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Abstract

Dendritic cells (DCs) rely on glycolysis for their energy needs to induce pro-inflammatory
antigen-specific immune responses. Therefore, inhibiting DC glycolysis, while presenting the
self-antigen, may prevent pro-inflammatory antigen-specific immune responses. Previously we
demonstrated that microparticles with alpha-ketoglutarate (aKG) in the polymer backbone
(paKG MPs) were able to generate anti-inflammatory DCs by sustained delivery of the

aKG metabolite, and by modulating energy metabolism of DCs. Herein, we demonstrate that
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paKG MPs-based delivery of a glycolytic inhibitor, PFK15, using paKG MPs induces anti-
inflammatory DCs (CD86-°MHCII*) by down-regulating glycolysis, CD86, #fand /L-6 genes,
while upregulating oxidative phosphorylation (OXPHOS) and mitochondrial genes. Furthermore,
paKG MPs delivering PFK15 and a self-antigen, collagen type Il (bc2), /n vivo, in a collagen-
induced autoimmune arthritis (CIA) mouse model, normalized paw inflammation and arthritis
score, by generating antigen-specific immune responses. Specifically, these formulations were able
to reduce activation of DCs in draining lymph nodes and impressively generated proliferating
bc2-specific anti-inflammatory regulatory T cells in joint-associated popliteal lymph nodes. These
data strongly suggest that sustained glycolytic inhibition of DCs in the presence of an antigen can
induce antigen-specific immunosuppressive responses, therefore, generating a technology that can
be applicable for treating autoimmune diseases.
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immunoengineering; biomaterials; autoimmune diseases; drug delivery; immunometabolism

INTRODUCTION

While the etiology of several autoimmune diseases, including rheumatoid arthritis

(RA) is unknown and the pathological mechanisms that drive the disease can differ
between affected individuals, in all cases pro-inflammatory dendritic cells (DCs) and self-
reactive effector T lymphocytes (e.g. T helper 1 (Th1) and Th17 cells) are implicated

in disease pathogenesis[1,2]. Although DCs maintain adaptive immune responses by
presenting antigens to T cells for their activation and differentiation, in autoimmunity, pro-
inflammatory DCs develop and trigger autoimmune responses by presenting and priming
effector T cells to self-antigens[3-5]. In contrast, the presentation of a self-antigen by DCs
with an anti-inflammatory phenotype can lead to the expansion of antigen-specific T cells,
specifically regulatory T cells (Tregs — anti-inflammatory cell)[6-8]. Studies suggest that
imperfections in central and/or peripheral tolerance driven by DC-based responses, are one
of the leading causes in the failure of suppressing self-reactive effector T lymphocytes, and
development of autoimmunity[3,9,10]. Therefore, DCs illustrate a prime immune cell to
target for autoimmune therapeutic intervention[8].

Furthermore, pro-inflammatory DCs, which have increased costimulatory CD86 expression
for the activation of naive T cells, can infiltrate inflamed autoimmune tissues or

lymph nodes (LNs) to secrete pro-inflammatory cytokines (e.g. TNFa and IL-6) for

the differentiation of T cells into pro-inflammatory Thl and Th17 cells, which are
implicated in the pathogenesis of autoimmune diseases[1,2,11]. Notably, pro-inflammatory
immune cells, such as DCs (CD11c*CD86HIMHCII*) utilize glycolysis for cellular energy.
Interestingly, increased glycolytic activity in autoimmune tissues have been associated

to the progression of a number of autoimmune diseases such as RA, systemic lupus
erythematosus (SLE), multiple sclerosis (MS) and vasculitis[12—-15]. Pro-inflammatory DCs
require a significant amount of energy when mounting an inflammatory response against an
antigen (e.g. collagen in the case of RA), and therefore, utilize glycolysis for a higher rate
of adenosine triphosphate (ATP) synthesis[10,16,17]. On the contrary, anti-inflammatory
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DCs (CD11c*CD86-°MHCIIY) rely on the Krebs cycle and oxidative phosphorylation
(OXPHOS) for cellular energy[10,16,18]. Therefore, shifting energy production in pro-
inflammatory DCs from glycolysis to the Krebs cycle by reducing glycolysis may prevent
pro-inflammatory cellular phenotypes and subsequently reduce autoimmune symptoms.
Although the systemic delivery of glycolytic inhibitors may prevent pro-inflammatory
phenotypes, systemic inhibition of glycolysis can lead to global and non-specific

glycolytic inhibition[19,20]. Interestingly, the glycolytic enzyme 6-Phosphofructo-2-Kinase/
Fructose-2,6-biphosphatase 3 (PFKFB3), which regulates the glycolytic rate in several
immune cells that are responsible for the progression of RA, such as DCs and fibroblast-
like synoviocytes (FLSs), represents a novel target for glycolytic inhibition[12,21]. The
upregulation of the PFKFB3 enzyme has been observed and is correlated with synovial
inflammation in RA by promoting the destructive behavior of RA FLSs[12]. However the
systemic delivery of the transient glycolytic inhibitor, PFK15 (inhibits PFKFB3 enzyme),
decreased the chemotactic migration of RA FLSs in a RA collagen-induced arthritis (CIA)
mouse model[12]. Additionally, it has been demonstrated in a human rhabdomyosarcoma
(RD) cancerous cell line that the modulation of glucose metabolism can be achieved by
inhibiting PFKFB3 in cancer cells when delivering PFK158 (an analog of PFK15)[22].
Therefore, targeted inhibition of PFKFB3 in immune cells, such as DCs, may be beneficial
in decreasing inflammation and reducing global and toxic effects, while generating antigen-
specific responses. However, the effect of PFK15 on DCs has yet to be elucidated.

The metabolic reprogramming of pro-inflammatory DCs, using a transient glycolytic
inhibitor may partially block glycolysis while allowing the Krebs cycle to proceed, in

turn, this may induce anti-inflammatory DC phenotypes with lowering of co-stimulatory
CD86 expression, while producing anti-inflammatory cytokines for the induction of CD4*
Treas[1-3]. In fact, antigen-specific DC immunotherapies, using adoptive-transfer in mice,
has shown to be an effective approach in tolerizing self-reactive antigen-specific T cells,
while permitting the host’s immune system to identify other foreign antigens[23,24].
However, adoptive transfer can be a challenge to translate efficiently, economically and
safely (particularly when the transferred cells originate from another individual, in turn
risking the infliction of graft versus host disease)[25-28]. Thus, modulating T cell
responses by modulating the individuals own DC function /in vivo, may be a more viable
therapeutic approach for treating autoimmune diseases. However, to prevent non-specific
immune suppression and optimize the ability to deliver content to DCs, a biodegradable
carrier with encapsulating abilities would be needed to deliver the glycolytic inhibitor

and self-antigen[29-33]. Remarkably microparticles (MPs) can be synthesized from the
immunosuppressive Krebs cycle metabolite, alpha-ketoglutarate (aKG)[34], which, as

the MP degrades, aKG can fuel the Krebs cycle while simultaneously delivering its
encapsulated contents within DCs[35]. It is important to note that aKG can regulate

cell function, metabolism and growth. In fact, aKG controls amino acid production,
functions as a reactive oxygen species (ROS) scavenger, regulates G protein function
(therefore acting as a signaling molecule), and given that aKG is a homologue of
glutamine, it impedes protein catabolism, enhances nitrogen retention, and can operate as
an immunomodulatory molecule[36,37]. Additionally, aKG can promote collagen genesis by
regulating the stability of hypoxia-inducible factor (HIF)-1 and increasing the expression of
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prolyl hydroxylases (PHDs)[34,36,38]. Furthermore, aKG has shown to have prophylactic
benefit in murine colorectal cancer by preventing intestinal inflammation via the NF-xB
pathway[39]. The metabolic function of aKG in cells and organisms creates humerous
therapeutic interventions for remedying diseases. Therefore, modulating the level of the aKG
metabolite within pro-inflammatory DCs may alter synovial tissue cell responses and restore
homeostasis in the synovium for the treatment of RA.

Although standard immunosuppressants used to treat RA, such as, methotrexate (MTX),

and sulfasalazine, have modulatory effects on immunometabolism via folate metabolism[40-
43], these immunosuppressants generate non-specific and systemic immunosuppression.
However, antigen-specific therapies show promise in altering antigen-specific adaptive
immune responses and therefore may limit toxic global effects[44]. Moreover, subcutaneous
delivery of MPs form an injection site that has shown to attract antigen presenting cells
(APCs), such as DCs[45,46], for phagocytosis and for a potential subsequent modulation

of the adaptive immune responses. Therefore, the delivery of MPs creates a platform for
targeting immune cell types that are known to play a substantial role in autoimmunity.

