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Abstract

Objective: The purpose of these studies was to develop and characterize B-cell Maturation
Antigen (BCMA\)-specific peptide encapsulated nanoparticle formulations to efficiently evoke
BCMA-specific CD8* cytotoxic T lymphocytes (CTL) with poly-functional immune activities
against multiple myeloma (MM).

Findings: Heteroclitic BCMA7,_go [Y LMFLLRKI] peptide encapsulated liposome or
poly(lactic-co-glycolic acid) (PLGA) nanoparticles displayed uniform size distribution and
increased peptide delivery to human dendritic cells which enhanced induction of BCMA-specific
CTL. Distinct from liposome-based nanoparticles, PLGA-based nanoparticles demonstrated a
gradual increase in peptide uptake by antigen-presenting cells, and induced BCMA-specific CTL
with higher anti-tumor activities (CD107a degranulation, CTL proliferation, and IFN-y/IL-2/TNF-
a production) against primary CD138* tumor cells and MM cell lines. The improved functional
activities were associated with increased Tetramert/CD45RO* memory CTL, CD28 upregulation
on Tetramer* CTL, and longer maintenance of central memory (CCR7* CD45RO") CTL, with the
highest anti-MM activity and less differentiation into effector memory (CCR7~ CD45R0™) CTL.

Conclusion: These results provide the framework for therapeutic application of PLGA-based
BCMA peptide delivery system, rather than free peptide, to enhance the induction of BCMA-
specific CTL with poly-functional Thl-specific anti-MM activities.
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Significance: These results demonstrate the potential clinical utility of PLGA nanotechnology-
based cancer vaccine to enhance BCMA-targeted immunotherapy against myeloma.

Keywords
Nanomedicine-based Cancer Vaccine; Targeted Immunotherapy specific to BCMA

INTRODUCTION

Significant advances in cancer immunotherapy including immune checkpoint inhibition have
achieved remarkable responses, changed the treatment paradigm, and improved patient
outcome in many solid tumors. Chimeric antigen receptor (CAR) T-cell therapy has recently
achieved great clinical response and has improved patient outcome in relapsed/refractory
acute lymphocytic leukemia and diffuse large B cell lymphoma, leading to their FDA
approval. However, current cellular therapies including CAR-T therapy require complex
patient-specific protocols for engineering and expansion of effector cells, which are both
labor-intensive and cost-ineffective.1 To overcome these limitations, successful
development of an off-the-shelf cancer vaccine would be beneficial to treat patients
efficiently over individualized cellular-based vaccines. As an active-specific immunotherapy;,
cancer vaccine approaches have the potential to modulate the tumor microenvironment
through dynamic interaction of various cell subsets in the patients, which contribute to
antigen-presentation, T cells activation, effector cells functionality and the specific memory
CTL development.>:6 With encouraging preclinical results, we are evaluating a multipeptide
vaccine targeting XBP-1, CD138 and CS1 in the patients with smoldering multiple myeloma
and have detected the antigens-specific immune responses as increased Tetramer*/memory
CD8* CTL with higher IFN-y/IL-2/TNF-a production. Moreover, combination of the
multipeptide vaccine with lenalidomide enhanced the induction of CD8* CTL with
Tetramer-positivity and Th-1-specific memory CD8* CTL.7”"10 To date, clinical efficacy of
vaccines has been limited, at least in part due to the need for improved methods for tumor-
associated antigen (TAA) delivery, stability, biodistribution, and presentation for T cell
activation,11-13

MM is a B-cell malignancy characterized by the clonal proliferation and accumulation of
malignant plasma cells in the bone marrow, monoclonal protein in the serum and/or urine,
and development of osteolytic bone lesions. Despite remarkable recent advances in
treatment using novel therapeutics, MM remains incurable. BCMA, a member of the tumor
necrosis factor (TNF) receptor superfamily and the receptor for binding of B cell activating
factor (BAFF) and the proliferation-inducing ligand (APRIL),14-16 is a promising
therapeutic target for development of an immunotherapy due to its restricted expression on
MM and plasma cells along and its critical role in promoting tumor cell growth, survival and
drug resistance. At present, BCMA is being targeted by several immunotherapeutic
strategies including monoclonal antibodies (mAbs), immunotoxins, bispecific T-cell
engagers, and adoptive immunotherapy (e.g. CAR-T), with promising early results in the
clinic. However, there remains significant need to improve BCMA targeted active-specific
immunotherapy capable of inducing highly effective and long-lasting MM-specific CTL
with a favorable therapeutic index.
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We recently identified a novel immunogenic heteroclitic BCMA7,.go [Y LMFLLRKI]
peptide derived from human BCMA protein and reported its potential therapeutic
application as a vaccine and adoptive T cell therapy.” The engineered heteroclitic
BCMA7,.go [YLMFLLRKI] peptide has a strong HLA-A2 binding affinity and stability with
improved immunogenicity from its native BCMA7,_go [VLMFLLRKI] peptide and induces
robust BCMA-specific memory CD8" CTL responses against MM cells. In this study, we
have developed a strategy to further enhance BCMA-specific CTL generation and their anti-
tumor activities, in order to achieve clinically significant responses. We define a
nanoparticle-based BCMA delivery technology in which the heteroclitic BCMA75.gg
[YLMFLLRKI] peptide is encapsulated in nanovehicles, either PLGA or liposome, to
improve antigen delivery and presentation, thereby inducing more robust poly-functional
BCMA-specific CD8" CTL responses against MM than vaccination with peptide alone.

