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Abstract

Resistance to cytotoxic T cells is frequently mediated by loss of MHC class | expression or IFN<y
signaling in tumor cells, such as mutations of BZM or JAKZ genes. NK cells could potentially
target such resistant tumors, but suitable NK cell-based strategies remain to be developed. We
hypothesized that such tumors could be targeted by NK cells if sufficient activating signals were
provided. Human tumors frequently express the MICA and MICB ligands of the activating
NKG2D receptor, but proteolytic shedding of MICA/B represents an important immune evasion
mechanism in many human cancers. We showed that B2M- and JAKI-deficient metastases were
targeted by NK cells following treatment with a monoclonal antibody (mAb) that blocks MICA/B
shedding. We also demonstrated that the FDA-approved HDAC inhibitor panobinostat and a
MICA/B antibody acted synergistically to enhance MICA/B surface expression on tumor cells.
The HDAC inhibitor enhanced MICA/B gene expression, whereas the MICA/B antibody
stabilized the synthesized protein on the cell surface. The combination of panobinostat and the
MICA/B antibody reduced the number of pulmonary metastases formed by a human melanoma
cell line in NSG mice reconstituted with human NK cells. NK cell-mediated immunity induced by
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a mAb specific for MICA/B, therefore, provides an opportunity to target tumors with mutations
that render them resistant to cytotoxic T cells.
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INTRODUCTION

Checkpoint blockade with antibodies targeting the programmed cell death protein 1 (PD-1)
or cytotoxic T lymphocyte—associated protein 4 (CTLA-4) inhibitory receptors on T cells
can induce durable antitumor immunity in patients with advanced cancer. However, many
patients fail to benefit from these therapies due to primary or secondary resistance (1).
Cytotoxic T cells play a central role in the efficacy of checkpoint blockade based on their
ability to recognize tumor-derived peptides bound to major histocompatibility complex class
I (MHC-I) proteins (2). Recognition of MHC-I-peptide complexes by the T-cell receptor
(TCR) triggers T cell-mediated killing via release of cytotoxic granules. Also, secretion of
interferon-y (IFN-y) by T cells inhibits tumor cell proliferation and enhances MHC-I protein
expression on both tumor and dendritic cells (3). Resistance to checkpoint blockade is,
therefore, frequently mediated by loss of MHC-I expression by tumor cells, either by
mutation or epigenetic silencing of key genes in the MHC-1 (B2M, TAP1, TAPZ, and other
genes) or IFNy (JAKZ, JAK2) pathways (4-6). A low number or loss of neoantigens also
diminishes tumor immunity mediated by cytotoxic T cells (7-10). There are no alternative
immunotherapies for patients with solid tumors resistant to checkpoint blockade. Chimeric
antigen receptor (CAR) T cells could target tumor cells that lack MHC-I proteins, but thus
far, CAR T cells have shown limited efficacy against solid tumors (11).

Natural killer (NK) cells recognize tumor cells by molecular mechanisms that differ from
those required by cytotoxic T cells. NK-cell recognition of tumor cells is mediated by
germline-encoded activating receptors that bind to ligands upregulated on tumor cells by
cellular processes associated with malignant transformation, including DNA damage and
cellular stress (12). In contrast, T cells recognize MHC-presented peptides derived from
shared tumor antigens or neoantigens created by somatic mutations (2). Therefore, tumors
resistant to cytotoxic T cells may respond to NK cell-based immunotherapies. In fact, loss
of MHC-1 expression by tumor cells renders them more sensitive to NK cells because MHC-
| proteins serve as ligands for inhibitory NK-cell receptors (12). However, induction of NK
cell-mediated tumor immunity may also require effective targeting of immune evasion
mechanisms that hinder NK cell-mediated attack. For example, many human cancers
express the MHC class | chain-related polypeptide A (MICA) and MICB (MICA/B) proteins
that serve as ligands for the activating NK group 2D (NKG2D) receptor on NK cells and
subpopulations of T cells (13,14). Tumors frequently evade NKG2D receptor-mediated
tumor immunity by proteolytic shedding of MICA/B (15-22). We previously developed
monoclonal antibodies (mADbs) that bind to the a3 domain of MICA/B, the site of
proteolytic shedding. These mAbs inhibit MICA/B shedding and induce NK cell-mediated
tumor immunity. The increased density of MICA/B proteins on tumor cells enhances
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NKG2D receptor-mediated activation of NK cells, and the Fc segment of tumor-bound
antibodies activates NK cells through the CD16 Fc receptor. Treatment with such MICA/B
antibodies induces a shift of tumor-infiltrating NK cells to a cytotoxic state (23).

The MICA and MICB genes are part of the MHC locus on human chromosome 6, and the
encoded proteins share structural similarity with MHC proteins. B2M deficiency abrogates T
cell-mediated immunity and responsiveness to T-cell checkpoint blockade, but MICA/B
proteins do not associate with p2 microglobulin or peptides (5,24-26). We hypothesized that
inhibition of MICA/B shedding could induce NK cell-mediated immunity against metastatic
lesions resistant to cytotoxic T cells. Indeed, treatment with a mAb specific for the MICA/B
a3 domain enabled NK cell-mediated immunity against tumors with inactivating mutations
in the MHC-I or IFNy signaling pathways (B2m and JakI mutations, respectively). Also, it
is known that the M/CA/B genes are epigenetically regulated by histone deacetylases, which
inhibit MICA/B expression by tumor cells (27-30). We found that a HDAC inhibitor acted
synergistically with a MICA/B mAb in vivoto enhance MICA/B protein expression on the
surface of tumor cells through enhanced transcription of M/CA/B genes (via the HDAC
inhibitor) and inhibition of MICA/B shedding (via the MICA/B mAb). This combination
therapy conferred NK cell-mediated immunity against melanoma metastases in a humanized
mouse model.

MATERIALS AND METHODS

Cell lines

B16F10, LLC1, A375, HCT-116, A549, and U937 cell lines were purchased from ATCC
(Manassas, Virginia). RPMI-8226 and U266 cell lines were generously donated by Dr. Irene
Ghobrial (Dana-Farber Cancer Institute, Boston, Massachusetts), and the NCI-H139-Sqc cell
line was generously donated by Bristol-Myers Squibb (Redwood City, California). The
CY029-S1, CY048-S, CY 21A-S1, CY.119-1A S, and CY36-S1 short-term melanoma cell
lines were previously described (23,31). All cell lines tested negative for mycoplasma prior
to use in experiments using the Universal Mycoplasma Detection Kit (ATCC, catalog
number 30-1012K) or MycoAlert™ Mycoplasma Detection Kit (Lonza, catalog number
LT07-318). All cell lines were used within a small number of passages (approximately less
than 10 passages) after they had been obtained from vendors or collaborators between the
years of 2015 and 2019. A375, HCT-116, A549, U937, RPMI-8226, U266, and NCI-H139-
Sqc cell lines were cultured in RPMI-1640 media, whereas the B16F10, LLC1, CY029-S1,
CY048-S, CY 21A-S1, CY.119-1A S, and CY36-S1 were grown in DMEM media.
RPMI-1640 and DMEM media were supplemented with 10% FBS, 1x Glutamax, and 1x
penicillin/streptomycin. All tissue culture reagents were purchased from Gibco (Thermo
Fisher Scientific). Cells were cultured at 37 °C with 5% CO,.

