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ARTICLE INFO ABSTRACT

Keywords: T lymphocytes play a critical role in the pro-inflammatory anti-cancer response; hence, significant pharmaco-
T lymphocyte logic efforts have been made to enhance the endogenous T cell response. Unfortunately, significant toxicity
Secretome arises consequent to pan T cell activation. In contrast, the less robust T cell alloresponse has also demonstrated
Pro-inflammatory an anti-cancer effect, but poses an inherent risk of GvHD. To overcome the GvHD risk, an acellular pro-in-
;Tl;;le; flammatory agent (IA1) has been biomanufactured from the secretome of the allorecognition response. To assess

IA1’s immunomodulatory activity, T cell proliferation and differentiation were determined in vitro. The pro-
inflammatory properties of the IAl therapeutic were mediated by the miRNA-enriched fractions. Moreover,
cross-species efficacy was observed consequent to the evolutionary conservation of miRNA. IA1 exerted no
toxicity to resting PBMC but induced significant proliferation of resting CD3* (CD4* and CD8™) T cells and
skewed the response towards a pro-inflammatory state (i.e., increased Teff:Treg ratio). Crucially, IAl-activated
PBMC demonstrated a potent inhibition of cancer cell (HeLa and SH-4 melanoma) proliferation relative to the
resting PBMC. The anti-proliferation effect of IAl-activated PBMC was noted within “12h versus 4-5 days for
resting cells. A second biomanufactured therapeutic (IA2; produced using HeLa cells) surprisingly demonstrated
direct toxicity to cancer cells but was less effective than IA1 in inducing a cell-mediated response. This study
demonstrates that miRNA-enriched therapeutics can be biomanufactured from the secretome and can induce a
potent pro-inflammatory, anti-cancer, effect on resting lymphocytes.

1. Introduction to normal cells and tissues.(Lee and Margolin, 2011) Consequent to this

problem, research and clinical efforts have more recently focused on

An individual’s immune system is a continuous balancing act be-
tween tolerance and inflammation.(Rabinovich and Toscano, 2009)
Cancers may occur when this balance is skewed towards a tolerogenic
state consequent to the loss of the inflammatory response to abnormal
cells.(Kasiske et al., 2004) This immunological tenet is clearly sup-
ported by the finding that immunocompromised individual (either in-
herent or drug induced) have a higher incidence of cancers.(Dunn et al.,
2006; Le Mire et al., 2006) Despite the potential role of a nonresponsive
immune environment, most anti-cancer therapeutics have historically
been cytotoxic drugs.(Gascoigne and Taylor, 2009) These cytotoxic
drugs typically targeted all proliferating cells; thus killing not only the
cancer cell but also other proliferating cells (including immune cells
further depressing the immune response) leading to significant toxicity

enhancing the individuals own immune response to cancer cells.

The T lymphocyte (T cell) plays a critical role in the anti-cancer
inflammatory responses. An effective anti-cancer pro-inflammatory T
cell response is dependent upon the activation of effector T cells (Teff)
which include: CD8* cytotoxic T lymphocytes (CTL) and CD4" T
helper cells (Th) such as Thl and Th1l7. Normally, lymphocytes are
activated upon ligation of their antigen receptors with specific cognate
antigens.(Cantrell, 2002) However, because of the low frequency of
antigen-specific lymphocytes, as well as difficulty in identification and
isolation, research initially focused on the use of agents that directly
activated T cells in the absence of antigens. This approach is ex-
emplified by the nonspecific activation of T cells via mitogens (e.g.,
phytohemagglutinin; PHA), cytokines (e.g., IL-2), or monoclonal
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antibodies (e.g., anti-CD3 and anti-CD28). However, consequent to the
overly robust T cell response arising from these pan-T cell agents, a
cytokine release syndrome was often induced leading to multi-organ
failures, severe morbidity and increased mortality leading to the sus-
pension or abrogation of multiple clinical trials.(Larsson and Coutinho,
1979; Liao et al., 2011; Trickett and Kwan, 2003; Suntharalingam et al.,
2006; Han and Takita, 1972; Maciel et al., 1976) More recently, to
improve antigen specificity, chimeric antigen receptor T cell (CAR-T)
therapy has been developed and shown to be a highly promising ap-
proach to enhancing the endogenous immunological response to can-
cers. However, while highly effective, clinical studies have similarly
shown significant adverse effects (e.g., cytokine release syndrome)
leading to enhanced morbidity and mortality.(Bonifant et al., 2016)
Additionally, CAR-T therapy is expensive with costs approaching
$500,000 (US) per patient.(Bach et al., 2017) Thus, alternative ap-
proaches to activate the endogenous T cell response in a controlled
manner, with less toxicity, and improved affordability are needed.

Multiple studies suggest that a strong T cell-mediated (CD4* and
CD8™) alloresponse can promote an effective anticancer response.
(Fabre, 2001; Barrett, 1997; Bian et al., 2013; Barrett and Childs, 2000;
Renga et al., 2003; Eljaafari et al., 2006) In contrast to pan-T cell ac-
tivators (e.g., mitogens; anti-CD3/CD28), the allorecognition response
is more limited as only 1-10% of T cells are alloresponsive.(Nisbet
et al.,, 1969; Abul et al., 2015) However, despite the ‘low’ number of
potentially reactive cells, the infusion of significant numbers of allo-
geneic donor cells is beset by a significant risk of morbidity and mor-
tality due to Graft versus Host Disease (GvHD) thus limiting its practical
applicability. However, by using a ‘secretome approach’, acellular
conditioned media can be prepared that have tissue specific biologic
activity.(Beer et al., 2016; Lichtenauer et al., 2011; Mildner et al., 2013;
Di Santo et al., 2009; Lee et al., 2015) While the active components
within the secretome were traditionally viewed as paracrine factors
(e.g., cytokines), the secretome contains a variety of biologically active
components that include proteins, lipids, microRNA (miRNA) as well as
extracellular vesicles (exosomes and microparticles).(Beer et al., 2016;
Yao and Asayama, 2017; Beer et al., 2015; Haider et al., 2015; Simader
et al., 2017) Not surprisingly, the secretome components released are
defined by their cell/tissue origin as well as the physiologic activation
state of the cells.(Di Santo et al., 2009; Lee et al., 2015; Dowling and
Clynes, 2011; Sholl-Franco and Araujo, 1997) Consequently, secretome
conditioned media can be designed to exert differential biologic re-
sponses.(Kang et al., 2017; Wang et al., 2011, 2015) Indeed, previous
studies from our laboratory using human or murine mixed lymphocyte
reaction (MLR) models demonstrated that we could generate either
tolerogenic or pro-inflammatory secretomes (i.e., conditioned media)
by regulating the strength of the allorecognition response.(Kang et al.,
2017; Wang et al., 2011, 2015; Kyluik-Price et al., 2014; Kyluik-Price
and Scott, 2016; Le and Scott, 2010; Murad et al., 1999)

Using a pro-inflammatory, lymphocyte-allorecognition, secretome
approach, we hypothesized that the anti-cancer efficacy of resting
peripheral blood mononuclear cells (PBMC) could be significantly en-
hanced. As demonstrated in this study, secretome biotherapeutics can
be reproducibly biomanufactured. The allorecognition-based
Inflammatory Agent 1 (IA1l) was found to be a potent activator of
resting human PBMC promoting proliferation of both CD8* CTL and
CD4% Teff cell proliferation. The essential acellular effectors of the
secretome were soluble and exosome encapsulated miRNA and, due to
the conserved nature of miRNA, demonstrated cross-species efficacy.
Significantly, the proliferation induced by IA1 was approximately 50%
that of the allogenic response and dramatically less than that induced
by mitogens (PHA) or monoclonal antibodies (anti-CD3/anti-CD28)
suggesting that systemic toxicity, relative to these agents, should be
significantly reduced. Importantly, IA1 exerted no direct toxicity to
PBMC. However, as will be demonstrated, [Al-treatment of resting
PBMC resulted in a significantly enhanced anti-cancer effect relative to
untreated or sham-miRNA treated donor matched PBMC. Concurrent
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studies were similarly done using a lymphocyte-cancer cell (HeLa) se-
cretome biotherapeutic (IA2). As shown in this study, IA1 and IA2
demonstrated significant biologic and anti-cancer differences.
Successful development of this novel secretome therapeutic approach
may prove useful in enhancing the endogenous immune response to
cancer and in reducing the metastatic potential of existing cancers
consequent to enhanced immunosurveillance.

