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Abstract

Purpose: Generation of antigen-specific T cells from cancer patients employs large numbers of
peripheral blood cells and/or tumor infiltrating cells to generate antigen-presenting and effector
cells commonly requiring multiple rounds of re-stimulation ex vivo. We used a novel
paramagnetic, nanoparticle-based artificial antigen presenting cell (nano-aAPC) that combines
anti-CD28 co-stimulatory and human MHC class | molecules that are loaded with antigenic
peptides to rapidly expand tumor antigen-specific T cells from melanoma patients.

Experimental Design: Nano-aAPC expressing HLA-A*0201 molecules and costimulatory anti-
CD28 antibody and loaded with MART-1 or gp100 class | restricted peptides were used to
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stimulate CD8 T cells purified from the peripheral blood of treatment-naive or PD-1 antibody-
treated patients with stage IV melanoma. Expanded cells were re-stimulated with fresh peptide-
pulsed nano-aAPC at day 7. Phenotype analysis and functional assays including cytokine release,
cytolysis, and measurement of avidity were conducted.

Results: MART-1-specific CD8 T cells rapidly expanded up to 1000-fold by day 14 after
exposure to peptide-pulsed nano-aAPC. Expanded T cells had a predominantly stem cell memory
CD45RA*/CD62L*/CD95* phenotype, expressed ICOS, PD-1, Tim3, and LAG3 and lacked
CD28. Cells from patients with melanoma were polyfunctional, highly avid, expressed IL-2, IFN-
gamma, TNF-alpha and exhibited cytolytic activity against tumor cell lines. They expanded 2—3-
fold after exposure to PD-1 antibody /n vivo, and expressed a highly diverse TCR V beta
repertoire.

Conclusions: Peptide-pulsed nanoparticle aAPC rapidly expanded polyfunctional antigen-
specific CD8 T cells with high avidity, potent lytic function and a stem-memory phenotype from
melanoma patients.
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Introduction

The emerging field of adoptive T cell therapy (ACT) has established that durable, complete
regressions can be achieved with cell transfer strategies in cancer patients (1). ACT
commonly depends on the use of autologous antigen-presenting cells (APC) either as feeder
cells or to deliver antigen to promote the expansion of CD8 effector T cells that are
optimally antigen-specific, stem memory cells with long telomeres that are derived from
tumor infiltrating lymphocytes (TIL) or peripheral blood and can persist /77 vivo. Dendritic
cells (DCs) are felt to be the most potent APC to expand T cells for adoptive transfer, which
have also shown some clinical success (2). £x vivo generated dendritic cells have been
employed in a number of ACT trials and have themselves been used in therapeutic trials by
intranodal, intradermal and even intravenous injection with limited clinical benefit (3).
However, the use of DCs as antigen-presenting cells is associated with several
manufacturing procedures to expand tumor-specific T cells from naive precursor T cells,
requiring a number of weeks or months to produce the large number of tumor-specific T
cells required for ACT (4-6). DC-based expansion is limited by the requirement for enough
DCs which effectively limits their use (7). Additionally, DCs are cumbersome to make, are
highly variable in availability and function due to pretreatment and underlying disease
limiting the ability to predict or control presentation to cognate TCRs. Furthermore, DCs
from tumor-bearing patients can be dysfunctional due to the presence of the tumor
microenvironment, contributing to immune non-responsiveness (8). DCs do not constitute an
easily renewable and reliable “off the shelf” reagent readily adaptable for large scale clinical
trials.

Various artificial antigen-presenting approaches from cell-based to acellular platforms have
been developed to generate T cells for ACT (9-16). K562 cell-based artificial APC and
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Dynabeads conjugated with anti-CD3 and anti-CD28 antibody have been used to expand T
cells in clinical trials (17,18). Although these modalities promote the polyclonal expansion
of T-cells they can lead to suboptimal expansion because these signals are not naturally
presented by APC resulting in activation-induced cell death and diminished T-cell viability
(19,20). A further pitfall in the use of non-specific expansion of T cells for ACT is the
induction of effectors that can lead to expansion of self-reactive T cells, increasing the
chances for off-target toxicity (21,22). Using tumor-specific T cells derived from effectors
expressing the autologous naive T cell repertoire has some advantages compared to the use
of engineered TCRs that have an improved affinity for antigen, since they may exhibit
reduced autoimmune off-target toxicities (23) and avoid tumor escape through antigenic
down-modulation.

In order to overcome these deficiencies, we designed and developed an acellular T cell
expansion platform, consisting of nanoparticle-based artificial antigen-presenting cells
(nano-aAPC) which are paramagnetic iron-dextran nanoparticles, 80-100 nm in diameter,
conjugated with costimulatory anti-CD28 antibody and MHC-1g molecules that were loaded
with HLA-AZ2 restricted peptides to promote T cell expansion (24). This technology
facilitates the expansion not only of human memory T cells (24) but also tumor-specific T
cells derived from the naive repertoire from healthy individuals (25).

In the current work, we show that tumor-associated antigen (TAA) peptide-loaded human
class I MHC and anti-CD28 can be covalently linked to non-cell based magnetic
nanoparticles to create nano-aAPC that can rapidly stimulate and expand potent antigen-
specific CD8* T cells derived from the peripheral blood of melanoma patients. An
Enrichment + Expansion (E + E) platform has been developed so that T cells binding the
magnetic nano-aAPC are easily purified in a sterile manner with commercial magnets that
facilitates the expansion of antigen-specific T cells more rapidly and effectively than
dendritic cells or other natural antigen-presenting cells. The resulting T cells are MHC Class
I restricted, highly antigen-specific, polyfunctional and have a stem-memory phenotype with
long telomeres. Combined, these cellular attributes characterize T cells with anti-tumor
properties that may confer potent and durable effect when adoptively transferred to patients.
We also demonstrated that this approach expands T cells from post-anti-PD-1 treated
melanoma patients with an even higher yield.

