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Abstract

The use of immunotherapy to treat patients with myelodysplastic syndromes (MDS) shows
promise but is limited by our incomplete understanding of the immunologic milieu. In solid
tumors, CD141Hi conventional dendritic cells (CD141Hi cDCs) are necessary for anti-tumor
immunosurveillance and the response to immunotherapy. Here, we found that CD141Hi cDCs are
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reduced in MDS bone marrow and based on the premise established in solid tumors, we
hypothesized that reduced numbers of CD141H1 ¢DCs are associated with inferior overall survival
in MDS patients. We found that MDS patients with reduced numbers of CD141Hi ¢cDCs, but not
other DC populations, showed reduced overall survival. To examine the basis for reduction in
CD141H1 ¢cDCs, we found fewer numbers of progenitors committed to DC differentiation in the
MDS bone marrow and these progenitors expressed lower levels of interferon regulatory factor-8
(IRF8), a master regulator of CD141Hi cDC differentiation. To rescue impaired CD141Hi cDC
differentiation, we used pharmacologic inhibition of lysine-specific demethylase 1A (LSD1) to
promote CD141Hi ¢DC differentiation by MDS progenitors. These data reveal a previously
unrecognized element of the MDS immunologic milieu. Epigenetic regulation of CD141Hi cDC
differentiation offers an intriguing opportunity for intervention and a potential adjunct to
immunotherapy for patients with MDS.

Introduction

More than 10,000 people in the US are diagnosed with myelodysplastic syndromes (MDS)
each year [1]. These bone marrow failure syndromes cause defective clonal hematopoiesis
resulting in anemia, thrombocytopenia, and increased infection risk. About a third of
patients with MDS progress to acute myeloid leukemia (AML) [2]. For those patients with
high risk disease, the hypomethylating agents (HMAS) decitabine and azacitidine are
standard-of-care [3]. HMAs produce significant rates of clinical response (43-62%) but
these responses do not last and failure of HMA therapy is associated with poor rates of 5-
year survival (<12%) [4].

Recent studies demonstrate that HMAs have immune modulatory activities and we and
others have combined HMAs with immunotherapies, such as immune checkpoint inhibitors
and cellular therapies, to treat patients with MDS and other cancers [5]. In prior pre-clinical
work, we found that HMAs induce expression of the tumor-associated antigen NY-ESO-1 in
AML and MDS patients. This led to our recent Phase I clinical trial in which we tested the
ability of a vaccine against NY-ESO-1 to induce an adaptive immune response in 9 MDS
patients [6]. Our vaccine was targeted to DEC-205* antigen-presenting cells and we found
antigen-specific responses to vaccination were associated with the quantity of a specific
DEC-205* conventional dendritic cell (cDC) population marked by high-expression of
CD141 (CD141Hi ¢cDC) [6]. These data suggested a connection between CD141Hi ¢DCs and
response to an immunotherapy in MDS.

CD141Hi ¢DCs are relatively a relatively rare population (between 0.05 — 0.08% of
mononuclear cells in the peripheral blood, bone marrow or tonsil) but a series of studies in
solid tumors have demonstrated that these cells reside at the epicenter of the immune
response to cancer (reviewed in [7]). Pathological specimens from patients with different
solid tumor diagnoses have shown that tumor infiltration with CD141H ¢DCs is associated
with increased survival [8-10]. Moreover, the murine homolog to CD141Hi ¢DCs (marked
by expression of CD8, CD103, or CD24) initiates robust cytotoxic T-cell responses against
immunogenic tumors [8,9,11-13]. CD141Hi ¢DCs produce IL-12 which activates natural
killer (NK) cells and suppresses tumor metastases [14]. These studies establish that
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CD141Hi ¢cDCs are required for immunosurveillance. CD141Hi ¢DCs are also required for
optimal efficacy of immune checkpoint inhibitors and adoptive T cell therapy in mouse
models[15-17] and are associated with superior response to immune checkpoint inhibitor
therapy in patients [10]. Importantly, increasing the number of CD141Hi ¢DCs in mouse
models through pharmacologic approaches can improve the response to immunotherapy,
suggesting that such approaches could benefit patients [16].

