polyamine, the increased luciferase expression by
delivery of mRNA/PABP was normalized to that of mRNA delivery alone and presented as the
fold change. All experiments were performed twice in quadruplicates. Data represent the mean ±
SEM (n=4). **, P<0.01; ***, P<0.001; ns=no significance.
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Figure 4.3. Side chains of polyamine carriers modulate nanometer distances that define the
functional assembly of mRNA and PABP. A) Stabilization of an mRNA/PABP complex with
polyamines (not drawn to scale). B) Representative histograms from the intracellular FRET assay
measuring the degree of colocalization between FITC-mRNA and Cy5-PABP. At 24 h after
transfection of Cy5-PABP or FITC-mRNA/Cy5-PABP into HEK293T cells with each polyamine,
cells were analyzed by flow cytometry using a 488 nm laser and 695 nm detector with 40 nm
bandwidth. The polyamine structures are shown in Scheme S1. C) Mean FRET intensity,
calculated by subtracting the fluorescence signal of Cy5-PABP-transfected cells from that of
FITC-mRNA/Cy5-PABP-transfected cells. Data represent the mean ± SEM (n=2).
Figure 4.4. Delivery of mRNA/PABP nanoplexes enhances mRNA expression in mice.
Bioluminescence imaging (BLI) at A) 6, B) 24, and C) 48 h after tail vein injection of 5 μg
luciferase mRNA or mRNA/PABP packaged with polyamine (2-2-2-2). A third mouse from each
treatment is not shown. D) Quantification of luciferase expression in the lungs of Balb/c mice by
BLI. Data represent the mean ± SEM (n=3); *, P<0.05.
Figure 5.1. Overview of state-of-the-art approaches of cGAMP delivery and schematics of
recombinant STINGΔTM structure and therapeutic strategy. (A) State-of-the-art approaches
through directly encapsulating cGAMP into liposomes or polymersomes for cell transfection. (B)
Current strategy of delivering cGAMP with a recombinant, transmembrane deficient STING as
carrier in the form of a ribonucleoprotein complex.
Figure 5.2. cGAMP binding induces near complete self-assembly of cGAMP-STINGΔTM
tetramer. Fast protein liquid chromatography analyses of (A) mouse STINGΔTM and (B)
R238A/Y240A mutant in PBS, titrated with various molar ratios of cGAMP and schematics of
cGAMP-STINGΔTM tetramer self-assembly with (C) mouse STINGΔTM and (D)
R238A/Y240A mutant which is not capable of binding cGAMP.
Figure 5.3. cGAMP-STINGΔTM tetramer effectively trigger IFN expression in vitro,
including in STING-deficient and STING-defective cell lines. (A) Immunoblotting of
endogenous expression of STING, TBK1, IRF3 in HEK293T and RAW264.7 cell line. (B)
RAW264.7 cells (n=3) and (C) HEK293T cells (n=4) treated with different
combinations/mutations of cGAMP-STINGΔTM tetramer (10μg STINGΔTM with 0.25μg
cGAMP per mL). Luciferase and SEAP activity were determined 24 h post treatment. (D)
Immunoblotting of HEK293T cells transiently transfected with pDNA overexpressing full length
human STING (WT, HAQ, S366A, L374A) and hSTINGΔTM. (E) Transfected HEK293T cells
(n=4) in (D) treated with cGAMP-STINGΔTM tetramer (plus R238A/Y240A mutant), cGAMP
only, 10μg STINGΔTM with 0.25μg cGAMP per mL. Luciferase activity were determined 24 h
post treatment. (F) Confocal micrograph of HEK293T cells (upper) transfected with plasmid DNA
encoding for STINGΔTM expression then stimulated with cGAMP and (lower) with cGAMPSTINGΔTM tetramer delivered as ribonucleoprotein complex. (G) HEK293T cells (n=4) pretreated with TBK1 inhibitor MRT then treated with different combinations/mutations of cGAMPSTINGΔTM tetramer. (H) Confocal micrograph of HEK293T cells treated with cGAMPSTINGΔTM tetramer showing co-localization of STINGΔTM and TBK1. (I) HEK293T cells (n=4)
pre-treated with BFA which blocks ER-Golgi trafficking then treated with different
combinations/mutations of cGAMP-STINGΔTM tetramer. (J) Confocal micrograph of HEK293T
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cells (n=4) treated with cGAMP-STINGΔTM tetramer showing no co-localization of STINGΔTM
with Golgi apparatus, in the presence or absence of BFA. Values are reported as mean±SEM.
***p<0.001, **p<0.01, *p<0.05, as analyzed by one-way ANOVA. Scale bar 50 μm.
Figure 5.4. cGAMP-STINGΔTM tetramer activates dendritic cells and promotes potent
humoral response. (A) Groups of C57BL/6 mice (n=4) were tail-base injected with 40 μg
STINGΔTM, with or without 1 μg cGAMP, or 1 μg cGAMP alone on day 0, then on day 1.5
draining (inguinal) lymph node lymphocytes were collected for analysis by flow cytometry. (B)
Dendritic cell activation in draining (inguinal lymph node) gated by % MHC-II+ cells in CD11c+
cells. (C) C57BL/6 mice (n=4) were immunized with 10 μg OVA alone, or OVA mixed with 2.5
μg cGAMP or 100 μg WT STINGΔTM or both via tail base injection on days 0 and 7. On days 14
(D), 28 (E), and 42 (F) OVA-specific total IgG antibody level in mouse serum were measured via
ELISA. In (E) and (F) 5 mice were lost due to accidental cage flooding. Values are reported as
mean±SEM. ***p<0.001, **p<0.01, *p<0.05, as analyzed by one-way ANOVA.
Figure 5.5. cGAMP-STINGΔTM tetramer promotes robust antigen-specific T cell responses.
(A) Groups of C57BL/6 mice (n=7) were immunized with 50 μg OVA alone, or OVA mixed with
1 μg cGAMP or 40 μg WT STINGΔTM (or 40 μg S365A STINGΔTM ) on days 0 and 7. On day
14, PBMCs were collected and CD8+ T cells were analyzed by CD8 OVA epitope SIINFEKL
tetramer staining (B) or stimulated ex vivo with CD8 OVA epitope SIINFEKL and analyzed by
intracellular cytokine staining of IFN-γ (C) and TNF-α (D). (E) Groups of C57BL/6 mice (n=5)
were immunized with 50 μg OVA alone, or OVA mixed with 1 μg cGAMP or 40 μg WT
STINGΔTM (or 40 μg S365A STINGΔTM ) on days 0 and 14. On day 21, PBMCs, lymphocytes
in draining lymph nodes and splenocytes were collected and CD8+ T cells were analyzed by CD8
OVA epitope SIINFEKL tetramer staining. Among CD8+ SIINFEKL tetramer+ T cells, effector
memory precursors TEMP were gated by CD27+ CD62L- and KLRG1- (F in dLN lymphocytes,
H in PBMCs, and I in splenocytes) and central memory precursors TCMP were gated by CD27+
CD62L+ and KLRG1- (G in dLN lymphocytes and J in splenocytes, TCMP was generally not
found in PBMCs). Values are reported as mean±SEM. ***p<0.001, **p<0.01, *p<0.05, as
analyzed by one-way ANOVA.
Figure 5.6. cGAMP-STINGΔTM tetramer promotes potent antitumor immunity in B16
melanoma and MC38 colon cancer models. (A) Groups of C57BL/6 (n=7) mice were
immunized with 50 μg OVA alone, or OVA mixed with 1 μg cGAMP or 40 μg WT STINGΔTM
(or 40 μg S365ASTINGΔTM ) on days 0 and 7. On day 21 mice were challenged with 1 million
B16-OVA cells subcutaneously. Plots of overall (B) and individual (D) tumor growth curves, with
numbers of surviving mice at the end of study (day 100) denoted. (C) Survival curves of mice. (E)
Groups of C57BL/6 (n=7) mice were first inoculated with 1 million MC38 cells and then treated
with 100μg WT STINGΔTM (or 100 μg S365A, R238A/Y240A STINGΔTM) mixed with 2.5 μg
cGAMP starting on day 7 for 5 times, 7 d apart via intratumoral injection. Plots of (F) overall and
(H) individual tumor growth curves, with numbers of surviving mice at the end of study (day 60)
denoted. (G) Survival curves of mice.
Figure A1. TEM micrographs of PDM in pH 4.2 (left) and pH 7.5 (right) aqueous solution. Scale
bar 200 nm.
Figure A2. Images of (Lys/PAA) LbL film coated silicon wafers.
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Figure A3. Synthesis scheme of HMDS-mediated ring-opening polymerization of PBLA
backbone, and the subsequent amination reaction to form PAsp(EDDPA).
Figure A4. Scanning electron microscopic images of the cross sections of (A) uncoated PLLA
MN and (B) [PAsp(EDDPA)/OVA]40-PDM coated PLLA MN.
Figure A5. Cell viability test with NIH3T3 cells subject to subject to 50, 10, 1, 0.2, 0.1 μg/mL
PDM polymer, 2 and 4 PDM coated microneedles patches/mL in DMEM culture media for 24 h.
Values are reported as mean ± s.e.m., a p value < 0.1 is considered significant, as analyzed by oneway ANOVA.
Figure B1. Synthesis scheme and side chain structures of N-Substituted polyaspartamides
(Polyamines).
Figure B2. PABP purification and functional validation by gel shift assay.
(A) Analysis of purified PABP via SDS-PAGE. Proteins were purified via a His-tagged
purification method. Arrowhead indicates the protein band. (B) Binding of poly A-tailed mRNA
to PABP at different molar ratios confirmed by gel shift assay. Arrowhead indicates free mRNA
with a 3’ tail of 120 adenosine residues. Arrow indicates shifted mRNA, which contains
mRNA/PABP complexes.
Figure B3. Dynamic light scattering characterization of nanoplexes. (A) Z-averaged size. (B)
Zeta potential measurement. Luciferase mRNA was preincubated with PABP at 1:10 molar ratio
in 10mM HEPES (pH7.4) for 10min before mixing with each polyamine at 50:1 N/P ratio for
15min. Final concentration of RNA is 10μg/ml.
Figure B4. Cellular uptake of mRNA/PABP via polyamines. (A) Percentage of HEK293T cells
with uptake of FITC-mRNA at 24hr post-transfection. (B) Mean fluorescence intensity (MFI) of
FITC-mRNA in HEK293T cells at 24hr post-transfection. Data represent the mean ± SEM (n=2).
*, P<0.05; ns, no significance.
Figure C1. TEM images of (A) STINGΔTM dimers (average diameter 14 nm) and (B) cGAMPSTINGΔTM tetramer (average diameter 29 nm). Scale bar 200 nm.
Figure C2. Representative SDS-PAGE of FPLC fractions and FPLC analysis of
Q272A/A276Q mutant mouse STINGΔTM. (A) STINGΔTM and (B) R238A/Y240AΔTM
mixed with 0.2 molar equiv. cGAMP. Elution volume 13 mL is the peak for tetramer, 14-16 mL
is the peak for dimer. (C) FPLC chromatograph of Q272A/A276Q mutant mouse STINGΔTM in
PBS, titrated with various molar ratios of cGAMP.
Figure C3. cGAMP-STINGΔTM tetramer endosomal escape and lysosomal degradation in
HEK293T cells. (A) HEK293T cells (n=4) pre-treated with Bafilomycin A1 then treated with
different combinations/mutations of cGAMP-STINGΔTM tetramer. (B) Confocal micrograph of
HEK293T cells treated with cGAMP-STINGΔTM tetramer showing low degree of co-localization
of STINGΔTM and early endosome marker EEA1. (C) HEK293T cells (n=4) pre-treated with
chloroquine then treated with different combinations/mutations of cGAMP-STINGΔTM tetramer.
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(D) Confocal micrograph of HEK293T cells treated with cGAMP-STINGΔTM tetramer showing
no co-localization of STINGΔTM with lysosome at 6 h post treatment, and showing higher degree
of co-localization at 24 h post treatment. Values are reported as mean±SEM. *p<0.05, as analyzed
by one-way ANOVA.
Figure C4. STINGΔTM with different CDN agonists and cGAMP-STINGΔTM tetramer
triggering IFN expression in vitro in 293T cells with defective STING. (A) HEK293T cells
(n=3) treated with different combinations/mutations of CDN-STINGΔTM complexes (with mutant
proteins and CDN only controls, all transfections were assisted with TransIT-X2TM). (B)
HEK293T cells (n=3) overexpressing different defective STING treated with cGAMPSTINGΔTM. Values are reported as mean±SEM.
Figure C5. IFNβ, TBK1, and IRF3 expression in RAW264.7 and DC2.4 cells after
STINGΔTM/cGAMP treatments. qPCR-measured IFNβ expression in (A) RAW264.7
macrophage cells and (B) in DC2.4 dendritic cells, and TBK1 and IRF3 expression in (C)
RAW264.7 macrophage cells and (D) DC2.4 dendritic cells. Values are reported as mean±SEM.
**p<0.01, *p<0.05, as analyzed by one-way ANOVA.
Figure C6. Systemic toxicity from cGAMP-STINGΔTM tetramer administration. (A) Groups
of C57BL/6 mice was immunized with 1μg cGAMP delivered with 40 μg STINGΔTM or
TransITx2 commercial transfection reagent along with PBS control of the same injection volume
(100 μL total, 50 μL each side). Inflammatory cytokine levels of (B) IL-6 and (C) TNF-α in mouse
(n=3) serum measured via ELISA before and 2 h post injection. Values are reported as mean±SEM.
Figure C7. Pharmacokinetics of cGAMP-STINGΔTM tetramer compared with STINGΔTM
and cGAMP alone. (A) Representative whole body imaging of Balb/c mice (n=3) 2 h post tail
base injection and (B) kinetics of Cy7-STINGΔTM-cGAMP complex, Cy7-STINGΔTM, and
Cy7-cGAMP trafficking to draining lymph nodes (inguinal lymph nodes). (C) Pharmacokinetics
of total Cy7-STINGΔTM-cGAMP complex, Cy7-STINGΔTM, and Cy7-cGAMP and (D)
representative whole body IVIS images at 1, 2, 5, and 9 days post tail base injection. Values are
reported as mean±SEM.
Figure C8. Representative FACS plots and gating strategies. (A) PBMC intracellular cytokine
staining for IFNγ+ and TNFα+ cells in CD8+ T cells. (B) Dendritic cell maturation in dLN gated
by MHC-II+ in CD11c+ cells. (C) PBMC tetramer staining for SIINFEKL+ CD8+ T cells and
CD27+ CD62L- KLRG1- effector memory precursor T cells. (D) dLN lymphocyte staining for
CD27+ CD62L- KLRG1- effector memory precursors and CD27+ CD62L+ KLRG1- central
memory precursors among SIINFEKL+ CD8+ T cells.
Table C1. List of primers.
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CHAPTER 1
Background
1.1. Therapeutic Cancer Vaccine
Therapeutic cancer vaccines are a type of immunotherapy that boosts the immune system to
recognize, target, and eliminate cancer cells. Compared to preventive vaccination, therapeutic
vaccination against established diseases - in this case cancer - has been proven to be more
challenging since it needs to combat an immune system that has already been restrained to sustain
the disease, such as an immunosuppressive tumor microenvironment (2).
Here we focus on cancer vaccines against non-viral tumor associated antigens (TAAs), antigens
or groups of antigens (over-)expressed on cancer cells. Such vaccines aim to elicit an immune
response that targets cancer cells specifically. Many TAAs have been identified so far, some shared
with normal tissues (expressed at lower levels than tumors), and others uniquely expressed by
cancer cells (3). The side effects from the immune system targeting TAAs on normal tissues are
generally nonlethal, for example vitiligo as a side effect from treatments against melanocyte
antigens (2). Since the first approval of therapeutic vaccines in 2010 (4), they have shown clinical
benefit in many types of cancers such as prostate cancer (4, 5), breast cancer (6, 7), lung cancer (8,
9), melanoma (10), and pancreatic cancer (11).
A successful immune response elicited by therapeutic vaccines generally consist of three steps.
First, TAAs need to be captured and processed by patrolling dendritic cells. Second, dendritic cells
need to mature and migrate to the lymph nodes for antigen presentation to the naïve T cells. Third,
the antigen-specific T cells need to expand sufficiently. And finally, the antigen-specific T cells
need to traffic to the tumor site, infiltrate the tumor tissue, recognize and then eliminate tumor cells
(3). Many of these steps are accomplished with the help of adjuvants, which are substances ranging
from cytokines, to microbe derivatives, to mineral salts. They enhance antigen immunogenicity,
recruit and activate immune cells, promote strong interferon-γ producing, type 1 T helper cells
(TH1) and cytotoxic T lymphocytes activation, which are desirable responses in cancer
immunotherapy. The inclusion of adjuvants is crucial to the success of therapeutic cancer vaccines.
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Another major challenge of cancer immunotherapy is in the final step – the recognition and
elimination of tumor cells by tumor antigen-specific T cells, as the T cells will need to overcome
the immunosuppressive mediators. One major breakthrough in this field has been the advent of the
checkpoint inhibitors (2018 Nobel Prize in Physiology or Medicine) which effectively upregulate
a defense against cancer. Yet only a portion of cancer patients respond to checkpoint inhibitors,
and a major factor in resistance to treatment is the lack of tumor T cell infiltration and activation.
In this thesis we focus on studying adjuvants mostly stimulating the innate immunity by targeting
the stimulator of interferon genes (STING) signaling pathway, reviewed in Section 1.5. The use
of checkpoint inhibitors is not researched or discussed further in this thesis.
To sum up, strategies to boost antigen presentation and T cell priming in order to increase the
fraction of patients responding to immunotherapy remains an urgent need. This thesis is dedicated
to designing vaccines with effective T cell priming over a sustained period.
1.2. Layer-by-layer Coated Microneedles
Microneedles represent an attractive transdermal drug delivery platform due to its bloodless,
painless, and easy administration. Compared to subcutaneous injections with conventional syringe
needles, microneedle administration significantly reduces the risk of needle reuse, needle
associated injuries, and spread of blood-borne pathogens (12). We utilized the technique of layerby-layer (LbL) electrostatic assembly to coat drug onto microneedle surfaces (13), with alternating
absorption of oppositely charged polymers such as protein or nucleic acid drugs and biocompatible
polyelectrolyte carriers (an example is shown in Figure 1.1), where the hydrophobicity and rate
of degradation of the latter could be tuned to control the release profile of the drug (14).
The pioneering layer-by-layer microneedle work established by Demuth and co-workers (13, 15,
16), resulted in the successful delivery of a variety of therapeutics to yield robust immune
responses. For example, Demuth et al. showed that LbL microneedle co-delivered plasmid DNA
vaccine and double-stranded RNA adjuvant could be continuously released at the application site
for 7 to 10 days, tunable by the polymer carrier. Microneedles also produced substantially greater
antigen-specific CD8+ T cell responses and CD44+ CD62L+ central memory T cells compared to
the traditional intramuscular and intradermal administration of the same dosage (13). Based on the
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TMR-poly(I:C) adjuvant
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Figure 1.1. Confocal and scanning electron micrographs of microneedles coated with
layer-by-layer drug films containing a fluorescently labelled adjuvant TMR-poly(I:C), and a
fluorescent protein antigen hPmel-EGFP, scale bar 500 μm.
promise of this LbL microneedle-based vaccination platform, in this thesis we set out to i) improve
the microneedle drug film lift-off process (Chapter 2 and 3) and ii) to design vaccine components
for cancer immunotherapy (Chapter 4 and 5).
1.3. Controlled Radical Polymerizations
To improve the LbL drug film lift-off process, we applied several techniques in controlled radical
polymerization to synthesize new lift-off polymers. The previous lift-off polymer was synthesized
by conventional azobisisobutyronitrile (AIBN)-initiated free radical polymerization (13, 17),
which has a slow initiation rate, a long reaction time (10 to 20 h), and very short lifetime of growing
chains (~ 1 s), rendering them essentially incapable of facile synthetic manipulation. Moreover,
various mechanisms of chain termination can occur, including coupling, disproportionation, and
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radical transfer between chains, monomers, and solvents, leading to a large polydispersity index
of the product. Controlled radical polymerization techniques such as the atom transfer radical
polymerization (ATRP) and the reversible addition-fragmentation chain-transfer (RAFT)
polymerization on the other hand, resolves most of these limitations. Below, the basic principles
of ATRP and RAFT are briefly introduced.
An ATRP system usually consists of an alkyl halide initiator (R-X, X being the halide atom),
monomers, complexing ligand (L), and transition metal (Mtn) catalyst in the lower oxidation state.
The initiation starts with the homolytic cleavage of the alkyl-halogen bond R-X, which generates
an organic radical R· and the transition metal complex in higher oxidation state (Mtn+1X/L). The
radical R· is free to propagate with monomers or terminate as in conventional free radical
polymerization. However, most of the time it is reversibly deactivated by the Mtn+1X/L as a halidecapped dormant propagation site. With this dynamic equilibrium between propagating radicals and
dormant species, the lifetime of a propagating chain is significantly extended to the order of hours,
providing opportunities to control the chain length, monomer composition, and chain architecture
(18).
A RAFT polymerization is comprised of a radical source, monomers, and a chain transfer agent
(CTA, most commonly thiocarbonates). Unlike the reversible deactivation mechanism as in ATRP,
in RAFT polymerization radicals are never really ‘capped’, but rather rapidly interchanged
between all growing chains by the CTA, thereby causing all chains to have roughly equal
opportunities to grow and a narrow polydispersity (19).
Overall, both ATRP and RAFT provide good control over the molecular weight, polydispersity
and chain architecture. They were applied in the latter chapters to synthesize new lift-off polymers
(ATRP in Chapter 2, RAFT in Chapter 3).