METHODS

Cell lines and Reagents

The MM cell lines were obtained from ATCC (Manassas, VA) and the T2 cell line was
provided by Dr. J. Molldrem (University of Texas M. D. Anderson Cancer Center, Houston,
TX). Recombinant human GM-CSF, IL-2, IL-4, IFN-a and TNF-a were purchased from
Immunex (Seattle, WA) or R&D Systems (Minneapolis, MN). Heteroclitic BCMA72.g9
[YLMFLLRKI] peptide, unlabeled or FITC-labeled, were synthesized by standard fmoc (9-
fluorenylmethyl-oxycarbonyl) chemistry, purified to > 98% using reverse-phase
chromatography and validated by mass-spectrometry for molecular weight (Biosynthesis,
Lewisville, TX). Tetramer-PE specific to the heteroclitic BCMA7,_gg peptide was
synthesized by MBL International Corporation (Woburn, MA).

Formulation and characterization of heteroclitic BCMA~7,_gg peptide encapsulated PLGA or
liposome nanoparticles

A double emulsion-solvent technique was used to formulate PLGA (molecular weight
23,000; Birmingham Polymers, Birmingham, AL) nanoparticles loaded with immunogenic
heteroclitic BCMA7,.g9 [Y LMFLLRKI] peptide. Poly(vinyl alcohol) (PVA) (Sigma-Aldrich,
St Louis, MO) was used to stabilize the emulsion, as previously described’8 with some
modifications. Following formulation of the PLGA formulation, the diameter and surface
charge was measured using a Zetasizer Nano-ZS90 (Malvern Instruments; Westborough,
MA) dynamic light scattering instrument. To evaluate PLGA-nanoparticle structure, the
lyophilized powder was visualized under a scanning electron microscope (SEM) (S-4800;
Hitachi, Schaumburg, IL) at the magnification of 50X. For BCMA peptide encapsulated
liposome formulation, liposome lipid bilayer was prepared with a mixture of 3 mM
Cholesterol (MW = 386.654), 5 mM DOPC (MW = 786.113), and 5 mM DOTAP (MW =
698.542) (Avanti Polar, Alabaster, AL) in chloroform (Sigma-Aldrich) and evaporated using
a rotary evaporator (RV10 IKA; Neobits, Santa Clara, CA) to yield a thin lipid film. The
lipid film was subjected to overnight vacuum drying to remove any residual organic solvent.
The next day, peptide dissolved in sodium phosphate buffer (dibasic; pH 11) and 1% DMSO
(Sigma-Aldrich) was used to hydrate the lipid film using 10X freeze-thaw cycles, followed
by probe sonication on ice and recovered by ultracentrifugation. Malvern’s Zetasizer

Leukemia. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bae et al. Page 4

dynamic light scattering instrumentation was used to determine the liposome diameter.
Transmission electron microscopy (TEM) (JEM-1000, JEOL, Tokyo, Japan) was utilized to
characterize the surface morphology of the BCMA peptide-loaded liposome after applying
2% uranyl acetate stain at the magnification of 20,000X.

Quantification of BCMA peptide encapsulation in PLGA or liposome nanoparticles

The BCMA peptide encapsulation in nanoparticles was measured using the Quantitative
Fluorometric Peptide Assay Kit (Thermo Fisher) per the manufacturer’s instruction. The
fluorescence was measured using a spectrophotometer (Molecular Devices, San Jose, CA) at
390 nm Excitation and 475 nm Emission wave lengths for the peptide quantification.