In MDS, the role of CD141Hi ¢cDCs is less well defined [18]. While our initial study
examined the CD141Hi cDC population in the context of response to an immunotherapy, we
found an overall decrease in CD141Hi ¢DCs in the peripheral blood of MDS patients
compared to age-matched healthy donors [6]. Based on the scientific premise established in
solid tumor models that CD141Hi cDCs could impact disease progression and survival as
well a response to therapy, we hypothesized that decreased quantity and/or quality of
CD141Hi ¢DCs in MDS patients would adversely impact overall survival. We now show in a
larger cohort, that MDS patients have fewer CD141Hi ¢DC in the bone marrow compared
with age-relevant healthy donors and that this deficiency is associated with inferior overall
survival. MDS patients have fewer myeloid progenitors committed to dendritic cell
differentiation, specifically monocyte-DC (MDP) and common DC progenitors (CDP),
which may explain reduced CD141H cDCs. Decreased expression of the master
transcriptional regulator of CD141Hi ¢DCs differentiation, Interferon Regulatory Factor-8
(IRF8), in MDS MDPs is associated with decreased numbers of descendant CDPs and
CD141H1 ¢cDCs. Finally, we rescued differentiation of CD141Hi ¢cDCs from MDS
progenitors using pharmacologic inhibition of Lysine-Specific Demethylase 1A (LSD1).
Together, these results suggest a paradigm in which the CD141Hi cDC population impacts
survival in MDS and provide a potential therapeutic approach for restoring this population to
benefit MDS patients.

Human Bone Marrow Specimens

Bone marrow (BM) cells from MDS patients (or patients with AML and MDS related
changes; n = 81 individual patients) were collected prior to HMA treatment (baseline).
Survival data were evaluable for 66 patients. BM cells from healthy donors (HD; n = 29
individual donors) defined as absence of hematologic malignancy) were obtained during the
collection of products for use in bone marrow transplant or from patients undergoing hip-
replacement surgery. For all samples, buffy coats were cryopreserved following Ficoll
centrifugation (GE Healthcare, Uppsala, Sweden). Samples were collected in accordance
with the Declaration of Helsinki and their use approved under Internal Review Board (IRB)
approved protocols at the Roswell Park Comprehensive Cancer Center (Roswell Park) and
University at Buffalo. All patients had provided written informed consent for collection of
sample material and its retrospective use under IRB approved protocols at Roswell Park.
Clinical characteristics are described in Supplemental Table S1. Details on drug treatments
and /n vitro differentiation are described in Supplemental Methods.
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Murine Studies

Studies were performed under protocols approved by the Institutional Animal Care and Use
Committee of Roswell Park. c-kit* cells were isolated from bone marrow cells collected
from All studies used bone marrow cells collected from female B6(Cg)- /rf8/m2.1Hmyj (|rfg-
eGFP), B6(Cq)- /rf8™m1-2Hm|] (Irf8-KO) and littermate wild-type (WT) mice (range 12 — 16
weeks of age). Details on drug treatments and /n7 vitro differentiation are described in
Supplemental Methods.

Flow Cytometry

Bone marrow cells were stained as previously described with primary antibodies and
secondary reagents (Supplemental Table S2) [14]. Intracellular IRF8 staining was performed
as per manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Live
cells were determined using LIVE/DEAD Fixable Blue Dead Cell Stain (Thermo Fisher
Scientific, Eugene, OR, USA). Cells were analyzed using an LSR Il flow cytometer (BD
Biosciences, San Jose, CA, USA). Gating strategies for DC and hematopoietic stem and
progenitor cell populations are shown in Supplemental Figures 1A and 1B respectively.
Median fluorescent intensity of the anti-IRF8 antibody signal was normalized to the average
isotype signal of HD or MDS samples respectively and log2 transformed. Flow cytometry
data were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, USA).

Statistical Analysis

Results

We dichotomized CD141Hi cDC percentages at the upper tertile and estimated the survival
function using the Kaplan-Meier estimator. We employed Cox’s regression model to
estimate the effect across R-1PSS strata, verified the proportional hazards assumptions
graphically, and tested with Grambsch-Therneau’s method [19]. Where IRF8 protein levels
were measured by flow cytometry, median fluorescent intensity of the anti-IRF8 antibody
signal was normalized to the average isotype signal of HD or MDS samples respectively and
log2 transformed. Model-based clustering was used to identify two groups of MDS patients
based on a threshold of IRF8 expression of 2.0 (calculated as described above). The choice
of two groups was determined by the Bayesian Information Criterion. All other statistical
analyses were performed using non-parametric Mann-Whitney tests or parametric two-sided
unpaired f-tests based on the appropriate assumptions regarding distribution and variance of
the data (Graph Pad Prism 7, GraphPad Software, San Diego, CA, USA).

Bone marrow CD141H ¢cDC numbers in patients with MDS correlate with survival

We assessed the number of different DC populations using flow cytometry (see
Supplemental Figure 1A for gating strategy) in bone marrow specimens from a cohort of
MDS patients across multiple risk groups as defined by the revised International Prognostic
Scoring System (r-IPSS) [20]. We compared our MDS specimens to a cohort of specimens
from age-relevant healthy donors (HD, median age 48 years; Supplemental Table 1). Patients
with MDS were sampled prior to disease modifying therapy and had significantly fewer
bone marrow CD141Hi ¢DCs compared to HD (Figure 1A). The number of CD141Hi ¢cDCs
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was inversely correlated with total bone marrow cellularity (Supplemental Figure 2A). This
suggests that the reduced quantity of CD141Hi ¢DCs is not solely linked to the total quantity
of bone marrow cells.