Materials and Methods

Patient samples

The clinical studies were performed in accordance with the Declaration of Helsinki. All
Peripheral blood samples were obtained from patients with metastatic melanoma under
NYU Institutional Review Board (IRB)-approved protocols (NCT01783938 (26), and
NCT02983006), and written informed consent was obtained from all subjects from whom
peripheral blood samples were obtained. Samples were coded with an anonymized 5-digit
number and their identity was unknown to those performing the experiments. Peripheral
blood mononuclear cells (PBMCs) were isolated by density gradient with 1.077 g/mL
Ficoll-Paque (GE Healthcare, Chicago, IL). For cryopreservation, PBMCs were resuspended
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in human AB serum with 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, Mo),
frozen at —80°C for 2-3 days and then stored in liquid nitrogen.

Preparation of nano-aAPC and reagents

Cell lines

Nano-aAPC were provided by Neximmune Inc (Gaithersburg, MD). Briefly, nano-aAPC
were manufactured by direct conjugation of humanized HLA-Ig dimer and anti-CD28
antibody to MACS Microbeads (Miltenyi Biotec) as described previously (24).

Recombinant human IL-2 (Aldesleukin, Prometheus Laboratories, San Diego, CA), IL-7,
IL-15, IL-21 and GM-CSF (R&D systems) were commercially obtained. The cytokine mix
(IL-2, IL-4, IL-6, IL-1 beta and gamma interferon) was provided by Neximmune Inc. CD8*
T-cells and CD14* monocytes were isolated through EasySep magnetic negative or positive
selection kit (StemCell Technologies, Vancouver, BC, Canada).

Melanoma cell lines A375, Malme-3M, MeWo, SK-MEL-28 and T lymphablast T2 cells
were purchased from the American Type Culture Collection (ATCC). Acute lymphoblastic
leukemia cell line 1301 was obtained from European Collection of Authenticated Cell
Cultures (ECACC). Cell lines were not authenticated and used for experiments between 8
and 12 passages. A375 cells were cultured in DMEM (Thermo Fisher Scientific)
supplemented with 10% FBS and antibiotic antimycotic solution (Sigma-Aldrich).
Malme-3M cells were cultured in DMEM supplemented with 20% FBS and antibiotic
antimycotic solution. MeWo and SK-MEL-28 cells were cultured in EMEM (Thermo Fisher
Scientific) supplemented with 10% FBS and antibiotic antimycotic solution. T2 and 1301
cells were cultured in RPMI supplemented with 10% FBS and antibiotic antimycotic
solution. All cell lines were cultured in a humidified 5% CO,, 37 °C incubator.

Flow cytometry analysis

Cells were washed using phosphate-buffered saline (PBS) with 2% FBS, and were then
stained with monoclonal antibodies (mAbs) specific for CD8 (RPA-T8, BD), CD45RA
(H1100, BD), CD95 (DX-2, BD), CD62L (DREG-56, eBioscience, San Diego, CA), CD69
(FN50, BD), 4-1BB (4B4-1, Biolegend), ICOS (DX29, BD), CD27 (M-T271, BD), CD28
(CD28.2, BD), PD-1 (MIH4, BD), CD223 (LAG-3) (3DS223H, eBioscience), Tim-3 (F38-
2E2, BD) and KLRG1 (13F12F2, eBioscience). MART-1- or gp100-specific CD8* T cells
were detected by MART-1 or gp100/HLA-A*0201 PE-labelled tetramers (MBL, Woburn,
MA). Intracellular staining of Ki67 (B56, BD) was performed after fixation and
permeabilization using a staining kit (eBioscience) according to the manufacturer’s
instructions. Live Dead dyes (Invitrogen, Carlbad, CA) was used to assess viable cells. The
cells in all experiments were analyzed with an Attune NXT flow cytometer (ThermoFisher
Scientific, Waltham, MA) and analysed using FlowJo 10 software (Ashland, Oregon).

Generation of MART-1 Tet* T-cells by nano-aAPC

As previous described (25), nano-aAPC were stored at a concentration of 10 OD/mL, and all
volumes refer to particles at this concentration assessed by optical density. Ten million CD8-
enriched lymphocytes at ~108 cells/ml were incubated with 20 pl of nano-aAPC for 1 hour
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at 4°C. Cell-particle mixtures were subsequently passed through a magnetic enrichment
column (Miltenyi). Isolated positive fractions were mixed and cultured for 14 days in
medium supplemented with the cytokine cocktail (4 ng/ml IL-2, 0.3 ng/ml IL-4, 0.4 ng/ml
IL-6, 0.2 ng/ml IL-1B, 1 ng/ml IFN-y) mentioned above in a humidified 5% CO,, 37 °C
incubator. Specificity of CTL was monitored on day 0, 7 and 14 and function of CTL was
assessed on day 14. The number of antigen-specific cells was calculated by multiplying the
number of total live cells by the fraction of CD8 and antigen-specific cells.

Generation of monocyte-derived dendritic cells

CD14" cells that were purified from PBMCs using a Human CD14 Positive Selection Kit,
(StemCell) were cultured with 20 ng/ml GM-CSF and 20 ng/ml IL-4 (R&D systems) in X-
VIVO15 medium (ThermoFisher Scientific) with 5% human serum AB (Omega Scientific).
The medium was replaced with fresh medium containing cytokines at Day 3 and 6. To
generate mature dendritic cells (mDCs), 1 ug/ml LPS (Sigma-Aldrich) were added to
immature DC (iDCs) cultures for 48 hours (27).

Generation of MART-1 Tet* T-cells by DCs

Antigen-specific CD8* T cells were induced as described previously with modifications
(27,28). Mature DCs were pulsed with 10 pM HLA-A*0201 restricted MART-156_35
(ELAGIGILTV) peptide (BioSynthesis, Lewisville, TX) for two hours. Mature LPS-treated
DCs were cultured with sorted CD8* T cells generated previously in fresh medium
containing 20 1U/ml IL-2, 10 ng/ml IL-7, 10 ng/ml IL-15, and 20 ng/ml IL-21 (29,30) or the
cytokine mix described above.