Evaluation of BCMA peptide-encapsulated nanoparticles for peptide uptake by dendritic
cells

Monocyte-derived dendritic cells (DC) were generated as described previously.”-® Immature
DC (1 x 106 cells/well) were pulsed with free BCMA peptide-FITC or the peptide-FITC
encapsulated nanoparticles in the presence of human B2-microglobulin (3 pg/ml) and
incubated at 37°C. Cells were washed, fixed in 2% paraformaldehyde, acquired using a
LSRII Fortessa™ flow cytometer (Becton Dickinson (BD), San Jose, CA). The level of
peptide loading was analyzed in a time-dependent manner using FACS DIVA™ v8.0 (BD)
or FlowJo v10.0.7 (Tree star, Ashland, OR) software. The peptide uptake was also imaged
by confocal microscopy (Nikon, Tokyo, Japan), upon fixation of the cells with 2%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and counter-stained with
300 nM DAPI (Sigma-Aldrich) to identify cell nuclei.

Generation of heteroclitic BCMA7,.go peptide-specific CTL

Heteroclitic BCMA7,_gq peptide [Y LMFLLRKI]-specific CTL (BCMA-specific CTL) were
generated ex vivo by repeated stimulation of peripheral blood mononuclear cells (PBMC)
isolated from six different HLA-A2* normal donors with (1) free BCMA peptide, (2)
BCMA peptide encapsulated PLGA (PLGA/peptide) or (3) BCMA peptide encapsulated
liposome (liposome/peptide). The BCMA-specific effector cells were cultured in DMEM
supplemented with 10% human AB serum (BioWhittaker) and examined after each cycle of
weekly stimulation for a total of 4 or 5 cycles.

Isolation of Primary CD138" cells from Bone Marrow Mononuclear Cells of MM Patients

Primary CD138" cells were isolated from bone marrow mononuclear cells obtained from
HLA-A2* and HLA-A2~ MM patients using RoboSep® CD138 positive immunomagnetic
selection technology (StemCell Technologies), after appropriate informed consent.

Phenotypic characterization of BCMA-specific CTL induced with heteroclitic BCMA7,_gg
peptide encapsulated nanoparticles or free peptide

BCMA-CTL were evaluated for antigen-specific Tetramer* memory CTL and CD28
expression by flow cytometry. In brief, following Live/Dead-Aqua staining, BCMA-CTL
were stained with heteroclitic BCMA7,_gg specific Tetramer-PE and flurochrome conjugated
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mAbs specific to surface antigens. Lastly, cells were washed, fixed in 2% paraformaldehyde,
and analyzed by flow cytometry.

Evaluation of anti-myeloma activities of BCMA-specific CTL induced with heteroclitic
BCMA75_gp peptide encapsulated nanoparticles or free peptide

Proliferation of CFSE (Molecular Probes) labeled BCMA-specific CTL (CD8* gated) was
measured after co-culture with irradiated myeloma cells. On days 3-6 of co-culture, the cells
were stained with specific mAbs, and acquired by flow cytometry. To measure anti-tumor
activities, BCMA-CTL were mixed with the respective target in the presence of CD107a
mAb. After 1 hour of co-culture, Brefeldin A and Monensin (BD) were added and cultures
were incubated for an additional 5 hours at 37°C. Cells were harvested, stained with Live/
Dead-Aqua and fluorochrome conjugated mAbs, fixed/permeabilized, and stained
intracellularly with specific mAb against IFN-y, IL-2 or TNF-a,, acquired using a LSRII
Fortessa™ flow cytometer (BD) and analyzed using FACS DIVA™ v8.0 (BD) or FlowJo
v10.0.7 (Tree star, Ashland, OR) software

Statistical Analyses

Summary results are presented as the mean + SE. Groups were compared using unpaired
Student’s t-test. Differences were considered significant when *p < 0.05.

RESULTS

Characterization and quantification of heteroclitic BCMA72.go peptide encapsulated
nanoparticles