1.4. Bio-inspired (Ribo)nucleoprotein Complexes
To devise more effective vaccine components, we explored several bio-inspired strategies in
developing potent vaccine components with (ribo)nucleoprotein complexes mimicking their
natural functional structures in cells. Li et al. first investigated this idea in the context of mRNA
24

delivery by pre-assembling mRNA’s 5’ cap with the eukaryotic initiation factor 4E (eIF4E),
mimicking the complex mRNA forms at translation initiation. When this pre-formed initiation
complex is delivered into cells with the help of transfection reagents, the translation efficiency is
largely enhanced compared to the conventional method of delivering mRNA with transfection
reagents only (20). Building on this idea, Li et al. then focused on the poly-A tail of mRNA by
pre-assembling mRNA with poly(A)-binding protein and achieved similar enhanced translation
efficiency (21) (This work is discussed in Chapter 4). Finally, Li et al. applied the idea to siRNA
delivery, pre-assembling siRNA with Argonaute 2 protein and achieved enhanced RNA
interference (22).
As we tried to develop a potent adjuvant to activate the stimulator of interferon genes (STING)
signaling, this same idea led us to engineer a useful nucleoprotein signaling complex (discussed in
Chapter 5). In the next section, we first review the STING signaling pathway.
1.5. The STING Signaling Pathway
The STING signaling pathway is a part of the innate immune defense against microbial pathogens
by recognizing their DNA, followed by potent stimulation of antigen presentation and cytotoxic T
cell priming. A schematic of the pathway is illustrated in Figure 1.2. The STING signaling is
initiated by a DNA-sensing protein called cGAS (cGAMP synthase, cGAMP is cyclic guanosine
monophosphate-adenosine monophosphate). Once cGAS binds a double stranded DNA in the
cytosol, it will be activated and dimerize a GTP and an ATP into a cGAMP molecule, which serves
as a secondary messenger that binds to and activates an adapter protein located on the endoplasmic
reticulum (ER) called STING. This binding event leads to a series of conformational changes,
oligomerization and translocation of the STING protein from ER to the Golgi apparatus, followed
by interaction with TANK-binding kinase 1 (TBK1) protein, which then recruits and activates the
interferon regulatory factor 3 (IRF3) protein. Activated IRF3 will dimerize and translocate into the
nucleus as the transcription factor for type I interferons (23, 24).
The STING pathway is carefully controlled to avoid unwanted autoimmunity. Generally, the
cytosol is free of double stranded DNA. In the case of microbial infection, STING signaling will
be triggered. However, when there are self-DNA leaked from the nucleus, for example during cell
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Figure 1.2. Schematic Representation of the cGAS-STING Pathway in Mammals. Figure
reprinted with permission from Margolis, S. R., Wilson, S. C., & Vance, R. E. (2017).
Evolutionary origins of cGAS-STING signaling. Trends in immunology, 38(10), 733-743(1).
© 2017 Elsevier Ltd. All rights reserved.
division, no STING signaling will be triggered due to the clearance of self-DNA by exonuclease
DNase III (also known as Trex1) (25). Similarly, when a phagocyte engulfs an apoptotic cell, the
engulfed self-DNA will also be degraded by phagocyte-dependent DNase II to avoid the triggering
of the STING pathway (26).
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In the context of cancer, we need to recognize that tumor cells are rapidly dividing cells with a lot
of apoptosis. The natural eradication process of these cells is designed to avoid invoking
inflammation, as host DNase degrade the genomic DNAs, leading to little antigen presentation and
hence insufficient anti-tumoral immune responses. In order to fight cancer with the STING defense
mechanism, we need to make cancer cells ‘look like’ microbial-infected cells, which are potently
able to activate the STING pathway. Studies have found that delivering STING-dependent
adjuvants such as viral DNA and cyclic dinucleotides potently increases tumor immunogenicity
(27, 28). In this thesis, we focus on delivering cyclic dinucleotides to activate STING signaling.
1.6. Thesis Overview
In this thesis, we set out to develop new LbL MN administration platforms and new bio-inspired
(ribo)nucleoprotein vaccine components.
In Chapter 2, we describe our first attempt to improve the LbL microneedle administration
platform. Specifically, we re-designed the synthesis of the previously used lift-off polymer (13)
with ATRP, providing control over the molecular weight. Further, we devised a strategy to coat
LbL drug film only on the microneedle tips, avoiding drug wasted on the base of the microneedle
patch with a photoresist.
In Chapter 3, we devised a novel lift-off polymer from scratch. Different from the previous lift-off
strategies - which rely upon pH-induced enhancement in solubility or weakening of charge, yet
still retaining the alternating charge structure - we came up with the new mechanism to lift-off
LbL film based on inverting the charge of the base layer polymer upon pH change.
In Chapter 4, we describe a representative work of utilizing bio-inspired ribonucleoprotein
complexes to improve mRNA delivery, where we co-delivered mRNA with poly(A)-binding
protein and found significant enhancement in mRNA stability and translation level.
In Chapter 5, we developed a bio-inspired method to deliver cGAMP with a truncated STING
protein as a functional carrier. The significance is that our method does not rely on the endogenous
STING protein in the cell to trigger STING signaling, as cancer cells frequently epigenetically
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silence their STING expression – conventional cGAMP administration won’t work without the
presence of functional endogenous STING protein.
Finally, Chapter 6 concludes the key innovations and impacts of all the work described in this
thesis with suggestions for future work.
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CHAPTER 2
Synthetic Lift-off Polymer beneath Layer-by-Layer Films for SurfaceMediated Drug Delivery
The work presented in this chapter has been adapted with permission from He, Y.*, Li, J.*, Turvey,
M. E., Funkenbusch, M. T., Hong, C., Uppu, D. S., ... & Hammond, P. T. (2017). Synthetic liftoff polymer beneath layer-by-layer films for surface-mediated drug delivery. ACS Macro Letters,
6(11), 1320-1324. Copyright 2017 American Chemical Society. (*co-first author)
2.1. Introduction
Electrostatic layer-by-layer (LbL) assembly represents a versatile and universal tool for designing
tunable multilayer polymer films for controlled release of therapeutics from surfaces (1, 2). Based
on alternating adsorption of charged species in aqueous solutions, the LbL approach overcomes
the low entropic driving force of mixing macromolecules and successfully assembles polymers to
a molecular level blend that cab achieve 10 to 40 wt% drug load, compared to the 2 to 5 wt%
loading capacity achievable from traditional polymer blend release matrices (1, 3). Taking
advantage of electrostatics, LbL technology has directly integrated therapeutic components
including DNA, RNA, and protein without chemical modification into drug delivery thin films and
yielded a number of promising systems in areas of wound healing, tissue engineering,
immunotherapy, etc. (4-7).
The LbL drug film deposited on a substrate requires an efficient surface immobilizationimplantation strategy of polyelectrolytes. Doh et al.(8) first reported a conventional free-radicalpolymerized UV-sensitive methacrylate terpolymer, poly(o-nitrobenzyl-methacrylate-co-methylmethacrylate-co-poly(ethylene-glycol)-methacrylate) (PNMP), with pH-dependent aqueous
solubility that enabled protein patterning on a surface by charge adsorption. Demuth et al.(5) used
the PNMP as a release layer on microneedle arrays to implant multilayered DNA vaccine film into
epidermis. However, the synthesis route proposed by Doh et al. has several limitations. First, the
polymer is synthesized via the conventional azobisisobutyronitrile (AIBN)-initiated free radical
polymerization, which has a slow initiation rate—and thus a long reaction time (~18 hr). Another
characteristic of free radical polymerization is that the lifetime of growing chains (~1s) is very
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short, rendering them essentially incapable of facile synthetic manipulation. Moreover, various
mechanisms of termination, which can occur via coupling, disproportionation, and transfer
between long chains, result in a large polydispersity index of the product (9). Additionally, the
methyl methacrylate repeat unit in the terpolymer is hydrophobic, which imposes a limitation on
how easily the polymer gets hydrated and thus results in a slow dissolving rate upon exposure to
the aqueous interstitial fluids. Motivated by the excellent control over macromolecular topology
of atom transfer radical polymerization (ATRP) (10-12), we synthesized a novel release polymer
with greatly improved synthesis efficiency, molecular uniformity and reproducibility, and
developed a unique approach to photo-chemically pattern LbL polyelectrolyte film which can be
rapidly lifted off in a physiological environment when quick drug release is desirable.
In this chapter, the synthesis of poly(o-nitrobenzyl-methacrylate-co-hydroxyethyl-methacrylateco-poly(ethylene-glycol)-methacrylate) (PNHP) is first reported. The LbL film growth and release
with PNHP were investigated and we applied our polymer to develop antimicrobial surfaces on Si
wafers which efficiently inhibited growth of Escherichia coli (E.coli). We further applied PNHP
to micro-array needles for subcutaneous delivery of LbL drug-loaded films. Given the uvsensitivity of PNHP, we devised a method to generate microneedle patches that only have LbL
film coated on the needle tips with a photomask to avoid drug waste. Using fluorescently labeled
polyinosinic-polycytidylic acid (poly(I:C)) as a model vaccine adjuvant, we assembled
tetramethylrhodamine (TMR)-poly(I:C) into LbL films coated on microneedle skin patches.
Efficient implantation of LbL film is demonstrated on mouse ears. Moreover, in biopsies of human
skin, the same skin patches enabled efficient uptake of vaccine adjuvant by antigen presenting
cells.

2.2. Methods and Materials
2.2.1 Materials
Hydroxyethyl methacrylate (HEMA, 97%) and poly(ethylene glycol) methacrylate (PEGMA, avg
Mn 360) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and passed through a basic
alumina column before polymerization to remove inhibitors. Copper(I) bromide (CuBr, 98%),
Copper(II) bromide (CuBr2, 99%), 2,2’-bipyridine (bpy, >99%), ethyl α-bromoisobutyrate (EBiB,
95%), Ethylenediaminetetraacetic acid (EDTA, >99%), lysozyme (Lys, from chicken egg, >90%),
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Poly-L-lysine-fluorescein isothiocyanate (FITC)-labeled (Mw 150,000-300,000, extent of labeling
0.003-0.01 mol FITC per mol lysine monomer) were obtained from Sigma-Aldrich and used as
received, o-nitrobenzyl methacrylate (oNBMA, 95%), poly(acrylic acid) (PAA, Mw 50,000, 25%
aqueous solution), poly(ethylenimine) (PEI, linear, Mw 250,000) were from PolySciences
(Warrington, PA, USA), and polyinosinic-polycytidylic acid (poly(I:C), HWM) was from
Invivogen (San Diego, CA, USA).

2.2.2. Synthesis of PNHP
PNHP was synthesized via ATRP using a procedure modified from literature (13, 14). CuBr2 (7
mg), 2,2’-bipyridine (bpy, 130 mg), were combined with DMSO (0.5 mL) and anisole (5 mL) then
added into a Schlenk flask and sonicated. Hydroxyethyl methacrylate (3 mL), poly(ethylene glycol)
methacrylate (2 mL) were first purified by passing through basic alumina to remove inhibitor and
then added to the flask together with o-nitrobenzyl methacrylate (2 mL) and EBiB (136 μL). The
flask was then bubbled with nitrogen for 30 minutes to remove the oxygen dissolved. After purging,
CuBr (62 mg) was quickly added to the solution. The flask was sealed with rubber stopper then
immersed in 60°C oil bath with magnetic stirring. At time intervals, samples were withdrawn from
the reaction mixture, diluted in deuterated chloroform for nuclear magnetic resonance (NMR)
analysis of monomer consumption, or diluted in dimethylformamide (DMF) and filtered for gel
permeation chromatography (GPC) analysis of PNHP molecular weight.
After 3 hours the reaction (55% monomer consumption, Mn=4.7kDa as obtained from 1H NMR)
was stopped by removing the flask from the oil bath and exposing the solution to air. The reaction
mixture was filtered through a neutral alumina column to remove CuBr. The filtrate was then
precipitated in cold n-hexane (0 °C) and then re-dissolved in anisole. After three wash steps PNHP
was obtained as a white powder (3.44 g, 44% yield) by drying for 24 hours at room temperature
under vacuum. 1H NMR (300 MHz, CDCl3) δ 0.82 (s, 9H), 1.78 (s, 6H), 3.60 (m, 24H), 3.81 (m,
4H), 4.89 (s, 2H), 5.26 (s, 2H), 7.46 – 7.84 (m, 3H), 8.00 – 8.12 (m, 1H).
2.2.3. PLLA microneedle fabrication
Microneedle patches were fabricated in vacuum oven by melt-molding poly(L-lactide) PLLA on
poly(dimethylsiloxane) (PDMS) negative molds under vacuum and slowly heated to 200 °C, then
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vacuum was turned off allowing pressure increase to atmospheric pressure to press liquid PLLA
into the PDMS moulds and slowly cooled to -20 °C. After de-molding, the PLLA microneedle
patch (transparent) was heated to 140 °C for 2 hours for crystallization to become semi-crystalline
(opaque) and insoluble in 1,4-dioxane.
2.2.4. PNHP layer deposition and UV treatment for micropatterning
For both Si wafer and PLLA microneedle patches, the surface was first treated with oxygen plasma
for 1 minute (18 W oxygen plasma produced by a PDC-32G plasma cleaner). The Si wafer was
spin coated with PNHP solution (10 mg/mL in 1,4-dioxane) at 1000 rpm for 30 seconds. On PLLA
microneedles, PNHP solution (2.5 mg/mL) was spray coated at 0.2 mL/s, 15 cm range for 10
seconds then let dry. The PNHP deposited surface was covered by a photomask only revealing the
region desirable for LbL film construction (for the microneedle, the photomask only reveals the
needle tips) and then UV treated for 5 minutes (40 mJ/cm2 produced by a CL-1000 Ultraviolet
Crosslinker).

2.2.5. LbL film construction
LbL coated Si wafer and microneedles for mouse skin are prepared as follows: A Carl Ziess HMSDS50 Serial Stainer was used for LbL film construction following UV treatment of the PNHP
coated surfaces, alternating 5-minute dips in either lysozyme or PEI (1 mg/mL) and either
luciferase pDNA, PAA, luciferase mRNA, or poly(I:C) (1 mg/mL) solutions in 10 mM sodium
acetate buffer (pH 5.1) separated by two 30-second wash steps in 10 mM sodium acetate buffer
(pH 5.1).
FITC-PLL coated microneedles and Poly(I:C) LbL coated microneedles for human skin are
prepared as follows: LbL films were assembled using StratoSequence VI from nanoStrata Inc.
(USA) with spinning (100-120 rpm). Microneedles were fitted to a 3D-printed holder and were
immersed in solutions. Films were constructed on PLLA microneedles following deposition of
PNHP and photoswitching via ultraviolet irradiation (254 nm, 40 mJ/cm2 for 5 min) using UVP
crosslinker CL-1000, Analytik Jena US). Fluorescent PolyIC (HMW, InvivoGen) was prepared
using tetramethylrhodamine (TMR) Label-IT reagent (Mirus Bio). FITC-conjugated Poly(L-lysine)
(1 mg/mL) or Poly1 (Mw ~9800 KDa, PDI = 1.2), synthesized as described previously (15), was
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dissolved in 0.1 M NaOAc buffer and PolyIC in PBS adjusted to pH = 5.5. (Poly1/TMR-PolyIC)40
films were assembled at pH = 5.5 with spinning through alternative immersion into Poly1 (1
mg/mL) and TMR-PolyIC (40 µg/mL) for 5 min, separated by 30 s PBS rinses.

2.2.6. Lysozyme release and antimicrobial activity assay
E.coli was cultured at 37 °C overnight in lysogeny broth (LB) media and diluted 50 times with the
same broth to create a contaminated media. Ethylenediaminetetraacetic acid (EDTA) was added
to a 1mM final concentration to optimize lysozyme’s activity. The media’s pH was then adjusted
to 7.4. 2 mL of the contaminated media was added per tube, then about 5mm x 15mm (Lys/PAA)n
coated Si wafer was immersed at 37 °C for 15 minutes to allow PNHP dissolution then removed
from the media. The tubes were then shaken at 230 rpm at 37 °C, samples were withdrawn
approximately every hour to measure absorbance at 600 nm, which reflects the concentration of
E.coli in the solution.

2.2.7. In vivo delivery on mouse ear
Mice studies were approved by the MIT IUCAC and mice were cared for in the USDA-inspected
MIT Animal Facility under federal, state, local, and NIH guidelines for animal care. In vivo
delivery experiments were performed on anesthetized 8 weeks old female balb/c mice (Taconic
Biosciences, Hudson, NY, USA). Microneedle arrays were pressed into the mouse ear for 15
minutes then removed.

2.2.8. Confocal microscopy
Confocal images of FITC-PLL or TMR-Poly(I:C) deposition on microneedle arrays was visualized
using a Zeiss Axio Observer Z1 LSM 700 (555 nm laser) at 10X objective. Normalized integrated
signal intensities were determined by integrating the total confocal fluorescence signal from zstacks collected through the length of individual microneedles following various treatments and
normalizing to the total initial fluorescence on as fabricated microneedles or FITC-PLL labeled
microneedles without PNHP film. Data analysis was performed using ImageJ.
2.2.9. Ethics statement
Healthy human skin tissue was obtained from abdominoplastic surgery. The studies were approved
by the respective institutional review boards (National Health Group Domain Specific Review
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Board (NHG DSRB 2012/00928) and Singhealth Centralized Institutional Review Board (CIRB
2011/327/E), respectively) and patients gave written informed consent. All skin samples were
processed on the day of surgery. Microneedles were applied onto human skin using a spring
applicator (Micropoint Technologies Pte Ltd., Singapore).
2.2.10. Flow cytometry analysis of ex vivo antigen presentation
Human skin dermatome sections (300 mm) were incubated for 12 hours in RPMI+10%FCS
(BioWest) containing 0.8 mg/ml collagenase (Type IV, Worthington-Biochemical) and 0.05
mg/ml DNase I (Roche), before passing through a 70um filter to obtain a single cell suspension.
Cells were labeled using the following reagents (all BD Biosciences): anti-HLA-DR (L243), antiCD45 (HI30), with viability discrimination using DAPI. Flow cytometry was performed on an
LSRII (Becton Dickinson). Software analysis was performed with FlowJo (TreeStar).
2.3. Results and Discussion
2.3.1. ATRP Polymerization of PNHP
PNHP is synthesized via a controlled atomic transfer radical co-polymerization of hydroxyethyl
methacrylate (HEMA), poly(ethylene glycol) methacrylate (PEGMA), and o-nitrobenzyl
methacrylate (oNBMA) using CuBr – 2,2’-bipyridine system with ethyl α-bromoisobutyrate
(EBiB) as initiator (Figure 2.1.). Kinetic studies were carried out by withdrawing samples from
the reaction mixture at several time intervals. Figure 2.2a shows the first-order kinetic curve of
monomer conversion, where the high degree of linearity (R2=0.97) illustrates the presence of fast
initiation and insignificant termination during the chain growth process. This conclusion is further
supported by the low polydispersity (1.09 – 1.15) throughout the polymerization process, as shown
by the evolution of the GPC traces in Figure 2.2b. Low polydispersity is important for PNHP to
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(a)

(b)

Figure 2.1. Synthesis schemes of the previous PNMP polymer (a) and the current PNHP
polymer (b).
(a)

(b)

