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ABSTRACT

Background Type | interferons (IFN-Is), secreted by
hematopoietic cells, drive immune surveillance of solid
tumors. However, the mechanisms of suppression of IFN-
I-driven immune responses in hematopoietic malignancies
including B-cell acute lymphoblastic leukemia (B-ALL) are
unknown.

Methods Using high-dimensional cytometry, we delineate
the defects in IFN-I production and IFN-I-driven immune
responses in high-grade primary human and mouse B-
ALLs. We develop natural killer (NK) cells as therapies to
counter the intrinsic suppression of IFN-I production in
B-ALL.

Results We find that high expression of IFN-I signaling
genes predicts favorable clinical outcome in patients with
B-ALL, underscoring the importance of the IFN-I pathway
in this malignancy. We show that human and mouse B-ALL
microenvironments harbor an intrinsic defect in paracrine
(plasmacytoid dendritic cell) and/or autocrine (B-cell)

IFN-I production and IFN-I-driven immune responses.
Reduced IFN-I production is sufficient for suppressing the
immune system and promoting leukemia development in
mice prone to MYC-driven B-ALL. Among anti-leukemia
immune subsets, suppression of IFN-I production most
markedly lowers the transcription of IL-15 and reduces
NK-cell number and effector maturation in B-ALL
microenvironments. Adoptive transfer of healthy NK

cells significantly prolongs survival of overt ALL-bearing
transgenic mice. Administration of IFN-Is to B-ALL-prone
mice reduces leukemia progression and increases the
frequencies of total NK and NK-cell effectors in circulation.
Ex vivo treatment of malignant and non-malignant
immune cells in primary mouse B-ALL microenvironments
with IFN-Is fully restores proximal IFN-I signaling and
partially restores IL-15 production. In B-ALL patients, the
suppression of IL-15 is the most severe in difficult-to-treat
subtypes with MYC overexpression. MYC overexpression
promotes sensitivity of B-ALL to NK cell-mediated killing.

1,10

WHAT IS ALREADY KNOWN ON THIS TOPIC

= NK cells engineered to secrete IL-15 were found to
be efficacious in clinical trials of patients with non-
acute lymphoblastic leukemia (ALL) hematopoietic
malignancies. However, their therapeutic potential in
patients with B-ALL and the mechanisms underlying
their efficacy in ALL were unknown.

WHAT THIS STUDY ADDS

= We find that intrinsic blockade in type | interferon
(IFN-l) production suppresses IL-15 expression
and IL-15-induced NK surveillance in high-grade
B-ALLs that overexpress the c-MYC oncoprotein.
Importantly, MYC overexpression makes B-ALL cells
sensitive to eradication by IL-15-producing NK cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study rationalizes the extensive preclinical
and clinical development of IL-15-secreting NK
cell-based therapies for poor prognosis B-ALL sub-
types that overexpress the difficult-to-drug MYC
oncoprotein.

To counter the suppressed IFN-I-induced IL-15 production
in MYC"®" human B-ALL, we CRISPRa-engineered a novel
human NK-cell line that secretes IL-15. CRISPRa IL-15-
secreting human NK cells Kill high-grade human B-ALL
in vitro and block leukemia progression in vivo more
effectively than NK cells that do not produce IL-15.
Conclusion We find that restoration of the intrinsically
suppressed IFN-I production in B-ALL underlies the
therapeutic efficacy of IL-15-producing NK cells and that
such NK cells represent an attractive therapeutic solution
for the problem of drugging MYC in high-grade B-ALL.
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INTRODUCTION

B-cell acute lymphoblastic leukemia (B-ALL) is an aggres-
sive form of childhood and adult lymphoid malignancy.'
With recent advances in targeted and cellular immuno-
therapies,2 $90% of childhood B-ALL is curable. However,
only 30%-40% of adults with B-ALL are cured.' Specific
pediatric and adult B-ALL subgroups including those
with KMT2A or MYC/BCL2rearrangements and hypodip-
loidy are challenging to treat.* Firstline chemotherapy,
although effective in Kkilling B-ALL cells, is toxic and
worsens immunosuppression in many patients.” There-
fore, targeted strategies that concurrently kill leukemia
cells while reversing immunosuppression in B-ALL
patients must be developed. To this end, we must delin-
eate the mechanisms dampening the anti-leukemia host
immune responses in B-ALL.

Among immunosuppression pathways, we focus on the
inactivation of IFN-I signaling and responses. The IFN-I
pathway is one of the first lines of anticancer immune
defenses, as exemplified in solid tumor models where
genetic ablation of IFN-I receptor drives immunoediting
and tumorigenesis.” However, the biology and importance
of IFN-I pathway in hematopoietic cancers including
B-ALL is less understood.

Expression of IFN-I-stimulated genes (ISGs) was found
to be differentially regulated across specific B-ALL
subgroups.7 We and others found that targeted inactiva-
tion of driver oncogenes including MYC and treatment
with epigenetic therapies induce autocrine production of
IFN-Is from malignant B cells in vitro.®? However, these
studies did not determine if expression of IFN-I signaling
and ISGs are predictive of clinical outcome in B-ALL
patients, the extent to which autocrine (B-cell) and para-
crine (non-B-cell) IFN-I production, signaling, and/or
responses are suppressed in B-ALL compared with their
healthy counterparts, and whether such suppression
could be reversed with IFN-I treatment.

Surprisingly, IFN-Is have not been used as single agent
therapies for acute leukemia. IFN-Is were combined with
bone marrow (BM) transplantation to prolong remis-
sion in patients with B-ALL." Recently, IFN-Is were
found to enhance relapse-free survival (RFS) in acute
myeloid leukemia (AML) patients who underwent allo-
geneic BM transplantation."' We hypothesized that the
poor efficacy of IFN-Is as a single agent therapy for acute
leukemia results from reduction in IFN-I response from
anti-leukemia immune subsets such as natural killer (NK)
cells.'”” We further postulated that the absence of IFN-I
responding anti-leukemia immune cells in B-ALL is initi-
ated by an intrinsic block in IFN-I production and/or
response during primary leukemogenesis.