MDS patients with the highest number of CD141Hi cDCs (those in the upper tertile) had
superior survival (controlled for risk category by r-I1PSS; Figure 1A). Among MDS patients
receiving an HMA, those with the highest number of CD141Hi ¢DCs also showed superior
survival. (Figure 1A). While MDS patients also had fewer CD1c* ¢cDCs and CD123*
plasmacytoid DCs (pDC), no survival differences were seen in patients stratified by these
dendritic cell populations (Figures 1B and 1C). Our data mirror outcome studies in patients
with solid tumors and suggest that deficiency of CD141Hi cDCs may contribute to inferior
outcome in MDS patients.

In melanoma, NK cells producing FLT3 ligand (FLT3L) provide support for CD141Hi cDCs
in the tumor microenvironment and enhance the response to immunotherapy [10]. Since NK
cells are reported to be deficient in patients with MDS, we interrogated this relationship in
our population using retrospectively available data from clinical flow cytometry testing
(Supplemental Figure 2B) [21]. Prior to the start of therapy, MDS patients demonstrated a
positive correlation between bone marrow CD141Hi cDCs and NK cells (p < 0.05). Neither
CD1c* ¢DC nor CD123* pDC numbers correlated with NK cells.

We performed RNA-sequencing on sorted MDS and HD CD141i and CD1c* ¢cDCs and
analyzed gene expression signatures for two pathways fundamental to CD141Hi ¢cDC
function; the toll-like receptor 3 signaling pathway and the antigen cross-presentation
pathway (Supplemental Figure 2C and Supplemental Table S3) [22,23]. CD141Hi ¢cDCs
from our tested MDS patients showed pathway gene expression signatures similar to HD
CD141Mi ¢DCs, suggesting their competency.

Bone marrow specimens from MDS patients have fewer DC progenitors

We assessed the colony-forming potential of hematopoietic stem and progenitor cells
(HSPCs) in MDS specimens that had low and high numbers of CD141Hi cDC (Figure 2A).
Under normoxic conditions, 4/6 samples showed growth of colonies (1/3 CD141Hi cDCLow
and 3/3 CD141Hi cDCHigN). We then tested whether these specimens would respond to
hypoxic conditions (1% O5) [24]. We observed that 5/6 samples showed the expected
increase in colony formation compared to normoxia. These results suggest that progenitors
from CD141Hi cDCLoW and cDCHi9M specimens retain colony-forming capacity. Using flow
cytometry we then quantified specific HSPC populations, defined by immunophenotype, in
bone marrow samples from our cohort of MDS patients (Figure 2B): we quantified
hematopoietic stem cells (HSC), multipotent progenitors (MPP), lymphoid-myeloid primed
progenitors (LMPP), multi-lymphoid progenitors (MLP), granulocyte-monocyte-DC
progenitors (GMDP), monocyte-DC progenitors (MDP), and common DC progenitors
(CDP) [25] (see Supplemental Figure 1B for gating strategy). We found that compared to
HDs, patients with MDS have fewer HSCs, MLPs, MDPs, and CDPs in their bone marrow
(Figure 2C). MLPs, MDPs, and CDPs all have the potential to differentiate into CD141Hi
cDCs. We further found that there was a correlation between MDPs and CDPs in HD
specimens but not in MDS specimens (Figure 2D).
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MDS DC progenitors express reduced levels of IRF8

IRF8 is a master transcription factor driving differentiation and function of DCs including
CD141H1 ¢DCs [25-27]. We and others have shown that IRF8 expression is reduced in bulk
progenitors from patients with myeloid malignancies [28-31]. We compared expression of
IRF8 in HD versus MDS HSPC populations. In normal hematopoiesis, IRF8 expression is
lowest in HSCs and MPPs and increases as progenitors commit to the DC lineage (Figure
2B). Compared to HD, MDS patients did not show a significant increase in IRF8 expression
between the GMDP and MDP stages (Figure 2E). This result, combined with that presented
in Figure 2D, indicated the need for further analysis of the MDP population. We identified
two groups within the population of MDS patients based on IRF8 expression in MDPs;
IRF8HI > 2.0 and IRF8L0 < 2.0 (Figure 2F). MDS patients with IRF8Hi MDPs demonstrated
IRF8 expression similar to that observed in HD MDPs, while those in the IRF8-° group had
significantly lower IRF8 expression. MDS patients with IRF8-° MDPs produced fewer
CDPs and CD141Hi ¢DCs compared to those with MDPs expressing higher levels of IRF8
(IRF8HI: Figure 2G). By contrast, there was no difference in CD141H ¢cDC numbers in
MDS patients when stratified based on IRF8 expression in CDPs even though overall IRF8
expression was significantly lower in CDPs from patients with MDS compared to HD
(Figure 2H). In addition, patients with IRF8HI MDPs also produced fewer CD141Hi ¢cDCs
compared to WT, suggesting that additional mechanisms besides expression of IRF8
contribute to decreased production of CD141Hi ¢cDCs in MDS patients.