2. Methods and materials
2.1. General methods

2.1.1. Human PBMC

All human experiments were done in accordance with the
University of British Columbia Clinical Research Ethics Board and the
Code of Ethics of the World Medical Association (Declaration of
Helsinki). Following informed written consent, donor whole blood was
collected in heparinized Vacutainer® blood tubes (BD, Franklin Lakes,
NJ). PBMC were prepared using Histopaque-1077 (Sigma-Aldrich, St.
Louis, MO) as per the product instructions. The PBMC layer was washed
twice with 25 mM HEPES/RPMI 1640 (with r-glutamine; Invitrogen by
Life Technologies, Carlsbad, CA) containing 0.01% human albumin
(Sigma-Aldrich, St. Louis, MO). Human PBMC were suspended in the
appropriate media as needed for biomanufacturing of IA1, cell pheno-
typing and cell proliferation assays.

2.1.2. Statistical analysis

All data were expressed as mean * standard error mean (SEM). A
minimum of three independent experiments were performed in dupli-
cates for all studies. Data analysis was conducted using GraphPad Prism
6.0 (GraphPad Software, Inc., San Diego, CA). For significance, a
minimum p value of < 0.05 was used. For comparison of two means, an
independent t-test was performed. For comparison of three or more
means, a one-way analysis of variance (ANOVA) was performed. When
significant differences were found, a post-hoc Tukey test was conducted
for pair-wise comparison of means. For all studies significance was
denoted as: * p <0.05; ** p<0.01; *** p<0.001; and ****
p < 0.0001.

2.2. Biomanufacturing of acellular biotherapeutics

Production of the alloresponse-based acellular Inflammatory Agent
1 (IA1; Fig. 1A) was done using the secretome obtained from in vitro
human two-way MLR as previously described.(Kang et al., 2017; Wang
etal., 2011, 2015) In brief, the allogenic preparation IA1-Allo (IA1) was
manufactured using PBMC from two MHC-disparate human donors
suspended in AIM V media (research grade; ThermoFisher Scientific,
Grand Island, NY). A final of 1 x 10° total PBMC from each donor were
plated in multiwell flat-bottom 24-well tissue culture plates (BD Bios-
ciences, Discovery Labware, Bedford, MA). Production of the cancer
cell-stimulated secretome biologic IA2 (IA2-HeLa) was done using a
modified MLR in which one PBMC donor was replaced with cultured
(allogenic) HeLa cells (PBMC:HeLa reaction; Fig. 1A). In brief, freshly
isolated human PBMC were co-cultured with HeLa cells at a ratio of
PBMC:HeLa = 50:1 in 24-well tissue culture plates. The final total
PBMC number was 1 x 10°. The negative control Syngenic (SYN) se-
cretome was prepared from untreated single donor PBMC seeded at
2 x 10° cells per 24-well plate well. For some studies, the relative ef-
fects of the pro-inflammatory IA1 and IA2 were compared to our pre-
vious described Tolerogenic Agent 1 (TA1) preparation.(Wang et al.,
2015) TA1 manufacturing was accomplished using an in vitro human
mPEG-MLR as previously described.(Kang et al., 2017; Wang et al.,
2011, 2015; Kyluik-Price et al., 2014; Kyluik-Price and Scott, 2016; Le
and Scott, 2010; Murad et al., 1999; Wang et al., 2012) In brief, PBMC
from one of the human donors were derivatized using 20 kDa succini-
midyl valerate activated methoxypoly (ethylene glycol) (SVA-mPEG;
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Fig. 1. Allogeneic MLR-based secretome biomanufacturing process and immunomodulatory effects. Panel A: Manufacturing scheme of secretome biotherapeutics.
SYN was derived from resting PBMC while IA1 was produced using an allogenic MLR. IA2 was derived from a PBMC-HeLa cell coculture. TA1 was manufactured form
a mPEG-MLR in which one donor population was modified with methoxy(polyethylene glycol). Secretomes were collected at day 5 and further processed via
centrifugation and 0.2 um ultrafiltration. For some experiments, additional processing steps included size fractionation, exosome purification and miRNA isolation.
Panel B: The T lymphocyte (CD3") proliferative potential of IA1 was assessed for both complete IA1 and M.W. restricted subfractions (< 30, 30-100 and
=100 kDa). Shown is the CFSE proliferation of CD3 ™ T cells measured at day 10 via flow cytometry. The proliferative potential of IA1 was not associated with the
cytokine-rich fraction, but was solely observed in the high molecular weight, miRNA-containing, fractions. The table insert indicates the M.W. of representative
cytokines and chemokines. Results of independent experiments are shown using white circles. Panel C: Only IA1 exosomes induced CD3* T cell proliferation.
Exosomes from fresh PBMC were normalized to 100%. Panel D: Analysis of subset differentiation of resting PBMC demonstrated that only IAl induced a pro-
inflammatory state as defined by the Th17:Treg ratio at 10 days post treatment. Panel E: Supporting the potential in vivo use of IA1, mice treated with miRNA
prepared from IAl, but not SYN or TA1, had significantly elevated Th17 levels at 30 days post iv. administration. However, RNase treatment of the IA1-miRNA
abolished all immunomodulatory activity. Panels B-E show the mean + SEM. Significance was calculated in comparison to fresh unless otherwise specified. For all
studies significance was denoted as: * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001. N = 4 for all samples.

Laysan Bio Inc. Arab, AL) at a grafting concentration of 2.0 mM per
4 x 10° cells/ml. Post-production processing and utilization of TA1 was
otherwise identical to that of IAl. In all experiments, the indicated
secretome(s), or secretome derived products, were compared to control
cells treated with fresh media (denoted as ‘Fresh’).

Following extensive optimization studies, all conditioned media
were collected at 5 days post plating. Post collection, the media was
processed via centrifugation (400 X g; 10 min) to remove cells and cel-
lular debris followed by ultrafiltration using a 0.2 um syringe filter (Pall
Corporation, Port Washington, NY). In some studies, the media was
further processed as described below. The processed media were ali-
quoted and stored in the -80 °C freezer. Studies (not shown) demon-
strated that freezing and thawing had no significant impact on the
immunomodulatory activity of the processed media. For tissue culture
studies, the processed media were mixed 1:1 with fresh media and then
seeded with the indicated cells.

2.2.1. Molecular weight fractionation

To characterize the active component(s) of the acellular media, size
fractionation studies were done using the Amicon® Ultra-0.5ml 30/
100kDa fractionation tubes (EMD Millipore, Billerica, MA). Previous
studies have similarly used molecular weight fractionation to generate
miRNA-enriched fractions (> 90 kDa; based on molecular weight of the
miRNA containing Ago2 and exosomes). (Arroyo et al, 2011;
Turchinovich and Burwinkel, 2012) In contrast, the majority of cyto-
kines and chemokines resides in the < 30kDa fraction (Fig. 1B) al-
lowing for the delineation of their role in the IA1 secretome.(Stenken
and Poschenrieder, 2015) Briefly, complete media was centrifuged at
14,000 x g for 15 min to collect the filtrate. Another 2 min of 1000 x g
spin was conducted to recover the concentrated solute. The im-
munomodulatory activity of both the filtrate and the concentrate were
assessed on resting human PBMC using a 1:1 dilution with fresh media
as described above. To assess the role of cytokines and chemokines in
the pro-inflammatory and anti-cancer effects of IA1, the proliferative
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effects of the cytokine rich fraction (< 30kDa) was compared to
complete media and =30kDa fractions.

2.2.2. Exosome preparation and analysis

While significant amounts of stable, non-complex/encapsulated
miRNA are found within the media, additional miRNA are bound to
higher molecular weight Ago2 ("97 kDa) and in very large exosomes. To
assess the role of exosome encapsulated miRNA, exosomes were pur-
ified from the processed media using the Total Exosome Isolation Kit
(Cat. No. 4,478,359; Invitrogen by Life Technologies, Carlsbad, CA).
Briefly, the indicated acellular preparations were mixed with the Total
Exosome Isolation reagent and incubated at 4 °C overnight followed by
centrifugation (10,000xg; 1h at 4°C). The pelleted exosomes were
resuspended in a sufficient volume of fresh, cell specific, tissue culture
media to the volume of initial acellular product. To control for the
potential xeno-stimulation of the IA1-human exosomes, exosomes from
the human SYN secretome were used as controls in the cross-species
stimulation studies as they expressed the same xenoantigen disparity as
the IA1-derived exosomes.

2.2.3. Functionality of isolated secretome miRNA

To further assess the potential role of miRNA, miRNA from the SYN,
IA1 and TA1 secretome media were isolated using the mirVana~ PARIS™
kit (Cat. No. AM1556, Ambion, Life Technologies; Grand Island, NY).
Following processing, the highly enriched small RNA fraction con-
taining miRNA was prepared.(Wang et al., 2015) To confirm that
miRNA was the active component, RNase A was used to degrade the
nucleic acid. To assess the immunomodulatory activity of the miRNA
preparations ( = RNase treatment), BALB/c mice were treated (iv.
200 pul/mouse; N = 5/group) with either the control or RNase-treated
(50 ng RNase A; 10 min at 37 °C; Life Technologies) miRNA and Th17
levels were assessed at Day 30 post treatment. All murine studies were
performed following protocol approval by the University of British
Columbia Animal Care Committee and were done in accordance with
the Canadian Council of Animal Care guidelines.