The size, zeta-potential and/or polydispersity index (PDI) of PLGA- or liposome-
nanoparticles, with or without heteroclitic BCMA~7,_go [Y LMFLLRKI] peptide, were
measured using dynamic light scattering properties. Peptide loaded-PLGA (PLGA/peptide)
(257 £ 11.53 nm; N=3) were slightly smaller than the blank PLGA (309 £ 4.01 nm; N=3),
which can be attributed to a close interaction between PLGA co-polymer and the peptide
(Figure 1A). The surface charge and zeta potential were measured as an important criteria
for cellular uptake of peptide. Blank PLGA and PLGA/peptide had a near neutral zeta-
potential, —0.66 + 0.25 mV and —1.16 + 0.18 mV, respectively. The peptide (positively
charged at pH 7) would form the core of nanoparticles; while the near neutral surface charge
is due to interaction with PLGA polymer, resulting in an increased stability due to a larger
electrostatic repulsion between the nanoparticles. To evaluate size distribution, the blank
PLGA or PLGA/peptide were sputter coated with gold/palladium and imaged using a
scanning electron microscope under 20 kV at the magnification of 50X. The PDI of PLGA/
peptide (< 0.2) was similar to blank PLGA, which indicates uniform size distribution (Figure
1A). The BCMA peptide loaded-liposome formulation (liposome/peptide) had a size
distribution of of 172 + 0.73 d.nm (N=3) as measured using a transmission electron
microscope, with a PDI of 0.20 £ 0.01, reflecting uniform size distribution in the formulated
product (Figure 1B). Next, peptide loading and encapsulation efficiency was evaluated with
the Quantitative Fluorometric Peptide Assay, using a spectrophotometer at an Excitation
wave length at 390 nm and an Emission wave length at 475 nm. The peptide encapsulation
efficiency (%), which indicates the percentage of peptide loaded in PLGA or liposome over
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the initial amount of loaded peptide, was 51 + 1.15% and 49 + 1.32%, respectively (Figure
1C; N=3).

Enhanced BCMA peptide uptake by dendritic cells upon nanoparticle encapsulation

BCMA peptide uptake was evaluated after pulsing immature dendritic cells with free
peptide-FITC, PLGA/peptide-FITC or liposome/peptide-FITC by flow cytometry. A higher
level of peptide uptake (*p < 0.05) was detected for the encapsulated in either type of
nanoparticles as compared to the free peptide, following a short (30 minutes - 2 hour, Figure
2A) or longer (1 — 18 hour, Figure 2B; N=3) duration of peptide pulsing. Between the two
different types of formulations, liposome/peptide showed a faster and higher efficiency of
uptake than PLGA/peptide, which demonstrated a gradual increase in peptide loading over
time (Figures 2A, 2B). In addition, confocal microscopy (magnitude: 10X) showed a higher
peptide uptake with PLGA/peptide as compared to free peptide (Figure 2C), confirming that
the nanoparticles formulation enhances BCMA peptide uptake by dendritic cells. Thus, these
results demonstrate the beneficial effect of both types of nanoparticles to enhance the
peptide loading efficiency to antigen-presenting cells, which is a crucial step prior to
triggering development of antigen-specific CTL.

Increased poly-functional immune responses by BCMA-specific CTL generated with
peptide-encapsulated nanoparticles against myeloma cells

Free BCMA peptide, PLGA/BCMA peptide or liposome/BCMA peptide was used to
generate the BCMA peptide-specific CTL from six different HLA-A2* normal donors to
evaluate their anti-myeloma activities. The highest levels of anti-tumor activity were
observed with PLGA/peptide-CTL as shown by increased CD107a degranulation (Figure
3A), IFN-y production (Figure 3B), IL-2 and TNF-a production (Supplemental Fig. 1, Fig.
2) against HLA-A2* U266 myeloma cells but not against MHC mis-matched HLA-A2~
RPMI myeloma cells. Further evaluations were performed using BCMA-CTL generated
from additional three HLA-A2* individuals and the results confirm the highest anti-
myeloma activities (*p < 0.05) against HLA-A2* BCMA** (Nigh) U266 and HLA-A2*
BCMA™ (IoW) McCAR, but not against MHC mis-matched BCMA* RPMI cells by PLGA/
peptide-CTL (Figure 3C). The anti-myeloma activities of liposome/peptide-CTL were lower
than PLGA/peptide-CTL but were greater than free peptide BCMA-CTL. These results
indicate a robust generation of BCMA-specific CTL by PLGA/peptide as evidenced by their
higher poly-functional activities against MM cell lines in an HLA-A2 restricted manner.

The highest anti-tumor activity by BCMA-specific CTL generated with PLGA/peptide
against primary CD138* tumor cells from MM patients

BCMA-specific CTL were further evaluated for their anti-myeloma activities against
primary CD138* tumor cells from newly diagnosed multiple myeloma patients. Background
level of activity was measured in the BCMA-CTL in the absence of target cells
(Supplemental Fig. 3). However, PLGA/peptide-CTL demonstrated higher anti-MM
activities against primary CD138* tumor cells from HLA-A2" MM patients (patients #1 or
#2) as compared to liposome/peptide-CTL and free peptide-CTL (Figure 4A, Figure 4B).
Furthermore, BCMA-specific CTL generated from three additional HLA-A2* individuals
confirmed the different degree of anti-MM activities; Significantly (*p < 0.05) higher anti-
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myeloma activities were induced with peptide encapsulated nanoparticles (PLGA/peptide >
liposome/peptide) than free peptide against CD138* primary tumor cells from HLA-A2*
MM patients (patients #3 or #4), but not against HLA-A2~ MM patients (Figure 4C; N=3).
These results further indicate that BCMA peptide encapsulation in nanoparticles, especially
PLGA, effectively induce robust BCMA-specific CTL activities against tumor cells from
HLA-A2" myeloma patients.