Control and BZM-KO A375 cells were generated by transducing parental A375 cells with a
lentiCas9-blast vector (Addgene #52962) followed by selection with blasticidin (Gibco,
catalog number R21001). Subsequently, cells were transduced with pLKO3G-gRNA-PGK-
EGFP vector, which was reported previously (32), with a gRNA targeting the human B2M
genes inserted between the BsmB1 sites. The control cell line was transduced with the
backbone of the vector. Following transduction, cells were cultured for 24 hours in the
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presence of recombinant human IFN-y (10 ng/mL, BD Biosciences) to induce upregulation
of MHC-I proteins. Cells were stained with APC-conjugated W6/32 antibody (clone W6/32,
Biolegend, catalog number 311410), and HLA-A/B/C-negative B2M-KO cells and HLA-
AJB/C-positive control cells were sorted by flow cytometry (BD FACS Aria I11). As shown
in Figure 1A and Supplementary Figure SIA-B, 100 % of the isolated cell population was
B2M-KO. Parental A375 cells were also transduced with a pHAGE lentiviral vector
(Harvard Gene Therapy Center) to enable expression of ZsGreen under the control of the
EFla promoter. This vector was generated by inserting the ZsGreen sequence between the
Notl and BamHI restriction sites, which removed an IRES and ZsGreen sequence from a
parental vector. ZsGreen* A375 cells were sorted by flow cytometry (BD FACS Aria I11)
and used to examine MICA/B expression /n vivo.

The B16F10 control and B2m-KO cell lines were previously reported (32). MICA
expression was achieved by transduction of control and B2m-KO B16F10 cells with a
pPHAGE lentiviral vector that carried a MICA*009-IRES-luciferase expression cassette
under the control of the EF1la promoter. This plasmid was reported previously (23). The
B16F10 control and B2m-KO cell lines were labelled with PE-conjugated anti-MICA/B
(Biolegend catalog number 320906), and MICA* cells were sorted by flow cytometry (BD
FACS Aria Ill). Jak1-KO B16F10-MICA cells were generated by electroporation of the
control B16F10-MICA cell line with Cas9 protein and a gRNA targeting the JakZ gene
(sequences in Supplementary Table S1). Electroporation was performed using the Amaxa™
SF Cell Line 96-well Nucleofector™ Kit (Lonza, V4SC-2096) in a 4D Nucleofactor
(Lonza). Cells were treated for 24 hours with IFNy (10 ng/mL, BD Biosciences).
Subsequently, cells were labeled with PE-conjugated MICA 6D4 antibody (Biolegend,
catalog number 320906) and a cocktail of APC-conjugated MHC-1 antibodies (anti-H-2KP
and anti-H-2DP, Biolegend catalog numbers 116518 and 111513, respectively). MICA
*MHC-1-B2M-KO and MICA*MHC-I* control B16F10 were then sorted by flow cytometry
(BD FACS Aria llI).

LLC1 cells were first transduced with a pHAGE lentiviral vector that carried a MICA*009
cDNA - IRES - ZsGreen expression cassette under the control of an EF1a promoter
(Addgene #114007). The resulting LLC1-MICA cells were electroporated with Cas9 protein
and bound gRNAs targeting the B2m gene. Control cells were electroporated with Cas9
protein alone. Control and B2m-KO LLC1-MICA cells were treated with IFN-y (10 ng/mL;
BD Biosciences) for 24 hours and sorted by flow cytometry based on expression of H-2KP
(clone AF6-88.5 Biolegend). Control LLC1-MICA cells were H-2KP-positive, whereas
B2m-KO LLC1 cells were H-2KP-negative.

Western blotting

B16F10, LLC1, and A375 cell lines were treated with or without IFNy (50 ng/mL; BD
Biosciences) for 16 hours in DMEM supplemented with 10 % FBS (Life Technologies).
Subsequently, cells were washed in PBS and lysed in RIPA Lysis and Extraction Buffer
(Thermo Scientific, 89901) supplemented with a protease inhibitor cocktail (Sigma Aldrich,
P8340). Lysates were centrifuged for 10 minutes at 14,000 rpm, 4 °C. Total protein was
measured by Pierce BCA Protein Assay Kit (Thermo Scientific, 23225) and normalized
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prior to gel loading to 20 g total protein per lane. Following SDS-PAGE, samples were
transferred to polyvinylidene difluoride membrane (Bio-Rad Sequi-Blot PVDF, 1620184),
which was blocked in 5 % milk in Tris-buffered saline supplemented with 0.1% Tween.
Blots were then incubated overnight with the appropriate primary antibodies: (1:2000
dilution): rat anti-mouse B2M (R&D Systems, mab8325), rabbit anti-human B2M, JAK1,
GAPDH, and tubulin (Cell Signaling Technology, 12851, 3344, 8884, 2144). Following 1
hour incubation with HRP-conjugated anti-rat (Cell Signaling Technology, 6502; 1:3000) or
anti-rabbit (Jackson Immunoresearch, 211-032-171; 1:10,000) secondary antibodies,
proteins were visualized by chemiluminescence (Western Lightning and Perkin-Elmer,
NEL104001EA) using a Chemi-Doc MP Imaging System (Bio-Rad Laboratories).

MICA/B shedding assays

Mice

5 x 104 tumor cells (A375, Control A375, B2M-KO A375, CY048-S, CY029-S1, CY.119—
1A-S, CY36-S1, CY 21A-S1, HCT-116, A549, RPMI-8226, U266, U937, NCI-H139-Sqc)
were cultured for 24 hours in 96-wells plates (flat-bottom for adherent cells or U-bottom for
suspension cells) in the presence of different concentrations of antibodies (7C6 or isotypes
control clones C1184, MPC-11, or BE008G6; all isotypes were from BioXcell), IFNy
(ranging from 10 to 0.01 ng/mL), and/or panobinostat (ranging from 1000 to 0.01 nM,
ApexBio, catalog number A8178), as indicated in each figure. Following a 24-hour culture
period, plates were centrifuged for 5 minutes at 500 x g, and supernatants were collected for
analysis of shed MICA using the Human MICA ELISA Kit (Abcam, catalog number
ab59569). To do so, supernatants were diluted 1:2 in the standard dilution buffer provided by
the kit, and concentrations were calculated with a standard curve utilizing recombinant
MICA variant 008 (ranging from 2000 to 31.25 pg/mL). Plates were read in an EnVision®
microplate reader (Perkin Elmer). MICA concentrations were calculated using GraphPad
Prism 8 software. We previously demonstrated that the 7C6 mAb does not interfere with
detection of MICA shedding using this ELISA (23).