Here, we show that high expression of IFN-I response
genes predicts favorable clinical prognosis in B-ALL
patients. Using diagnosis samples from B-ALL patients and
an aggressive MYC-driven B-ALL-prone transgenic mouse
model with germline ablation of IFN-I signaling, we deter-
mine the mechanism(s) of suppression of IFN-I signaling
during primary leukemogenesis and the consequences of

this suppression on anti-leukemia immune surveillance.
We observe that B-ALLs exhibit suppressed production
of autocrine (B cell-derived) and paracrine (plasmacy-
toid dendritic cell (pDCs)-derived) IFN-Is. This intrinsic
suppression in IFN-I production is sufficient for overt
leukemogenesis. Among anti-leukemic immune subsets,
NK cells are the most sensitive to suppression of IFN-I
production in B-ALL due to the reduced production of
the IFN-I-stimulated cytokine, interleukin (IL)-15, that is,
produced by conventional DCs (cDCs) and is indispens-
able for NK-cell homeostasis.'>'* Suppression of IL-15 was
more severe in B-ALL patients who expressed high levels
of MYC."?

Translating our observations, we modified our novel
CRISPRa-based NK-cell platforms'® to engineer soluble
IL-15-producing NK cells that kill B-lymphoblasts and can
potentially persist in B-ALL microenvironments devoid
of IL-15 and IFN-Is. We find IL-15-producing allogeneic
NK cells to be an effective approach to reverse the detri-
mental effects of natural suppression of IFN-I production
in certain high-risk B-ALLs.

METHODS

Patient samples

Deidentifiedhi diagnosis B-ALL patient BM mononuclear
cells (BMMCs) and peripheral blood mononuclear cells
(PBMCs) were obtained from the City of Hope Hema-
topoietic Tissue Biorepository and University of Penn-
sylvania Stem Cell and Xenograft Core after informed
consent per Institutional Review Board policies. Age-
matched healthy BMMCs were purchased from AllCells
(Alameda, California, USA) and Stem Cell Technologies
(Vancouver, Canada). Age-matched healthy PBMCs were
isolated from bufty coats procured from the City of Hope
Michael Amini Transfusion Medicine Center. Patient
samples analyzed include a new cohort in online supple-
mental table S1 and a cohort reported in our recent
publication.'

Cell lines and cell culture

Mycoplasma-negative human cell lines (NK-92, K562,
SEM, KOPNS, P493-6, VAL, and MHH-CALL4) were
obtained from American Type Culture Collection or
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen and cultured in Roswell Park Memorial Institute
(RPMI)-1640 with 10% fetal bovine serum (FBS), 100U/
mL penicillin, and 100 pg/mL streptomycin (complete
RPMI, Invitrogen/Life technologies). NK-92 cells were
cultured in the presence of recombinant human IL-2
(100U/mL, R & D Systems). In P493-6 cells, MYC expres-
sion is tetracycline-regulated'” and MYC was inactivated
by treating cells with 0.2pg/mL doxycycline for 24 hours.

Mouse strains

To generate FEu-Myc (hemizygous)/ IFNARI”~ mice,
Ep-Myc males were crossed with [FNARI”~ females, and
F1 progeny Eu-Myc/IFNARI™ males were backcrossed
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with IFNARI”/~ females. Transnetyx conducted geno-
typing. Ep-Myc and Ep-Myc/ IFNARI”™ mice were moni-
tored for visible symptoms of B-ALL including hunched
posture, shortness of breath, visible lumps, and ruffled
fur. Spleen and BM cells were harvested from euthanized
B-ALL mice and cryopreserved in FBS containing 10%
dimethyl sulfoxide and stored in liquid nitrogen.

Cytometry

For flow cytometry surface staining, cells were thawed in
complete RPMI and stained with fluorochrome-tagged
surface antibodies and Ghost Dye UV 450 for 30 min on
ice, followed by acquisition on a BD FACSymphony cytom-
eter. For IFNo2b detection, cells were rested in complete
RPMI for 3hours at 37°C and treated with 3pM class C
CpG oligodeoxynucleotides (CpG ODN) for 2hours at
37°C. After adding eBioscience Protein Transport Inhib-
itor Cocktail (1X) for 3hours, cells were incubated over-
nightin 100 pL./mL of 20mM EDTA at 4°C. The next day,
cells were washed, surface stained, fixed and permeabi-
lized using BD fix/perm buffer kit and incubated with
IFNo2b antibody for 1hour at room temperature (RT).
To stain pSTAT1, cells were incubated at 37°C for 30 min,
stimulated with IFN for 15 min, and fixed with 1% para-
formaldehyde (Biolegend). Cells were permeabilized
with 0.5X Perm Buffer IV (BD Biosciences), washed,
and stained with anti-pSTAT1 antibody for 1 hour at RT.
Data were acquired on BD FACSymphony cytometer and
analyzed using FlowJo V.10.7.1.

Mass cytometry was carried out as before.”” ' Thawed
samples, splitinto ‘unstimulated’ and ‘stimulated’ conditions,
were rested overnight. ‘Stimulated’ cells were incubated
with Phorbol 12-myristate 13-acetate (PMA)/Ionomycin for
4hours. During incubation, brefeldin A and monensin (Milli-
poreSigma) were added in both conditions. After incubation,
2mM EDTA was added for 15min. Washed cells were stained
for surface proteins and intracellular cytokines, followed
by DNA staining with Cell-ID IntercalatorIr (Standard
BioTools). Data were normalized using MATLAB (https://
github.com/nolanlab/bead-normalization/releases) and
analyzed using Cytobank (Beckman Coulter,'). Online
supplemental tables S2 and S3 contain cytometry antibodies.

