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Abstract
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Peptide cancer vaccines have had limited clinical success despite their safety,
characterization, and production advantages. We hypothesize that the poor
immunogenicity of peptides can be surmounted by delivery vehicles that overcome the
systemic and cellular drug delivery barriers faced by peptides. We introduce polySTING
and NPSTING, copolymerized, mannosylated variants of the STING-3 agonist known to
activate the cGAS-STING signaling pathway, promoting the release of type-1 interferons
and pro-inflammatory cytokines leading to effective tumor immunogenicity. The STING-3
agonist is a non-nucleotide molecule that successfully activates the STING pathway, but
it has poor solubility, which limits its usage in vivo. The developed poly-STING platform
improves the drug's solubility and provides enzyme-triggered drug release upon
delivery, which has been shown to induce improved therapeutic efficacy compared to

the free STING-3 agonist. The Pun lab seeks to investigate modalities for optimization



of the cGAS-STING pathway activation through investigating effects caused by
mannosylation of the polymer. Dendritic cells (DCs) are crucial for initiating cytotoxic
T-cell responses through antigen presentation via the MHC class-I pathway. The
cGAS-STING signaling pathway enhances DC maturation and antigen
cross-presentation but may interfere with pH-dependent antigen release systems such
as the VIPER nanocarrier. This thesis investigates whether STING agonist variants alter
DC endosomal pH, potentially affecting VIPER-mediated antigen escape. A ratiometric
assay using FITC and Alexa Fluor 647-conjugated dextrans was developed and
optimized for flow cytometry-based endosomal pH measurement. Protocol
refinements—such as transitioning to a 96-well plate format and implementing
valinomycin/nigericin permeabilization—enabled robust, high-throughput analysis with
improved cell viability. Results confirmed biologically relevant endosomal acidification
profiles over time in DCs. Experimentation showed that co-treatment with STING
variants does not drastically alter the acidification trend when compared to PBS, but
rather there is a slight delayed acidification. This implies that STING activation effects
on endosomal pH might require time to become apparent. A 30-minute pretreatment
experiment showed minor delayed acidification in experimental groups compared to
PBS, with PolySTING being the most drastic. This assay lays the groundwork for
evaluating how variant STING agonists, particularly polySTING and NPSTING,
modulate endosomal pH and thereby influence antigen release and immune activation,

guiding the design of more effective cancer vaccine delivery platforms.



Introduction

Medical Motivation for the Project and the Statement of the Problem to be
Addressed

Cancer encompasses a broad range of diseases characterized by abnormal cells
that have lost cell cycle control and thus divide uncontrollably, spread throughout the
body, and destroy normally functioning body tissue. According to the American Cancer
Society, there will be an estimated 1.9 million new cancer cases diagnosed in the US
alone this year, with over $200 billion being spent nationwide on treatment alone.
Additionally, there will be about 600,000 new deaths accompanying the diagnoses, with
this frightening number only getting larger [1 - 2]. Therefore, it is imperative that
preventative measures that can be taken against cancer are found soon in order to
stabilize these large numbers. The rise of immunotherapy in recent years has started
the largest paradigm shift in cancer treatment since the development of chemotherapies
in the 1940s. Instead of targeting malignant cells, cancer immunotherapies coordinate
with the host immune system to combat tumors. The major types of immunotherapy
include immune checkpoint inhibitors, monoclonal antibodies, T-cell therapies, and
vaccines. Cancer vaccines, which teach the immune system to recognize and remove
tumor cells, offer the possibility of eliciting highly tumor-specific responses that provide
sustained protection against recurrence. As a result, cancer subunit vaccines have
recently been sought after as extremely viable ways of training one’s immune system to
recognize and attack these cancerous tumor cells using tumor antigen structural motifs.
This is because they generally garner improved safety when compared to whole
antigens, a low manufacturing cost, ease of synthesis, and increased shelf stability [3].
Yet despite these notable characteristics, peptide antigen vaccines have seen low
clinical efficacy in an oncological context due to poor immunogenicity [4].

Cytotoxic T-cells are known to have very effective tumor-eradicating responses,
but a large part of priming these cells is antigen presentation through the major
histocompatibility complex (MHC) class-I pathway and eliciting a tumor-infiltrating
response. As a result, equipping the vaccine with some sort of access to these
pathways is important and, in fact, necessary for the vaccine to induce effective tumor
clearance. The most common way of inducing the MHC class-I pathway is through
dendritic cell (DC) maturation and activation, which then activates cytotoxic T-cells and
natural killer cells. These cells then recognize tumor-associated antigens and act
accordingly, killing the tumor cells via apoptosis. Thus, effective cancer vaccines must
replicate and activate various critical aspects leading to tumor eradication, including
internalization and recognition of tumor antigens by DCs, activation of these DCs,
antigen presentation by MHC | molecules, and priming of adaptive T cell immunity
against tumors.

