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ABSTRACT OF THE DISSERTATION

Novel Studies in Acute Myeloid Leukemia

by

Daniel Thomas Johnson
Doctor of Philosophy in Biology

University of California San Diego, 2021

Professor Dong-Er Zhang, Chair

Acute myeloid leukemia (AML) is the most common and deadly leukemia in
adults. Although most AML patients respond to first-line chemotherapy, relapse is
common. Thus, the five-year overall survive rate remains under 50%. The high relapse
rate of patients who achieve “complete remission” is largely due to the difficulties of
eradicating minimal residual AML cells, using current therapeutic strategies. Thus,

additional therapies to target and eradicate residual AML are greatly needed.

In the Chapter 1, we report the development of a novel nanoparticle-based AML
vaccination immunotherapy for the treatment of AML. Our vaccine platform utilizes AML
cell membrane-coated nanoparticles (AMCNPS), in which immune stimulatory adjuvant-

loaded nanoparticles are coated with leukemic cell membrane material. The AMCNP

Xiv



vaccine stimulates leukemia-specific immune responses by co-delivering membrane-
associated antigens along with adjuvants to antigen-presenting cells. The AMCNP
vaccines were efficiently acquired by antigen-presenting cells in vitro and in vivo and
stimulate antigen cross-presentation. Vaccination with AMCNPs significantly enhanced
antigen-specific T cell expansion and effector function. Furthermore, in an AML post-
remission vaccination model, AMCNP vaccination significantly enhanced survival in
comparison to control vaccination. Our AMCNP vaccination strategy is multi-antigenic,
fully personalized, and obviates the need for neoantigen identification. Thus, AMCNPs
are a promising platform that can be further developed as an AML vaccination

immunotherapy.

In chapter 2, we examined the post-transcriptional regulation of the AML1-ETO
oncofusion gene. The AML1-ETO oncofusion gene is created by the 1(8;21)(g22;922)
chromosomal translocation, which characterizes a common AML subtype [t(8;21) AML].
Post-transcriptional regulation of gene expression is often mediated through interactions
between trans-factors and cis-elements within transcript 3'-untranslated regions (UTR).
AML1-ETO uses the 3'UTR of the ETO gene, which is not normally expressed in
hematopoietic cells. Therefore, the mechanisms regulating AML1-ETO expression via
the 3’'UTR are attractive therapeutic targets. Here, we identify a negative regulatory
element within the AML1-ETO 3’'UTR and demonstrate that the let-7b microRNA directly
represses AML1-ETO through this site, inhibits the proliferation of t(8;21) AML cell lines,
rescues expression of AML1-ETO target genes, and promotes differentiation. We
conclude that AML1-ETO is posttranscriptional regulated by let-7b, which contributes to

the leukemic phenotype of t(8;21) AML.
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Chapter 1. Acute Myeloid Leukemia Cell Membrane-Coated Nanoparticles for

Cancer Vaccination Immunotherapy

Cancer vaccines are promising treatments to prevent relapse after
chemotherapy in acute myeloid leukemia (AML) patients, particularly for those who
cannot tolerate intensive consolidation therapies. Here, we report the development of an
AML cell membrane-coated nanoparticle (AMCNP) vaccine platform, in which immune
stimulatory adjuvant-loaded nanopatrticles are coated with leukemic cell membrane
material. This AMCNP vaccination strategy stimulates leukemia-specific immune
responses by co-delivering membrane-associated antigens along with adjuvants to
antigen-presenting cells. To demonstrate that this AMCNP vaccine enhances leukemia-
specific antigen presentation and T cell responses, we modified a murine AML cell line
to express membrane-bound chicken ovalbumin as a model antigen. AMCNPSs were
efficiently acquired by antigen-presenting cells in vitro and in vivo and stimulated
antigen cross-presentation. Vaccination with AMCNPs significantly enhanced antigen-
specific T cell expansion and effector function compared with control vaccines.
Prophylactic vaccination with AMCNPs enhanced cellular immunity and protected
against AML challenge. Moreover, in an AML post-remission vaccination model,
AMCNP vaccination significantly enhanced survival in comparison to vaccination with
whole leukemia cell lysates. Collectively, AMCNPs retained AML-specific antigens,
elicited enhanced antigen-specific inmune responses, and provided therapeutic benefit

against AML challenge.



1.1 INTRODUCTION

Acute myeloid leukemia (AML) continues to be associated with a poor
prognosis, with an overall 5-year survival of approximately 29%?. Although many
patients achieve complete remission after initial induction chemotherapy?, there remains
a high rate of relapse due to the persistence of a small number of therapy-resistant
leukemic cells, termed minimal residual disease (MRD)3 4. The current standard
treatment strategy to clear MRD is intensive consolidation therapy with allogeneic
hematopoietic stem cell transplantation (HSCT)®. Unfortunately, HSCT carries
significant morbidity and is unsuited for older or less healthy patients® 6. While the
recent approval of various targeted AML therapies has improved survival in certain
patient subgroups, relapse after initial therapy remains a large problem? 8. Thus, there
is a great need for alternative tolerable consolidation therapies that target MRD to delay

or prevent relapse.

Cancer immunotherapy has revolutionized the treatment of a growing number of
human cancers. Although therapeutic cancer vaccines have not been successful in
subjects with large tumor burden, they may be useful as consolidation therapy for AML
in the MRD state® 1°. The underlying strategy of cancer vaccines is to enhance the
presentation of cancer-specific or cancer-associated antigens by activated professional
antigen-presenting cells (APCs) to induce effective and durable T cell immunity?©.
However, presentation of leukemia antigens by quiescent APCs is insufficient to
stimulate functional leukemia-specific T cell responses, and rather can leadto a T cell
tolerant state!!. The efficient activation of APCs in the context of cancer vaccination

requires the co-administration of antigens with immunostimulatory adjuvants'?14. Thus,



a key component of AML vaccination immunotherapies is the effective delivery of both

AML-associated antigens and immunostimulatory adjuvants to APCs® 10,

Recent studies have highlighted the promise of “personalized” anticancer
vaccination with identification of patient specific neoantigens!®>1°, Because AML is a
heterogeneous disease, AML vaccination strategies should ideally induce a multi-
antigenic immune response. Clinical trials have recently shown the feasibility and
promise of personalized and multi-antigenic AML vaccines using various methods,
including pulsing ex vivo antigen-presenting dendritic cells (DCs) with autologous
apoptotic AML blasts/lysates as the antigen source?%-??, generating ex-vivo DCs
differentiated directly from AML blasts?3-?°, or fusing ex vivo DCs with autologous AML
blasts?6. These strategies have proven to be well tolerated?°-26, elicit AML-associated T
cell responses??4 26 and protect against disease relapse?> 26, While ex vivo strategies
benefit from easily providing DCs with adjuvants and antigens, they face challenges
associated with generating sufficient DCs, homing ex vivo vaccinated DCs to lymph
nodes, and maintaining active DCs in culture?’. These challenges may potentially be
overcome by in vivo vaccination strategies. Indeed, in vivo administration of allogeneic
or autologous AML whole cell vaccines induced leukemia-associated immunity and
prolonged overall survival, although responses have varied among patients?8-30, The
promising results of these vaccines may be improved upon through the development of
strategies to simultaneously deliver immunostimulatory adjuvants and a broad array of

leukemic antigens to individual APCs in vivo.

Cell membrane coating nanotechnology is an emerging approach for developing

multifunctional biomimetic nanoformulations consisting of a synthetic nanoparticle core



coated in a layer of natural cell membrane3. Leveraging this technology, it has been
demonstrated there may be tremendous benefits in the nanodelivery of antigen-rich
cancer cell membrane material for anticancer vaccination®2.A cancer cell membrane-
coated nanovaccine employing an adjuvant-loaded polymeric core was recently
developed to treat melanoma33. As a prophylaxis, the nanovaccine protected a majority
of vaccinated mice from developing tumors in a lowly immunogenic B16F10 model.
When used in combination with immune checkpoint inhibitors, effective control of tumor
growth was also achieved in a therapeutic setting. This work highlighted the potential of
leveraging a cell membrane-coated nanovaccine to generate systemic antitumor
immunity, which is an even more important consideration for blood cell malignancies
such as leukemia. AML is an attractive target for the application of this technology
because suitable numbers of malignant blasts can be harvested and enriched from

bone marrow aspirates or apheresis as a source of antigen-rich membrane material?>4

26, 28, 29

Here, we developed an AML cell membrane-coated nanoparticle (AMCNP)
vaccine to treat liquid tumors in a clinically relevant setting, targeting MRD and aiming to
prevent relapse. AMCNPs are adjuvant-loaded nanoparticles wrapped with antigen-rich
leukemic cell membrane material and were readily deliverable to APCs in vitro and in
vivo. Upon AMCNP acquisition, APCs presented leukemia membrane-associated
antigens. Furthermore, vaccination with AMCNPs led to enhanced leukemia specific
and leukemia associated antigen-specific T cell responses compared to a control whole
cell lysate (WCL)-based vaccine. Prophylactic AMCNP vaccination provided protection

from AML cell challenge in vivo. In a model of consolidation therapy, vaccination with



AMCNPs after chemotherapy improved long-lasting immunity and significantly
prolonged survival after AML re-challenge compared to WCL vaccination controls.
These results demonstrate that AMCNPs are a novel and feasible approach for the

development of effective AML vaccination immunotherapies.

1.2 RESULTS
1.2.1 Production of AMCNPs for vaccination immunotherapy.

To improve neoantigen vaccination strategies for AML, we examined a recently
developed antigen presentation approach with AML cell membrane-coated
nanoparticles (AMCNPS) containing immunostimulatory adjuvants®'-33, The AMCNP
strategy is designed to promote AML-specific immune responses by delivering
nanoparticles (NPs) carrying multiple unidentified AML cell membrane-associated
antigens and immunostimulatory adjuvants to APCs (Fig. 1.1). Through sonication,
isolated membrane material is used to coat poly (lactic-co-glycolic acid) (PLGA) NP
cores, which are synthesized using a double emulsion process. The final particles
exhibit a core—shell structure uniformly coated with leukemia cell membrane?33. A key
advantage of AMCNPs is the capacity to package immune-stimulatory adjuvants within
the NP core®3. We used CpG oligodeoxynucleotide 1826, a Toll-like receptor 9 (TLR9)
agonist, as a well-characterized and potent adjuvant in the current study (Fig. 1.1B).
TLR agonists have been extensively used in vaccine immunotherapy due to their role in
activating immune responses by stimulating APCs to upregulate co-stimulatory factors,
secrete inflammatory cytokines, present antigens to T cells, and activate tumor-specific

T cells?4,



To test the efficacy of the AMCNP vaccine platform, the syngeneic C1498
murine AML cell line was employed. C1498 cells are derived from an AML that
developed spontaneously in a C57BL/6 (H-2°) mouse?®*. The C1498 model has been
used previously to examine various immunotherapeutic strategies3®-3". We first used
membrane-bound ovalbumin (OVA) as a model membrane-associated leukemic antigen
for our study. To maximize OVA antigen expression on C1498 cells, sequences
corresponding to the murine Cadm1 signal peptide and transmembrane domain, along
with full-length OVA, were cloned into the MSCV-IRES-puromycin® (MIP) retroviral
vector to generate MIP-OVA (Fig. 1.2A). MIP and MIP-OVA retrovirus-transduced
C1498 cells are referred to as C1498-MIP and C1498-OVA cells, respectively.
Presentation of OVA-derived peptides in the context of MHC class | molecules (H-
2KP:SIINFEKL) on C1498-OVA cells was confirmed by flow cytometry (Fig. 1.2B). OVA-
specific presentation by the C1498-OVA cell line was also confirmed through beta-
galactosidase (lacz) B3Z T cell activation assays®2, in which an OVA-specific CD8* T
cell activation lacZ reporter line (B3Z) was activated after co-culture with C1498-OVA
cells but not C1498-MIP cells (Fig. 1.2C). Following intravenous inoculation of C1498-
OVA cells, C57BL/6 mice uniformly succumbed, although at a later time point when
compared to mice challenged with C1498 parental cells (C1498) (Fig. S1.1). The
enhanced survival of mice challenged with C1498-OVA cells suggests that this cell line
is more immunogenic than C1498 cells, likely due to the expression and presentation of
the OVA antigen. Together, these results confirm that the C1498-OVA cell line

expresses and presents OVA-derived antigens.



AMCNPSs were generated using membrane material from C1498-OVA, C1498-
MIP, and C1498 cells. AMCNPs were loaded with CpG at roughly 100 pmol CpG/mg
NP. Dynamic light scattering measurements were used to assess the size and zeta
potential of the PLGA NP cores, AMCNPSs, and isolated membrane material. AMCNPs
showed slightly increased size compared to uncoated PLGA NPs (~165 nm vs 133 nm),
consistent with successful membrane coating (Fig. 1.3A). As expected, the size of
AMCNPs was far smaller than the corresponding isolated membrane material (~165 nm
vs 1 um) (Fig. 1.3A). Zeta potential is an important measurement of the effective
electric charge on the NP surface. AMCNPs demonstrated increased zeta potential
compared to uncoated PLGA NPs (~-40 mV vs -58 mV), consistent with successful
membrane coating, as membrane material is less negatively charged than the PLGA
NP core (~-40 mV vs -58 mV) (Fig. 1.3B). C1498 AMCNPs displayed a core—shell
structure with uniform coating when observed through transmission electron microscopy
(Fig. 1.3C). Furthermore, AMCNPSs retained a very similar composition of membrane
proteins when assessed by polyacrylamide gel electrophoresis protein separation (Fig.
1.3D). Together, these results confirmed our ability to successfully generate AMCNPs

coated with leukemia cell-derived membrane material.

1.2.2 APCs effectively acquire AMCNPs.

In order to stimulate effective immune responses, AMCNPs must first be
acquired by APCs. Therefore, we examined the ability of AMCNPs to be captured by
APCs by pulsing bone marrow-derived dendritic cells (BMDC) with either dye-labeled
CpG at a final concentration of 100 nM or equivalent C1498-OVA AMCNPs

encapsulated with dye-labeled CpG. We observed efficient acquisition of labeled



AMCNPs in BMDCs, where a detectable signal was initially observed after 30 min of
pulsing (Fig. 1.4A, S1.2), which became readily visualized after 24 h (Fig. S1.2). In
comparison to AMCNPs, BMDC acquisition of free CpG was far less detectable at both
time points (Fig. 1.4A, S1.2). We also observed efficient acquisition of labeled C1498-
OVA AMCNPs by the DC2.4 mouse DC cell line (Fig. S1.3A).

DC maturation is promoted through the engagement of pattern-recognition
receptors, such as TLRs%, with pathogen-associated molecular patterns, such as
CpG?3? 40, Thus, we next examined the ability of AMCNPs to promote BMDC maturation
and antigen presentation by pulsing BMDCs for 2 h with 100 nM of either C1498-OVA
AMCNPs, equivalent amounts (based on membrane material) of C1498-OVA WCL plus
CpG (WCL vaccine), or CpG plus 1 ug/ml OVA SIINFEKL peptide (peptide vaccine). We
observed enhanced maturation and activation of BMDCs pulsed with C1498-OVA
AMCNPs as evidenced by the increased frequency of CD11c+ cells with high
expression of the co-stimulatory molecules CD40, CD80, CD86, and MHC-II (Fig.
1.4B). Furthermore, the frequency of activated CD11c*CD40" BMDCs presenting the
SIINFEKL peptide in the context of MHC-I (H-2KP:SIINFEKL) was significantly greater
when pulsed with C1498-OVA AMCNPs, versus pulsing with either the WCL vaccine or
the peptide vaccine (Fig. 1.4B).