Adoptive transfer of NK cells into B-ALL-bearing mice
Syngeneic NK cells were isolated from healthy UBC-
GFP mice using Miltenyi Biotec mouse NK-cell isolation
kit per manufacturer’s instructions. On onset of visible
signs of B-ALL, 7x10°NK cells or PBS was intravenously
injected into Eu-Myc mice and leukemia-free survival was
measured.

NK-cell proliferation and cytotoxicity

CRISPRa-engineered NK-92 cells were generated as
described previously.16 To measure NK-cell proliferation,
control-single guide RNA and IL-15-single guide RNA
(sgRNA) transduced NK-92 cells were cultured in tripli-
cates without (100,000 cells/well) or with 100U /mL IL-2
(50,000 cells/well) in complete RPMI-1640 media in a flat

bottom 96-well-plate for 96 hours. After excluding dead
cells using trypan blue, live cells were counted using a
hemocytometer.

To measure NK cytotoxicity, targets were labeled with
2.5pM carboxyfluorescein succinimidyl ester—violet dye
and cocultured with either CRISPRa control-sgRNA
or IL-15-sgRNA transduced NK-92 cells at an effector-
to-target ratio of 10:1 in complete RPMI. After 5hours,
cells were stained with 7-aminoactinomycin D (7-AAD).
Cytotoxicity was measured on BD FACSymphony flow
cytometer and analyzed using FlowJo V.10.7.1. Specific
cytotoxicity = ((7-AAD"target cell frequency in coculture
with effector cells-7-AAD" target cell frequency alone)/
(100-7-AAD" target cell frequency alone))x100.

ELISA

1x10° control-sgRNA and IL-15-sgRNA transduced NK-92
cells were stimulated with PMA (bng/mL) and iono-
mycin (0.5pg/mL) for 24hours at 37°C. IL-15 level was
measured in culture supernatant using high-sensitivity
human IL-15 ELISA kit (#41702) from PBL Assay Science
as per manufacturer’s instructions.

Ex vivo treatment of mouse splenocytes with IFN-Is
2x10°/mL splenocytes were treated for Shours with
10,000IU/mL IFNB (R&D Systems) in complete RPMI,
washed, followed by downstream analysis.

Administration of IFNf to B-ALL-prone mice

Tail vein peripheral blood of Eu-MYC B-ALL-prone mice
aged ~7-20weeks was drawn to measure frequencies of
immune cells before administration of IFN. Mice were
then treated intraperitoneally with 50,000IU/100pL of
IFNB or 100 pL PBS for 9days. On day 9, mice were euth-
anized and circulating immune cells were collected by
cardiac puncture for flow cytometry.

Lentivirus production and transduction

Firefly luciferase lentivirus was produced from Lenti-X 293T
human embryonic kidney cells (Takara Bio) by transfecting
with plasmids containing luciferase (pLenti CMV Puro LUC,
wl68-1; Addgene), packaging (psPAX2; Addgene), and
envelope (pMD.2G; Addgene) genes using lipofectamine
2000 (Invitrogen) in serum free media for 3hours. Cells
were supplemented with addition of high glucose complete
Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen)
media containing 100IU/mL penicillin, 100pg/mL strep-
tomycin, 10% FBS, 25mM HEPES (4-(2-hydroxyethyl)-1-p
iperazineethanesulfonic acid), pH 7.2, 1mM sodium pyru-
vate and 0.1 mM nonessential amino acids. Next day, media
was removed, and cells were incubated in complete DMEM
containing 20mM sodium butyrate (Alfa Aesar) for 5hours.
After 5hours of incubation, media was changed back to
complete DMEM without sodium butyrate. Next day, viral
culture supernatant was collected, passed through a 0.45pm
filter, and concentrated with Lenti-X Concentrator (Takara
Bio) per manufacturer’s instructions. Concentrated lentivirus
was resuspended in 1 mL complete RPMI media. A 500 pL of
concentrated virus was mixed with 500 pL. of complete RPMI
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media containing 2x10°P493-6 cells and 8pg/mL polybrene
(Millipore Sigma). After 48hours, cells were washed, cult-
vated, and selected in puromycin (1pg/mL)-containing
complete RPML

B-ALL cell line-derived xenograft mouse model to test the
efficacy of CRISPRa-IL-15-producing human NK cells
1x10°P493-6 cells were luciferase-labeled and injected
intravenously into 4-6weeks NOD—SCIDIL—ZR)/*/ ~ (NSG)
mice. Engraftment of P493-6 cells was confirmed by biolu-
minescence imaging (BLI) using Lago-X (spectral instru-
ments imaging). D-luciferin monosodium salt dissolved
in PBS was injected intraperitoneally at 2.5 mg/mouse 12
min before BLI. Mice were kept under general anesthesia
(3%-b% isoflurane) during BLI. After verifying B-ALL
engraftment on day 9, mice were intravenously injected
with either CRISPRa control or IL-15-producing NK-92
cells (7x10°NK cells per mouse). BLI was performed
twice a week to measure disease progression.

Immunoblotting

Cells were lysed in RIPA buffer (Sigma) supplemented with
1% protease inhibitor ‘cocktail’ (Pierce). Proteins were then
separated by electrophoresis through 4%-20% TGX gradient
gels (BioRad) and were transferred to polyvinylidene fluo-
ride membranes (Immobilion; Millipore). For the detection
of human proteins by immunoblot analysis, we used primary
antibodies listed in online supplemental table S5 and western
enhanced chemiluminescence (BioRad). Blots were devel-
oped in ChemiDoc MP imaging system (BioRad).

Quantitative real-time PCR (qPCR)

RNA was extracted using NucleoSpin RNA Plus kit
*(MACHERY-NAGEL) per manufacturer’s instructions.
c¢DNA was synthesized using SuperScript IV Reverse Tran-
scriptase (Invitrogen). qPCR was conducted using Power
SYBR Green PCR master mix (ThermoFisher Scientific) and
QuantStudio V.7 flex real-time PCR system (Applied Biosys-
tems). Online supplemental table S4 lists qPCR primers.