2.2.4. Effect of IA1/IA2 activation on lymphocyte miRNA expression

Total RNA was extracted from resting PBMC + treatment (SYN,
IA1, IA2, TA1, anti-CD3/anti-CD28 and PHA) following 72 h incubation
using the mirVana PARIS™ kit (Ambion, Life Technologies, Grand
Island, NY). Following processing, the highly enriched small RNA
fraction containing miRNA was prepared using RNase/DNase free
water. Total cellular RNA of the samples was prepared using the Agilent
RNA 6000 Nano Kit (Cat. No. 5067-1511;). Sample RNA concentration
and quality (e.g., integrity) was assessed using the Agilent 2100
Bioanalyzer System (Agilent Technologies, Santa Clara, CA). Samples
were stored at -80 °C until further use. To partially characterize and
quantify the relative abundance the miRNA species present in the
resting and differentially activated PBMC, quantitative reverse tran-
scription polymerase chain reaction (qQRT-PCR) was done using the
miScript miRNA PCR Array system (Qiagen, Frederick, MD) for the
human immunopathology pathway. These miRNA microarrays plates
were run using an Applied Biosystems StepOnePlus’ Real Time PCR
System (ThermoFisher Scientific, Grand Island, NY). This human im-
munopathology array plate is pre-configured with the appropriate RNA
and quality controls and has been validated by Qiagen. This array
profiles the expression of 84 miRNA differentially expressed during
normal and pathological immune responses. It is worth noting that the
84 miRNA examined are not all inclusive and that other miRNA are
likely to be present and could be of immunoregulatory importance.
Threshold and baseline were defined and the resultant C, (threshold
cycle) values were calculated using the StepOnePlus software (v.2.1). C;
values were exported and analyzed using the Qiagen GeneGlobe Online
Analysis Center using the Relative Quantification qRT-PCR method for
analysis (AAC,). The data shown represent three biological replicates
analyzed independently by qRT-PCR.
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2.2.5. Cross-species efficacy

Because miRNA are evolutionarily conserved, the cross-species ef-
ficacy of human- and murine-sourced IA1 on murine splenocytes and
human PBMC was examined. All murine studies were done in ac-
cordance with the Canadian Council of Animal Care and the University
of British Columbia Animal Care Committee guidelines and were con-
ducted within the Centre for Disease Modeling at the University of
British Columbia. For production of murine IA1, two MHC (H-2) dis-
parate allogenic strains of mice were used: BALB/c, H-2d; and C57BL/6,
H-2b. Murine splenocytes were prepared from freshly harvested spleen
via homogenization into a cell suspension in PBS with 0.2% bovine
serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) using the frosted
end of two microscope slides. Red blood cells were removed by treating
splenocytes using BD Pharm Lyse buffer (BD Pharmingen, San Diego,
CA). In vitro production of murine IA1 was done as described above for
the human IA1 except for resuspending cells in RPMI 1640 media
supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS;
Gemini Bio-Products, West Sacramento, CA), 1% r-glutamine, 1% pe-
nicillin-streptomycin and R-mercaptoethaniol (50 pM). Resting human
PBMC and murine splenocytes were treated with human- and murine-
sourced IAl respectively. Cell proliferation and the Th17:Treg ratio
were determined as described below. In addition, the effects of exo-
somes isolated from human IA1 on murine splenocytes were similarly
examined.

2.3. Comparative effects of IA1 and IA2 to existing T cell activation
approaches

2.3.1. Effect of IA1 on lymphocyte viability

To determine whether IA1 exerted direct toxicity to treated cells, 7-
amino-actinomycin D (7 AAD; BD Biosciences, San Jose, CA) viability
studies were done. 7 AAD is a fluorescent nucleic dye that is excluded
from viable cells but can enter non-viable cells due to increased
membrane permeability. Cells were stained with 7 AAD at a final con-
centration of 0.05mg/ml and incubated at room temperature for
15 min prior to flow cytometric analysis as previously described.(Kang
et al., 2017)

2.3.2. Effect of IA1 on T cell proliferation and phenotyping

In vitro cell proliferation was assessed via flow cytometry using the
CellTrace CFSE (carboxyfluorescein diacetate succinimidyl ester) Cell
Proliferation Kit (Cat. No. C34554i; CellTrace, Molecular probes,
Invitrogen, Eugene, OR). Human PBMC labeling was done according to
the product insert at a final concentration of 2.5uM CFSE per 2 x 10°
cells total. In some studies, the effects of IA1 induced proliferation re-
lative to control MLR, mitogen stimulation, and anti-CD3/anti-CD28
induced proliferation were compared.

The T cell lymphocyte subpopulations (CD3"CD4% and
CD3*CD8*) were measured by flow cytometry using fluorescently la-
beled anti- CD3, CD4 and CD8 monoclonal antibodies (mAb; BD
Pharmingen, San Jose, CA). Human Th17 and Treg subsets were mea-
sured using the BD Th17/Treg Phenotyping Kit (Cat. No. 560,762; BD
Biosciences, San Jose, CA). The inflammatory Th17 lymphocytes were
CD3"CD4*IL-17* while T regulatory lymphocytes (Treg) were
CD3*CD4*Foxp3*. After the staining, the cells (1 x 10° total) were
washed and resuspended in phosphate buffered saline (PBS with 0.5%
BSA) prior to flow acquisition. Unstained controls were used to de-
termine background fluorescence. The role of Th17 cells in disease
(both as causative Teff and in the anti-cancer response) has evolved
significantly over the last several years and may be underestimated due
to Treg-Th17 plasticity.(Wang et al., 2015; Punt et al., 2015a, b; Wilke
et al.,, 2011; Ye et al., 2013) Because of interrelationship between Th17
and Treg cells, the ratio (Th17:Treg) of the two populations serves as an
excellent surrogate for assessing the inflammatory state. Indeed, as
demonstrated in the NOD mouse, Th17 cells were more closely aligned
with both the onset and prevention of Type 1 diabetes.(Wang et al.,
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2015) All samples were acquired using the FACSCalibur flow cytometer
and CellQuest Pro software (BD Biosciences, San Jose, CA) for both
acquisition and analysis.

2.3.3. Comparison of IA1 to Allorecognition and Pan T cell activation
agents

As previously noted, past clinical studies have examined the anti-
cancer utility of allo-based and direct T cell (anti-CD3/anti-CD28 and
mitogen) activation therapies. Hence, the resting PBMC proliferation
potential of IA1 was compared to MLR-based alloproliferation, anti-
CD3/anti-CD28 and phytohemagglutinin (PHA; mitogen) stimulation.
Allorecognition-based proliferation assays (MLR) were conducted as
described above. For anti-CD3/anti-CD28 activation assays, freshly
isolated human PBMC were stimulated with plate-bound anti-human
CD3e (5pg/ml; BD Pharmingen, San Diego, CA), in the presence of
soluble anti-human CD28 (1 ug/ml; BD Pharmingen, San Jose, CA).
After 3 days incubation, the T cell proliferation and differentiation were
assessed via flow cytometry. For mitogen stimulation studies, PBMC
were treated with phytohemagglutinin (PHA, Sigma-Aldrich, St. Louis,
MO) at an amount of 2 g per 1 X 10° total cells; following 4 days in-
cubation, T cell proliferation and differentiation were measured by flow
cytometry. Additionally, the effect of the tolerogenic miRNA-Based
TA1 preparation was done for comparative purposes.

2.4. Anti-cancer efficacy of IA1- and IA2- activated PBMC on cancer cell
proliferation

2.4.1. Cancer cell lines

To investigate the anti-cancer effects of A1 and IA2, human cancer
cell proliferation assays were conducted using HeLa and SH-4 mela-
noma cell lines. HeLa cell line (CCL-2) was purchased from ATCC and
cultured under 5% CO, in Dulbecco’s modified eagle’s medium (DMEM;
high-glucose contains 4.5 g/1 D-glucose, without 1-glutamine or sodium
pyruvate; Invitrogen, Carlsbad, CA) supplemented with 10% heat-in-
activated FBS, 10 mM HEPES, 100U penicillin and 100 ug streptomycin
(Invitrogen, Carlsbad, CA). Human melanoma SH-4 cell line (CRL-
7724) was purchased from ATCC and cultured under 5% CO, in DMEM
supplemented with 10% heat-inactivated FBS, 4 mM r-glutamine, 1 mM
Na pyruvate, 100U penicillin and 100pg streptomycin (all from
Invitrogen, Carlsbad, CA). Both cell lines were used at "80% confluence.