Figure 2.2. ATRP synthesis kinetics of PNHP. (a) First order kinetics of monomer
consumption for the ATRP synthesis of PNHP. (b) Correponding GPC evolution curves.
assist LbL film buildup and release. Past studies have shown that polyelectrolyte chain length
affects LbL assembly, short chains exhibit poor adsorption during layer equilibrium and could
dissolve or exchange with like charge polymers hence compromise the LbL film quality (16, 17),
while long chains lead to entanglement (18) which makes dissolving difficult due to viscosity
penalty when release is desirable. Here the uniform chain growth enabled by ATRP allows
remarkable control over molecular weight by tuning reaction time to obtain a uniform molecular
weight with precisely designed composition, which is not obtainable via conventional free radical
polymerization (9).
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2.3.2. Photosensitivity of PNHP enables precise 2D-patterning of LbL film
PNHP’s o-nitrobenzyl group can be cleaved off upon UV-irradiation, leaving a carboxylic acid
moiety with an estimated pKa close to 6 (Figure 2.3). With a photomask, PNHP can transfer a
2D-patterned negative charge onto a substrate surface, which can adsorb polycation. Subsequent
alternate dipping in polyanion and polycation solutions allows for a patterned LbL film. In this
fashion multilayers of oppositely charged polyelectrolytes can be precisely immobilized on a
surface (Figure 2.4a). Figure 2.4b shows 3 bilayer of TMR-labelled poly(I:C)/PEI deposited on
a PNHP-coated Si wafer, which was uv-treated through a cell strainer as a crude photomask.
Features of 30 microns were patterned. This provides a miniaturized platform to create microarrays
of protein or nucleic acid without denaturing.
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Figure 2.3. UV-sensitivity of PNHP. The o-nitrobenyl group can be cleaved off upon UV
irradiation, leaving a carboxylic acid group.
Precise patterning of LbL films at a microscopic scale may have implication in polyelectrolytecoated microneedles. Conventional LbL microneedles have LbL drug film built on an entire
microneedle patch including the base, while only the drug film on the needle tip is introduced into
the body. In other words, a significant portion of drug remains on the microneedle patch after
application to the skin. In this study, the UV-responsiveness property of PNHP was utilized along
with a photomask that only exposed the needle tips on the microneedle patch as shown in Figure
2.4c. After the entire microneedle was coated with PNHP, it was covered by a photomask followed
by UV treatment. As a result, only the PNHP on the needle tips carry negative charge. This was
confirmed by dipping the microneedle in a solution of cationic dye, methylene blue. Only UVexposed, negatively charged regions were stained blue (Figure 2.4d), and would allow for
subsequent polyelectrolyte absorptions for LbL drug film buildup.
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Figure 2.4. UV-sensitivity enables PNHP to function as a photoresist. (a) Schematics of
photo-chemically patterning of LbL film using PNHP and a photomask. (b) Confocal
microimage of microarrays of (PEI/PolyI:C-TMR)3 deposited on PNHP uv-treated through a
cell strainer as a crude photomask. Scale bar 100μm. (c) Schematics of material-saving
photomask only revealing microneedle tips for LbL film build up. (d) Photos of PNHP coated
microneedles uv-treated with/without photomask then dipped in methylene blue, a cationic dye
that attaches to negatively charged regions. Scale bar 2mm.
2.3.3. pH-dependent solubility of PNHP controls the buildup and release of LbL film.
The ionization degree of uv-treated PNHP is dependent on the surrounding pH (Figure 2.5). In an
acidic buffer (e.g. pH 5), protonation of carboxylic acid groups renders uv-PNHP poor aqueous
solubility. Alternate deposition of a cationic antimicrobial reagent, lysozyme (Lys) and a
polyanion carrier, poly acrylic acid (PAA) resulted in a growth of LbL films on uv-treated PNGP.
The film thickness was characterized by profilometry in relation to the number of deposited PAALys bilayers (Figure 2.6a). As shown in Figure 2.6b, an exponential growth is observed, with the
first 15 bilayers being very smooth and uniform (Figure 2.6c) before transitioning into a
superlinear regime with an increase of roughness (Figure 2.6d).
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Figure 2.5. pH-dependent solubility of uv-PNHP. pKa of the carboxylic acid is around 6.
From pH 5 to pH 7, the degree of ionization of the carboxylic acid groups would significantly
increase and hence renders aqueous solubility for the polymer.
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deposited:

(d)

5

10

15

20

30

(f)

Figure 2.6. pH-dependent solubility enables uv-PNHP to assist LbL film build up and liftoff at pH 7.4. (a) LbL assembly of lysozyme-releasing surface on Si wafer: (uvPNHP)(Lys/PAA)n. (b) Profilometry measured film thickness growth curve as a function of
number of bilayers deposited, fitted to an exponential growth function (n=4). (c) Representative
Si wafers. (d) Profilometry measured film roughness curve as a function of number of bilayers
deposited (n=4). (e) Procedures of in vitro lift-off and E.coli growth inhibition experiment of
(Lys/PAA)n. (f) E.coli growth curve inhibited by 15 mins lift-off of (Lys/PAA)n bilayers by uvPNHP (n=3). Values are reported as mean±s.e.m.
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At physiological condition, where the pH is above the pKa of carboxylic acid, uv-PNHP is highly
ionized and becomes aqueously soluble. This enables the rapid lift-off of the LbL drug film
previously constructed at pH 5. To illustrate this property, an in vitro antimicrobial release study
was carried out with the lysozyme-incorporated Si wafers used for film growth. As demonstrated
in Figure 2.6e, E.coli culture was first adjusted to pH 7.4 to create an environment similar to
physiological condition. After a 15 min dissolution of uv-PNHP from the Si wafer at pH 7.4 and
37 °C, the released lysozyme drug film showed pronounced antimicrobial activity, which exhibited
much less opaqueness in E.coli culture than negative control. Figure 2.6f shows the inhibited
growth curve of E.coli culture treated with lysozyme/PAA film released by PNHP. Si wafers with
only uv-PNHP were used as a negative control. As expected, antimicrobial efficacies against E.coli
enhanced with increased number of (Lys/PAA) bilayers deposited on PNHP. The strongest
antimicrobial activity against E.coli was observed with the group treated with 30 bilayers where
the bacterial growth was completely prevented for up to 7.5 hours. This in vitro experiment
demonstrated that PNHP could effectively absorb and subsequently release lysozyme/PAA
polyelectrolyte multilayer films in a well-controlled manner while retaining the antimicrobial
activity of lysozyme.
2.3.4. In vivo implantation of LbL film at microneedle penetration site on mice skin
Next, we employed PNHP in constructing LbL drug film on microneedles and implanted the film
via epidermal penetration. PEI/TMR-poly(I:C) polyelectrolyte multilayer films were constructed
on microneedle surfaces via layer-by-layer dipping at pH 5 (Figure 2.7a). Following the
deposition of ten bilayers of PEI/TMR-poly(I:C), confocal images of uv-PNHP coated
microneedle surface showed more uniform LbL film formation when compared to the non-uvPNHP coated microneedle control (Figure 2.7b). After a brief application time of 15 min to mouse
skin, the LbL film coated on uv-PNHP was implanted, as is apparent from the confocal
fluorescence image of microneedle penetration sites on the mouse ear (Figure 2.7c).

2.3.5. Ex vivo vaccine adjuvant uptake in human skin
Previous work has demonstrated LbL film implantation and transfection in mouse and non-human
primate skin (5, 19). Here we tested the antigen presenting cell (APC) uptake efficiency of
microneedle-delivered PNHP LbL films ex vivo on human skin. Similar LbL microneedle
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Figure 2.7. In vivo implantation of microneedle LbL vaccines on mice skin. (a) Schematics
and (b) confocal images (TMR, 555nm) of (TMR-poly(I:C)/PEI)40 (uv-PNHP) layer-by-layer
thin film assembled on PLLA microneedle surface. (b, left) before and (b, right) after 15 min
application to mice ear. Scale bar 200 μm. (c) Confocal images (TMR, 555nm) of mice ear
epidermis at penetration sites after 15 min microneedle application. Upper row LbL film is
assembled on uv-PNHP, lower row is the negative control, same LbL film assembled directly
on microneedle surface without uv-PNHP. Scale bar 200 μm.
patches loaded with TMR-poly(I:C) as used for mouse skin were constructed (Figure 2.8a and b)
and applied on healthy human skin tissues obtained from abdominoplastic surgery for 20 min to
allow uv-PNHP dissolution. Dermal cells were harvested from the skin tissues 2 h post
microneedle application for flow cytometry analysis, from which antigen presenting cells are gated
based on CD45+ and HLA-DR+ markers. For experimental groups of skin tissue with microneedle
applied, a significant uptake of TMR-Poly(I:C) was observed from TMR fluorescence intensity in
contrast to the untreated control (Figure 2.8c and d). Here we demonstrated that PNHP enabled
rapid LbL film implantation on human skin followed by efficient antigen presenting cell uptake.

2.4. Conclusion
Here we have synthesized and characterized a novel ATRP-synthesized polymer, PNHP, that
enables a strategy of constructing photo-chemically patterned LbL film on a substrate for
controlled drug delivery. We demonstrated the use of uv-PNHP as a versatile platform that allows
steady and controllable film growth, tunable drug loading, and rapid implantation for three distinct
polyelectrolyte systems. Applying this strategy, we generated antimicrobial surfaces on Si
substrate, from which uv-PNHP rapidly lifted off the lysozyme/PAA multilayer thin film, leading
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Figure 2.8. Antigen presenting cells show rapid uptake of microneedle-delivered PNHP
LbL films in human skin. (a) Schematics and (b) confocal imaging of uvPNHP(Poly1/PolyI:C-TMR)40 film assembled on microneedle array, representative images shown;
(left) bright field, (right) TMR (555 nm), scale bar 200μm. Flow cytometric analysis performed
on cells isolated from human skin following 20 minute microneedle application for detection of
film uptake, shown as (d) proportion, and (c) representative plots of antigen presenting cells
(CD45+ HLA-DR+) positive for PolyI:C-TMR LbL film; values are reported as mean±s.e.m.,
***p=0.0008 unpaired t-test with Welch’s correction; numbers in plots indicate percent cells in
outlined area.
to effective inhibition of E. coli growth and implying potential uses for wound healing and
implantation applications. We subsequently applied the material to layer-by-layer coated
microneedles for transcutaneous delivery of a vaccine adjuvant, poly(I:C), devising a new
industrially-scalable method of using a photomask to reveal only the needle tips and avoid drug
waste at the patch base; following that, we demonstrated release on mouse ear skin in vivo and
significant antigen presenting cell uptake on surgical samples of human skin ex vivo, suggesting
the potential of applying this strategy to develop human subcutaneous vaccines.
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CHAPTER 3
Synthetic Charge-Invertible Polymer for Rapid and Complete Implantation of
Layer-by-Layer Microneedle Drug Films for Enhanced Transdermal
Vaccination
The work presented in this chapter and Appendix A has been adapted with permission from He,
Y.*, Hong, C.*, Li, J., Howard, M. T., Li, Y., Turvey, M. E., ... & Hammond, P. T. (2018).
Synthetic charge-invertible polymer for rapid and complete implantation of layer-by-layer
microneedle drug films for enhanced transdermal vaccination. ACS nano, 12(10), 10272-10280.
Copyright 2018 American Chemical Society. (*co-first author)
3.1. Introduction
LbL coated microneedle arrays have been widely investigated over a broad range of drugs,
including nucleic acids, proteins (1), inactivated virus (2) and small molecular weight drugs (3).
Compared to hypodermal injections, microneedles offer a number of advantages including painfree self-administration, low risk of needle reuse, accidental needle-based injuries and spread of
blood-borne pathogens. One major drawback of all current LbL microneedle therapies is the slow
detachment rate of LbL film from microneedle surface to be implanted into the epidermis, leading
to a long period of epidermal insertion time required. One of the state-of-the-art approaches is to
chemically modify the microneedle surface prior to LbL film deposition with pyridine
functionalities, which, with a pKa of 6.9, is positively charged in mildly acidic environments. Upon
introduction to physiological conditions at pH 7.4, the underlying positive charges diminishes from
deprotonation and the support for film construction is gradually lost, leading to detachment of the
LbL film in approximately 90 minutes [Figure 3.1B(i)] (4). Another recent study coated the
microneedle surface with a synthetic polymer containing carboxylic acid moieties, which at pH 5
is slightly negatively charged, enough to support LbL film deposition but has poor solubility in
aqueous environments. Upon dermal application, the rise in pH leads to an increased degree of
ionization of the polymer, increasing its solubility and thus lifting-off the LbL film on top after
about 15 minutes [Figure 3.1B(ii)] (5). These lengthy application periods lead to significant
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Figure 3.1. Overview of state-of-the-art approaches and the current design of LbL film
lift-off from microneedles. (A) Schematic view of the microneedle skin patches where drugreleasing surface is generated. (B) Two state-of-the-art approaches utilizing (i) chemically
functionalizing surface with pyridine moiety (ii) coating of a layer of polymer with carboxylic
acid functional groups to support and release the LbL film on top depending on the
environmental pH, and (iii) the current design of LbL film lift-off mechanism based on chargeinvertible polymers.
inconvenience in the administration process of LbL microneedles, and not only makes
microneedle-related animal research very tedious but also diminishes the potential practical utility
from a patient compliance perspective. Hence, a fast and complete lift-off strategy is extremely
desirable.
Here we devised a novel 1 min lift-off platform for LbL microneedles based on synthetic chargeinvertible micelles that performs far more efficiently than any platform currently available. The
micelles are formed by a reversible addition-fragmentation chain-transfer (RAFT)-synthesized
diblock copolymer—poly(2-(diisopropylamino) ethyl methacrylate-b-methacrylic acid) (PDM)—
which carries positive surface charge at pH below 5.8 and negative charge above pH 5.8. We first
treat the microneedle surface with oxygen plasma, which generates a negatively charged surface
and allows the layering of positively charged PDM micelles at pH below 5.8, followed by the
deposition of polyanion then polycation and so on. Upon dermal insertion, the PDM layer
undergoes instant charge inversion by the pH shift into physiological environment, which results
in three consecutive layers of negative charge that strongly repel one another and rapidly detach
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the LbL film from the microneedle surface [Figure 3.1B(iii)]. This active lift-off response is much
faster than the time scale of passive diffusion-based transfer methods, like the rate of titration
versus the rate of dissolving a polymer or dissociating a polyplex.
In this chapter, we first report the synthesis and characterization of PDM. Steady LbL film
construction on top of the PDM-coated surface was investigated and confirmed with profilometry.
We then incorporated a model cancer antigen, chicken ovalbumin (OVA), which had been
fluorescently labeled with cyanine 5 (Cy5) into LbL films coated on microneedle surfaces. Rapid
and complete LbL film implantation in murine epidermis was observed following 1 min of
microneedle skin insertion and subsequently provided sustained release of drugs for over 3 days,
significantly outperforming subcutaneous injection by hypodermal needles. The serum OVAspecific IgG1 antibody levels elicited was also 9-fold and 160-fold greater than intramuscular and
subcutaneous injection groups, respectively. Thus, this strategy may offer a route to a fast and
effective LbL microneedle therapy platform.

3.2. Materials and Methods
3.2.1. Materials
2-(Diisopropylamino) ethyl methacrylate (DPAEMA, 97%) and methacrylic acid (MAA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA) and passed through a basic alumina column
to remove inhibitors before polymerization. 2,2’-Azobis(2-methyl-propionitrile) (AIBN, 98%), 4((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (95%), lysozyme (Lys, from
chicken egg, >90%), 3,3’-ethylenediiminodipropylamine (EDDPA) (94%), hexamethyldisilazane
(HMDS, >99%), and other solvents were obtained from Sigma-Aldrich and used as received. βbenzyl L-aspartic acid N-carboxyanhydride (BLA-NCA) was obtained from Toronto Research
Chemicals (Toronto, ON, Canada). Poly(acrylic acid) (Mw ~ 50,000, 25% aqueous solution) was
obtained from Polysciences, Inc.
3.2.2. Synthesis of PDM
PDM was synthesized via a one-pot RAFT reaction. DPAEMA (648 μL) was purified by passing
through activated aluminum oxide column (basic) and combined with AIBN (1.5 mg), dimethyl
sulfoxide (DMSO 50 μL, as internal standard for quantitative NMR), and 4-((((247

carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (5.6 mg) and added into a dry
Schlenk flask. The flask was purged with nitrogen for 30 minutes to remove dissolved oxygen then
sealed and immersed in 60 °C oil bath with magnetic stirring. During the reaction, MAA (4.6 mL)
and DMF (2 mL) were combined in a 20 mL scintillation vial and bubbled with nitrogen for 30
minutes. After 2.5 hours of reaction time, the purged mixture of MAA and DMF was added into
the Schlenk flask with a nitrogen-purged syringe. The flask was briefly removed from the oil bath,
vortexed to mix thoroughly, and returned to the oil bath to allow the reaction to continue at 60 °C
for another 20 minutes. Samples were withdrawn from the reaction mixture at various time
intervals and diluted in deuterated chloroform for 1H nuclear magnetic resonance (NMR) analysis
of monomer consumption.
20 minutes after the addition of MAA and DMF, the reaction was terminated by removing the
glass stopper on Schlenk flask, exposing the solution to air. The reaction mixture was diluted with
DMF and precipitated in cold diethyl ether (0 °C) before re-dissolution in water. The aqueous
solution was then adjusted to pH ~ 8 with a sodium hydroxide aqueous solution and centrifuged at
2000 rcf for 5 minutes to precipitate the poly(DPAEMA) dead chains. The supernatant was
dialyzed (Mw cut-off: 6-8kDa) in water for 24 hours, and freeze-dried in vacuo to give a white
powder (124 mg, Mn ~ 38,000, Mw/Mn = 1.10). 1H NMR (400 MHz, D2O) pMAA block: δ 0.89 –
1.05 (s, 3H), 1.36 – 1.48 (s, 2H). pDPAEMA block: δ 1.05 – 1.15 (s, 3H), 1.64 – 1.93 (d, 14H),
3.37 – 3.63 (t, 2H), 3.68 – 3.93 (m, 2H), 4.19 – 4.53 (t, 2H).
3.2.3. Synthesis of PAsp(EDDPA)
PAsp(EDDPA) synthesis was modified from literature.(6-10) Briefly, in the nitrogen glove box,
BLA-NCA (250 mg) and HMDS (5.4 mg) as initiator were first dissolved in nitrogen purged
anhydrous DMF (2.5 mL in total) separately, then combined and stirred at room temperature under
a stream of nitrogen for 48 hours. The reaction mixture was precipitated in cold (0 °C) diethyl
ether and re-dissolved in dichloromethane (DCM) for three times, then dried in vacuo overnight
for use (158 mg).
Dried poly(β-benzyl L-aspartic acid) (PBLA) backbone was dissolved in anhydrous 1-methyl-2pyrrolidinone (NMP) at 100 mg/mL and brought to 0°C together with 4 mL 2-fold diluted EDDPA
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solution in NMP. The EDDPA solution was then added dropwise into the stirring PBLA solution
in a glass vial. The vial was then sealed and allowed to react for 3 hours. The resulting reaction
mixture was mixed with 4 mL 1 N hydrochloric acid (HCl) and dialyzed at 0°C against 0.1 N HCl
for 24 hours, then against water for another 24 hours and finally freeze-dried in vacuo to give a
white powder (110 mg, Mn ~ 81,000, Mw/Mn = 1.04). 1H NMR (400 MHz, D2O) δ 1.54 – 1.80 (m,
4H), 2.44 – 2.90 (m, 12H), 3.08 – 3.24 (m, 2H), 3.24 – 3.34 (m, 1H), 4.55 – 4.67 (s, 1H).

3.2.4. PLLA microneedle fabrication
To fabricate microneedle patches, pellets of poly(L-lactide) (PLLA) were placed over
poly(dimethylsiloxane) (PDMS) negative molds and melted under vacuum by gradually heating
to 200 °C. The oven was then vented slowly, allowing atmospheric pressure to pack liquid PLLA
into the PDMS molds. The molds were then transferred to the fridge when they reached room
temperature and cooled at -20 °C for 1 hr. Finally, the molds were returned to room temperature
and PLLA microneedles were de-molded for use.

3.2.5. PDM layer deposition
Prior to deposition of PDM on microneedle patches and Si water, the surfaces were first treated
with oxygen plasma for 10 minutes (18 W oxygen plasma produced by a PDC-32G plasma cleaner).
The treated surfaces were then immersed in PDM solution (1 mg/mL in 10 mM sodium acetate
buffer) for 15 minutes and rinsed with 10 mM sodium acetate buffer for 30 seconds with agitation
before LbL dipping.
3.2.6. LbL film construction
LbL films on microneedles and Si wafers were constructed with a Zeiss HMS-D250 Serial Stainer.
PDM-coated microneedles or Si wafers were processed with 40 alternating 20-minute immersions
in lysozyme, ovalbumin or Cy5-labelled ovalbumin, and polyamine or poly(acrylic acid) solution.
The concentrations of both polycation and polyanion were 1 mg/mL in pH 5.4 10 mM sodium
acetate buffer, separated by three 30-second rinse steps in 10 mM sodium acetate buffer (pH 5.4).
Another set of PDM-coated Si wafers were treated with alternating 5-minute immersions in
lysozyme (1 mg/mL) and PAA (1 mg/mL) solutions in 10 mM sodium acetate buffer (pH 5.1),
with each dip separated by two 30-second wash steps in 10 mM sodium acetate buffer (pH 5.1).
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PolyI:C LbL coated microneedles for human skin were prepared using the StratoSequence VI from
nanoStrata Inc. (USA) with spinning (100-120 rpm)(5). PDM-coated PLLA microneedles were
secured in a holder prior to immersion in the polymer solutions. Fluorescent PolyI:C (HMW,
InvivoGen) was prepared using tetramethylrhodamine (TMR) Label-IT reagent (Mirus Bio). Poly1
(Mw ~9.8 kDa, PDI = 1.2), a degradable poly(amino ester) synthesized as modified from
literature,(11),(12, 13) was dissolved in 0.1 M sodium acetate buffer and PolyI:C in PBS adjusted
to pH = 5.5. (Poly1/TMR-PolyI:C)40 films were assembled at pH = 5.5 with spinning through
alternative immersion into Poly1 (1 mg/mL) and TMR-PolyI:C (40 µg/mL) for 5 minutes,
separated by two 30-second wash steps in pH = 5.5 PBS.
3.2.7. In vitro release study of LbL film for drug load determination
Silicon chips coated with (PDM/PAA)1 (lysozyme/PAA)n LbL films were measured with a ruler
to determine the surface area of the film. They were then immersed in room-temperature phosphate
buffer saline (PBS) in low-bind, 2 mL Eppendorf microcentrifuge tubes for 1 minute to allow the
films to be lifted-off from the surface. The silicon chips were inspected visually upon removal. If
small pieces of lifted-off LBL film had clung to the surface of the chip, they were gently rinsed
back into the tube with the release media. Since the lysozyme-containing LbL film was lifted-off,
but not degraded in the 1-minute time span, the release aliquots were stored at 4°C for 72 hours
before measuring lysozyme concentration to allow the lysozyme in the lifted-off film pieces to
diffuse into the release media.
Lifted-off film aliquots were compared to standards made of lysozyme (purchased from Sigma
Aldrich, CAS# 12650-88-3) in PBS. A PierceTM BCA Protein Assay Kit (CAS# 23225, purchased
from ThermoFisher Scientific) assay was used to quantify concentration of lysozyme according to
the manufacturer’s instructions. The mass of lysozyme contained in each film was normalized by
the surface area of the film.