As stated above, peptide antigen vaccines have seen a large increase in
popularity recently due to their ease of production on a large scale and long-term
storage stability. These advantages will allow immunotherapies to be widely available all
over the world, regardless of socioeconomic status. Unfortunately, peptide antigens are
known to be very poorly immunogenic and have low bioactivity due to degradation. As a



result, antigens need some sort of carrier motif to provide stabilization and increased
targeting potential while simultaneously protecting against in vivo degradation of the
agonist and/or adjuvant.

A commonly used pathway for priming DCs is the Cyclic GMP-AMP Synthase -
Stimulator of Interferon Genes (cGAS-STING) signaling pathway. STING activation in
DCs drives antitumor immunity by triggering DC maturation, migration to lymph nodes,
and enhanced antigen cross-presentation to CD8+ T cells. While IFN-B production
remains critical, the cGAS-STING pathway also activates DCs through
IFN-Il-independent mechanisms such as autophagy induction and metabolic
reprogramming. Current clinical STING agonists like STING-3 face limitations due to
poor aqueous solubility (<0.5 mg/mL) and lack of cell-type specificity, leading to
systemic toxicity and suboptimal DC activation. To address this, the Pun lab has
developed polySTING: a water-soluble copolymer with mannosylated monomers
targeting CD206+ DCs and a STING agonist prodrug monomer linked via cathepsin
B-cleavable valine-alanine linkers. This design leverages DC-specific mannose receptor
expression (CD206) for precise delivery. The NPSTING variant we have developed
further enables co-delivery of tumor antigens through pH-triggered nanoparticle
assembly, synchronizing antigen presentation with STING-mediated DC maturation.
This synchronized antigen presentation and STING activation enhances DC-mediated T
cell priming while minimizing off-target effects.

To surmount the delivery challenges associated with DC antigen presentation,
the Pun lab has developed a mannosylated virus inspired polymer for endosomal
release (Man-VIPER). VIPER is a self-assembling polymer that forms small micelles
around 40 nm at physiological pH, making it well-suited for efficient lymph node
drainage and uptake by DCs [5]. The platform is mannosylated, which means it displays
mannose residues on its surface, allowing it to specifically target the mannose receptor
(CD206) highly expressed on DCs. This targeting significantly enhances the delivery of
antigens directly to these key antigen-presenting cells, improving the likelihood of a
strong immune response.

A central feature of VIPER is its pH-responsive behavior. At neutral pH, VIPER
encapsulates both the antigen and a membrane-lytic peptide called melittin in its core,
shielding melittin’s disruptive activity and minimizing off-target toxicity. Once VIPER is
taken up by DCs and trafficked into the acidic environment of the endosome, the
polymer undergoes a conformational change that exposes melittin. This exposure
allows melittin to disrupt the endosomal membrane, releasing the antigen into the
cytosol where it can be efficiently processed for cross-presentation on MHC-I
molecules.

By co-delivering the antigen with a STING agonist as an adjuvant, VIPER
enables the combination of potent innate immune activation with efficient antigen
presentation, which is essential for robust and durable antitumor immunity. However,
because VIPER’s endosomal escape mechanism is triggered by the acidic pH of the DC
endosome, it is important to determine whether STING activation affects this process.
To address this, | have developed a protocol to measure endo-lysosomal pH in DCs



over time using both pH-sensitive and pH-agnostic rhodamine dyes conjugated to
dextrans. This will allow us to assess pH changes in DC endosomes to determine
whether STING will impact VIPER’s ability to release antigen into the cytosol, and to
optimize our delivery system for combined therapies.

The work done in this project is funded by an RO1 grant from the National
Institutes of Health. The purpose of R01 grant proposals is to fund research that
develops and finds knowledge in line with the NIH’s mission to develop resources and
knowledge that will enhance human health in a multitude of different ways [6]. My
project specifically involves the cure and prevention of cancer, and thus it falls under the
NIH’s goal to support research in the cure of human disease.

Literature Review

The community of scientists working to develop vaccines for cancer
immunotherapy has generally acknowledged the importance of cGAS-STING pathway
activation for the downstream release of type-one interferons, which promote maturation
and migration of DCs, bridging innate and adaptive immunity. Thus, various recent
studies have been done studying the effects of conjugating various groups to the STING
agonist and observing any cGAS-STING pathway activation for cancer immunotherapy.