Herein, we engineered immunosuppressive poly akKG (paKG) MPs to concurrently deliver
the glycolytic inhibitor, PFK15, and the CIA specific antigen, bc2 (bovine collagen type
IN[47], to CIA mice. It is hypothesized that as the paKG MPs degrade, the delivery of bc2
may permit DCs to present the antigen, while the delivery of PFK15 may reduce glycolysis
and CD86 expression in pro-inflammatory DCs. Additionally, the intracellular delivery of
PFK15 and aKG within DCs may act together to fulfill the Krebs cycle-mediated cellular
energy requirements, while potentially reducing pro-inflammatory glycolysis-mediated
cellular energy requirements for the induction of anti-inflammatory DCs. Furthermore, this
induction of anti-inflammatory DCs may lead to an induction of suppressive antigen-specific
T cell responses. This study demonstrates that the metabolic reprogramming of DCs, in

the presence of an antigen, generates anti-inflammatory DC and T cell responses for

the treatment of arthritis symptoms in CIA mice. Therefore, this MP technology may be
applicable to treating autoimmune diseases with a similar pathogenesis to RA.

MATERIALS AND METHODS

Fabrication of polymers

paKG polymers were generated using previously reported methodologies[35]. Briefly, a 1:1
mole ratio of ketoglutaric acid and 1,10-decanediol were added in a round-bottom flask.
Under vacuum, the contents were stirred at 130 °C for 2 hrs in the presence of SnCI2 as

the catalyst. The synthesized polymer was then precipitated and washed in methanol. The
residual methanol was then evaporated using a rotary evaporator.

paKG, paKG(PFK15), and paKG(PFK15+bc2) microparticle synthesis

Microparticles were generated using previously reported water-oil-water emulsion
techniques[48-50]. Briefly, 50 mg of paKG polymers were dissolved in 1 mL of
dichloromethane (DCM) (VWR, Radnor, PA). Microparticles consisting of PFK15
(Selleckchem, Houston, TX), included 1mg of PFK15 in the paKG and DCM mixture. This
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mixture was then combined with 10 mL of 2% polyvinyl alcohol (PVA) (Acros Organics,
Fairlawn, NJ) in DIH20 and homogenized at 30,000 rpm with a handheld homogenizer for 2
min.

In order to generate microparticles that consisted of bc2, 4mg of soluble bc2 (in 250ul acetic
acid) (Chondrex, Redmond, WA) was added to the paKG dissolved in DCM, and sonicated
for 1 min. The emulsion thus generated was then combined with 50 mL of 1 % PVA (and
stirred at 400 rpm for 3 hrs to evaporate DCM. The formed particles were centrifuged at
2000 x Gs for 5 min (Eppendorf, Hauppauge, NY). The supernatant was discarded and
resuspended in DIH20. This was repeated 3 times to remove any residual PVA. These
particles were then resuspended in 5 ml of DIH20, placed in =80 °C for a minimum of

2 hrs, and lyophilized for 48 hrs. The microparticles were stored at —20 °C and used for
subsequent experiments.

Microparticle characterization

Images of the microparticle were obtained with scanning electron microscope XL30
Environmental FEG - FEI at Erying Materials Center at Arizona State University. Moreover,
the size of the microparticles was determined by dynamic light scattering (Zetasizer Nano,
Cambridge, UK).

PFK15 encapsulation and loading efficiency

To measure the amount of PFK15 that was loaded and encapsulated within the paKG MPs
10 mg of the particles was dissolved in 100 uL of DMSQO. The absorbance of this solution
was measured at 370 nm using absorbance spectrophotometer (plate reader SpectraMax M5,
Molecular Devices, San Jose, CA). DMSO by itself and paKG particles not encapsulating
PFK15 were used for background subtraction.

bc2 loading and encapsulation efficiency

To measure the amount of bc2 that was loaded and encapsulated within the paKG MPs

10 mg of the particles was dissolved in 500 pL of DCM. The bc2 was then extracted by
adding 500 L of PBS, vortexing vigorously, and collecting the aqueous phase. This step of
extraction was repeated three times, and the PBS was combined together in an eppendorf
tube. A bicinchoninic assay (BCA) assay (Pierce, Thermo Fisher Scientific, Waltham, MA)
was utilized to measure the bc2 encapsulation and loading efficiency per the manufacturer’s
instructions. The loading efficiency of each batch was equated to the mass of bc2 measured
by absorbance per mass of MPs. The encapsulation efficiency of each batch of MPs was
equivalent to the actual loading divided by theoretical bc2 loading multiplied by 100.

Release kinetics of PFK15 and degradation rate of paKG-based microparticles

Release kinetics of PFK15 was determined by incubating the MPs in 1 mL of 0.2% Tween
80 (made in 1x phosphate buffered saline (PBS — pH 7.4)). Triplicates of each sample were
placed on a rotisserie rotator at 37 °C. The samples were centrifuged at 2000 x Gs for 5
min and 800 pL of the supernatant was carefully transferred to a new 1.5 mL centrifuge
tube (Eppendorf, Hauppauge, NY) and stored in =80 °C until use. The displaced 800 uL in
the original eppendorf tubes was replaced with 800 uL of new 0.2% Tween 80 buffer and
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placed on the rotisserie rotator at 37 °C. This was repeated on days 1-4, 6-8, and 10. The
degradation rate of the MPs was observed by studying the release kinetics of aKG from
each MP type. The release kinetics of aKG from paKG, paKG(bc2), paKG(PFK15), and
paKG(PFK15+hc?2) followed each of these steps, with the exemption of these MPs being
incubated in 1x PBS (pH 7.4) rather than in 0.2% Tween 80 made in 1x PBS (pH 7.4).

The release of PFK15 and aKG from the microparticles over the 10 day time period was
quantified by performing high-performance liquid chromatography (HPLC — Agilent Infinity
I1 1260, Santa Clara, CA). Specifically, for PFK15 release, a Gemini 18C column, 3 pm,

4.6 x 100 mm was utilized with the gradient mobile phase of 80:20 water:methanol, at 1
mL/min flow rate for 10 mins and the absorbance was performed at 330 nm. A standard
curve of PFK15 in 0.2% tween 80 was generated and the area under the curve was calculated
to quantify the concentration of the PFK15 released over a set time using the ChemStation
analysis software as per manufacturer’s directions. The release of aKG was quantified in a
mobile phase of water. A 50 pL of injection volume was utilized in a Gemini 18C column,

3 um, 4.6 x 100 mm (Agilent Technologies, Santa Clara, CA). A flow rate of 1.2 mL/min
for 10 mins was utilized and the absorbance was determined using a UV detector at 210 nm.
The area under the curve was determined to quantify the concentration of akKG using the
ChemStation analysis software as per manufacturer’s directions.

Release kinetics of bc2

Bc2 was conjugated to fluorescence isothiocyanate (FITC) and the FITC-labelled
paKG(bc2) and paKG(PFK15+bc2) microparticles were synthesized as described under
microparticle synthesis. Specifically, 4 mg of bc2 was incubated with 10 mg of FITC in 10X
PBS at 60 °C for 3 hours. Next, bc2 conjugated to FITC (bc2-FITC) was separated from
unconjugated FITC by precipitating bc2-FITC in acetone. Next, the precipitate was washed
in 1 mL acetone 3 times by centrifuging at 1000 x Gs, and then lyophilized to remove any
water content. This lyophilized bc2-FITC was then utilized to generate MPs.

The release kinetics of bc2-FITC from the MPs followed the method of PFK15 release
kinetics, with the exemption of these bc2-FITC MPs being incubated in 1x PBS (pH 7.4)
rather than 0.2% Tween 80 made in 1x PBS (pH 7.4). The release of the bc2-FITC from the
MPs over the 10 day time period was analyzed by measuring fluorescence of the releasates
at excitation 488 nm, emission 530 nm, using a SpectraMax M2/M2e microplate reader
(Molecular Devices, San Jose, CA).