2.4.2. Inhibition of cancer cell proliferation

The direct toxicity and anti-proliferative effects of control and se-
cretome-treated (SYN, IAl, IA2 and TAl) PBMC against the Hela
(epithelial) and SH-4 (melanoma) human cancer cell lines were as-
sessed using an ACEA iCELLigence instrument (ACEA Biosciences, Inc.,
San Diego, CA). The iCELLigence provides a continuous, real-time,
measurement of cell proliferation using changes in the electrical im-
pedance within tissue culture wells. The change in impedance is in-
duced by the increase in adherent cells and is unaffected by cells (e.g.,
PBMC) that remain non-adherent. All studies were done with an initial
seeding density of 5000 HeLa, or 20,000 SH-4, cells per well of the
ACEA E-8 electronic microtiter plate in DMEM medium with an accli-
mation time for initial adherence for 60 min. Cells were incubated in
the iCELLigence instrument maintained at 37 °C in a humidified 5%
CO, incubator for 7 days. Direct toxicity of the secretome products
(added 1:1 into DMEM) was assessed by measuring HeLa/SH-4 cells
proliferation in the absence of PBMC. The effect of resting and secre-
tome-activated PBMC on cancer cell proliferation was assessed by
overlaying the PBMC onto the seeded cancer cells at 60 min. Sufficient
PBMC were added to the wells to achieve Effector:Target ratios of 0:1,
10:1, 25:1 and 50:1. The relatative efficacy of the SYN, IA1l, IA2 and
TA1 activated PBMC were then compared. In some HelLa cell experi-
ments, the inhibition of cancer cell proliferation by purified (resting
and activated) CD4" and CD8™ T cells was assessed. Purified popula-
tions of CD4™ and CD8™ T cells were obtained from resting PBMC using
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a Dynabeads® Untouched” Human CD4 or CD8 T Cell Isolation Kit (Cat.
No. 11352D and 11348D, respectively; Invitrogen by Life Technologies,
Carlsbad, CA) according to the manufacturers instructions. The purified
(=90%) T cells were pretreated with the acellular secretome products
(SYN, IA1 and IA2) for 24 h and then overlaid on cancer cells with cell
proliferation being measured continuously for 7 days (168 h).

2.4.3. Lymphocyte:Tumor conjugation

An important mechanism in the lymphocyte-mediated killing of
cancer cells is direct cell:cell interaction. To quantitatively assess this
interaction, flow cytometric cell conjugation assays were done. Briefly,
PBMC or HeLa cells were stained with amine reactive fluorescent
probes at a final concentration of 0.5uM CFSE (PBMC) or 0.2 uM Far
Red-DDAO (HeLa; CellTrace, Molecular Probes, Invitrogen, Eugene,
OR) per 2 x 10° cells, respectively. Cells were washed 3 times in excess
RPMI 1640 media to remove any unincorporated stain. Stained PBMC
and Hela cells were co-cultured in RPMI 1640 media at a ratio of
PBMC:HeLa = 50:1 to a final concentration of 1 x 10° cells/ml. Co-
cultures were centrifuged briefly at 100x g, 4°C for 1 min and in-
cubated at 37 °C for 20 min to allow conjugation of cells. Cells were
fixed by addition of 2% methanol-free formaldehyde. The double-
stained cell population (CFSE*Far Red-DDAO ™) was examined to de-
termine the percentage of cell conjugation using flow cytometry as
previously described.

In addition to the conjugation assay, time-lapse photographies of
the PBMC:HelLa cell co-cultures were captured. PBMC and HeLa cells
(seeded at 5000 total) were co-cultured in RPMI 1640 media supple-
mented with 25 mM HEPES and 0.01% human albumin, at a ratio of
PBMC:HeLa = 50:1, in a heated (37 °C) humidity chamber (Becton
Dickinson, Franklin Lakes, NJ). Photomicrographs were taken at 20X
magnification every 10 s for 90 min using a Nikon Eclipse Ti microscope
mounted with a camera (Digital sight DS-U3) and analyzed using NIS-
elements software. Representative photos at specific time points were
then extracted for presentation.

3. Results

3.1. Proliferation and differentiation effects of IA1 and IA2 on resting
CD3™ T cells

Previous studies have demonstrated that an allogenic cell-mediated
immune response can exert a significant anti-cancer effect; albeit with a
risk of GVHD to the recipient.(Fabre, 2001) To circumvent the GvHD
risk, our laboratory has utilized an acellular cocktail derived from the
secretome (ie., conditioned media) of an allogenic MLR. As dia-
grammatically shown in Fig. 1A, acellular cocktails were prepared from
syngenic (i.e., resting cells; SYN), allogenic (IA1), allogenic-HeLa (IA2)
and tolerogenic (TA1) cell culture systems after a 5 days’ reaction. The
TA1 preparation, previously shown to inhibit alloproliferation and to
increase Tregs and reduce Teffs, was derived from an allogenic MLR in
which one MHC-disparate population was modified by grafting mPEG
to the cells.(Wang et al.,, 2011, 2015) To determine if a pro-in-
flammatory response could be induced by these acellular cocktails,
resting PBMC were treated with the various indicated preparations. As
demonstrated in Fig. 1B, the IAl, but not SYN, induced a significant
(p < 0.0001) increase in resting CD3™* T cell proliferation at day 10 of
treatment. Previously we hypothesized that soluble cytokines contained
in the IA1 or TA1l conditioned media mediated their respective im-
munomodulatory effects.(Wang et al., 2011, 2015) However, size
fractionation studies of the complete secretomes (Fig. 1B) found that
the cytokine/chemokine rich fraction (< 30kDa) exhibited no pro-
liferative effect on CD3™ T cells. In contrast, higher molecular weight
fractions containing the Ago2/miRNA complex (797 kDa) and miRNA-
rich exosomes (=100kDa) retained significant proliferative activity
relative to the complete IA1 supporting earlier findings of biologic ac-
tivity for exosomes.(Arroyo et al., 2011; Valadi et al., 2007) Of note, if
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miRNA are purified (using the mirVana™ PARIS” kit) from the secre-
tome, the immunomodulatory activity resides within the < 10kDa
fraction which contains the miRNA. (Wang et al., 2015) In contrast, the
similarly sized fractions from the Fresh and SYN demonstrated no
proliferative activity. Moreover, exosome isolation studies demon-
strated that IAl, but not the SYN, exosomes induced resting PBMC
proliferation (Fig. 1C). Importantly, IA1 not only increased CD3™ T cell
proliferation (Fig. 1B) but also increased the Teff:Treg ratio (Th17:Treg)
resulting in a pro-inflammatory environment; crucial for cancer cell
killing (Fig. 1D). Also of note, IA1 exerted an immunomodulatory effect
in vivo. Mice treated with miRNA extracted from IA1l exhibited sig-
nificantly elevated Th17 levels even 30 days post iv. administration
(Fig. 1E). Further suggesting a central role for secretome miRNA,
RNase-treatment of the extracted IA1-miRNA prior to its administration
obviated its in vivo immunomodulatory effect. In contrast, SYN had no
effect on proliferation, Teff:Treg ratio, or in vivo murine Th17 cells le-
vels relative to fresh media or saline treatment. The tolerogenic TA1l
was characterized by decreased Teff and increased Treg cells (data not
shown). (Wang et al., 2011, 2015)

In contrast to protein-based signals (e.g. cytokines and chemokines),
miRNA are highly conserved evolutionarily with well-established cross-
species, and even cross-kingdom, efficacy.(Liang et al., 2013) To further
confirm the role of miRNA in the pro-inflammatory effects of IA1, cross-
species (Human « Mouse) studies were conducted using resting human
PBMC and murine spleoncytes. As expected, human-sourced IAl in-
duced a significant proliferation of resting human CD3™ T cells
(Fig. 2A). Importantly, murine-sourced IA1 also induced proliferation
(p < 0.05) of human CD3™ T cells. More dramatically, human IA1 sti-
mulated a significant proliferation (p < 0.0001) of murine splenocytes
at a level comparable to murine-sourced IA1 (Fig. 2B). It must be noted
that the murine fresh and SYN did somewhat elevate human and
murine CD3 ™" proliferation over the expected baseline levels; perhaps
due to the ongoing immune events within the donor mice. Importantly,
in the context of cancer cell killing, the proliferation induced by the IA1
preparations (human and murine) resulted in a pro-inflammatory shift
in the Th17:Treg ratio both intra- and inter-species (Fig. 2C-D). Of in-
terest, the murine IAl induced a larger increase (p < 0.05) in the
human Teff:Treg ratio than did the human IAl. In mouse splenocytes,
both the murine and human [Als were comparably effective at in-
creasing the Teff:Treg ratio relative to the resting and SYN-treated
samples. Moreover, human IAl-exosomes similarly showed cross-spe-
cies efficacy on murine CD3* T cell proliferation. As shown in Fig. 2E,
as expected, murine IAl-exosomes induced murine CD3* T cells pro-
liferation and, in accordance to what was observed in Fig. 2B, human
IA1-exosomes induced an even more potent increase in murine CD3* T
cell proliferation than did the murine IAl-exosomes. Human SYN-exo-
somes exerted no proliferative effect while murine SYN-exosomes
showed a modest increase in proliferation similar to that observed with
murine SYN-media (Fig. 2B). Hence, acellular miRNA-Based prepara-
tions derived from an MLR can be used to induce a pro-inflammatory T
cell response while obviating the risk of GvHD.