3.2.8. In vivo delivery on mouse ear
Mice studies were approved by the MIT IUCAC and mice were cared for in the USDA-inspected
MIT Animal Facility under federal, state, local, and NIH guidelines for animal care. In vivo
delivery experiments where LbL-coated microneedles were pressed into the mouse ear for 1
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minute then removed were performed on anesthetized 8 weeks old female C57BL/6 mouse
(Taconic Biosciences, Hudson, NY, USA). Subcutaneous and intramuscular injection dosages
include the same amount of OVA and PAsp(EDDPA) polymer as in each microneedle
administration.
3.2.9. Ethics statement
Healthy human skin tissue was obtained from abdominoplastic surgery. The studies were approved
by the respective institutional review boards (National Health Group Domain Specific Review
Board (NHG DSRB 2012/00928) and Singhealth Centralized Institutional Review Board (CIRB
2011/327/E), respectively) and patients gave written informed consent. All skin samples were
processed on the day of surgery. Microneedles were applied onto human skin using a spring
applicator (Micropoint Technologies Pte Ltd., Singapore).
3.2.10. Flow cytometry analysis of human skin tissue ex vivo antigen presentation
After microneedle application, human skin dermatome sections (300 mm) were incubated in 0.05
mg/ml DNase I (Roche) and RPMI + 10% FCS (BioWest) containing 0.8 mg/ml collagenase (Type
IV, Worthington-Biochemical) for 12 hours. Following incubation, a 70 μm filter was used to
obtain a single cell suspension. Cells were labeled using the following: anti-HLA-DR, anti-CD45,
and anti-CD14 reagents (all BD Biosciences) with viability discrimination using DAPI. Flow
cytometry was performed on an LSRII (Becton Dickinson). Software analysis was performed with
FlowJo (TreeStar).
3.2.11. Statistical analysis
All statistical analysis were performed using GraphPad Prism 5.03 (San Diego, CA, USA). Data
were analyzed with one-way ANOVA followed by Student's t test for statistical significance.
3.3. Results and Discussion
3.3.1. RAFT Polymerization of PDM
PDM

was

synthesized

via

a

one-pot

RAFT

polymerization

using

4-((((2-

carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid as chain transfer agent (CTA). To
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Figure 3.2. Synthesis scheme and kinetic study of PDM polymer. (A) Synthesis scheme of
one-pot RAFT polymerization of PDM polymer. (B) Number average monomers converted per
initiator calculated from monomer consumption kinetics as determined from 1H nuclear
magnetic resonance. (C) First order linear kinetics of DPAEMA monomer and (D) MAA
monomer consumption as determined from 1H nuclear magnetic resonance.
minimize potential chain transfers to the solvent, the first block was synthesized in bulk DPAEMA
monomers. At 60% conversion of DPAEMA, a nitrogen-purged mixture of MAA monomers in
large excess was injected into the reaction mixture, with DMF solvent to help dissolve the
polymers. Figure 3.2C and D show the first-order kinetic curve of monomer conversion, the
linearity of which implying fast initiation and insignificant chain termination during growth. The
reaction was allowed to proceed for another 20 minutes and stopped with the second block having
an MAA composition of 96%, with the remaining 4% repeat units being DPAEMA (Figure 3.2B),
which has negligible effect on the overall charge-inverting function of this material for the purpose.
Using the one-pot instead of a two-pot synthesis is to simplify the synthesis and avoid the
demanding process of purification of macro-CTA and reinitiate a second polymerization for the
second block.
3.3.2. Charge-invertible micellization behavior
The diblock copolymer PDM resulting from the above-described one-pot RAFT synthesis contains
two blocks with carboxylic acid and tertiary alkyl amine moieties, respectively. The functionalities
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Figure 3.3. Charge-invertible micellization behavior of PDM polymer. (A) Schematics of
PDM’s charge-invertibility with pH change, the pKa of carboxylic acid and the pKa of the
tertiary alkyl amine’s conjugated acid, respectively, coincide at around pH = 5.8. (B) Proposed
schematics of charge-invertible micellization behavior. (C) Zeta-potential and (D) particle
diameter measured from electrophoretic and dynamic light scattering, respectively, of 0.1
mg/mL PDM dissolved in 10mM sodium acetate buffer solution titrated from pH 5.1 to 6.8. (E)
TEM images of PDM in aqueous solution at pH 5.1 and 6.5, respectively. Scale bar 200 nm.

are chosen so the pKa of carboxylic acid and pKa of the tertiary alkyl amine’s conjugated acid,
respectively, coincide at around 5.8. As illustrated in Figure 3.3A, in an aqueous solution with pH
below 5.8, the DPAEMA block is highly charged and hydrophilic, while the MAA block is
hydrophobic and tends to collapse out of aqueous solution. PDM molecules would then selfassemble into micelles with positively charged corona. As the pH raises, the DPAEMA corona
gradually gets deprotonated and the zeta-potential becomes less positive. PDM reaches an
isoelectric point at pH 5.8, where beyond that point, deprotonated carboxylic acid starts to
dominate and substitutes the DPAEMA block to become the outer, hydrophilic corona, while
DPAEMA block collapses into the hydrophobic core. Dynamic light scattering measurements
indicates that except for the isoelectric pH, the particles are generally stabilized by either positive
or negative charge and forms nanoparticles with diameter of about 200 nm (Figure 3.3C), together
with the zeta potential titration curve (Figure 3.3D), the charge-invertible micelle structure
proposed in Figure 3.3B is confirmed.
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Figure 3.4. LbL film growth study on PDM. (A) Film architecture schematics of (Lys/PAA)
LbL film constructed on top of PDM polymer coated silicon wafer at acidic LbL assembly
environment. (B) Profilometry measured LbL film thickness growth with the number of
(Lys/PAA) bilayers deposited atop PDM. (C) LbL film roughness as a function of numbers of
bilayers coated (n = 4). Values are reported as mean ± s.e.m. (D) BCA assay determined Lys
drug loading in LbL film with the number of (Lys/PAA) bilayers deposited atop PDM coated
silicon wafer (n = 3) after 1 min in vitro incubation in PBS. Values are reported as mean ±
s.e.m. (E) Representative scanning electron microscopy images of cross-sections of
(Lys/PAA)20,30,40 LbL film constructed on top of PDM coated silicon wafer.
3.3.3. PDM supports steady LbL film growth
As the TEM images and zeta-potential titration curve (Figure 3.3C and E) demonstrate, PDM
exists as positively charged micelle particles around pH 5. To demonstrate the LbL-compatibility
of these positively charged nanostructures, PDM micelles were coated onto model silicon wafers
under pH 5 and used to build subsequent LbL electrostatic multilayers (Figure 3.4A). The silicon
substrates were pre-treated with oxygen plasma to generate negatively charged functional groups
on the surface and allow for PDM absorption. Subsequent iterative deposition of a cationic protein
lysozyme (Lys) and a polyanion poly(acrylic acid) (PAA) resulted in exponential growth of film
thickness and roughness (Figure 3.4B and C, Figure A2) as similarly reported in other
lysozyme/PAA LbL film deposition studies(5, 14). One advantage this system possesses in
comparison with other state-of-the-art carboxylic acid-containing polymers(5, 15) is that it can
support the construction of LbL films at any pH under 5.8. Specifically, for polymers only
containing carboxylic acid groups, the pH where the polymer has sufficient negative charge to
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support an LbL film but stays insoluble in water is around 5, largely limiting its capability to
encapsulate polypeptides with more acidic isoelectric points.

3.3.4. PDM implants microneedle LbL film with sustained release of drug in vivo
For moving into in vivo exploration of the PDM system, we synthesized an N-substituted
polyaspartamide polyelectrolyte (Figure A3) poly(N''-(N'-(N-(3-aminopropyl)-2-aminoethyl)-3aminopropyl)aspartamide) [PAsp(EDDPA)] to serve as a biocompatible, LbL-amenable polymer
for the delivery of our model antigen chicken ovalbumin (OVA). N-substituted polyaspartamides
have been extensively studied in a variety of contexts related to drug delivery as complementary
polycation carriers (7-10). [PAsp(EDDPA)/Cy5-OVA] polyelectrolyte multilayers were
constructed on the surface of a poly(L-lactic acid) (PLLA) microneedle pretreated with oxygen
plasma and PDM adsorption at pH 5. To confirm that OVA is stably incorporated into the LbL
film and is then completely implanted into mouse dermis, confocal micrograph of Cy5-OVA on
microneedle surface before and after 1 min application (Figure 3.5B) and Cy5-OVA delivered on
mouse dermis (Figure 3.5C) after 15 s, 30 s, and 60 s of microneedle insertion demonstrate the
fast and complete release of PDM platform. We thus concluded that 1 minute was a sufficient time
to deliver the MN LbL film into the skin.
These LbL film we delivered also sustained the release of OVA over three days (Figure 3.5D and
E), compared with subcutaneous injection that was completed gone after a day. This sustained
immune activation could potentially elicit a more robust immune response compared to bolus
delivery of antigens. Prior studies using similar LbL microneedle platforms have shown that MHC
II+ cells were recruited to the site of application and co-localized with the antigen in a membraneextended form, suggesting active phagocytosis.(15, 16) As shown in Figure 5G, we further applied
LbL MN patches coated with tetramethylrhodamine (TMR) labeled polyinosinic-polycytidylic
acid (poly I:C) to pieces of human skin tissue obtained from plastic surgery ex vivo. Two hours
post-MN administration, cells were isolated from skin tissue for flow cytometry analysis. Antigenpresenting cells (APC) were gated based on CD45+ CD14+ and HLA-DR+. Significant APC uptake
of the vaccine adjuvant was observed in PDM-coated MNs, in contrast to the non-coated MN
control (Figure 3.5H and I). Sustained APC uptake-mediated immune activation could potentially
elicit a more robust immune response than one resulting from the bolus delivery of antigens(17).
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Figure 3.5. In vivo mouse skin and ex vivo human skin implantation of LbL drug film from
microneedle surface upon charge invert of PDM. (A) Film architecture schematics of
[PAsp(EDDPA)/Cy5-OVA]40 LbL coated microneedle for mouse ear. (B) Confocal
micrograph of Cy5-OVA on microneedle surface before and after 1 min application in mouse
dermis. Scale bar 0.5 mm. (C) Image of mouse ear skin after 1 min microneedle
(PDM/Polystyrene sulfonate/methylene blue)1 application showing the penetration pattern.
Scale bar 2 mm. (D) Confocal micrograph of Cy5-OVA delivered onto mouse dermis after 15
s, 30 s, 60 s of microneedle insertion, respectively. Scale bar 1 mm. (E) Representative IVIS
images showing Cy5 signal intensity on mouse ear at day 0, 1, 2, and 3 after MN or SC
administration on left ear (right ear untreated). (F) Integrated radiant efficiency decay of Cy5OVA on mouse ear in 3 days demonstrating in vivo sustained release of Cy5-OVA from PDM
microneedle (MN) implanted LbL film, compared to subcutaneously (SC) injected same
amount of Cy5-OVA (n = 6/group). Values are reported as mean ± s.e.m. ***p = 0.0004, as
analyzed by one-way ANOVA. (G) Film architecture schematics of [Poly1/PolyI:C-TMR]40
LbL coated microneedle for human skin tissue. Flow cytometric analysis performed on cells
isolated from human skin following 2 minute microneedle application for detection of film
uptake, shown as (I) proportion, and (H) representative plots of antigen presenting cells (CD45+
CD14+ HLA-DR+) positive for PolyI:C-TMR LbL film; values are reported as mean ± s.e.m.
**p=0.0017 unpaired t-test; numbers in plots indicate percent cells in outlined area.
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3.3.5. In vivo microneedle-delivered OVA vaccination induces strong immune response
To evaluate the immune response from microneedle vaccination, we immunized groups of
C57BL/6 mice with OVA three times, according to the dosing schedule shown in Figure 3.6B and
collected sera on Day 28 for ELISA assay. In comparison to intramuscular and subcutaneous
injection of the same amount (0.5 μg) of OVA, microneedle vaccination promoted robust antigenspecific humoral immune response. In contrast, intramuscular and subcutaneous injection elicited
weak IgG1 based antigen-specific immune response (Figure 3.6C).

Figure 3.6. In vivo OVA vaccination of LbL drug film from microneedle surface upon
charge inversion of PDM. (A) Film architecture schematics of [PAsp(EDDPA)/OVA]40 LbL
coated microneedle. (B) Vaccination dosing and ELISA schedule, each dose is 0.5 μg of OVA
by either PDM-mediated microneedle, subcutaneous, or intramuscular administration. (C)
Serum OVA-specific IgG1 antibody level measured in mouse serum (n = 10/group). Values are
reported as mean ± s.e.m. ***p < 0.0001, as analyzed by one-way ANOVA.

3.4. Conclusion
Developing an LbL microneedle platform that delivers drug through a short period of application
time is of great interest. Here we demonstrated a novel LbL microneedle strategy utilizing
synthetic charge-invertible micelles, PDM, capable of lifting-off and implanting drug film into the
skin with only 1 minute epidermal application. To the best of our knowledge, this works presents
the fastest LbL film lift-off strategy than any other state-of-the-art methods. The synthesis and
characterization presented herein also provides insight into the molecular driving force of quick
LbL film detachment.
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Applying this strategy, we generated layer-by-layer coated microneedles to deliver a model
vaccine antigen, OVA. Following microneedle application to the mouse ear skin for one minute,
LbL film on microneedles was completely transferred into the epidermis. Sustained release of
OVA from the implanted LbL film over 3 days was observed in vivo. Robust immune response
was promoted via microneedle delivered OVA LbL film. Serum OVA-specific IgG1 levels of the
microneedle vaccinated group was 9-fold and 160-fold higher than intramuscular and
subcutaneous injection groups, respectively.
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CHAPTER 4
Polyamine-Mediated Stoichiometric Assembly of Ribonucleoproteins for
Enhanced mRNA Delivery
The work presented in this chapter and Appendix B has been reprinted with permission from Li,
J.*, He, Y.*, Wang, W., Wu, C., Hong, C., & Hammond, P. T. (2017). Polyamine-mediated
stoichiometric assembly of ribonucleoproteins for enhanced mRNA delivery. Angewandte
Chemie International Edition, 56(44), 13709-13712. Copyright 2017 Wiley-VCH. (*co-first
author)
4.1. Introduction
Therapeutics based on mRNA have been extensively investigated recently and harbor great
potential towards clinical translation (1-4). Unlike protein-based biologics, mRNA co-opts natural
biological processes to express proteins and thereby achieve a desired therapeutic effect (5, 6). In
contrast to DNA, however, mRNA does not need to enter the nucleus to be functional, which
allows for transfection of non-dividing cells with potentially high efficiency (7). Additionally,
mRNA does not integrate into the genome and hence has little risk of insertional mutagenesis (8,
9). These advantages enable the potential treatment of a broad spectrum of diseases, many of which
cannot be addressed with current technologies (1, 2). Nevertheless, inefficient transfection of
exogenous mRNA remains a key barrier to broad applications of mRNA-based drugs (10).
Endogenous mRNA associates with specific proteins at different stages when trafficking from the
nucleus to cytoplasmic ribosomes for maximal protein production. In contrast, the existing
approach towards transfecting exogenous mRNA involves direct complexation of mRNA with
cationic carriers (11-13). These carriers are designed to protect mRNA from degradation, enable
uptake by cells, and facilitate endosomal escape (10). However, it was recently reported that certain
polycation-based delivery vehicles can partially block mRNA from effectively recognizing the
complementary protein responsible for mRNA translation (14). To circumvent this problem, we

60

Figure 4.1. Overview of the bio-inspired assembly for enhanced mRNA delivery. A) The
state-of-the-art approach of directly complexing mRNA with cationic carriers for mRNA
delivery. When mRNA associates with cationic carriers, the poly A tail may not be readily
accessible to endogenous PABP owing to steric hindrance. Upon release from the complex,
however, mRNA is susceptible to degradation (deadenylase and exonucleases), resulting in
poor expression of the desired protein. B) Preassembly of mRNA/PABP nanoplexes with
polyamines enhances mRNA translation by improving both mRNA stability and protein
translation. C) Molecular structures of polycation carriers used in this study. The degree of
polymerization of the backbone was determined to be 86 by 1H NMR spectroscopy. Note that
amination of the backbone likely induces intramolecular isomerization of the repeating unit,
aspartamide, generating two isomers.
recently demonstrated that preloading the 5′-end of mRNA with recombinant cap-binding protein,
eIF4E, increases the formation of the mRNA translation initiation complex and leads to enhanced
mRNA transfection by improved mRNA stability and expression inside cells (15). Nevertheless,
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the 3′-poly A tail of mRNA is susceptible to deadenylation (an enzyme-mediated hydrolysis of
poly A), which can trigger RNA degradation by 3′–5′ RNA exonucleases in the cytoplasm (16).
Additionally, fundamental biology studies have shown that the poly A tail of endogenous mRNA
is able to bind multiple poly A binding proteins (PABPs) in a tandem manner, which not only
improves mRNA stability, but also stimulates mRNA translation in eukaryotic cells (16-18).

In light of these observations, we speculated that existing gene delivery approaches of
encapsulating mRNA directly in a cationic nanoplex could potentially prevent transfected mRNA
from easily accessing and binding key translational proteins such as intracellular PABP. This
lowered access could lead to deadenylation, mRNA degradation, and reduced mRNA translation
(Figure 4.1A). In contrast, co-encapsulation of the mRNA with a recombinant form of PABP may
alleviate such steric hindrance, thereby improving mRNA expression (Figure 4.1B). To deliver
the mRNA/PBAP complexes into cells, we designed a library of cationic polypeptides derived
from N-carboxyanhydride polymerization of benzyl aspartate, followed by exhaustive amination
of the ester groups to achieve varied side chain architectures, some of which have previously
demonstrated high mRNA transfection efficiency, low cytotoxicity, and degradability in vivo (19,
20). These side chains can be categorized into linear and branched oligoalkylamines, which allow
us to determine the role of the polyamine structure in mRNA transfection in co-delivery with
PABP (Figure B1).

4.2. Materials and Methods
4.2.1. Materials
β-benzyl-L-aspartate and triphosgene were purchased from Chem-Impex (Wood Dale, IL, USA)
and

used

without

further

purification.

Triethylenetetraamine,

tetraethylenepentamine,

pentaethylenehexamine, 1,4-Bis(3-aminopropyl)piperazine, tris(3-aminopropyl)amine, tris(2aminoethyl)amine

and

N,

N’-bis(3-aminopropyl)-1,3-propanediamine

were

respectively

purchased from Alfa Aesar (Haverhill, MA, USA), MP Biomedicals (Santa Ana, CA, USA), TCI
America (Portland, OR, USA), and Acros Organics (Pittsburgh, PA, USA) and used as received.
N, N-Dimethylformamide (DMF) was dried and stored over 3Å molecular sieves under an argon
atmosphere prior to use. All other reagents were purchased from Sigma-Aldrich (St. Louis, MO,
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USA) and used as received. Firefly luciferase assay kit was purchased from Biotium (Fremont,
CA, USA) and performed per manufacturer’s instruction. Firefly luciferase mRNA was from
Trilink (San Diego, CA, USA). The capped (Cap 0) and polyadenylated mRNA was modified with
pseudouridine and 5-methylcytidine to reduce immune stimulation. Cyanine 5 succinimidyl ester
(potassium salt) was purchased from AAT bioquest (Sunnyvale, CA, USA).
4.2.2. Cell lines and mice
HEK293T cells were obtained from American Type Culture Collection (ATCC, Rockville, MD,
USA) and cultured in DMEM (Invitrogen, Grand Island, NY, USA) with 10% FBS and 1%
Penicillin/Streptomycin. Cells were screened for mycoplasma-free by High Throughput Screening
Facility at The Koch Institute for Integrative Cancer Research at MIT (Cambridge, MA, USA).
We performed all mouse studies in the context of an animal protocol approved by the MIT Division
of Comparative Medicine following federal, state and local guidelines.