Statistics

Statistical tests are two tailed. Exact p values are provided
if significant (p<0.05) or trending toward significance
(0.05<p<0.1). Mann-Whitney U test was used for pairwise
comparisons between mouse cohorts. Kaplan-Meier survival
p values were calculated using logrank test. Sample size
was calculated using ‘cpower’ function in R package. Each
biological qPCR sample was run in three technical repli-
cates. Cell-line experiments were repeated three times for
reproducibility.

RESULTS

Intrinsic suppression of IFN-I production and response in
B-ALL predicts poor clinical outcome

We hypothesized that expression of IFN-I signaling
and response genes, being a measure of anti-leukemia
immune surveillance, can predict clinical outcome in
patients with B-ALL. To determine the importance of

IFN-I signaling in B-ALL, we compared RFS probabili-
ties of 207 children with high-risk B-ALL from the Chil-
dren’s Oncology Group P9906 clinical trial*® *' divided
into two groups based on their median expression of
IFN-I signaling and response genes IFNARI, IFNAR2,
STAT1, MX1, and OASI at diagnosis. Patients with higher
than median expression of all IFN-I signaling/response
genes (n=15) had significantly longer RFS probabilities
as compared with their IFN-I response®" counterparts
(n=14) (figure 1A). Patients with high IFN-I response
were ~3 times less likely (13%) to have white blood cell
(WBC) counts of > 100,000/pL that often correlate with
poor clinical prognosis, compared with their low IFN-I
response counterparts (43%) (figure 1B). Compared with
better prognosis IFN-I responsehigh counterparts, poor
prognosis IFN-I response'™ B-ALL patients had reduced
expressions of interferon regulatory factor 7 (IRF7), the
gene indispensable for IFN-I production® and CD123,
a marker highly expressed by IFN-I producing immune
cells* ** (figure 1C). Consistent with the above, patients
with high concomitant expression of IFN-I response
genes, IRF7, and CD123 (n=13) fared better and were
more likely to have WBC counts of < 100,000/pL at diag-
nosis compared with patients with low expression of IFN-I
signaling genes, IRF-7, and CD123 (n=9) (online supple-
mental figure S1).

The above findings suggested that B-ALL may be asso-
ciated with an intrinsic defect in IFN-I production and
consequently, in IFN-I mediated responses. Therefore, we
compared the proportion of IFN-I (IFNo2b)-producing
cells in ODN-stimulated tissue-matched and age- matched
samples from healthy donors and B-ALL patients (online
supplemental table SI) using high-dimensional flow
cytometry (online supplemental figure S2A,B). We
observed significant reductions in total IFN-I" cells in
BMMCs and PBMCs of B-ALL patients (figure 1D,E).
Hence, the ALL microenvironment has suppressed IFN-I
production.

We determined which IFN-I-producing immune
subset(s) are suppressed in B-ALL. First, we measured
IFN-I-producing cells in B-ALL PBMC samples, all of
which had CD19" leukemia, allowing distinction of
leukemic and anti-leukemic immune fractions. Frequen-
cies of IFNo2b" and total pDCs, the ‘professional’ and
highest IFN-I producer, were reduced within the non-
leukemic immune fraction in stimulated B-ALL compared
with healthy PBMC (figure 1F,G). Reduction in pDGCs
was compensated by an increase in the CD123'"CD11c
fraction (figure 1G). Residual pDCs in B-ALL patients
expressed increased CXCR4 (figure 1H), a marker that
correlates inversely with pDC’s IFN-I production poten-
tial.* Next, we measured frequencies of total pDCs and
IFNo2b" within non-leukemic fraction only in CD19" BM
B-ALLs and found it to be significantly reduced compared
with healthy donors (online supplemental figure S3A,B).
Cytometry was not sensitive to detect IFN-I in stimulated B
cells. We infer that the B-ALL microenvironment harbors
an intrinsic defect in IFN-I production.
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Figure 1 Intrinsic suppression of IFN-I production and response in B-ALL predicts poor clinical outcome.

(A)Comparison of relapse-free survival probabilities of COG P9906 B-ALL patients separated into two