Adherent cells were detached with Versene (Gibco, catalog number 15040-066) to preserve
the integrity of MICA/B proteins on the cell surface. Fc receptors were blocked using
Human TruStain FcX™ (Biolegend, catalog number 422302), and cells were stained with
PE or APC-conjugated anti-human MICA/B clone 6D4 (Biolegend, catalog numbers 320906
or 320908, respectively). The 6D4 antibody binds to the al- a2 domains of MICA/B and
thereby does not compete with the 7C6 antibody that targets the a3 domain of MICA/B, as
shown previously (23). Cells were also stained with dead cell markers, either 7-AAD (BD
Pharmingen™, catalog number 559925), Zombie UV, Yellow, or Near Infrared (Biolegend,
catalog numbers 423108, 423104, and 423106, respectively). Data were acquired using a BD
Fortessa X20 or Beckman Coulter CytoFLEX LX, and analyses were performed using
FlowJo V10 software.

Wild-type (WT) C57BL6/J, OT-1, lghm~ C57BL6/J, CB6F1/J, and NSG mice were
purchased from the Jackson Laboratories (catalog numbers 000664, 003831, 002288,
100007, and 005557, respectively). Rag2~~//2rg~~ knockout mice were purchased from
Taconic (catalog number 4111). Mice were male (except for NSG mice that were female)
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and 6-8 weeks of age. Mice were housed in the vivarium of the Dana-Farber Cancer
Institute and Icahn School of Medicine at Mount Sinai. The institutional committees for
animal use approved the procedures used in this study.

Isolation of human and murine NK cells

Human NK cells from healthy individuals (leukoreduction collars) were isolated by negative
selection using the EasySep™ Human NK-cell Isolation Kit (Stem Cell Technologies,
catalog number 17955), which resulted in NK-cell purities of at least 90%. Leukoreduction
collars were provided in an anonymous manner by Brigham and Women’s Hospital (Boston,
USA). A total of three leukoreduction collars were used in this study. NK cells were
expanded /n vitro in G-Rex 6-wells plates (Wilson Wolf, catalog number 80240M) using
RPMI-1640 media supplemented with 10% FBS, 5% human AB serum (Valley
Biochemical), IL2 (1,000 U/mL), and IL15 (20 ng/mL)(both cytokines were from BD
Biosciences). Media was replenished once per week until NK cells were used for
experiments between 1-3 weeks since isolation.

Murine NK cells from tumor-free C57BL/6 mice or CB6F1 were isolated by meshing
spleens using a 70 um cell strainer, followed by red cell lysis (ACK buffer, Gibco) and
staining with PE-conjugated anti-mouse CD49b (Biolegend, catalog number 108908) and
APC-conjugated anti-mouse CD3e (Biolegend, catalog number 100312). NK cells were
sorted by flow cytometry (BD FACS Atria l11), yielding typical purities of ~99%. (2 x 10°
cells) were immediately injected via tail vein in Rag2~//2rg~ KO mice for experiments
involving allogeneic or syngeneic NK cells.

NK cell-mediated killing assays

For long-term NK cell-mediated killing assays, 1 x 106 GFP* control and B2M-KO A375
cells were pretreated for 24 hours with MICA/B or isotype control mAbs (20 pg/mL) in
RPMI-1640 media supplemented with 10% FBS, 1x Glutamax, and 1x penicillin/
streptomycin. Subsequently, tumor cells were detached with Versene, washed with PBS, and
plated in black-wall 96-well plates (Corning™, catalog number 3603) at a density of 5x103
cells per well. Human NK cells were added 1-2 hours later at different effector to target
ratios as indicated in the figures, and I1L2 (300 U/mL, BD Biosciences) was added to support
NK-cell survival. The number of GFP* tumor cells was tracked over time for a total of 72
hours using a Celigo Image Cytometer (Nexcelom Bioscience, Lawrence, USA), as reported
previously (33).

For short-term NK-cell killing assays, 1 x 108 A375 melanoma cells were pretreated for 24
hours with MICA/B or isotype control mAbs (20 pg/mL) in tissue culture media and then
used as target cells in 4-hour 51Cr-release assays, as described previously (23). Healthy
donor-derived human NK cells were isolated by negative selection from leukapheresis
reduction collars, as described above, and cultured for 24 hours with 1L2 (1,000 U/mL; BD
Biosciences) in 96-wells U-bottom plates prior to use in the assay. In some experiments,
KIR receptors on NK cells were blocked in the ®1Cr-release assay by addition of an isotype
control mAb (10 pg/mL) or anti-KIR2DL2/3 plus anti-KIR2DL4 (BioLegend, catalog
numbers 312602 and 347003).
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CD8* T-cell cytotoxicity assay

To confirm resistance of JakZ-KO and B2m-KO B16F10-MICA cell lines to CD8* T cell-
mediated cytotoxicity, a Celigo-based image cytometry assay was performed (33). Briefly, 2
x 108 tumor cells were pulsed with 10 nM OVA (SIINFEKL) peptide (Sigma, catalog
number S7951) overnight, washed with PBS, and added to 96-well plates (5,000 tumor cells
per well). Naive OT-1 CD8* T cells were isolated from the spleens of OT-I mice (JAX stock
number 003831) using EasySep™ Mouse CD8* T-cell Isolation Kit (StemCell Technologies
Inc., catalog number 19853) according to manufacturer’s protocol. The tumor cells were
cocultured with naive OT-1 CD8* T cells at different effector to target ratios (1:0 no T cells;
1:1, 2:1, and 5:1; 8-10 replicates per group). 48 hours later, supernatants were removed, and
wells were washed with PBS to remove dead tumor cells and CD8" T cells. The plate was
then analyzed using the Celigo instrument for quantification of live tumor cells.

Bulk RNA-seq analysis of human A375 melanoma cells

Parental A375 cells (1 x108 cells) were treated for 24 hours with panobinostat (50 nM) or
the corresponding volume of PBS. Cells were then detached with Versene, and RNA was
isolated with RNeasy Plus Mini Kit and RNase-Free DNase Set, respectively (both Qiagen
kits, catalog numbers 74134 and 79254, respectively). Generation of cDNA, sequencing, and
analyses were done as previously reported (23). Briefly, RNA sequencing libraries were
generated using the Kapa mRNAseq kit (KapaBiosystems), analyzed by Next-Generation
Sequencing, and pooled barcoded samples were subjected to VIPER analysis. Data were
also analyzed by Gene Set Enrichment Analysis 4 (Broad Institute) software. Data were
deposited in the Gene Expression Omnibus (accession number GSE145447).

Real-time quantitative PCR (qPCR)

A375 cells (1 x 106 cells) were treated for 24 hours with panobinostat (50 nM).
Subsequently, cells were washed twice with PBS, pelleted, and used for extraction of total
RNA using the RNeasy mini kit (#74106, Qiagen) according to the manufacturer’s protocol.
One microgram of the extracted RNA was used to synthesize cDNA using SuperScript 1V
VILO Master Mix (ThermoFisher, 11756050). Diluted cDNA was used for gPCR using
TagMan Gene Expression MasterMix (Life Technologies, 4369016), TagMan probes (MICA
- Hs00741286_m1, MICB - Hs00792952_m1, GAPDH - Hs02786624 g1, ULBP2 -
Hs00607609_mH, and RAET1L - Hs04194671 s1) and QuantStudio 6 Flex Real-Time PCR
System (ThermoFisher). To examine changes in gene expression between groups, AACT
values were determined from mean CT values of three technical replicates per sample in
each group. Fold change in gene expression was represented relative to GAPDH (a
housekeeping gene) for each sample.