To test the delivery of AMCNPs to APCs in vivo, fluorescently labeled AMCNPs
were inoculated subcutaneously via the hock*! of C57BL/6 mice. Labeled AMCNPs
could be detected within CD11c* DCs in the draining lymph node and spleen (Fig.
1.4C). To test the effect of the AMCNPs on in vivo DC maturation, C57BL/6 mice were

inoculated subcutaneously into each hock*' with 50 pL of 25 mg/ml of C1498-OVA



AMCNPs, equivalent C1498-OVA WCL vaccine, or mock treatment. After 24 h, C1498-
OVA AMCNP vaccination significantly increased DC maturation within the draining
lymph node compared to vaccination with the C1498-OVA WCL vaccine or the mock
control, as evidenced by increased frequency of CD11c™ cells with high expression of
CD80, CD83, CD86, and MHC-II (Fig. 1.4D). Similar results were observed using
C1498 AMCNP vaccination (Fig. S1.3B), suggesting that the promotion of DC
maturation is not dependent upon the OVA antigen. Collectively, these results
demonstrate that AMCNPs are efficiently delivered to APCs, induce maturation, and

stimulate antigen presentation.

1.2.3 AMCNPs enhance T cell activation.

We next examined the ability of AMCNP-pulsed APCs to promote antigen-
specific CD8" T cell activation. BMDCs and DC2.4 cells were pulsed with C1498-OVA
AMCNPs or C1498-MIP AMCNPs, and OVA-specific T cell activation was measured
using B3Z OVA T cell activation assays®®. C1498-OVA AMCNPs significantly stimulated
OVA-specific T cell activation, whereas the C1498-MIP AMCNPs did not (Fig. 1.5A,
S1.3C). These results suggest that antigens contained within the AMCNP are presented
by APCs to stimulate specific T cell responses.

To test the efficacy of AMCNPs in vivo, C57BL/6 mice were vaccinated on days
0, 2, and 4 via subcutaneous inoculation into each hock#*! with 50 ul of 25 mg/ml C1498-
MIP AMCNPs, C1498-OVA AMCNPs, or equivalent C1498-OVA WCL vaccine; their
splenocytes were collected on day 10 and re-stimulated ex vivo with OVA-derived
peptide (SIINFEKL) until day 17 (Fig. 1.5B). A significantly higher frequency of ex vivo-

stimulated splenic CD8* T cells from C1498-OVA AMCNP-vaccinated mice were



labeled by H-2KP:SIINFEKL tetramers, compared to C1498-OVA or C1498-MIP
AMCNP-vaccinated mice, suggesting that C1498-OVA AMCNP vaccination drives the
expansion of antigen-specific CD8* T cells (Fig. 1.5C). Furthermore, ex vivo-stimulated
splenocytes from C1498-OVA AMCNP-vaccinated mice secreted significantly higher
concentrations of interferon-y (IFN-y) compared to those vaccinated with C1498-MIP

AMCNPs or C1498-OVA WCL vaccines (Fig. 1.5D).

We next sought to directly examine activation and OVA specific T cell expansion
in vivo. Mice were vaccinated with C1498-OVA AMCNPs or equivalent C1498-OVA
WCL vaccine on days 0, 7, and 14 (Fig. 1.5E, F). On day 17, we observed significantly
increased numbers of CD8*CD69* and CD8*CD25* T cells among the PB mononuclear
cells of AMCNP-vaccinated mice compared with WCL-vaccinated or control mice (Fig.

1.5F); suggesting that AMCNP vaccination stimulates activation of CD8* T cells. OVA-

specific T cell expansion was then assessed by H-2K":SIINFEKL dextramer (OVA
dextramer) staining on day 21 (Fig. 1.5G-I). Significantly higher numbers of CD3*CD8*
OVA dextramer® T cells were found in AMCNP-vaccinated mice compared with WCL-
vaccinated mice (Fig. 1.5H). To examine OVA specific memory CD8* T cells,
splenocytes were collected from the mice on day 57 (Fig. 1.5H, J). Significantly higher
numbers of OVA-specific central memory (CD62L"NCD44"CD8*OVA dextramer*) and
effector memory (CD62L"°"CD44"CD8*OVA dextramer*) CD8* T cells were observed in

AMCNP-vaccinated mice compared with WCL-vaccinated mice (Fig. 1.5J).

We next sought to demonstrate AMCNP mediated immune responses against a
known leukemia associated antigen, Wilms’ tumor 1 (WT1). WT1 is a well characterized

leukemia associated antigen that has been targeted in various AML vaccination
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therapies3® 42, Because C1498 cells do not express WT143, we generated a WT1

expressing C1498 cell line (C1498-WT1)(Fig. S1.4A). WT1 expression in the C1498-
WT1 line was confirmed by western blotting (Fig. S1.4B). To examine WT1 specific T
cell expansion in vivo, mice were vaccinated with C1498-WT1 AMCNPs or equivalent

C1498-WT1 WCL vaccine on days 0, 7, and 14 (Fig. S1.4C). Using H-

2D":RMFPNAPYL dextramer (WT1 dextramer) staining of PB mononuclear cells on day
21, we observed significantly higher numbers of CD3*CD8* WT1 dextramer* T cells in
the AMCNP-vaccinated mice compared with WCL-vaccinated mice (Fig. S1.4C).
Additionally, splenocytes from AMCNP-vaccinated mice secreted significantly higher
concentrations of IFN-y compared to WCL-vaccinated mice, after ex vivo-stimulation
with WT1 peptide (Fig. S1.4D). Collectively, these data suggest that in vivo vaccination
with AMCNPs mediates potent CD8* T cell immunity against leukemia-specific and

leukemia-associated antigens.

1.2.4 AMCNP vaccination protects against AML cell challenge

We next sought to determine if immune responses elicited by AMCNPs provided
protective anti-leukemic immunity. To first confirm that AMCNP vaccination could elicit
anti-leukemic immunity against AML cells which expressed a known antigen, we
prophylactically vaccinated C57BL/6 mice with three rounds of 50 ul of 25 mg/ml
C1498-OVA AMCNPs (n = 5) or mock treatment with equivalent CpG (n = 5) before
challenging them with 1 x 105 C1498-OVA cells (Fig. S1.5A). All C1498-OVA AMCNP-
treated mice survived more than 21 weeks after challenge with C1498-OVA cells,
whereas none of the control mice survived past 19 weeks (median survival 8.7 weeks)

(Fig. S1.5B). These results suggested that AMCNP vaccination provides prophylactic
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anti-leukemic immunity in a context in which AML-specific antigens are being

expressed.

We further sought to test C1498 AMCNPs in a more therapeutically relevant
remission model, in which vaccination occurs after initial induction therapy with
conventional chemotherapeutic drugs. C57BL/6 mice challenged with 1 x 10° C1498
cells were subsequently treated with clinically-relevant AML chemotherapy drugs®,
cytarabine and doxorubicin, prior to vaccination (Fig. 1.6A). Cytarabine and doxorubicin
treatment significantly prolonged survival in unvaccinated, “chemotherapy only” mice (n
= 5, median survival 8.7 weeks) compared to mock chemotherapy controls (n = 7,
median survival 4.3 weeks) (Fig. 1.6B). Mice were vaccinated with C1498 AMCNPs (n
= 13) or C1498 WCL vaccine (n = 15) at 4-, 5-, and 6-weeks post-chemotherapy (Fig.
1.6A). Both AMCNP and WCL vaccine groups had significantly prolonged survival
compared to the chemotherapy only group (median survival 8.7 weeks) by week 21
(Fig. 1.6B). The AMCNP vaccinated group had a higher survival rate (85%) than the
WCL vaccine group (60%) at 21 weeks post-C1498 challenge. However, this difference
was not significantly greater due to the high survivability of both groups (Fig. 1.6B). To
observe the longer-term effect of AMCNPs, we re-challenged surviving mice with 2 x
10©C1498 cells 21 weeks after the initial challenge. After re-challenge, the AMCNP-
vaccinated group showed significant survival benefit (median survival 4.4 weeks post-
re-challenge) compared to the WCL-vaccinated mice (median survival 2.7 weeks post-
re-challenge) (Fig. 1.6C). To further examine the anti-leukemic effect of AMCNPSs in our
remission model, additional C1498 AMCNP-vaccinated (n = 4) and C1498 WCL-

vaccinated (n = 4) mice underwent the same course of C1498 cell challenge,
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chemotherapy, and vaccination; however, these mice were re-challenged with 2 x 10°
C1498 cells that stably expressed enhanced GFP (C1498-eGFP) 32 days after the final
vaccination (Fig. 1.6D). The AMCNP-vaccinated mice had a significantly lower
percentage of C1498-eGFP cells in the bone marrow and liver compared to WCL-
vaccinated mice at 21 days post-re-challenge (Fig. 1.6E, S1.6). The WCL vaccination
mice had significantly higher expression levels of the programmed cell death protein 1
(PD-1) inhibitory receptor within both BM and liver CD3* T lymphocyte populations,
compared to AMCNP vaccinated mice (Fig. 1.6F). Interestingly, the AMCNP-vaccinated
mice showed a significant decrease in the frequency of naive CD8* T cells (CD62L"
CD44"v) (Fig. 1.6G, S1.7), suggesting that AMCNP-vaccinated mice have an increased
proportion of antigen-exposed CD8* T cells. Taken together, these results suggest that
AMCNP vaccination during remission improves long-lasting immunity and significantly

delays disease progression upon re-challenge, compared to WCL vaccination.
1.3 DISCUSSION

The lack of well-tolerated and effective consolidation therapy strategies is a
major gap in the current AML standard of care, due to the significant morbidity and
imperfect prevention of relapse associated with allogeneic hematopoietic stem cell
transplantation® 6 44, This gap remains despite recent progress in benefiting patients
with various subtypes of AML through targeted therapies, such as hypomethylating
agents, immune checkpoint inhibitors, FLT3 inhibitors, and isocitrate dehydrogenase
inhibitors” 8. AML vaccination therapies have proven to be generally tolerable and to
consistently promote leukemia antigen-associated T cell immunity; thus, displaying their

therapeutic potential'® 42, Additionally, the efficacy of AML vaccination may be further
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improved when combined with targeted therapies, such as hypomethylating agents*®
and immune checkpoint inhibitors'”: 46, We developed an AMCNP vaccination therapy
that is personalized, multi-antigenic, and can deliver both membrane-associated

leukemic antigens as well as immunostimulatory adjuvants to professional APCs in vivo.

In our C1498 AML relapse model, consolidation therapy using AMCNPs
provided a significant benefit to overall survival compared to WCL vaccines. Importantly,
this benefit was observed after re-challenge 4 months post-vaccination using a 20-fold
increase in the number of C1498 leukemia cells than in the initial challenge. Thus,
AMCNPs induced a long-term benefit, even without additional therapeutic interventions,
such as immune checkpoint inhibitors. We observed far fewer leukemic cells in the bone
marrow and liver of AMCNP-vaccinated versus WCL-vaccinated mice in our C1498-
eGFP re-challenge model. Correspondingly, we observed increased expression levels
of PD-1 in the T cells of WCL-vaccinated mice, which is associated with AML immune-
suppression*”: 48 and is a mechanism of immune evasion in C1498 cells*®, suggesting
that AMCNP vaccination might be beneficial in preventing immune evasion during AML
relapse. AMCNP vaccination was also associated with a significant decrease in naive
CD8* T lymphocytes within the spleen, suggesting that an increased proportion of CD8*
T cells in the AMCNP vaccinated mice have been exposed to leukemic antigens.
Collectively, we demonstrate that AMCNP vaccination enhanced anti-leukemic

immunity.

AML is a heterogeneous disease, in which individual patients often have varying
leukemic clonal populations. A single suitable protein target that is present in all AMLs

has yet to be identified and likely does not exist. AML blasts between and within
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patients may present clonal AML specific neoantigens, due to random mutation®°. Thus,
there is great need for AML immunotherapies that are both fully personalized and multi-
antigenic to overcome these challenges. Indeed, the feasibility of recurrent neoantigen
immunotherapy in AML has recently been demonstrated*® 6. However, personalized
vaccines that rely on identifying patient-specific neoantigens are technically challenging,
time-consuming, and expensive. Our AMCNP vaccination strategy is multi-antigenic,
fully personalized, and obviates the need for neoantigen identification. Therefore,

AMCNP vaccination therapy is suitable for AML.

The AMCNP vaccine strategy is amenable to further development and
refinement for potential clinical applications. A key advantage of the AMCNP strategy is
the colocalization of both antigen and adjuvant, ensuring that individual APCs receive
both, which promotes enhanced antigen-specific immune responses!? 5152 We show
that CpG-encapsulated AMCNPs are efficiently acquired by APCs, increase co-
stimulatory signal expression (CD80, CD86, CD83, CD40, and MHC-II), and promote
leukemic antigen presentation. Of note, empty PLGA particles themselves are unable to
induce APC activation and cytotoxic T cell responses?3? 52 53, Furthermore, PLGA
particles are widely used>* and have already been approved by the US FDA for drug
delivery. While CpG has often been used as an adjuvant in preclinical models'4, there
are many additional immunostimulatory adjuvants®®. Indeed, great efforts have been
made to identify which adjuvants, or combinations of adjuvants, are best in clinical
settings®®. AMCNPs can potentially be packaged with a variety of different adjuvants;

thus, this strategy is adaptable to future advances in clinical adjuvant use.
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In summary, our AMCNP vaccine is multi-antigenic, personalized, co-localizes
adjuvant with antigens, and is efficiently delivered to APCs. We demonstrate the
successful development of the AMCNPs. We further show that AMCNPs outperform a
control WCL vaccine in activating AML-specific immune responses and providing long-
term anti-leukemic survival benefit when used as a consolidation therapy. Thus,
AMCNPs are a promising platform that can be further developed and refined as an AML

vaccination immunotherapy.
1.4 MATERIALS & METHODS

Plasmids

The MIP-OVA plasmid was created using overlap PCR; the murine Cadm1
signaling peptide was cloned upstream of the mouse Cadm1l trans-membrane domain
followed by a fusion with the full-length chicken OVA cDNA, which was then cloned into
the MSCV-IRES- puromycin® (MIP) plasmid®® using bglll restriction enzyme sites. The
Cadm1 and OVA cDNA templates were from the pcDNA3-HA-Cadm1 and the
pODpCAGGS plasmid®’. The MIP-WT1 plasmid was created using PCR; the full-length
murine Wt1 cDNA was cloned into the MSCV-IRES- puromycin® (MIP) plasmid®® using
bglll restriction enzyme sites. The murine Wtl MGC premier full length cDNA clone

(transOMIC, Huntsville, AL) was used as the template for cloning.

Equalization of WCL vaccines
Whole cell lysate was prepared by five freeze-thaw cycles of liquid nitrogen
followed by 10 min at 37°C. The amount of WCL used was normalized by the amount of

Na+/K+-ATPase protein, a characteristic membrane protein, compared with AMCNPs
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as determined by dot blotting (anti-ATP1AL1 rabbit antibody, GenScript Biotech,
Piscataway, NJ). Equivalent concentrations of CpG ODN 1826 (Integrated DNA

Technologies, Coralville, IA) was added compared to AMCNP-encapsulated CpG.