groups that is, IFNAR1™M"FNAR2MINSTAT1M9"OAS1H9"MX 1H9" (‘High IFN-I Response’, n=15) and
IFNAR12YIFNAR2“STAT1°YOAS1"MX 1" (‘Low IFN-I Response’ n=14) based on the median transcript expression of
these genes. (B)Stacked bar charts comparing the proportions of COG P9906 B-ALL patients with WBC counts >100,000/
pLor WBC counts <100,000/uL within the ‘High IFN-I Response’ and ‘Low IFN-I Response’ cohorts. (C)Comparison of IRF7
and CD123 transcript levels within the ‘High IFN-I Response’ and ‘Low IFN-I Response’ cohorts. (D-F)Comparison of IFNa2b*
cells in class C CpG ODN-stimulated total BMMCs (D),total PBMCs (E),and within the HLA-DR* non-B, non-monocytes,
non-T, and non-NK immune cell fraction of PBMCs (F)between B-ALL patients (h=7 BMMC, n=10PMBC) and healthy donors
(n=7 BMMC, n=10PMBC) by flow cytometry. (G)Comparison of peripheral blood pDC frequencies within the HLA-DR* non-B,
non-monocytes, non-T, and non-NK immune cell fractions between B-ALL patients (n=10) and healthy donors (n=10) by flow
cytometry. (H{Median fluorescence intensity (MFI) of CXCR4 expression on peripheral blood pDCs of B-ALL patients (n=7)
and healthy donors (n=10) by flow cytometry. (I)MFI of HLA-DR expression on peripheral blood cDC of B-ALL patients (n=10)
and healthy donors (n=10). (J)Analysis of frequencies of CD4* and CD8" T cells within non-leukemic pan T-cell fraction of B-
ALL patients (n=6) and healthy donors (n=10) using mass cytometry. For all flow cytometry experiments, one representative
histogram or dot plot from each group is shown. Survival was calculated by Kaplan-Meier method and p value calculated by
log-rank test. All other comparisons between any two groups were conducted using Mann-Whitney U test. Exact p values are
provided whenever significant. B-ALL, B-cell acute lymphoblastic leukemia; BMMC, bone marrow mononuclear cell; cDC,
conventional dendritic cell; PBMC, peripheral blood mononuclear cell; pDC, plasmacytoid DC; WBC, white blood cell.
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Our recent findings of impaired NK-cell maturation
and cytotoxicity in B-ALL patients,'? provide a biological
foundation for our hypothesis that IFN-I-driven immune
responses are suppressed in B-ALL. Because IFN-Is drive
immune homeostasis, we predicted that reduced IFN-I
production in B-ALL may suppress immune surveillance
beyond NK cells. Therefore, we analyzed phenotypes of
non-NK immune subsets as readouts of dampened IFN-I
production in B-ALL by flow and mass cytometry (online
supplemental figure S4). We found reduced expression of
major histocompatibility class II (MHCII), a downstream
target of IFN-I response,”® in antigen-presenting DCs
(figure 1I) and B cells (online supplemental figure S5) of
B-ALL patients. Significantly reduced frequencies of CD4"
T helper cells within the CD3" T-cell fraction (figure 1J)
lead us to speculate that suppressed IFN-I production
in B-ALL may impair antigen presentation (MHCII)
and subsequent T helper-cell multiplication and anti-
leukemia immune responses.”” ** Overall, IFN-I produc-
tion is impaired in B-ALL patients and such impairment
is associated with suppression of anti-leukemia immune
surveillance and poor prognosis.

Intrinsic suppression of IFN-I production is sufficient to drive
overt B-cell leukemogenesis

In solid tumor mouse models, germline deletion of the
IFN-I receptor, IFNARI, accelerates tumorigenesis.’ *
Whether IFNARI deletion accelerates B-cell leukemogen-
esis and the extent to which intrinsically suppressed IFN-I
production in B-ALL (figure 1) impacts this process is
unknown. To address this, we generated B-ALL-prone
mice lacking both copies of the IFNARI (IFNARI”~/
Eu-MYC). Epy-MYC was chosen because: (1) it models
high-risk B-ALL driven by the ‘difficult-to-drug’” MYC
oncogene,” ' and (2) we showed MYC transcriptionally
represses IFN-I production in malignant B cells in vitro,’
suggesting intrinsic suppression of IFN-I production in
Ep-MYC mice.

Contrary to observations in solid tumors,” germline
deletion of IFNARI did notaccelerate B-ALL development
(figure 2A). We predicted that unaltered latency to overt
leukemogenesis after IFNARI deletion in Eu-MYC mice
may be caused by intrinsic suppression of IFN-I produc-
tion. To test this, after validating the germline ablation
of IFNARI in spleen and BM WBCs by quantitative real
time PCR (qPCR) (figure 2B, online supplemental figure
S6 and S7A), we compared splenic pDC frequencies
and counts in healthy, Eu-MYC, and IFNARI™ “/Eu-MYC
mice. As predicted, pDCs were reduced to the same
extent in B-ALL-bearing mice with or without the IJFNARI
compared with their healthy counterparts (figure 2C).

We compared expression of IFN-I and ISG transcripts in
BM and splenic WBCs of healthy, Eu-MYC, and IFNARI - ~/
Ep-MYC mice. Sufficient splenic cells were available to
measure IFN-Is and ISGs in the leukemic (B-cell) and
non-leukemic (non-B-cell) fractions separately (online
supplemental figure S6). For BM, bulk WBCs were used.
IFN-I transcript expression was reduced to the same

extentin splenic leukemic fraction and total BM WBGs, in
IFNARI"" and IFNARI”~ B-ALL-bearing mice (figure 2D,
online supplemental figure S7B). IFN-I expression in
the non-leukemic splenic fraction containing pDCs was
unaltered, likely because pDCs form a very small propor-
tion of this fraction and other cells in this fraction do
not produce IFN-Is (online supplemental figure S8A).
Expression of IFN-I signaling (STAT1), and response
genes (MX1, OASI) was suppressed independently of the
IFNARI genotype in splenic leukemic and non-leukemic
fractions and BM of B-ALL-bearing mice (figure 2E,F,
online supplemental figure S7C and S8B,C).

To determine whether exogenous IFN-Is can rescue ISG
suppression in B-ALL, we compared the expressions of
STAT1, MX1, and activation/phosphorylation of STAT1
after ex vivo stimulation of primary splenic samples from
healthy and B-ALL-bearing Eu-MYC mice. IFN-I stimula-
tion increased expression and activation of IFN-I pathway
genes to the same extent (or more) in B-ALL spleens
compared with healthy spleens (figure 2G,H). Hence, the
natural defect in IFN-I pathway in B-ALL lies in the first
step, thatis, in IFN-I production and this defect precludes
any downstream suppression of IFN-I responses, such as
ablation of IFNARI.