Inhibition of LSD1 increases CD141Hi ¢cDC differentiation of MDS CD34* progenitors

These results suggest that induction of IRF8 expression might enhance DC differentiation of
MDS progenitors offering a strategy to increase the number of CD141Hi ¢DCs in patients
with MDS. LSD1 is a histone demethylase that acts primarily as a transcriptional repressor.
Inhibition of LSD1 induces differentiation of myeloid leukemia cells and several clinical
trials are currently underway to test the efficacy of LSD1 inhibitors in myeloid malignancy
[32-35]. Pharmacologic inhibition of LSD1 induces expression of IRF8 in mouse and
human leukemia cells [36—39]. We hypothesized that inhibition of LSD1 in HD and MDS
CD34* progenitors would promote CD141Hi ¢cDC differentiation.

We tested this hypothesis using an 7 vitro model of DC differentiation and used two
previously described compounds, GSK2879552 (GSK) and ORY-1001 (ORY), as
pharmacologic tools to inhibit LSD1 activity [34,40-42]. Pharmacologic inhibition of LSD1
in HD CD34" cells increased the number of terminally differentiated CD141Hi cDCs in 88%
of specimens (Figures 3A and 3B, Supplemental Figure 3; n = 16 different donor
specimens). This was observed using both LSD1 inhibitors (combined average 3.5-fold
change compared to PBS). Similarly, LSD1 inhibition in MDS CD34™ cells increased the
number of CD141Hi ¢DCs (n = 18 different patient specimens) in 61% of patient specimens
(combined average 13.2-fold change compared to PBS). For both HD and MDS specimens,
LSD1 inhibition increased the number of CD141Hi cDCs when measured as a percentage of
human CD45* or HLA-DR™ cells. Some individual specimens demonstrated expansion of
multiple DC populations which may be due to LSD1 inhibition inducing a general increase
in monocyte-DC lineage differentiation (Supplemental Figure 3). Since MDS is an oligo-
clonal disorder and primary cultures of patient samples might contain both malignant and
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normal progenitor populations, we assessed the presence of MDS-defining cytogenetic
abnormalities in samples before and after /in7 vitro DC differentiation. Critically,
differentiated cells exposed to LSD1 inhibitors during culture contained both normal
karyotype (/.e. healthy) and cytogenetically abnormal clones (Figure 3C). We further tested
whether LSD1 inhibition might affect the response of CD141Hi ¢DCs to stimulation.
Following differentiation, we treated cultures with poly-1:C and measured expression of
CDA40, a molecule up-regulated during DC maturation that is critical for their activation [43].
CD141H1 ¢cDCs differentiated in the presence of an LSD1 inhibitor responded appropriately
to stimulation with poly-1:C by up-regulating CD40 suggesting that these cells can mature
normally (Figure 3D). Together, these data suggest that inhibition of LSD1 can promote the
differentiation of mature CD141H1 DCs from progenitors derived from both HD and patients
with MDS.

Inhibition of LSD1 promotes IRF8 expression in human progenitors

Based on previous studies demonstrating that LSD1 inhibition induced IRF8 expression, we
tested whether induction of IRF8 expression in HD and MDS progenitors was associated
with increased CD141Hi ¢cDC differentiation. Treatment of KG-1 cells with either GSK or
ORY increased /RF8expression (Figure 4A and Supplemental Table S4). A similar effect
was observed using sShRNA to target LSD1 (Figure 4B; see Supplemental Figures 4A for
uncropped images). Densitometry analysis showed a reciprocal relationship between
decreased LSD1 protein and increased IRF8 protein (Figure 4B and Supplemental Figure
4B). To determine whether LSD1 inhibition directly altered epigenetic marks at the /RF8
locus, we performed chromatin immunoprecipitation studies using publicly-available data to
identify regions in the /RF8locus with high levels of LSD1 binding (Supplemental Figure
4C) [37]. This analysis revealed potential regulatory elements located —70, —45, and +30 kb
relative to the transcription start site (TSS). Treatment of KG-1 cells with ORY resulted in
increased H3K27 acetylation (H3K27Ac) and H3K4 dimethylation (H3K4Me2) at the —70
region, which demonstrated the highest level of LSD1 binding (Figure 4C and Supplemental
Table S4).