4.2.3. Synthesis and characterization of β-benzyl-L-aspartate N-carboxyanhydride (NCA)
To a dispersion of β-benzyl-L-aspartate (25.0 g, 112 mmol) in THF (200 mL) in a 1 L two neck
round bottom flask equipped with a magnetic stir bar and rubber septum was added triphosgene
(30.0 g, 100 mmol) in one portion. The mixture was stirred and sparged with a steady stream of
argon under reflux for 2hr then cooled to RT. Hexanes (700 mL) were added and the mixture was
allowed to sit for 7hr. The resulting precipitate was collected by vacuum filtration and washed 4
times with hexanes under a blanket of argon. The resulting solid was added to a flame dried 1 L
flask, dissolved in anhydrous THF (300 mL), and recrystallized via solvent diffusion under a layer
of hexanes (700 mL) in an argon atmosphere at RT. The solids were collected by vacuum filtration
under a blanket of argon, washed 4 times with hexanes, and dried in vacuo to give white crystals
(25.7 g, 103 mmol, 92%). 1H NMR (400 MHz, CDCl3) δ 7.47 –7.30 (m, 5H), 6.13 (s, 1H), 5.19
(s, 2H), 4.60 (dd, J = 9.5, 2.4 Hz, 1H), 3.09 (dd, J = 17.7, 3.1 Hz, 1H), 2.84 (dd, J = 17.7, 9.6 Hz,
1H)

13

C NMR (101 MHz, CDCl3) δ 169.55 (s), 168.31 (s), 151.32 (s), 134.76 (s), 129.03 (s),

128.95 (s), 128.71 (s), 67.98 (s), 53.98 (s), 36.22 (s)
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4.2.4. Synthesis and characterization of poly(β-benzyl-L-aspartate) (PBLD)
A flame dried 100 mL Schlenk flask equipped with a magnetic stir bar and rubber septum was
charged with NCA (3.28 g, 13.2 mmol) and DMF (30 mL). Hexylamine (17.4 μL, 0.132 mmol)
was added via micropipette with stirring and the reaction was sparged with a steady stream of
argon at RT for 48hr. The reaction was added to water and the resulting precipitate was collected
by centrifugation, washed 3 times with water, and dried in vacuo to give a white powder (2.44 g,
11.9 mmol repeat units, 90%).The degree of polymerization of PBLD was determined to be 86 by
1

H NMR. 1H NMR (400 MHz, DMSO): δ 8.37 –7.98 (m, 1H), 7.51 –7.08 (m, 5H), 5.21 –4.92 (m,

2H), 4.74 –4.48 (m, 1H), 2.98 –2.54 (m, 2H).
4.2.5. Synthesis and characterization of polyamines
Polyamines were synthesized according to a modified procedure of Uchida and coworkers(19).
Briefly, to a chilled solution of PBLD in N-Methyl-2-pyrrolidone (NMP) (2 mL) was added
dropwise with stirring 50 equivalents of oligoalkylamines (relative to the reactive benzyl ester on
the PBLD) diluted two-fold with NMP. After stirring for 2 hours at 0°C, the pH was adjusted to 1
with dropwise addition while stirring of cold 6 N HCl. The resulting solution was dialyzed from a
regenerated cellulose membrane bag (Spectrum Laboratories, 91 kDa MWCO) against 0.01 N HCl
followed by water, frozen, and lyophilized to give a white powder. Polyamine-(2-2-2): 1H NMR
(400 MHz, D2O) δ 3.70 –3.50 (m, 7H), 3.49 –3.41 (m, 2H), 3.35 (s, 2H), 3.23 –2.62 (m,
4H).Polyamine-(2-2-2-2): 1H NMR (400 MHz, D2O) δ 4.72 (s, 1H), 3.64 –3.39 (m, 9H), 3.37 –
3.05 (m, 5H), 3.00 –2.62 (m, 4H). Polyamine-(2-2-2-2-2): 1H NMR (400 MHz, D2O) δ 3.80 –2.57
(m, 23H). Polyamine-(1,4-bis(3-aminopropyl)piperazine):1H NMR (400 MHz, D2O) δ1.61 (t, 2H),
1.75 (t, 2H), 2.23 –2.36 (m, 4H), 2.40 (t, 2H), 2.51 –2.84 (d, 8H), 2.89 (s, 2H), 3.13 (s, 3H), 4.57
(s, 1H). Polyamine-(branched 2-2-2): 1H NMR (400 MHz, D2O) δ 2.41 –2.66 (m, 8H), 2.72 (s,
4H), 3.24 (s, 3H), 4.57 (s, 1H). Polyamine-(branched 3-3-3): 1H NMR (400 MHz, D2O) δ 1.62 (s,
4H), 1.75 (t, 2H), 2.45 (s, 2H), 2.53 (q, 4H), 2.57 –2.88 (m, 6H), 2.91 (t, 4H), 3.13 (s, 3H), 4.57 (s,
1H). Polyamine-(3-3-3): 1H NMR (400 MHz, D2O) δ 1.68 –1.83 (m, 6H), 2.65 –2.85 (m, 12H),
3.07 –3.26 (m, 3H), 4.57 (s, 1H). 1H NMR spectra were obtained in CDCl3, dimethyl sulfoxide-d6
or deuterium oxide (Cambridge Isotope Laboratories) using a Bruker Avance400 MHz NMR
spectrometer at 25°C.
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4.2.6. Production and purification of recombinant PABP
Human PABP cDNA was synthesized by IDT (Coralville, Iowa, USA) and cloned into pSH200
plasmid (A gift from Prof. Xiling Shen at Duke University) via NcoI and HindIII. His-tagged
PABP was expressed in BL21 E.coli through overnight induction with 0.1 mM IPTG at 20 °C for
12hr. Bacteria were lysed in the presence of 1mg/ml lysozyme at room temperature for 20min
followed by sonication at 20 watts for 5min at 10 sec interval on ice. Cell lysate was centrifuged
at 14,000 g, 4 °C for 90min. Cell lysate was cleared through 0.45 μm filter and subjected to cobalt
NTA column-based purification. After purification, proteins were buffer exchanged to 20mM
HEPES, 150mM NaCl, 10% glycerol, 1mM DTT and stored at -80°C. Protein function was
confirmed by gel shift assay with poly A-tailed mRNA. Protein purity was verified by SDS-PAGE.

4.2.7. Gel shift assay
200 ng luciferase mRNA diluted in 5 μl OptiMEM was mixed with 5 μl OptiMEM containing
different amount of PABP on ice for 30min. Complexes were mixed non-denaturing loading dyes
and analyzed in 1% RNase-free native agarose gel at 80V, room temperature for 30min. mRNA
was stained by ethidium bromide followed by UV imaging.
4.2.8. Preparation of nanoplexes for transfection
Polyamines were dissolved in 10 mM HEPES buffer (pH 7.4). For each well of a 96-well plate,
100 ng mRNA diluted in 5 μl OptiMEM was mixed with 5 μl OptiMEM containing PABP at room
temperature for 10min. Afterwards, 5 μl OptiMEM containing polyamine was added and incubated
at room temperature for 15min prior to transfection. Polyamine was adjusted to achieve 50 to 1
(N/P) ratio for transfection.
4.2.9. Dynamic light scattering (DLS) measurements of nanoplexes
Naked luciferase mRNA or mRNA/PABP complexes were mixed with each polyamine at a 50 to
1 (N/P) ratio in 10mM HEPES (pH7.4). These nanoplexes were prepared in the same way as those
for cell transfection studies. Final mRNA concentration in DLS measurements was 10 μg/ml.
Hydrodynamic size was measured using dynamic light scattering (Malvern ZS90 particle analyzer,
λ = 633 nm). Zeta potential measurements were made using laser Doppler electrophoresis with the
Malvern ZS90. From the obtained electrophoretic mobility, zeta potential was calculated by the
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Smoluchowski equation: ζ = 4πηυ/ε, where η is the viscosity of the solvent, υ is the electrophoretic
mobility, and ε is the dielectric constant of the solvent.

4.2.10. Quantification of reporter gene expression
24hr prior to transfection, 10000 cells were seeded in 100 μl culture media in a 96-well plate. On
the day of transfection, nanoplexes containing 100 ng reporter mRNA was added into each well.
24hr after transfection, cells were lysed and a luciferase substrate was added per the manufacturer's
instructions. Bioluminescence was quantified by a Tecan plate reader (Switzerland) with an
integration time of 1000 ms. Control wells with non-transfected cells were included each time for
subtraction of the background.
4.2.11. Intracellular Förster resonance energy transfer (FRET)
PABP protein was labeled by Cy5-NHS (AAT bio quest, Sunnyvale, CA, USA) at a 5:1
(dye/protein) molar ratio in the protein storage buffer (20mM HEPES, 150mM NaCl, 10% glycerol,
1mM DTT) at room temperature for one hour. Protein-dye conjugates were separated from free
dyes through 0.5 ml Zeba™ Spin Desalting Columns, 7K MWCO (Thermofisher). Luciferase
mRNAs were labeled with the Label IT® nucleic acid labeling kit, fluorescein (Mirus Bio LLC,
Madison, WI, USA) at a 10:1 (dye/mRNA) molar ratio per the provider’s instruction. Labeled
mRNAs were purified by ammonia acetate/ethanol precipitation. In a 96-well plate, 104 HEK293T
were seeded in 100 μl growth medium per well 24 hr before transfection. On the day of transfection,
FITC-mRNA (100 ng RNA) alone or FITC-mRNA/Cy5-PABP (100ng RNA/100ng PABP,
equivalent to a 1:10 mRNA to PABP molar ratio) were transfected with polyamines at 50:1 N/P
molar ratio into cells. Cells were harvested at 24 hr post transfection. Fluorescence intensity of the
cells was monitored and evaluated with a FACS Celesta (BD Biosciences) equipped with Diva
software (BD Biosciences) using a 488 nm laser for excitation and a 695/40 nm filter.

4.2.12. In vivo mRNA delivery
Female Balb/c mice aged 8-10 weeks were purchased from Taconic Biosciences (Hudson, NY,
USA). 5 μg luciferase mRNA or 5 μg mRNA/5 μg PABP packaged with polyamines at a 50:1 N/P
ratio were prepared in 120 μl OptiMEM medium and were injected into animals via tail veins.
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4.2.13. Bioluminescence imaging
Bioluminescent imaging was performed with a CCD camera mounted in a light-tight specimen
box (Xenogen, Waltham, MA, USA). Imaging and quantification of signals were controlled by the
acquisition and analysis software Living Image (Xenogen). Anaesthetized mice were placed in the
IVIS Imaging System and imaged from ventral views 10 min after intraperitoneal injection of Dluciferin at 150 mg/kg body weight.

4.2.14. Statistical analysis
All statistical analyses were performed using GraphPad Prism 5.0a for Mac OS X (San Diego, CA,
USA). A one-way ANOVA followed by Tukey post test or Student’s t test was used to compare
statistical significance in the studies.
4.3. Results and Discussion
4.3.1. mRNA/PABP nanoplex enhances translation depending on various polyamine
architectures
Following purification from E. coli, recombinant human PABP retained its poly A binding ability
and spontaneously assembled with poly A tailed mRNA in vitro to form RNPs, as confirmed by a
gel shift assay (Figure B2 A, B). The synthetic mRNA utilized in this study contains
pseudouridine- and 5-methylcytidine-substituted nucleotides along with a poly A tail at the 3′-end
(120 adenosine residues) for optimal mRNA expression(1, 2, 21). As each PABP protein is known
to bind a continuous stretch of twelve adenosine residues, each mRNA molecule is theoretically
able to bind a maximum of ten PABP proteins (22). Therefore, we first tested three molar ratios of
PABP to mRNA (2:1, 10:1, and 50:1) and subsequently encapsulated these RNA/protein
complexes with seven different polyamines. A range of N/P ratios (protonatable amines in
polyamines/phosphates in mRNA) had previously been screened, and N/P=50 was chosen for
maximal mRNA transfection without noticeable cytotoxicity. At this ratio, both luciferase mRNA
and luciferase mRNA/PABP formed stable nanoplexes (ca. 100 nm) with all seven polyamines,
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Figure 4.2. The mRNA/PABP nanoplex enhances luciferase expression in a polyaminearchitecture-dependent manner. A) Schematic representation of synthetic luciferase mRNA
with a 120 (A) tail binding to multiple PABP proteins in a tandem manner (not drawn to scale).
One PABP protein binds to 12 contiguous adenosine nucleotides. B) Luciferase mRNA (100
ng) was preassembled with PABP at the indicated molar ratios and transfected with polyamines
at a 50:1 N/P ratio. Luciferase expression was quantified 24 h after transfection into HEK293T
cells. The polyamine structures are shown in Scheme S1. C) Fold change in luciferase
expression calculated from Figure B. For each type of polyamine, the increased luciferase
expression by delivery of mRNA/PABP was normalized to that of mRNA delivery alone and
presented as the fold change. All experiments were performed twice in quadruplicates. Data
represent the mean ± SEM (n=4). **, P<0.01; ***, P<0.001; ns=no significance.
with positive zeta potentials (Figures B3 A, B). As shown in Figures 4.2B and C, when the
PABP/mRNA ratio reached 10:1, co-delivery of PABP enhanced luciferase expression relative to
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mRNA alone by the same polyamine in HEK293T cells. This observation was consistent with the
gel shift result, which indicated that only ratios of 10:1 and 50:1 (PABP to mRNA) were capable
of binding to the mRNA sequence (Figure B2 B). Interestingly, five of the seven polyamines
improved mRNA transfection by co-delivery of PABP, with “2-2-2-2” increasing luciferase
mRNA expression by up to a factor of 20. As sufficient nanoplex uptake is a prerequisite for high
transfection efficiency, we evaluated whether PABP increases luciferase mRNA uptake in
HEK293T cells. At 24 h post-transfection, FITC-mRNAs were present in 90–95 % of the total
cells, independent of PABP and the polyamine (Figure B4 A). Quantification of intracellular
FITC-mRNA amounts by mean fluorescence intensity (MFI) showed that PABP slightly enhanced
mRNA uptake compared to transfection of mRNA alone (Figure B4 B). Nevertheless, there was
little correlation between the dramatic enhancement of luciferase expression and the slight increase
in mRNA uptake by co-delivery of PABP (Figure 4.2C and Figure B4 B). As all of the
polyamines were derived from the same backbone, these results further imply that the increased
mRNA expression through stabilized preassembly with PABP is dependent on the side chain.
4.3.2. Polyamine side chains modulate nanometer distances between mRNA and PABP
Endogenous mRNA species with long poly(A) sequences are abundant in cells and can potentially
compete with synthetic mRNA for co-transfected PABP proteins. To further investigate the
fundamental structure–activity relationships for co-delivery, we hypothesized that physical
stabilization of mRNA and PABP in the nanoplexes is critical for enhanced mRNA translation
during intracellular trafficking to ribosomes (Figure 4.3A). To directly confirm whether
polyamines differentially modulate the physical interactions between mRNA and PABP in the
nanoplexes, luciferase mRNA and PABP were labeled with fluorescein isothiocyanate (FITC) and
cyanine 5 (Cy5), respectively. When these two dyes are in close vicinity of each other (<10 nm)
in cells, Förster resonance energy transfer (FRET) can be detected by flow cytometry. Thus, an
intracellular FRET assay can quantitatively evaluate the proximity between recombinant PABP
and mRNA in a biological environment following transfection. Mean FRET intensity
measurements showed that only triethylenetetramine (“2-2-2”), tetraethylenepentamine (“2-2-22”), pentaethylenehexamine (“2-2-2-2-2”), tris(3-aminopropyl)amine (“branched 3-3-3”), and
N,N′-bis(3-aminopropyl)-1,3-propanediamine (“3-3-3”) resulted in relatively high degrees of co-
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Figure 4.3. Side chains of polyamine carriers modulate nanometer distances that define
the functional assembly of mRNA and PABP. A) Stabilization of an mRNA/PABP complex
with polyamines (not drawn to scale). B) Representative histograms from the intracellular
FRET assay measuring the degree of colocalization between FITC-mRNA and Cy5-PABP. At
24 h after transfection of Cy5-PABP or FITC-mRNA/Cy5-PABP into HEK293T cells with
each polyamine, cells were analyzed by flow cytometry using a 488 nm laser and 695 nm
detector with 40 nm bandwidth. The polyamine structures are shown in Scheme S1. C) Mean
FRET intensity, calculated by subtracting the fluorescence signal of Cy5-PABP-transfected
cells from that of FITC-mRNA/Cy5-PABP-transfected cells. Data represent the mean ± SEM
(n=2).
localization of protein and mRNA in the complexes at a 10:1 (Cy5-PABP/FITC-mRNA) molar
ratio 24 h after transfection into HEK293T cells (Figure 4.3B, C). These observations correlated
with the ability of the polyamines to enhance PABP-mediated mRNA expression (Figure 4.2B, C).
These results therefore suggest that in addition to facilitating nanoplex internalization into cells,
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polyamine carriers also stabilize the association between mRNA and PABP during cytosolic
delivery, which is critical for PABP-mediated enhancement of mRNA transfection.

Figure 4.4. Delivery of mRNA/PABP nanoplexes enhances mRNA expression in mice.
Bioluminescence imaging (BLI) at A) 6, B) 24, and C) 48 h after tail vein injection of 5 μg
luciferase mRNA or mRNA/PABP packaged with polyamine (2-2-2-2). A third mouse from
each treatment is not shown. D) Quantification of luciferase expression in the lungs of Balb/c
mice by BLI. Data represent the mean ± SEM (n=3); *, P<0.05.

4.3.3. In vivo delivery of mRNA/PABP nanoplexes enhances translation
To demonstrate potential applications for gene therapy, we next investigated whether PABP could
enhance mRNA delivery in vivo. As a proof of concept, luciferase mRNA or luciferase
mRNA/PABP was packaged with the polyamine “2-2-2-2”, which exhibited maximal
enhancement of mRNA expression in vitro (Figure 4.2B, C). The transgene expression peaked at
6 h following intravenous injection into Balb/c mice and was primarily found in the lungs owing
to the cationic nature and sizes of these complexes (Figure 4.4A). The signals decayed
exponentially over 48 h in both the mRNA/polyamine and mRNA/PABP/polyamine groups,
indicating the transient nature of gene expression in mRNA delivery. However, preassembly with
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PABP increased luciferase expression by a factor of four relative to mRNA/polyamine alone at 6
h (Figure 4.4A, D). Nevertheless, the degree of enhancement was lower than that observed in vitro.
This difference may reflect challenges in transfecting primary cells and the lower stability of
mRNA/PABP nanoplexes in blood plasma when delivered systemically. Future studies
investigating strategies to improve plasma stability and bio-distribution can potentially enable
efficient, tissue-specific gene delivery in vivo (23).