3.2. Comparative effects of IA1 and IA2 to existing T cell activation
approaches

A previous problem with T cell activation (e.g., mitogens and mAb)
strategies has been an overly robust response. (Suntharalingam et al.,
2006) Hence, we examined the comparative proliferative efficacy and
differentiation profiles of IA1 relative to that of potent T cell activators
such as anti-CD3/anti-CD28 and PHA. Moreover, we also tested a
PBMC-cancer cell (HeLa; Fig. 1A) generated preparation denoted as IA2
to determine if a cancer cell specific agent would prove more effica-
cious than IAl. As shown in Fig. 3A, the differential effects of IA1 and
IA2 on CD3™, CD4* and CD8" T lymphocytes were compared to that
observed in a control MLR as well as direct mAb (anti-CD3/anti-CD28)
or mitogen (PHA) stimulation. Both IA1 and IA2 significantly increased
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the CD3™ T cell proliferation in resting PBMC (12.2 + 1.21% and
10.7 + 0.47%, respectively), and this increase encompassed both
CD4* and CD8" T cells. Interestingly, IA1 predominantly increased
CD4* while IA2 predominantly increased CD8* T cell proliferation
suggesting compositional and mechanistic differences between the two
preparations. As anticipated, the acellular IA1 and IA2 induced pro-
liferation of resting PBMC was slightly less than 50% of that observed in
a control two-way MLR (30.9 *+ 3.41%) where two MHC-disparate
populations are both proliferating. In contrast, anti-CD3/anti-CD28 and
PHA resulted in very high levels of CD3" proliferation (78.1 = 1.78%
and 94.4 + 0.27%, respectively). Indeed, these overly robust responses
are indicative of the adverse clinical events associated with mitogen/
mitogen-like therapeutics.(Suntharalingam et al., 2006) Therefore, IA1
and IA2 increased resting CD3* T cell proliferation in a more restrained
manner than allo- (i.e., MLR), anti-CD3/anti-CD28, or PHA stimulation.
In contrast to IA1, the TAl treatment had no proliferative effects on
CD3™", CD4™" and CD8™ T cell proliferation relative to the resting and
SYN-treated cells. Indeed as shown previously, TAl shrank pro-in-
flammatory subsets and dramatically decreased the Th17:Treg ratio
rescuing NOD mice from the development of Type 1 diabetes.(Wang
et al., 2015) Not only did IA1 and IA2 induce differential proliferation
of CD4™ and CD8™ T cells, they also altered the CD4* subset (Th17 and
Treg) differentiation pattern (Fig. 3B). IA1 significantly increased both
Th17 and Treg, but the increase in Th17 was predominant resulting in
an increased Th17:Treg ratio (2.21-fold, p < 0.05). In contrast, IA2
expanded Th17 moderately but significantly shrank the Treg popula-
tion; the loss of Tregs further elevated the Th17:Treg ratio (4.43-fold,
p < 0.0001). Therefore, while IA1 exhibited a pro-inflammatory Teff:-
Treg ratio similar to an MLR, IA2 demonstrated a more significant in-
crease (p < 0.01) in the Th17:Treg ratio.

However, in cancers, the immune system is not in a “resting” state
(i.e., as modeled by resting PBMC used above) and, while ineffective at
the gross level, will exhibit some degree of immune activation. To de-
termine if IA1 could further enhance, or jumpstart, an existing immune
response, MLR studies were conducted in the absence and presence of
the SYN and IA1 preparations. As shown in Fig. 4A-B, 1Al greatly en-
hanced the alloresponse within an MLR as demonstrated by human
CD3™", (Panels A-B) CD4* and CD8™" (Panel B) T cell proliferation. In
contrast, SYN-treated MLR exhibited no significant changes in CD3* or
CD4™ T cell proliferation relative to the control MLR. However, a
slight, but statistically (p < 0.05) significant, increase in CD8* T cell
proliferation relative to the control MLR was observed. Interestingly, in
contrast to a CD4"-centric T cell proliferative response in resting
PBMC, IAl had a greater proliferative effect on CD8% T cells
(p < 0.0001 relative to CD4" T cells) in the MLR allorecognition
model. Within the CD4™ T cells, IA1 significantly increased Th17 cells
relative to the control MLR while Treg cells remained statistically un-
changed (Fig. 4C). Interestingly, the SYN actually decreased Th17 cells
(p < 0.05) but had no effect on Treg cells. Consequently, as shown in
Fig. 4D, the Th17:Treg ratio of the control MLR was significantly in-
creased (1.55-fold; p < 0.01) by IAl further supporting its role as a
potential pro-inflammatory agent. In contrast, the SYN preparation
significantly decreased (0.59-fold; p < 0.05) the Teff:Treg ratio. Hence,
these findings suggested that IA1 could enhance the anti-cancer T cell
mediated immune response.

3.3. Anti-cancer efficacy of IA1- and IA2- activated PBMC on cancer cell
proliferation

The anti-cancer efficacy of IA1 and IA2 activated T lymphocytes was
assessed using two in vitro cancer models (HeLa and SH-4 cell lines). Of
biologic significance, neither the IA1 or IA2 preparations exerted direct
toxicity to resting PBMC following 24 h of exposure (Fig. 5A). Indeed,
the viability of the resting PBMC was slightly, but statistically sig-
nificantly (p < 0.0001) increased, with both therapeutics. Moreover,
IA1 and IAl-activated lymphocytes demonstrated minimal bystander
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toxicity to primary, non-cancerous, cells in vitro (e.g., murine myoblasts;
data not shown). To assess the anti-cancer efficacy of IA1 and IA2,
cancer cell growth over 7 days was followed using a real-time pro-
liferation assay. Similar to its effect on PBMC, IA1 (as well as the SYN
and TAI) had no direct toxicity to HeLa cells (Fig. 5B). Surprisingly
however, direct treatment of HeLa cells with IA2 demonstrated an al-
most total inhibition of growth. Indeed, by approximately 30 h, no Hela
cell proliferation was noted in HeLa cell cultures treated directly with
IA2. The direct toxicity of IA2 to HelLa cells (Fig. 5B), but not PBMC,
suggested a pro-apoptotic or necrotic effect on the HeLa cells that was
not induced by IA1.

To examine the effect of IA1 and IA2 (as well as the SYN and TA1)
on the ability of resting PBMC to recognize and attenuate cancer cell
growth, resting human PBMC were treated with the therapeutic cock-
tails for 24 h, washed, and overlaid on the HelLa cells at ratios of 0:1,
25:1 and 50:1 (PBMC:HeLa; Figs. 5C-D). In the absence of PBMC, HeLa
cells showed continuous growth over 5-6 days (Fig. 5B-H). Addition of
untreated, but allogenic, resting PBMC resulted in some growth re-
tardation by day 4 and the eventual killing of the HeLa cells beginning
at approximately day 4 or 5 consequent to allorecognition and an anti-
HeLa response. The SYN treated PBMC behaved similarly. In contrast,
IA1 pretreated PBMC demonstrated a significantly enhanced anti-HeLa