Polyclonal T-cell expansion by CD3/CD28 Dynabeads

Intracellular

Isolated CD8* T cells were mixed with CD3/CD28 Dynabeads (ThermoFisher Scientific)
and cultured with 30 1U/mL IL-2 according to the manufacturer’s instructions. The medium
was replaced with fresh medium containing IL-2 every third day.

cytokine staining

Expanded CD8* T cells were stimulated for 3—4 hours with MART-156_35 a271 peptide-
loaded T2 cells or melanoma cell lines. Golgi plug (protein transport inhibitor containing
brefeldin A, BD) and Golgi stop (Monensin, BD) were added 2 hours before staining. Cells
were stained for cell surface markers followed by intracellular cytokines (IFN<y [4S. B3,
BD], TNFa [MADb11, BD], and IL-2 [MQ1-17H12, BD]) after fixation and
permeabilization. For perforin (B-D48, BioLegend) and granzyme B (GB11, BD) staining,
effector cells were cocultured with T2 cell for 16 hours. To analyze cytokine production of T
cells, effector cells were cocultured with T2 cells for 24 hours and supernatants were
collected. Cytokines were analyzed using a Luminex system (ThermoFisher Scientific).

Functional avidity analysis and cytotoxicity assay

T2 cells labeled with CFSE (2.5 pM, Invitrogen) were incubated with mature-DC or nano
aAPC-expanded CD8" T cells for 12—-16 hours, then their specific lysis was analyzed by
flow cytometry. The ECsg of target cell lysis was measured by Prism version 8 software
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(GraphPad, San Diego, CA). The target melanoma cell lines were labeled with CFSE (5 uM,
Invitrogen) and incubated with CD8" T cells for 12-16 hours, then specific lysis of cell lines
was analyzed by flow cytometry. The specific lysis of target melanoma cells was measured
at different effector versus target ratios (ET ratio: 0.01, 0.1, 1 and 10). The percent specific
lysis was calculated as follows: 100-[(target cell number in the presence of effector cells)/
(target cell number in the absence of effector cells) x100].

Detection of telomere length

The telomere length of cells was assessed using a Telomere PNA kit (DAKO, #K5327).
Briefly, an equivalent number of CD8" T cells and 1301 cells which have longer telomere
length were mixed, then a FITC-conjugated PNA probe that bind to telomeres was added.
The relative telomere length was calculated using the manufacturer’s instructions.

TCR seq analysis

Antigen-specific CD8* T cells were sorted based on MART-1 tetramer expression using the
MoFlo XDP (BD Biosciences). Total genomic DNA was isolated with the DNeasy Blood
and Tissue Kit (Qiagen, Venlo, the Netherlands). The DNA was used for deep sequencing of
the B-chain, using the ImmunoSEQ platform (Adaptive Biotechnologies, Seattle, WA,
USA). Details of the deep sequencing assay are as follows: the TCRp and TCRy CD3
region was amplified and sequenced using the ImmunoSEQ assay (Adaptive
Biotechnologies, Seattle, WA). Specifically, CD8* T cells from patients were either
sequenced pre-expansion or expanded for MART-1 antigen using DCs or nano-aAPC, before
sorting for MART-1 tetramer positive cells, and then sequenced. Diversity metrics, clone
distribution, and VB gene usages were examined both pre- and post-expansion for each
patient. The diversity metrics that we examined were: productive entropy, which is
Shannon’s Entropy (H = — Y p;logy p; Where p;is the frequency of a given clone) for all

productive rearrangements within a sample, with larger numbers representing greater

diversity; and productive clonality (C = 1 - % where H is productive entropy and N is

the number of unique CDR3 clones) which ranges from 0 to 1 with lower values
representing greater diversity.

Statistical analysis

The required sample size which varied depending on the experiment was determined in
G*Power using a priori analysis, set at significance level 0.05 and power 0.9. Differences
between two groups were analyzed by Student’s two-tailed non-paired or paired #test using
Prism version 8 software. One-way ANOVA and Tukey’s multiple comparison post-hoc test
was used for group comparisons. P values < 0.05 were considered statistically significant.

Results

Frequency of MART-1 Tet™ cells expanded with nanoparticle aAPC or autologous DCs

For enrichment by nano-aAPC, CD8* T-cells were isolated from frozen PBMC that were
thawed, and incubated with MART-1 peptide-loaded nano-aAPC, then the cell-particle
mixture was passed through a magnetic column, and the antigen-specific fraction was
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enriched by eluting the magnetic-bound fraction containing T cells. After enrichment, the
magnet-bound fractions of enriched cells and nano-aAPC were cultured /n vitro (Fig. 1A)
with cytokines. Seven days after enrichment, additional nano-aAPC and fresh media with
cytokines were supplied. The antigen-specific CD8* T-cells were detected by tetramer at day
7 and 14. We evaluated the frequency of MART-1 Tet* CD8" T-cells expanded by CD3/
CD28 Dynabeads, nano-aAPC or lipopolysaccharide (LPS)-matured DCs pulsed with
MART-1 peptide from the same stage IV melanoma patients. In general, the frequency of
MART-1 Tet* cells prior to nano-aAPC expansion by either method ranged from
undetectable levels to approximately 0.01% of total CD8* T cells. After 14 days, the
frequency of MART-1 Tet* cells expanded by nano-aAPC increased to 53.6% of total CD8*
T-cells. In contrast, Dynabeads or mature DCs did not expand MART-1 Tet* cells to greater
than 5% of total CD8" T-cells (Fig. 1B). The frequency of MART-1 Tet™ CD8* T-cells
expanded by nano-aAPC were significantly increased compared to those expanded by
Dynabeads or DCs (Fig. 1C). These data suggest that E + E with nano-aAPC can expand
MART-1 Tet* CD8 T cells more effectively than mature DCs.

To investigate the effect of enrichment on subsequent T cell proliferation, we compared cells
that had undergone the enrichment process to those that had not been enriched (Fig. 1D).
Enrichment significantly enhanced both frequency and fold change of MART-1 Tet* CD8*
T-cells (p<0.001 for frequency, p<0.05 for fold change, Fig. 1E).