Reduced IFN-I production in B-ALL is sufficient to suppress
IL-15 and systemically impair NK surveillance
We compared indicators of IFN-I-mediated anti-leukemia
immune surveillance in spleen and BM of healthy,
Ep-MYC and IFNARI”~ Eu-MYC mice by flow cytometry
(online supplemental figure S9). Consistent with the
identical suppression of the IFN-I pathway and latency to
overt leukemia in Eu-MYC and IFNARI”~ Ey-MYC mice
(figure 2), no significant enhancement in suppression
of immune subsets was seen after genetic ablation of the
IFNARI in Eu-MYC mice. For example, B-ALL-bearing
mice with and without /FNARI exhibited similar reduc-
tion in numbers of splenic NK1.1"'NKp46" NK cells, CD3"
pan T cells, CD4" Th cells, CD8" Tc cells as compared
with normal mice (figure 3A, online supplemental figure
S10A). While splenic ¢DC numbers were unaltered
between healthy and B-ALL bearing mice, the frequency
of ¢cDCs expressing MHCII was reduced in B-ALL-bearing
mice with or without /JFNARI (online supplemental figure
S10A,B). In BM, only NK cells were highly sensitive to
the suppressed IFN-I production and were unaffected
by IFNARI deletion. In contrast, T-cell numbers were
reduced in BM of B-ALL-bearing mice only on IFNARI
ablation (figure 3B, online supplemental figure S11).
Because NKcellsare consistentlyreduced independently
of the IFNARI status in two different leukemia microen-
vironments, we focused on IFN-I-driven NK responses.
IFN-Is positively impact NK cell effector maturation both
by directly binding to the IFNAR1/2 on NK cells* *
and indirectly through induction of IL-15 expression in
¢DCs."” Frequencies of the cytotoxic and more mature
CD11b'CD27" effector NK subset were significantly
reduced and those of less cytotoxic, CD11b CD27 and
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Figure 2 Intrinsic suppression of IFN-I production is sufficient to drive overt B-cell leukemogenesis. (A)Comparison of
leukemia-free survival between IFNART** B-ALL-bearing (n=33) and IFNAR1~~ B-ALL-bearing (n=15) Eu-Myc mice. (B)
Quantitation of IFNaR1 and IFNaR2 transcript expression by gPCR in MACS sorted splenic B- and non-B cell fraction of
wildtype (normal, B cell fraction, n=12; non-B cell fraction, n=11), IFNART** Eu-Myc B-ALL-bearing (B cell fraction, n=11; non-B
cell fraction, n=10) and IFNAR1™~ Eu-Myc B-ALL-bearing (B cell fraction, n=6; non-B cell fraction, n=5) mice. (C)Comparison

of splenic pDC numbers and representative flow cytometry plots of normal (n=14), IFNAR1*"* Eu-Myc B-ALL-bearing (n=12)
and IFNAR1™~ Eu-Myc B-ALL-bearing (n=10) mice. (D-F)Quantitation of transcripts of IFNB1, IFNa1 and IFNo2 in splenic B
cells (D),and STAT1 and MX1 in splenic B- and non-B cell fractions (E, F)by gPCR. (G)Fold change in induction of STAT1 and
MX1 transcripts after IFNf stimulation in splenic WBCs of normal (n=9) and IFNART*"* Eu-Myc B-ALL-bearing (n=10) mice.
(H)Histogram overlays and scatter plot showing the MFI and fold increase in MFI after IFNB stimulation in splenic WBC from
normal (n=5) and IFNAR1** Eu-Myc B-ALL-bearing mice (n=5). Ubiquitin (UB) was used as housekeeping gene in gPCR. For all
flow cytometry experiments, one representative dot plot from each group is shown. Survival was calculated by Kaplan-Meier
method and p value calculated by log-rank test. All other comparisons between any two groups were conducted using Mann-
Whitney U test. Exact p values are provided whenever significant (<0.05) or trending to significance (0.05<p<0.1). B-ALL, B-cell
acute lymphoblastic leukemia; MFI, median fluorescence intensity; pDC, plasmacytoid dendritic cell; WBCs, white blood cells.
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Figure 3 Reduced IFN-I production in B-ALL is sufficient to suppress IL-15 and systemically impair NK surveillance. (A, B)
Comparison of NK cell counts and representative plots of NK frequencies within the non-B, non-T and Gr1 negative cell
fractions of the spleen (A)and bone marrow (B)of normal (spleen, n=14; bone marrow, n=12), IFNAR1** Eu-Myc B-ALL-
bearing (spleen, n=12; bone marrow, n=8) and IFNAR1~~ Eu-Myc B-ALL-bearing (spleen, n=10; bone marrow, n=8) mice. (C,
D)Comparison of frequencies of NK subsets within the four-stage NK-cell effector maturation pathway in spleen (C)and bone
marrow (D)of normal (spleen, n=14; bone marrow, n=12), IFNAR1** Eu-Myc B-ALL-bearing (spleen, n=12; bone marrow, n==8)
and IFNAR1™~ Eu-Myc B-ALL-bearing (spleen, n=10; bone marrow, n=8) mice. (E)Comparison of leukemia-free survival between
Eu-Myc B-ALL-bearing mice treated with vehicle control or with syngeneic NK cells (n=6, each group). (F-H)Quantitation of IL-
15 transcript expression by gPCR in MACS sorted splenic non-B cell fraction (F)and total bone marrow (G)of wildtype (normal,
spleen, n=11; bone marrow, n=7), IFNAR1** Eu-Myc B-ALL-bearing (spleen, n=10; bone marrow, n=7) and IFNART™~ Eu-
Myc B-ALL-bearing (spleen, n=5; bone marrow, n=6) mice. (H)Fold change in induction of IL-15 transcript in IFNB-stimulated
splenic WBCs of normal (n=9) and IFNAR1*"* Eu-Myc B-ALL-bearing (n=10) mice. Ubiquitin (UB) was used as housekeeping
gene in gPCR. For all flow cytometry experiments, one representative dot plot from each group is shown. All other pairwise
comparisons between any two groups were conducted using Mann-Whitney U test. Exact p values are provided whenever
significant (<0.05) or trending to significance (0.05<p<0.1). B-ALL, B-cell acute lymphoblastic leukemia; NK, natural killer;
WBCs, white blood cells.
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CD11b CD27" immature NK fractions were significantly
increased in spleen and BM of B-ALL mice independent
of IFNARI genotype (figure 3C,D). These observations
suggested that NK cell-based therapies would be attractive
to overcome the intrinsic suppression of IFN-I produc-
tion in B-ALL. As predicted, administration of syngeneic
healthy NK cells prolonged leukemia-free survival of
B-ALL-bearing Eu-MYC mice compared with their coun-
terparts who received no NK cells (figure 3E, online
supplemental figure S12).