Dendritic cell maturation

For in vitro experiments, 1.5 x 108 BMDCs were plated into 12-well suspension
plates in BMDC growth media. Cells were pulsed for 2 h at a concentration of 1.4 mg/ml
with C1498-OVA AMCNPs, equivalent C1498-OVA WCL vaccine, or equivalent CpG
plus 1 ug/ml OVA SIINFEKL peptide (InvivoGen, San Diego, CA), then washed twice
with fresh media. After 48 h of additional culture, cells were then collected in PBS with 1
mM EDTA and washed twice in PBS with 1% bovine serum albumin (Thermo Fisher
Scientific). Cells were stained as indicated in Supplementary Table 1.1 For in vivo
experiments, 50 pL of 25 mg/ml of AMCNPSs, equivalent WCL vaccine, or mock
treatment, were inoculated subcutaneously into each hock*! of 8- to 12-week-old
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). After 24 h, the popliteal
lymph nodes of the mice were collected and manually dissociated in 500 pl dissociation
buffer [Dulbecco’s PBS with calcium and magnesium (Gibco, Waltham, MA), 1 mg/ml
collagenase D (Roche, Basel, Switzerland), and 1 mg/ml DNase | grade Il (Roche)].

Cells were stained as indicated in Supplementary Table 1.1.

B3Z OVA presentation assays

The B3Z CD8* T cell hybridoma cell line is specific for OVA and expresses [3-
galactosidase under control of the IL-2 promoter®. For presentation assays, 1 x 10*
C1498-MIP or C1498-OVA cells were co-incubated with either 5 x 10* (high) or 1 x 10*

(low) B3Z cells for 16 h at 37°C, 5% CO.. For cross-presentation assays, 1 x 10* DC2.4
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cells or 5 x 10* BMDCs were seeded into each well of a 96-well plate overnight. Serial
dilutions beginning with 20 pl per well of 50 mg/ml AMCNPs or equivalent WCL vaccine
were added for up to 4 h at 37°C, 5% CO:2. The cells were washed twice with PBS, fixed
in 100 pl of cold PBS + 1% formaldehyde (Thermo Fisher Scientific) for 5 min, and then
washed three times with 37°C RPMI. B3Z cells (5 x 102 per well) were incubated with
the fixed APCs for 16 h at 37°C, 5% CO:. Plates were washed twice with PBS, and 100
Ml LacZ lysis buffer [0.13% NP-40, 9 mM MgClz, 0.3 mM chlorophenol red-3-d-
galactopyranoside (Roche) in PBS] was added for up to 4 h at 37°C. Absorbance was

measured at 570 - 650 nm.

Ex vivo T cell functional assay

8- to 12-week-old C57BL/6J mice (The Jackson Laboratory) were vaccinated
with 50 pl of 25 mg/ml of AMCNPs or equivalent WCL vaccine subcutaneously via the
hock on days 0, 2, and 4. On day 10, spleens were extracted and mechanically
dissociated into single cell suspensions. Red blood cell lysis was performed by
resuspending the cell mixture in ice cold ACK buffer (0.1 mM Na2EDTA, 10 mM KHCOs,
150 mM NHAa4CI) for 5 min followed by washing with ice cold PBS and passage through a
40-uM cell strainer (Thermo Fisher Scientific). 5 x 10° splenocytes were then plated and
cultured in 6-well suspension plates in BMDC growth media with 20 ng/ml GM-CSF and
1 pg/ml of either OVA SIINFEKL (InvivoGen) or WT1 RMFPNAPYL (MBL international,
Woburn, MA) peptide. After 5 or 7 days of ex vivo culture, respectively, the supernatant
was collected and analyzed for IFN-y using ELISA kits (Biolegend, San Diego, CA). At 7
days of ex vivo culture, the splenocytes were stained as indicated in Supplementary

Table 1.1 and used for flow cytometry analysis.
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AMCNP consolidation vaccination

8- to 12-week-old C57BL/6J mice (The Jackson Laboratory) were challenged
with 1 x 10° C1498 cells via intravenous inoculation. 100 pl of 20 mg/ml cytarabine was
administered via intraperitoneal injection on days 1, 2, 3, 4, and 5. Additionally, 30 pL of
2 mg/ml doxorubicin was administered via intraperitoneal injection on days 2, 3, and 4.
The mice were housed with water containing 125 mg/I of ciprofloxacin and 20 g/l
sucrose for the first two weeks of the experiment. The mice were vaccinated on days
26, 33, and 40 subcutaneously in both hocks with 50 pl of 25 mg/ml C1498 AMCNPs,
equivalent amounts of C1498 WCL vaccine, or mock treatment. Mice were monitored
with signs of morbidity as the endpoint. For the overall survival experiment, surviving
mice were re-challenged on day 163 with 2 x 108 C1498 cells and monitored for signs of
morbidity. For the C1498-eGFP experiment, the surviving mice were re-challenged on
day 72 with 2 x 10% C1498-eGFP cells and all mice were euthanized, once the first

mouse reached the endpoint, on day 93.

Flow cytometry

Flow cytometry and cell sorting was performed as previously described®®. The
antibody staining schemes are indicated in Supplementary Table 1.1. Analysis were
performed using FlowJo software version 7.6.5. For calculating total events, flow
cytometry samples containing either a known amount of peripheral blood (PB) or 3 x 10°
live splenocytes were run in their entirety and observed events were then normalized to

1 ml of PB or the total number of live splenocytes collected from each spleen.

Statistical analyses
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All statistical analyses were performed using GraphPad Prism Software (Version
8.4.2). The specific tests used are documented in the corresponding figure legend. The
number of independent experiments is indicated in the figures, data is presented as
mean values, and error bars represent standard deviation. All t-tests were two-tailed. P

values are denoted as follows: ns p > 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001.

Cell culture

HEK293T cells were purchased from ATCC. C1498 cells were a kind gift from
Dr. Shujun Liu (The Hormel Institute, University of Minnesota). B3Z T-cell hybridoma
cells were a kind gift from Dr. Nilabh Shastri (University of California, Berkeley).
HEK293T, C1498, and associated lines were cultured in DMEM media supplemented
with 10% FBS (HyClone, Logan, UT) and 100 U/ml penicillin-streptomycin (Gibco,
Waltham, MA). C1498-MIP, C1498-OVA, and C1498-WT1 cells were maintained in 0.5
pg/ml puromycin (InvivoGen, San Diego, CA). B3Z and DC2.4 cells were cultured in
RPMI media supplemented with 10% FBS and 100 U/ml penicillin-streptomycin. BMDCs
were cultured in BMDC culture media consisting of RPMI media supplemented with
10% FBS, 50 uM B-mercaptoethanol (Gibco), 100 U/ml penicillin-streptomycin, and 20
ng/ml murine GM-CSF (Peprotech, Rocky Hill, NJ). All cells were maintained in a 37°C

incubator with 5% CO:x.

Viral transduction

For retroviral transduction experiments, retrovirus was produced in HEK293T
cells. Transfections of HEK293T cells were conducted by combining 5 ug of MSCV-
IRES-Puro® (MIP), MIP-OVA (OVA), MIP-WT1 (WT1), or MSCV-IRES-eGFP% (MIGR1)

vectors with 5 ug of packaging vector (EcoPak) and 40 ul of 1 mg/ml polyethylenimine
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(Polysciences Inc, Warrington, PA) in 1 ml of Opti-MEM reduced serum medium
(Gibco). Approximately 16 h post-transfection, the media was aspirated, cells were
washed once in PBS, and 7 ml of fresh DMEM media supplemented with 10% fetal
bovine serum and 100 U/ml penicillin-streptomycin was added to each plate. At 24 h
after the media change, DMEM media containing retroviral particles was collected,
passed through a 0.45-um syringe filter, pooled, and supplemented with 4 ug/mi
polybrene (Millipore Sigma, Burlington, MA). C1498 cells were resuspended in retroviral
media at a concentration of approximately 0.5 x 108 cells/ml and were transduced in 6-
well plates by centrifugation (2,000 g) for 3 h at 32°C in an Allegra X-12R centrifuge
(Beckman Coulter, Brea, CA) on two consecutive days. At 24 h following the second
transduction, C1498-MIP, C1498-WT1, and C1498-OVA cells were resuspended in
fresh DMEM media supplemented with 10% fetal bovine serum, 100 U/ml penicillin-
streptomycin (Gibco), and 1 ug/ml puromycin (Millipore Sigma). After 48 h of puromycin
selection, cells were diluted and maintained at 0.5 pg/ml puromycin until future analysis.
C1498-eGFP (C1498-MIGR1) cells were sorted for the top 25% of eGFP fluorescence
and maintained in DMEM media supplemented with 10% fetal bovine serum and 100

U/ml penicillin-streptomycin.

Membrane derivation

C1498 cells and associated variants were grown in T175 suspension flasks
(Genesee Scientific, EI Cajon, CA) and harvested every 3 to 4 days. For cell harvesting,
the cell suspension media was collected, and any loosely adherent cells were detached
with 1 mM EDTA (Corning, Corning, NY) in PBS (Corning). Cells were spun down at

700 g for 5 min and the packed pellet was resuspended in complete medium mixed 1:1

21



with cryopreservation media (Hyclone). The cells were stored in -20°C until enough
harvests were accumulated. To derive the membrane, cell harvests were washed three
times with a buffered solution containing 30 mM Tris-HCI pH 7.5 (Quality Biological,
Gaithersburg, MD), 2.6% (w/v) sucrose (Millipore Sigma), and 4.1% (w/v) D-mannitol
(Millipore Sigma) and then mechanically lysed twice with a Kinematica Polytron PT
10/35 probe homogenizer at 70% power for 15 s in a solution containing protease
inhibitor (Millipore Sigma), phosphatase inhibitor (Millipore Sigma), and 500 pM
ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (Millipore Sigma).
Intracellular contents were purified out by centrifuging the resulting homogenate at
10,000 g for 25 min in an Optima XPN-80 ultracentrifuge (SW32 Ti, Beckman Coulter).
The membrane in the supernatant was pelleted at 150,000 g for 35 min and then buffer
exchanged into a storage solution containing 200 uM ethylenediaminetetraacetic acid
(EDTA, MP Biomedicals, Santa Ana, CA) in DNase free/RNase free water (Invitrogen,
Carlsbad, CA). Finally, the membrane was resuspended, and the protein content was
determined with a BCA protein assay kit (Pierce Biotechnology, Waltham, MA)
according to manufacturer’s instructions. All membrane derivation procedures were

performed on ice or at 4°C and the resulting membrane was stored at -20°C until use.

Nanoparticle fabrication

The nanoparticles were synthesized with a double emulsion technique as
previously reported®3. Briefly, 25 nmol of CpG ODN 1826 with a full phosphorothioate
backbone and sequence 5-TCCATGACGTTCCTGACGTT-3 (Integrated DNA
Technologies, Coralville, 1A) was dissolved in 200 mM Tris-HCI pH 8.0 (Corning) and

mixed with 25 mg of 0.18 dl/g carboxyl-terminated 50:50 poly(lactic-co-glycolic) acid
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(PLGA, LACTEL Absorbable Polymers) dissolved in dichloromethane (Thermo Fisher
Scientific, Waltham, MA) to form the inner phase. The mixture was probe sonicated with
a 150E sonic dismembrator (Thermo Fisher Scientific) at 70% power with a 2 s on/1 s
off pulse for 1 min. Then an emulsified solution containing 100 ul of dichloromethane
and 5 ml of 10 mM Tris-HCI pH 8.0 was added into the CpG—polymer mixture as the
outer phase and sonicated with the same settings for 2 min. The final emulsion was
added into 10 ml of 10 mM Tris-HCI pH 8.0 and magnetically stirred (Thermo Fisher
Scientific) at 700 rpm for at least 2.5 h to evaporate the dichloromethane. The NPs were
spun down at 21,100 g for 8 min, consolidated into a single tube, and washed three
times with 10 mM Tris-HCI pH 8.0 to remove free CpG. At the last wash, different types
of membrane (C1498, C1498-MIP, C1498-WT1, or C1498-OVA) were used to
resuspend the nanoparticles at a 1:10 membrane to polymer ratio, and the mixture was
sonicated for 2 min with a FS30D bath sonicator (Thermo Fisher Scientific) in macro
disposable cuvettes (BrandTech Scientific, Essex, CT). Excessive membrane was
similarly washed out three times with 10 mM Tris-HCI pH 8.0 as before and the NPs
were resuspended in 10% sucrose (Millipore Sigma, Burlington, MA) buffered with 5
mM Tris-HCI pH 7.5 and 200 uM EDTA in DNase free/RNase free water at a final
concentration of 25 mg/ml. NPs were frozen in -20°C if they were not used on the same
day. Fluorescently labeled NPs were prepared similarly by incorporating either 5’6-FAM-
modified CpG (ex/em = 495/520 nm, Integrated DNA Technologies) or 1,1'-dioctadecyl-
3,3,3',3"-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD, ex/em =

644/663 nm, Biotium, Fremont, CA) at a 0.1% (w/w) ratio in the inner phase.

Nanoparticle characterization
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Characterization of the nanoformulation was performed on particles
resuspended at a final concentration of 5 mg/ml in DNase/RNase free water instead of
the sucrose solution. The size and zeta potential of the nanoparticles were measured in
a folded capillary zeta cell (Malvern Panalytical, Malvern, United Kingdom) using a
Malvern ZEN3600 Zetasizer. Measurements for the membrane was similarly
determined but at a final concentration of 500 pg/ml to reflect the coating ratio. The
morphology of the nanoparticles was visualized via transmission electron microscope
using a JEOL 1200 EX Il transmission electron microscope. To prepare the imaging
samples, the nanoparticle suspension was adsorbed onto a 400-mesh carbon film grid
(Electron Microscopy Sciences, Hatfield, PA) for 10 min followed by three washes with
distilled water for 2 min each. The grid was then negatively stained with 1% (w/v) uranyl

acetate for 15 s and allowed to dry prior to imaging.

Protein characterization

C1498, C1498-MIP, and C1498-OVA whole cell lysates (WCL) were prepared
by five freeze-thaw cycles in liquid nitrogen followed by 10 min at 37°C. The protein
concentration of the WCL, membrane, and AMCNP samples were determined in tube
format with a BCA protein assay kit. All samples were diluted to a final concentration of
500 pg/ml and mixed with NuPAGE LDS sample buffer (Novex, Waltham, MA) at a 3 to
1 ratio. Protein samples were denatured at 70°C for 10 min in a Isotemp digital dry bath
(Thermo Fisher Scientific) and loaded into a 12-well Bolt 4-12% bis-tris gel (Novex)
along with the SeeBlue Plus2 pre-stained protein standard (Invitrogen, Waltham, MA).
The proteins were separated at 165 V for 45 min in Bolt MOPS SDS running buffer

(Novex) in the mini blot module system and the gel was stained with Instant Blue
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(Expedeon, Heidelberg, Germany) at room temperature for 1 h. Excessive dye was

washed off in distilled water and images were taken the following morning.

Western blot

Primary antibodies used were anti-a-tubulin (1:10,000) antibody (12G10,
Developmental Studies Hybridoma Bank, University of lowa, lowa City, IA) and anti-
WT1 (1:1000) antibody (12609-1-AP, Protein Tech Group, Rosemont, IL). Licor
(Lincoln, NE) IRDye 680RD goat anti-mouse IgG and IRDye 800CW goat anti-rabbit
IgG secondary antibodies (1:10,000) were used for visualization on a LI-COR Odyssey
Classic imager. Image analysis was performed using the LI-COR Application Software

Version 3.0.