Cytokine mix versus IL-2, 7, 15, and 21 for expansion of MART-1 Tet* CD8" T-cells by nano-

aAPC

Next, we compared a cytokine cocktail with well-established -y chain cytokines (IL mix;
IL-2, 7, 15, and 21) (29) for the expansion of MART-1 Tet* CD8* T-cells using nano-aAPC.
In a representative sample shown, cytokine mix expanded MART-1-positive cells to 58% of
CD8™" T-cells, whereas IL mix expanded MART-1 Tet* CD8* T-cells only to 1.4% of CD8*
T-cells in the same patients (Fig. 1F). The frequency and fold change of MART-1 Tet* CD8*
T-cells expanded by the cytokine mix were significantly higher than those expanded with IL
mix (p<0.001 for frequency, p<0.05 for fold change, Fig. 1G). These results suggest that the
cytokine mix promotes the expansion of MART-1 Tet™ CD8" T-cells to a higher frequency
than IL-2, 7, 15, and 21.

Comparison of nano-aAPC T cell expansion in melanoma patients and healthy donors.

We evaluated whether there was a difference between melanoma and healthy donor samples
in the degree of expansion of MART-1 Tet* CD8" T-cells by nano-aAPC. After 14 days, the
frequency of MART-1 Tet* CD8* T-cells expanded by nano-aAPC increased to
approximately 50% of total CD8* T cells from both healthy donors and melanoma patients
(Fig. 2A and B). There was no significant difference in the frequency, cell number and fold
change of MART-1 Tet* CD8* T-cells from 8 healthy donors and 8 melanoma patients (Fig.
2B).
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Phenotype, activation and checkpoint expression of MART-1 Tet* CD8* T-cells expanded
by nano-aAPC or DCs.

To analyze the phenotype of MART-1 Tet* CD8* T-cells expanded by DCs or nano-aAPC,
MART-1 Tet* CD8* T-cells were categorized based on CD62L (L-selectin), CD45RA and
CD95 expression into central memory CD45RA™CD62L* (Tcwm), effector memory CD45RA
~CD62L" (Tgp), stem cell memory cells CD45RA*, CD62L*, CD95* (Tgcm), haive
CD45RA*CD62L*CD95~ (Ty), and effector CD45RA*CD62L~ (Tg) populations (Fig. 2C).
The use of nano-aAPC expansion increased the frequency of central memory and stem cell
memory MART-1 Tet* CD8* T-cells (T¢wm: P=0.0044 and Tscp: P=0.0002), and decreased
the frequency of naive and effector memory cells (Ty: P=0.0058 and Tgyp,: P=0.002)
compared with pre-expansion CD8* T-cells (Supplementary Fig. S1A and S1B). We then
compared the phenotype of MART-1 Tet* CD8* T-cells expanded by nano-aAPC to those
expanded by DCs. The enhanced frequency of stem cell memory phenotype was observed in
nano-aAPC expanded MART-1 Tet" CD8* T-cells rather than DCs (Fig. 2D). Adoptive cell
transfer strategies require effector cell expansion and persistence /n vivo after engraftment of
T cells to optimize durable clinical efficacy. We investigated the expression of KLRG1, a
senescence marker of T cells, on expanded effector memory and effector type CD8* T-cells.
A higher expression of KLRG1 was observed on MART-1 Tet* CD8* T-cells that were
expanded by DCs than those expanded by nano-aAPC (p<0.05 for Tgp, p<0.01 for Tg, Fig.
2E). Next, we determined whether MART-1 Tet* CD8" T-cells expanded by nano-aAPC E +
E have a long telomere length that is associated with achieving long-term persistence after
transfer. Expanded MART-1 Tet* CD8* T-cells from individual melanoma patients were
mixed with 1301 cells which have a defined long telomere length. Fluorescence in situ
hybridization was performed using a FITC-conjugated PNA probe to detect the telomere
length of T cells. The relative telomere length of expanded CD8* T-cells was significantly
higher than those of pre-E + E CD8* T-cells (P=0.006, Fig. 2F).

We analyzed whether the nano-aAPC based expansion affected expression of activation
(CD69, 4-1BB, ICOS and 0OX-40, Fig. 3A), co-stimulatory (CD27 and CD28, Fig. 3B),
checkpoint (PD-1, Tim3 and LAG3, Fig. 3C), proliferation (Ki67, Fig. 3D), and senescence
markers (KLRG1, Fig. 3E) on MART-1 Tet* CD8* T-cells. Expansion with nano-aAPC
significantly increased the frequency of CD69, 4-1BB, ICOS, CD27, 0X-40, Ki-67, PD-1,
Tim3 and LAG3 expression on MART-1 Tet* CD8" T-cells compared with CD8* T-cells
before expansion. In contrast, expansion with nano-aAPC decreased CD28 expression by
MART-1 Tet* CD8* T-cells (Supplementary Fig. S1C). MART-1 Tet* CD8" T-cells
expanded by both DCs and nano-aAPC showed similar expression levels of each molecules
except for ICOS, Tim3, Ki67 and KLRG1 (Fig. 3). Expansion with nano-aAPC significantly
increased the frequency of ICOS (p<0.05), Tim3 (p<0.01) and Ki67 (p<0.05) expression on
MART-1 Tet* CD8* T-cells. In contrast, DCs induced expression of KLRG1 (p<0.01).