In a transgenic mouse model of IFN-I'"", MYC-inducible
primary T-ALL, we showed that administration of IFN-Is
restores NK surveillance and improves survival and NK
cells mediate IFN-I's anti-leukemic effects.” To determine
the extent to which reduced IFN-I production drives NK
suppression in B-ALL, we administered IFNP to B-ALL-
prone Eu-MYC mice aged 7-20weeks for 9days. In each
mouse, we measured the fold change in percentages of
NK cells, NK-cell effectors, and B-cells (ALL) before and
after administration of PBS (control) or IFNB. Admin-
istration of IFNB to B-ALL prone mice reduces the
leukemia progression and increases the frequencies of
total NK cells and cytotoxic CD27°CD11b" NK-cell effec-
tors in circulation (online supplemental figure SI13).
Changes we find induced in NK subsets after IFNP admin-
istration phenocopy those shown to be induced by IL-15
treatment.”

IL-15 is an IFN-I-induced cytokine indispensable for
NK-cell survival, proliferation, effector maturation, and
immune surveillance.'” *® TL-15 expression in splenic
non-leukemic fraction and total BM of both I[FNARI"*
and IFNARI"”~ B-ALL-bearing mice was equally reduced
(figure 3F,G), strengthening our observations that
IFNARI loss does not worsen NK suppression in B-ALL.
Next, we determined the extent to which ex vivo addi-
tion of IFN-Is to splenic leukocytes from B-ALL mice can
stimulate IL-15 transcription in B-ALL. IFN-I treatment
induced IL-15, although to a lesser extent in the B-ALL
microenvironment compared with their healthy counter-
parts (figure 3H). We speculate that the inability of ex
vivo IFN-I stimulation to induce IL-15 production to the
same extent in B-ALL and normal splenic microenviron-
ments (figure 3H) could result from alterations in IFN-I-
responsive, IL-15-producing ¢cDCs in B-ALL.

Overall, natural suppression of IFN-I production during
B-leukemogenesis is sufficient to systemically suppress
IL-15 expression and impair NK surveillance. NK cell-
based therapies'®*®* thus represent a good therapeutic
strategy to overcome the intrinsic suppression of IFN-I
and IL-15-induced NK surveillance in B-ALL.

Expression of IL-15 inversely correlates with MYG expression
in human B-cell malignancies

We showed suppressed NK-cell numbers and effector
maturation in patients with B-ALL.'” Together with
the intrinsic suppression of IFN-I production in B-ALL
patients (figure 1), our findings'® suggested that the IFN-
Iinduced, NK surveillance-activating cytokine, IL—15,13 %

may be reduced in patients with B-ALL. Unfortunately,
antibodies to compare human IL-15 protein expression
in healthy individuals and B-ALL patients are unavail-
able.” As a surrogate for IL-15 expression, we compared
frequencies of potential IL-15-producing c¢DCs within
the non-leukemic fraction of B-ALL patients and healthy
donors. cDCs were significantly reduced in PBMC of
B-ALL patients (figure 4A). Reduced pDC-derived IFN-Is
and cDC-derived, IFN-I-induced cytokine, IL-15, suggest
IL-15-producing NK cells may be therapeutically effica-
cious in B-ALL."%

We asked whether IL-15 is differentially suppressed
across the B-ALL subtypes with widely divergent outcomes.
To this end, we compared the expression of IL-15 tran-
scripts in major subgroups of childhood and adult B-ALL
from three independent datasets.* ** *' **~** TL-15 expres-
sion was significantly reduced in patients with MYC or
BCL2 translocations, KMT2A-rearrangements, and hypo-
diploidy in comparison to Ph*, Ph-like, and ETV6::RUNXI
subtypes (figure 4B). Expression of IL-15 correlated nega-
tively with MYC expression in B-ALL subtypes (figure 4B).
The converse relationship between IL-15 and MYC
expression was validated in B-cell lymphomas: classical
MYC-driven burkitt’s lymphoma (BL) expressed lower
IL-15 than other subtypes (figure 4C). These observa-
tions are concordant with our previous findings that MYC
directly represses IFN-I signaling.” We infer that strong
suppression of IL-15 in MYC-overexpressing human
B-ALLs might render them particularly sensitive to the
administration of NK cell-based therapies, as shown in
mice in figure 3E.

CRISPRa-engineered IL-15-secreting NK cells eradicate MYC-
overexpressing B-ALLs in vitro

IL-15-producing NK therapies were found to be effective
in preclinical studies and clinical trials of AML, chronic
lymphocytic leukemia (CLL), and BL.*** * We investi-
gated whether IL-15-producing NK cells are also effica-
cious in eradicating human B-ALL, specifically B-ALL
subtypes characterized by high MYC expression. To
engineer IL-15-producing NK cells for proof-of-concept
studies, we used CRISPRa to transcriptionally activate
IL-15 in the NK-cell line, NK-92.'° CRISPRa-mediated
transcriptional activation of IL-15 in human NK cells has
advantages over lentiviral overexpression.”® * First, it is
easier to introduce a ~20 nt sgRNA to activate IL-15 tran-
scription by CRISPRa as opposed to transducing NK cells
with an overexpression vector encoding IL-15. Second,
IL-15 transcript levels increase by ~3-fold and secreted
IL-15 is 2pg/mL in CRISPRa IL-15 NK cells (figure 5A),
which is much lower than that seen in NK cells engi-
neered to overexpress IL-15.°* Hence, cellular toxicity
caused by excessive production of IL-15** can be avoided
in CRISPRa.