Dendritic cell isolation and culture

Hematopoietic stem cells (HSC) were isolated from the bone marrow of 6-8 week-old
C57BL/6j mice in accordance with the institutional animal care and use committee (IACUC)
of Arizona State University for the approved protocol of 19-1712R. Immature BMDCs
were obtained from the isolated HSCs using a modified 10-day protocol[51-55]. Briefly, the
femur and tibia were extracted from the mice and placed in a wash media that consisted of
DMEM/F-12 (1:1) with L-glutamine (VWR, Radnor, PA), 10% fetal bovine serum (Atlanta
Biologics, Flowery Branch, GA) and 1% penicillin-streptomycin (VWR, Radnor, PA). The
bone marrow from the femur and tibia was flushed out with 10 mL wash media and pipetted
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to generate a homogeneous suspension. The homogenous suspension was then centrifuged at
300 x Gs for 5 mins and the supernatant was discarded. The cell pellet was then resuspended
in 3 mL of 1x red blood cell (RBC) lysis buffer for 3 mins at 4°C to lyse red blood cells.
The cell suspension was then centrifuged at 300 x Gs for 5 mins and was re-suspended in
DMEM/F-12 with L-glutamine (VWR, Radnor, PA), 10% fetal bovine serum, 1% sodium
pyruvate (VWR, Radnor, PA), 1% non-essential amino acids (VWR, Radnor, PA), 1%
penicillin-streptomycin (VWR, Radnor, PA) and 20 ng/ml recombinant mouse GM-CSF
(VWR, Radnor, PA) (DC media). The cell suspension was then transferred to a tissue
culture-treated T-75 flask (day 0) and incubated in 37 °C, 5% CO, incubator. On day 2

(48 hrs later), the floating cells from the flask were collected, centrifuged, re-suspended in
fresh media and seeded in 6-well low attachment plates (VWR, Radnor, PA) for 6 days.
Half of the media was replenished every other day. On day 8, the cells were lifted from the
low attachment plates by gently pipetting and seeding the cells on 96 well round bottom
tissue culture-treated polystyrene plates for 2 additional days before treating them (any cells
remaining on the 6 well low attachment plates were resuspended in 20 mM EDTA (made in
1x PBS) and incubated at 37 °C for 10 mins to be seeded on the 96 well plates). On day 10,
the cells were treated with either paKG MPs (0.1mg/mL), paKG(PFK15) MPs (0.1mg/mL),
paKG(PFK15+bc2) MPs (0.1mg/mL), soluble aKG (0.1mg/mL), diol (0.1mg/mL), soluble
bc2 (75 pg/mL), 0.1% DMSO, or PFK15 (200 nM). In order to test how each treatment
group would respond to inflammation, 1 pg/mL of LPS was also added to each condition.
No treatment and LPS alone were used as a control. The yield and purity of the DCs
(CD11c, MHCII and CD86) were determined with immunofluorescence staining and flow
cytometry.

Confocal microscopy

The modified 10-day protocol was followed to acquire mature BMDCs from HSCs[51-
55]. On day 10, 100,000 cells were seeded on a glass slide within 24 well plates and

were incubated for 24 hrs in 37°C. The cells were then treated with fluorescently labeled
rhodamine-paKG MPs and the nucleus was stained with DAPI. Samples were imaged

with a Nikon C2 laser scanning confocal microscope using a 60X, oil-immersion lens with
numerical aperture of 1.4. DAPI and fluorescently labeled rhodamine-paKG MPs were
excited with 405 nm and 561 nm lasers respectively, coupled with appropriate blue and red
channel emission detection. Fluorescent channels were scanned sequentially and transmitted
light from the 561 nm laser was used for differential interference contrast (DIC). Image
dimensions were 1024 x 1024 pixels scanned with a digital zoom of 2x. Z-stacks were
created in the same manner with a step size of 0.25 um between optical slices. Cells treated
with rhodamine-paKG MPs and untreated cells were used as negative imaging controls to
identify the signal of interest. Laser intensity and detector gain were adjusted to eliminate
background or autofluorescence and avoid pixel saturation. The Nikon software, Elements
was used to adjust the intensity scale, create orthogonal views, and convert images to 8-bit
TIFF format.

Mixed lymphocyte reactions

Spleen of 6-8-week-old BALB/c mice were isolated for mixed lymphocyte reaction (MLR)
studies. Cells were extracted from the spleen by applying firm pressure from a pestle against
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a cell strainer. The effluent was centrifuged at 300 x Gs for 5 min. The supernatant was
discarded and the splenocytes were then resuspended in 3 mL of 1x RBC lysis buffer for

3 min at 4 °C. The cells were then centrifuged at 300 x Gs for 5 min and the pellet

was resuspended in DMEM/F-12 with L-glutamine (VWR, Radnor, PA), 10% fetal bovine
serum, 1% sodium pyruvate (VWR, Radnor, PA), 1% non-essential amino acids (VWR,
Radnor, PA), and 1% penicillin-streptomycin (VWR, Radnor, PA). After resuspension, the
splenocytes were used in MLR and seeded with BMDCs from DBA/1j mice on day 10 of the
BMDC isolation protocol[51-55], shortly after the treatment of the cells. The splenocyte to
BMDOC ratio was 20:1 for 48—72 hrs. No treatment was used as a control.

Metabolomic LC-MS studies

Bone marrow from the femur and tibia of C57BL/6j mice were isolated to derive
BMDCs[51-55]. The cells were cultured in 6 well plates at 1 million cells per well. A
concentration of 50 pg/well of paKG MPs, or paKG(PFK15) MPs were added to the wells,
and no treatment was used as a control. Following 24 hrs of culture, the supernatant was
discarded, and the cells were washed with 2 mL of 37 °C 1x PBS. Immediately following
the PBS wash, 1 mL of 80:20 methanol:H20 (-80 °C) was added into the plates. The plates
were then kept on dry ice to assist in metabolite extraction. The cells were then scraped
with a cell scraper (VWR, Radnor, PA), and placed into eppendorf tubes. The samples were
centrifuged at 16,000 x Gs for 5 min at 4 °C (Eppendorf, Hauppauge, NY, USA). The
supernatant was transferred to a vial and completely dried using a speedvac concentrator.
The pellets were used to quantify the total protein using Nanodrop 2000 (ThermoFisher
Scientific, Waltham, MA, USA).

LC-MS/MS methods were performed using previous reported methodologies.[56—63]
Agilent 1290 UPLC-6490 QQQ-MS (Santa Clara, CA) system was used to perform LC-
MS. A total of 10 uL of the processed samples were injected twice. The injection of the
processed samples was analyzed using the negative and positive ionization modes. Both
chromatographic separations were performed in hydrophilic interaction chromatography
(HILIC) mode on a Waters XBridge BEH Amide column (150 x 2.1 mm, 2.5 um particle
size, Waters Corporation, Milford, MA). The following settings were utilized in these
studies: 0.3 mL/min for the flow rate, 4 °C for the auto-sampler temperature, and 40 °C for
the column compartment. The mobile phase consisted of Solvents A - 10 MM ammonium
acetate, 10 mM ammonium hydroxide in 95% H,0/5% ACN and Solvent B - 10 mM
ammonium acetate, 10 mM ammonium hydroxide in 95% acetonitrile (ACN)/5% H,0.
Following the initial 1 min isocratic elution of 90% of solvent B, the amount of Solvent B
decreased by 40% at t=11 min. The make-up of Solvent B was consistently at 40% for 4 min
(t=15 min) and then steadily increased to 90% for the next injection.

The mass spectrometer also has an electrospray ionization (ESI) source. Multiple-reaction-
monitoring (MRM) mode was used for targeted data acquisition with a total of ~320 MRM
transitions between negative and positive modes. Agilent Masshunter Workstation software
(Santa Clara, CA) controlled the LC-MS system, and Agilent MassHunter Quantitative Data
Analysis (Santa Clara, CA) was used to integrate the extracted MRM peaks.
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Seahorse assay

The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) of
BMDCs were determined with the Seahorse Extracellular Flux XF-96) analyzer (Seahorse
Bioscience, North Billerica, MA) as previously described[64]. Briefly, cells were seeded at
50,000 cells per well in Seahorse XF-96 plates and treated with 10 pg/well of paKG MPs,
paKG(PFK15) MPs, or soluble aKG with or without 1 ug/mL of LPS. These conditions
were cultured for 24 hrs prior to isolating the intracellular metabolites. The media was
then removed and replaced with DMEM in the absence of glucose. Injections of D-glucose
(10 mM), oligomycin (1 mM), and 2-deoxyglucose (100 mmol/L) were then performed.
Glycolysis was quantified by the ECAR after the injection of D-glucose and the maximum
glycolytic capacity was a measurement of the ECAR after the injection of oligomycin. The
measurement of ECAR after the injection of 2-deoxyglucose represented non-glycolytic
activity. There were 10 technical replicates of the samples.

For analysis, the paKG MPs and paKG(PFK15) MPs were normalized to protein amount and
compared to the no treatment control.

Flow cytometry

RNA Seq

All immunofluorescence antibodies were purchased and used as is (BD biosciences, Tonbo
Biosciences, Biolegend, Thermo Scientific, Invitrogen). The 0.1% flow staining buffer was
prepared by mixing 0.1% bovine serum albumin (VWR, Radnor, PA), 2mM Na,EDTA
(VWR, Radnor, PA) and 0.01% NaN3(VWR, Radnor, PA) in DIH20. Fixable dye eF780
(ThermoFisher Scientific, Waltham, MA, USA) was used for live/dead staining. Flow
cytometry was completed by following the manufacturer’s guidance of the Attune NXT
Flow cytometer (ThermoFisher Scientific, Waltham, MA, USA) in the Arizona State
University’s flow cytometry core.