Animals
All animal protocols were approved by the UCSD Institutional Animal Care and
Use Committee. Mice were housed and monitored in accordance with institutional

guidelines.

Leukocyte cell collection and isolation

Peripheral blood was collected via submandibular vein bleeding®. Bone marrow
cells were harvested by flushing two femurs per mouse with ice cold PBS using
disposable syringes with 21-gauge needles. Spleen and liver leukocytes were harvested
by physical tissue disruption and repeated pipetting in ice cold PBS. Red cell lysis was
performed by resuspending cell mixture in ice cold ACK buffer (0.1 mM Na2EDTA, 10
mM KHCOs, 150 mM NH4Cl) for 5 min, followed by washing with ice cold PBS and

passage through a 40-uM cell strainer (Thermo Fisher Scientific) to eliminate large
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tissue/cell clumps and debris. Live leukocytes were enriched via ficoll (Cytiva,
Amersham, United Kingdom) gradient centrifugation. Viable cells were counted via
trypan blue exclusion using a TC20 Automated Cell Counter (Bio-Rad Laboratories,

Hercules, CA) to infer total cell numbers.

Multimer Staining

Prior to multimer staining, isolated cells were treated with 50 nM dasatanib®?
(R&D Systems, Minneapolis, MN) for 30 min at 37°C and then Fc receptors were
blocked for 10 minutes on ice. Tetramer (MBL international, Woburn, MA) or Dextramer
(immudex, Copenhagen, Denmark) staining was performed according to manufacturer’s
protocols. For tetramer staining, cells were washed twice prior to additional of cell

surface antibody staining.

Generating BMDCs

Bone marrow cells were harvested by flushing two femurs per C57BL/6J mice
(The Jackson Laboratory, Bar Harbor, ME) with ice cold PBS using disposable syringes
with 21-gauge needles. Live cells were cultured in BMDC culture medium in untreated
petri dishes at a density of 2 x 108 cells per plate. After 3 days, an additional 10 ml of
BMDC culture medium was added to each dish. On day 7, non-adherent and loosely
adherent cells were removed. Purified mouse BMDCs were analyzed for purity by flow

cytometry (Supplementary Table 1.1.) before use in associated experiments.

AMCNP acquisition by BMDCs
BMDCs were seeded into 4-well Nunc chamber slides (Thermo Fisher Scientific)

at a density of 1 x 10° cells/well and allowed to adhere overnight. FAM-labeled CpG-
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encapsulated AMCNPs (C1498 or C1498-OVA) or equivalent amounts of free FAM-
labeled CpG were added into each well at a final CpG concentration of 100 nM, either
24 h or 30 min before imaging. The media was discarded, and cells were washed three
times with PBS to remove any free nanopatrticles or FAM-labeled CpG. BMDCs were
then fixed for 15 min at room temperature in 10% buffered formalin (Thermo Fisher
Scientific) and washed three times as before. The chamber was finally removed, and
the slide was mounted with VECTASHIELD mounting media with DAPI (Vector
Laboratories, Burlingame, CA). Images were acquired with a Keyence BZ-X710
fluorescence microscope using a 40x objective lens equipped with the DAPI and GFP

filters (UCSD Specialized Cancer Center Support P30 Grant 2P30CA023100).

AMCNP acquisition by DC2.4 murine DC cell line

DC2.4 were seeded into 24-well suspension plates (Genesee Scientific) at a
density of 2.5 x 10 cells/well and allowed to adhere overnight. At various times before
analysis (24 h, 12 h, 6 h, 2 h, 1 h, 30 min, 15 min, and 0 min), DiD-labeled CpG-
AMCNPs (C1498-MIP) were added into each well at a final CpG concentration of 250
nM. The media was collected, and any adhered cells were detached with 0.25%
Trypsin-EDTA (Gibco). The cells were spun at 700 g for 5 min and free nanoparticles
were washed three times with 1% (w/v) bovine serum albumin (BSA, Millipore Sigma,
Burlington, MA) in PBS. FITC-labeled Annexin V (Biolegend) was used to stain the cells
at room temperature for 15 min as a viability dye and data was acquired with a BD

FACSCanto Il flow cytometer (BD Biosciences, San Jose, CA).

In vivo delivery
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To monitor nanopatrticle trafficking in vivo, 50 pl of each nanoformulation was
injected subcutaneously through the right hock of six-week-old C57BL/6NHsd mice
(Envigo, Indianapolis, IN). Mice were euthanized 24 h later via carbon dioxide
asphyxiation followed by cervical dislocation, and the organs were excised. All organs
were mechanically homogenized with a pipette and processed into a single cell
suspension. The spleens were filtered with a 70-um mesh cell strainer (Thermo Fisher
Scientific) and the draining lymph nodes were filtered with a 40-um Flowmi cell strainer
(Bel Art Products, Wayne, NJ). Red blood cells were lysed using a commercial RBC
lysis buffer (Biolegend, San Diego, CA) before the cells were blocked with 1% BSA
(Millipore Sigma) in PBS on ice for 15 min and with TruStain FcX PLUS anti-mouse
CD16/32 antibody (Biolegend) for 10 min. Cells were stained as indicated

(Supplementary Table 1.1) and analyzed by flow-cytometry.

AMCNP prophylactic vaccination

8- to 12-week-old C57BL/6J mice (The Jackson Laboratory) were vaccinated via
subcutaneous hock injection with 50 pL of 25 mg/ml of C1498-OVA AMCNPs, or mock
treatment with equivalent CpG, on days 0, 7, and 14. On day 21, mice were challenged
with 5 x 10° C1498-OVA cells via intravenous inoculation. Mice were monitored for

signs of morbidity as an endpoint.

28



Figure 1.1. Schematic of AML membrane-coated nanoparticles (AMCNPS)
production and anti-leukemic vaccination. (A) The immunostimulatory adjuvant,
CpG oligodeoxynucleotide 1826, was encapsulated into biodegradable poly (lactic-co-
glycolic acid) (PLGA) polymer nanoparticle cores (small grey spheres) via a double
emulsion process. Through sonication, CpG-loaded nanoparticle cores were coated
with isolated AML cell membrane (red circle), including membrane associated MHC-I-
presented antigens (blue, green, purple, and yellow dots), to form AMCNPs. (B)
Delivery of AMCNPs to immature APCs (blue cell) stimulates maturation and AML-
associated antigen presentation. The mature APCs (blue cell) present AML antigens
and co-stimulatory molecules to naive T cells (green cells), resulting in activation and
proliferation of T cells specific for different AML antigens (blue, green). Activated T cells
(green cells) can initiate AML cell death, after detecting the MHC-I-presented antigens
on AML cells (red cells).
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Figure 1.2. Characterization of C1498-OVA cell line. (A) MIP vector and MIP-OVA
retrovirus constructs used in generation of C1498-MIP and C1498-OVA cell lines. The
murine Cadm1 signal peptide (SP) and transmembrane domain (TMD) were cloned 5’ to
full length chicken ovalbumin into the MIP vector. (B) Representative flow cytometry
plots and histogram of C1498-MIP and C1498-0OVA cell lines stained with antibodies
against MHC class |-presented OVA peptide 257-264 (H-2KP:SIINFEKL), which
demonstrate OVA antigen presentation in C1498-OVA cells compared to C1498-MIP or
fluorescence minus one (FMO) negative control staining. (C) OVA-specific T cell (B3Z)
lacZ activation assay. C1498-MIP or C1498-OVA cells were incubated with B3Z T cell
hybridoma reporter cells, in which OVA-specific T cell receptor activation drives lacZ
expression. Representative image demonstrating OVA-specific T cell activation (red
color) in B3Z lysates, as assayed with the B-gal substrate chlorophenol red-f3-
galactoside (CPRG).
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Figure 1.3. Characterization of AMCNPs. (A, B) Uncoated nanoparticles (CpG NP),
AMCNPs (C1498, C1498-MIP, and C1498-OVA), and isolated membrane material
(C1498, C1498-MIP, and C1498-OVA) were analyzed for size (A) and zeta potential (B)
through dynamic light scattering analysis. (C) Representative transmission electron
microscopy images of C1498, C1498-MIP, and C1498-OVA AMCNPs. (D) Coomassie
blue staining of whole cell lysates, isolated membrane material, and AMCNPs from
C1498, C1498-MIP, and C1498-OVA cells.
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Figure 1.4: AMCNPs are taken up by APCs efficiently, stimulate maturation, and
promote antigen presentation. (A) BMDCs were pulsed for 30 min with free dye-
labeled CpG or equivalent C1498-OVA AMCNPs with encapsulated dye-labeled CpG.
Representative images show cellular DNA staining by DAPI (blue), labeled CpG
(green), and merged. (B) BMDCs were pulsed for 2 h with C1498-OVA AMCNPs,
equivalent C1498-OVA whole cell lysate (WCL) vaccine, or OVA SIINFEKL peptide with
CpG. 48 h post-pulsing, CD11c* BMDCs were gated for high expression of the
activation markers CD40, CD80, CD86, and MHC-II. Activated CD11c*CD40" BMDCs
were further gated for MHC-I presentation of OVA (H-2KP:SIINFEKL). Data is presented
as the mean percentage of total live BMDCs. (C) Labeled C1498 AMCNPs or mock
controls were injected into C57BL/6 mice via the hock. 24 h post-injection, CD11c" cells
in the draining lymph node (dLN) and spleen were examined for presence of labeled
C1498 AMCNPs. Representative flow cytometry plots are shown. (D) Mice received
mock, C1498-OVA WCL, or equivalent C1498-OVA AMCNP vaccination. 24 h post-
vaccination, CD11c* cells in the dLN were gated for high expression of CD80, CD83,
CD86, and MHC-II. Data is presented as mean percentage of total live cells.
Significance was determined using one-way ANOVA with a post-hoc test using the
Holm-Sidak method.
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Figure 1.5. AMCNPs enhance antigen-specific T cell activation. (A) BMDCs were
pulsed with C1498-MIP AMCNPs or C1498-OVA AMCNPs before co-culture with B3Z T
cells. OVA-specific B3Z T cell activation was measured by a CPRG assay. Data shown
as mean optical density at 570 - 650 nm from 3 experiments. Significance was
determined by unpaired t-test. (B-D) Mice were vaccinated 3 times as indicated, with
C1498-MIP AMCNPs, equivalent C1498-OVA WCL vaccine, or C1498-OVA AMCNPs;
splenocytes were collected and re-stimulated ex vivo with OVA SIINFEKL peptide for 7
days (n = 3). (C) OVA-specific T cell expansion was measured by H-2KP:SIINFEKL
tetramer staining of CD3*CD8* T cells. Data is presented as the mean frequency of
CD3*CD8*OVA tetramer* cells among CD3" cells. (D) The concentration of secreted
IFN-y was measured by ELISA. (C,D) Significance was determined using one-way
ANOVA with a post-hoc test using the Holm-Sidak method. (E,F) Mice were vaccinated
3 times, as indicated, with C1498-OVA AMCNPs (n = 3), equivalent C1498-OVA WCL
vaccine (n = 3), or mock vaccination control (n = 3). Total number of CD69* or CD25*
CD8* T cells among peripheral blood (PB) mononuclear cells was determined by flow
cytometry on day 17 and normalized to 1 ml of PB. Significance was determined using
one-way ANOVA with a post-hoc test using the Holm-Sidak method. (G-J) Mice were
vaccinated 3 times, as indicated, with C1498-OVA AMCNPs (n = 9) or equivalent
C1498-OVA WCL vaccines (n = 8). (H,l) OVA-specific T cell expansion was determined
through staining with H-2KP:SIINFEKL dextramer (OVA-dextramer) of PB mononuclear
cells on day 21. (H) Total CD3*CD8*OVA dextramer* events observed were normalized
to 1 ml of PB and adjusted for background staining by subtracting the average number
of events in unvaccinated controls (n = 5). Significance was determined using one-way
ANOVA with a post-hoc test using the Holm-Sidak method. (1) Representative flow
cytometry plots of CD3* gated live cells used to quantify CD3*CD8*OVA dextramer*
events are shown. (J) OVA-specific central memory (CM, CD62LNCD44"NCD8*OVA
dextramer*) and effector memory (EM, CD62L'"°"CD44"CD8*OVA dextramer®)
expansion was determined through flow cytometry of live splenocytes on day 57. Total
events observed were normalized to the total number of live splenocytes collected and
adjusted for background staining by subtracting the average number of events in
unvaccinated controls (n = 5). Significance was determined using one-way ANOVA with
a post-hoc test using the Holm-Sidak method.
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Figure 1.6. Post-remission AMCNP vaccination promotes long-lasting anti-
leukemic immunity and survival benefit. (A) Mice were challenged with 1 x 10°
C1498 cells, followed by either cytarabine and doxorubicin chemotherapy or mock
chemotherapy (n = 7). (B) Mice were then vaccinated at 26-, 33-, and 40-days post-
challenge with C1498 AMCNPs (n = 13) or equivalent C1498 whole cell lysate vaccine
(WCL) (n = 15). Unvaccinated “chemotherapy only” mice were used as controls (n = 5).
(C) Surviving mice were re-challenged at day 163 with 2 x 10 C1498 cells. Kaplan—
Meier survival plots are shown with significance determined by the Mantel-Cox test. (D-
G) Mice were challenged with 1 x 10° C1498 cells, followed by cytarabine and
doxorubicin chemotherapy. Mice were then vaccinated at 26-, 33-, and 40-days post-
challenge with C1498 AMCNPs (n = 4) or equivalent C1498 WCL vaccine (n = 4). Mice
were re-challenged at day 72 with 2 x 108 C1498-eGFP cells and analyzed at day 93.
(E) Frequency of eGFP* cells among mononuclear cells isolated from the bone marrow
(BM) or liver of vaccinated mice. Representative flow plots are shown. (F) MFI of PD-1
expression among BM and liver CD3* T cells from AMCNP-vaccinated and WCL-
vaccinated mice. (G) Splenic CD3*CD8* T cells from AMCNP-vaccinated and WCL-
vaccinated mice were analyzed for the frequency of naive T cells (CD62L"CD44'°ow),
Significance was determined using unpaired t-tests.
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Supplementary Table 1.1. Flow-cytometry staining schemes.