CD8* T-cells expanded with nano-aAPC are polyfunctional

To assess the function of CD8" T cells which were expanded with nano-aAPC from
melanoma patients, we performed intra-cellular cytokine analysis of MART-1 Tet* CD8* T-
cells. Expanded cells were co-cultured with MART-1,¢_35 o271 peptide-pulsed T2 cells.
Expression of CD107a, and production of TNFa., IFNy and IL-2 were observed by MART-1
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Tet™ CD8™ T-cells co-cultured with MART-1 peptide-loaded T2 cells but not with control T2
cells (Fig. 4A and B). In contrast, MART-1 Tet™ CD8* T-cells produced minimal levels of
cytokines when co-cultured with MART-1 peptide-loaded or control T2 cells
(Supplementary Fig. S2A and S2B). Expanded MART-1 Tet* CD8* T-cells also expressed
perforin and granzyme B after incubation with target cells (Fig. 4C and Supplementary Fig.
S2C and S2D). We analyzed cytokine release from nano-aAPC expanded MART-1 Tet*
CD8* T-cells following exposure to peptide-pulsed or control T2 cells by Luminex. Secreted
cytokines granzyme B, IFN+y, TNFa, IL-2, IL-4, IL-5, IL-13 were detected in response to
peptide-pulsed T2 cells but not to control T2 cells (Supplementary Fig. S2E).
Polyfunctionality analysis of MART-1 Tet* CD8* T-cells (Fig. 4D), showed that about 20%
of cells produced all three cytokines measured (TNFa, IFN+y and IL-2) and were CD107a
positive, and approximately 75% of cells exhibited multiple functional markers compared to
those expressing only one (p=0.001, Fig. 4E). To determine whether expansion methods
affected the functionality of expanded T cells, we analyzed the expression profile of
MART-1 Tet* CD8* T-cells expanded by nano-aAPC or peptide-pulsed mature DCs using
the same patient samples. MART-1 Tet™ CD8™* T-cells expanded by peptide-pulsed DCs
exhibited multifunctionality but the frequency of polyfunctional effectors expressing all four
effector functions was lower than that achieved with T cells expanded with nano-aAPC (Fig.
4F and Supplementary Fig. S3A). T cells expanded with mature-peptide-pulsed DC had a
lower frequency of IL-2 and CD107a expression (p<0.01 for CD107a, p=0.01 for IL-2,
Supplementary Fig. S3B and S3C), indicating that MART-1 Tet* CD8* T-cells expanded
with nano-aAPC possess highly specific polyfunctionality against target cells.

Additionally, we determined whether MART-1 Tet* CD8* T-cells generated by E + E with
nano-aAPC possessed Killing activity against antigen-expressing target cells. Expanded
MART-1 Tet* CD8* T-cells were incubated with CFSE-labeled T2 cells which were pulsed
with MART-16_35 a271 peptide for 12-16 hours at various ET ratio. Specific cytotoxicity
against MART-1 peptide-loaded T2 cells was observed (Fig 4G). Peptide concentration-
dependent cytotoxicity was also observed at ET ratio 1:1 (Fig. 4H). MART-1 Tet* CD8* T-
cells derived from 4 melanoma patients uniformly exhibited specific and high levels of lytic
activity against antigen-expressing target cells (Fig. 41). To determine whether APC
expansion methods affected the cytotoxic activity of expanded effector cells, we co-cultured
peptide-pulsed or control T2 cells and MART-1 Tet* CD8* T-cells expanded by nano-aAPC
or peptide-pulsed mature DCs from the same melanoma patients (Fig. 4J). CD8* T-cells
expanded by DCs exhibited a lesser degree of lytic activity due to their lower purity of
MART-1 Tet* CD8" T-cells (Fig. 4J and Supplementary Fig. S3D). Moreover, MART-1 Tet*
CD8™" T-cells expanded by nano-aAPC exhibited higher functional avidity compared to
MART-1 Tet* CD8* T-cells expanded by autologous DCs (Fig. 4K), indicating that CD8* T-
cells generated by nano-aAPC possessed higher tumor-specific lytic activity than those
expanded by mature peptide-pulsed DCs.

We used the MART-1,6_35 A27. peptide to assess the functionality of MART-1 Tet* CD8* T-
cells expanded by nano-aAPC, so to validate whether those expanded effector cells
recognized native peptide, we tested whether nano-aAPC expanded T cells showed lytic
activity against T2 cells loaded with naturally processed peptides, MART-15¢_35
EAAGIGILTV and MART-157_35 AAGIGILTV. As shown in a T2 stabilization assay which
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indicated affinity of peptides (Supplementary Fig. S4A), similar lytic activity was observed
against MART-156_35 a27, Or naturally processed MART-1,7_35 peptide-loaded T2 cells,
although less against MART-1,¢_35 peptides-loaded targets (Supplementary Fig. S4B).

To evaluate whether aAPC-stimulated T cells exhibited cytotoxic activity against naturally
processed, antigen-expressing melanoma cell lines, T cells were incubated with target
melanoma cell lines which were labeled with 5 pM of CFSE for 12-16 hours. Expanded
CD8™* T-cells which retained functionality against cell lines (Supplementary Fig. S4C and
S4D) exhibited cytotoxic activity against MeWo and Malme-3M (HLA-A*0201%,
MART-1%) but not to SK-MEL-28 (HLA-A*0201~, MART-1*) or A375 (HLA-A*0201%,
MART-1") melanoma cell lines (Fig. 5A and Supplementary Fig. S4E). A high level of
specific lysis by MART-1 Tet™ CD8" T-cells expanded from 5 separate melanoma patients
against MeWo was observed suggesting that antigen-specific CD8* T-cells with potent
functionality against naturally processed MART-1 antigen were efficiently expanded by
nano-aAPC (Fig. 5B).

Nano-aAPC E + E of CD8* T cells specific for gp100

We assessed whether Enrichment + Expansion with nano-aAPC was effective using other
target antigens. E + E was performed using nano-aAPC bearing the gp100509_17 tumor
antigen peptide. The cell number and purity of gp100 Tet* CD8" T-cells were increased at
day 14 (Supplementary Fig. S5A) indicating that E + E platform using nano-aAPC is
applicable using other TAA for the expansion of CTL. Expanded gp100 Tet* CD8* T-cells
also exhibited a more stem cell memory phenotype compared with pre-E + E CD8* T-cells
(Supplementary Fig. S5B). These results were consistent with those observed with MART-1
Tet™ CD8" T-cells (Supplementary Fig. S1B).

Expansion of MART-1 Tet* cells pre- and post-PD-1 treatment

To evaluate whether anti-PD-1 treatment influenced the expansion and TCR repertoire of
MART-1 Tet* CD8* T-cells expanded with nano-aAPC, we analyzed 6 patients who had
paired peripheral blood samples obtained prior to, and after, anti-PD-1 treatment. These
patients included 3 responders and 3 non-responders to treatment with PD-1 blockade.
Nano-aAPC increased the MART-1 Tet* CD8" T-cells from 0.01-0.1% at Day 0 to
approximately 20-90% of total CD8* T cells at Day 14 (Supplementary Fig. S6A and S6B).
In five of six post-PD-1 treatment samples, anti-PD-1 treatment induced a higher frequency
of MART-1 Tet* CD8* T-cells cells compared with the baseline pre-PD-1 (Supplementary
Fig. S6C). Anti-PD-1 treatment increased the cell number in all three responders, and in two
of three non-responders (Supplementary Fig. S6C). We also evaluated whether anti-PD-1
treatment affected the function of expanded MART-1 Tet* CD8" T-cells from anti-PD-1
treated patients, and they retained multifunctionality against antigen-expressing target cells
(Supplementary Fig. S7).