BMDC'’s were derived using the modified 10-day protocol[51-55] and were treated

with paKG-based MPs on day 10. RNA was extracted using an RNA purification kit
(Invitrogen, Thermo Fisher Scientific, Waltham, MA). RNA-seq reads for each sample
were quality checked using FastQC v0.11.8 and aligned to the mouse genome build 38_89
(Ensembl_GRCm38_89) top level assembly using STAR v2.5.3a. A series of quality control
metrics were generated on the STAR outputs. Stringtie-1.3.6 was used to report read counts,
FPKM values (Fragments Per Kilobase of transcript per Million mapped reads) and TPM
(Transcripts Per Million). Differential expression (DE) analysis was performed with EdgeR
package from Bioconductor v3.2 in R 3.6.2. Multi-dimensional scaling (MDS) plot was
drawn by plotMDS, in which distances correspond to leading log-fold-changes between
samples. EdgeR applied an overdispersed Poisson model to account for variance among
biological replicates. Empirical bayes tagwise dispersions are also estimated to moderate the
overdispersion across transcripts. Then a negative bionomial generalized log-linear model
was fit to the read counts for each gene for all comparison pairs. For each pairwise
comparison, genes with false discovery rate (FDR) <0.05 were considered significant

and log2-fold changes of expression between conditions (logFC) were reported. FDR was
calculated following Benjamini & Hochberg (1995) procedure, the expected proportion of
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false discoveries amongst the rejected hypotheses. The false discovery rate is a less stringent
condition than the family-wise error rate, so these methods are more powerful than the
others.

Biodistribution studies of microparticles

paKG MPs were crosslinked with coumarin fluorescent dye (highly hydrophobic dye) and
were injected subcutaneously in C57BL/6j (n=2) mice to observe the DC and macrophage
infiltration in the injection site and the trafficking of the particles to the LNs. Mice were
injected with 1 mg of paKG-coumarin particles near the hind legs. After 24 hrs, mice were
sacrificed and the draining ING LNs, control cLNs, and injection sites were isolated and
stained for CD11c, CD11b, and F4/80. Antibody staining was analyzed with flow cytometry.

CIA induction

The IACUC of Arizona State University approved animal studies regarding rheumatoid
arthritis protocol number: 19-1712R. Eight to ten week old male DBA/1j (Jackson
Laboratories) mice were injected with complete Freund’s adjuvant (CFA) + bc2 emulsion
on day 0, and on day 21 booster. incomplete Freund’s adjuvant (IFA) + bc2 was injected
one-third of the way down the tail. Mice were placed in a restrainer for CFA and IFA
injections and tails were sanitized with alcohol swabs prior to the injections. Additionally,
mice received an intraperitoneal injection of LPS on day 28 to synchronize and trigger the
onset of the disease.

CIA measurements and treatment studies

Baseline weights, paw thickness measurements and paw photos (for arthritic scores) were
obtained. Weights were captured 1-3 times a week to assure mice were within a healthy
weight range. Paw thickness measurements and paw photos were collected 1-3 times a
week starting from day 21 to the end of study. Paw thickness measurements were performed
using Vernier calipers. Paw photos were obtained for arthritic scores with a scale of 0 to 6
where a score of 3 or higher represented moderate or severe arthritis. CIA treatment mice
were subcutaneously injected with 0.5 mg of paKG(PFK15+bc2) MPs, paKG(PFK15) MPs,
paKG, or 1x PBS (50 pL) near the right and left hind leg on day 35 and day 40. The ING
LNs, pLNs, cLNs, injection site and spleen were harvested to analyze T cell responses, ex
vivo recall reactions, and DC and macrophage responses.

Recall reaction ex vivo culture

Recall reactions were performed on cells isolated from the cLN and spleen. Plates were
coated with anti-CD3 (1 ug/mL) and either incubated in 4°C overnight or, for 2 hrs at 37

°C. Anti-CD3 was then removed with a multichannel pipettor and rinsed with 1x PBS twice.
After the removal of PBS, cells from the extracted organs were isolated, incubated for 3
mins at room temperature in 1x RBC lysis buffer, and approximately 10° cells/mL were
seeded. Anti-CD28 (2 pg/mL) and IL-2 (10 ng/mL) were added to stimulate the seeded cells.
Cells were cultured for 48—72 hrs prior to antibody staining and flow cytometry.
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Statistical Analysis—Data are expressed as mean + standard error. Comparison
between two groups was performed using Student’s t-test (Microsoft, Excel). Comparisons
between multiple treatment groups were performed using one-way ANOVA, followed

by Bonferroni multiple comparisons, and p-values of 0.05 was considered statistically
significant (GraphPad Prism Software 6.0, San Diego, CA)

PFK15 reduces glycolysis and reduces co-stimulatory CD86 expression in bone marrow-
derived DCs in vitro

In this study, the ability of PFK15 to reduce glycolysis in bone marrow-derived DCs
(BMDCs) in the presence or absence of lipopolysaccharide (LPS, mimicking inflammation
in vitro) was tested (Figure 1a). To assess this, the extracellular acidification rate (ECAR,
representative of glycolysis) of BMDCs was determined by extracellular flux assays.
BMDCs treated with LPS only and no treatment were used as controls. It was observed
that, in the presence of LPS, PFK15 significantly lowered glycolysis (ECAR) in BMDCs as
compared to LPS alone. Interestingly, ECAR in BMDCs treated with PFK15 alone was not
significantly different than no treatment (Figure 1b). These data show that, in the presence
of LPS, PFK15 reduces glycolysis in BMDCs, whereas, in the absence of LPS, PFK15 does
not affect BMDC glycolysis.

Next, using flow cytometry, it was assessed if the changes in BMDC glycolytic rates can
affect surface co-stimulatory CD86 expression in BMDCs. In this study, pro-inflammatory
DCs were defined as the frequency of CD86HIMHCII* of CD11c* cells and anti-
inflammatory DCs were defined as CD86-°MHCII* of CD11c* cells. It was observed
that PFK 15, with and without LPS, reduced CD86 expression /n vitroin CD11ct BMDCs
when compared to LPS and no treatment groups (Figure 1c, Figure Sla, Table 1). It was
also observed that PFK15, in the presence of LPS, significantly decreased the frequency
of CD86HIMHCII* of CD11c* BMDCs by approximately 8-fold when compared to LPS
alone treatment. Similarly, in the absence of LPS, PFK15 also significantly decreased

the frequency of the pro-inflammatory BMDC populations as compared to no treatment
(Figure 1d). Interestingly, PFK15, with and without LPS, did not significantly impact
anti-inflammatory BMDC populations as compared to LPS and no treatment, respectively
(Figure S1b). Overall, these data suggest that PFK15 can suppress CD86 expression in
BMDC:s in vitroand can also reduce glycolysis in BMDCs in the presence of LPS.

PFK15 is encapsulated in paKG-based MPs to simultaneously deliver aKG and PFK15 to

DCs

In order for PFK15 and aKG to act on the same DC, PFK15 and aKG would need to be
delivered together. Our prior work demonstrated, /n vitro, that paKG MPs, can associate
with DCs and release aKG in a sustained manner as the MP degrades via hydrolysis

of the ester bonds [35,65]. Importantly, this technology can be designed to encapsulate
desired materials for delivery[35]. Therefore, encapsulating PFK15, to inhibit glycolysis,
within the paKG MPs, for the simultaneous delivery of aKG, may allow for Krebs cycle-
mediated cellular energy and OXPHOS in DCs. This approach may potentially inhibit
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pro-inflammatory DC function and favor anti-inflammatory DC phenotypes. To test this,
the hydrophobic PFK15 molecule was encapsulated in paKG MPs (termed paKG(PFK15)
MPs) using water-in-oil emulsion techniques. The morphology and heterogeneity of pakKG
and paKG(PFK15) MPs were confirmed by scanning electron microscopy (SEM). MPs
displayed spherical shapes with a smooth surface morphology (Figure 2a). The average
diameter of the paKG MPs was 2.3 + 0.3 um and paKG(PFK15) MPs was 1 + 0.1 pm, as
determined by dynamic light scattering (DLS) (Figure S2a). The percentage encapsulation
efficiency of PFK15 within paKG MPs was 68% and loading was 17 + 4 ug/mg of paKG
MPs. The cumulative release kinetics of PFK15 from paKG(PFK15) MPs demonstrated a
release of 17.7 + 5.7 pg/mg of paKG MPs by day 10 (Figure S2b).

Furthermore, paKG MP endotoxin levels were determined to be <0.01 EU/mL, therefore,
suggesting minimal effect on DC activation[35]. Overall, these data suggest that paKG MPs
may be a feasible approach to simultaneously deliver PFK15 and aKG.