Experiment Antibody/Viability Stain Manufacturer Clone Catalog#
C1498-OVA MHC-I presentation H-2K® bound to SINFEKL PE Biolegend 25D1.16 141604
7-AAD Biolegend 420404
CD80 PE Biolegend 16-10A1 104707
CD86 APC eBioscience GL1 17-0862-82
) . CD11c APC-Cy7 Biolegend N418 117324
BMDC maturation stain #1 I-AI-E (MHCI) FITC Biolegend MF5/114.15.2 1076086
F4/80 PerCP-Cy5.5 eBioscience BM8 15-4801-82
7-AAD Biolegend 420404
H-2K® bound to SINFEKL PE Biolegend 25-D1.16 141604
CD40 APC eBioscience 1C10 17-0401-82
BMDC maturation stain #2 CD11c APC-Cy7 Biolegend N418 117324
F4/80 PerCP-Cy5.5 eBioscience BM8 15-4801-82
7-AAD Biolegend 420404
CD80 PE Biolegend 16-10A1 104707
CD86 APC eBioscience GL1 17-0862-82
) . ’ CD11c APC-Cy7 Biolegend N418 117324
Invivo DC maturation stain #1 I-AIFE (MHCI) FITC Biolegend MF5/114.15.2 107606
F4/80 PerCP-Cy5.5 eBioscience BM8 15-4801-82
7-AAD Biolegend 420404
H-2K" bound to SINFEKL PE Biolegend 25-D1.16 141604
CD40 APC eBioscience 1C10 17-0401-82
In vivo DC maturation stain #2 CD11c APC-Cy7 Biolegend N418 117324
F4/80 PerCP-Cy5.5 eBioscience BM8 15-4801-82
7-AAD Biolegend 420404
CD83 FITC Biolegend Michel-19 121506
In vivo DC maturation stain #3 CD11c APC-Cy7 Biolegend N418 117324
7-AAD Biolegend 420404
CD3 APC eBioscience 145-2C11 17-0031-82
Ex vivo OVATet CD8a FITC Biolegend 53-6.7 100706
X vive DVA Tetramer iTAg Tetramer-H-2K® OVA (SINFEKL) PE MBL International TB-5001-1
7-AAD Biolegend 420404
CD8a PE Biolegend 53-6.7 100708|
' CD3 FITC Biolegend 17A2 100204
Invivo OVA Dextramer (PE) H-2Kb OVA (SINFEKL) MHC | Dextramer APC immudex JD2163
7-AAD Biolegend 420404
CD44 PE Biolegend M7 103007
In vivo memory T cell OVA Dextramer CDe2L FITC I_3i0|egend MEL-14 104405
(Spleen) H-2Kb OVA (SINFEKL) MHC | Dextramer APC |rT1mudex JD2163|
CD8a PE-Cy7 Biolegend 53-6.7 100722
7-AAD Biolegend 420404
CD8a PE-Cy7 Biolegend 53-6.7 100722
CD4 APC-Cy7 Biolegend GK1.5 100414
CD8" T Cell activation CD69 PE Biolegend H1.2F3 104507
CD25 APC Biolegend PC61 102012
7-AAD Biolegend 420404
CD8a PE Biolegend 53-6.7 100708|
. CD3 PE-Cy7 Biolegend 17A2 100220

In vivo WT1 dextramer (PB) 5 -

H-2 D° WT1 (RMFPNAPYL) MHC | Dextramer APC immudex JA-2177
7-AAD Biolegend 420404
. CD8a PerCP-Cy5.5 Biolegend 53-6.7 100734
C1498-eGFP r;;ﬂi"ge BM. Liver, "5p 1 Fire Biolegend 20F.1A12 135214
CD3 PE-Cy7 Biolegend 17A2 100220,
CD44 PE Biolegend M7 103007
) CD62L APC Biolegend MEL-14 104412
C1498'eG';Z|;Z'n°gﬂ?n"gg BM, Liver, ™epaFire Biolegend RMAS 100510
CD8a PerCP-Cy5.5 Biolegend 53-6.7 100734
CD3 PE-Cy7 Biolegend 17A2 100220,
CD11c FITC Biolegend N418 117306
Checking BMDC purity F4/80 PerCP-Cy5.5 eBioscience BM8 15-4801-82
7-AAD Biolegend 420404
Fc Block (CD16/32) Biolegend 93 101320
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Supplementary Figure 1.1. C1498-OVA cells are leukemogenic. Kaplan-Meier
survival plot for C57BL/6 mice injected with 5 x 10> C1498 (n = 4) or C1498-OVA cells
(n = 6). Significance determined by the Mantel-Cox test.
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Supplementary Figure 1.3. Additional AMCNP acquisition, antigen presentation,
and maturation data. (A) DC2.4 cells were pulsed with C1498-OVA AMCNPs with
encapsulated dye-labeled CpG. AMCNP acquisition was detected through fluorescence
over time. Data shown as mean fluorescence intensity (arbitrary units) fromn =3
biological replicates. (B) Mice received mock, C1498 WCL, or equivalent C1498
AMCNP vaccination. 24 h post-vaccination, CD11c* cells in the dLN were gated for high
expression of CD80, CD83, CD86, and MHC-II. Data is presented as mean percentage
of total live cells. Significance was determined using one-way ANOVA with a post-hoc
test using the Holm- Sidak method. (C) DC2.4 cells were pulsed with C1498-MIP
AMCNPs or C1498-OVA AMCNPs before co-culture with B3Z T cells. OVA-specific B3Z
T cell activation was measured by CPRG assay. Data shown as mean optical density at
570 - 650 nm. Significance was determined by unpaired t-test.
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Supplementary Figure 1.4. AMCNPs enhance AML associated antigen T cell
response. (A) MIP-WT1 retrovirus constructs used in generation of the C1498-WT1 cell
line. The full length murine Wt7 cDNA was cloned into the MIP vector. (B) WT1
expression was confirmed in C1498-WT1 cells by western blot. (C) Mice were
vaccinated 3 times, as indicated, with C1498-WT1 AMCNPs (n = 7) or equivalent
C1498-WT1 WCL vaccines (n = 7). WT1-specific T cell expansion was determined
through staining with H-2DP; RMFPNAPYL dextramer (WT1-dextramer) on peripheral
blood (PB) mononuclear cells on day 21. Total CD3*CD8*WT1-dextramer* events
observed were normalized to 1 ml of PB and adjusted for background staining by
subtracting the average number of events in unvaccinated controls (n = 5). Significance
was determined by unpaired t-test. (D) Mice were vaccinated 3 times as indicated, with
C1498-WT1 AMCNPs or equivalent C1498-WT1 WCL vaccine; splenocytes were
collected and re-stimulated ex vivo with WT1 RMFPNAPYL peptide for 7 days (n = 3),
the concentration of secreted IFN-y was measured by ELISA. Significance was
determined by unpaired t-test.
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Supplementary Figure 1.5. Prophylactic AMCNP vaccination protects against
C1498-OVA AML challenge. Supplementary Figure 1.5. Prophylactic AMCNP
vaccination protects against C1498-OVA AML challenge. (A) Mice were vaccinated on
days 0, 7, and 14 with 50 pl of 25 mg/ml C1498-OVA AMCNPs (n = 5) or mock with
equivalent CpG (n = 5). At day 21, mice were challenged with 1 x 105 C1498-OVA cells.
(B) Kaplan—Meier survival plot is shown with significance determined by the Mantel-Cox
test.
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Supplementary Figure 1.6. Flow cytometry gating of C1498-eGFP re-challenge cells.
Bone marrow and liver mononuclear leukocytes were isolated from the mice used in
Figure 1.6D. Representative flow plots and histograms showing gating strategy used to
examine live eGFP* cells from mice vaccinated with C1498 AMCNPs, C1498 whole cell
lysate control vaccine (WCL), or healthy control mice (Control).

48



250K
X
(4]
"
(]
Singlets
o 82.2%
T T T T T
0 50K 100K 150K 200K 250K
SSCW
A 5 ] coase cosaLr CD44h
107 (Thawe) CcD62LY
(Tem)
10*
- E
~
©
[a]
Of 10’
0 3 CD44"
cDe2Le
E (Tem)
_I LAARE . B RARA LAY | TreTT T
0 10° 1w 10
>
CD44

250K —

200K —

Singlets
0 89.8%
T T T T 1
0 50K 100K _ 150K 200K 250K
FSC-A
A 5 _| CD3+CD8+
10 3 .8.55%
104‘
©
8 3
(&) 10° 4
0=
«—

Lk §

104 105

CD3

>

SSC-A

SSC-A

Cells

99.4%

1 T T T 1

0 50K 100K__ 150K 200K§ 250K
FSC-A

250K -

200K -

150K

Lymphocytes
76.1%

0 50K

T T T T T
100K _ 150K 200K 250K
FSC-A

Supplementary Figure 1.7. Flow cytometry for splenic CD3*CD8* memory T cell
subsets. Splenic mononuclear cells were isolated from the mice used in Figure 6D.
Representative gating of CD3*CD8* CD62L"N CD44'% naive T cells used in Figure 6D.
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Chapter 2. MicroRNA let-7b downregulates AML1-ETO oncogene expression in

t(8;21) AML by targeting its 3’'UTR.

Acute myeloid leukemia (AML) with the 1(8;21)(g22;922) chromosomal
translocation is among the most common subtypes of AML and produces the AML1-
ETO (RUNX1-ETO, RUNX1-RUNX1T1) oncogenic fusion gene. AML1-ETO functions
as an aberrant transcription factor which plays a key role in blocking normal
hematopoiesis. Thus, the expression of AML1-ETO is critical to t(8;21) AML
leukemogenesis and maintenance. Post-transcriptional regulation of gene expression is
often mediated through interactions between trans-factors and cis-elements within
transcript 3'-untranslated regions (UTR). AML1-ETO uses the 3’'UTR of the ETO gene,
which is not normally expressed in hematopoietic cells. Therefore, the mechanisms
regulating AML1-ETO expression via the 3'UTR are attractive therapeutic targets. We
used RNA-sequencing of t(8;21) patients and cell lines to examine the 3’'UTR isoforms
used by AML1-ETO transcripts. Using luciferase assay approaches, we test the relative
contribution of 3’'UTR cis elements to AML1-ETO expression. We further use let-7b
microRNA mimics and anti-let-7b sponges for functional studies of t(8;21) AML cell
lines. In this study, we examine the regulation of AML1-ETO via the 3UTR. We
demonstrate that AML1-ETO transcripts primarily use a 3.7 kb isoform of the ETO
3'UTR in both t(8;21) patients and cell lines. We identify a negative regulatory element
within the AML1-ETO 3'UTR. We further demonstrate that the let-7b microRNA directly
represses AML1-ETO through this site. Finally, we find that let-7b-5p inhibits the
proliferation of t(8;21) AML cell lines, rescues expression of AML1-ETO target genes,

and promotes differentiation. AML1-ETO is posttranscriptional regulated by let-7b,
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which contributes to the leukemic phenotype of t(8;21) AML and may be important for
t(8;21) leukemogenesis and maintenance.
2.1 INTRODUCTION

The 1(8;21)(g22;922) translocation is among the most common chromosomal
abnormalities in AMLS. Although t(8;21) AML is categorized as a favorable-risk AML,
there remains a high incidence of relapse (up to 56% in some studies) and the median
overall survival is only 5 years, highlighting the need for further studies and additional
therapies® 62-65, The (8;21) translocation results in a fusion of the AML1 (RUNX1) locus
on chromosome 21 with the ETO (MTG8, RUNX1T1) locus on chromosome 8, creating
the AML1-ETO (RUNX1-ETO, RUNX1-RUNX1T1) fusion gene®. AML1 is an essential
transcription factor for healthy hematopoiesis®’. The N-terminal runt homology domain
(RHD) of AML1 mediates sequence-specific DNA-binding whereas the C-terminal
transcriptional regulatory domain controls target gene transcription through the
recruitment of essential co-factors®”. ETO (RUNX1T1) is not normally expressed in
hematopoietic progenitor cells®®7°, does not have DNA binding activity X, and interacts
with transcriptional co-repressors and co-activators®® 776, The AML1-ETO chimeric
transcript contains the N-terminal RHD of AML1 and nearly the entire ETO gene,
including its 3'UTR®5. Thus, the AML1-ETO fusion transcription factor impairs normal
AML1-mediated myeloid differentiation through the transcriptional dysregulation of
critical hematopoietic genes®® 7785 although additional mutations are also required for

leukemogenesis® 87,

Stable expression of the AML1-ETO fusion gene is critical for both the initiation

and maintenance of t(8;21) AML®8%4, Transient knockdown of AML1-ETO induces
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differentiation 8 %, inhibits proliferation8® °°, and reduces leukemic burden®:. AML1
expression is required for healthy hematopoiesis®’. In contrast, ETO is not normally
expressed in healthy hematopoietic progenitor cells8-7°, Therefore, the factors which
regulate AML1-ETO expression through the ETO portion of the chimeric transcript,
including the 3'UTR, may be a unique sensitivity of t(8;21) leukemia cells compared to

healthy hematopoietic cells.

The 3'UTR plays a crucial role in post-transcriptional gene expression by
influencing the localization, stability, export, and translation efficiency of mRNA
transcripts®. Sequence specific interactions between cis-elements within the 3'UTR and
trans-factors, such as RNA binding proteins or microRNAs (miRNA), are major
mediators of post-transcriptional regulation® %, miRNAs have also been shown to
promote or suppress a variety of leukemic processes, including proliferation, apoptosis,
differentiation, self-renewal, epigenetic regulation, and chemotherapy resistance®’-%°.
The let-7 family of miRNAs are well described tumor suppressors in a variety of
cancers, including leukemias'©%-192, Members of the let-7 miRNA family have
demonstrated roles in sensitizing leukemic cells to chemotherapy!°3-1°7, Furthermore,
the overexpression of let-7 miRNAs have also been shown to inhibit proliferation and

promote differentiation in certain leukemic contexts00: 108,

Since AML1-ETO expression is critical for t(8;21) AML leukemia, identifying
factors that post-transcriptionally regulate AML1-ETO via the ETO 3'UTR may improve
our understanding of how AML1-ETO expression is maintained and uncover suitable
targets for t(8;21) AML therapy. Here, we demonstrate that AML1-ETO transcripts

predominantly use the first 3.7 kb of the ETO 3’UTR, in both t(8;21) AML patients and
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cell lines. Using a luciferase assay approach to identify regulatory elements within the
3.7 kb AML1-ETO 3' UTR, we found a fragment of the AML1-ETO 3’'UTR between 2.8
and 3.4 kb which was negatively regulated, increased expression upon inhibition of
MiRNA biogenesis, and contained a putative miRNA let-7 target site. We further showed
that let-7b targets and represses AML1-ETO expression through this site. Finally,
exogenous let-7b miRNA transfection inhibited the proliferation of t(8;21) AML cell lines,
rescued expression of AML1-ETO downregulated target genes, and promoted leukemia
cell differentiation. Our findings establish that the let-7b miRNA is a post-transcriptional

regulator of AML1-ETO and affects the leukemic phenotype of t(8;21) AML.
2.2 RESULTS

2.2.1 AML1-ETO transcripts primarily use the first 3.7 kb of the ETO 3’UTR in

t(8;21) AML patients and cell lines.

To uncover post-transcriptional regulators of the AML1-ETO oncogene that
target the ETO 3'UTR, we first sought to identify which regions of the 3’UTR are present
in AML1-ETO transcripts. Alternative polyadenylation regulates 3’UTR length and
consequently the availability of cis-acting elements that bind trans-acting post-
transcriptional regulators®. Therefore, to identify t(8;21) AML relevant interactions, we
analyzed the endogenous AML1-ETO 3’'UTR usage in 1(8;21) AML patients and cell

lines.

We performed RNA-seq on peripheral blood derived CD34+ HSPCs from
healthy donors and CD34+ enriched t(8;21) AML primary patients’ blasts. The longest

predicted AML1-ETO 3’'UTR sequence is 5.2 kb in length. However, analysis of the
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sequencing reads in the t(8;21) patients showed that the abundance of reads aligned
within the first 3.7 kb of the ETO 3'UTR and only minor signal is detected up to the full
5.2 kb (Fig. 1A). Importantly, a validated poly(A) site is located at 3.7kb, suggesting that
AML1-ETO transcripts terminate at this proximal poly(A) site resulting in the observed
shorter 3'UTR in patients. Consistent with previous reports®-7°, wild type ETO
expression was undetectable in the healthy HSPC samples and the ETO RNA-seq
reads in t(8;21) patient samples only map to the exons present in the AML1-ETO fusion
(Fig. 1A, S1A,B)%. To compare AML1-ETO 3’'UTR usage to wild type ETO in a normal
physiological context, we analyzed publicly available RNA-seq data of healthy brain
cortex1%, which is known to express ETO°. The normal brain cortex RNA-seq reads
included peaks in exons not involved in the AML1-ETO fusion and had a very similar
pattern within the ETO 3’UTR, with the abundance of reads mapping within the first 3.7
kb of the ETO 3'UTR (Fig. S1A,B). We further performed RNA-seq using the t(8;21)
AML cell lines Kasumi-1 and SKNO-1. Interestingly, nearly all the AML1-ETO 3’'UTR
reads aligned within the first 3.7 kb in these cell lines (Fig. 1B). Taken together, our
data suggests that AML1-ETO fusion transcripts primarily use the first 3.7 kb of the ETO

3'UTR in t(8;21) patients and cell lines.