Increased BCMA-specific Tetramer* CTL with CD28 upregulation in PLGA/peptide-CTL
associated with BCMA peptide-specific Thl cytokines production and proliferation

To better characterize the anti-myeloma activities of BCMA-specific CTL, we evaluated the
proportion of specific Tetramer® cells, CD28 costimulatory molecule expression and their
immune functional activities in response to specific heteroclitic BCMA7,_gg peptide
stimulation. PLGA/peptide-CTL displayed induced CD28 upregulation (32%) compared to
free/peptide-CTL (16%) within the gated CD8* T cells and also showed a higher frequency
(2.1 fold increase) of Tetramer* cells than the free peptide-CTL (Figure 5A, Lower panel).
Furthermore, the BCMA-specific Tetramer* cells within the PLGA/peptide-CTL, not
Tetramer™ cells, showed an increased proportion of CD28** bright cells (PLGA/peptide-
CTL: 52% vs. free peptide-CTL: 30%). Next, both BCMA-CTL were evaluated for their
proliferation and Th1-type cytokine production in response to specific heteroclitic
BCMA7,_gg peptide stimulation. PLGA/peptide-CTL (25-69%) consistently displayed a
higher CD8™ T cell proliferation than free peptide CTL (11-33%) in response to specific the
BCMA peptide in a time-dependent manner (Figure 5B). In contrast, control T cells
obtained upon stimulation with blank PLGA showed minimal proliferation (CD8" gated) in
response to BCMA peptide on Day 3, 4 or 5 of culture (0 - 4%). In addition, increased IFN-
vy production was detected in the PLGA/peptide-CTL (34% - 61%) compared with free
peptide-CTL (32% - 42%) and the difference continued to increase with longer stimulation
with the specific heteroclitic BCMA7,_gg peptide (Day 4 > Day 2) (Figure 5C). These results
demonstrate enhanced BCMA-specific activities for PLGA/peptide-CTL than free peptide-
CTL as directly evidenced by increased Tetramer® CTL and CD28 co-stimulatory signal
expression, CD8* CTL proliferation and IFN-y production.

Enhanced myeloma-specific CD8* T cell proliferation and memory cells development by
stimulation with PLGA/peptide

PLGA/peptide-CTL demonstrated a gradual increase in CD8" T cell proliferation in
response to HLA-A2* U266 myeloma cells, which was higher than the proliferation of free
peptide-CTL. Control PBMC stimulated with blank PLGA displayed minimal proliferation
(Figure 6A), which confirms that PLGA itself is inert and can be used as a peptide delivery
vehicle to induce antigen-specific CTL. The PLGA/peptide-CTL were further characterized
for antigen-specific memory T cell development upon each round of stimulation. The
development of CD45RO* memory CTL occurred gradually after each round of heteroclitic
BCMA7,.go peptide stimulation. In comparison, CTL generated with PLGA/peptide
contained a higher proportion of CD45RO* memory cells than free peptide-CTL as
measured post 2 and 4 cycles of BCMA stimulation (Figure 6B; N=3) (Supplemental Fig.
4). Overall, the PLGA/peptide-CTL displayed higher frequencies of the central memory
(CM: CCR7* CD45R0O*) and effector memory (EM: CCR7~ CD45R0O™) CTL subsets than
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free peptide-CTL. Of note, the PLGA/peptide-CTL also retained a higher proportion of CTL
within the CM subset without further differentiation into EM after 5 cycles of stimulation
(Figure 6C). These results provide additional evidence of the therapeutic potential of
heteroclitic BCMA7,.gg peptide encapsulated PLGA nanoparticles to effectively modulate
antigen-specific memory CTL generation and maintenance with a high proportion of
BCMA-specific central memory CTL subset.