BMDCs phagocytose paKG-based MPs in vitro

In order for paKG(PFK15) MPs to modulate DC function, paKG MPs need to be
phagocytosed by DCs to deliver PFK15 and aKG intracellularly (Figure 2b). Confocal
imaging demonstrated that pakKG MPs encapsulating rhodamine 6G, a fluorescent dye, can
be internalized by BMDCs as observed by images containing magenta (paKG(rhodamine
6G) MPs) and blue (nucleus of BMDCs) (Figure 2c). Additionally, live/dead viability
stains, as observed by flow cytometry, confirmed that the 0.01 mg/mL concentration of
paKG-based MPs that were added to the BMDC cultures were non-toxic[35]. In all, these
data demonstrate that BMDCs can phagocytose paKG-based MPs i vitro.

paKG(PFK15) MPs reduce BMDC glycolysis and alter metabolic pathways

Since metabolites can control DC function[18], and since it was observed that PFK15 alone
can modify the glycolytic rate and activation of pro-inflammatory BMDCs, the effect of
delivering PFK15 in paKG MPs on the intracellular metabolic profile of BMDCs needs

to be investigated. To test this, extracellular flux assays and metabolomic studies were
performed. BMDCs with LPS and no treatment were used as controls. It was observed that,
paKG(PFK15) MPs, significantly decreased glycolysis (ECAR) in BMDCs treated with LPS
by approximately 2-fold, as compared to LPS alone. Similarly, paKG(PFK15) MPs, without
LPS treatment, also significantly decreased glycolysis by approximately 5-fold, as compared
to no treatment (Figure 2d). Together, these data demonstrate that PFK15 encapsulated in
paKG MPs can reduce glycolysis in BMDCs.

Next, the ability of paKG(PFK15) MPs to impact metabolite accumulation and metabolic
pathways, other than glycolysis, in BMDCs was investigated. Using liquid chromatography
targeted mass spectrometry (LC-MS/MS), it was determined that the delivery of PFK15
from paKG MPs significantly affected 28 metabolites out of the 299 intracellular
metabolites tested, as compared to no treatment. Additionally, 34 out of the 299 intracellular
metabolites tested were affected when comparing paKG(PFK15) MPs to pakKG MPs. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database and metabolite intensities
were utilized to identify the metabolic pathways that were the most impacted and an
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interactive visualization framework was constructed to visualize the relevant pathways. The
metabolic pathways that had an impact value > 0.2 or —log (p) > 1.0 were determined

as the pathways most significantly affected. When comparing paKG(PFK15) MPs to no
treatment, 9 metabolic pathways in BMDCs were significantly impacted with a ~2-5

fold alteration in 28 metabolites within amino acid metabolism, carbohydrate metabolism,
ascorbate and alderate metabolism, and pathways involved in metabolism of cofactors and
vitamins (Figure 2e). Furthermore, when comparing pakKG(PFK15) MPs to paKG MPs, 34
metabolites were significantly impacted in BMDC metabolic pathways involved in amino
acid metabolism such as histidine metabolism; glutathione metabolism, arginine and proline
metabolism; alanine and aspartate and glutamate metabolism (Figure 2f). In all, these data
demonstrate that paKG(PFK15) MPs modulate BMDC metabolism by directly changing the
intracellular metabolite profile.

paKG(PFK15) MPs alter genes encoding pro- and anti- inflammatory responses in BMDCs

In order to understand the relation between the phenotypic changes observed in BMDCs to
cellular signaling pathways, RNA-seq on treated BMDCs was performed. When comparing
paKG(PFK15) MPs vs. no treatment, volcano plots demonstrated an upregulation in protein
coding (mt-Atp8, log2 fold change: 4), Mt-tRNA (mt-Th, log2 fold change: 3), and
pseudogenes that are unprocessed (Gm13339, log2 fold change: 4) and processed (Gm4076
(log2 fold change: 3) and Gm17149(log2 fold change: 4)). Furthermore, these volcano plots
highlighted an upregulation and enrichment of the electron transport chain (ETC) (adjusted
(adj.) p-value: 3.6e-15), oxidative phosphorylation (adj. p-value: 1.1e-10), and mRNA
processing (adj. p-value: 5.6e-05) when comparing paKG(PFK15) MP treated BMDCs to
no treatment (Figure 2g). Moreover, pathways such as the metabolic pathway, transcription
factor pathways and wikipathways demonstrated an inverse relation in gene expression when
comparing paKG(PFK15) MP treated BMDCs to no treatment. These gene sets within
paKG(PFK15) MP treated BMDCs, were associated with immune response pathways that
are involved in increasing anti-inflammatory metabolite formation and fatty acid oxidation,
and decreasing pro-inflammatory associated genes related to glycolytic processes, toll-like
receptor signaling and cytokines and inflammatory responses. An upregulation of genes
that encoded ETC, TGF signaling pathway, and glutathione metabolism in paKG(PFK15)
MPs were of particular relevance. Furthermore, BMDCs treated with paKG(PFK15) MPs
demonstrated a downregulation in genes related to pro-inflammatory responses, such as
genes encoding 7nf, pfkfb3, HIF1a and several genes associated with the IL-6 signaling
pathway (Figure 2h). In all, RNA-seq data demonstrated that paK G(PFK15) MPs modulate
immune responses in BMDC’s by altering the expression of genes that are involved in pro-
and anti-inflammatory immune processes.

ClA-associated antigen, bc2, is encapsulated within paKG(PFK15) MPs to reduce bc2-
driven inflammation in the paws of CIA mice

The ClA-associated antigen, bc2, was encapsulated within paKG(PFK15) MPs (termed
paKG(PFK15+hc2) MPs) to generate antigen-specific immune suppression via glycolytic
inhibition for the treatment of RA in CIA mice. Bc2 is the antigen that triggers RA
symptoms in the CIA mouse model[47], thus, retraining the immune system to tolerate
bc2 may reinstate immune tolerance in CIA mice. This may be achieved /n vivo by
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delivering bc2 to anti-inflammatory DCs that sustain energy from the Krebs cycle (attained
by delivering aKG) and, concurrently, have a reduced energy reliance on glycolysis (attained
by delivering PFK15). Therefore, PFK15+bc2 was encapsulated in paKG MPs using water-
oil-water emulsion techniques, for the potential simultaneous delivery of aKG, PFK15, and
bc2 to the same DC as the MP degrades. paKG MPs encapsulating bc2 (termed paKG(bc2)
MPs) were synthesized, using water-oil-water emulsion techniques, and utilized as a control.

SEM analysis demonstrated that paKG(bc2) and paKG(PFK15+bc2) MPs were more porous
than the paKG and paKG(PFK15) MPs (Figure S2c, Figure 3a). DLS determined the
average diameter of the paKG(bc2) MPs to be 1.0 £ 0.1 um and the paKG(PFK15+bc2)
MPs to be 1.5 + 0.2 um (Figure S2a, Figure 3b). The percentage encapsulation efficiency

of bc2 was 54.9% and the percentage encapsulation efficiency of PFK15 was 47.4%.
Additionally, the loading of bc2 was 13.7 + 36.7 ug/mg of MPs and the loading of PFK15
was 11.8 £ 10.9 pg/mg of paKG MPs. The cumulative release kinetics of PFK15 from
paKG(PFK15+hc2) MPs demonstrated a release of 29.7 + 3.0 ug/mg of pakKG MPs by

day 10 (not significantly different than PFK15 release from paKG(PFK15) MPs - Figure
S2b) and release kinetics of the FITC-labelled bc2 from paKG(bc2) and paKG(PFK15+bc2)
MPs demonstrated a sustained cumulative release of bc2 over a 10 day time period (no
significant differences between the release of the FITC-labelled bc2 from the paKG(bc2)
and paKG(PFK15+bc2) MPs - Figure S2d). Furthermore, each of these paKG based

MPs demonstrated a constant degradation rate, as observed by the release of aKG over

a 10 day time period. paKG(PFK15) MP degradation was significantly different than
paKG(PFK15+bc?2) degradation from days 1-10 and paKG(bc2) MP degradation was
significantly different than paKG(PFK15+bc2) MPs on day 8. Significance was compared
against paK G(PFK15+hc2) MPs (Figure S2e).

To determine if the metabolic inhibition in the presence of the bc2 antigen can reverse RA
symptoms /n vivo, the CIA model in DBA/1j mice was utilized. The severity of the arthritis
was determined by an arthritic score on a scale of 0 to 6. A score of 3 or higher signified
moderate arthritis. Mice were administered 0.5 mg of either empty paKG MPs, paKG(bc2)
MPs, paKG(PFK15) MPs, or paKG(PFK15+bc2) MPs subcutaneously, near each hind leg
on day 35 (an average arthritic score of 3) and day 40 (Figure 3c). Injections of phosphate
buffered saline (PBS) were used as a no treatment positive control and mice with no CIA
were used as a negative control. Since the treatments were administered near the two hind
legs, the back paws of the mice were denoted as the local physiological measurements and
were observed to determine the local effects of the disease and treatment. The front paws
of the mice were observed to determine the systemic effects of the disease and treatment.

It was determined that the percent change of the back paw thickness, after the day 35
treatment of paKG(PFK15+bc2) MPs was significantly lower than no treatment on days 52
till the end of the study, day 69 (Figure 3d). Moreover, when comparing arthritic scores,

it was observed that, after the day 35 treatment, the paKG(PFK15+bc2) MP treated mice
also had significantly lower arthritic scores than untreated mice on days 39, 56, 62, 63

and the end of study measurement, day 65 (day 65 back paw score was 0.3) (Figure 3e).
Notably, the decrease in back paw thickness of paKG(PFK15+bc2) MP treated mice was
highest when compared to all the paKG-based MP control groups, except for paKG(PFK15)
MP treated mice (Figure S3). Whereas the decrease in back paw arthritic scores were less

Biomaterials. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mangal et al.