TCR repertoire analysis of nano-aAPC expanded MART-1 Tet* CD8* T-cells

To analyze the impact of nano-aAPC expansion on the TCR repertoire, MART-1 Tet* CD8*
T-cells were isolated after E + E using nano-aAPC, and a TCR repertoire analysis was
performed by DNA sequencing. Results were compared with pre-expansion CD8* T-cells.
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The TCR repertoire of expanded CD8* T-cells specific for the MART-1 antigen using nano-
aAPC was compared to the repertoire of cells expanded with peptide-pulsed DCs. Pre-
expansion CD8" T cells had similar distributions of clonotypes and VB gene usage (Fig. 6A
and B). Clonotype distribution varied depending on the expansion method (Supplementary
Fig. S8A and S8B). VB gene usage was also considerably different both between patients
and depended on the expansion methods. For instance, T-cells expanded by DCs from
patient 3 (P3) primarily used V19, whereas nano-aAPC expanded cells from the same
patient used VB06. Similarly, while T-cells expanded by DCs from patient 7 (P7) used
primarily V28, nano-aAPC expanded T cells used both V28 but also VB13. We then
compared the MART-1 repertoires of healthy donors and melanoma patients after nano-
aAPC expansion and found that they were similarly diverse (Supplementary Fig. S8C and
S8D). Moreover, they had similar clonotype distributions (Fig. 6C) and used a similar
dominant set of Vs (Vp06, VP04, and VB28) (Fig. 6D). Based on an analysis of productive
entropy and clonality, the different expansion methods both resulted in a less diverse T cell
receptor repertoire (Fig. 6E and F).

Discussion

In this work, we employed nanoparticle aAPCs offering an “off the shelf” platform to
rapidly expand large numbers of highly functional, antigen-specific T cells derived from
patients with metastatic melanoma. MART-1 specific CD8" T cells were rapidly expanded
up to 1000-fold in a 14-day exposure to peptide-loaded nano-aAPC. The E + E system with
peptide loaded nano-aAPC effectively expanded tumor antigen-specific T cells in terms of
number and purity of cells, suggesting that this technology could potentially be employed to
expand cells for ACT.

We demonstrated that E + E with nano-aAPC generated highly enriched MART-1 specific
CDS8™ T cells from both healthy donors and metastatic melanoma patients. Effective
expansion of MART-1 responding cells has been reported by several groups (12,31-35).
Although their protocols have shown the generation of a high precursor frequency against
MART-1, they require extensive culture time or repetitive stimulation to expand T cells or an
additional enrichment process for T cells (36). Our nano-aAPC E + E platform generated
large numbers and a high proportion of MART-1 Tet* CD8" T-cells with only 1 re-
stimulation within 14 days. An autologous DC-based ACE-CD8 platform has been shown to
be a promising method that produces a large number of CD8* T-cells (7), however this
approach, along with other DC-based stimulations, is clinically difficult if more than one
round of DC-based stimulation is required since production of autologous DC will become
limiting, requiring additional leukaphereses. In addition, DCs from patients with cancer are
often dysfunctional (37,38), or are often immunosuppressive (39,40). In contrast, the use of
nano-aAPC omits the need for autologous cellular APC or to use feeder cells.

Therapies that require an infusion of a large population of purely antigen-specific T cells
using DC-based approaches require multiple rounds of re-stimulation ex vivo, which can
render effectors hyporesponsive to re-stimulation (41). The use of non-specific stimulation
with anti-CD3/anti-CD28 Dynabead leads to a decrease in the percent and number of
antigen-specific T cells, possibly due to expansion of bystander cells (9,31). A system that
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enables both enrichment and expansion as in the current work offers a proliferative
advantage to rare antigen-specific T cells (25), thus reducing the amount of re-stimulation as
well as shortening the culture time to achieve a high number and frequency of antigen-
specific T cells, and allowing for a less exhausted, more stem-like cellular product.

There are a variety of technologies for isolating antigen-specific T cells, such as flow sorting
of T cells using tetramers, 4-1BB positivity, or OX-40 positivity (1), IFN-y capture systems
(42), or anti-PE/APC magnetic beads post-tetramer staining (43). There are also a variety of
“off-the-shelf” technologies for expansion of antigen-specific T cells, such as cellular
aAPCs, based on the K562 human leukemic cell line (9,13,44), or acellular platforms such
as liposomes (45), exosomes (46), polymeric beads (47-49), or T cell stimulating matrices
(50). However, the technology described in this paper is unique in its ability to both isolate
and simultaneously expand rare antigen-specific T cells.

We also assessed the telomere length of nano-aAPC expanded CD8* T-cells, a factor which
has been shown to be associated with T cell persistence /n vivo and durability of ACT
responses (51). CD8™* T-cells expanded with peptide-loaded nano-aAPC exhibited a longer
telomere length than unexpanded cells. Compared to autologous DCs, the nano-aAPC E + E
platform expanded more T cells with stem cell memory phenotype (52), associated with
durable responses and long-term survival with the use of adoptive cell transfer. Moreover,
MART-1 Tet* CD8* T-cells expanded by nano-aAPC expressed very low levels of the
senescence molecule KLRG1, consistent with continuous proliferative activity of T-cells.

We investigated expression of activation, proliferation, senescence and checkpoint molecules
on MART-1 Tet* CD8* T-cells expanded by nano-aAPC. Our E + E platform enhanced
expression of CD69, 4-1BB, ICOS, 0X-40 and Ki67 indicating the expansion of highly
activated and proliferative T cells. The fact that expression of the checkpoint molecules
PD-1, Tim3 and LAG3 was also upregulated, suggests that combination of adoptively
transferred nano-aAPC expanded T cells with immune checkpoint inhibitors could be useful
for future immunotherapy approaches.