HUMAN EXOSOME SOURCE

effect at both the 25:1 (Panel C) and, most significantly, 50:1 (Panel D)
ratios. Moreover, as also shown in Fig. 5C-D, IA2 pretreated PBMC
exerted an even more potent (relative to IA1) anti-HeLa effect at both
ratios; though it was actually less than the direct toxicity (* dotted line)
of IA2 to HeLa cells. Of interest, treatment of allogenic PBMC with the
tolerogenic TA1 demonstrated no anti-HeLa effect; in fact, TA1 reduced
the inherent alloresponse and actually enhanced HeLa cell prolifera-
tion. This was particularly apparent at the 25:1 ratio. This finding
agrees with previous studies which have demonstrated that TA1 in-
creases Treg cells and reduces Teff cells resulting in a decreased
Th17:Treg ratio and a tolerogenic microenvironment.(Wang et al.,
2011, 2015; Wang et al., 2012) To further characterize the active
fraction of IA1, the anti-proliferative effects of resting PBMC pretreated
with either the < 30 or =30kDa fractions of IA1l were examined
(Fig. 5E). As anticipated by Fig. 1, the cytokine-rich fraction (< 30 kDa)
pretreated PBMC showed no significant variation from resting PBMC
(dotted blue line). In contrast, the miRNA-containing =30 kDa fraction
of IA1 mediated the anti-HeLa effects and was almost indistinguishable
from the complete IA1 preparation (dotted red line) at the 50:1 ratio.
Purified PBMC consist of lymphocytes (T cells, B cells, NK cells) and
monocytes. It is possible that IA1 could directly interact with each of
these subsets and enhance their anti-cancer efficacy. To better elucidate
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the effect of IA1 on T cells within the PBMC, CD4* and CD8" subset
purification studies were done (Fig. 5F-H). This was of interest as stu-
dies of IA1 on resting PBMC (Fig. 3) suggested a critical role for CD4* T
cells while in an allorecognition (MLR; Fig. 4) model CD8* T cells were
implicated. As shown in Fig. SF, alloresponsive resting CD8* T lym-
phocytes accounted for the loss of HeLa cell proliferation; indeed,
resting CD4 " T cells demonstrated no alloresponsive, nor anti-cancer,
effect and completely failed to inhibit HeLa cell proliferation. In con-
trast, when CD4 ™" T cells were pretreated (24 h) with IA1 or IA2, these
cells demonstrated significant anti-HeLa effects (Fig. 5G). The anti-
HeLa effect was most pronounced with IA1 (as was anticipated by
Fig. 3). Similarly, IA1 greatly enhanced the anti-HeLa efficacy of CD8*
T cells (Fig. 5H). In contrast, [A2-activated CD8* T cells had minimal
effect on HeLa cell proliferation. This finding was somewhat surprising
as IA2 treatment of resting PBMC (in the absence of HelLa cells) in-
creased CD87, relative to CD4™, T cell proliferation (Fig. 3). Contrary
to IA1 and IA2, SYN treated CD4 " or CD8™" subsets (Panels G-H) were
no more effective than resting cell subsets (Panel F) at inhibiting HeLa
growth. Of note, neither IA1 or IA2 pretreated purified CD4" or CD8*
T cells inhibited HeLa cell proliferation as effectively as unfractionated
PBMC (Fig. 5C-D); likely consequent to the well described synergistic
interaction of CD4* and CD8 + T cells and, potentially, a small ad-
ditive effect of monocytic cells found within the PBMC in cancer cell
killing.(Haabeth et al., 2014; Hadrup et al., 2013)

A key component of T cell mediated inhibition of cancer cell pro-
liferation is the direct interaction of the immune cell with the target
cell. To investigate the interactions between control and IA1/IA2-
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activated PBMC with HeLa cells, time-lapse video microscopy and cell
conjugation studies were conducted. As illustrated in Fig. 6A, IA1 and
IA2 treated PBMC exhibited significantly greater interaction with HeLa
cells than did resting PBMC. Microscopically, this was most pronounced
with IA1, versus IA2, as noted by the greater degree of clustering of
PBMC (white arrows) and individual HeLa cells (asterisk). Interestingly,
the IA2-PBMC treated HeLa cells (black open arrows) demonstrated
significant cellular vesiculating/blebbing and morphology alterations
not observed in the IA1-PBMC sample. These morphological changes
may be characteristic of IA2 associated apoptosis/necrosis. These mi-
croscopic cell:cell observations were further confirmed using a cell:cell
conjugation assay (Fig. 6B). As noted, both IA1 and IA2 significantly
increased PBMC:HeLa conjugation while the SYN media had no effect.
Consequent to the enhanced cell:cell (PBMC:HeLa) interactions, HeLa
cell proliferation was significantly decreased in the IA1 and IA2, but not
SYN, treatment groups (Fig. 6C). Hence, both IA1 and IA2 activated
resting PBMC exerted a potent anti-HeLa effect.

To further assess the anti-cancer utility of IA1 and IA2, the highly
metastatic SH-4 melanoma cell line was examined. Interestingly, as
shown in Fig. 7A, in the absence of any PBMC, both IA1 and IA2 di-
rectly inhibited SH-4 proliferation. The direct anti-proliferative effect
was most apparent for IA2, and similar to that seen with HeLa cells,
suggesting that IA2’s direct mechanism of action could be broad spec-
trum. However, despite IA1’s lack of direct toxicity on HeLa cells, IA1
significantly inhibited SH-4 proliferation; though the SH-4 cells did
demonstrate a slow but consistent proliferation over time (Fig. 7A). As
shown in Fig. 7B-C, resting PBMC at a 50:1 ratio exhibited an allo-/anti-
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cancer response resulting in the loss of SH-4 proliferation and cell death
starting after approximately 72 h. Importantly, both IA1 and IA2 pre-
treatment of same donor resting PBMC (Fig. 7B and C, respectively)
enhanced their anti-proliferative effects on SH-4 cells; though IA1 was
significantly superior to IA2. The potency of IAl-activated PBMC was
readily apparent even at a very low 10:1 ratio and was even more
dramatic at increased PBMC numbers (Panel B). Indeed, with IA1 ac-
tivation at both the 25:1 and 50:1 ratio, minimal SH-4 proliferation was
noted over the first 48 h and the SH-4 cell death (i.e., decreased im-
pedance) became readily apparent by 48h. IA2-activation also en-
hanced PBMC-mediated SH-4 inhibition but to a much lesser degree and
required a longer time (= 72h) until cell killing (decrease in cell im-
pedance) was obvious. The results of IA1 and IA2 (both direct toxicity
and PBMC activation) suggested that IA1 and IA2 were not equivalent
and functioned, at least partially, via different mechanisms.

Immune cell activation occurs consequent to a number of factors
including altered intracellular miRNA expression in response to im-
munomodulatory agents. (Carissimi et al., 2014; Thiele et al., 2012;
Curtale et al., 2010) Indeed, miRNA are key regulators of cellular dif-
ferentiation and proliferation and can serve as highly sensitive bio-
markers of immune activation, tolerance, or quiescence. (Alvarez-
Garcia and Miska, 2005; Jeker and Bluestone, 2013; Dooley et al.,
2013) To examine the effect of the IA1 and IA2 secretome preparations
on subsequent intracellular miRNA expression, resting PBMC were ex-
amined. As shown in Fig. 8A, clustergram expression profiles of resting
PBMC incubated for 72h in fresh and SYN media were similar across
the majority of the 84 miRNA examined. Similarly, the tolerogenic TA1
therapeutic was also very closely aligned to resting cells in the fresh
media despite being generated in an mPEG-MLR system biologically
capable of allorecognition (blocked only by the membrane grafted
polymer). In contrast, both IA1 and IA2 demonstrated significant var-
iances from the profile of the control PBMC (Fig.B). Moreover, as
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indicated by the yellow boxes in Fig.B, IA1 and IA2 were very dis-
similar to each other over a broad range of miRNA demonstrating that
the induced T cell activation pathways were not equivalent (IA1 = IA2)
as anticipated by the findings shown in Figs. 3 and 5-7. As can be
observed, the expression of numerous miRNA was vastly altered by IA1
treatment while IA2 treated PBMC more closely resembled the control
sample. Interestingly, despite the disparities noted in miRNA expression
of treated resting PBMC, IA1 and IA2 increased CD3* T cell pro-
liferation to a similar level, however, a significant (p < 0.05) dis-
crepancy of CD4" and CD8* T cell proliferation (Figs. 3 and 8C) was
noticed as IA1 was CD4 * -centric while IA2 was CD8 * -centric. All these
observations could contribute to the differential functions between IA1
and IA2. In contrast to the more restrained proliferation seen with IA1
and IA2, activation of resting PBMC using anti-CD3/anti-C28 or PHA
resulted in distinctly divergent miRNA expression patterns to either IA1
or IA2; likely consequent to these agents near universal activation and
proliferation of CD3™ T cells (Fig. 3).