Robust anti-myeloma activity by BCMA-specific central memory CTL induced with PLGA/

peptide

BCMA-specific CTL were further evaluated to identify the specific memory subsets having
the highest immune functional activities against myeloma. The highest level of CD107a
degranulation was consistently detected with the CM subset in PLGA/BCMA-CTL against
HLA-A2" myeloma cells (Figure 7A). Importantly, both CM and EM subsets of PLGA/
peptide-CTL demonstrated higher anti-tumor activity against HLA-A2* U266 cells than the
respective subsets from free peptide-CTL. Another key functional response assessed was
Th1 cytokine production in response to myeloma. Consistent with degranulation, a higher
level of IFN-y production was detected within the CM subset than the EM subset of the
BCMA- CTL and the memory CTL activity was increased to a greater extent in the PLGA/
peptide-CTL (Figures 7B). Overall, the CM subset consistently displayed significantly (*p <
0.05) higher CD107a degranulation and Th1-type cytokine (IFN-vy, IL-2, TNF-a)
production as compared to the EM subset in response to myeloma cells in an HLA-A2
restricted manner and the highest overall anti-MM activities were observed in the PLGA/
peptide-CTL (Figure 7C; N=3). These results further demonstrate that heteroclitic
BCMA7,.go peptide encapsulated in PLGA nanoparticles induce a more robust myeloma-
specific CTL than free BCMA peptide, as evidenced by their efficient induction and
maintenance of highly functional memory CTL against myeloma.

DISCUSSION

Cancer vaccines targeting well-characterized TAA for treatment and prevention remain a
highly innovative therapeutic approach with distinct advantages over other immunotherapies.
This approach has the potential to induce long-lasting durable anti-tumor T cell immune
responses and may overcome obstacles to widespread adoption of CAR-T therapy including
high costs of complex ex vivo engineering and expansion, development of resistance through
tumor-antigen loss, and lack of sustained memory CTL-specific anti-tumor activities.19:20
Unlike CAR-T therapy which provides a uniform non-renewable effector T cell pool, cancer
vaccines induce a dynamic pool of effector and memory T cells that provide tumor-specific
immunity through /n vivo development of Thl-specific responses.2:22 In addition, unlike
commonly used treatments or CAR-T therapy which can induce significant toxicities in
patients, vaccines induce endogenous immune responses and TAA-specific memory function
with few adverse events.23-25

With this rationale, we and others have developed methods to improve immune and clinical
response to cancer vaccines. Specifically, we are continuously identifying TAA uniquely
expressed on CD138* tumor cells from newly diagnosed MM patients (N=1,254) and are
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developing protocols to target the novel antigens, as individually or as a multipeptide
cocktail. To date, we have demonstrated the immunogenicity of XBP1, CD138 and CS1-
specific peptides and have shown that immunization with the XBP1, CD138 and CS1-
specific immunogenic peptides cocktail can induce myeloma-specific memory CTL having
Th1 type immune responses in smoldering myeloma patients.”19 Since then, we continue to
develop clinical protocols to determine whether vaccination in combination with adjunct
therapies, lenalidomide, checkpoint inhibitor, or histone deacetylase inhibitor can enhance
the extent and durability of the vaccine-specific responses. Most recently, we reported on a
novel immunogenic heteroclitic BCMA72_gp [Y LMFLLRKI] peptide derived from human
BCMA with enhanced HLA-A2 binding affinity, stability, and immunogenicity compared to
the native BCMA75_go [VLMFLLRKI] peptide.® Importantly, the heteroclitic BCMA75.gg
peptide induces robust BCMA-specific memory CD8* CTL responses with anti-tumor
activities and is being incorporated into a vaccine plus adoptive cellular immunotherapy in
myeloma patients. In addition to identifying novel targets, we are also developing improved
cancer vaccine delivery systems to facilitate uptake and suitable antigen release by dendritic
cells to optimize the peptide presentation required for effective generation of antigen-
specific CTL with poly-functional anti-MM activities. To that extent, we have exploited the
remarkable progress in nanomedicines over the past decade to develop a potential delivery
system.26-29 Specifically, advanced nanoparticles construct of polymeric micelles/vesicles or
lipidic nanoparticles have enabled successful /n vivo delivery of various small molecules,
nucleic acids (MRNA, siRNA, DNA), and therapeutic proteins, for a biomedical and
therapeutic applications.30-32 For example, nanoparticle-based therapies can augment tissue-
specific drug delivery and promote controlled drug release due to increased surface area to
drug volume ratios.33-36 Importantly, the therapeutic efficacy of nanoparticles-based therapy
is highly dependent on the type of nanocarriers and their specific performance
characteristics.