Currently, efforts are focused on designing modified cyclic dinucleotide adjuvants
that are similar to the STING ligand cGAMP, and some have even progressed into
clinical trials. Specifically, expressing high levels of cyclic-di-AMP has been shown to
result in pro-inflammatory cytokine responses, which then indicate activation of the
STING pathway. The group that performed these experiments also reported high levels
of trained immunity across many other parameters in both murine and human primary
cells [7]. On the other hand, one group reported the development of an
amidobenzimidizole dimer compound that showed enhanced STING binding [8]. In fact,
intravenous injection of their designed homodimeric STING agonist showed complete
colon tumor regression that was lasting. At the end of their 43-day tumor reduction
study, 8 out of 10 mice presented as completely tumor-free. Another group that reported
a 100% survival rate after a 60-day tumor reduction study showed that the combination
of a STING agonist with anti-PD-1 antibodies showed great synergistic effects in tumor
eradication since T-cells were prevented from "turning off" without their PD-1 checkpoint
protein being active [9]. It is important to note though that prolonged immune checkpoint
blockade inhibitor treatment can lead to T cell exhaustion in some cases.

Another important part of STING activation for cancer immunotherapy is the
activation of tumor-associated macrophages, leading to the phagocytosis of cancer cells
by themselves or the recruitment of other important immune cells to eradicate the tumor
[10]. Activation of these tumor-associated macrophages via the STING pathway by the
commonly used cyclic-di-AMP, cyclic-di-GMP, or cyclic-GMP-AMP shows a very high
rate of activated macrophages polarizing from M2 to M1 types in vivo. M1-type
macrophages are pro-inflammatory and thus more effective for tumor response,
meaning that STING activation does in fact effectively activate macrophages for potent
antitumor efficacy [11 - 12]. Because M1-type macrophages are the only



pro-inflammatory type, for optimal immunity, the drug should only target M2-types for
repolarization. Many groups show success in this by targeting the CD206 receptor,
which is primarily expressed in only M2 macrophages. This has been done by tagging
drugs with mannose or mannose-like chemicals, since CD206 is in fact a mannose
receptor [13 - 14]. To test for drug uptake and macrophage repolarization, many studies
are utilizing RT-qgPCR by lysing tumor cells after in vivo inoculation and vaccine
introduction, to look for pro-inflammatory chemokine expression and markers for STING
activation in macrophages [15 - 16].

Emerging research also highlights that STING activation induces significant pH
alterations in key DC organelles, with implications for antigen processing and adjuvant
delivery systems. STING functions as a proton channel in human cells, mediating Golgi
lumen alkalinization through direct proton efflux during its trafficking from the ER to
Golgi compartments [17]. However, the alkalinization of Golgi-derived vesicles may
interfere with pH-sensitive drug delivery systems like VIPER nanoparticles, which
require acidic endosomal environments for optimal antigen release. These findings
underscore the need to characterize STING-mediated pH alterations when designing
combination therapies using pH-responsive nanocarriers and STING agonists.

Previous Work by Others

| am incredibly thankful to my collaborators in the Stayton lab for their continual
help with working through challenges involving conjugate chemistry and
copolymerization. In the past, they had been working to develop drug carriers for
targeting alveolar macrophages, using a self-coined "drugamer" platform consisting of
copolymerized hydrophilic mannose residues linked to their prodrug consisting of
enzyme-cleavable dipeptide or phenyl-ester links for controlled release and dosage.
After monomer development, RAFT polymerization was used to copolymerize the
prodrug and mannose monomers into a well-defined drugamer [18]. Their previous work
with optimizing mannose conjugation to the drug as well as developing methods to
incorporate controllable release properties for designated drug dosing can be
incorporated into my designed STING activating drug platform to test for and control any
cytotoxicity due to drug dosage.