Metastasis models in immunocompetent mice

B16F10-MICA tumor cells (control, B2m-KO or Jak1-KO) were inoculated intravenously
into C57BL/6 mice (WT or /ghnr'-) via the tail vein (1.0 to 7x10° cells in 100 uL of PBS
depending on the experiment, as described in figure legends). Treatment was initiated in
lghnT'= mice when mice had established metastases (day 7 following tumor inoculation) by
intraperitoneal injection of isotype control mAb (BioXcell, catalog number BE0085) or

Cancer Immunol Res. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Andrade et al.

Page 8

7C6-mlgG2a mAb (200 pg per injection, days 7, 8, and then once per week). In an
alternative protocol, WT mice (/ghni*'*) received antibody injections on days 1, 2, and then
once per week. Antibodies that induced depletion of CD8* T cells (100 pg anti-CD8,
BioXcell, catalog BE0223) or NK cells (1:10 dilution anti-asialo GM1, Wako Chemicals,
catalog 986-10001, and 100 ug anti-NK1.1, clone PK136, BioXcell) were injected via
intraperitoneal route on days —1, 0, and then once per week relative to tumor cell
inoculation. Murine 1gG1 was used as control IgG (BioXcell, catalog BE0083). Lungs were
harvested and metastases were quantified on day 14 under a stereomicroscope following
formalin fixation of the tissue. Alternatively, the survival of mice was recorded.

For the LLC1-MICA metastasis model, WT C57BL/6 mice were inoculated intravenously
via the tail vein with 1.0 to 1.5x10° tumor cells (as indicated in the figure legends) in 0.1 mL
of PBS. 7C6-mlgG2a or isotype control mAbs (200 pug) were administered on days 2, 3, and
then once per week relative to tumor cell inoculation. For experiments involving adoptive
transfer of NK cells, 2x10° NK cells isolated from the spleens of WT C57BL/6 (syngeneic)
or CB6F1/J (allogeneic) mice were injected intravenously into Rag2~~1/2rg~~ knockout
mice. These NK cells were isolated by flow cytometry as CD3e"CD49b* cells. LLC1-MICA
tumor cells (7x10° cells) were injected intravenously one day following NK-cell transfer.
7C6-mlgG2a or isotype control mAbs (200 pg/injection) were given intraperitoneally on
days 2, 3, and then once per week. On day 14, mice (WT or Rag2~~1/2rg”~ knockout) were
euthanized by CO, inhalation, and Indian ink (30%) was injected into the trachea to enable
counting of lung metastases, as previously described (34). Lung tissue was treated using
Fekete’s fixative and surface metastases were counted using a stereomicroscope.

Characterization of murine NK cells in the B16F10-MICA metastasis model

WT C57BL/6 mice were inoculated intravenously with 7x10° B16F10-MICA cells that
either had the control, B2m-KO, or JakI-KO genotype. Mice were treated with 7C6-mlgG2a
or isotype control mAbs (200 pg/injection) on days 1 and 3 following tumor cell inoculation.
On day 12, mice were injected intravenously with 50 uL of APC-conjugated anti-mouse
CD45.2 (Biolegend, 109814) to label intravascular immune cells and then were euthanized.
Harvest lung tissue was cut into small pieces, resuspended in RPMI-1640 supplemented
with collagenase type IV (1 mg/mL, Gibco)), hyaluronidase (0.1 mg/mL, Sigma), and
DNase (20 U/mL, Sigma) and processed using a gentleMACS Octo Dissociator with Heaters
(Miltenyi) using C tubes (Miltenyi) with the program 37C_m_LDK 1. The cell suspension
was then filtered at 70 pm and incubated with mouse TruStain FcX™ (Biolegend, catalog
number 101320) and multiple antibodies: PE-Cy7-conjugated anti-mouse CD45.2
(Biolegend, 109830), APC-conjugated anti-mouse CD3e (Biolegend, 100312), APC-
conjugated anti-mouse TCRp (Biolegend, 109212), BV785-conjugated anti-mouse NK1.1
(BD Biosciences, 740853), PE-CF594-conjugated anti-mouse CD49b (BD Biosciences,
562453), Alexa488-conjugated anti-mouse EOMES (Invitrogen, 53-4875-82), PE-
conjugated anti-mouse GZMA (Invitrogen, 12-5831-82), BV421-conjugated anti-mouse
NKG2D (BD Biosciences, 562800), PERCP-CY5.5-conjugated anti-mouse CD16/32
(Biolegend, 101324), BVV510-conjugated anti-mouse Ly49C/I (BD Biosciences, 744028),
and Zombie UV (Biolegend, 423108). Cells were analyzed using a CytoFLEX Flow
Cytometer (Beckman Coulter), and data were processed using FlowJo V10.
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Humanized mouse model

NSG mice were inoculated intravenously with human NK cells (1 to 2x108 cells) that had
been expanded /n vitro as described above. IL2 (Peprotech, catalog number 200-02) was
injected intraperitoneally (7.5x10% units) to support /7 vivo survival of NK cells, as
previously reported (23). A375 melanoma cells (5x10° cells, control or B2M-KO) were
injected one day later (day 0). One day after tumor cell inoculation, mice received another
dose of 1L2 (75,000 U) plus isotype control (BioXcell, catalog BEO096) or 7C6-higG1
mAbs (200 pg), as well as PBS or panobinostat (10 mg/kg; ApexBio, catalog number
A8178). On day 2, mice were again reconstituted with human NK cells from the same donor
and also received injections of IL2, antibodies, as well as PBS or panobinostat. Metastases
in the lungs were quantified two weeks after the last treatment, as described above for the
LLC1-MICA metastasis model (injection of Indian ink into the trachea, treatment of lung
tissue with Fekete’s fixative).

NSG mice were inoculated with 1x108 ZsGreen* A375 melanoma cells to study the effect of
MICA/B mAb and panobinostat treatment on MICA/B surface expression in lung
metastases. These mice did not receive human NK cells. When metastases were established
(two weeks later), mice were treated on two subsequent days with 7C6-hlgG1 or isotype
control mAbs (200 ug), as well as panobinostat (10 mg/kg) or PBS as a solvent control. One
day following the last treatment, mice were euthanized by CO5 inhalation, and lung tissue
was dissociated mechanically as explained above but without the use of enzymes to preserve
the integrity of MICA/B proteins. Tumor cells were identified as viable large cells that were
ZsGreen™ but negative for the murine CD45 antigen. MICA/B surface protein was labeled
with a 6D4-PE mADb (Biologend, catalog 320906) and quantified by flow cytometry
(Beckman Coulter CytoFLEX LX) and analyzed by FlowJo v10.

Characterization of human NK cells in tumor-free NSG mice

Tumor-free NSG mice were inoculated intravenously with 2x108 human NK cells that were
expanded /n vitro as described above. At the same time, mice also received intraperitoneal
injections of 1L2 (7.5x10%, Peprotech), as well as panobinostat (10 mg/kg) or PBS as the
solvent control. One day later, blood was collected via retro-orbital bleeding, and human NK
cells were analyzed by flow cytometry as described.

Statistical analyses

RESULTS

All statistical analyses were performed using GraphPad Prism 8 software, and the relevant
statistical tests are indicated in each figure legend.