We then tested whether LSD1 inhibitors induced expression of IRF8 in primary human HD
and MDS specimens. Treatment with ORY increased IRF8 expression in 50% of HD CD34*
cells (n = 4 different donors) and 60% of MDS CD34" cells (n = 5 different patients; Figure
4D). IFNvy induced IRF8 expression in all tested samples from both HD and MDS
specimens, providing a positive control for the capacity for IRF8 induction. We observed
intra-specimen variation in the response to LSD1 inhibition [44]. Among both HD and MDS
cohorts, there were individual specimens that did not show increased IRF8 expression
following LSD1 inhibition despite the fact that these specimens exhibited a similar increase
in CD141H1 ¢DCs (e.g. MDS-5 and MDS-6). MDS-15 showed increased IRF8 expression
but did not exhibit differentiation of CD141Hi cDCs. Together, these data suggest that LSD1
inhibition can increase expression of IRF8 in primary MDS specimens, but in some cases,
this may not be sufficient to induce CD141H cDC differentiation [45].
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Enhanced CD141Hi cDC differentiation by LSD1 inhibition is dependent on IRF8

We tested whether the effect of LSD1 inhibition on cDC differentiation was dependent on
IRF8. The role of IRF8 in cDC differentiation is conserved between human and mouse and
IRF8 expression is necessary for differentiation of CD24* cDCs, the mouse homolog of
CD141Hi ¢DCs [26,27]. To test our hypothesis, we compared the effect of LSD1 inhibition
on bone marrow c-kit* cells (analogous to human CD34* cells) from /rf8 knock-out mice
(Irf8-KO) and littermate controls (WT). We established an /n vitro model of mouse DC
differentiation in which we used low-dose FIt3L in order to produce a ratio of conventional
DC subsets similar to that observed in humans (Supplemental Figure 5).

We cultured bone marrow c-kit* cells from WT and Irf8-KO mice and treated these cells
with vehicle or ORY. As expected, treatment of WT c-kit* cells with ORY resulted in an
increased number of CD24* cDCs following our /n vitro differentiation experiment (Figures
5A and 5B). By contrast, c-kit" 1rf8-KO cells treated with ORY failed to differentiate into
CD24" cDCs. These data demonstrate that LSD1 inhibition drives CD24* cDC
differentiation through IRF8 in normal c-kit* cells.

Discussion

Immune dysregulation in MDS is proposed to play a causal role in development and
progression of disease. Excessive stimulation of innate immune signaling pathways impairs
hematopoietic differentiation of MDS progenitors [46]. Our work and that of others suggests
that the immune dysregulation in MDS is not limited to pro-inflammatory states. MDS
patients with high risk disease have more immune suppressive regulatory T cells and
myeloid-derived suppressor cells [47,48]. Decreased number and function of NK cells is
also a hallmark of MDS [21]. These studies establish the scientific premise for immune
dysregulation in MDS.

We know less about how defects in immune activating populations impact MDS progression
and development [18]. We hypothesize a role for CD141Hi cDCs based on the established
function of CD141H1 ¢cDCs in suppressing disease progression in solid tumor models. Saft,
et al., reported that patients with MDS have decreased numbers of cDCs in the bone marrow
[49]. Advances in the field allowed us to build upon this work and quantify specific /n situ
DC populations in patients with MDS across a spectrum of conventional risk categories. We
previously reported a small cohort of MDS patients with deficient peripheral blood CD141Hi
cDCs [6]. We now propose the importance of the CD141Hi cDC population for patients with
MDS based on our observations that decreased bone marrow CD141H1 ¢DCs are associated
with decreased survival, even when controlled for risk category. In addition, we have found
that rationally designed epigenetic therapy can improve differentiation of CD141Hi ¢cDCs
from MDS progenitors.

As reported in solid tumors, our data show that decreased numbers of CD141Hi ¢DCs are
associated with reduced overall survival in MDS [8,10]. This survival impact is independent
of r-IPSS risk group, suggesting that the immunologic status of our patients may contribute
to disease progression. Preliminary data show that following an /n vitro differentiation
program, CD141Hi ¢DCs induce expression of CD40 following stimulation, suggesting, but
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not proving that the function of these cells may be intact. In our Phase | trial in patients with
MDS, we found that patients with the highest number of CD141H cDCs showed the most
robust humoral and adaptive immune response to vaccination against the NY-ESO-1 antigen
[6]. These data, combined with the analysis of gene expression signatures associated with
TLR3 signaling and antigen presentation, suggest that given the proper stimulus, CD141Hi
cDCs from patients with MDS can effectively activate immune responses in MDS patients.
Further studies are required to definitively demonstrate a causal role for CD141Hi ¢DCs in
activation of immune responses to regulate disease progression and response to therapy in
MDS [50].