2.2.2 AML1-ETO 3’UTR cis-elements affect expression and are targeted by

miRNAS.

We next sought to identify the relevant regulatory sequences within the AML1-
ETO 3'UTR. Because within 5.2 kb of 33UTR, AML1-ETO patient transcripts
predominantly used the first 3.7 kb of the ETO 3'UTR, we focused on sequences within

this region. To identify regions within the 3’UTR that contain cis-elements that regulate
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AML1-ETO expression, we created a set of dual luciferase reporters that express
Renilla luciferase with 3'UTRs containing progressive 600 bp fragments spanning the
length of the first 3.7 kb of the ETO 3’'UTR (with 200 bp overlaps between fragments)
and firefly luciferase as an internal control (Fig. 2A). We mapped the effects of the
AML1-ETO 3'UTR fragments on luciferase reporter expression compared to a control
reporter through luciferase assays after transient transfection into the t(8;21)+ Kasumi-1
and SKNO-1 cell lines (Fig. 2B). The reporters containing AML1-ETO 3’'UTR fragments
had equal or lower expression compared to the control reporter, with some having up to
9-fold lower expression. We also observed up to 7-fold differences in luciferase activity
between the reporters containing AML7-ETO 3'UTR fragments. Interestingly, reporters
containing fragments near the 3’ end of the AML1-ETO 3’'UTR (#7 2400-3000 bp, #8
2800-3400 bp, and #9 3100-3741 bp) had the lowest expression levels in both Kasumi-
1 and SKNO-1 cells, suggesting that there are negatively regulated cis-elements in this
region.

miRNAs are major mediators of negative post-transcriptional regulation. Normal
miRNA biogenesis requires a multi-step process involving the RNAse DICER™"?. To
assess the contribution of miRNAs in the regulation of AML1-ETO, we made stable
shRNA-mediated DICER knockdown or control shRNA transduced SKNO-1 cell lines.
We observed significantly increased levels of AML1-ETO protein upon DICER
knockdown, compared with controls (Fig. 2C, S2A). This result suggests that miRNAs
regulate AML1-ETO protein levels and supports previous work that identified miR-193a,
miR-9, and miR-29b as AML1-ETO regulators''-1'3,  However, none of these miRNAs

had predicted target sites within the 2600-3741bp negatively regulated fragments near
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the end of the AML71-ETO 3'UTR"-"3, To determine if miRNAs were involved
specifically in the negative regulation of our AML1-ETO 3'UTR reporters, we transfected
the lowest expressing 600 bp AML1-ETO 3'UTR reporters into the SKNO-1 shRNA
control and shRNA DICER cell lines and performed luciferase assays (Fig. 2D). We
observed significantly increased luciferase activity in both DICER knockdown cell lines
transfected with the reporter containing the AML7-ETO 3’'UTR fragment #8 (2800-3400
bp). Together, these results suggest that miRNAs are involved in the regulation of
AML1-ETO and that at least one such miRNA specifically targets the AML1-ETO 3'UTR

between 2800 and 3400 bp.

2.2.3 let-7b targets and down regulates AML1-ETO via the 3’UTR.

To find miRNAs which putatively target the AML1-ETO 3’'UTR between 2800
and 3400 bp, we used a miRNA targeting prediction model, TargetScan 7.2%4. We
identified 6 families of miRNAs that were predicted to target this region: let-7, miR-33,
miR-129, miR-153, miR-190, and miR-202 (Fig. 3A). We next tested the ability of all 6
candidate miRNA families to downregulate the AML1-ETO 3’'UTR. We co-transfected
miRNA “mimics” or non-targeting control mimics with a luciferase reporter containing the
full 3.7 kb AML1-ETO 3’'UTR in HEK293T cells (Fig. 3B). The let-7 family member
mimic, let-7b, significantly decreased luciferase activity of the AML1-ETO 3’'UTR
reporter, suggesting that let-7b targets the AML1-ETO 3'UTR. Interestingly, among
favorable-risk AML patients in the TCGA adult AML dataset!!®, those with high
expression of let-7b had significantly higher overall and disease-free survival (Fig.

S3A); though direct correlation between let-7b expression and overall and disease-free
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survival was only weakly positive (Fig, S3B). Based on the potential survival benefit and

the AML1-ETO 3'UTR reporter results, we focused on let-7b for our further studies.

We investigated the effect of let-7b on regulating endogenous AML1-ETO by
transfecting let-7b-5p or non-targeting control miRNA mimics into the Kasumi-1 and
SKNO-1 cell lines (Fig. 4A, S4A). We observed significantly decreased AML1-ETO
protein expression in both Kasumi-1 and SKNO-1 cells that were transfected with the
let-7b-5p mimics compared to controls (Fig. 4A). To further test the role of let-7 miRNAs
in regulating endogenous AML1-ETO expression, we made stable Kasumi-1 and
SKNO-1 cell lines which expressed an anti-let-7 family member miRNA sponge!*6.
Consistent with previous reports!!’, we observed a modest decrease in mature let-7b-
5p levels in the anti-let-7 miRNA sponge expressing cell lines because the major activity
of bulged miRNA sponges is through miRNA decoy rather than miRNA decay (Fig.
S4B). Both the Kasumi-1 and SKNO-1 cell lines which stably expressed let-7 miRNA
sponges showed significantly increased AML1-ETO protein levels compared to control
cell lines (Fig. 4B). Together, these results demonstrate that AML1-ETO protein is
down-regulated upon the addition of exogenous let-7b miRNA and is up-regulated when

endogenous let-7 family members are inhibited.

The AML1-ETO 3'UTR contains a seed sequence for let-7 miRNA family
members at 2.85 kb. Therefore, we next examined whether the regulation of AML1-ETO
expression by let-7b was due to direct targeting of the AML1-ETO 3’'UTR at this site.
Indeed, luciferase activity of the AML1-ETO 3'UTR fragment #8 (2,800-3,400 bp)
luciferase reporter was significantly decreased in Kasumi-1 cells co-transfected with let-

7b-5p miRNA mimics compared to non-targeting control (Fig. 4C). Next, we introduced
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mutations of the putative let-7 target site (AE-MUT 3‘UTR) within the wild-type AML1-
ETO 3'UTR #8 fragment luciferase reporter (AE-WT 3'UTR) (Fig. 4D). Luciferase
assays in Kasumi-1 and SKNO-1 cells showed significantly increased activity in the
reporters with the mutated let-7 target site compared to wild-type (Fig. 4E). Luciferase
activity of the AE-WT 3’'UTR reporter was also significantly greater in let-7 sponge
expressing SKNO-1 and Kasumi-1 lines versus controls, whereas there was no
significant difference in luciferase production by the AE-MUT 3’UTR reporter in these
cellular contexts (Fig. 4F). Together, these results suggest that let-7b directly targets

and down-regulates AML1-ETO via the 3’'UTR.
2.2.4 Expression of let-7b inhibits cell growth in t(8;21) AML cell lines.

Having observed that let-7b-5p overexpression can reduce AML1-ETO protein
expression, we next wondered whether the degree of AML1-ETO downregulation has
potential therapeutic relevance. Therefore, we first measured the expression of known
transcriptionally repressed AML1-ETO target genes, CEBPA’” and RASSF2%8 upon
transfection of Kasumi-1 and SKNO-1 cells with the let-7b-5p miRNA mimic. In both cell
lines, treatment with the miRNA mimic resulted in a significant increase of both
transcripts in comparison to cells treated with a non-targeting control mimic (Fig 5A).
These results suggest that down regulation of AML1-ETO by let-7b-5p can partially
rescue expression of genes that are transcriptionally repressed directly by AML1-ETO.
We next measured the phenotypic impact of let-7 restoration on t(8;21)+ AML cell lines.
The AML1-ETO protein has been shown to impair myeloid differentiation and transiently
silencing its expression reduces cell proliferation and induces differentiation8* 85 88-90,

Likewise, the restoration of let-7 expression has been shown to inhibit cell proliferation
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and induce differentiation in cancers with low let-7 expression!® 129, Indeed, we
observed significant inhibition of cell proliferation in the Kasumi-1 and SKNO-1 (8;21)
AML cell lines, but not in the HL-60 or THP-1 non-t(8;21) AML cell lines, after
transfection with the let-7b-5p miRNA mimic versus the non-targeting control mimic
(Fig. 5B). Additionally, both Kasumi-1 and SKNO-1 cells treated with the let-7b-5p
mimic had significantly reduced cell surface expression of the hematopoietic stem cell
marker, CD34 (Fig. 5C, D). Furthermore, let-7b-5p mimic treated cells had significantly
increased cell surface expression of the CD38 progenitor marker, as well as the CD33
and CD13 myeloid markers (Fig. 5C, D). These results are indicative of a more
differentiated cellular state, consistent with release of the AML1-ETO mediated myeloid
differentiation block. Collectively, these results demonstrate that the restoration of let-7b
levels rescues expression of repressed AML1-ETO target genes, impairs t(8;21) AML

cell proliferation, and induces differentiation.

2.3 DISCUSSION

The AML1-ETO oncofusion protein impairs myeloid differentiation and is
important for the initiation and maintenance of t(8;21) AML8* 85 8894 Thys, AML1-ETO
3'UTR is an appropriate target for t(8;21) AML therapies due to importance of AML1-
ETO expression to t(8;21) AML and the lack of wild type ETO expression in healthy
hematopoietic cells. However, the post-transcriptional regulation of AML1-ETO via its
3'UTR has not been well studied. We demonstrate that AML1-ETO transcripts primarily
use a 3.7 kb isoform which is targeted and repressed by the let-7b miRNA.

Furthermore, we show that the transient expression of let-7b in t(8;21) AML cell lines
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confers a tumor-suppressive phenotype, partially rescues AML1-ETO target gene

expression, and induces differentiation.

Our study is the first examination of AML1-ETO 3’'UTR usage in t(8;21) AML
patients and cell lines. Interestingly, the 3'UTR usage within our set of four t(8;21) AML
patient samples was quite similar, with the majority of RNA-seq reads mapping within
the first 3.7 kb of the 3'UTR. Based on these results, further studies of factors that may
regulate AML1-ETO via the 3'UTR should focus on the first 3.7 kb of the 3’'UTR. The
role of AML1-ETO 3’'UTR isoform usage in t(8;21) leukemogenesis is difficult to
determine because wild type ETO expression is undetectable in healthy HSPCs.
However, future studies to examine how modulation of AML1-ETO 3'UTR usage affects
AML1-ETO expression would be of interest and may lead to novel therapeutic

strategies.

Our study further analyzed the contribution of different regulatory regions within
the AML1-ETO 3'UTR to AML1-ETO expression. Our luciferase assay experiments
using progressive AML1-ETO 3'UTR fragments showed up to 7-fold differences in
luciferase activity between the fragments, with the lowest expression in fragments near
the 3’ end of the UTR. These data suggest that the expression of AML1-ETO is
controlled by negatively acting regulatory elements near the 3’ end of the 3.7 kb 3’'UTR
isoform. Strikingly, both the Kasumi-1 and SKNO-1 t(8;21) AML cell lines shared this
trend, suggesting that these regulatory elements may be important in controlling the
dosage of AML1-ETO for t(8;21) leukemic maintenance. Our DICER knockdown
experiments showed a ~3-fold increase in AML1-ETO levels, which is consistent with

other reported miRNA regulated genes'?! 122 and may be even greater than observed
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because DICER knockdown was incomplete. These results suggest that miRNAs are
involved in the negative regulation of AML1-ETO, consistent with previous reportstt-113,
We further show that this miRNA-mediated regulation affects the AML1-ETO 3'UTR
fragment between 2.8 and 3.4 kb. It is likely that additional trans-factors, such as RNA
binding proteins, are also involved in the post-transcriptional regulation of AML1-ETO.
Our luciferase reporter analysis of the AML1-ETO 3’'UTR may be useful in further

studies of AML1-ETO post-transcriptional regulation along this line.

Our study identifies let-7b as a direct regulator of the AML1-ETO oncogene. The
let-7 family of miRNAs are well described tumor suppressors and are known to target
several oncogenes including RAS, MYC and HMGA2120. 123-125 |ndeed, we found that
overall and disease-free survival was significantly higher in let-7b high expression
patients within the favorable-risk AML category, of which t(8;21) AML belongs, in the
TCGA adult AML dataset. We further demonstrate that transient expression of let-7b
inhibits t(8;21) AML proliferation, rescues AML1-ETO target expression, and promotes
differentiation. Although additional let-7b targets likely also contribute, these results
agree with previous studies showing that directly silencing AML1-ETO with siRNA or
shRNA releases the AML1-ETO mediated differentiation block of t(8;21) AML cells as
evidenced by down-regulation of the hematopoietic stem cell marker CD34, and up-
regulation of more mature myeloid markers such as CD38, CD33, and CD1388-90. 92,93,
Identifying endogenous miRNAs that regulate AML1-ETO, such as let-7b, offers a
potential method to silence AML1-ETO beyond the direct delivery of exogenous

synthetic siRNAs. For example, pre-clinical strategies have been used to upregulate let-
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7 miRNA expression using small molecule inhibitors against the endogenous protein

inhibitors of let-7 biogenesis, such as LIN28A/LIN28B126-128 TUT4129 130 or ADAR1%3L,

Collectively, our study revealed the 3'UTR isoform usage of AML1-ETO in
t(8;21) AML, examined regulatory regions throughout the AML1-ETO 3'UTR, and
identified let-7b as a novel regulator of AML1-ETO. We further demonstrate that this
regulation can inhibit t(8;21) AML cell line proliferation, partially reverse the AML1-ETO
mediated differentiation block, and affect AML1-ETO transcriptional targets.
Consequently, the post-transcriptional regulation of AML1-ETO through let-7b
contributes to the leukemic phenotype of t(8;21) AML and may be important for t(8;21)

leukemogenesis and maintenance.

2.4 METHODS

Patients Samples

t(8;21) AML samples were obtained from patients at UC San Diego Health.
Following collection of peripheral blood or bone marrow from AML patients, cells were
separated using Ficoll-Paque (VWR, Radnor, PA) and frozen until further use. Thawed
products were diluted in 1x PBS supplemented with Img/mL DNAse | (Sigma-Aldrich,
St. Louis, MO) and washed with 1x PBS supplemented with 2% FBS. Live,
mononuclear cells were isolated by density gradient centrifugation using Ficoll-Paque
(VWR). Magnetic bead CD34-enrichment was performed using a human CD34
MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), following the
manufacturer’s instructions. An aliquot of CD34-enriched leukemic blasts was analyzed

by flow cytometry to confirm that cells were >95% CD34+. RNA was extracted from
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patient blasts using Trizol reagent (ThermoFisher, Waltham, MA) according to the

manufacturer’s instructions.