Page 15

in all control paKG-based MP treatment groups as compared to paKG(PFK15+bc2) MP
treated mice (Figure S4). Moreover, it was observed that the front paws of mice treated

with paKG(PFK15+bc2) MPs on day 56 demonstrated decreased swelling as compared to
no treatment, and paKG MP, paKG(bc2) MP, and paKG(PFK15) MP treated mice (Figure
3f), suggesting a systemic response within 3 weeks of the first treatment. These data suggest
that local injections of paKG(PFK15+bc2) MPs are a viable strategy to systemically treat
RA. Furthermore, the reduction in paw swelling, in the paKG(PFK15+hbc2) MP treatment
group, indicates that the delivery of PFK15+bc2 via paKG MPs may induce antigen-specific
immune suppression via glycolytic inhibition in DCs in a CIA mouse model.

DCs and macrophages infiltrate MP injection site and traffic MPs to LNs within 24 hrs

The modulation of physiological measurements in paKG(PFK15+bc2) MP treated mice in
a CIA mouse model may indicate that the DCs are interacting with the paKG(PFK15+bc2)
MPs for the generation of antigen-specific immune suppression. To test if DCs are indeed
phagocytosing the MPs /n vivo, paKG MPs were crosslinked with a coumarin (blue) dye
and were subcutaneously injected near each hind leg of healthy C57BL/6j mice. Mice were
sacrificed 24 hrs after the treatment injections and the injection sites, draining LNs (dLNSs)
(inguinal LNs (ING LNSs) — located in the abdominal region) and control cervical LNs (cLNs
— located in the neck) were harvested. As observed by flow cytometry, CD11c* DCs and
CD11b*F4/80" macrophages invaded the site of injection and phagocytosed paKG MPs
within the injections site, as observed by coumarin*CD11c* (graphically represented by
dark blue) and coumarin*CD11b*F4/80* cell populations (graphically represented by light
blue) (Figure S5a, Table 1). Moreover, the DCs and macrophages carried the particles to
the ING dLNs, where an increased amount of coumarin® DCs and coumarin®™ macrophages
were observed in the ING dLNs as compared to the control cLNs (Figure S5b, Table 1).
Overall, these data suggest that the local subcutaneous injections of MPs in vivo, caused
CD11c™ cells to infiltrate the injection site and traffic these MPs to the LNs for a systemic
modulation of DC responses.

paKG(PFK15+bc2) MPs increase the frequency of CD86-°MHCII* BMDC populations in

vitro

Since DCs indeed phagocytose paKG-based MPs /in vivo, it was hypothesized that the
observed reduction in paw swelling in the CIA mice treated with paKG(PFK15+bhc2) MPs,
may be due to the paKG(PFK15+bc2) MPs modulating DC function (Figure 4a). Therefore,
the effect of paKG(PFK15+hc2) MPs on cultured BMDCs, in the form of altered CD86
expression in CD11c™* cells, was tested /in vitro. BMDC cultures were treated with the
paKG(PFK15+bc2) MPs, and no treatment, paKG MPs, paKG(bc2) MPs, paKG(PFK15)
MPs and LPS conditions were used as controls. It was observed that paKG MPs, paKG(bc2)
MPs, paKG(PFK15) MPs and paKG(PFK15+bc2) MPs with LPS reduced CD86 expression
in CD11c* cells when compared to LPS alone condition (Figure 4b, 4c, 4d and 4e separated
into four graphs for ease of visualization. The no treatment and LPS group remained
consistent in each of the four graphs.). Specifically, paKG(PFK15+bc2) MPs, with LPS,
significantly decreased CD86 expression in CD11c* cells by approximately 9-fold when
compared to LPS alone (Figure 4f). Moreover, BMDCs treated with paKG(PFK15+bc2)
MPs, significantly increased the frequency of CD86-°MHCII* BMDCs when compared

Biomaterials. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mangal et al.

Page 16

to no treatment (Figure 4g). Furthermore, all paKG-based MPs, in the presences of LPS,
demonstrated significantly lower CD86HIMHCII* BMDC frequencies as compared to LPS
alone (Figure 4h). In all, these data suggest that the delivery of PFK15+bc?2 via paKG

MPs can decreased CD86 expression for an increased frequency of CD86-°MHCII* BMDC
populations /n vitro.

The combinatorial delivery of paKG and PFK15 decreases CD86 expression of CD11c”*
cells in the injection sites of CIA mice

Since /n vitro BMDC studies demonstrated that the combinatorial delivery of pakKG

and PFK15 can decrease CD86 expression as well as suppress pro-inflammatory gene
expression, it was hypothesized that the simultaneous delivery of paKG and PFK15 can
also lead to a modulation in the expression of CD86 in CD11c* cells in vivoin CIA

mice. CIA induced mice treated with paKG(PFK15+bc2) MPs were euthanized on day

70 and flow cytometry was performed on the treatment injection sites and the ING LNs.
The LNs are crucial secondary lymphoid organs where DCs and T cells engage for the
initiation of adaptive cell immunity[66]. Therefore, if DCs are modulated in the LNs then
this may lead to an eventual modulation in T cell responses as well. However, for this to
occur, DCs would need to first infiltrate the MP injection sites and traffic the MPs to the
LNs. Therefore, the treatment injection sites were examined to assess if CD11c* or F4/80*
(macrophage marker) cells infiltrate the injection sites in CIA mice. Since macrophages
are professional phagocytes, they were utilized for comparison. It was observed that mice
treated with paKG-based MPs had an infiltration of CD11c* and F4/80" cells (Figure S6).
Furthermore, the injection sites of mice treated with an MP formulation consisting of both
paKG and PFK15, demonstrated significantly lower percentages of CD86 expression in
CD11c* cells as compared to the injection site of mice treated with empty paKG MPs
(Figure 4i, Figure S1). These data suggest that CD11c* and F4/80* cells infiltrate the
injection sites of paKG-based MPs in CIA mice, and the delivery of PFK15, via paKG MPs,
drives the reduction in CD11c*CD86* expression at the injection sites.

paKG(PFK15+bc2) MPs decrease CD86 expression of CD11c™ cells in the ING LNs of CIA

mice

Since biodistribution studies determined that CD11c* cells infiltrate the injection sites, and
that these cells can transport the particles to the LNs, we next tested the ability of these
paKG-based MPs to modulate CD86 expression in the local ING LNs of CIA mice. It was
determined that the ING LNs of mice treated with the paKG-based MPs had significantly
lower CD11c*CD86* expression as compared to the ING LNs of the no treatment control.
Notably, MHCII expression in CD11c* cells in the paK G(PFK15+hc2) MP treatment
group was not significantly different from no treatment. However, the ING LNs of the
paKG(PFK15+bc2) MP treatment group had an increase in CD86-°MHCII* of CD11c*
DC populations and a significant decrease in CD86HIMHCII* of CD11c* populations
when compared to the no treatment ING LNs (Figure 4j, Figure S7). Overall, these data
indicate that the paKG(PFK15+bc2) MPs decrease CD86 expression of CD11c* cells that
infiltrate the injection sites, and given the biodistribution data, these cells then traffic the
paKG(PFK15+bc2) MPs to the LNs, where a decrease in CD86 expression in CD11c™ cells
is also observed.
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paKG MPs delivering PFK15 and bc2 induced antigen-specific T cell responses in local
and systemic sites of CIA mice

Thus far, pakG(PFK15+bc2) MPs have shown to decrease CD86HIMCHII* of CD11c*
populations /n vitro and in vivo, and since DCs play a central role in initiating and
modulating T cell responses, the ability of paKG(PFK15+bc2) MPs modulating T cell
responses was assessed /77 vivo in a CIA mouse model. After mice were euthanized,

the popliteal LNs (pLNs — near hind legs) and spleen were extracted and analyzed

for different T cell phenotypes using flow cytometry. The pLNSs are localized near the

knee joint and therefore were denoted as the local lymphatic measurement of the knee.