Here we report our findings using two different nanoparticles formulations encapsulating
immunogenic heteroclitic BCMA7,_go [Y LMFLLRKI] peptide that efficiently deliver and
induce myeloma-specific CD8" CTL. Our chosen PLGA- and lipid-based nanoparticle
delivery constructs have previously shown /in vivo compatibility and biodegradability and are
approved for human usage by the US Food and Drug Administration (FDA), making them
ideal for clinical application.3741 In these studies, we specifically demonstrate improved
efficiency for encapsulated PLGA or liposome nanoparticles to deliver our immunogenic
BCMA peptide to human dendritic cells, as compared to free peptide alone. Both
nanoparticle constructs exhibit uniform size distribution, had similar efficiency of BCMA
peptide encapsulation and provide improved peptide delivery to dendritic cells. Interestingly,
the kinetics of peptide loading to dendritic cells and subsequent induction of BCMA-specific
CD8* CTL were distinct between the two formulations; PLGA/peptide required a longer
period of time (18 hours) for maximum peptide loading, while liposome-nanoparticles/
peptide achieved the maximum loading in just 30 minutes. Distinct from the loading
kinetics, the PLGA/peptide induced a more effective BCMA-specific CTL characterized by
their robust poly-functional anti-myeloma activities (CD107a degranulation-based
cytotoxicity and Th1l-type cytokine production) than the liposome/peptide. Based on these
observations, we hypothesize that “gradual” antigen uptake and delivery of immunogenic
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peptide by dendritic cells to naive CD8* T cells will result in a more efficient induction of
the antigen-specific CTL with a greater level of anti-tumor activities. Other investigators
have reported that nanoparticles-based cancer vaccines evoke both humoral and cellular T-
cell responses*2-44, but these nanoparticle-based cancer vaccines have not achieved
prolonged extent and duration of ant-tumor responses in patients and have not shown clinical
benefit to date. However, it is important to note that the clinical trials evaluated nanoparticle-
based cancer vaccines utilized mainly lipid or liposome as the nano-vehicle.#548 |n
comparison, PLGA-based nanoparticles have been evaluated as delivery vehicles for therapy,
mainly in preclinical models, for diseases such as hepatitis B, chlamydia, malaria,
leishmaniasis, tuberculosis, toxoplasmosis; they have shown an excellent safety profile and
biodegradability as a controlled-release system,*9-54 providing further rationale for their
clinical development in cancer therapies. Here, we demonstrate encouraging results using
PLGA as a delivery system and propose BCMA peptide encapsulated PLGA-nanoparticles
as an effective strategy to improve the peptide delivery to antigen-presenting cells and the
subsequent enhancement in the development of BCMA-specific CTL with robust anti-
myeloma activities. Additionally, the results presented here collaborates prior reports
showing that PLGA as a carrier confers protection of loaded antigen against proteolytic
degradation, prolongs plasma half-life and promotes long-term antigen release®>-56 and is an
effective delivery vehicle for induction of effective and long-lasting immunity, thereby
potentially avoiding or reducing the multiple administrations required in conventional
vaccine approaches.>’-60

In summary, we report on novel immunogenic heteroclitic BCMA7,_gg peptide encapsulated
nanoparticle delivery systems that promote generation and maintenance of highly functional
myeloma-specific CTL. Based on these results presented here, we propose to use PLGA
nanoparticles as the optimal delivery system for heteroclitic BCMA~7,_gp peptide. These
studies provide the rationale for immunotherapeutic strategies and framework for
nanomedicine-based cancer vaccine and adoptive cellular therapy in which PLGA-based
peptide vaccination induces antigen-specific memory CTL in vivo, which are then harvested,
expanded ex vivoin the presence of peptide and re-infused to patients; nanoparticle-based
cancer vaccination can then be used as needed to maintain the memory CTL activities
against myeloma.
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Imaged using Scanning Electron Microscope
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Imaged using Transmission Electron Microscope
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Figure 1. Morphology of heteroclitic BCM A75.gg peptide-encapsulated nanoparticles (PLGA,
liposome) and quantification of BCM A75_gg peptide encapsulation.

A: Scanning electron microscope (SEM) image of gold/palladium sputter-coated BCMA
peptide encapsulated PLGA-nanoparticles. Summary of nanoparticle size, PDI and Zeta
potential (mV) from three independent experiments (N=3). B: Transmission electron
microscope (TEM) image of BCMA peptide encapsulated liposome-nanoparticles after
applying uranyl acetate as a negative stain. Summary of nanoparticle size and PDI from
three independent experiments (N=3). C: Quantification of BCMA peptide-FITC loading
and encapsulation efficiency based on fluorescence intensity measured at Ex/Em at 390
nm/475 nm. Summary of the average of encapsulation efficiency from three independent
experiments (N=3).
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Red — Dendritic Cells Green - BCMA peptide-FITC
Dendritic cells Dendritic cells pulsed with Dendritic cells pulsed with
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Figure 2. Enhanced loading efficiency of heteroclitic BCM A72.gg peptide encapsulated
nanoparticles by immature dendritic cells.

