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Letter to the Editor

Histone deacetylases (HDACS) are attractive therapeutic targets, and selective HDAC
inhibitors (HDACI), alone or in combination with other anti-cancer agents, are promising
treatment strategies in multiple myeloma (MM). 1-4 To date, however, the effect of HDACi
on immune regulation in the MM bone marrow (BM) microenvironment, as well as the
therapeutic potential of combining selective HDACI with immune-based therapies, is
undefined. Recent studies showed that besides histone modification, HDACs also modulate
non-histone targets including immune regulatory molecules.>8 For example, blockade of
HDACS upregulates immunecheckpoints such as PD-1 ligand (PD-L1).6 Moreover, the
combination of HDACI with PD-1/PD-L1 checkpoint blockade significantly improves
immunotherapy in a murine B16F10 model.® In MM, PD-L1 expression directly correlates
with progression of disease, with highest levels in patients with relapsed/refractory MM.”:8
Here we utilized an orally bioavalable HDACS selective inhibitor ACY-241, currently in
clinical trials®, to examine whether the combination of ACY-241 with anti-PD-L1 antibody
enhances anti-MM immunity in the MM BM microenvironment.
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For our studies, we utilized a co-culture model of immune effector cells (plasmacytoid
dendritic cells (pDCs), T cells, NK cells) and MM cells. 710 Specifically, we have identified
that interactions of MM cells with innate and adaptive immune cells in the BM milieu confer
immune suppression via PD-1/PD-L1 signaling axis (Fig 1A:Schema). /10 This is
exemplified in our studies demonstrating a novel functional interaction between pDCs (Lin~
MHC-II* CD123* CD4* CD303/BDCA-2* CD304/BDCA4*) and MM cells, implicating
pDCs in both MM pathogenesis and immune suppression. We showed that increased
numbers of pDCs are present in MM patient BM versus normal BM. Importantly, pDCs in
MM BM are relatively resistant to current therapies; protect tumor cells from therapy-
induced cytotoxicity; promote tumor growth and survival; and confer immune dysfunction.
7.10 Using our co-culture model, we further delineated the immunosuppressive
mechanism(s) that play a role during pDC-T-NK cell interactions with tumor cells.
Specifically, we found that: 1) MM cells and pDCs expressed high surface levels of PD-L1,
whereas T cells showed high PD-1 levels; and 2) PD-L1 on MM pDCs suppresses PD-1
expressing T cell and NK cell immune function; and 3) blockade of PD-L1-PD-1 signaling
axis by anti-PD-L1 Ab generates MM-specific CD8+ CTL activity, as well as enhances NK-
cell-mediated MM cell cytolytic activity. Importantly, our co-culture model allows for
evaluation of the effect of anti-MM drugs on immune regulatory molecules expressed on
immune cells and tumor cells, as well as provides a platform for validating all immune-
based combination strategies, especially in the context of immune cells within the MM BM
microenvironment. In the current study, we utilized these models to specifically examine
whether the combination of ACY-241 with anti-PD-L1 Ab increases anti-tumor immunity
and cytotoxicity in MM.

We first evaluated whether the combination of ACY-241 and anti-PD-L1 Ab enhances MM-
patient NK cell-mediated cytolytic activity. For these studies, we utilized low concentration
of ACY-241 that do not significantly affect the viability of pDCs, T cells, or NK cells
(Supplementary Figure 1 A-C). Freshly isolated NK cells from MM patient BM (n = 7)
were co-cultured with autologous pDCs in the presence of anti-PD-L1 Ab (5 pg/ml),
ACY-241 (0.2 puM), or ACY-241 plus anti-PD-L1 Ab for 5 days. Cells were washed and
resuspended in complete medium without drugs and cultured with autologous MM cells pre-
stained with Celltrace violet for 24h, followed by 7-AAD staining and quantification of MM
cell lysis by FACS. The combination of ACY-241 and anti-PD-L1 Ab triggered a more
robust NK-cell mediated cytotlytic acivity against MM cells than either agent alone (Figure
1B and Figure 1C). No significant NK cell-mediated cytotoxicity was noted in the absence
of pDCs in these experiments (Supplementary Figure 2B), confirming a key role of pDCs in
NK cell functioning in response to treatment with ACY-241 and/or anti-PD-L1 Ab. To
further confirm our findings, we next performed analysis of CD107a as a marker of NK cell
function. MM patient pDCs and autologous NK cells were treated with ACY-241, anti-PD-
L1 Ab, or ACY-241 plus anti-PD-L1 Ab, followed by degranulation assay to assess surface
CD107a expressing CD37/CD56™ NK cells by multi-parameter flow cytometry. In concert
with our finding shown in Figure 1B/1C, ACY-241 plus anti-PD-L1 Ab increases CD107a*
degranulated cytolytic NK cells (Supplementary Figure 3).