NK cell-mediated killing of human B2M-deficient melanoma cells is enhanced by MICA

mAb

We examined whether a MICA/B a3 domain—specific antibody could enhance NK cell-
mediated immunity against human B2M-deficient tumor cells. We inactivated the B2M gene
in human A375 melanoma cells, which resulted in a complete loss of MHC-I surface
proteins, even following stimulation with IFN-y (Fig. 1A, Supplementary Fig. SLA-B). B2M
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deficiency did not abolish MICA/B expression, although we noted a ~50% decrease of cell
surface expression. Both B2ZM-KO and control A375 cell lines exhibited similar shedding of
MICA into the supernatant (Fig. 1B). Treatment with a MICA/B a3 domain-specific mAb
(7C6-hlgG1) inhibited MICA shedding and increased surface expression of MICA/B
proteins for both control and B2M-deficient A375 cells (Fig. 1B-D).

NK cells express inhibitory receptors for MHC-I molecules (12), and we hypothesized that
BZM-deficient tumor cells may be more sensitive to MICA/B mAb treatment. We studied
the kinetics of NK cell-mediated killing of A375 cells using an imaging-based system that
enabled counting of fluorescent tumor cells in 96-well plates at multiple timepoints (33).
NK-cell MICA/B mADb treatment (7C6-hlgG1) was more effective against B2ZM-KO
compared to control A375 melanoma cells. Even at a low effector-to-target ratio (1:1), only
a small number of fluorescent B2M-KO melanoma cells remained at late timepoints (48-72
hours) in the presence of the MICA/B mAb (Fig. 1E). We previously established that the
7C6 mADb induces dual engagement of NKG2D and CD16a receptors in human NK cells and
that both receptors contribute to NK cell-mediated killing of target cells (23). KIR2DL2,
KIR2DL3, and KIR2DLA4 are well-characterized inhibitory receptors for MHC-1 molecules
on human NK cells (12). Although NK cells from healthy donors are likely alloreactive to
A375 cells due to MHC mismatch, antibody-mediated blockade of those receptors increased
NK cell-mediated killing of 7C6-hlgG1-treated A375 cells (Supplementary Fig. S1C),
which suggested that at least some of the NK-cell inhibitory receptors recognized MHC-I
proteins on A375 cells. Altogether, these experiments demonstrated that loss of MHC class |
surface expression rendered human tumor cells more vulnerable to NK cells, which was
further enhanced by a MICA/B mADb.

MICA/B antibody induces immunity against metastases resistant to cytotoxic T cells

We used two murine models to investigate whether MICA/B mAb treatment could induce
immunity against tumors with inactivating mutations in the MHC-1 and IFNvy pathways
(B2m and Jak1 mutations, respectively). IFNvy is secreted by both T cells and NK cells, and
IFN-y signaling in tumor cells enhances expression of many genes of the MHC class |
pathway and inhibits tumor cell proliferation (3). Therefore, JakZ mutations could either
negatively impact the ability of NK cells to control tumor cell growth or enhance NK-cell
activation through loss of MHC class | proteins that engage inhibitory receptors on NK cells.
B16F10 melanoma and LLC1 lung cancer cell lines were transduced to express human
MICA, which binds to the murine NKG2D receptor (23). These murine models had
differences in their pattern of MHC class | expression. B16F10 melanoma cells had low
basal surface expression of H-2KP and H-2DP proteins, but exposure to IFNy increased
H-2KP and H-2DP surface proteins (Fig. 2A, Supplementary Fig. S2A-B). We inactivated
B2mor Jak1 genes in B16F10-MICA cells, which caused resistance to CD8" T cell-
mediated killing (Fig. 2A, Supplementary Figures S2-S3), and tested the efficacy of
MICA/B mAb treatment in a lung metastasis model. Edited tumor cells were injected
intravenously, and treatment was initiated on day 7 when established surface lung metastases
were detected (Fig. 2B). B cell-deficient /g/n'~ mice were used as hosts to prevent
development of endogenous antibodies against human MICA, as previously reported (23).
Treatment with the MICA/B mAb (7C6-mlgG2a) inhibited the outgrowth of lung metastases
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by control, B2m-KO, and JakZ-KO B16F10-MICA cells (Fig. 2B). MICA/B mAb treatment
also reduced MICA shedding detected in plasma (Supplementary Fig. S5A). We also
analyzed the survival of wild-type (/ghm*’*) mice inoculated with B16F10-MICA cell lines
and treated with MICA/B or control mAbs. Antibodies were administered on days 1 and 2
relative to B16F10-MICA inoculation, which was earlier than the generation of endogenous
MICA antibodies by the murine immune system. 7C6 compared to isotype treatment
increased survival of WT mice with control, B2m-KO, or JakZ-KO melanoma metastases
(Fig. 2C).

We also examined the efficacy of MICA/B antibody treatment in the LLC1-MICA tumor
model. LLC1 lung tumor cells had basal H-2KP, but not H-2DP, expression. The surface
H-2KP expression was increased by IFNvy treatment (Fig. 3A). We knocked out the B2m
gene in this cell line (Supplementary Figure S4B). Control LLC1 cells expressed H-2KP at
baseline and treatment with IFNvy increased MHC-I1 surface protein expression, whereas
B2m-KO LLC1 cells had no MHC-1 expression, even following IFN-y treatment (Fig. 3A).
Tumor cells were injected intravenously into WT mice, and mAb treatment was initiated on
day 2. MICA/B mADb treatment reduced the number of lung metastases formed by control
LLC1-MICA tumor cells. Inactivation of the B2m gene reduced the number of lung
metastases compared to control LLC1-MICA cells to almost undetectable levels. We
therefore increased the number of inoculated tumor cells by 50%, which resulted in
formation of lung metastases by B2m-KO LLC1-MICA cells. We observed a reduction in
the number of B2m-KO LLC1-MICA metastases following treatment with 7C6-mlgG2a
compared to the isotype (Fig. 3B).

NK-cell inhibitory receptors for MHC-1 are encoded by polymorphic genes and have
specificity for polymorphic variants of MHC-1 proteins (35). C57BL/6 mice and Balb/c mice
differ in their MHC-I polymorphic variants, and as consequence, the F1 generation from the
cross between these two mouse strains (called CB6F1) has a population of NK cells that is
not tolerant to the MHC-I variants from the C57BL/6 strain (36). Such alloreactive NK cells
are key to the therapeutic efficacy of allogeneic stem cell transplantation for leukemia (37).
The LLC1 cell line is syngeneic to C57BL/6 mice. Rag2~1/2rg”~ KO mice were
reconstituted with either syngeneic NK cells (from C57BL/6 mice) or allogeneic NK cells
(from CB6F1 mice). Both syngeneic and allogeneic NK cells significantly reduced the
number of lung metastases formed by LLC1-MICA tumor cells when mice were treated with
MICA/B versus isotype control mAb. Also, MICA/B antibody treatment was more effective
when allogeneic NK cells were transferred (Fig. 3C). Altogether, the data were consistent
with the hypothesis that engagement of MHC-I proteins by inhibitory receptors on NK cells
reduces the antitumor immunity induced by the MICA/B mAD.