CD34+ HSPCs from healthy donors were obtained from Fred Hutchinson
Cooperative Center for Excellence in Hematology (Seattle, Washington). Cells were
thawed quickly and serially diluted with 1x PBS supplemented with 2% FBS. Cells were

resuspended in Trizol for RNA extraction.

RNA-sequencing

Total RNA from Kasumi-1 and SKNO-1 cells was isolated using Trizol reagent
(ThermoFisher). Library preparation of total RNA from Kasumi-1, SKNO-1, healthy
HSPCs and patient blasts was performed using the TruSeq Stranded mRNA kit
(Mlumina, San Diego, CA) followed by sequencing on an Illumina HiSeq4000. Available
public data for normal brain samples (SRR5938419 and SRR5938420) was
downloaded from the NCBI Gene Expression Omnibus (GEO) database!®. Raw RNA-
seq reads were aligned and mapped using HISAT2 using the usegalaxy public

supercomputing platform?*32,

Transfection

One to two million cells of THP-1, HL-60, Kasumi-1, SKNO-1, or associated cell
lines were resuspended with plasmid DNA or miRNA mimics in 100 uL of transfection
buffer [140 mM NazHPO4/NaH2PO4 (pH 7.2), 5 mM KCI, 15 mM MgCl:]. Cells were then
transfected using programs P-19 (SKNO-1 and Kasumi-1), U-01 (THP-1), or Y-01 (HL-
60) of the AMAXA 1l Nucleofector (Lonza; Basel, Switzerland) and were cultured in

RPMI media plus 20% FBS in a 37°C incubator with 5% CO.. After 24 h the media was
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changed to RPMI plus 10% FBS and 100 U/mL penicillin-streptomycin for the indicated
times. For the HEK293T reporter assay, HEK293T cells were plated in 96-well plates
and transfected with 5 ng of the psiCHECK2 3.7kb AML1-ETO 3’'UTR reporter plasmid
DNA and 10 pmol of miRIDIAN™ microRNA Mimic negative control #2 or indicated
mMiRIDIAN™ microRNA mimics (Dharmacon, Lafayette, CO), using DharmaFECT™

Duo transfection reagent (Dharmacon) according to manufacturer’s instructions.

Proliferation Assay

miRIDIAN™ microRNA Mimic negative control #2 or hsa-let-7b-5p (Dharmacon)
were transfected into the SKNO-1 (100 pmol), THP-1 (100 pmol), HL-60 (200 pmol), or
Kasumi-1 (200 pmol) cell lines. Viable cells were counted via trypan blue exclusion
using a TC20 Automated Cell Counter (Bio-Rad Laboratories, Hercules, CA) on

indicated days and were initially cultured at a density of 2 x 10° cells per mL.

Western blot

Primary antibodies included a mouse anti-a-tubulin (1:10,000) antibody (12G10,
Developmental Studies Hybridoma Bank, University of lowa, lowa City, IA) and a
previously described rabbit anti-AML1 (1:500) antibody generated by Covance®:. Licor
(Lincoln, NE) IRDye 680RD goat anti-mouse IgG and IRDye 800CW goat anti-rabbit
IgG secondary antibodies (1:10,000) were used for visualization on a LI-COR Odyssey
Classic imager. Image analysis and densitometry were performed using the LI-COR

Application Software Version 3.0.

Statistical analyses
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All statistical analyses were performed using GraphPad Prism Software (Version
8.4.2). The specific tests used are documented in the corresponding figure legend. All t-
tests were two-tailed. P values are denoted as follows: ns p > 0.05, * p < 0.05, * p <

0.01, *** p < 0.001.

Plasmids

MSCV-Puro (Clontech Laboratories, Mountain View, CA) was used as a control
for let-7 sponge experiments. MSCV-Puro let-7 sponge was a gift from Phil Sharp
(Addgene plasmid # 29766). For shRNA knockdown, control scrambled shRNA (gift
from David Sabatini, Addgene plasmid #1864) and human DICER shRNA #1 and #2
constructs TRCN0000051260 and TRCN0000051261 were used. The psiCHECK-2
dual luciferase reporter vector (Promega, Madison, WI) was utilized for all luciferase
assays, and all 3'UTR sequences were subcloned into the Xho1 and Notl sites. The
full-length 5.2 kb ETO 3’'UTR was amplified from KG-1a (ATCC CCL-246.1) genomic
DNA using following primer pairs: forward (5— ACGTGAACTCAGAACTGTCGGAG —
3’), reverse (5— CATGATTAGGCAAACACAAC -3’). All canonical poly-adenylation
sites (AATAAA) were removed by overlap PCR. The series of 600 bp ETO 3'UTR
fragments were amplified from the full-length 5.2 kb plasmid using the listed primers
(Table S2.1). The psiCHECK-2 3.7kb AML1-ETO 3’'UTR reporter was cloned from the
full-length 5.2 kb plasmid using the ETO_3'UTR_#1 forward and ETO_3'UTR_#9
Reverse primers (Table S2.1). The let-7-5p seed sequence mutant 3'UTR reporters

were created through overlap PCR using the listed primers (Table S2.1).

Cell Culture
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Human AML cell lines Kasumi-1, SKNO-1, THP-1, and HL-60 were cultured in
RPMI media supplemented with 10% FBS and 100U/mL PSQ. Although SKNO-1 cells
were initially established as a GM-CSF-dependent cell line 133, over time in culture, they
have lost their cytokine dependence. HEK293T cells were cultured in DMEM media
supplemented with 10% FCS and 100U/mL PSQ. All cells were maintained in a 37°C

incubator with 5% CO2.

Viral Transduction

For retroviral transduction experiments, retrovirus was produced in HEK293T
cells. Transfections of HEK293T cells were conducted by combining 5 ug of MSCV-
Puro or MSCV-puro let-7 vectors, 5 ug of packaging vector (pCL-10A1), and 40 pl of
polyethylenimine (PEI) in 1 mL of Opti-MEM reduced serum medium (Thermo Fisher,
Waltham, MA). Approximately 16 h post-transfection, media was aspirated, cells were
washed once in PBS, and 7 mL of fresh RPMI media supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin was added to each plate. 24 h after the
media change, RPMI media containing retroviral particles was collected, passed
through a 0.45 pm syringe filter, pooled, and supplemented with polybrene (4 pg/mL).
Kasumi-1 or SKNO-1 cells were resuspended in retroviral media at a concentration of
approximately 0.5 x 108cells/mL and were transduced in 6-well plates by centrifugation
(2,000 x g) for 3 h at 32°C in an Allegra X-12R centrifuge (Beckman Coulter, Brea, CA)
on two consecutive days. 24 h following the second transduction, cells were
resuspended in fresh RPMI media supplemented with 1 pg/mL puromycin. After 48 h of
puromycin selection, cells were diluted and maintained at 0.5 pg/mL puromycin until

future analysis.
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For DICER shRNA knockdown experiments, lentiviral transduction of ShRNA
constructs was performed. Transfection of HEK293T cells was conducted by combining
5 ug of psPAX2, 2.5 ug of pMD2.G, and 3 pg of respective pLKO.1-based shRNA
vector, and 44 pl of polyethylenimine (PEI) in 1 mL of Opti-MEM reduced serum
medium (Thermo Fisher, Waltham, MA). Approximately 16 h post-transfection, media
was aspirated, cells were washed once in PBS, and 7 mL fresh RPMI supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin was added to each plate.
24 h following media change, RPMI media containing lentiviral particles was collected,
passed through a 0.45 ym syringe filter, pooled, and supplemented with polybrene (final
working concentration: 4 pg/mL). Kasumi-1 or SKNO-1 cells were resuspended in
lentiviral media at a concentration of approximately 0.5 x 106cells/mL and were
transduced in 6-well plates by centrifugation (2,000 x g) for 3 h at 32°C in an Allegra X-
12R centrifuge (Beckman Coulter, Brea, CA). 24 h following the transduction, cells were
resuspended in fresh RPMI media supplemented with 1 ug/mL puromycin. After 48 h of
puromycin selection, cells were diluted and maintained at 0.5 pg/mL puromycin until

future analysis.

Luciferase Assays

For the 3'UTR 600 bp-scanning due luciferase reporter assay, 100 ng and 500
ng plasmid DNA were transfected into Kasumi-1 cells and SKNO-1 cells, respectively,
and cell lysates were prepared 48 h later. For luciferase assays in SKNO-1 shRNA
experiments, 0.5-1 pg of control luciferase reporter DNA was transfected in each
sample and cell lysates were prepared 72 h later. For the miRNA mimic luciferase

assays, Kasumi-1 cells were transfected with 100 ng of luciferase reporter plasmid
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DNA, containing the 600 bp ETO 3’'UTR fragment #8, and 100 pmol of negative control
or hsa-let-7b-5p miRNA mimics; cell lysates were prepared 72 h later. For let-7 target
site mutation luciferase assays experiments, Kasumi-1 or SKNO-1 cells were
transfected with 0.5 or 2 pg of luciferase reporter plasmid DNA, containing the 600 bp
ETO 3’'UTR fragment #8 with or without let-7 target site mutation, and cell lysates were
prepared 48 h later. For the let-7 sponge experiments, MSCV-Puro let-7 sponge and
control MSCV-Puro expressing Kasumi-1 or SKNO-1 cell lines were transfected with 0.5
or 1 pg of luciferase reporter plasmid DNA, containing the 600 bp ETO 3'UTR fragment
#8 with or without let-7 target site mutation, and cell lysates were prepared 48 h later.
The Dual-Luciferase Reporter Assay System (Promega, Madison, WI) was used to
make all cell lysates and firefly/renilla luciferase activities were measured using a
Monolight 3010 luminometer (BD Biosciences, San Jose, CA) following manufacturer’s

instructions.

gPCR Analysis

For miRNA-gPCR, isolation of total RNA (including small RNAs) was performed
using the mirVana™ miRNA isolation Kit (Thermo Fisher, Waltham, MA) according to
the manufacturer’s instructions. Universal polyadenylation and reverse transcription of
mMiRNAs within total RNA was done using the miRCURY LNA RT system (Qiagen,
Venlo, Holland) according to the manufacturer’s instructions. Quantification of specific
mature miRNAs was performed using technical triplicate miRCURY LNA miRNA PCR
assays for hsa-let-7b-5p and hsa-miR-103a-3p with the miRCURY LNA SYBR Green
PCR Kit (Qiagen, Venlo, Holland) run on the CFX Connect Real-Time PCR Detection

System (Bio-Rad Laboratories, Hercules, CA) following the manufacturer’s instructions.
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Data analysis was performed using a standard delta-delta Ct method relative to the

geometric-mean of hsa-miR-103a-3p.

For gPCR of RASSF2 and CEBPA, isolation of total RNA (including small RNAS)
was performed using the mirVana™ miRNA isolation Kit (Thermo Fisher, Waltham, MA)
according to the manufacturer’s instructions. For qPCR of DICER, cell lysis and RNA
isolation were performed using Trizol reagent (Thermo Fisher, Waltham, MA) according
to the manufacturer’s instructions. cDNA preparation and quantitative PCR was
performed as previously described®®, using the listed primers (Table S2.1). Data
analysis was performed using a standard delta-delta Ct method relative to the

geometric-mean of the GAPDH reference gene.

TCGA clinical and miRNA-sequencing dataset

Clinical information and pre-processed TCGA miRNA-sequencing data from
AML patients in the favorable risk category (n = 36) was obtained through the TCGA
data portal (https://tcga-data.nci.nih.gov/tcga)''®>. We used the “reads per million miRNA
mapped” (RPMM) from the TCGA LAML miRNA quantification files as the miRNA

expression values.

Flow Cytometry

Cells were stained with 7AAD (BD Biosciences, San Jose, CA) and PE-
conjugated antibody against human CD34 (Miltenyi Biotec, AC136, Bergisch Gladbach,
Germany), APC/Cy7-conjugated human CD13 (Biolegend, WM15, San Diego, CA),
PE/Cy7-conjugated human CD33 (eBioscience, WM-53, San Diego, CA) or PE/Cy7-

conjugated CD38 (Biolegend, HIT2) for flow cytometric analysis. Cells were analyzed
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with a FACS Canto cytometer (BD Biosciences, San Jose, CA), non-viable 7AAD+ cells

were excluded.

Ethics approval and consent to participate
Patient samples were obtained at UC San Diego Health with written consent,
following ethics approval and consent in accordance with the university-approved

Institutional Review Board protocol.
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Figure 2.1. AML1-ETO transcripts primarily use a 3.7 kb isoform of the ETO 3’UTR
in t(8;21) AML patients and cell lines. (A) Alignment of RNA-seq reads from healthy
HSPCs (n = 2) and t(8;21) AML patient blasts (n = 4) to the final exon of ETO. Putative
3.7 kb and full-length 5.2 kb ETO 3’'UTR isoforms are depicted below. (B) Alignment of
RNA-seq reads from the 1(8;21)+ Kasumi-1 and SKNO-1 cell lines to the final exon of
ETO. Putative 3.7 kb and full-length 5.2 kb ETO 3'UTR isoforms are depicted below.
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Figure 2.2. AML1-ETO 3'UTR cis-elements affect expression and are targeted by
miRNAs. (A) Schematic of the dual luciferase reporters containing 600 bp fragments of
the AML1-ETO 3’UTR. (B) Individual AML1-ETO 3’'UTR dual luciferase reporters were
transfected into Kasumi-1 and SKNO-1 cells and luciferase activity was measured.
Assay results were normalized to an empty vector control. Values and error bars
represent the average and SD of relative luciferase from three independent
experiments. Significance is shown compared to empty vector control using one-way
ANOVA with a post-hoc Tukey test. (C) Representative western blot and quantification
of AML1-ETO protein in SKNO-1 DICER knockdown or control shRNA cell lines. Values
and error bars represent the mean and SD of three independent experiments. (D)
SKNO-1 cells expressing shRNAs targeting DICER or control shRNA were transfected
with dual luciferase reporters expressing the indicated AML1-ETO 3'UTR fragments.
Values and error bars represent the mean and SD of relative luciferase activity of
shDICER compared to shCTRL from indicated number of independent experiments.
Significance is shown compared to shCTRL control using unpaired t-tests corrected for
multiple comparisons using the Holm-Sidak method.
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Figure 2.3. let-7b targets and down regulates an AML1-ETO 3’UTR reporter in
HEK293T cells. (A) Schematic representation of miRNAs with predicted target sites
within the 2800-3400 bp AML1-ETO 3'UTR fragment. Predictions were made using
TargetScan 7.2. (B) miRNA mimics or non-targeting control mimic were co-transfected
into HEK293T cells with the AML1-ETO 3.7 kb 3’'UTR luciferase reporter and luciferase
assays were performed 24 h post-transfection. Data is shown as relative luciferase
activity normalized to non-targeting control mimic. Significance was determined using
one-way ANOVA with a post-hoc Tukey test.
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Figure 2.4. let-7b targets the 3’'UTR and downregulates AML1-ETO in (8;21) AML
cells. (A,B) Representative western blots and protein quantification of Kasumi-1 and
SKNO-1 whole cell lysates probed for endogenous AML1-ETO or a-Tubulin 48 h post-
transfection with let-7b-5p or control miRNA mimics (A), or in cells stably expressing an
anti-let-7 miRNA family sponge or control cells (B). (C) let-7b-5p or control miRNA
mimics were co-transfected into Kasumi-1 cells with the AML1-ETO 3’'UTR fragment #8
luciferase reporter and luciferase assays were performed 72 h post-transfection. Data is
shown as relative luciferase activity normalized to control mimics. (D) Schematic of WT
(AE-WT) and let-7 targeting mutant (AE-MUT) AML7-ETO 3'UTR fragment #8 luciferase
reporters. (E) Luciferase assay results of AE-WT and AE-MUT reporters in Kasumi-1 or
SKNO-1 cells 72 h post-transfection. (F) Kasumi-1 and SKNO-1 cell lines stably
expressing either an anti-let-7 miRNA family sponge or control cells were transfected
with the AE-WT or AE-MUT 3'UTR reporters and luciferase assays were performed 72 h
later. Data is shown as relative luciferase activity normalized to control cell lines. All
data in this figure is presented as the average and SD of the indicated number of
individual experiments, unpaired t-tests with corrections for multiple tests using the
Holm-Sidak method.
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Figure 2.5. Expression of let-7b inhibits cell growth in t(8;21) AML cell lines. (A)
Either let-7b-5p or control miRNA mimics were transfected into Kasumi-1 or SKNO-1
cells at an amount of 200 or 100 pmol for each respective cell line. Relative expression
of CEBPA and RASSF2 were determined by gPCR 96 h post-transfection. Data is
presented as let-7b-5p mimic fold change relative to control. Values represent mean
and SD of three individual experiments. Significance was determined by unpaired t-
tests. (B) Cell growth of the 1(8;21) AML cell lines Kasumi-1 and SKNO-1 or the non-
t(8;21) AML cell lines HL-60 and THP-1, after transfection with let-7b-5p or control
miRNA mimics, was determined by cell counting on the indicated days. Values
represent mean and SD of four individual experiments. Significance was determined by
unpaired t-tests of individual timepoints assuming homoscedasticity and with a
correction for multiple tests using the Holm-Sidak method. (C,D) Relative mean
fluorescent intensity (MFI) of CD34, CD33, CD38, and CD13 in Kasumi-1 or SKNO-1 96
h post-transfection with let-7b-5p or control miRNA mimics was determined using flow-
cytometry. Values represent MFI relative to control mimic from indicated number of
individual experiments. Significance determined by unpaired t-tests corrected for
multiple comparisons using the Holm-Sidak method. (D) Representative histograms
depict the fluorescence distribution of indicated markers in the indicated cell
populations.
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Supplementary Table 2.1. Primers used in this study.