Our data indicating decreased numbers of DC progenitors in the bone marrow from patients
with MDS suggest one potential mechanisms for the decreased numbers of CD141Hi cDCs
in these patients. MDS patients with higher expression of IRF8 at the MDP progenitor stage
exhibited greater numbers of descendant CDPs and CD141Hi ¢cDCs compared to patients
with lower levels of IRF8, suggesting that IRF8 expression may be one factor that regulates
CD141H numbers in MDS. Among HD and MDS specimens that exhibited similar
expression of IRF8 at the MDP stage, CD141Hi ¢cDC numbers in HD specimens were
increased compared to MDS. This observation, combined with our finding that CD141Hi
cDC differentiation is not necessarily linked to IRF8 expression following LSD1 inhibition
in vitro, suggests that additional intrinsic and extrinsic mechanisms regulate CD141Hi ¢cDC
numbers in MDS [27,51]. Our observation of a positive correlation between NK cells and
CD141H1 ¢DCs in MDS suggests the possibility that the decreased numbers of CD141Hi
cDCs and their association with inferior survival may be due to interactions between
multiple cell populations [10].

We found that pharmacologic inhibition of LSD1 enhanced CD141Hi ¢cDC differentiation
from HD and MDS progenitors. These data support prior work demonstrating that LSD1
inhibition drives differentiation programs in myeloid leukemia cells [33,34,37-39,44]. We
confirm prior reports that LSD1 inhibition enhances IRF8 expression by modulating local
chromatin structure but it is possible that LSD1 inhibition may also interact with IRF8 at
other loci to regulate the chromatin structure during DC lineage differentiation [37]. Using a
mouse genetic knockout model of normal hematopoiesis, we show that IRF8 expression is
necessary for LSD1 inhibition to promote CD24* ¢DC differentiation. We found that LSD1
inhibition had variable effects on IRF8 expression and CD141Hi cDC differentiation in
primary MDS specimens. Recently, Duy, et al., also showed variable responses in long-term
cultures of primary AML specimens exposed to an LSD1 inhibitor. In that study, 80% of
AML specimens showed a response compared to 61% of MDS specimens reported here.
These investigators also showed that TET2 mutations were associated with the greatest
response to the combination of LSD1 inhibition and 5-azacitidine, suggesting a hypothesis
that the response to LSD1 inhibition is partly regulated by the MDS mutational landscape.

Immunotherapy for cancer has shown promise, but thus far limited success in myeloid
cancer [52]. Our prior experience suggests that understanding of the immunologic mifieuin
MDS is required to maximize such responses [6]. CD141Hi ¢DCs are recognized to regulate
the efficacy of immunotherapies such as immune checkpoint inhibitors and adoptive T cell
transfer in solid tumors [10,15-17]. Approaches to increase CD141Hi ¢DCs in patients with
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MDS, such as LSD1 inhibitors, might therefore be hypothesized to enhance response to
immune therapies and even HMAs. Pre-clinically, LSD1 inhibition has already been
demonstrated to improve the efficacy of anti-PD-1 therapy [53]. Further elucidation of the
mechanisms governing development and function of CD141Hi cDCs in MDS patients is
essential to translate these studies to the clinical benefit of our patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lower Numbers of cD141M Conventional Dendritic Cells are Associated with

Decreased Overall Survival of MDS Patients.

(A) Left: Average frequency of CD141Hi conventional dendritic cells (cDC) in CD45* bone
marrow of healthy donors (HD, n = 17, black circles) and MDS patients (n = 71, red
squares). Gating strategy is shown in Supplemental Figure 1. Right: Kaplan-Meier plot of
overall survival based on numbers of CD141Hi cDCs in the entire patient cohort (solid lines)
and among patients receiving an HMA (dotted lines). Patients whose follow-up data were
available were stratified into upper (High, n = 23, blue lines) versus lower tertiles (Low, n =
43, black lines). (B) Left: Average frequency of CD1c* ¢cDCs in HD and MDS bone marrow.
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Right: Kaplan-Meier plot of overall survival in the entire patient cohort based on numbers of
CD1c* ¢cDCs. (C) Left: Average frequency of plasmacytoid dendritic cells (pDC) in HD and
MDS bone marrow. Right: Kaplan-Meier plot of overall survival in the entire patient cohort
based on numbers of pDCs. Data are presented as values for individual patients. Horizontal
bars represent the mean value and error bars represent standard error of the mean. Pvalues
were determined using the non-parametric Mann Whitney t-test or Cox’s regression model.
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Figure 2. M DS Patients Exhibit Decreased Number s of Dendritic Cell Committed Progenitors
and Decreased Expression of |RF8.