Essential role of NK cells for efficacy of the MICA/B antibody

We next performed mechanistic experiments with the B16F10-MICA cell line inoculated
into WT mice. Depletion of NK cells, but not of CD8* T cells, resulted in a complete loss of
MICA/B mAb efficacy against both control and B2m-KO B16F10-MICA cells, whereas
NK-cell depletion reduced MICA/B mAb efficacy against JakZ-KO B16F10-MICA cells
(Fig. 4A). We also examined lung-infiltrating NK cells by flow cytometry, which were
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distinguished from blood NK cells by intravenous injection of anti-CD45.2 prior to
euthanasia, as reported previously (23). MICA/B mAb treatment increased the degree of
NK-cell infiltration into control or JakZ-KO B16F10-MICA tumors (Fig. 4B). In this
analysis, NK-cell infiltration was normalized to tumor burden because the number of
B16F10-MICA cells was substantially reduced in MICA/B mAb-treated mice (Fig. 4C-D).
We did not observe significant differences in NKG2D and CD16 expression by tissue-
infiltrating NK cells depending on the genotype of B16F10-MICA melanoma cells, except
for an increase in CD16 for NK cells in the JakZ-KO B16F10-MICA lung metastasis model
following treatment with 7C6-mlgG2a (Supplementary Figure S5). These data demonstrated
that MICA/B mADb treatment inhibited the outgrowth of melanoma metastases in a NK cell-
dependent manner, even when tumor cells carried inactivating mutations in B2m or Jak1
genes.

Combination therapy that enhances MICA/B protein levels on surface of tumors

In the tumor models described above, MICA transcription was controlled by a heterologous
promoter (23). However, in human cancers, MICA/B expression is induced in response to
DNA damage and cellular stress (13). The transcription of M/ICA and M/CB genes is
epigenetically regulated by HDACs, and HDAC inhibitors enhance transcription of these
genes (27,28). The pan-HDAC inhibitor panobinostat has been FDA-approved for the
treatment of multiple myeloma (39) and an intact immune system is required for its
therapeutic activity in experimental animal models (40). We therefore examined whether the
combination of panobinostat and 7C6-hlgG1 could enhance MICA/B protein expression by
increasing transcription of M/CA/B genes (via panobinostat) and stabilization of the
encoded protein on the cell surface (via the MICA/B mAb). RNA-seq analysis and gPCR
analysis demonstrated that treatment of A375 cells with panobinostat for 24 hours increased
mRNA of multiple genes encoding NKG2D ligands (Fig. 5A-B). As expected, panobinostat
also affected transcription of many other genes in A375 melanoma cells, some of which
represented immune-related pathways (Supplementary Figure S6). Surface MICA/B protein
expression was increased by the combination of panobinostat and MICA/B mAb, and the
concentration of shed MICA was diminished without a reduction in cellular viability (Fig.
5C-D). We also examined MICA/B protein expression by a panel of short-term human
melanoma cell lines established from metastatic lesions (23,31). Treatment with
panobinostat plus MICA/B mAb increased the surface density of MICA/B proteins
compared to treatment with individual compounds (Fig. 5E, Supplementary Figure S7).
These conclusions were further supported by analysis of a diverse panel of human tumor cell
lines (Supplementary Fig. S8). However, MICB shedding could not be analyzed because the
ELISA was specific for MICA (Supplementary Figure S9). These data demonstrated that
combinatorial approaches which increase transcription of M/CA/B genes and stabilize
synthesized proteins increase surface MICA/B proteins on human cancer cells.

Efficacy of MICA/B mAb and panobinostat combination therapy in a humanized mouse

model

We next investigated the /n vivo activity of panobinostat on surface MICA/B protein
expression on human melanoma cells. The selected dose of panobinostat (10 mg/kg) was
based on previous research that established its efficacy for multiple myeloma in mouse
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models (41). We first established that the selected dose of panobinostat did not negatively
impact human NK cells transferred to immunodeficient NSG mice (based on number of
circulating total NK cells and percentage of CD16a* or NKG2D™ NK cells; Supplementary
Fig. SLOA-C). Next, we injected ZsGreen* A375 melanoma cells intravenously into NSG
mice and waited for two weeks until metastases were established. Mice were then treated
twice at a 24-hour interval with panobinostat (or PBS), MICA/B mAb (or isotype control
mAD), or the combination of panobinostat plus MICA/B mAb (or panobinostat plus isotype
control mAb). One day later, MICA/B surface protein was quantified on ZsGreen* tumor
cells from dissociated lung tissue by flow cytometry. The selected dose of panobinostat did
not significantly increase MICA/B protein on melanoma cells as a monotherapy, but the
combination of panobinostat and MICA/B mAb resulted in high MICA/B surface expression
on ZsGreen™ A375 cells in pulmonary metastases (Fig. 6A, Supplementary Figure S10D).

Based on our prior experience, survival of transferred human NK cells is limited in NSG
mice, and only a small number of human NK cells infiltrate lung tissue (23). We therefore
initiated treatment one day following inoculation of A375 cells (Fig. 6B). The early start of
treatment likely enabled NK-cell recognition of tumor cells that had not yet infiltrated
deeply into the lungs. We found that only the combination of panobinostat plus MICA/B
mADb reduced the number of lung metastases formed by control (B2ZM-WT) A375 cells,
whereas monotherapy with either panobinostat or MICA/B mAb was ineffective. In contrast,
monotherapy with the MICA/B mAb reduced the number of lung metastases formed by
B2M-KO A375 cells (Fig. 6C). The combination of MICA/B mAb and panobinostat did not
enhance this effect against BZM-KO metastases, potentially because NK-cell reconstitution
was limited in this model. These results demonstrated that MICA/B mAb treatment was
more effective against MHC-I-deficient melanoma metastases in this humanized mouse
model, whereas only the combination therapy was effective against melanoma metastases
that expressed MHC-I proteins.

DISCUSSION

Primary and secondary resistance to checkpoint blockade are major issues in oncology.
Many mechanisms of resistance to checkpoint blockade are related to the MHC-I and IFN+y
signaling pathways in tumor cells. These include mutations of B2M or other genes in the
MHC-I antigen presentation pathway, epigenetic silencing of neoantigen or MHC-I
expression, and inactivating mutations in the IFNvy signaling pathway (4-6). Although
MICA/B proteins have a similar overall structure to MHC-I proteins, they do not assemble
with B2-microglobulin (24). Also, transcription of the M/CA/B genes is induced by DNA
damage and cellular stress rather than by IFN+y (13). Therefore, inactivating mutations in the
MHC-1 and IFNy pathway do not abrogate MICA/B expression.