The spleen and cLNs represented the systemic measurements of the treatment. Notably,

the draining pLNs of paKG(PFK15+hc2) MP treated mice had significantly increased
proliferating Treg populations as compared to no treatment. Additionally, mice receiving
paKG(PFK15+bc2) MPs, when compared to no treatment, had significantly decreased TH1,
Tc17, activated CD8*Thet*RORyT™, and proliferating and activated CD8*Foxp3*RORyT*
(~8-fold) populations in the pLNs. Importantly, paK G(PFK15+bc2) MP treatment groups
showed significantly higher percentages of proliferating antigen-specific Trgg populations
(~2-fold) and significantly decreased percentages of activated antigen-specific Ty17 cells in
the pLNs when compared to no treatment (Figure 5a, Figure S8, Figure S9a, Table 1). These
data indicate that CIA mice treated with paKG(PFK15+bc2) MPs can lead to an increase in
anti-inflammatory responses and a decrease in inflammatory T cell responses in local sites.
Importantly, paK G(PFK15+hbc2) MP treated mice can generate antigen-specific immune
suppression in the draining pLNs. Furthermore, when assessing the systemic T cell effects of
paKG(PFK15+bhc2) MPs in the spleen, it was observed that paKG(PFK15+bc2) MP treated
mice had significantly decreased inflammatory T cell populations of activated Ty1, activated
Tw17 and proliferating CD4*Thet*RORyT* populations as compared to the no treatment
control (Figure S9b). Interestingly, there is a decreased frequency of anti-inflammatory

T cell responses in both the pLNs and spleen of the paKG and paKG(bc2) MP treated

mice as compared to the paKG(PFK15) and paKG(PFK15+bc2) MP treatment groups.
These findings may suggest that the combinatorial delivery of both paKG and PFK15 are
required to elicit more potent anti-inflammatory T cell responses (Figure S9a,b). Overall,
these data strongly suggest that the delivery of PFK15+bc2 via paKG MPs can generate
immunosuppressive antigen-specific T cell responses /in vivo in local sites. Specifically,

the T cell phenotype of CIA mice treated with paKG(PFK15+bc2) MPs appears to be
skewed toward bc2-specific anti-inflammatory responses as observed by an up-regulation

of bc2-specific Treg populations and down regulation of pro-inflammatory and activated
bc2-specific TH17 responses in the pLNs, which may potentially be due to the modulation of
DC responses in the LNs.

In order to confirm if the observed antigen-specific T cell responses in the pLNs of the

CIA mouse model were also occurring systemically, ex vivo recall reactions were performed
on the non-draining cLNs. After CIA mice were euthanized on day 70, cells from the
non-draining cLNs were isolated from paKG(PFK15+bc2) MP treated mice and the control
no treatment mice, and these cells were then restimulated with the bc2 antigen or the
control, bovine serum albumin (BSA) protein. A heatmap was utilized to qualitatively
depict if T cells exposed to bc2, proliferated differentially as compared to T cells exposed
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to BSA (scale of fold change in proliferation is shown - Figure S10). Overall, a lower
frequency in pro-inflammatory CD4* T cells was observed in pakKG(PFK15+bc2) MP
treated mice as compared to no treatment (Figure S10). Specifically, it was observed

that the frequency of activated Tyl cells was significantly decreased in mice treated with
paKG(PFK15+hc2) MPs as compared to the no treatment control. Additionally, activated
T2 cells (~2-fold) and proliferating Foxp3*CD25"CD8* (~3-fold) were significantly higher
in the paKG(PFK15+bc2) MP treatment group, however, this difference was not observed
in the no treatment mice (Figure 5b, Table 1). Importantly, the paKG(PFK15+bc2) MP
treatment group displayed lower pro-inflammatory bc2-specific CD4* T cell populations
as compared to no treatment (Figure S10). Taken together, these data strongly suggest
that T cells in the paKG(PFK15+bc2) treatment group are capable of suppressing pro-
inflammatory antigen-specific T cell responses in systemic sites when being reintroduced
to the self-antigen weeks after the initial treatment. Importantly, this data suggests that

the shift toward immunosuppressive responses may potentially be due to the generation of
proliferating antigen-specific Trggs in the pLNs.

DISCUSSION

Current clinically approved therapies for autoimmune diseases such as RA, SLE, and
Hashimoto’s disease do not induce extended periods of drug-free remission or restoration
of immune tolerance to self-antigens[67]. The findings in this study demonstrates that the
glycolytic suppression of DCs in the presence of the self-antigen can lead to the generation
of suppressive antigen-specific immune responses for the treatment of arthritic symptoms

in CIA mice. The glycolytic energy pathway is utilized to generate ATP by DCs and may
determine if DCs will display pro-inflammatory phenotypes[10,17,68]. Although studies
have demonstrated that glycolytic inhibitors can modulate glucose metabolism[19,69-

71], the systemic delivery of inhibitors can lead to global and non-specific glycolytic
inhibition[19]. Thus, this present work encapsulated a glycolytic inhibitor, PFK15, within
paKG MPs to control local and/or intracellular delivery to phagocytes such as DCs for

a shift in glycolytic energy reliance toward the Krebs cycle[35]. Although, delivery of
biomolecules to DCs have been achieved /n vivo using polymeric particles such as poly
lactic-co-glycolic acid (PLGA) MPs, these particles are utilized as inert delivery vehicles,
and may not participate actively in modulating DC responses[32,72—75]. However, the
paKG MPs themselves are immunosuppressive[35] and when coupling this technology with
PFK15, a shift in glycolytic energy reliance toward the Krebs cycle within DCs occurred, as
observed by an alteration in DC metabolism and gene expression.

Furthermore, the co-delivery of PFK15 and the CIA associated antigen, bc2, within

paKG MPs to the same DC may have led to the subsequent induction of suppressive
antigen-specific immune responses observed within CIA mice. Co-delivering encapsulated
content, specifically an antigen and oligonucleotides within PLGA MPs to BMDCs, has
previously been reported as a more potent response as compared to delivering the antigen
or oligonucleotide alone within PLGA MPs to BMDCs[76]. This potent BMDC response
may stimulate from the same DC being delivered the same encapsulated MP content[76].
Therefore, PFK15+bc2 was co-encapsulated within pakKG MPs to increase the likelihood
of co-delivery to the same DC. As observed by CD86 expression, paKG(PFK15+bc2)
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MPs were able to decrease pro-inflammatory DC populations /in vitroand in vivo, as

well as increase the citrate cycle (Krebs cycle — as observed by metabolomics analyses),
OXPHOQOS, and the ETC while reducing glycolysis (ECAR) and genes encoding pro-
inflammatory responses within BMDCs in vitro. Since DCs are efficient APCs[77-79], this
data suggested that the paKG(PFK15+bc2) MPs may induce suppressive antigen-specific
immune responses, however, the generation of antigen-specific Trggs /77 Vivo can be difficult
to achieve and such therapies are currently not available in clinic[80]. Nonetheless, this
present work demonstrated an increased frequency of proliferating antigen-specific Tregs
in the local draining lymph nodes of the joints (pLNs) of paKG(PFK15+bc2) MP treated
mice, which may have occurred as a result of altering DC glucose metabolism. Although
restricting glucose from DCs, and introducing T cells in the presence of glucose to DCs

has previously shown to induce pro-inflammatory T cell responses[81], this present study
indicates that if glucose is consistently restricted then DCs can induce anti-inflammatory T
cell responses. Importantly, this present work suggests that the modulation of the local (back
paw thickness and scores) and systemic (front paw images) physiological measurements
may have occurred as a result of the increase in proliferating antigen-specific Trggs, in
local sites, due to the delivery of paKG(PFK15+bc2) MPs. Additionally, this study suggests
that paK G(PFK15+bc2) MPs can generate extended immunosuppressive T cell responses
weeks after treatment when being reintroduced to the self-antigen. Specifically, ex vivo T
cell studies demonstrated a systemic decrease in pro-inflammatory bc2-specific CD4* T cell
populations of mice treated with paKG(PFK15+bc2) MPs when being reintroduced to the
self-antigen.

Furthermore, the size of the MPs also may affect the resolution rate of RA symptoms

in mice based on the higher number or faster generation of antigen-specific Tregs or
decrease in antigen-specific Th17 cells. Importantly, the size of the MPs can be decreased
by increasing the homogenizing speed, and this may increase the release kinetics of PFK15,
aKG and bc2 protein from the particles, as the surface area will increase with decreasing
particle sizes. This optimization of particle size might generate an optimal condition for /n
vivo treatment of RA. Interestingly, from our results it was observed that all the particles
released aKG at a linear rate, and for the first 10 days, except paKG(PFK15) degraded

at a similar rate. The paKG(PFK15) might have delayed degradation potentially due to

the increased hydrophobicity of the particle in their core, which might prevent hydrolytic
degradation afforded in particles that contained bc2. Therefore, this modification in the
degradation rate and release kinetics of PFK15 from paKG MPs may play a role in response
to RA symptoms in mice.

Overall, this study demonstrates that the metabolic reprogramming of pro-inflammatory
DCs in the presence of a self-antigen may be a potential approach to restructuring the
patient’s own immune system to mount a response against mechanisms that promote the
manifestation of autoimmunity. The decrease in CD86 and 7nfexpression within DCs
can be useful in treating additional autoimmune diseases that have a similar pathogenesis
to RA. However, to assess if delivering PFK15 and the relevant self-antigen(s) within
paKG MPs could be applicable to other autoimmune disease models with a similar
pathogeny, autoimmune mouse models of SLE and MS for example, would need to be
tested. Promisingly, the reduction in glycolysis from the combinatorial delivery of PFK15
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and aKG did demonstrate a pro-inflammatory energy reliance shift of glycolysis toward

the anti-inflammatory energy reliance of the Krebs cycle in BMDCs. Therefore, this
platform may be applicable to treating other autoimmune mouse models with various
self-antigens for the induction of anti-inflammatory DCs and the potential subsequent
induction of suppressive antigen-specific T cell responses. This shift in pro-inflammatory

to anti-inflammatory immune responses within an inflammatory environment, using the
paKG(PFK15+self-antigen) MP technology, is highly desirable when treating autoimmunity,
especially when taking note that a pro-inflammatory environment triumphs in inflammatory
autoimmune diseases.