A: Representative flow cytometric analyses of time-dependent (0.5 - 2 hours) uptake of
BCMA peptide-FITC by immature dendritic cells, as (1) free peptide, (2) encapsulated in
PLGA, or (3) encapsulated in liposome. B: A summary of three independent flow
cytometric analyses (N=3), showing time-dependent (1 - 18 hours) uptake of BCMA
peptide-FITC by immature dendritic cells, as (1) free peptide, (2) encapsulated in PLGA, or
(3) encapsulated in liposome. C: Representative confocal microscopic analyses of (1)
immature dendritic cells alone (no peptide pulsed), (2) immature dendritic cells pulsed with
BCMA peptide-FITC, or (3) immature dendritic cells pulsed with BCMA peptide-FITC
encapsulated PLGA nanoparticles after pulsing for 18 hours.
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Figure 3. Increased immune responses of BCM A-specific CTL induced with BCMA peptide-
encapsulated nanoparticles against multiple myeloma cell lines.

HLA-A2-restrcited anti-myeloma activities of heteroclitic BCMA-specific CTL generated
from HLA-A2* normal donor’s PBMC by stimulation with (1) free peptide, (2) PLGA/
peptide or (3) liposome/peptide. Functional immune activities were assessed by (A) CD107a
degranulation, (B) IFN-y production, (C) IL-2 production, and (D) TNF-a production.
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Figure 4. Increased anti-MM activities of BCM A-specific CTL generated with BCMA72.g0
peptide encapsulated nanoparticles against primary CD138* tumor cells from myeloma patients.

A: Background functional activities by BCMA-CTL alone (no tumor cells encounted). B
and C: Anti-MM activities of PLGA/peptide-CTL against primary CD138* tumor cells
from (B) HLA-A2* MM Patient #1 or from (C) HLA-A2* MM Patient #2. D: Summary of
three independent experiments (N=3) showing the HLA-AZ2 restricted anti-tumor activities
of BCMA-CTL against primary CD138* tumor cells from myeloma patients.
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Figure5. Increased frequency of CD28* and Tetramer* CTL, Thil-type cytokine production, and

proliferation of CD8" T cellsby PLGA/BCMA peptide-CTL.

A: Increased frequency of CD28* (Top Panel) and BCMA-specific Tetramer* CD8 T cells
with CD28 upregulation (Bottom Panel) in PLGA/BCMA peptide-CTL. B: Increased
proliferation (CD8* T cells gated) of PLGA/peptide-CTL in response to heteroclitic
BCMA7,.go peptide in a time-dependent manner (Day 5 > Day 4 > Day 3). C: Increased
frequency of peptide-specific IFN-y* cells (CD8" T cells gated) in PLGA/BCMA-CTL in
response to heteroclitic BCMA7,_gg peptide.
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Figure 6. Increased memory cellswith functional immune activities against myeloma cellsin
PLGA/BCMA peptide-CTL.

A: Increased CD8™* T cell proliferation in the PLGA/BCMA-CTL in response to HLA-A2*
U266 MM cells (Day 6 > Day 4). B: Increased induction of total CD45RO* memory CTL
by PLGA/BCMA peptide than by free peptide, measured post-3, post-4 and post-5 cycles of
stimulation. C: Summary of three independent experiments (N=3) demonstrating increased
memory CTL induction by PLGA/peptide than by free peptide, measured post-2 and post-4
cycles of stimulation. D: Increased level of central memory and effector memory CTL
generation by stimulation with PLGA/peptide than free peptide, measured post-1 and post-3
cycles of stimulation. Increased maintenance of central memory cells was detected in
BCMA-CTL generated by PLGA/peptide than free peptide, measured post-5 cycles of

peptide stimulation.
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Figure 7. Increased anti-myeloma activities of BCM A-specific memory CTL generated with
PLGA/BCMA peptide.

A and B: Increased anti-myeloma activities of BCMA-specific central memory and effector
memory CTL generated with PLGA/peptide than free peptide, demonstrated by (A) CD107a
degranulation and (B) IFN-y production, in response to HLA-A2* myeloma cells (U266).
C: Summary of three independent experiments (N=3) showing increased anti-myeloma
activities (CD107a degranulation, IFN-y/IL-2/TNF-a cytokine production) by PLGA/
peptide-induced memory CTL (CM > EM) compared to free peptide-induced memory CTL.
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