(A) Frequency of myeloid and erythroid colony-forming units (CFU) in MDS bone marrow
specimens with low (CD141Hi cDCLW) or high numbers (CD141Hi ¢cDCHig) of CD141Hi
cDCs as defined in Figure 1. For each group, n = 3 specimens from different patients. CFU
assays were performed under normoxic and hypoxic (1% O,) conditions as described in
Supplemental Methods. (B) Diagram depicting inverse relationship between multi-lineage
potential (red triangle) and IRF8 expression (blue triangle) in specific hematopoietic stem
and progenitor (HSPC) populations as defined by immunophenotype (described in the text).

Leukemia. Author manuscript; available in PMC 2020 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Srivastava et al.

Page 17

Intermediate stages in the differentiation of LMPPs and MLPs to DCs are shown as dotted
lines. (C) Average frequency of different hematopoietic stem and progenitor (HSPC)
populations in healthy donors (HD, black circles, n = 11) and MDS patients (red squares, n
=19). Monocyte-DC progenitors (MDP) and common DC progenitors (CDP) are displayed
on a separate graph for clarity. Gating strategy and immunophenotypes are described in
Supplemental Figure 1. pvalues were determined using the Mann Whitney t-test. (D)
Correlations between numbers of MDPS and CDPs in HD (black circles) and MDS (red
squares) bone marrow as determined using non-parametric Spearman’s rank-order
correlation (r). (E) Average IRF8 expression as measured by flow cytometry in specific HD
(black circles) and MDS (red squares) HSPC populations. (F) Average IRF8 expression in
HD MDPs (n = 9, black circles) and in MDS MDPs separated based on IRF8 expression:
IRF8L0 (< 2.0; n = 8, red circles); IRF8H (> 2.0; n = 10, blue circles). For (E) and (F), p
values were obtained using unpaired #test. (G) Average frequency of CDPs (Left) and
CD141H1 ¢DCs (Right) in HD specimens and MDS specimens with IRF8H! versus IRF8-°
MDPs. (H) Average frequency of CD141Hi ¢cDCs in MDS specimens with IRF8-° (n = 6)
versus IRF8H1 (n = 6) CDPs. Patients were stratified based on median expression of IRF8 in
MDS CDPs (IRF8L° < 5.6, IRF8Hi > 5.6). Data are presented as values for individual
patients. For (G) and (H), pvalues were determined using the Mann Whitney t-test. For all
panels, horizontal bars represent the mean value and error bars represent standard error of
the mean.
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Figure 3. LSD1 Inhibition Enhances cD141Mi cDC Differentiation of MDS CD34* Progenitors.
CD34* cells from healthy donors (HD, n = 12 different donors) and MDS patients (n = 12

different specimens) were cultured as described in the “Methods” section. Measurement of
CD141Hi ¢DC differentiation was performed using flow cytometry at the end of the culture
period (28 days). CD141Hi cDCs were defined by the immunophenotype: human CD45*,
lineage-negative (lin), HLA-DR*, CD14", CD1c", CD141Hi CLEC9A*. (A) Flow cytometry
analysis of Lin", HLA-DR* (Top) and CD141Hi, CLEC9A™ (Bottom) populations following
culture of HD-5 (left) and MDS-2 (right) CD34* cells treated with PBS or ORY. (B) Fold-
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change in CD141Hi cDCs (red circles), CD1c* cDCs (black circles) and CD123* pDCs (blue
circles) numbers following /n vitro differentiation of HD (left) and MDS (right) CD34*cells
treated with GSK or ORY compared to PBS. Fold-change was calculated based on the
percentage of CD141Hi ¢DCs in total human CD45* cells (Top) or HLA-DR* cells
(Bottom). Data are presented as values for individual specimens. Specimens treated with
GSK or ORY have been pooled together. Some specimens were treated with GSK and ORY
(not in the same culture) and the superior effect is shown. See Supplemental Figure 3 for
results of individual cultures. 3-5 technical replicates were performed for each sample and
averaged together. Horizontal bars represent the mean value and error bars represent
standard error of the mean. (C) Percentage of cells with an MDS-defining karyotype during
in vitro differentiation of CD34* cells (treated with PBS (gray bars) or GSK/ORY (LSD1i:
red bars) (red bar). MDS karyotypes were defined as Del(-5q)/Monosomy 5 (MDS-1,
MDS-2, MDS-17), Del(-7q)/Monosomy 7 (MDS-3, MDS-18) or trisomy 8 (MDS-4).
Karyotypes were detected using FISH as described in “Methods” after 14 days (post-
expansion) and 28 days (post-differentiation). 100 total cells were scored for all treatment
and timepoints with the following exceptions: MDS-3 (LSD1/, Day 28) = 55 cells; MDS-4
(PBS, Day 14) = 48 cells; MDS-4 (LSD1/, Day 14) = 52 cells. (D) Flow cytometry analysis
of CDA40 expression in /n vitro differentiated CD141Hi CLEC9A* cells following
stimulation with poly-I:C. HD (n = 6, left) and MDS (n = 4, right) CD34" cells were treated
with PBS or GSK as described in the “Methods” section. Horizontal bars represent the mean
value and error bars represent standard deviation. p-values were obtained using unpaired £
test: * = p<0.05; ** = p <0.01.
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Figure 4. LSD1 Inhibition Enhances |RF8 Expression and Promotes Histone Acetylation and
Demethylation at the IRF8 L ocus.