It is well known that loss of MHC-1 expression removes an important inhibitory signal for
NK cells, but sufficient activating signals are required for induction of NK cell-mediated
tumor immunity (12). We showed that metastases with inactivating mutations in the MHC-1
(B2M mutation) or IFNvy signaling (JAKZ mutation) pathways can be treated with a
MICA/B a3 domain-specific antibody. This antibody inhibited proteolytic shedding of
MICA/B, a common evasion mechanism from NKG2D receptor-mediated immunity in
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human cancers. We previously showed that treatment with this mAb induces activation of
both NKG2D (increased density of MICA/B ligand) and CD16a (Fc region of mAb)
receptors on NK cells and that tumor immunity elicited by this mAb is NK cell-dependent
(23). The NKG2D receptor is also expressed by human CD8" T cells, y6 T cells, and ILCs
(14,42,43,44). MICA/B mADb treatment therefore also has the potential to enhance T cell-
mediated tumor immunity via the NKG2D receptor expressed by CD8" T cells, although
this hypothesis will need to be further investigated. Shedding of some NKG2D ligands does
not result in immune escape. For example, the shedding of MULT-1, a murine NKG2D
ligand, promotes the NK cell-mediated immunity (45). How shedding of NKG2D ligands
other than MICA/B potentially affects NKG2D-mediated immunity in the context of
MICA/B mAb treatment remains to be investigated.

Many therapeutic approaches used in oncology enhance expression of MICA/B proteins by
tumor cells. However, proteolytic shedding of MICA/B proteins by tumor cells limits the
effect of such drugs on NKG2D receptor activation. We showed that the combination of
panobinostat and a MICA/B a3 domain antibody increased MICA/B surface protein
expression on tumor cells /n vivo and enhanced NK cell-mediated immunity against
melanoma metastases. The HDAC inhibitor may also induce expression of NKG2D ligands
in healthy tissues, but this aspect could not be evaluated in our study because mice do not
have MICA/B genes. We acknowledge that this humanized model has significant limitations,
especially with respect to limited survival of transferred human NK cells due to lack of
homeostatic cytokine signaling. A similar conceptual approach could be used to develop
combination therapies with other FDA-approved drugs. Also, it is known that the DNA
damage response induced by radiation therapy enhances MICA/B transcription (46). A
combination of local radiotherapy and systemic immunotherapy with a MICA/B mAb could
be used to limit immune-related adverse events observed with combinations involving two
systemic immunotherapy agents (such as PD-1 and CTLA-4 mAbs). A clinical trial has
already shown that radiation therapy in combination with CTLA-4 blockade can induce
abscopal effects (47).

In summary, we showed that metastases with mutations that cause resistance to cytotoxic T
cells can be targeted by NK cells when MICA/B shedding is inhibited with a mAb. Two
conceptual approaches could be envisioned for eliciting NK cell-mediated tumor immunity
with such an antibody. First, a MICA/B a3 domain-specific mAb could be used to treat
tumors resistant to checkpoint blockade due to inactivating mutations in the MHC-1 or IFNy
signaling pathways. Second, simultaneous administration of an anti-MICA/B and anti—-PD-1
could activate both NK cells and CD8* T cells, thereby preventing the outgrowth of tumor
clones resistant to cytotoxic T cells. Induction of NK cell-mediated immunity may thus
provide a strategy to treat tumors with escape mutations from T cell-mediated cytotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inactivation of the B2M gene enhances NK cell-mediated killing of human melanoma
cells in the presence of a MICA/B mAb.

(A) Validation of efficiency of B2ZM gene inactivation. Control or B2ZM-KO human A375
melanoma cells were treated with IFNvy for 24 hours and surface expression of HLA-A/B/C
was quantified by flow cytometry. MFI = Mean Fluorescence Intensity. (B-D) Control or
B2M-KO A375 cells were cultured for 24 hours with MICA/B (7C6-hlgG1) or isotype
control antibodies at the indicated concentrations. (B) Quantification of shed MICA released
by melanoma cells by sandwich ELISA. (C) MICA/B surface protein on control and B2M-
KO melanoma cells was quantified by flow cytometry using PE-conjugated MICA/B mAb
6D4 or an isotype control mAb. (D) Histograms representative of the experiment shown in
(C). (E) Effect of human NK cells on A375 cells dependent on MHC-I expression and
MICA/B mADb treatment. GFP* A375 cells (control or B2M-KO) were plated at a density of
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5x10°2 cells per well in a 96-well plate and pre-treated with 7C6-hlgG1 or isotype control
mAbs (20 pug/mL) for 24 hours prior to addition of purified human NK cells at different
effector to target ratios (0:1, 0.5:1 or 1:1). IL-2 (300 U/mL) was added to support NK-cell
survival. The number of GFP* A375 cells was quantified by imaging cytometry using a
Nexcelom Celigo instrument at multiple timepoints over a 72-hour period. Data
representative of three independent experiments (A-E). Statistical analyses were performed
by two-way ANOVA with Bonferroni’s multiple comparison test (E). Error bars represent
standard error (SEM) (A-C and E). *p<0.05, ***p<0.001.
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Figure 2. MICA/B mAb treatment induces immunity against melanoma metastases with
inactivating mutations in B2m and Jak1 genes.

(A) B16F10-MICA cells (control, BZ2m-KO, or Jak1-KO) were treated for 24 hours with
IFNy (10 ng/mL) or solvent control (PBS), and subsequently surface level of H-2KP was
analyzed by flow cytometry. (B) MICA/B mAb treatment effects on established metastases
with inactivating mutations in B2m or Jak1 genes. B16F10-MICA cells (7x10° control,
B2m-KO or JakI-KO tumor cells) were injected i.v. into B cell-deficient (/g/n-) mice. On
day 7, a subset of mice was euthanized for quantification of metastases, while the remaining
mice were treated with 7C6-mIgG2a or control mAbs (200 ug i.p. on days 7, 8, and 12). On
day 14, lung surface metastases were counted under a stereomicroscope. Each dot represents
one mouse and error bars indicate standard deviation (SD). (C) Impact of MICA/B mAb
treatment on survival of mice with B2m or Jak1 deficient melanoma metastases. WT mice
(lghm*™*) were inoculated i.v. with 2 x 105 control, B2m-KO, or JakI-KO B16F10-MICA
cells. Mice received 7C6-mIgG2a or isotype control mAbs on days 1 and 2, and mouse
survival was recorded. The number of mice per group is as follows: Control (n=10), B2m-
KO (n=20), and JakI-KO (n=20). Data representative of three independent experiments (A)
or pooled from three (B) or two (C) independent experiments. Statistical analyses were
performed by two-tailed unpaired Student’s t-tests (B), and Log-rank (Mantel-Cox) test (C).
*p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Classical MHC-1 molecules expressed by lung cancer cells inhibit NK cells and reduce
the efficacy of MICA/B antibody treatment.