4.4. Conclusion
In summary, we have highlighted how leveraging mRNA biology and materials chemistry can
inspire new approaches to engaging mRNA in active protein expression inside cells. Comparison
with a previous study demonstrated that the functional assembly of mRNA/eIF4E and
mRNA/PABP complexes displayed preferences towards different polyamine structures for
maximal enhancement of mRNA expression in vitro and in vivo (15). This co-delivery strategy of
nucleic acid and associated translational protein can be applied to other nucleic acid-based drugs
such as small interference RNA (siRNA), microRNA (miRNA), aptamers, and DNA plasmids.
Although various mRNA carriers have been developed for robust mRNA delivery, studies on the
detailed mechanisms usually focus on the material properties related to buffering effects and
charge distribution, often independent of the specific type of nucleic acid (19, 20, 24). Our work
suggests that characterization of the dynamic interactions between the synthetic delivery vehicle,
mRNA, and the cellular proteins responsible for mRNA expression may offer a unique avenue
towards the development of new mRNA vehicles with significantly greater therapeutic efficacy.
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CHAPTER 5
Self-assembled cGAMP-STINGΔTM Signaling Complex as a Bioinspired
Platform for cGAMP Delivery
The work presented in this chapter and Appendix C has been adapted from He, Y., Hong, C.,
Yan, E. Z., Fletcher, S. J., Zhu, G., Yang, M., ... & Hammond, P. T. (2020). Self-assembled
cGAMP-STINGΔTM signaling complex as a bioinspired platform for cGAMP delivery. Science
Advances, 6(24), eaba7589. Reprinted with permission from AAAS.
5.1. Introduction
Cytosolic detection of pathogen- and cancer cell-derived DNA is a major mechanism for immune
clearance by inducing type I interferons (IFNs), and the stimulator of interferon genes (STING) is
a master regulator that connects DNA sensing via cyclic GMP-AMP synthase (cGAS) to IFN
induction. As a transmembrane protein localized to the endoplasmic reticulum, STING consists of
an N-terminal transmembrane domain (TM) and a C-terminal domain (CTD), the latter of which
binds STING agonists (i.e. cyclic dinucleotides (CDNs) such as 2’3’ cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP)) and downstream signaling protein tankbinding kinase 1 (TBK1) (1). In addition to antibacterial and antiviral infections, recent evidence
has shown an important role of STING in generating a spontaneous antitumor T cell response in
the tumor microenvironment (TME) (2, 3). Activation of the STING pathway in the TME can
augment dendritic cell maturation and the production of type I interferons and other cytokines,
which elicit robust antitumor T cell responses and overcome resistance against immunosuppressive
cells that inhibit antitumor immunity (4). These findings have motivated extensive investigations
on the delivery of cGAMP as a strategy for cancer immunotherapy (5).
Several key challenges to cGAMP delivery stem from the molecular nature of cGAMP: as a
negatively charged small molecule, it is difficult to deliver it to the cytoplasm where STING is
located. Moreover, cGAMP is rapidly cleared in vivo and thus has limited access to tumors (4, 6,
7). As such, existing efforts in delivering exogenous cGAMP have focused mostly on the
development of novel biomaterials to improve cGAMP’s bioavailability. However, one
requirement for conventional cGAMP delivery to activate STING signaling is that the cell needs
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to have functional STING protein. Studies have shown that in cancer cells, STING signaling is
frequently impaired due to epigenetic silencing of either STING or cGAMP synthase (cGAS) (8,
9). In addition, it is still under debate whether all human populations are responsive to treatments
of direct cGAMP administration. The human TMEM173 gene encoding for STING has high
heterogeneity – approximately 19% of humans carry the HAQ STING variant (with three amino
acid substitutions R71H-G230A-R293Q, hence the acronym HAQ). Recent literature has shown
this mutation to be a null allele, resulting in significant reduction in IFN-β expression (10-14),
though some other studies argue that HAQ STING is actually functionally responsive (15, 16).
Here we developed a universal cGAMP delivery platform that can trigger STING signaling
independent of endogenous STING functionality to fully address cells that are STING defective
or deficient in humans either due to genetic heterogeneity or cancer. Previous studies have
demonstrated that transmembrane domain (TM)-deficient STING is capable of activating IRF3 in
cytosolic extracts (17), while others have noted that the TM domain is essential for intracellular
STING activation by mediating its translocation from the endoplasmic reticulum (ER) to the Golgi
apparatus, where it forms punctate structures indicative of oligomerization (1). This
oligomerization—in particular, the formation of well-defined tetrameric or higher order oligomeric
structures—has been demonstrated to be essential to the STING signaling pathway by enabling
TBK1 activation which results in IRF3 binding and phosphorylation (18). While studies have
observed a small fraction of cytosolic STING to aggregate upon the addition of cGAMP, the
oligomerization of full-length STING is predicted to occur more favorably at high local
concentrations on 2D membranes (19, 20). Surprisingly, by titrating the amount of cGAMP to
recombinant, transmembrane-domain-deficient STING (STINGΔTM) of ~30 kDa, we observed a
near-complete shift in population towards a ~120 kDa molecular weight ribonucleoprotein (RNP)
complex, suggesting a cGAMP-induced tetramerization. Furthermore, we assessed the
functionality of this RNP and found it not only capable of augmenting type I IFN production in
cells with endogenous STING expression, but fully activating type I IFN in STING-defective and
even STING-deficient cell lines. Finally, we exploited its application with in vivo vaccination
studies and observed enhancement of both innate and adaptive immune responses, including the
augmentation of type I IFN expression in vitro and of both TNF-α and IFN-γ in vivo, robust
antigen-specific T cell activation and antibody production, and significantly improved therapeutic
efficiency in a melanoma and a colon cancer mouse models.
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5.2. Materials and Methods
5.2.1. STING ΔTM Protein purification
The STING ΔTM protein of mouse (138-378aa) and human (139-379aa) were synthesized by
gblock (IDT) and cloned into pSH200 plasmid (a gift from Prof. Xiling Shen at Duke University)
via NcoI and NotI. Mutants were created by site-specific mutagenesis based on the plasmids
encoding for STING ΔTM (primers listed in Table S1). His-tagged STING ΔTM protein was
expressed in DE3 E.coli (mSTING ΔTM in BL21 DE3, hSTINGΔTM in RosettaTM DE3), cultured
at 37°C till OD600 reaches 0.4, and then induced with 0.5 mM IPTG at 18 °C overnight. After
induction cells were centrifuged and lysed at room temperature for 20 min in protein binding buffer
(50 mM sodium phosphate, 0.5 M NaCl, 10 mM imidazole) with 1% triton-110 and 1 mg/mL
lysozyme and sonicated at 18 W (with 3 s on, 5 s off intervals) for a total of 5 min on ice. Cell
lysate was then centrifuged at 14000 g, 4 °C for 30 min and incubated with Cobalt beads (HisPurTM
Cobalt Resin, ThermoFisher, 89964) followed by elution (50 mM sodium phosphate, 0.5 M NaCl,
150 mM imidazole) and desalting (buffer exchange to 20 mM HEPES, 150 mM NaCl, 10%
glycerol, and 1 mM DTT). Protein concentration was determined by BCA assay and protein purity
was verified by SDS-PAGE and FPLC.
5.2.2. FPLC characterization of cGAMP-STING ΔTM complex
The ribonucleoprotein complexes of cGAMP-STING ΔTM (and R237A/Y239A, Q272A/A276Q
mutants) were analyzed using an AKTA Pure FPLC. 300 μg protein in 0.5 mL PBS with various
molar ratios of cGAMP was first mixed and incubated at room temperature for 30 min. The sample
was injected into 10 mL superloop, then loaded onto a SuperdexTM 200 Increase 10/300 GL column
(column volume 23.56 mL), followed by isocratic elution of 1.25 column volume with PBS at 1
mL/min flow rate. The protein concentration was monitored with OD 280. A fraction collector
was used to collect 0.5 mL fractions for SDS-PAGE analyses (Figure C2).

5.2.3. Cell culture
HEK293T cells were obtained from American Type Culture Collection (ATCC, Rockville, MD,
USA) and cultured in DMEM (Invitrogen) with 10% FBS and 1% penicillin/streptomycin. Raw
264.7 (Raw-BlueTM ISG cells) were obtained from Invivogen and cultured in DMEM with 10%
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heat inactivated FBS and 1% penicillin/streptomycin. All cell lines were used at low passage
number and tested negative for Mycoplasma contamination.

5.2.4. In vitro STING signaling activation assays
RAW-BlueTM ISG cells were seeded in 96-well plates at 3 × 105 cells/mL in 100 μL DMEM with
10% heat inactivated FBS and 1% penicillin/streptomycin per well. After 24 h incubation, 5 μg
mSTING ΔTM protein (or mutants) with 0.125 μg cGAMP premixed and equilibrated in 20 μL
OptiMEM media was added to each well and incubated overnight. After incubation, 20 μL of the
induced RAW-BlueTM cell supernatant was added to 180 μL QUANTI-BlueTM solution per well
of a 96-well plate. The plate was incubated in 37 °C for 6 – 10 h until a visible color difference
was observed. IFN-SEAP activity was then determined by the absorbance at 635 nm with a
spectrophotometer.
For the HEK293T cells, we first generated a reporter derivative from this cell line by transfecting
pGL4.45[luc2P/ISRE/Hygro] (Promega company) and stably selected in 200 μg/ml hydromycin.
The pGL4.45[luc2P/ISRE/Hygro] vector contains five copies of an interferon-stimulated response
element (ISRE) that drives transcription of the luciferase reporter gene luc2P (Photinus pyralis).
luc2p is a synthetically-derived luciferase sequence with humanized codon optimization that is
designed for high expression and reduced anomalous transcription. The luc2P gene contains
hPEST, a protein destabilization sequence, which allows luc2P protein levels to respond more
quickly than those of luc2p to induction of transcription. The cells were seeded in 6-well plates at
3 × 105 cells/mL in 2.5 mL DMEM with 10% FBS and 1% penicillin/streptomycin. After overnight
incubation, the cells were transiently transfected with plasmids (a gift from Dr. Lei Jin , University
of Florida) encoding for expression of full length hSTING (1-379aa) WT, HAQ, S366A, and
L374A, plus the transmembrane domain deficient hSTING (139-379aa). Commercial transfection
reagent TransIT-X2TM was used to help transfection (2 μg pDNA mixed with 4 μL TransIT-X2TM
in 250 μL Opti-MEM media for each 6-well). The following day, cells were redistributed into 96well plates at a seeding density of 3 × 105 cells/mL in 100 μL media per well to be treated with
cGAMP-STINGΔTM after 24 h incubation (2 μg protein with or without 0.05 μg cyclic
dinucleotides cGAMP, cGAM(PS)2, or cdi-GMP per well, with the help of 4 μL TransIT-X2TM).
For TBK1 inhibition, HEK293T cells were treated with 5μM TBK1 inhibitor MRT67307
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(Invivogen, catalog inh-mrt) 6 h prior to cGAMP-STINGΔTM treatment. Transfected cells were
also harvested for western blotting.

5.2.5. Western blotting
Cells were washed with PBS and collected in T-PER Tissue Protein Extraction Reagent (30 μL
per million cells) with HaltTM Protease and Phosphatase Inhibitor Cocktail (ThermoFisher,
#78442). The cells were lysed at 4 °C for 30 min and centrifuged at 14,000 g for 10 min. The
protein concentration in supernatant was determined via BCA assay and SDS-PAGE samples were
prepared as 50 μg total protein in 30 μL SDS-PAGE loading buffer. Anti-TBK1 (Cell Signaling,
#3504), anti-STING (Novus Bio, NBP2-24683), anti-beta actin (Cell signaling), and anti-tubulin
(Cell signaling).
5.2.6. Immunocytochemistry
Transfection and immune staining were performed in Millicell® EZ chamber slides (Millipore
Sigma, Temecula, CA, USA). Cells were fixed by 4% formaldehyde in PBS for 15 min,
permeabilized by 0.4% Triton X-100 on ice for 10 min, and stained with a rabbit anti-STING
antibody (1:400, Novus bio, NBP2-24683) overnight at 4°C. After washing with PBS containing
0.05% Tween-20, cells were stained with an Alexa 568-conjugated goat anti-rabbit antibody (4
μg/ml, #A-11011, Thermofisher). For recombinant STING, proteins were conjugated with NHSAlexa 488 (Thermofisher). Nuclei were counter stained with DAPI. Cells were imaged with an
Inverted Olympus IX83 microscope equipped with a Hamamatsu ImagEM high sensitivity camera
at the Swanson Biotechnology Center (MIT).
5.2.7. Mice and immunizations
C56BL/6 (B6), C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) mice were purchased from The Jackson
Laboratory and housed in the MIT Animal Facility. All mouse studies were performed according
to the protocols approved by the MIT Division of Comparative Medicine (MIT DCM).
Experiments were conducted using female mice of 8-12 weeks old. For immunizations performed
with tail base injections, 50 μL injected per side of the tail, 100 μL dosage total in PBS. Blood was
collected via cheek bleeding, 100-150 μL blood each time collected in 5 μL of 0.5 M EDTA at pH
8. For the humoral response experiments, B6 mice were immunized with 10 μg OVA alone, or
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OVA mixed with 2.5 μg cGAMP and/or 100 μg mSTING ΔTM or both on days 0 and 7. Sera were
collected on a biweekly basis starting from day 14 for ELISA analyses of anti-OVA total IgG level.
For the tetramer, intracellular cytokine staining, and B16 prophylactic study, groups of B6 mice
received 50 μg OVA, or OVA mixed with 1μg cGAMP or plus 40 μg mSTING (or S365A) ΔTM
protein on days 0 and 7. On day 14 PBMCs were collected for tetramer and intracellular cytokine
staining. For systemic toxicity study, groups of B6 mice were bled before and 2 h after tail base
injections of 1 μg cGAMP mixed with 2μL TransIT-X2TM or 40 μg mSTING dissolved in 100 μL
PBS, or PBS only as control. ΔTM protein PBMCs of OT-1 mice were collected as a positive
control for SIINFEKL-specific T cell activation. On day 21 mice were inoculated with 1 million
B16-OVA cells s.c. in the right hind flank. For the MC38 treatment study, groups of B6 mice were
inoculated with 1 million MC38 cells s.c. in the right hind flank on day 0, then treated weekly with
100 μg mSTING ΔTM protein (or S365A, R237A/Y239A) with or without 2.5 μg cGAMP starting
on day 7 for 5 times.
5.2.8. ELISA, intracellular cytokine staining and tetramer staining
Blood collected were centrifuged at 500 g for 3 min. Sera were removed for ELISA detection of
IL-6 (R&D, catalog DY406), TNF-α (R&D, catalog DY410), and OVA-specific antibody levels.
ELISA assays were made in house by coating high-binding ELISA plate (Corning) with 10 μg/ml
protein (OVA) or capture antibody for mouse IL-6 and TNF-α in 50mM sodium bicarbonate buffer
(pH 9.6) overnight. On the next day, wells were washed with PBS followed by blocking with 1%
BSA in PBS at RT for an hour. Diluted sera were added into wells and incubated at RT for two
hours. Detection antibodies for IL-6 and TNF-α, or anti-mouse IgG, HRP-linked Antibody (Cell
signaling, catalog 7076) was diluted in 1% BSA in PBS at 1:5000. Samples were washed
extensively with 1xPBS containing 0.05% Tween 20 in between. TMB (Biolegend) was used as
the substrate, and reaction was quenched by HCl. Plates were measured at OD 450 nm.
The blood cells pellet was lysed with red blood cell lysing buffer hybrid-max (Sigma, R7757) and
washed with PBS to obtain PBMCs. For intracellular cytokine staining, the PBMCs were first
stimulated by resuspending in 400 μL of RPMI media with 10% FBS, 0.1 mM of non-essential
amino acids, 50 μM β-mercaptoethanol, 1% penicillin/streptomycin, 1 μg/mL SIINFEKL peptide
(Anaspec Inc, AS-60193-1) and BD GolgiStopTM (4 μL of BD GolgiStopTM for every 6 mL) and
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incubated at 37 °C for 4 h. The PBMCs were then treated with Fc-blocker (anti-mouse CD16/CD32
monoclonal antibodies) followed by viability staining (Live/dead fixable aqua stain, Thermo,
L34965) and surface staining with anti-CD8 antibodies (Biolegend, 100707, clone 53-6.7). After
the surface staining, the PBMCs were then fixed, permeabilized, and stained with IFN-γ (antimouse IFN-γ, biolegend, 505825, clone: XMG1.2) and TNF-α (anti-mouse TNF-α, biolegend,
506107, clone: TN3-19.12) antibodies then analyzed on a BD Canto flow cytometer. For tetramer
staining, the PBMCs obtained from blood were likewise directly treated with Fc-blocker, viability
staining, surface staining with anti-CD8 and H-2Kb/SIINFEKL tetramer then fixed with
formaldehyde and analyzed on a BD Celesta flow cytometer.
5.2.9. In vivo imaging
Balb/c mice injected with Cy7-NHS ester labelled STING ΔTM – cGAMP complex were imaged
under isoflurane anesthesia with Xenogen IVIS system. Acquisition and analysis of images were
performed with Living Image software (Xenogen).

5.2.10. Statistical analysis
All statistical analysis was performed using GraphPad Prism 5.03 (San Diego, CA, USA). Data
were analyzed with one-way ANOVA followed by Student's t test for statistical significance.
5.3. Results and Discussion
5.3.1. Overview of cGAMP delivery strategies
Most, if not all, existing strategies of STING agonist delivery involve directly encapsulating
cGAMP into synthetic delivery vehicles, such as liposomes or polymersomes [Figure 5.1A]. The
primary roles of the vehicles are to package the cyclic dinucleotide, modulate cellular uptake, and
facilitate endosomal escape (4, 6, 21). The vehicles themselves play no functional role in enabling
STING signaling, and thus can potentially result in decreased efficacy when treating cells with
HAQ STING variants or cells deficient in endogenous STING. Consequently, we devised a
bioinspired co-delivery method that precludes the need for fully-functional endogenous STING or
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Figure 5.1. Overview of state-of-the-art approaches of cGAMP delivery and schematics
of recombinant STINGΔTM structure and therapeutic strategy. (A) State-of-the-art
approaches through directly encapsulating cGAMP into liposomes or polymersomes for cell
transfection. (B) Current strategy of delivering cGAMP with a recombinant, transmembrane
deficient STING as carrier in the form of a ribonucleoprotein complex.
cGAMP release from a vehicle, using a recombinant transmembrane domain-deficient STING
protein as a high-affinity, stable carrier (Kd ~ 73 nM(22)) for cGAMP. Furthermore, while
preassembling STINGΔTM with cGAMP, we observed that this ribonucleoprotein complex is in
turn able to tetramerize in response to cGAMP binding to STINGΔTM, forming the essential
structure for TBK1 recruitment and downstream signaling [Figure 5.1B].
5.3.2. cGAMP binding induces near complete self-assembly of STINGΔTM into tetramers
To characterize the interaction between cGAMP and STINGΔTM protein, we performed fast
protein liquid chromatography (FPLC) analyses in phosphate-buffered saline (PBS), and observed
that STINGΔTM (138-378aa) without cGAMP predominantly exist as dimers with an estimated
molecular weight of 60 kDa [Figure 1A]. We titrated STINGΔTM protein with various molar
ratios of cGAMP, incubated the mixture to reach equilibrium, and then injected the mixture
through FPLC. While increasing the molar ratio of cGAMP:STINGΔTM, we observed the original
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Figure 5.2. cGAMP binding induces near complete self-assembly of cGAMP-STINGΔTM
tetramer. Fast protein liquid chromatography analyses of (A) mouse STINGΔTM and (B)
R238A/Y240A mutant in PBS, titrated with various molar ratios of cGAMP and schematics of
cGAMP-STINGΔTM tetramer self-assembly with (C) mouse STINGΔTM and (D)
R238A/Y240A mutant which is not capable of binding cGAMP.
STINGΔTM dimer population gradually shifting towards another well-defined population with an
estimated molecular weight of 120 kDa, suggesting a transition to a tetrameric conformation. No
free cGAMP was eluted from FPLC when STINGΔTM were mixed at less than 0.5 molar
equivalence of cGAMP. It was only after cGAMP had tetramerized all STINGΔTM, did it start to
elute as free cGAMP [Figure 5.2A and C]. We also observed with transmission electron
microscopy (TEM) that STINGΔTM alone in PBS exists as particles ~14 nm in diameter, and
when mixed with cGAMP the particle diameters approximately doubled to ~29 nm suggesting the
formation of side-by-side tetrameric structures [Figure C1]. To verify the role of cGAMP binding
in inducing this tetramer self-assembly, we generated a mutant STINGΔTM R237A/Y239A
known to abolish the cGAMP binding capability of STING protein (20). As shown in Figure 5.2B
and D, STINGΔTM R237A/Y239A showed a partially tetrameric structure independent of
cGAMP, but no further self-assembly with increasing amounts of cGAMP titrated. All cGAMP
added eluted as free cGAMP.
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Additional experiments were conducted with functional double mutants at the tetramer interface
(Q272A/A276Q in mouse STINGΔTM) [Figure C2C]. These mutants have been reported to
disrupt oligomerization of chicken STING, as well as abolish translocation and puncta formation
induced by cGAMP (20). Surprisingly, we observed the formation of tetrameric structures in the
presence of these mutations. While beyond the scope of discussion in this work, these results may
raise the possibility of a cGAMP-induced ΔTM tetrameric structure distinct from the WT STING
oligomers studied in literature (20, 23).
It has been reported that STING moves from the ER and aggregates via oligomerization of the
cytosolic C-terminus domain (CTD) following its activation by cGAMP. This aggregation is
essential for the binding and phosphorylation of TBK1, which subsequently phosphorylates IRF3
and initiates the downstream pathway (18). Recent structural analyses of the STING-TBK1 protein
complex revealed that due to geometric constraints, the S366 of STING cannot be phosphorylated
by the same TBK1 dimer it is bound to; instead, it interacts with the kinase site of the neighboring
TBK1. Hence, a minimum of two neighboring dimers – a tetrameric structure – is needed for
successful signaling. It was also found that after full-length STING in cells binds cGAMP, they
form side-by-side tetramers that could assemble into larger oligomers to facilitate this
transphosphorylation (20). We observed that cells overexpressing STINGΔTM do not exhibit this
clustering of STINGΔTM molecules upon addition of cGAMP – the protein is evenly distributed
in the cytosol, as the N-terminus domain (NTD) which modulates the translocation from the ER is
missing. However, when we directly delivered the tetramerized STINGΔTM protein with cGAMP
via a commercial transfection reagent into cells, we observed the clustering behavior of the
STINGΔTM protein that is essential for IFN signaling [Figure 5.3F]. This was corroborated by in
vitro activation tests of STING signaling, the details of which are discussed in the following section.
We therefore hypothesize that the cGAMP-STINGΔTM tetrameric signaling complex created in
the pre-assembly process was the pivotal factor for successful IFN signaling in cells.