Although PD-1 blocking antibodies alone or in combination with ipilimumab are associated
with objective response rates of 40 to 55% in patients with metastatic melanoma (53,54),
almost half of patients ultimately do not obtain benefit. Our work demonstrated that the
nano-aAPC E + E platform induced a higher frequency of MART-1 Tet* CD8* T-cells in
post-nivolumab treatment samples, suggesting that antigen-specific cells can be expanded
after PD-1 blockade, even in non-responder patients. Expanded MART-1 Tet™ CD8* T-cells
from post treatment patients also showed polyfunctionality against target cells
(Supplementary Fig. S7) indicating that T-cells produced by nano-aAPC after anti-PD-1
treatment are functional and might be useful for ACT.

T-cell activation by CD3/CD28 Dynabeads with exogenous interleukin-2 (IL-2)
supplementation has been used for non-antigen specific expansion of T cells in clinical trials
(18). However, these cultures may produce functionally limited or dysregulated T cells
(55,56). We demonstrated that MART-1 specific CD8" T-cells generated by E + E with
nano-aAPC were highly polyfunctional. The majority of MART-1 Tet* CD8* T-cells showed
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multifunctionality, with over 20% of cells producing TNFa, IFN-y and IL-2, which was
decreased to 5.2% in cells expanded by autologous DCs (Fig. 4F and Supplementary Fig.
S3). These results are consistent with previous work where mature DC-generated T cells are
less functional (57). We also demonstrated that the high purity of target T cells induced by
the nano-aAPC E + E platform is associated with efficient target killing activity (Fig. 4J and
Supplementary Fig. S3D). Moreover, the functional avidity of MART-1 Tet* CD8* T-cells
generated by nano-aAPC was higher than those of cells expanded by mature peptide-pulsed
DCs (Fig. 4J and K), indicating that expansion of antigen-specific T cells with nano-aAPC
can produce highly functional T-cells with high avidity and long telomeres, which might
contribute to, and are thought to be critical for, /n vivo anti-tumor killing activity (58).

The expansion of large numbers of rare, neoantigen specific T-cells can be important for
future ACT but is challenging due to a low precursor frequency of such cells in the
periphery. Although neoantigen peptide-pulsed autologous mature DCs could be useful for
expanding neoantigen-specific T cells, the need to culture DCs with multiple rounds of re-
stimulation increases the cost and resources needed to adequately expand T cells (59). The
nano-aAPC E + E platform induces large numbers of high-purity tumor-specific T cells
within 2 weeks. Moreover, nano-aAPC are highly adaptable and could be loaded with
different target peptides for multi-antigen specific T cell expansion, not only TAA such as
gp100 (Supplementary Fig. S5) but also neoantigens. Although some of the samples
expanded with nano-aAPC resulted in a low yield due to the low frequency of antigen-
specific T-cells pre-expansion (MART-1; 0.0037% to 6.5%, gp100; 0.005% to 7.1%),
suggesting that certain minimal levels of CD8" T-cells could be needed for a less dominant
antigen, a single leukapheresis could yield enough cells to overcome that hurdle. Because of
the adaptable approach of the aAPC design, additional HLA allele molecules, co-stimulatory
molecules (eg, 4-1BB, OX-40) and/or cytokines such as IL-2 can also be added (60).
Additionally, the nano-aAPC platform could be used to generate multiple antitumor T-cells
simultaneously using a nano-aAPC cocktail targeting multiple target peptides (25). The
nano-aAPC can also be used for direct therapy, since in animal models they have been
injected safely intravenously and mediated tumor regression (24).

In summary, peptide-loaded nano-aAPC can rapidly expand polyfunctional tumor antigen-
specific CD8* T-cells that have high avidity, potent cytotoxic activity, long telomere length
and a stem cell memory phenotype (Fig. 6G) from melanoma patients. This generates a T
cell product with measurable 7 vivo characteristics critical for potent and durable /n vivo
anti-tumor activity. These expanded tumor specific T cells could be a powerful tool for
adoptive immunotherapy of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance :

Adoptive cell therapies employ large numbers of T cells requiring multiple re-
stimulations ex vivoto successfully expand cells necessary for effective treatment.
Although dendritic cells (DCs) are potent antigen-presenting cells (APC) to expand T
cells for adoptive transfer, which have shown some clinical success, expansion with DCs
requires a number of weeks or months to produce large numbers of tumor-specific T
cells. Herein we have developed nanoparticle artificial APC “off the shelf” to expand
large numbers of antigen-specific T cells from melanoma patients within 14 days. The
Enrichment + Expansion platform produces high purity and highly functional antigen-
specific T cells with high avidity and long telomeres. This technology could be
applicable to adoptive cell transfer immunotherapy for cancer.
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Figure 1. Frequency of MART-1 Tet* CD8* T-cells expanded by nano-aAPC or autologous DCs.
(A) Schematic diagram of Enrichment + Expansion using nano-aAPC. Isolated CD8* T-cells

were incubated with nano-aAPC loaded with MART-1 peptide, and then the cell-particle
mixture was passed through a magnetic column. After enrichment, magnet-bound fractions
of enriched cells and nano-aAPC were eluted and cultured /n vitro. (B) Representative data
of frequency of MART-1 Tet* CD8" T-cells expanded by CD3/CD28 Dynabeads, mature
DCs or nano-aAPC at day 0 (pre-expansion), day 7 and day 14. (C) Summary of frequency,
cell number and fold change of MART-1 Tet* CD8* T-cells from the same melanoma
patients (n=8). (D) Representative data of frequency of MART-1 Tet* CD8" T-cells
expanded by nano-aAPC with Enrichment or Non-enrichment method at day O (pre-
expansion), day 7 and day 14. (E) Summary of frequency and fold change of MART-1 Tet*
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CD8* T-cells from the same melanoma patients (n=5). (F) Representative data of frequency
of MART-1 Tet* CD8* T-cells expanded by nano-aAPC in the presence of IL mix (IL) or
cytokine mix (CM) at day 0 (pre-expansion), day 7 and day 14. (G) Summary of frequency
and fold change of MART-1 Tet* CD8* T-cells from the same melanoma patients (n=8).
Success rates were 51/53 for E + E with nano-aAPC, 16/16 for DCs, 8/10 for Dynabeads
from stage IV melanoma patients. Significance was assessed by Student’s two-tailed paired ¢
test.
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Figure 2. Comparison of nano-aAPC T cell expansion from melanoma patients and healthy
donors.