Over the course of this project, the Pun lab has explored how the structural
properties of polymeric STING agonists shape therapeutic vaccine efficacy. In particular,
a pivotal experiment led by Dr. Kefan Song assessed the antitumor effects of VIPER
vaccine formulations adjuvanted with structurally distinct STING drugamers in the
aggressive B16-OVA melanoma model. C57BL/6 mice were inoculated with B16-OVA
tumor cells on day 0, and vaccinated subcutaneously on days 4, 11, and 18 with either
VIPER alone, VIPER plus free STING agonist, VIPER plus polySTING, or VIPER
combined with NPSTING—either co-micellized (VIPER-co-NPSTING) or as a separate
micelle (VIPER + NPSTING). Tumor volume and survival were monitored throughout
the study. While VIPER alone modestly slowed tumor growth, its combination with
polySTING or NPSTING significantly enhanced therapeutic efficacy. Notably, the free
STING agonist failed to improve survival despite eliciting T cell responses, underscoring
the importance of pharmacokinetics and targeted delivery. Mice treated with



VIPER-co-NPSTING showed the greatest tumor suppression and survival benefit,
highlighting the critical role of co-delivering both antigen and adjuvant within the same
nanoparticle. As it pertains to my project, the next step is to test if this co-delivery of
STING with VIPER would cause suboptimal effects due to pH changes induced to
targeted cells.

Materials and Methods
Synthesis of Polymers

The synthesis pathway for the STING Agonist-3 prodrug monomer is
summarized in Figure 1. Using the polymerizable mono-2-(methacryloyloxy)ethyl
succinate (SMA) moiety, the prodrug monomer was synthesized by incorporating the
cathepsin-B cleavable Val-Ala (VA) linker with a self-immolative para-aminobenzyl
alcohol (PABA) moiety to yield SMA-Val-Ala-PABA-STING Agonist-3 (SVA-PAB-STING).
The prodrug monomer product was characterized using 1 H NMR and mass
spectrometry. The targeted polymer prodrug “drugamer” polySTING was then
synthesized by copolymerizing SVA-PAB-STING with mannose ethyl methacrylate
(ManEMA). We confirmed by dynamic light scattering that polySTING is highly soluble
in aqueous solutions as unimers of up to 200 mg/mL in PBS. PolySTING is thus
designed for internalization by receptor-mediated endocytosis in CD206+ cells, followed
by endosomal cathepsin cleavage and release of the membrane permeable diABZI-type
STING Agonist-3 that can activate the cytosolic STING protein in these antigen
presenting cells.

a ) o
0 ‘ RAFT
- { A e (o} polymenzatlon
o= " O=( ' ]
( o ¥ T oMsod6 ‘
) ) Y % ECT, V70

42C, 22h

om /7
M o - X u CD206-mediated
b 0 o 3 o endocytosis
™ o —
C N N
HC H~4 | -~ 1N .
L lo { o=(_ ’ A
D b b ; :
RS b / = -
[} d N,
HO— J =0 i ‘
wo-4rid ! . (e
o™ o=( » D P— Cathepsin B- STING
HN N, r h > mediated drug
tha ate Back o 4 N L ) release i
-targ -
CD206* DC E&Q&(
Type I IFN

Figure 1. Design of a STING polymeric prodrug. (a-b) Chemical structures of
polySTING and NPSTING with NMR-determined degrees of polymerization
indicated, respectively. (c) Schematic of synthesis by RAFT polymerization. (d)



Schematic of STING polymer uptake by DCs, endosomal prodrug cleavage and
agonist release, and STING activation in DCs.

For the synthesis of NPSTING, ManEMA was combined with ECT, ABCVA
(ECT:ManEMA = 1:44.4, ECT:ABCVA = 1:20) in dry DMSO (2.5 wt% monomer), purged
with argon for 30 minutes, and reacted at 70°C for 4h with vigorous stirring. The
mannose CTA (ManCTA) was purified by 3x precipitation in 1:1 (v/v) acetone and diethyl
ether, dissolving in DMF in-between, and dried in vacuo for 2 days. Toa 5 mL
round-bottom flask with a stir bar, ManCTA, SMA-VA-STING, DIPAMA and V70
(ManCTA:SVA-VA-STING:DIPAMA:V70 = 1:5:33:0.25) was added as well as anhydrous
NMP as a solvent (20 wt% monomer). The solution was stirred until all solids were fully
dissolved. 8 pl of DMF was added (~1% v/v NMP) as an internal standard. A 20 pl
aliquot of the reaction mixture was taken as a reference for conversion NMR. The flask
was sealed with a septum and sparged with argon gas for 30 minutes. The mixture was
then allowed to react by stirring at 40°C for 20 hours, before being quenched by
introduction of air and chilling via an ice bath. The polymer was purified via dialysis in
DMSO for 3 days (2 solvent changes each day), and in cold water for 4 days (2-3
solvent changes each day) before lyophilization to yield a fluffy white powder (150 mg,
90% conversion, 87% yield from purification).