4. Discussion

The theory and practice of ‘modern’ pro-inflammatory (i.e., in-
creased Teff:Treg ratio) immunotherapy arguably originated in 1891
with William Coley’s treatment of cancer patients with bacteria (and
later other toxins) to induce an immune response that would exert a
toxic bystander effect on a tumor mass.(Coley, 1891, 1910; Coley,
1913, 1893) Despite some clinical success, and their availability until
1962, Coley’s Toxins garnered criticisms from within the medical
community and were eventually supplanted by the newer, and ‘safer’,
developments of radiation and chemo- therapy; which themselves pose
significant short- and long-term risks to the patient.(Coley, 1891, 1910;
Coley, 1913, 1893; Starnes, 1992) Today, almost 130 years later, im-
munotherapy has refocused on Coley’s core principles of inducing the
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Fig. 5. HeLa cell cancer model. Panel A:
Neither IA1 nor IA2 exerted any direct PBMC
toxicity over the 24 h used for PBMC pretreat-
ment as assessed at 24 h using 7 AAD. Shown
are the mean *= SEM for a minimum of 3 in-
dependent experiments. Panel B: The direct
Hela cell toxicity of the SYN, IA1, IA2 and TA1
secretome products (ratio of 1:1 with HeLa
growth media) was assessed. As shown, SYN,
IA1 and TA1 had no effect on HeLa cell pro-
liferation relative to the control sample. In
contrast, IA2 exerted a potent and direct toxi-
city to HeLa cells. Panels C-D: Shown are HeLa
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50:1 ratio (Panels C and D, respectively) with
resting PBMC, or the same donor PBMC pre-
treated (24 h) with SYN, IA1, IA2 or TA1 prior
to overlay. The dotted line (indicated by *)
represents to direct IA2 HeLa cell toxicity
shown in Panel B. Panel E: Supporting the
findings observed in Fig. 1B, PBMC pretreat-
ment with the cytokine poor, miRNA-enriched,
=>30kDa fraction of IAl resulted in a potent
anti-HeLa effect. In contrast, pretreatment with
the cytokine rich < 30 kDa fraction of IA1 was
indistinguishable from the SYN preparation.
Panel F-H: To assess the relative roles of CD4™
and CD8" T cell subsets on HeLa cell pro-
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IA2. As shown in Panel F, CD8™ T cells solely
conferred the anti-Hela effect observed with
resting PBMC. In stark contrast, CD4™ resting
cells showed no anti-HeLa effects. However,
pretreatment of purified CD4" T cells with
IA1, and to a slightly lesser extent IA2, resulted
in a potent anti-HeLa effect relative to the
resting CD4™ T cells or pretreatment with the
SYN agent (Panel G). Additionally, IA1 (in
particular) and IA2 greatly enhanced the anti-
Hela efficacy of CD8* T cells as well (Panel
H). In Panels B-H cell proliferation was con-
tinuously monitored in real-time over 7 days as
a function of the cell impedance index using an
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endogenous immune response. Ironically, similar to Coley’s use of
bacteria, genetically modified strains of Salmonella sp., as well as re-
combinant polioviruses, have been used to induce an inflammatory
microenvironment at the tumor site.(Frahm et al., 2015; Zheng et al.,
2017; Desjardins et al., 2018) Additionally, tumor-specific im-
munotherapy has been explored in which autologous cancer cells are
isolated, modified, and re-infused into the patient in an attempt to

J 24 48 72 96 120 144168

Hours

enhance anti-cancer immune cell activation.(Schulof et al., 1988;
Ockert et al., 1996; Baars et al., 2002; Berger et al., 2007; Fishman
et al., 2008) More recently, autologous or allogenic adoptive cell
transfer (ACT) immunotherapy, especially CAR-T cell therapy, have
become important clinical tools.(Bach et al., 2017; D’Aloia et al., 2018;
Mullard, 2017) However, while ACT, and CAR-T cells in particular, will
prove to be a crucial tools in cancer immunotherapy, they are
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Fig. 6. IA1 and IA2 differentially affected PBMC-HeLa cell
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interactions as shown by photomicroscopy and cell conjuga-
tion assays. Findings shown were obtained using a PBMC:HeLa
ratio of 50:1. Panel A: Representative images of PBMC-HeLa
conjugation shot at 0, 30, 60 and 90 min during the time-lapse
video. The black asterisks indicated representative HeLa cells,
the white arrows pointed at PBMC. Black open arrows de-
monstrated blebbing of HeLa cells. Time-lapse video was ac-
quired for 90 min after 72 h of PBMC and Hela cell co-culture.
Images shown are representative frames at the indicated times
from one of three independent experiments. Size bar = 10 um.
Panel B: IA1 and IA2 significantly enhanced conjugation be-
tween CFSE labeled PBMC and Far-Red labeled HeLa cells
after 20 min’ co-culture as measured by flow cytometry. Panel
C: Hela cell proliferation index at 72 h (derived from Fig. 5C)
post overlay with IA1 or IA2 pretreated PBMC correlated with
the microscopic and flow cytometric findings. Panels B-C:
Shown are the mean = SEM. The individual experiments are
shown with the white circles with a minimum of 5 in-
dependent experiments for each condition. Significance was
calculated in comparison to fresh unless otherwise specified
and denoted as: * p < 0.05; ** p < 0.01; *** p < 0.001; and
**¥%% p < 0.0001. For all samples N = 4.

Fresh SYN A1  IA2 Fresh SYN

A1 IA2

Resting PBMC Treated With

accompanied by significant issues including cost, manufacturing time
(weeks-months) and safety (e.g., cytokine release syndrome induction).
(Bonifant et al., 2016; Bach et al., 2017; Lesterhuis et al., 2011; Perica
et al., 2015) But are there other, safer, faster, and lower-cost ACT-im-
munomodulatory approaches that could be used to stimulate a patient’s
autologous immune response?

As evidenced in this study, and previous publications, the secretome

i,

i ;
‘“"W"mmm””mmm::}m:::}::}\III\I\\III\II\IInII\III\\l\\|IHII\III\lmmm.mum.

i
m— w..‘.mwnummnmm

SH-4 Proliferation
(Cell Impedance Index)

257 P 7 Control SH-4
Direct SH-4 Toxicity A | |gegting PBC 50:1

IA1 (ratios)

Resting PBMC Treated With

of immunological cells can be used to exert potent immunomodulatory
effects both in vitro and in vivo.(Kang et al., 2017; Wang et al., 2011,
2015) Importantly, the biomanufacturing conditions dictate the secre-
tome generated allowing for the reproducible production of either
tolerogenic or pro-inflammatory agents. Indeed, a previous study from
our laboratory demonstrated that a tolerogenic miRNA-Based secre-
tome (TA1; Figs. 1 and 3) could enhance the production of Treg cells
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Fig. 7. IA1 and IA2 attenuated SH-4 cell proliferation via both direct SH-4 toxicity as well as enhancing PBMC-mediated growth inhibition. Panel A: In contrast to
HelLa cells, both IA1 and IA2 demonstrated direct toxicity/growth arrest to SH-4 cells. The SYN product had minimal inhibitory effect on SH-4 proliferation. Panel B:
IA1 pretreatment of resting PBMC significantly increased their inhibition of SH-4 proliferation. Shown are the effects of IA1-activated PBMC (red lines) at ratios to
SH-4 cells of 10:1, 25:1 and 50:1 relative to SYN-treated PBMC at a ratio of 50:1 (shaded area). Indeed, SH-4 proliferation was significantly inhibited by IA1-activated
PBMC within a few hours of overlay. Panel C: IA2-activated PBMC (10:1, 25:1 and 50:1 ratios) also inhibited SH-4 cell proliferation though to a much lesser extent
than IA1. Proliferation curves shown represent mean = SEM of a minimum of three independent experiments (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article).
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Fig. 8. IA1 and IA2 pretreatment induced differential intracellular miRNA expression profiles in resting PBMC. To partially assess the effect of the secretome-derived
products on PBMC, miRNA arrays were conducted on resting, SYN, IA1, IA2, anti-CD3/anti-CD28 and PHA stimulated PBMC at 72 h post-treatment. Total RNAs were
extracted from treated cells for the profiling of 84 miRNA differentially expressed during normal and pathological immune responses. Panel A: miRNA clustergram
expression profiles of PBMC treated with SYN and TA1 in comparison to Control. Panel B: miRNA expression profiles of PBMC treated with IA1, IA2, anti-CD3/anti-
CD28 or PHA in comparison to Control. Yellow boxed indicated differential miRNA patterns between IA1 and IA2 treatment. Yellow (*) represented pro-apoptotic
miRNA differentially upregulated in IA2 relative to IA1. Clustergram data in A-B represent three independent experiments. Panel C: Proliferation rates of CD3 ™,
CD4™ and CD8™ T cells in the indicated conditions (derived from Fig. 3). Shown are the mean = SEM of a minimum of 4 independent experiments. ¢ p < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

(and simultaenosuly decrease Teff cells) and effectively inhibit the
onset of Type 1 diabetes in NOD mice.(Kang et al., 2017; Wang et al.,
2011, 2015) Moreover, as demonstrated in the current report, the al-
lorecognition-based acellular IA1 secretome preparation can be used as
a pro-inflammatory adjuvant for autologous ACT therapy by enhancing
the proliferative response of resting lymphocytes and increasing the
Teff:Treg ratio and thereby increasing PBMC anti-cancer activity.