(A) Average /RFEMRNA levels in KG-1 cells treated with the LSD1 inhibitors
GSK2879552 (GSK, Left) or ORY-1001 (ORY, right). Cells were treated for 72 hours with
PBS vehicle (black bar), 1 uM GSK or 0.5 uM ORY (red bar), or 50 units/ml interferon-
gamma (IFN-y, gray bar), n = 3 — 5 for each condition. /RFE mRNA was quantified using
gPCR and normalized to Beta-2-microglobulin (82M) mRNA. (B) LSD1 (Top) and IRF8
protein levels in KG-1 cells transduced with scramble control shRNA, LSD1 shRNA #1, or
LSD1_shRNA #2 lentiviral vectors. Protein was measured using Western blot analysis.

Leukemia. Author manuscript; available in PMC 2020 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Srivastava et al.

Page 21

Separate blots for LSD1 and IRF8 were run in parallel using the same protein lysate for each
condition. B-Actin protein acted as a loading control. All blot images have been cropped for
clarity and the uncropped images are shown in Supplemental Figure 4. Bands corresponding
to LSD1 (~ 94 kDa), IRF8 (50 kDa), and Actin (43 kDa) are marked with black arrowheads.
Densitometry values showing the ratio of LSD1:p-Actin and IRF8:B-Actin are shown. (C)
Average fold-enrichment of H3K27 acetylation (H3K27Ac, Left) and H3K4 dimethylation
(H3K3Me2) at regions located —70, —45, and +30 kb relative to the /RF8transcriptional start
site in KG-1 cells. H3K27Ac and H3K4Me2 levels were quantified using chromatin
immunoprecipitation (ChlP) followed by quantitative PCR and were calculated by
normalizing anti-H3K27Ac or antiH3K4Me?2 to isotype controls. ChlP assays were
performed on KG-1 cells 72 hours after treatment with PBS (black bar) or ORY (red bar).
(D) Average IRF8 protein levels (calculated as described under “Methods™) in healthy donor
(HD, 4 different donors) and MDS (5 different patients) CD34* cells treated with PBS
vehicle, 0.5 UM ORY, or 100 units/ml IFNy (n = 3 replicates per individual specimen unless
noted otherwise). For MDS-6 and MDS-15, cell numbers limited the treatments to PBS or
ORY. Analysis of MDS-15 was limited to a single replicate. For HD-26, HD-27, MDS-13,
and MDS-14, cell numbers limited the treatment with IFNy to a single replicate. IRF8
protein was quantified using flow cytometry and normalized to isotype control. For all
samples, the fold-changes in CD141Hi cDC numbers following treatment with LSD1
inhibitor compared to PBS (see Supplemental Figure 3) are depicted below the graph.
Horizontal bars represent the mean value and error bars represent standard deviation. p-
values were obtained using unpaired #test: * = p< 0.05; ** = p < 0.01.
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Figure 5. LSD1 inhibition requires |RF8 for effect on CD24" cDC differentiation.
C-kit* cells were isolated from mouse bone marrow and cultured on MS-5 stroma cells for

14 days in media supplemented with 10 ng/ml FIt3 ligand as described in the “Methods”
section. Cultures were treated with PBS vehicle or ORY (0.1 uM) for the 15t 7 days of the
culture period. Measurement of CD24* cDC differentiation was performed using flow
cytometry at the end of the culture period. CD24* cDCs were defined by the
immunophenotype mouse CD45™, lineage-negative (lin), MHC-II*, CD11c*, CD24*,
CD172". (A) Flow cytometry analysis of CD24* ¢cDC populations following culture of wild-
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type (WT; top) or /rf87~ (Irf8-KO; bottom) c-kit* cells treated with PBS vehicle (left
panels) or ORY (right panels). (B) Numbers of CD24* cDCs following differentiation of
normal WT or Irf8-KO c-kit* cells treated with PBS or ORY. 3-5 technical replicates were
performed for each sample and averaged together. Horizontal bars represent the mean value
and error bars represent standard deviation. p-values were obtained using unpaired £test.
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