As in our prior study’, anti-PD-L1 Ab alone restored NK-cell-mediated anti-MM activity.
Interestingly, treatment of pDC-NK cells co-cultured with ACY-241 alone triggerred NK
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cell cytolytic activity against MM cells (Figure 1B and Figure 1C). In this context, a recent
study showed a role of HDACS in the regulation of PD-L1 in melanoma.ll We hypothesized
that ACY-241 may downregulate PD-L1/PD-1-mediated NK cell immune suppression
during pDC-NK cell interactions. Indeed, ACY-241 significantly decreases PD-L1
expression on pDCs (Supplementary Figure 5), which in turn attentuates PD-L1/PD-1
mediated NK suppression and thereby enhances NK cell-mediated MM cell cytotoxicity.
Although not examined here, other possibilities may account for ACY-241 activity. Similar
to immunomodulatory agent Lenalidomide, ACY-241 may skew effector cytokine (IFN-y;
TNFa) production towards enhancing NK cell anti-MM activity. Alternatively ACY 241
may act as reported for HDACi LBH589, which upregulates activation markers CD69 on
NK cells.12 Finally, ACY-241 may enhance NK-cell anti-MM activity by altering receptor-
ligand (e.g. NKG2D, or KIR) expression- mediated tumor cell killing. These issues remains
to be examined. Nonetheless, we here show that: 1) pDC-MM cell interactions modulate NK
cell cytotoxic activity; 2) combined ACY-241 and anti-PD-L1 Ab enhances MM-patient
pDC-induced NK cell-mediated cytolytic activities against autologous MM cells; 3)
ACY-241 or anti-PD-L1 alone have the ability to stimulate NK cell effector function, albiet
to a lesser extent than in combination; and 4) ACY-241 is an immune-modulating agent
since it triggers significant NK cell anti-MM activity.

A recent study showed that a HDACSGi ricolinostat triggers T cell activation and APC
function.13 We therefore next examined whether ACY-241, anti-PD-L1, or their combination
triggers the generation of MM-specific cytotoxic T lymphocyte (CTLs) ex vivo. MM patient
BM C8* T cells (n=7) were co-cultured with autologous pDCs (pDC:T; 1:10 ratio) in the
presence of anti-PD-L1 Ab, ACY-241, or ACY-241 plus anti-PD-L1 Ab for 5 days. Cells
were washed and resuspended in complete medium without drugs and cultured with
autologous MM cells that were pre-stained with CellTracker Green for 24h, followed by 7-
AAD staining and quantification of CTLs-mediated MM cell lysis by FACS. The
combination of ACY-241 and anti-PD-L1 Ab triggered a more robust autologous MM-
specific CD8* CTL activity than either agent alone, evidenced by decreased number of
viable CellTracker Green-positive MM cells (Figure 2A and Supplementary Figure 4). MM
cells were also cultured alone without immune effector cells for the same time period, and
data obtained from flow analysis were used for normalization to account for the spontaneous
MM cells death. We next performed CD107a degranulation assays to confirm the generation
of CD8+ T-cell cytolytic activity. MM patient pDCs were co-cultured with autologous T
cells and treated with ACY-241, anti-PD-L1 Ab, or ACY-241 plus anti-PD-L1 Ab, followed
by degranulation assay to measure CD107a on the cell surface of activated CD3*/CD8* T
cells using FACS. In agreement with our findings from CTL assays (Figure 2A and
Supplementary Figure 4), a more robust increase in surface CD107a* cytotoxic T cells was
noted upon treatment with combined ACY-241 and anti-PD-L1 Ab versus either ACY-241 or
anti-PD-L1 Ab alone (Figure 2B). No significant MM patient CTL-activity was noticed in
the absence of pDCs (Supplementary Figure 2C).

Collectively, our data show that combination of selective HDACS6 inhibitor ACY-241 with
anti-PD-L1 Ab triggers both CTLs- and NK cells-mediated MM cell killing (Supplementary
Figure 6, Supplementary Figure 7; Schema). Mechanistic studies show that combined
activity of ACY-241 and anti-PD-L1 is due to downregulation of immunosuppressive PD-
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L1/PD-1 signaling during pDC-T cells and pDC-NK cells interactions. It is likely that
besides blockade of PD-L1/PD-1, this combination regimen also abrogates other
immunosuppressive mechanisms and/or activates immune-activating pathways among pDCs,
NK, or T cells that together contribute in restoration of anti-MM immunity. Ongoing studies
are focused on investigating these immune mechanism(s).