5.3.3. cGAMP-STINGΔTM results in enhanced type I IFN signaling in vitro
Unless otherwise specified, we used human STINGΔTM for all HEK293T cell in vitro IFN
activation tests and mouse STINGΔTM for all remaining studies. In figure legends, all proteins
delivered in vitro and in vivo (denoted as ΔTM or mutants such as S365AΔTM) are referred to as
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Figure 5.3. cGAMP-STINGΔTM tetramer effectively trigger IFN expression in vitro,
including in STING-deficient and STING-defective cell lines.
Figure legend continued on the next page.
STINGΔTM proteins, and all cGAMP co-delivery groups comprise 1:1 molar equivalents of
cGAMP:STINGΔTM. To verify the signaling efficacy of the cGAMP-STINGΔTM tetramer, we
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Figure 5.3. (A) Immunoblotting of endogenous expression of STING, TBK1, IRF3 in
HEK293T and RAW264.7 cell line. (B) RAW264.7 cells (n=3) and (C) HEK293T cells (n=4)
treated with different combinations/mutations of cGAMP-STINGΔTM tetramer (10μg
STINGΔTM with 0.25μg cGAMP per mL). Luciferase and SEAP activity were determined 24
h post treatment. (D) Immunoblotting of HEK293T cells transiently transfected with pDNA
overexpressing full length human STING (WT, HAQ, S366A, L374A) and hSTINGΔTM. (E)
Transfected HEK293T cells (n=4) in (D) treated with cGAMP-STINGΔTM tetramer (plus
R238A/Y240A mutant), cGAMP only, 10μg STINGΔTM with 0.25μg cGAMP per mL.
Luciferase activity were determined 24 h post treatment. (F) Confocal micrograph of HEK293T
cells (upper) transfected with plasmid DNA encoding for STINGΔTM expression then
stimulated with cGAMP and (lower) with cGAMP-STINGΔTM tetramer delivered as
ribonucleoprotein complex. (G) HEK293T cells (n=4) pre-treated with TBK1 inhibitor MRT
then treated with different combinations/mutations of cGAMP-STINGΔTM tetramer. (H)
Confocal micrograph of HEK293T cells treated with cGAMP-STINGΔTM tetramer showing
co-localization of STINGΔTM and TBK1. (I) HEK293T cells (n=4) pre-treated with BFA
which blocks ER-Golgi trafficking then treated with different combinations/mutations of
cGAMP-STINGΔTM tetramer. (J) Confocal micrograph of HEK293T cells (n=4) treated with
cGAMP-STINGΔTM tetramer showing no co-localization of STINGΔTM with Golgi
apparatus, in the presence or absence of BFA. Values are reported as mean±SEM. ***p<0.001,
**p<0.01, *p<0.05, as analyzed by one-way ANOVA. Scale bar 50 μm.
first delivered them to a mouse macrophage cell line RAW264.7 that has endogenous STING
expression. Overall, we observed that the vehicle-free groups elicited higher interferon expression
than the groups with commercial transfection reagent, and that in both groups, cGAMP co-delivery
with STINGΔTM resulted in higher interferon expression than cGAMP delivered alone [Figure
2B]. Interestingly, in the presence of endogenous STING, mutant versions of cGAMPSTINGΔTM (S365A and R237A/Y239A) are as effective as the wild type protein, suggesting that
S365A and R237A/Y239A mutants may act as chaperones to shuttle cGAMP into cells while
utilizing endogenous wildtype STING for activation of STING signaling.
We then tested the efficacy of cGAMP-STINGΔTM tetramer in an interferon-luciferase reporter
cell line HEK293T, which was deficient in endogenous STING expression but express other
essential proteins for the STING signaling pathway including TBK1 and IRF3 [Figure 5.3A]. We
generated this cell line by integrating an interferon-stimulated response element (ISRE) that drives
expression of luciferase in HEK293T cells. In addition, we included three functional STINGΔTM
mutants S366A, R238A/Y240A, and ΔC9 (deleting 9 amino acids from the C-terminus tail)—
which are known to abrogate STING phosphorylation, cGAMP binding, and TBK1 binding,
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respectively (17)—and confirmed that the STINGΔTM protein is indeed functional in triggering
the STING pathway independent of endogenous STING [Figure 5.3C].
Although the axes of Figure 5.3B and C are not directly comparable due to the use of two different
interferon reporters (raw ISG blue for the RAW264.7 cell line and luciferase for the HEK293T
cell line), it is apparent that in both cases, IFN activity is increased via the co-delivery of cGAMP
with STINGΔTM. And while there visually appears to be a far larger difference in IFN activity
between the cGAMP and STINGΔTM + cGAMP group in the HEK293T system, this is due to the
lack of endogenous STING in the HEK293T cell line, leading to a negligible amount of IFN
activity. Conversely, this difference is less pronounced in the RAW264.7 system due to the
presence of endogenous STING, which leads to measurable IFN-SEAP activity in the cGAMPonly group (as it is able to function with endogenous STING).
We also evaluated the interferon activity of additional small-molecule agonists using cdiGMP and
cGAM(PS)2—a synthetic, non-degradable cGAMP analog—as previously described in the
HEK293T system [Figure C4A]. The system exhibited behavior similar to that of the cGAMP+
STINGΔTM co-delivery group, namely that the co-delivery of STINGΔTM with these agonists
resulted in increased interferon activity relative to all functional mutants tested and agonist-only
controls. These studies suggest that the recombinant protein STINGΔTM-mediated enhanced type
I IFN signaling derives from the preassembly of agonist and STINGΔTM, and is independent of
cell type or CDN species.
Finally, we used several chemical inhibitors including MRT67307 (MRT), brefeldin A (BFA),
chloroquine (CQ), and bafilomycin A1 (BafA1) to comprehensively dissect the intracellular
trafficking of the tetrameric complex through confocal microscopy and quantification of interferon
activity: at 6 h post-transfection, we observed limited co-localization of STINGΔTM with Early
Endosome Antigen 1 (EEA1), an early endosome marker, suggesting potential escape of the early
endosome into the cytosol [Figure C3B]. Interferon activity was observed to decrease with
increasing concentrations of MRT (TBK1 inhibitor), which indicates that the STING signaling
does proceed via a TBK1-dependent pathway [Figure 5.3G]. Additionally, confocal microscopy
images (also taken 6 h post-transfection) confirmed the co-localization of TBK1 with STINGΔTM
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in punctate structures that resemble those formed by cGAMP-activated full-length STING [Figure
5.3H](1). Interactions with IRF3 has previously been shown by coimmunoprecipitation of
STINGΔTM with phosphorylated IRF3 (17). Interestingly, the presence of BFA—an inhibitor of
ER-Golgi protein trafficking previously shown to block the full-length STING-induced IRF
pathway(24, 25)—appeared to have an insignificant effect on STINGΔTM-induced STING
signaling [Figure 5.3I]. This was corroborated by no significant evidence of STINGΔTM colocalization with the Golgi apparatus with or without the addition of BFA [Figure 5.3J], a
markedly different phenomenon from literature reports of full-length STING localization with
ERGIC disruptors (24, 26).
Another departure from similar assays on full-length STING was observed upon treatment of the
cells with BafA1, an autophagy inhibitor. Interferon activity was found to be significantly
dependent on the concentration of BafA1, with decreasing activity observed with increasing
concentrations of BafA1 [Figure C3A], which could suggest the necessity of autophagosomelysosome fusion in STINGΔTM-induced STING signaling. The eventual degradation of
STINGΔTM via a lysosomal pathway was observed in its co-localization with Lysosomal
Associated Membrane Protein 1 (LAMP1) at 24 h post-transfection which was not apparent at 6 h
post-transfection [Figure C3D]. This was consistent with the increased interferon activity
observed upon incubation with increasing concentrations of CQ (an inhibitor of lysosomal
enzymes) [Figure C3C], as had been reported in literature with full-length STING(27).
While in the literature there are mixed reports on HAQ sensitivity to STING agonists relative to
WT STING (10-15, 18), we set out to assess whether co-delivery of STINGΔTM and cGAMP can
enhance IFN in HAQ-transfected cells in comparison to cGAMP only treatment in HEK293T cells,
which lack endogenous STING. HEK293T cells were transiently transfected with plasmid DNA
encoding a full-length human STING (WT, 1-379aa) or the HAQ allele, as a means to simulate
cells with fully functioning STING and defective STING. Meanwhile, S366A (1-379aa), L374A
(1-379a) and STINGΔTM (139-379aa) were also expressed separately in 293T as negative controls
[Figure 5.3D]. Those cells with various defective STINGs were then treated with cGAMPSTINGΔTM tetramers, cGAMP mixed with STINGΔTM (R237A/Y239A) or cGAMP only. As
shown in Figure 5.3E, cells overexpressing HAQ STING were significantly less responsive to
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conventional cGAMP administration than cells expressing WT STING. Cells overexpressing
STINGΔTM also did not result in significant interferon activity upon delivery of cGAMP only, a
phenomenon previously reported in literature (1, 28, 29). However, when cGAMP was delivered
in the form of cGAMP-STINGΔTM tetramers, both cells overexpressing HAQ STING and WT
STING showed equally high levels of IFN expression. Increased IFN expression was also observed
in cells overexpressing STINGΔTM. Untransfected cells likewise exhibited significantly higher
interferon activity upon co-delivery of the cGAMP-STINGΔTM tetramers when compared to
cGAMP-only controls in untransfected cells and cells overexpressing WT STING. Therefore, we
demonstrated that our method could potentially address the issue of STING heterogeneity in
humans through the co-delivery of cGAMP with a functional STINGΔTM carrier.
To conclude the in vitro characterization of our STINGΔTM-cGAMP tetrameric complex, we
evaluated the expression of IFN-β, TBK1, and IRF3 in RAW264.7 and DC2.4 cell lines via qPCR,
as a means of better understanding the effect of the delivery system on STING signaling
intermediates [Figure C5]. At 6 h post-treatment with cGAMP-STINGΔTM, we were able to
observe a slight enhancement in TBK1, but not in IRF3 expression. Overall, delivery of cGAMPSTINGΔTM significantly increased the expression of IFN-β relative to cGAMP only and
STINGΔTM only controls in both cell lines tested, demonstrating the capability of the system to
achieve enhanced STING signaling in the presence of endogenous STING.

5.3.4. cGAMP-STINGΔTM induces dendritic cell maturation and strong humoral and
cellular immune responses in vivo
To explore its application to boost the adjuvanticity potential of STING agonists (e.g. cGAMP),
we first confirmed the influence of cGAMP-STINGΔTM on dendritic cell (DC) maturation in vitro
and in vivo. In brief, we analyzed the expression of IFN-β in DCs 6 h post-treatment with cGAMPSTINGΔTM and found a significant increase in expression levels relative to cGAMP only and
STINGΔTM controls. We were likewise able to confirm the effect of the tetramers on DC
maturation in vivo following the treatment of C57BL/6 mice, where we observed significant
upregulation of the DC maturation marker MHC-II+ in CD11c+ cells in the cGAMP-STINGΔTM
trial compared to STINGΔTM and naïve controls [Figure 5.4A and B].
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Figure 5.4. cGAMP-STINGΔTM tetramer activates dendritic cells and promotes potent
humoral response. (A) Groups of C57BL/6 mice (n=4) were tail-base injected with 40 μg
STINGΔTM, with or without 1 μg cGAMP, or 1 μg cGAMP alone on day 0, then on day 1.5
draining (inguinal) lymph node lymphocytes were collected for analysis by flow cytometry.
(B) Dendritic cell activation in draining (inguinal lymph node) gated by % MHC-II+ cells in
CD11c+ cells. (C) C57BL/6 mice (n=4) were immunized with 10 μg OVA alone, or OVA mixed
with 2.5 μg cGAMP or 100 μg WT STINGΔTM or both via tail base injection on days 0 and 7.
On days 14 (D), 28 (E), and 42 (F) OVA-specific total IgG antibody level in mouse serum were
measured via ELISA. In (E) and (F) 5 mice were lost due to accidental cage flooding. Values
are reported as mean±SEM. ***p<0.001, **p<0.01, *p<0.05, as analyzed by one-way
ANOVA.
We then evaluated the humoral immune response elicited against OVA antigens with or without
the STING-cGAMP adjuvant. Five groups of C57BL/6 mice were immunized on day 0 and
boosted on day 7 with 10 μg OVA alone, or OVA mixed with 2.5 μg cGAMP and/or 100 μg
STINGΔTM via tail base injection as illustrated in Figure 5.4C. On day 14, 28, and 42, sera were
collected for enzyme-linked immunosorbent assay (ELISA) to determine the anti-OVA total IgG
level. The groups vaccinated with the combination of OVA+cGAMP+STINGΔTM generated a
significantly more robust and sustained total IgG-based antigen-specific immune response
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compared to other control groups [Figure 5.4D-F]. Additional experiments also demonstrated that
no systemic toxicity occurred from tetramer delivery [Figure C6], specifically that there was no
significant increase in the level of inflammatory cytokines (IL-6 and TNF- α) when compared to
the injection of PBS. Release of cGAMP-STINGΔTM from the tail base was also sustained for
over a week, with trafficking to the draining (inguinal) lymph nodes [Figure C7] that was 20-50
fold higher than in either STINGΔTM-only or cGAMP-only controls.
We then quantified the antigen-specific T cell activation via tetramer and intracellular cytokine
staining of peripheral blood mononuclear cells (PBMCs) (30). Groups of C57BL/6 were
immunized on day 0 and boosted on day 7 via tail base injection with 50 μg OVA alone, or OVA
mixed with 1 μg cGAMP and/or 40 μg STINGΔTM (or 40 μg S365A STINGΔTM). On day 14,
mice were bled and PBMCs were separated from the whole blood [Figure 5.5A]. For tetramer
staining PBMCs were stained with anti-CD8 antibody and H-2Kb/SIINFEKL tetramer. For
intracellular cytokine staining, cells were first stimulated with SIINFEKL peptide. They were then
stained with anti-CD8 antibody and permeabilized for intracellular cytokine staining of TNF-α and
IFN-γ. Figure 5.5B-D shows that antigen delivered with both STINGΔTM and S365AΔTM plus
cGAMP significantly increased the percentage of SIINFEKL+ and both TNF-α- and IFN-γsecreting CD8+ T cells, which indicates that the tetramers resulted in successful IFN induction in
T cells and is consistent with our in vitro STING signaling activation tests with RAW264.7 cells.
Representative flow plots with gating strategies are shown in Figure C8.
Finally, we investigated the induction of memory T cell response through the use of model antigen
OVA. Groups of C57Bl/6 mice were immunized on day 0 and boosted on day 14 via tail base
injection with 50 μg OVA alone, or OVA mixed with 1 μg cGAMP and/or 40 μg STINGΔTM (or
40 μg S365A STINGΔTM) [Figure 5.5E]. On day 21, mice were sacrificed to harvest lymphocytes
from the draining lymph nodes (dLN, inguinal) and splenocytes. As shown in Figure 5.5F-J, the
delivery of cGAMP- STINGΔTM resulted in the significant enhancement of SIINFEKL-specific
central memory T cell precursors (CD8+ SIINFEKL+ CD27+ CD62L+ KLRG1-) and effector
memory T cell precursors (CD8+ SIINFEKL+ CD27+ CD62L- KLRG1-)(31).
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Figure 5.5. cGAMP-STINGΔTM tetramer promotes robust antigen-specific T cell
responses. Figure legend continued on the next page.
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Figure 5.5. (A) Groups of C57BL/6 mice (n=7) were immunized with 50 μg OVA alone, or
OVA mixed with 1 μg cGAMP or 40 μg WT STINGΔTM (or 40 μg S365A STINGΔTM ) on
days 0 and 7. On day 14, PBMCs were collected and CD8+ T cells were analyzed by CD8 OVA
epitope SIINFEKL tetramer staining (B) or stimulated ex vivo with CD8 OVA epitope
SIINFEKL and analyzed by intracellular cytokine staining of IFN-γ (C) and TNF-α (D). (E)
Groups of C57BL/6 mice (n=5) were immunized with 50 μg OVA alone, or OVA mixed with
1 μg cGAMP or 40 μg WT STINGΔTM (or 40 μg S365A STINGΔTM ) on days 0 and 14. On
day 21, PBMCs, lymphocytes in draining lymph nodes and splenocytes were collected and
CD8+ T cells were analyzed by CD8 OVA epitope SIINFEKL tetramer staining. Among CD8+
SIINFEKL tetramer+ T cells, effector memory precursors TEMP were gated by CD27+
CD62L- and KLRG1- (F in dLN lymphocytes, H in PBMCs, and I in splenocytes) and central
memory precursors TCMP were gated by CD27+ CD62L+ and KLRG1- (G in dLN
lymphocytes and J in splenocytes, TCMP was generally not found in PBMCs). Values are
reported as mean±SEM. ***p<0.001, **p<0.01, *p<0.05, as analyzed by one-way ANOVA.

5.3.5. cGAMP-STINGΔTM enhances the antitumor therapeutic efficacy
To explore the potential of cGAMP-STINGΔTM tetramer as a new mode of STING agonist-based
cancer immunotherapy, we first evaluated the antitumor efficacy of cGAMP-STINGΔTM
tetramers with a prophylactic study, using a melanoma cell line modified to express SIINFEKL
peptide (B16-OVA) as an antigen epitope for vaccination. Groups of animals from the tetramer
and intracellular cytokine staining study were challenged with 1 million B16-OVA cells at day 21
via subcutaneous injection [Figure 5.6A]. Tumor sizes were measured every 3 days to monitor the
cancer progression and was recorded prior to the death of any mouse within a group. As such, antitumor therapeutic efficacy was evaluated from both tumor volume [Figure 5.6B] and mouse
survival [Figure 5.6C, D]. Groups vaccinated with cGAMP+OVA, cGAMP+S365AΔTM+OVA,
and cGAMP+ΔTM+OVA showed significantly enhanced protection against tumor challenge
compared to the untreated and OVA only control groups [Figure 5.6B]. Among these groups,
cGAMP+ΔTM+OVA exhibited the slowest tumor progression and most prolonged survival, with
2 out of 7 mice achieving total protection and remaining tumor-free [Figure 5.6C and D]. The
cGAMP+S365AΔTM+OVA group was also observed to result in improved survival when
compared to cGAMP+OVA group. The vaccination efficacy is consistent with the IFN-γ and TNFα expression level observed in the intracellular cytokine staining.
We then performed a therapeutic treatment study with an MC38 colon cancer model. C57BL/6
mice were inoculated with 1 million MC38 cells subcutaneously on day 0. After the primary tumor
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was established (between 50-80 mm3), 100 μg STINGΔTM (plus S365A, or R237A/Y239A) with

Figure 5.6. cGAMP-STINGΔTM tetramer promotes potent antitumor immunity in B16
melanoma and MC38 colon cancer models. (A) Groups of C57BL/6 (n=7) mice were
immunized with 50 μg OVA alone, or OVA mixed with 1 μg cGAMP or 40 μg WT
STINGΔTM (or 40 μg S365ASTINGΔTM ) on days 0 and 7. On day 21 mice were challenged
with 1 million B16-OVA cells subcutaneously. Plots of overall (B) and individual (D) tumor
growth curves, with numbers of surviving mice at the end of study (day 100) denoted. (C)
Survival curves of mice. (E) Groups of C57BL/6 (n=7) mice were first inoculated with 1 million
MC38 cells and then treated with 100μg WT STINGΔTM (or 100 μg S365A, R238A/Y240A
STINGΔTM) mixed with 2.5 μg cGAMP starting on day 7 for 5 times, 7 d apart via intratumoral
injection. Plots of (F) overall and (H) individual tumor growth curves, with numbers of
surviving mice at the end of study (day 60) denoted. (G) Survival curves of mice.
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or without 2.5 μg cGAMP were injected intratumorally on days 7, 14, 21, 28 and 35 [Figure 5.6E].
The tumor size and survival were monitored on a schedule similar to that of the prophylactic study.
Treatment with cGAMP, cGAMP+S365AΔTM, and cGAMP+ΔTM significantly reduced tumor
burden, with the cGAMP+ΔTM group having the overall best therapeutic effect and most
prolonged survival [Figure 5.6F-H].
5.4. Conclusion
Numerous studies have suggested that the transmembrane domain of STING protein is
essential for intracellular STING signaling. Indeed, a STING-deficient cell line overexpressing
TM deficient STING will not undergo STING signaling upon free cGAMP delivery. However, we
have discovered an interesting and well-defined self-assembled tetrameric structure of the TM
deficient STING protein with cGAMP under physiological conditions, and found that when
delivered to the cell, this ribonucleoprotein complex could effectively trigger the STING signaling
pathway independent of the status of endogenous STING. While already confirmed through size
exclusion chromatography, these tetramers could be further characterized via electrophoresis and
ultracentrifugation in later studies. Ultimately, we developed this approach as a bioinspired method
for cGAMP therapeutics to introduce a highly effective means of cGAMP delivery that potentially
addresses the occurrence of defective STING in humans either due to cancer epigenetics or genetic
heterogeneity. In the interest of translational relevance, we tested the therapeutic efficacy of the
platform in vivo and found that the cGAMP-STINGΔTM tetramers can promote robust humoral
response and antigen-specific T cell activation and elicit superior anti-tumoral immunity against a
melanoma and a colon cancer model. In light of the role of activating STING signaling towards
overcoming resistance against immune checkpoint blockade, future work can explore the delivery
of cGAMP-STINGΔTM tetramers in combination with anti-PD(L)1 and anti-CTLA4.
Alternatively, genetic fusion of STINGΔTM tetramers with tumor specific antigen peptides may
enable simultaneous delivery of STING agonist-based adjuvant and antigens into dendritic cells
to maximize the immune response. In summary, this work may open a new paradigm towards
engineering immune adaptors to address vaccinology and immunotherapy.

95

5.5. References
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.

14.
15.
16.
17.