Phase 1: Preliminary Tube Protocol for Endosomal pH

DC2.4 cells were cultured in RPMI supplemented with 10% heat-inactivated FBS
and 1% Penicillin-Streptomycin (P/S). Hela cells were cultured in DMEM supplemented
with 10% FBS and 1% P/S. Cells were incubated at 37°C and 5% CO2. Fluorescein
isothiocyanate (FITC)- and Alexa Fluor 647-labeled 10,000 MW dextrans were
dissolved at concentrations of 10 mg/mL and 5 mg/mL, respectively. Cells were
counted, and aliquots of 3 x 10° cells were reserved for pH measurement at multiple
time points and 2 x 10° cells for the standard curve.

For the pH standard curve, cells were resuspended in 75 yL of prewarmed
conditioned complete medium containing 1 mg/mL FITC-dextran and 0.5 mg/mL
Alexa-647-dextran, and pulsed in a 37 °C water bath for 10 minutes. To halt
internalization, 1 mL of ice-cold PBS supplemented with 1% BSA was added, followed
by five washes with the same buffer to remove non-internalized dextran. Cells were
divided into four 1.5 mL tubes, each resuspended in a buffer of defined pH containing
0.1% Triton X-100 to equilibrate intracellular pH with the external buffer. After gentle
mixing, bead-associated fluorescence was immediately analyzed by flow cytometry.

For time course measurements, cells were resuspended in 112.5 uL of
prewarmed conditioned complete medium containing 1 mg/mL FITC-dextran and 0.5
mg/mL Alexa-647-dextran and pulsed at 37 °C for 10 minutes. The reaction was
stopped using 1 mL of ice-cold PBS with 1% BSA, followed by five washes to remove
extracellular dextran. Cells were then resuspended in 1 mL of prewarmed conditioned
complete medium and incubated at 37 °C for various chase time points prior to analysis



with flow cytometry. Data analysis was performed using FlowJo software (FlowJo, LLC),
with serial gating.

Phase 2: Optimized Tube Protocol for Endosomal pH

Cells were cultured as previously described. Fluorescein isothiocyanate (FITC)-
and Alexa Fluor 647-labeled 10,000 MW dextrans were dissolved at concentrations of
10 mg/mL and 5 mg/mL, respectively. Cells were counted, and aliquots of 6 x 10° cells
were reserved for pH measurement at multiple time points and 2 x 10° cells for the
standard curve.

For the pH standard curve, cells were resuspended in 75 pL of prewarmed
conditioned complete medium containing 1 mg/mL FITC-dextran and 0.5 mg/mL
Alexa-647-dextran, and pulsed in a 37 °C water bath for 10 minutes. To halt
internalization, 1 mL of ice-cold PBS supplemented with 1% BSA and 1% heparan
sulfate was added, followed by three washes with the same buffer to remove
non-internalized dextran. Cells were divided into four 1.5 mL tubes, each resuspended
in a buffer of defined pH containing 0.1% Nigericin and Valinomycin (X-1000) to
equilibrate intracellular pH with the external buffer. After gentle mixing and incubation at
37 °C for at least 5 minutes, bead-associated fluorescence was immediately analyzed
by flow cytometry.

For time course measurements, cells were resuspended in 112.5 uL of
prewarmed conditioned complete medium containing 1 mg/mL FITC-dextran and 0.5
mg/mL Alexa-647-dextran and pulsed at 37 °C for 10 minutes. The reaction was
stopped using 1 mL of ice-cold PBS with 1% BSA and 1% heparan sulfate, followed by
three washes to remove extracellular dextran. Cells were then resuspended in 1 mL of
prewarmed conditioned complete medium and incubated at 37 °C for various chase
time points prior to analysis with flow cytometry.

Phase 3: Finalized Protocol for DC Endosomal pH with STING Variant
Co-Treatment

DC2.4 cells were seeded into U-bottom TC-treated 96 well plates at 50,000 cells
per well in 80 yL of complete RPMI medium, and incubated at 37°C and 5% CO2
overnight. 10X Vaccine formulations for free, poly and NPSTING were created at 200
ug/mL in dPBS and sterile filtered using a 0.22 micron filter. In parallel, a 10X dextran
loading mixture was prepared containing 20 yL of 10 mg/mL FITC-dextran, 20 uL of
5 mg/mL Alexa Fluor 647-dextran, and 960 pL of complete RPMI medium. At designated
time points prior to analysis (5, 10, 20, 30, 60, 90, and 120 minutes), 10 yL of the 10X
dextran mixture was added to each corresponding well, along with 10 uL of either a 10X
vaccine formulation or PBS control. For standard curve generation, 10 yL of the 10X
dextran mixture and 10 pyL of PBS were added to the respective wells 60 minutes prior
to analysis. Plates were incubated at 37 °C until the final time point.