Primer Name

Sequence 5'->3"

Purpose

ETO_3'UTR_#1_0-600-FWD-Xhol

TTTCGCTCGAGACGTGAACTCAGAACTGTCGGAG

Cloning into psiCheck2

ETO_3'UTR_#1_0-600-REV-Notl

T AGCGGCCGCACCGAACATCTGTGTCTCCTTCC

Cloning into psiCheck2

ETO_3'UTR_#2 400-1000-FWD-Xhol

TCCTCCTCGAGATATTAAAAGTCACAATGTTCTTTA

Cloning into psiCheck2

ETO_3'UTR_#2_400-1000-REV-Notl

TCTCTCGCGGCCGCATTTTTAAAATTATTTTTTTCAATAT

Cloning into psiCheck2

ETO_3'UTR_#3_800-1400-FWD-Xhol

TCCTCCTCGAGACACACACACACACACACACACACACACAAGTAAGAGACTCAGCCTGC

Cloning into psiCheck2

ETO_3'UTR_#3_800-1400-REV-Notl

ACGCTCGCGGCCGCCATGCTGGTTTTCAGGAAAAAAAAAAATCCTATAAGAG

Cloning into psiCheck2

ETO_3'UTR_#4_1200-1800-FWD-Xhol

TTCGCCTCGAGAGTTGGTGAGAAACCTGTATC

Cloning into psiCheck2

ETO_3'UTR_#4_1200-1800-REV-Notl

TTTTAAGCGGCCGCAATACTGTATAACCTGGCATTC

Cloning into psiCheck2

ETO_3'UTR_#5_1600-2200-FWD-Xhol

TTTGGCTCGAGTT AAATCATTATTAGGGAC

Cloning into psiCheck2

ETO_3'UTR_#5_1600-2200-REV-Notl

TACTGTGCGGCCGCGATACTTAAAAGCCACTTAAAACTG

Cloning into psiCheck2

ETO_3'UTR_#6_2000-2600-FWD-Xhol

TTTGGCTCGAGGTTGTGTGCTTTAGGAAAGTCAGC

Cloning into psiCheck2

ETO_3'UTR_#6_2000-2600-REV-Notl

T TGCGGCCGCTGGGTATGACATACCTCATTTTTIGGG

Cloning into psiCheck2

ETO_3'UTR_#7_2400-3000-FWD-Xhol

TTAGACTCGAGACCTGCTTAAAGTGAAATGAAAG

Cloning into psiCheck2

ETO_3'UTR_#7_2400-3000-REV-Notl

ACGATCGCGGCCGCGTTTATGAGGTCTGCATTGTTACC

Cloning into psiCheck2

ETO_3'UTR_#8_2800-3400-FWD-Xhol

TTAGACTCGAGTCCTCTCCTCCTGTTTTGCTACATTCTCCTCAGTGGC

Cloning into psiCheck2

ETO_3'UTR_#8_2800-3400-REV-Notl

ACGATCGCGGCCGCTGTCCCTTGAGGAATTCGGACAACATGG

Cloning into psiCheck2

ETO_3'UTR_#9_3145-3747-FWD-Xhol

TTAGACTCGAGGATAGGAATAGGGCGTCCTCT

Cloning into psiCheck2

ETO_3'UTR_#9_3145-3747-REV-Notl

ACGATCGCGGCCGCTTTTTTTCAACTTTACACAGTAAAGAATACAACAATACC

Cloning into psiCheck2

ETO_3'UTR_let7TMUT _overlap-FWD CAGTGGCAAAAAGTTTCACTGATGGAGTGACAGCATGTATATTGCAC Overlap PCR
ETO_3'UTR_let7TMUT overlap-REV GTGCAATATACATGCTGTCACTCCATCAGTGAAACTTTTTGCCACTG Overlap PCR
hRASSF2_qPCR_F1 CAGGAGGAAGAAGATCGGGAAGTAA qPCR Primer
hRASSF2_gPCR_R2 GAAAGAAAGTGCCTAGCTTCCTGG qPCR Primer
hCEBPA_qPCR_F1 AACCTTGTGCCTTGGAAATG qPCR Primer
hCEBPA_gPCR_R1 CCCTATGTTTCCACCCCTTT qPCR Primer
hGAPDH_gPCR_F1 TCGCTCAGACACCATGGGGAAG qPCR Primer
hGAPDH_gPCR_R1 GCCTTGACGGTGCCATGGAATTTG gPCR Primer
hDICER1_gPCR_F1 AAAGCCAAATGGGAAAGTCTGC qPCR Primer
hDICER1_gPCR_R1 AAGGCAGTGAAGGCGATAAAGTAT qPCR Primer
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Supplementary Figure 2.1. Additional RNA-seq alignments. (A) Alignment of RNA-
seq reads from healthy HSPCs (n = 2), 1(8;21) AML patient blasts (n = 4), and public
normal human brain data (n = 2) (SRR5938419 and SRR5938420) to the full ETO gene.
Exons 1 and 2 are not involved in AML1-ETO translocation. (B) Alignment of RNA-seq
reads from all healthy HSPCs (n = 4), {(8;21) AML patient blasts (n = 4), and public
normal human brain data (n = 2) (SRR5938419 and SRR5938420) to the final exon of
ETO. Putative 3.7 kb and full-length 5.2 kb ETO 3'UTR isoforms are depicted below.
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Supplementary Figure 2.2. DICER knockdown in SKNO-1 shRNA cell lines. (A)
gPCR quantification of relative DICER expression in SKNO-1 shRNA cell lines from

indicated number of independent experiments. p values indicated from unpaired t-test (*
p < 0.05).
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Supplementary Figure 2.3. Correlation of survival and let-7b expression in
favorable-risk AML. (A) Overall survival (OS) and disease-free survival (DFS) of low
(bottom 50%, n = 18) or high (top 50%, n = 18) let-7b expressing patients among
favorable-risk AML samples in the TCGA cohort of adult AML samples. Significance
determined by unpaired t-test. (B) Correlation of OS or DFS and let-7b normalized read
counts per million mapped (RPMM) among favorable-risk AML samples in the TCGA
cohort. Linear regression line is shown (red). Correlation determined using Pearson's

correlation coefficient.
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Supplementary Figure 2.4. Quantification of mature let-7b-5p change in
associated experiments. (A) Kasumi-1 and SKNO-1 cell lines were treated with 200 or
100 pmol, respectively, of let-7b-5p or control miRNA mimics. Relative let-7b-5p
expression levels compared to endogenous control miR-103a-3p were determined
using microRNA qPCR. Data is presented as let-7b-5p fold change relative to control
mimic transfection. (B) Relative let-7b-5p expression levels were determined using
lysates from Kasumi-1 and SKNO-1 cell lines stably expressing an anti-let-7 miRNA
family sponge or controls. Data is shown as let-7b-5p fold change relative to control
lines. All data is presented as the average and SD of indicated number of individual
experiments, unpaired t-test (* p < 0.05).
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Chapter 3. Summary and Recommendations for Future Research

Acute myeloid leukemia (AML) is a heterogeneous hematopoietic malignancy
that is characterized by impaired myeloid differentiation and the clonal expansion of
dysfunctional immature myeloid lineage progenitors, or “blasts”, in the bone marrow and
peripheral blood®. AML is the most common and deadly leukemia in adults®. Although
most AML patients respond to first-line chemotherapy, relapse is common and the five-
year overall survive rate remains under 50%?3°. The high relapse rate of patients who
achieve “complete remission” is largely due to the difficulties of eradicating minimal
residual AML cells?, using current therapeutic strategies. Thus, there is great need for

the identification and development of additional therapeutic strategies to treat AML.

In Chapter 1, we report the development of a novel nanoparticle-based AML
vaccination immunotherapy for the treatment of AML. Our vaccine platform utilizes AML
cell membrane-coated nanoparticles (AMCNPS), in which immune stimulatory adjuvant-
loaded nanoparticles are coated with leukemic cell membrane material. We used the
C1498 AML mouse cell line model to demonstrate that AMCNPs are a promising
strategy for AML vaccination immunotherapy, in principle. The AMCNP vaccination
strategy offers the potential advantages of being multi-antigenic, fully personalized, and
of obviating the need for neoantigen identification. Our research establishes the
feasibility and benefit of this novel AML vaccination strategy, using mouse AML models.
However, before moving the AMCNP strategy toward clinical application several
outstanding important pre-clinical questions should be addressed. Experiments should

examine whether AMCNP vaccination benefits from combination therapy with immune
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checkpoint inhibitors, what the ideal adjuvant the AMCNPs should be loaded with, and if

the AMCNP method works using primary human AML cells.

The efficacy of AMCNP vaccination might be improved when combined with
other immune-activating therapies, such as checkpoint inhibition. Immune cell function
is tightly controlled through the interactions of co-stimulatory and co-inhibitory
molecules!3. Chronic exposure of T cells to their targets can result in a dysfunctional T
cell state, known as “T cell exhaustion”*3¢. The cytotoxic T-lymphocyte—associated
antigen 4 (CTLA-4) and programmed death 1 (PD-1) receptors are among the most well
studied regulators of T cell exhaustion*” 137 Inhibition of these negative regulators of T
cell function can overcome the T cell exhaustion state and result in increased T cell
activation as a treatment for various cancers®®’. Thus, further study of the AMCNP
method should examine the potential benefits of combination therapies using AMCNPs

and inhibitors of PD-1 or CTLA-4.

The AMCNP method may be further improved through loading of different
adjuvants into the nanoparticles. Immunostimulatory adjuvants primarily consist of
molecules that mimic pathogen-associated molecular patterns that engage Toll-like
receptors (TLRs) on antigen presenting cells (APCs)%. In our study, we used the TLR9
agonist, CpG. CpG adjuvant has been used in many preclinical models4, however,
there are many additional immunostimulatory adjuvants®®. Further studies using
AMCNPs should evaluate which immunostimulatory agents, such as GM-CSF and TLR
ligands, can stimulate the most robust CD8 T cell activation in combination with

AMCNPs.
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Demonstration of the AMCNP method using human AML cells will be required
prior to translation from pre-clinical to clinical use. My studies utilized the C1498 mouse
AML model. However, future studies should move toward the use of human AML cells.
First, human immortalized AML cell lines could be used to assess human AMCNPs
using similar in vitro assays as we used with the C1498 mouse AML cell line. Ultimately,
primary patient cells could be used to formulate AMCNPs, with assays using patient
derived dendritic cells or CD8 T cells to evaluate the immunostimulatory properties of
the primary patient AMCNPs. These experiments would enhance the feasibility of
moving the AMCNP method from pre-clinical to clinical use.

In Chapter 2, we report the identification of the let-7b microRNA as a novel
regulator of the AML1-ETO fusion gene in t(8;21) AML. Chromosomal translocations,
and their resulting fusion genes, drive oncogenesis in many types of cancer, but occur
particularly frequently in hematologic disorders. One of the most common genetic
abnormalities in AML is the translocation between chromosome 8922 and chromosome
21922 [t(8;21)(922;922)], which gives rise to the AML1-ETO fusion gene. AML1-ETO is
a transcription factor whose expression blocks normal myeloid differentiation and is
critical to t(8;21) leukemogenesis, leading to the proliferation of immature leukemic blast
cells. Because AML1-ETO uses the 3'UTR of the ETO gene, which is not normally
expressed in hematopoietic cells, factors that regulate AML1-ETO expression via the
3'UTR are attractive therapeutic targets. Our research identified the let-7b microRNA as
a novel regulator of AE via targeting its 3’'UTR and provides evidence that let-7 based

therapeutics may be suitable for treating t(8;21) AML.
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There are several advantages in the application of let-7 based therapies to
t(8;21) AML. The let-7 family of microRNAs are downregulated in many cancers and
restoration of let-7 expression has been shown, in principle, to be an effective pre-
clinical therapeutic strategy02 116,119,123, 138-141 \We demonstrated that transient
elevation of let-7b expression inhibits t(8;21) AML proliferation, rescues AML1-ETO
target expression, and promotes differentiation. A variety of pre-clinical strategies to
deliver synthetic let-7 miRNA mimics have been developed, including packaging within
nanoparticles'#?, carrying by nanoassemblies!*3, and tethering to nucleic acid
aptamers!44, These let-7 based therapeutics can more easily establish clinical safety
and efficacy profiles due to their broad usage in various cancers, as compared to t(8;21)
specific therapies. Therefore, future studies examining the utility of broadly used let-7
based therapies in t(8;21) AML would be appropriate. Furthermore, beyond direct
delivery of synthetic miRNA, additional pre-clinical strategies have been developed to
restore endogenous let-7 expression by using small molecule inhibitors to target the
proteins that inhibit let-7 biogenesis, such as LIN28A/LIN28B26-128 TUT4129. 130 or
ADAR1'3, Future experiments should examine whether these molecules are also
effective against t(8;21) AML because it may be easier to successfully target these
proteins, which will indirectly increase endogenous let-7 expression, than it is to
successfully deliver additional synthetic let-7 microRNA.

Collectively, my dissertation research establishes the feasibility of the novel
AMCNP vaccination immunotherapy strategy to AML and identifies let-7b as a regulator

of AML1-ETO with possible therapeutic potential in t(8;21) AML. In summary, my
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research has increased knowledge of the regulation of a critical oncogene and has

added potential new therapeutic strategies for AML, which are greatly needed.
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