B. Zhao, F. Du, P. Xu, C. Shu, B. Sankaran, S. L. Bell, M. Liu, Y. Lei, X. Gao, X. Fu, A conserved
PLPLRT/SD motif of STING mediates the recruitment and activation of TBK1. Nature 569, 718
(2019).
S.-R. Woo, M. B. Fuertes, L. Corrales, S. Spranger, M. J. Furdyna, M. Y. Leung, R. Duggan, Y.
Wang, G. N. Barber, K. A. Fitzgerald, STING-dependent cytosolic DNA sensing mediates innate
immune recognition of immunogenic tumors. Immunity 41, 830-842 (2014).
L. Corrales, S. M. McWhirter, T. W. Dubensky, T. F. Gajewski, The host STING pathway at the
interface of cancer and immunity. The Journal of clinical investigation 126, 2404-2411 (2016).
S. T. Koshy, A. S. Cheung, L. Gu, A. R. Graveline, D. J. Mooney, Liposomal delivery enhances
immune activation by STING agonists for cancer immunotherapy. Advanced biosystems 1,
1600013 (2017).
T. Ohkuri, A. Kosaka, K. Ishibashi, T. Kumai, Y. Hirata, K. Ohara, T. Nagato, K. Oikawa, N. Aoki,
Y. Harabuchi, Intratumoral administration of cGAMP transiently accumulates potent macrophages
for anti-tumor immunity at a mouse tumor site. Cancer Immunology, Immunotherapy 66, 705-716
(2017).
D. Shae, K. W. Becker, P. Christov, D. S. Yun, A. K. Lytton-Jean, S. Sevimli, M. Ascano, M.
Kelley, D. B. Johnson, J. M. Balko, Endosomolytic polymersomes increase the activity of cyclic
dinucleotide STING agonists to enhance cancer immunotherapy. Nature nanotechnology, 1 (2019).
T. W. Dubensky Jr, D. B. Kanne, M. L. Leong, Rationale, progress and development of vaccines
utilizing STING-activating cyclic dinucleotide adjuvants. Therapeutic advances in vaccines 1, 131143 (2013).
J. Ahn, H. Konno, G. N. Barber, Diverse roles of STING-dependent signaling on the development
of cancer. Oncogene 34, 5302 (2015).
T. Xia, H. Konno, G. N. Barber, Recurrent loss of STING signaling in melanoma correlates with
susceptibility to viral oncolysis. Cancer research 76, 6747-6759 (2016).
L. Jin, L. Xu, I. V. Yang, E. J. Davidson, D. A. Schwartz, M. M. Wurfel, J. C. Cambier,
Identification and characterization of a loss-of-function human MPYS variant. Genes and immunity
12, 263 (2011).
S. Patel, S. M. Blaauboer, H. R. Tucker, S. Mansouri, J. S. Ruiz-Moreno, L. Hamann, R. R.
Schumann, B. Opitz, L. Jin, The common R71H-G230A-R293Q human TMEM173 is a null allele.
The Journal of Immunology 198, 776-787 (2017).
S. Patel, L. Jin, TMEM173 variants and potential importance to human biology and disease. Genes
& Immunity 20, 82 (2019).
J. S. Ruiz-Moreno, L. Hamann, J. A. Shah, A. Verbon, F. P. Mockenhaupt, M. PuzianowskaKuznicka, J. Naujoks, L. E. Sander, M. Witzenrath, J. C. Cambier, The common HAQ STING
variant impairs cGAS-dependent antibacterial responses and is associated with susceptibility to
Legionnaires’ disease in humans. PLoS pathogens 14, e1006829 (2018).
S. Patel, S. M. Blaauboer, H. R. Tucker, S. Mansouri, J. S. Ruiz-Moreno, L. Hamann, R. R.
Schumann, B. Opitz, L. Jin, Response to Comment on “The Common R71H-G230A-R293Q
Human TMEM173 Is a Null Allele”. The Journal of Immunology 198, 4185-4188 (2017).
K. E. Sivick, N. H. Surh, A. L. Desbien, E. P. Grewal, G. E. Katibah, S. M. McWhirter, T. W.
Dubensky, Comment on “The Common R71H-G230A-R293Q Human TMEM173 Is a Null Allele”.
The Journal of Immunology 198, 4183-4185 (2017).
J. Fu, D. B. Kanne, M. Leong, L. H. Glickman, S. M. McWhirter, E. Lemmens, K. Mechette, J. J.
Leong, P. Lauer, W. Liu, STING agonist formulated cancer vaccines can cure established tumors
resistant to PD-1 blockade. Science translational medicine 7, 283ra252-283ra252 (2015).
Y. Tanaka, Z. J. Chen, STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA
signaling pathway. Sci. Signal. 5, ra20-ra20 (2012).

96

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

G. Surpris, J. Chan, M. Thompson, V. Ilyukha, B. C. Liu, M. Atianand, S. Sharma, T. Volkova, I.
Smirnova, K. A. Fitzgerald, Cutting edge: novel Tmem173 allele reveals importance of STING N
terminus in trafficking and type I IFN production. The Journal of Immunology 196, 547-552 (2016).
C. Zhang, G. Shang, X. Gui, X. Zhang, X.-c. Bai, Z. J. Chen, Structural basis of STING binding
with and phosphorylation by TBK1. Nature 567, 394 (2019).
G. Shang, C. Zhang, Z. J. Chen, X.-c. Bai, X. Zhang, Cryo-EM structures of STING reveal its
mechanism of activation by cyclic GMP–AMP. Nature 567, 389 (2019).
M. C. Hanson, M. P. Crespo, W. Abraham, K. D. Moynihan, G. L. Szeto, S. H. Chen, M. B. Melo,
S. Mueller, D. J. Irvine, Nanoparticulate STING agonists are potent lymph node–targeted vaccine
adjuvants. The Journal of clinical investigation 125, 2532-2546 (2015).
X. Zhang, H. Shi, J. Wu, X. Zhang, L. Sun, C. Chen, Z. J. Chen, Cyclic GMP-AMP containing
mixed phosphodiester linkages is an endogenous high-affinity ligand for STING. Molecular cell
51, 226-235 (2013).
S. Ouyang, X. Song, Y. Wang, H. Ru, N. Shaw, Y. Jiang, F. Niu, Y. Zhu, W. Qiu, K. Parvatiyar,
Structural analysis of the STING adaptor protein reveals a hydrophobic dimer interface and mode
of cyclic di-GMP binding. Immunity 36, 1073-1086 (2012).
N. Dobbs, N. Burnaevskiy, D. Chen, Vijay K. Gonugunta, Neal M. Alto, N. Yan, STING
Activation by Translocation from the ER Is Associated with Infection and Autoinflammatory
Disease. Cell Host & Microbe 18, 157-168 (2015/08/12/, 2015).
H. Ishikawa, Z. Ma, G. N. Barber, STING regulates intracellular DNA-mediated, type I interferondependent innate immunity. Nature 461, 788-792 (2009/10/01, 2009).
B. Hiller, V. Hornung, STING Signaling the enERGIC Way. Cell Host & Microbe 18, 137-139
(2015/08/12/, 2015).
D. Liu, H. Wu, C. Wang, Y. Li, H. Tian, S. Siraj, S. A. Sehgal, X. Wang, J. Wang, Y. Shang, Z.
Jiang, L. Liu, Q. Chen, STING directly activates autophagy to tune the innate immune response.
Cell Death & Differentiation 26, 1735-1749 (2019/09/01, 2019).
D. L. Burdette, K. M. Monroe, K. Sotelo-Troha, J. S. Iwig, B. Eckert, M. Hyodo, Y. Hayakawa, R.
E. Vance, STING is a direct innate immune sensor of cyclic di-GMP. Nature 478, 515 (2011).
P.-H. Wang, S.-Y. Fung, W.-W. Gao, J.-J. Deng, Y. Cheng, V. Chaudhary, K.-S. Yuen, T.-H. Ho,
C.-P. Chan, Y. Zhang, A novel transcript isoform of STING that sequesters cGAMP and
dominantly inhibits innate nucleic acid sensing. Nucleic acids research 46, 4054-4071 (2018).
P. Giannetti, A. Facciabene, N. La Monica, L. Aurisicchio, Individual mouse analysis of the cellular
immune response to tumor antigens in peripheral blood by intracellular staining for cytokines.
Journal of immunological methods 316, 84-96 (2006).
Y. Li, C. Shen, B. Zhu, F. Shi, H. N. Eisen, J. Chen, Persistent Antigen and Prolonged AKT–
mTORC1 Activation Underlie Memory CD8 T Cell Impairment in the Absence of CD4 T Cells.
The Journal of Immunology 195, 1591-1598 (2015).

97

CHAPTER 6
Thesis Summary and Future Directions
6.1. Thesis Summary
The ultimate goal of this thesis is to deliver therapeutic cancer vaccines with layer-by-layer coated
microneedles to tumors or resection sites on the skin, with a robust activation of antigen presenting
cells and subsequent anti-tumoral T cell responses. As a drug delivery project, we have advanced
LbL microneedle’s application in cancer immunotherapy in the following two directions:
On the “delivery” side, we have been synthesizing lift-off polymers between the LbL drug film
and microneedle surface. Chapter 2 described our re-design and improvement of the previous liftoff polymer. Our polymer has been successfully applied as lift-off base layer by Uppu et al. in
developing a Dengue virus microneedle vaccine (1). Chapter 3 described our key development on
the “delivery” side – our novel charge-inversion mechanism for rapidly lifting-off LbL drug films.
We achieved this goal with the synthesis of a new pH-induced charge-invertible polymer. This
new microneedle platform achieves complete LbL drug film implantation in the skin within 1
minute of application. Our charge-inversion approach has inspired the development of other
microneedle work involving rapid pH-induced lift-off/dis-assembly of electrostatic layer-by-layer
films (2).
On the “drug” side, we have been exploring bio-inspired protein-nucleic acid complex structures
with enhanced therapeutic efficacy. Chapter 4 described one of the general ribonucleoprotein
platforms we developed. In brief, we pre-assembled poly(A)-binding protein with mRNA before
delivering them to the cells and found that this complex largely enhances mRNA stability and
translation efficacy in vitro and in vivo. To address cancer immunotherapy, in Chapter 5 we
described our development of a universal approach for STING agonist delivery to address cells
with defective STING either due to cancer or genetic heterogeneity in human. We expressed a
recombinant, transmembrane-domain-deficient STING protein (STING ΔTM) and found that
when co-delivered with cGAMP, the complex was able to activate type I interferons in cells that
are STING defective or deficient. We present this bio-inspired cGAMP delivery platform for
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developing cancer vaccines and observed significant T cell activation, reduced tumor volume, and
prolonged survival in mouse cancer models.

6.2. Future Directions
Based on the promise of the charge-inversion-based microneedle administration platform, and the
anti-tumoral immunity generated by the cGAMP-STINGΔTM complex, future work could focus
on loading the cGAMP-STINGΔTM vaccine component onto the microneedle to evaluate its
therapeutic efficacy against mouse melanoma models. Specifically, the polymer carrier to
assemble layer-by-layer drug film with cGAMP-STINGΔTM complex needs to be identified. The
molecular weight, charge density, polymer architecture, and degradability needs to be optimized
to achieve a sustained release of vaccine components in vivo. With this selected system,
prophylactic studies to vaccinate mice with model antigen such as OVA and cGAMP-STINGΔTM
could be carried out to evaluate the B cell and T cell responses. The mice could then be challenged
with B16-OVA cells to monitor tumor growth and survival, and the therapeutic effect with same
dosage injected via tail base injection and intramuscular injection could likewise be compared.
Following the prophylactic study, a treatment study with mice inoculated with MC38 or
YUMMER cells could be carried out, directly administrating cGAMP-STINGΔTM into the tumor
sites and comparing that to the therapeutic effect with intratumoral injection of the same dosage.
Finally, co-delivery of the complex with checkpoint inhibitors (such as anti-PD1) via layer-bylayer microneedles could also be explored. The therapeutic efficacy could again be evaluated in a
treatment study as described above, comparing microneedle treated groups with tail base-injected
cGAMP-STINGΔTM and intraperitoneally injected anti-PD1.
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Appendix A

pH 4.2

pH 7.5

Figure A1. TEM micrographs of PDM in pH 4.2 (left) and pH 7.5 (right) aqueous solution. Scale
bar 200 nm.
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Figure A2. Images of (Lys/PAA) LbL film coated silicon wafers.
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Figure A3. Synthesis scheme of HMDS-mediated ring-opening polymerization of PBLA
backbone, and the subsequent amination reaction to form PAsp(EDDPA).
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Figure A4. Scanning electron microscopic images of the cross sections of (A) uncoated PLLA
MN and (B) [PAsp(EDDPA)/OVA]40-PDM coated PLLA MN.
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Figure A5. Cell viability test with NIH3T3 cells subject to subject to 50, 10, 1, 0.2, 0.1 μg/mL
PDM polymer, 2 and 4 PDM coated microneedles patches/mL in DMEM culture media for 24 h.
Values are reported as mean ± s.e.m., a p value < 0.1 is considered significant, as analyzed by oneway ANOVA.
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Appendix B

Figure B1. Synthesis scheme and side chain structures of N-Substituted polyaspartamides
(Polyamines).
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Figure B2. PABP purification and functional validation by gel shift assay.
(A) Analysis of purified PABP via SDS-PAGE. Proteins were purified via a His-tagged
purification method. Arrowhead indicates the protein band. (B) Binding of poly A-tailed
mRNA to PABP at different molar ratios confirmed by gel shift assay. Arrowhead indicates
free mRNA with a 3’ tail of 120 adenosine residues. Arrow indicates shifted mRNA, which
contains mRNA/PABP complexes.
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Figure B3. Dynamic light scattering characterization of nanoplexes. (A) Z-averaged size.
(B) Zeta potential measurement. Luciferase mRNA was preincubated with PABP at 1:10
molar ratio in 10mM HEPES (pH7.4) for 10min before mixing with each polyamine at 50:1
N/P ratio for 15min. Final concentration of RNA is 10μg/ml.
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Figure B4. Cellular uptake of mRNA/PABP via polyamines. (A) Percentage of HEK293T
cells with uptake of FITC-mRNA at 24hr post-transfection. (B) Mean fluorescence intensity
(MFI) of FITC-mRNA in HEK293T cells at 24hr post-transfection. Data represent the mean ±
SEM (n=2). *, P<0.05; ns, no significance.
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Appendix C

Figure C1. TEM images of (A) STINGΔTM dimers (average diameter 14 nm) and (B)
cGAMP-STINGΔTM tetramer (average diameter 29 nm). Scale bar 200 nm.
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Figure C2. Representative SDS-PAGE of FPLC fractions and FPLC analysis of
Q272A/A276Q mutant mouse STINGΔTM. (A) STINGΔTM and (B) R238A/Y240AΔTM
mixed with 0.2 molar equiv. cGAMP. Elution volume 13 mL is the peak for tetramer, 14-16 mL
is the peak for dimer. (C) FPLC chromatograph of Q272A/A276Q mutant mouse STINGΔTM in
PBS, titrated with various molar ratios of cGAMP.
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Figure C3. cGAMP-STINGΔTM tetramer endosomal escape and lysosomal degradation in
HEK293T cells. (A) HEK293T cells (n=4) pre-treated with Bafilomycin A1 then treated with
different combinations/mutations of cGAMP-STINGΔTM tetramer. (B) Confocal micrograph of
HEK293T cells treated with cGAMP-STINGΔTM tetramer showing low degree of colocalization of STINGΔTM and early endosome marker EEA1. (C) HEK293T cells (n=4) pretreated with chloroquine then treated with different combinations/mutations of cGAMPSTINGΔTM tetramer. (D) Confocal micrograph of HEK293T cells treated with cGAMPSTINGΔTM tetramer showing no co-localization of STINGΔTM with lysosome at 6 h post
treatment, and showing higher degree of co-localization at 24 h post treatment. Values are
reported as mean±SEM. *p<0.05, as analyzed by one-way ANOVA.
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Figure C4. STINGΔTM with different CDN agonists and cGAMP-STINGΔTM tetramer
triggering IFN expression in vitro in 293T cells with defective STING. (A) HEK293T cells
(n=3) treated with different combinations/mutations of CDN-STINGΔTM complexes (with
mutant proteins and CDN only controls, all transfections were assisted with TransIT-X2TM). (B)
HEK293T cells (n=3) overexpressing different defective STING treated with cGAMPSTINGΔTM. Values are reported as mean±SEM.
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Figure C5. IFNβ, TBK1, and IRF3 expression in RAW264.7 and DC2.4 cells after
STINGΔTM/cGAMP treatments. qPCR-measured IFNβ expression in (A) RAW264.7
macrophage cells and (B) in DC2.4 dendritic cells, and TBK1 and IRF3 expression in (C)
RAW264.7 macrophage cells and (D) DC2.4 dendritic cells. Values are reported as mean±SEM.
**p<0.01, *p<0.05, as analyzed by one-way ANOVA.
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Figure C6. Systemic toxicity from cGAMP-STINGΔTM tetramer administration. (A)
Groups of C57BL/6 mice was immunized with 1μg cGAMP delivered with 40 μg STINGΔTM
or TransITx2 commercial transfection reagent along with PBS control of the same injection
volume (100 μL total, 50 μL each side). Inflammatory cytokine levels of (B) IL-6 and (C) TNF-α
in mouse (n=3) serum measured via ELISA before and 2 h post injection. Values are reported as
mean±SEM.
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Figure C7. Pharmacokinetics of cGAMP-STINGΔTM tetramer compared with
STINGΔTM and cGAMP alone. (A) Representative whole body imaging of Balb/c mice (n=3)
2 h post tail base injection and (B) kinetics of Cy7-STINGΔTM-cGAMP complex, Cy7STINGΔTM, and Cy7-cGAMP trafficking to draining lymph nodes (inguinal lymph nodes). (C)
Pharmacokinetics of total Cy7-STINGΔTM-cGAMP complex, Cy7-STINGΔTM, and Cy7cGAMP and (D) representative whole body IVIS images at 1, 2, 5, and 9 days post tail base
injection. Values are reported as mean±SEM.
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Figure C8. Representative FACS plots and gating strategies. (A) PBMC intracellular
cytokine staining for IFNγ+ and TNFα+ cells in CD8+ T cells. (B) Dendritic cell maturation in
dLN gated by MHC-II+ in CD11c+ cells. (C) PBMC tetramer staining for SIINFEKL+ CD8+ T
cells and CD27+ CD62L- KLRG1- effector memory precursor T cells. (D) dLN lymphocyte
staining for CD27+ CD62L- KLRG1- effector memory precursors and CD27+ CD62L+ KLRG1central memory precursors among SIINFEKL+ CD8+ T cells.
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Primer name
mSTING TM deletion.F
mSTING TM deletion.R
hSTING (S366A).F
hSTING (S366A).R
hSTING (L374A).F
hSTING (L374A).R
mSTING_XbaI_F
mSTING_EcoRI_R
hSTING TM deletion.F
hSTING TM deletion.R
hSTING_FLAG.F
hSTING_FLAG.R
mSTING (R238Y240A).F
mSTING (R238Y240A).R
hSTING (R238Y240A).F
hSTING (R238Y240A).R
hSTING.F
hSTING.R
mSTING.F
mSTING.R
mSTING (S365A).F
mSTING (S365A).R
mSTING (L373A).F
mSTING (L373A).R
STING (dC9).F
hSTING (dC9).R
mSTING (dC9).R
mSTING_NcoI.F
mSTING_NotI.R
qPCR-mTBK1.F
qPCR-mTBK1.R
qPCR-mIRF3.F
qPCR-mIRF3.R
qPCR-mIFN-beta.F
qPCR-mIFN-beta.R
qPCR-mTBK1.F
qPCR-mTBK1.R
Table C1. List of primers.

Sequence (5’ – 3’)
TTGACTCCAGCGGAAGTC
CATGGTGGCTCTAGAGTC
GCTCCTCATCgcaGGAATGGAAAAGCC
TCAGGCTCTTGGGACATC
GCCCCTCCCTgcaCGCACGGATT
TTTTCCATTCCACTGATGAGG
gggctgcaggtcgactctagagccaccatgccatactccaacct
atcgataagcttgatatcgaattctcagatgaggtcagtgcggagt
CTGGCCCCAGCTGAGATC
CATGGTGGCAATTCCACC
gatgacgacaagTGAGACCCAGGGTCACCA
gtctttgtagtcAGAGAAATCCGTGCGGAG
ttgcTTCCAACAGCGTCTACGA
cagcATTCTTGATGCCAGCACG
tgcaAGCAACAGCATCTATGAG
acagcATCCTTGATGCCAGCATG
ataatGGATCCctggccccagctgagatct
ataagaatGCGGCCGCtcaagagaaatccgtgcggaga
ataaAGATCTttgactccagcggaagtctc
ataagaatGCGGCCGCtcagatgaggtcagtgcgga
ACTCCTCATCgcaGGTATGGATCAGCC
CTTGGCTCTTGGGACAGT
GCCTCTCCCAgcaCGCACTGACC
TGATCCATACCACTGATG
TGAGCGGCCGCACTCGAG
CTTTTCCATTCCACTGATGAGGAGCTC
CTGATCCATACCACTGATGAGGAGTCTTG
ttgactccagcggaagtctctgc
ggtggtgctcgagtgcggccgctcagatgaggtcagtgcggagtg
GACATGCCTCTCTCCTGTAGTC
GGTGAAGCACATCACTGGTCTC
CGGAAAGAAGTGTTGCGGTTAGC
CAGGCTGCTTTTGCCATTGGTG
GCCTTTGCCATCCAAGAGATGC
ACACTGTCTGCTGGTGGAGTTC
GACATGCCTCTCTCCTGTAGTC
GGTGAAGCACATCACTGGTCTC
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