CONCLUSION

The complexity of autoimmune diseases has shifted the scientific field toward

developing individualized treatments. Therefore, progress in the field of antigen-specific
immunotherapy is essential and opens pathways for personalized medicine to ensure better
patient care and to fulfill the unmet clinical need of standard immunosuppressants. We
engineered an anti-inflammatory metabolite-based delivery system for the generation of
anti-inflammatory DCs and antigen-specific T cell responses, which does not utilize any
growth factors or cytokines and thus may have higher translational potential. This is the first
report, to the best of our knowledge, which demonstrates that antigen-specific responses
can be generated by modulating metabolism of DCs /n vivo in the presence of MPs
containing a glycolytic inhibitor and self-antigen. Notably, this platform technology of
glycolysis inhibition in the presence of a self-antigen provides a general strategy to generate
antigen-specific immune suppression and can be applied to autoimmune diseases where the
self-autoantigens are known.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PFK15 reduces glycolysis in BMDCs and prevents their activation in vitro.
(a) Schematic of soluble PFK15 reprograms glycolysis in BMDCs with PFKFB3 inhibition.

(b) In the presence of LPS, PFK15 significantly lowered the glycolysis (extracellular
acidification rate - ECAR) in BMDCs (h = 30-36, avg = SEM, * - p<0.05). (c) Flow
cytometry demonstrates that PFK15 is capable of decreasing CD86 expression in BMDCs.
(d) in the presence of LPS, PFK15 significantly decreased CD86HIMHCII* BMDC
populations as compared to LPS, respectively (n =5-11, avg + SEM, * - p<0.05).
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Figure 2: paKG(PFK15) MPs modulate the metabolic profile of BMDCs in vitro.
(a) SEM of paKG MPs and paKG(PFK15) MPs demonstrate spherical and heterogenous

MPs (scale bar = 10 pm, magnification 2000x). (b) Schematic of paKG(PFK15) MPs
modulating BMDC metabolism. (¢) BMDCs phagocytose paKG MPs (paKG MP — red,
nucleus — blue; gray = DIC filter, scale bar = 10 um). The dashed circle and crossbar (yellow
lines meet), in the right image, shows the same particle in different planes (x,y,z). (d)

In the presence of LPS, paKG(PFK15) MPs significantly reduced the glycolysis (ECAR)

in BMDCs as compared to LPS alone (n = 15-18, avg + SEM, * - p<0.05.) (e, f)
Metabolomics of BDMCs, (e) paKG(PFK15) MPs significantly modulate 28 intracellular
metabolite levels and their respective signaling pathways, significantly as compared to no
treatment. paKG(PFK15) MPs vs. no treatment: 1 — Citrate cycle; 2 — Alanine, asparate and
glutamate metabolism; 3 — Butanoate metabolism; 4 — Pyruvate metabolism; 5 — Glycolysis/
gluconeogenesis; 6 — Cysteine and methionine metabolism; 7 — Taurine and hypotaurine
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metabolism; 8 — Ascorbate and alderate metabolism; 9 — Nicotinate and nicotinamide
metabolism, (f) paKG(PFK15) MPs significantly modulated 34 intracellular metabolite
levels significantly as compared to paKG MPs. paKG(PFK15) MPs vs. paKG MPs: 1 —
Histidine metabolism; 2 — Glutathione metabolism; 3 — Arginine and proline metabolism;

4 — Alanine, asparate and glutamate metabolism. Pathway impact — number of metabolites
modified significantly in a pathway; -log(p) — level of modulation (n = 3, p<0.05). (g,

h) RNA-seq of BMDCs, (g) a volcano plot of RNA-seq results display the fold changes
(log2 fold change) and the false discovery rate (FDR)-adjusted p values (-log10 (FDR)) in
genes that were upregulated (red) and downregulated (blue) when comparing paKG(PFK15)
MP treated BMDCs to no treatment, (h) a gene enrichment map is represented by the
statistical significance (FDR-adjusted p value) of enriched pathways. The darker purple
colors represent higher significant differences between paKG(PFK15) MPs and no treatment
(n=3).
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Figure 3: paKG(PFK15+bc2) MPs reduce symptoms of RA in vivoin a Cl
(a) SEM of paKG(PFK15+bc2) MPs demonstrate porous, spherical an

o
35 40 70

paKG MPs

i N
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Y -
paKG(PFK15) N
MPs ..

pakKG
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A mouse model.
d heterogenous MPs

(scale bar = 10 um, magnification 2000x). (b) The average diameter of paKG(PFK15+bc2)

MPs was found to be 1.5 £ 0.2 um. (c) Schema of in vivo CIA studies.

(d) Average of the

normalized percent change in back paw thickness after the first dose of paKG(PFK15+hbc2)

MPs as compared to no treatment mice (n = 9-11, avg = SEM, * - p<0

.05). (e) Average

of the arthritic back paw scores. Arrows signify treatment days on days 35 and 40 (n =
6-9, avg = SEM * - p<0.05). (f) Representative front paw images of control mice and

paKG(PFK15+hc2) MP treated mice on days 42 and 56.
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Figure 4: paKG(PFK15+bc2) MPs alter DC function in vitro and in vivo in a CIA mouse model.
(a) Schematic of paKG(PFK15+bc2) MPs reprogramming DC surface proteins for the

modulation of adaptive immune responses. (b-e) Histogram plots of CD11¢c+CD86+

frequencies demonstrate that paKG-based MPs in the presence LPS have lower CD86
expression than LPS alone, (b) paKG MPs with and without LPS, (c) paKG(bc2) MPs with
and without LPS, (d) paKG(PFK15) MPs with and without LPS, (e) paKG(PFK15+hc2)
MPs with and without LPS. (f) In the presence of LPS, paKG-based MPs significantly
decreased the frequency of CD11c*CD86™ cells /n vitro as compared to LPS (n = 5-11,
avg + SEM, *- p<0.05). (g) paKG(PFK15+hc2) MPs significantly increased the percentage
of CD86-OMHCII* of CD11c* cells /n vitro as compared to no treatment and all other
paKG-based MPs (n = 6-12, avg + SEM, *- p<0.05). (h) All paKG-based MPs, in the
presence of LPS, have a significantly lower frequency of CD86HIMHCII* of CD11c* cells
in vitro as compared to LPS (n = 5-11, avg £ SEM, *- p<0.05). (i) paKG MPs encapsulating
PFK15, reduce CD11c*CD86" frequency within the MP injection sites of CIA mice (n =
4-8, avg + SEM, *- p<0.05). (j) /n vivo CD11c* frequencies within the inguinal lymph

nodes of CIA mice (n =5-7, avg + SEM, *- p<0.05).
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Figure 5: paKG(PFK15+bc2) MPs alter T cell responses in vivo in a CIA mouse model.
(@) /n vivo T cell frequencies in the popliteal lymph nodes of CIA mice (n = 3-4; avg +

SEM, *- p<0.05). (b) Ex vivo T cell frequencies within the cervical lymph nodes of CIA
mice, in the presence of the bc2 antigen (n = 10-14; avg £ SEM, *- p<0.05).
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The table below represents the antibodies and protein transport inhibitors that were utilized in these studies.

S. No. Target Fluorophore Company Catalog # Clone
1 CD4 BB700 BD Biosciences 566407 RM4-5
2 CD8 APC-R700 BD Biosciences 564983 53-6.7
3 CD25 PECy7 BD Biosciences 552880 PC61
4 Thet BV785 BioLegend 644835 4B10
5 FoxP3 eF450 Invitrogen 48-5773-82 FIK-16s
6 RORyT BV650 BD Biosciences 564722 Q31-378
7 Ki67 FITC Invitrogen 11-5698-82 SolA15
8 GATA3 BV711 BD Biosciences 565449 L50-823
9 CD279 PE BD Biosciences 551892 J43
10 CD44 BV480 BD Biosciences 566200 IM7
11 CD62L SB600 Invitrogen 63-0621-80 MEL-14
12 MHC-Tetrzagrgegégag}()sEOK\gEchgIFl’angnII 271~ APC NIH Tetramer Core Facility NA -

13 CD11c PE BioLegend 117308 N418

14 CD86 SB600 ThermoFisher Scientific 63-0862-82 GL1

15 MHC APC BioLegend 107614 M5/114.15.2
16 CD11b FITC Tonbo 35-0112-U500 XMG1.2
17 F4/80 BV702 Invitrogen 67-4801-08 BM8
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