Following incubation, cells were washed three times with ice-cold PBS containing
1% BSA and 1% heparan sulfate (PBSA-HS) to remove non-internalized dextran. Cells



were then resuspended in 200 uL of either PBS (for analysis) or pH calibration buffers
supplemented with 0.2 pL of Nigericin/Valinomycin (V/N) membrane permeabilization
cocktail. Samples were transferred to flat-bottom 96-well plates and incubated at 37 °C
for 5 minutes before flow cytometric analysis.

Results and discussions
Assay Development

Following the analysis of my first and second assay trial, the calibration curve
was shown to be very close to linear as expected, with an increase in the intensity ratio
of FITC/A647 correlated with an increase in pH. Using this calibration curve to assign
pH values to FITC/AG47 intensity values recovered from the cells incubated for chase
time points, there was seemingly no change in acidity. In fact, there seemed to be a
stagnant plateau at pH 4.5 for all time-points. This is not the trend expected, since
literature tells us that over time, endosomal maturation into a lysosome results in lower
pH values due to proton trafficking into the vesicle [19]. Upon looking at the flow
cytometry plots, one of which is shown in Figure 2, we can see that instead of one
distinct population of cells and another of cell debris, there is one large cluster of data
points. This likely indicated that cell viability was low when samples were run on the flow
cytometer. The most reasonable cause of this would be the membrane permeabilizing
agent Triton X-100, which at high enough concentrations is known to lyse cells instead
of permeabilizing them [20]. Additionally, another possibility could be that since the
protocol calls for five washes, in the time it takes to complete these manual washes, all
the endosomes might have matured, which is why we only see one exceptionally acidic
value.



A Calibration Curve

DC Trial 1
y=07461x+-3.1101
34 R*=0.9761
C
2.5 Ve
z s
g 2
g 7
E
< 15 T
r s
1 &
0.5
0 r <
4 5 6 7 8 9 g
pH -
D
B Endosomal pH Over Time b
6=
54 T T T T T
0 200K 400K 600K 800K 1.0M
44
E 4 N
&3 @ FSC-A :: FSC-A vl [T
2 L
14
0
S SR S I

Incubation Time (mins)

Figure 2. Results from tube trial 1 with DCs. (a) Calibration curve generated from
analyzing membrane permeabilized cells suspended in various pH buffers of
known value. (b) pH values of time point incubated cells resulting from calibration
curve. (c) Flow cytometry plot of 70 minute incubation generated using FlowJo
software.

After this assay was run three times at N=2 and a stagnant pH of 4.5 with
potential cell death was observed each time, a switch was made to a valinomycin and
nigericin cocktail instead of triton X-100 to permeabilize the cells in a gentler way.
Additionally, instead of 5 washes, the cells were washed 3 times to reduce time in
between dextran uptake and analysis. In this wash buffer, heparan sulfate was also
added in order to serve as a competitive inhibitor of the dextrans, blocking non-specific
binding sites on the cell surface and washing away non-internalized dextrans.

A switch was made to using Hel a cells to further optimize this assay in a robust
cell line before making a return to DCs, because they are a non-standard cell line.



Calibration Curve

35 ® Tial4

y=03611x +-0.3827
R=0.9189

2.5

F/A Intensity
o o~
®
[ ]
[ ]
@]

14 1.0M =
T
0.5 800K
0 - J
3 4 5 6 7 8 9 < 600K
B pH ﬁ 400k
<
Endosomal pH Over Time 2 200
14 4 .
v T T T T T
12 4 o 200K 400K 600K BOOK 1.0M
10 4
) FSC-A :: FSC-A v T

pH

8
64 .
44
24
0 T

N P D e R

]
N

Incubation Time (mins)

Figure 3. Results from tube trial 4 with HelLa cells. (a) Calibration curve generated
from analyzing membrane permeabilized cells suspended in various pH buffers of
known value using V/N cocktail. (b) pH values of time point incubated cells
resulting from calibration curve. (c) Flow cytometry plot of 70 minute incubation
generated using FlowJo software.