(A) Expression of MHC-I by LLC1-MICA cells. Control or B2mKO LLC1-MICA cells
were either stimulated with IFN-y (10 ng/mL) or solvent control (PBS) for 24 hours. Surface
H-2KP protein was quantified by flow cytometry. (B) MICA/B mAb treatment of lung
metastases formed by LLC1 lung cancer cells. WT C57BL6/J mice were inoculated i.v. with
1x108 (1M) or 1.5x10% (1.5M) LLC1-MICA tumor cells (control or B2m-KO). On day 2
following tumor cell inoculation, mice were treated with indicated mAb (200 ug i.p.);
additional treatments were given on day 3 and then once per week. Lung metastases were
counted on day 14. (C) MICA/B mAb treatment of LLC1-MICA metastases in mice
reconstituted with allogeneic or syngeneic NK cells. Rag2~1/2rg~'~ double-knockout mice
were injected with NK cells (2x10° cells) from CB6F1/J mice or C56BL/6 mice, which
were allogeneic or syngeneic to LLC1 cells, respectively. A third group of Rag2~112rg™~
mice did not receive NK cells. LLC1-MICA tumor cells (7x10°) were injected i.v. 24 hours
following NK-cell transfer. On days 2, 3, and then once per week following tumor cell
inoculation, mice were treated with the indicated antibodies (200 pg). Metastases were
counted on day 14. Data representative of three independent experiments (A) or pooled from
three (B) or two (C) independent experiments. Statistical analyses were performed by two-
tailed unpaired Student’s t-test (B - C). *p<0.05, **p<0.01, ***p<0.001. Each dot represents
one mouse, and SD is shown (B-C).
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Figure 4. NK cells are essential for treatment of B2m- and Jak1-deficient melanoma metastases

with a MICA/B antibody.

(A) Wild-type (WT) C57BL/6 mice were inoculated i.v. with 7x10° B16F10-MICA cells
(control, BZm-KO, or JakI-KO). Mice were treated with 7C6-mlgG2a or isotype control
mAbs (200 pg) one day later, as well as on days 2 and 7. CD8* T-cell depletion was
performed by injection of anti-CD8, whereas NK-cell depletion was performed by
injection of 100pg of anti-asialo GM1 (anti-asGM1) or anti-NK1.1 on days -1, 0, and 7 after
tumor cell inoculation. Control mice received an isotype control antibody. Lung surface
metastases were quantified on day 14 following tumor inoculation. (B) Analysis of NK-cell
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infiltration into lung tissue. Tumor injection and mAb treatment were done as described in
(A), with tumor cells that expressed ZsGreen to enable their identification by flow
cytometry. On day 12 following tumor cell inoculation, mice were injected i.v. with APC-
conjugated anti-CD45.2 to distinguish blood and tissue-infiltrating NK cells, as reported
previously (23). Lung-infiltrating NK cells were identified as CD3e"TCRB"NK1.1*CD49b
*EOMES viable cells with low staining for CD45.2-APC (injected i.v.) but high staining
for CD45.2-PE-CY7 (added to cell suspension). The ratio of NK cells to ZsGreen* B16F10-
MICA cells is shown. (C) Numbers of ZsGreen* B16F10-MICA cells and (D) lung-
infiltrating NK cells for the indicated genotypes and treatment groups for the experiment
described in (B). EOMES labeling was used to differentiate NK cells from ILC1 cells. Data
pooled from two independent experiments (A-D). Statistical analyses were performed using
two-way ANOVA with Bonferroni’s posthoc test (A) or two-tailed unpaired Student’s t-test
(B-D), *p<0.05, **p,0.01, ***p<0.001. SD (A-B) and SEM (C-D) are shown.
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Figure 5. The combination of the HDAC inhibitor panobinostat and a MICA/B mAb enhances
surface expression of MICA/B on tumor cells.

(A) NKG2D ligand mRNA expression following treatment with panobinostat. A375 cells
were treated for 24 hours with panobinostat (50 nM), and mRNA was extracted for bulk
RNA-seg. mRNA expression for NKG2D ligand and MHC class | genes are shown as ratio
(log2 fold-change) for the panobinostat and PBS groups. (B) A375 cells were treated for 24
hours with panobinostat (50 nM) or solvent control (PBS), and the expression of the
indicated genes was analyzed by RT-qPCR (triplicates per condition). *p<0.05, **p<0.01,
and ***p<0.001, statistical analysis was performed using two-tailed unpaired Student’s t-
test with Welch’s correction. Error bars represent standard deviation of three technical
replicates. (C) MICA/B surface protein levels following treatment with panobinostat plus
MICA/B mAb. A375 cells were incubated with the indicated mAbs (20 pg/mL) and
increasing concentrations of panobinostat for 24 hours. MICA/B surface expression (left)
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and A375 cell viability (right) were quantified by flow cytometry. MICA that was shed into
the supernatant was quantified by sandwich ELISA (middle). (D) Representative histograms
of the data shown in (C). (E) Treatment of short-term human melanoma cell lines with the
combination of panobinostat plus MICA/B mAb. The indicated melanoma cell lines were
treated /n vitro with the indicated mAbs (20 pg/mL) plus increasing concentrations of
panobinostat for 24 hours. MICA/B surface expression was quantified by flow cytometry.
Cell lines had different basal and induced expression of MICA/B and were ordered from low
to high MICA/B expression. Data representative of three independent experiments (B-C and
E). SEM are shown (C and E).
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Figure 6. Combination therapy with HDAC inhibitor and MICA/B antibody inhibits growth of

metastases in NSG mice reconstituted with human NK cells.

(A) /n vivo effects of panobinostat plus MICA/B mADb treatment on MICA/B surface protein
in metastases formed by human melanoma cells. NSG mice were inoculated i.v. with 1x108
ZsGreen* A375 cells. Two weeks later, mice were treated on two subsequent days with the
indicated mAbs (200 pg) +/- panobinostat (10 mg/kg). 24 hours following the last treatment,
MICA/B surface expression was analyzed on tumor cells in lung metastases (large, viable,
ZsGreen*CD45™ cells). (B-C) NSG mice were reconstituted with purified human NK cells
(2x10% i.v.) expanded /n vitro for 1-3 weeks. /n vivo survival of NK cells was supported by
simultaneous administration of 1L2 (7.5x 10* units) via intraperitoneal injection. On day 1,
mice were inoculated i.v. with control or B2M-KO A375 cells (5x10°). On days 2 and 3,
mice received another dose of I1L-2, the indicated mAbs (200 pg) +/- panobinostat (10 mg/
kg); on day 3 an additional dose of NK cells was also administered. On day 14, the number
of lung surface metastases was counted. (B) Illustration of experimental design and (C)
quantification of lung surface metastases. Data pooled from two independent experiments (A
and C). Statistical analyses were performed by two-tailed unpaired Student’s t-test (A) and
two-way ANOVA, Bonferroni’s post-hoc test (C), *p<0.05, **p<0.01, ***p<0.001. Error

bars represent SD (A and C).

Cancer Immunol Res. Author manuscript; available in PMC 2020 December 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell lines
	Western blotting
	MICA/B shedding assays
	Mice
	Isolation of human and murine NK cells
	NK cell–mediated killing assays
	CD8+ T-cell cytotoxicity assay
	Bulk RNA-seq analysis of human A375 melanoma cells
	Real-time quantitative PCR (qPCR)
	Metastasis models in immunocompetent mice
	Characterization of murine NK cells in the B16F10-MICA metastasis model
	Humanized mouse model
	Characterization of human NK cells in tumor-free NSG mice
	Statistical analyses

	RESULTS
	NK cell–mediated killing of human B2M-deficient melanoma cells is enhanced by MICA mAb
	MICA/B antibody induces immunity against metastases resistant to cytotoxic T cells
	Essential role of NK cells for efficacy of the MICA/B antibody
	Combination therapy that enhances MICA/B protein levels on surface of tumors
	Efficacy of MICA/B mAb and panobinostat combination therapy in a humanized mouse model

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