Of note, despite IA1 being biomanufactured from the secretome of
the allorecognition response, IA1 activated lymphocytes are not MHC-
restricted and the acellular IA1 therapeutic poses no risk of GvHD.
Efficacy of IAl is mediated by a complex mixture of soluble and exo-
some-encapsulated miRNA arising from the MLR allorecognition mi-
croenvironment; not residual cytokines within the IA1l preparation
(Fig. 1). The use of a bioreactor system to produce the therapeutic
miRNA was critical due to the complexity and low fidelity of miRNA
bioregulatory pathways. Based on the complicated regulatory action of
miRNA, we consciously chose an anti-reductionist approach to produce
a complex pattern of miRNA expression that mimics normal biology in
order to achieve maximal biological functionality. In biology, it is

important to note that activation of some, and inhibition of other,
pathways interplay to produce a biological response to stimuli. Thus, a
pattern of expression, comprising both INCREASED and DECREASED
miRNA species, is essential for effective immunomodulation of the re-
cipient — making the miRNA cocktail similar to therapeutic intravenous
immunoglobulin (IVIG) which consists of hundreds of thousands of
unique IgGs from thousands of donors. Due to the evolutionary con-
servation of miRNA, and the miRNA bioregulatory process, significant
cross-species (human « mouse) efficacy was noted with the IA1 bio-
therapeutic (Fig. 2).

Importantly, the secretome produced IA1 exerted no ex vivo toxicity
to PBMC (Fig. 5A), or primary cells, making the product suitable for
autologous ACT therapy. IA1 did, however, induce a significant pro-
inflammatory response within resting T lymphocytes (Figs. 1-3), in-
crease the Teff:Treg ratio (Figs. 1-3) and enhance an existing immune
response (MLR; Fig. 4); effects that would be beneficial in individuals
with absent or weak endogenous anti-cancer responses. The enhance-
ment of an endogenous response can also be observed in our cancer cell
line models which employed allogenic PBMC. As noted in Figs. 5-7
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Fig. 9. Schematic presentation of use and mechanism of action for IA1 secre-
tome therapeutic. Panel A: Bioreactor production of IA1 secretome is readily
accomplished using an allogenic MLR. Source materials include PBMC donors
(A and B), autologous cells (a; as one donor), lymphocytic cell lines, or leu-
koreduction filters from blood collection bags. Acellular supernatant is col-
lected at day 5 for processing into IA1 (Fig. 1). IA1 is stable for months when
aliquoted and frozen. Panels B-C: Weak to absent immune response to both the
primary tumor and metastatic sites allows for cancer progression. PBMC (D)
from the patient are treated ex vivo for 24 h with IA1 and then reinfused into the
individual where they show enhanced recognition and killing of the primary
tumor (b) and, potentially, improved immune surveillance at metastatic sites
(c). This is supported by photomicrographs of allogenic PBMC responding to
HeLa cells. As shown, after 72h incubation, resting (weak responders; left)
PBMC show limited interaction when overlaid on HeLa cells. In contrast, the
same PBMC, when treated for 24 h with IA1, show a robust enhanced interac-
tion (right) with the HeLa cell monolayer.

resting PBMC would, after "4-5 days of co-culture, inhibit and even-
tually kill the HeLa cells; likely due to both allogenic and anti-cancer
responses. However, the anti-proliferative response was vastly ac-
celerated (i.e., pre-primed) and enhanced by treating the resting PBMC
for 24 h with IA1 prior to overlaying onto the cancer cells. Importantly,
IA1 induced a significantly more restrained proliferative response than
either mAb (e.g, anti-CD/anti-CD28) or mitogen (e.g., PHA) induced
activation of resting PBMC. Indeed, the clustergram analysis of IA1 (or
IA2) on miRNA expression of treated cells was dramatically different
than, and often inverse to, that of the anti-CD3/anti-CD28 or PHA sti-
mulated cells (Fig. 8).

How could IA1 be utilized in ACT therapy? As diagrammatically
shown in Fig. 9, the bioproduction of IA1 (and IA2) from the secretome
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is both inexpensive and rapid (5 days) and the IA1l can be stored for
long periods (several months frozen in the laboratory; data not shown).
Moreover, neither IA1 (nor [IA2) production actually requires tissues
(PBMC or, for IA2, cancer cells) derived from the patient making it an
‘off-the-shelf’ immune adjuvant. Most importantly for patient care, ex
vivo activation of lymphocytes is rapid (24 h); in stark contrast to the
weeks to months necessary for production and expansion of CAR-T
cells. The IAl-activated cells exhibited dramatically enhanced immune
recognition of cancer cells over resting PBMC as evidence in photo-
micrographs and proliferation assays (Fig. 9B-C). Hence, IA1 activation
of autologous PBMC could employed as a first line therapy or, poten-
tially, be used in an immunotherapeutic bridge while CAR-T cells are
produced. Due to the simplicity and low cost of the approach, multiple
rounds could be used as necessary with large numbers of autologous
PBMC employed. Indeed, due to the ability to infuse large numbers of
IA1 treated autologous cells, enhanced recognition of not only the
primary tumor but metastatic sites as well could be achieved thus im-
proving long-term survival. Of note, similarly to our previous study on
the tolerogeneic TA1 (Figs. 1A and 3 A) in the inhibition of Type 1
diabetes in NOD mice, IA1 or IA2 could be directly injected into the
recipient yielding a systemic reset of the immune system.(Wang et al.,
2015)

Finally, in an attempt to determine if the anti-cancer efficacy of the
alloresponse-based IA1 could be improved upon, the anti-HeLa acel-
lular secretome product IA2 was similarly studied. Somewhat surpris-
ingly, despite the broad similarity in the bioproduction of IA1 and IA2
(Fig. 1A), the resultant secretome-based agents exhibited significant
immunological and anti-cancer differences. As noted in Fig. 5, IA2-
treated PBMC were more effective at inhibiting HeLa cell proliferation
than were the same PBMC pretreated with IA1 — suggesting a HeLa cell
specificity. Indeed, this observation was supported by the finding that
IA2-treated PBMC were less effective than IAl-treated PBMC in in-
hibiting SH-4 proliferation (Fig. 7). At the T cell level, upon stimulation
of resting CD3* T lymphocytes, IA1 predominantly increased CD4*
while IA2 predominantly increased CD8 " T cell proliferation. Among
CD4* subsets, both IA1 and IA2 expanded the Th17 subset but IA2
simultaneously shrank the Treg resulting in a larger magnitude of in-
crease in the Th17:Treg ratio in the IA2 treated PBMC. Intriguingly,
despite the enhanced killing of HeLa cells by the IA2 treated PBMC,
purified CD4™" or CD8™* T cell subpopulations treated with IA2 were not
as effective as the same subpopulations pre-treated with [IA1 (Fig. 5).
Evidence of these immunologic disparities may be seen in the inverse
expression patterns of several miRNA noted in resting PBMC treated
with IA1 versus IA2 suggesting differential activation pathways (Fig. 8).

More interestingly, the IA2 biotherapeutic demonstrated significant
direct toxicity to not only HeLa cell (from which it was derived) but also
SH-4 cells (Figs. 5-7). This direct toxicity was morphologically sug-
gestive of IA2 induced apoptosis with significant blebbing observed in
the HeLa cells (Fig. 6A). This observation was supported by the ob-
servation that in IA2, but not IA1l, treated PBMC, upregulation of sev-
eral miRNA (Fig. 8; e.g., miR-29b-3p, miR-186-5p, and miR-16-5p) as-
sociated with apoptosis was apparent.(Singh and Saini, 2012; Pileczki
et al., 2016; Zhou et al., 2010) Hence, IA1 = IA2 suggesting that the
cell types [lymphocyte:lymphocyte versus lymphocyte:epithelial (i.e.,
HeLa)] utilized in the bioproduction alters the composition of the se-
cretome and the derived miRNA-enriched product. This would not be
surprising since cells produce and export free and exosome en-
capsulated miRNA, the composition of which will vary based on cell
type, activation state and function.(Di Santo et al., 2009; Lee et al.,
2015; Dowling and Clynes, 2011; Sholl-Franco and Araujo, 1997) On-
going studies are investigating the differential effects of cell types on
bioreactor produced secretomes and miRNA.

In sum, bioreactor production of the lymphocyte allorecognition
secretome yields a miRNA-Based, MHC-independent, biotherapeutic
(IA1) that can be reproducibly manufactured and exhibits potent im-
munomodulatory activity. The IA1 biotherapeutic is both easy and
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inexpensive to produce and can be used ex vivo to induce a rapid (24 h
of incubation) pro-inflammatory response in resting, patient sourced,
autologous PBMC that may dramatically enhance their anti-cancer ef-
ficacy upon reinfusion into the donor. Furthermore, by altering the type
of tissue (e.g., cancer cell versus lymphocyte) to which the lymphocyte
population is responding to, other secretome-biotherapeutics can be
derived that may be capable of inducing apoptosis in targeted tissues.
Successful development of this secretome biotherapeutic/manu-
facturing approach may prove useful in both treating cancer and in
preventing/reducing the metastatic potential of existing cancers.
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