Following the analysis of the data from the newly revised protocol in HelLa cells,
much higher cell viability was observed, as indicated by the two distinct populations in
the flow cytometry plot. The population with lower forward scatter and side scatter has
smaller size and lower granularity, and is therefore most likely cell debris. Therefore, the
other population was gated on for analysis, because it is thought to represent the live
HelLa cells. From the analysis, we see a nice transition in pH values, but instead of
seeing acidification we see the exact opposite. In fact, if the values were mirrored over
pH 7, they would encapsulate the theoretical values commonly used in literature for
endosomal pH. Looking at the raw numerical fluorescence data, it was observed that
over time A647 fluorescence was being quenched at a much higher rate than FITC,
leading to the high values in pH that we observe. Since both FITC and A647
fluorescence were decreasing when A647 was theorized to be stable, this points to



exocytosis as the culprit for the alkalinization we observe here. Though this protocol
fixed the viability issues encountered earlier, it inadvertently introduced a new issue with
the use of HelLa cells. Thus, this validates our switch back to DCs.

Olden et al. describe the use of a ratiometric method for intracellular pH
compartment measurement by incubating T cells in 48 well plates instead of tubes [21].
This would use less cell and dye concentration, as well as be easier to run with higher
throughput. Thus, the switch was made to incubate the cells in 48 well plates with the
dextrans, and then wash them all at once before flow cytometric analysis. In the first trial
using the plates, the calibration curve cells were incubated in the dextrans for 10
minutes, while the experimental cells were incubated at various chase time points prior
to washing and analysis.

Calibration Curve Endosomal pH Over Time
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Figure 4. Results from plate trial 1 with DCs incubated in 48 well plates. (a)
Calibration curve generated from analyzing membrane permeabilized cells
suspended in various pH buffers of known value using V/N cocktail. (b) pH values
of time point incubated cells resulting from calibration curve.

The resulting pH data from this trial shown in Figure 4 panel B depicts a nice
acidic trend over time, which is what was expected from the data. The actual values of
the pH, however, were not correct and the transition from the 10 minute to 120 minute
incubation was too steep to be believable. Taking a look at the raw numerical
fluorescent data for each of the fluorophores separately showed me that the calibration
curve cells had internalized far fewer A647 conjugated dextrans than the time point
cells. This was skewing the data to present the endosomes as more acidic than they
actually are. As a way to combat this, the next trial had the calibration curve cells
incubated at 60 minutes with the dextrans before analysis, since this time point is in the
middle of the most extreme groups measured in the experimental groups.
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Figure 5. Results from plate trial 2 with DCs incubated in 48 well plates. (a)
Calibration curve generated from analyzing membrane permeabilized cells
suspended in various pH buffers of known value using V/N cocktail. (b) pH values
of time point incubated cells resulting from calibration curve.

The trend we see in endosomal pH occurring in Figure 5 is exactly what was
expected from dendritic cells, where there is a steady increase in acidity over time due
to endosomal maturation. Additionally, the actual values of the pHs look to be
biologically relevant to what is generally expected of endosomes of other cell types,
further validating that this assay has worked [22]. Building upon the success of these
findings, we can increase the throughput of this assay to allow for the comparison of
different treatment groups and increase the sample size to bolster statistical power and
enhance the reliability of results. The natural way to do this would be to replicate the
plates by running multiple in parallel; however, due to the nature of flow cytometry this is
not easily achievable since each sample must be processed one at a time, which skews
the time in between dextran uptake between samples. Thus, | decided to scale the
assay to a 96 well plate format to allow for the measurement of multiple experimental
conditions at a time with a higher throughput on the same plate. This change required
scaling down the concentrations of cells, dyes and dextrans in a 1:3 ratio to account for
the change in volume between the 48 well plates and 96 well plates.
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Figure 6. Results from plate trial 3 with DCs incubated in 96 well plates. (a)
Calibration curve generated from analyzing membrane permeabilized cells
suspended in various pH buffers of known value using V/N cocktail. (b) pH values
of time point incubated cells resulting from calibration curve.

Following the analysis of the data from the newly revised protocol in 96 well
plates, we see data with resulting endosomal pH values that closely match the results of
trial 2 in 48 well plates. This is a clear indication that the values we are measuring are
biologically accurate and that the scaling to higher throughput methods worked. This
validates moving forward to testing the effects of variant STING treatment on
endosomal pH using this optimized protocol.
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Figure 7. Results from STING variant co-treatment with dextrans on DCs in 96
well plates (N=3)

Figure 7 presents the results of endosomal pH measurements in DCs co-treated
with various STING agonist formulations. Across all time points, the acidification profiles
for free STING, polySTING, and NPSTING groups followed a similar trend to the PBS
control, with a progressive decline in pH indicative of typical endosomal maturation.
Notably, while the general acidification trajectory was preserved, a modest delay in
acidification was observed in the NPSTING group relative to PBS, especially at earlier
time points (5 - 30 minutes). However, these shifts were not statistically significant and
did not reflect a complete inhibition or reversal of acidification.