(A) The frequency of MART-1 Tet* CD8" T-cells by nano-aAPC expansion on day 0, 7 and
14 from healthy individuals and melanoma patients. Representative flow data of one
melanoma patient and one healthy donor were shown. (B) Summary of frequency, fold
change and cell number of MART-1 Tet* CD8* T-cells expanded by nano-aAPC in 8 healthy
donors (HD) and 8 melanoma patients (Melanoma). Significance was assessed by Student’s
two-tailed ftest. (C) Representative staining of MART-1 Tet* CD8" T-cells from melanoma
patients expanded by DCs or nano-aAPC for CD45RA, CD62L (L-selectin) and CD95 at
day 14. The staining pattern of Tgcp and Tngive Was shown. (D) Summary of phenotypes on
MART-1 Tet* CD8" T-cells expanded by DCs or nano-aAPC from the same melanoma
patients (n=6). Phenotypes of T-cells were categorized based on CD45RA, CD62L and
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CD95 expression into central memory CD45RA™, CD62L™, (Tcwm), effector memory
CD45RA™, CD62L" (Tgm), stem cell memory CD45RA*, CD62L*, CD95™ (Tgcpm), haive
CD45RA*, CD62L*, CD95™ (Ty), and effector CD45RA*, CD62L" (Tg) populations. (E)
Expression of KLRG1 on Tgfector Memory @1d Tetfector Cells of MART-1 Tet* CD8* T-cells
was analyzed (n=6). (F) Relative telomere length from 6 melanoma patients was analyzed
based on those of 1301 cells which has long telomere length. Error bars indicate mean + SD.
Significance was assessed by Student’s two-tailed paired #test.
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Figure 3. Analysis of activation, maturation, checkpoint, proliferation and senescence markers
on MART-1 Tet* CD8* T-cells expanded by DCs or nanc-aAPC.

(A-E) Expression of activation (A, CD69, 4-1BB, ICOS and OX-40), maturity (B, CD27
and CD28), checkpoint (C, PD-1, Tim3 and LAG3), proliferation (D, Ki67) and senescence
molecules (E, KLRG1) on MART-1 Tet* CD8" T-cells expanded by DCs or nano-aAPC
from the same melanoma patients (n=6). Significance was assessed by Student’s two-tailed
paired ftest.
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Figure 4. Nano-aAPC expanded MART-1 Tet* CD8" T-cells are polyfunctional.
(A) Representative staining pattern of MART-1 Tet™ CD8" T-cells for CD107a and indicated

cytokines. Expanded CD8* T-cells were co-cultured with T2 cells pulsed with the
MART-156_35 a27. peptide. (B) Summary of expression of CD107a, intracellular TNFa.,
IFNy, IL-2 from 6 melanoma patients. (C) Summary of perforin and granzyme B expression
from 8 melanoma patients. (D) Polyfunctional analysis of MART-1 Tet* CD8" T-cells from
6 melanoma patients. All combinations of responses were shown. The data were
summarized in a pie chart. (E) MART-1 Tet* CD8* T-cells expressing 2 or more functions
were compared with those expressing 0 and 1 function. (F) The frequency of MART-1 Tet"
CD8™* T-cells that expressed each cytokine (from 1* to 4%) and no cytokines (No exp.). (G)
Cytotoxic activity of MART-1 Tet* CD8* T-cells at various E:T ratios (n=3). (H and 1)
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Cytotoxic activity of MART-1 Tet* CD8* T-cells from 4 melanoma patients. The percent
specific lysis against T2 cells which were pulsed with MART-1 or gp100 peptide (1078 (M)
respectively). (J) Specific lysis of MART-1 Tet* CD8* T-cells expanded by nano-aAPC
(ET=1) or DCs (ET=1 and 10) from the same melanoma patient. (K) The functional avidity
of MART-1 Tet* CD8* T-cells expanded by nano-aAPC or DCs from same patients (n=5).
Error bars indicate mean + SD. Significance was assessed by Student’s two-tailed ftest.
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Figure 5. Cytotoxic activity of nano-aAPC expanded CD8" T-cells against melanoma cell lines.
(A) Specific lysis of CD8" T-cells were analyzed. CD8* T-cells were co-cultured with
melanoma cell lines SK-MEL-28 (HLA-A*0201", MART-1%), A375 (HLA-A*0201",
MART-17), MeWo (HLA-A*0201*, MART-1*), Malme-3M (HLA-A*0201*, MART-1") at
various ET ratios. Significance was assessed by Student’s two-tailed ftest at ET=10. (B)
Specific lysis of nano-aAPC expanded CD8* T-cells against MeWo at ET=10 comparing
with unexpanded CD8* T-cells from 5 melanoma patients. Error bars indicate mean + SD.
Significance was assessed by Student’s two-tailed paired #test.
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Figure 6. MART-1 TCR Repertoires from healthy donors and melanoma patients post expansion
with nano-aAPCs.

(A) Productive frequency of clones in CD8* T-cell samples of two patients, with blue
representing the sum of all clones with frequencies lower than 0.001%. (B) VB gene usage
of CD8 samples in two patients prior to DCs or nano-aAPC expansion. (C) Frequency of
individual MART-1-specific T cell clones ordered from highest to lowest frequency for
healthy donor (HD) vs. melanoma patients. (D) Frequency of each VB for MART-1-
expanded samples from healthy donors and melanoma patients. (E) Productive Entropy of
CD8 samples from two patients compared to their corresponding MART-1 Tet™ CD8* T-
cells expanded by DCs or nano-aAPC. (F) Productive clonality of CD8 samples from two
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samples compared to their corresponding MART-1 Tet* CD8* T-cells expanded by DCs or
nano-aAPC. (G) Summary of expansion by nano-aAPC or DCs.
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