Finally, recent data indicate potential toxicity associated with checkpoint inhibitors in MM.
However, in contrast to inhibitor of checkpoint PD-1 (pembrolizumab), clinical trials of anti-
PD-L1 Abs to date show safety, without any significant adverse events in MM patients.14
Moreover, a recent study found a better response rate in patients with higher PD-L1 levels
on MM cells, and PD-1 expression on lymphocytes correlated weakly with progression-free
survival in a small subset of patients.1® These findings, coupled with our data, support
translation of combined ACY-241 and anti-PD-L1 Ab into clinical trials to restore immune
function, enhance MM cytotoxicity, and improve patient outcome in MM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Combination of ACY-241 and anti-PD-L1 enhances MM-patient NK cell-mediated
cytolytic activity against patient autologous MM cells

(A) Model depicting the role of plasmacytoid dendritic cells (pDCs) in both conferring T
cell and NK cell immune suppression via PD-L1/PD-1; as well as induction of MM cell
growth, survival, and drug-resistance. (B) Freshly isolated NK cells from MM patient BM (n
= 7) were co-cultured with autologous pDCs (1:10 pDC:NK ratio) in the presence of anti-
PD-L1 Ab (5 pg/ml), ACY-241 (0.2 uM), or ACY-241 plus anti-PD-L1 Ab for 5 days. Cells
were then washed and resuspended in complete medium without drugs and cultured with
autologous MM cells pre-stained with CellTrace violet (10:1 NK:MM ratio) for 24h,
followed by 7-AAD staining and quantification of MM cell lysis by FACS. The decrease in
number of viable CellTrace Violet-positive MM cells is shown in a reresentative plot. (C)
Bar graph Quantification of NK-mediated MM cell lysis using data obtained in panel B. The
fold change was obtained after normalization with control (Data obtained from 7 MM
patient BM samples; mean + SD; p < 0.05). MM cells were also cultured alone without
immune effector cells for 24h, and data obtained from flow analysis were used for
normalization to account for the spontaneous MM cells death. In the absence of immune
effector cells, the spontaneous MM cell death is 5% + 1%. This value was subtracted from
the percentage of lysed MM cells all treatment groups (Effector/Target coculture; in the
presence of isotype Ab, anti-PD-L1 Ab, ACY-241, or anti-PD-L1 Ab plus ACY-241).
Finally, the subtracted value is presented as normalized MM lysis (fold change versus
isotype Ab control; without anti-PD-L1 Ab and ACY-241). Normalized MM lysis (fold
change) is calculated as follows: Normalized MM lysis (fold change) = [((NK-induced MM
lysis) - spontaneous MM lysis)/((NK-induced MM lysis)sotype - Spontaneous MM lysis)].
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Figure 2. Combination of ACY-241 and anti-PD-L1 enhances MM-specific autologous Cytotoxic
T Lymphocyte (CTL) activity

MM patient BM C8* T cells (n=7) were co-cultured with autologous pDCs (pDC:T; 1:10
ratio) in the presence of anti-PD-L1 Ab, ACY-241, or ACY-241 plus anti-PD-L1 Ab for 5
days Cells were then washed and resuspended in complete medium without drugs and
cultured with autologous MM cells (T/MM; 20:1 ratio) that were prestained with
CellTracker Green for 24h, followed by 7-AAD staining and quantification of CTLs-
mediated MM cell lysis by FACS. The decrease in number of viable CellTracker Green-
positive MM cells was quantified. (A) Bar graph Quantification of CD8* CTLs-mediated
MM cell lysis (Data obtained from 7 MM patient BM samples; mean + SD; p < 0.05). MM
cells were also cultured alone without immune effector cells for 24h, and data obtained from
flow analysis were used for normalization to account for the spontaneous MM cells death. In
the absence of immune effector cells, the spontaneous MM cell death is 5% + 1%. This
value was subtracted from the percentage of lysed MM cells all treatment groups (Effector/
Target coculture; in the presence of isotype Ab, anti-PD-L1 Ab, ACY-241, or anti-PD-L1 Ab
plus ACY-241). Finally, the subtracted data is presented as percent of viable cells (%viable),
normalized versus isotype Ab, in the absence of anti-PD-L1 Ab and ACY-241. % Viable cell
is presented as follows: % Viable cells = [1- (MM cells after CTL lysis- spontaneous MM
lysis)[/[1=((MM cells after CTL lysis)isotype — (Spontaneous MM lysis))] X 100 (B) MM
patient pDCs and autologous T cells (1:10 pDC/T ratio) were treated with ACY-241 (0.2
UM), anti-PD-L1 Ab (5 pug/ml), or ACY-241 (0.2 uM) plus anti-PD-L1 Ab (5 pg/ml),
followed by degranulation assay to measure surface CD107a* T cells by multi-parameter
flow cytometry. The plot shows percentage of surface CD107a* T cells, indicating
degranulated cytotoxic T cells (Data obtained from 7 MM patient BM samples; mean + SD;
p <0.05).
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