These results suggest that immediate co-treatment with STING agonists does
not drastically disrupt endosomal pH homeostasis. This finding is encouraging for
STING/VIPER combination therapy, as it indicates that simultaneous delivery is unlikely
to interfere with VIPER’s pH-dependent membrane escape at the point of cellular
uptake. However, subtle differences in acidification kinetics hint at the possibility that
STING-induced signaling may require more time to fully impact vesicular behavior.
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Figure 8. Results from STING variant 30-minute pre-treatment with dextrans on
DCs in 96 well plates



Figure 8 shows the results of a 30-minute pretreatment of DCs with STING
agonists prior to dextran loading and endosomal pH analysis. Unlike the co-treatment
condition, pretreatment enabled STING-mediated signaling events such as IFN
production, metabolic reprogramming, or endosomal remodeling to initiate before
pH-sensitive uptake occurred. Under these conditions, a more noticeable delay in
acidification was observed, especially in the polySTING-treated group. The polySTING
condition maintained a higher endosomal pH across the 120-minute window compared
to PBS, although it is still a very minor difference.

These findings suggest that prior activation of STING signaling can very minorly
influence vesicle maturation or trafficking pathways, potentially by modifying endosomal
proton transport or altering membrane dynamics. This has important implications for
antigen delivery systems like VIPER that rely on acidic pH for cargo release. If STING
activation precedes antigen delivery, there may be diminished endosomal escape
efficiency, potentially reducing therapeutic efficacy. Therefore, treatment timing should
be carefully considered in combination therapies using pH-responsive nanocarriers and
immunostimulatory adjuvants.

Future Work

To build upon the findings of this project, several next steps can be proposed.
The immediate next step would be to complete triplicate flow cytometry runs of the 20
minute STING pre-treatment in order to compare endosomal pH modulation across
different groups using one-way ANOVA to assess statistical significance. Additionally,
we can find optimal STING pre-treatment timing by exploring the effects of different
pre-treatment durations (e.g., 15, 30, 60 minutes) on endosomal pH prior to dextran
exposure to assess temporal dynamics of STING-mediated pH modulation and
endocytosis. We can also implement an alternative fluorescence-based method (e.g.,
confocal microscopy or high-content imaging) to validate pH measurements and
spatially resolve intracellular compartments, strengthening confidence in the assay’s
output using an orthogonal fluorescence measurement method. Additionally, an avenue
to possibly go down would be to test any synergistic effects from having a
multi-adjuvant vaccine. Specifically, toll-like receptor (TLR) 9 activation has been shown
to aid in activation of the cancer killing cascade [29]. Thus, we can see if combining
TLR9 agonists with polySTING will induce a more potent anti-cancer response than
either treatments alone. We can also assess the impact of variant STING treatment on
VIPER release kinetics in DCs by performing mechanistic studies on how
STING-induced pH changes influence VIPER nanoparticle disassembly and
melittin-mediated endosomal escape, using various fluorescence dequenching or
release assays. These future directions will deepen our understanding of the interplay
between immune activation and intracellular drug delivery kinetics, and contribute to the
rational design of next-generation cancer vaccines with improved safety and efficacy.



Impact

The impact of this work has broad global implications. Enhancing tumor-specific
immune responses through targeting STING agonists to DCs could dramatically
improve the efficacy of immunotherapy for solid tumors. This will lead to better cancer
treatment outcomes and improved patient quality of life. This work is extremely relevant
to population health due to the fact that cancer virtually affects the entire population in
some way or another, transcending socio-cultural boundaries in the process.
Unfortunately, treatments for cancer such as chemotherapy can be extremely expensive
and cause a plethora of unpleasant side effects. Having a simple and effective vaccine
would lessen the burden of the cost and be less invasive, leading to increased
availability regardless of socioeconomic status.

From an environmental perspective, the polymer nanomedicine approach used in
this work reduces the amount of small molecule drugs needed for effective treatment,
which cuts down on chemical waste. Furthermore, the improved specificity of the drug
delivery to target tissues avoids the loss of drug through unspecific distribution and
accumulation in healthy tissues, further reducing the amount of drug needed. In a
societal context, making cancer treatment more accessible and less resource-intensive
overall will have a positive impact on communities and families dealing with cancer.
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