CRISPRa-IL-15-NK cells are comparable in their prop-
erties and functionality to NK cells overexpressing IL-15.*
Transcriptional activation of IL-15 improved the prolif-
eration of IL-2-dependent NK-92 cells in the presence
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Figure 4 Expression of IL-15 inversely correlates with MYC expression in human B-cell malignancies. (A)Comparlson of

peripheral blood cDC frequencies within the HLA-DR* non-B, non-T, and non-NK immune cell fraction of B-ALL patients (n=10)
and healthy donors (n=10) by flow cytometry. (B)Linear regression analyzing the correlation between MYC and IL-15 transcript
expression and plots of MYC and IL-15 mRNA expression in B-ALL patients with three major subtypes of leukemia from three
independent data sets: EGAS00001003266 (ETV6::RUNX1 (n=187); ETV6::RUNX1-like (n=42); Ph/Ph-like (n=482), MYC-BCL2-

driven /KMT2A-rearranged /Hypodiploid (n=237); 672 children and 240 adults, 36 unknown), the COG P9906 GSE11877
(ETV6::RUNX1 (n=3); others including Ph-like (n=155); KMT2A-rearranged (n=21); all pediatric) and in MILE GSE13159 (MYC
driven+MLL (n=83); ETV6::RUNX1 (n=94); Ph* (n=122)) data sets. (C)Comparison of transcript levels of MYC and IL-15 in
classical MYC-driven Burkitt’s lymphoma/leukemia and non-MYC-driven B-cell ymphoma types from GSE132929: (Burkitt’s
lymphoma (n=59) and non-Burkitt’s lymphoma (n=231). Non-MYC-driven (non-Burkitt’s) lymphomas include diffuse large
B-cell lymphoma (n=95), follicular lymphoma (n=65), unspecified high-grade B-cell ymphoma (n=4), mantle cell ymphoma
(n=43), double hit ymphoma (n=1), and marginal zone lymphoma (n=23)). B-ALL, B-cell acute lymphoblastic leukemia; cDC,

conventional dendritic cell; NK, natural killer.

and absence of IL-2 (figure 5B). CRISPRa-IL-15-NK cells
killed NK-sensitive erythroleukemia target cell line K-562
more effectively compared with control sgRNA-modified
counterparts (figure 5C).

Because MYC-overexpressing B-ALL express the lowest
IL-15, we measured the efficacy of our CRISPRa-IL-15-NK
cells in killing MYC"®" B-ALL cells in vitro. CRISPRa-
IL-15-NK cells lysed 4/5 MYC"8" B-ALL samples at
significantly higher efficiency as compared with CRISPRa-
control sgRNA-NK cells. One MYC/BCL2-rearranged
B-ALLline was already highly sensitive to NK cell-mediated
clearance, and the addition of IL-15 did not improve
lysis (figure 5D). Control sgRNA and CRISPRa-IL-15-NK

cells did not kill allogeneic PBMCs isolated from healthy
donors, indicating that our engineered NK cells specif-
ically kill ALL targets, and not normal immune cells
(online supplemental figure S14).

Next, we determined the therapeutic potential of IL-15-
producing NK cells in MYC'*" B-ALLs, known to have more
intact IFN-I signaling than their MYC-overexpressing
counterparts’ (online supplemental figure S15). To this
end, we compared the cytotoxicities of CRISPRa control
and IL-15-NK cells against MYC-overexpressing (MYC®Y)
and MYC-inactivated (MYC®™) malignant B cells.!”
MYC®™ (IFN-I"8") B-lymphoblasts were less sensitive to
eradication by both control and IL-15 NK cells compared

10

Kumar A, et al. J Immunother Cancer 2023;11:6006649. doi:10.1136/jitc-2022-006649


https://dx.doi.org/10.1136/jitc-2022-006649
https://dx.doi.org/10.1136/jitc-2022-006649

Open access

7-AAD

A B C
CRISPRa-modified human NK-92 cells NK-sensitive erythroleukemia target K-562
IL-15 Without IL-2 With IL-2
© I Control NK IL-15NK 2
2104 P=0.0024 5 g1P=0.0086 &~ 5+ P=0.0338 () =
%10 % 5 5P<0.0001 ‘é 87" s S 87 "= g q 58 1 o ars | 404 P=0.0008
& 8 £ 20 X6 X6 < g
= 8 315 ., €, 020
= 4 § 1.0 8 8 ‘g
<2 3 05 =2 =2 0 0 8"
o %) o} o} 3 a
= 0 & o 0.0 < Oop AT O i (g 0 £
N s A NatAY »CFSE-Violet & & &
O P O P A A O
Y Y [N Y NI
D KMT2A-rearranged B-ALL Hypodiploid MYC-driven B-ALL
SEM KOPN8 MHH-CALL4 P493-6 VAL
> 0 > 0 > 0 ]
€ 0 4.21 0 10.1 £ 0 9.82 e 10 860 10 6.42
§ < 5 3 5 %]
IZE N ~ ®o N L Nl :
S A . ’ 3 4 ’ S 4] i
kol @ © @ l
o ()] (o))
© 0 & 0 9.9 © 0 © lo 914 10 @ 6
[ — v - [
” 0 9.05 10 432 v 0 15.0 . 10 207 10 67.1
z = 2 @ | |E
5 N 5 A EEE . S -
£ - : : OB
o 0 io (68 o 0 o 85.0 o | {o 93 {0 29
0 10 82.4 0 233 0 310| 10 70.2
X N | ¥ .
z 1 @ Z 1 \ z & Q
2 1 =1 1 =t A -
= ] v = | ] I = U w
H {0 V176 10 | Jrer 0 600/ 1° =
» CFSE-Violet —> CFSE-Violet » CFSE-Violet
P=0.0013 P<0.0001 P=0.0002 P=ns
L | 100 ~— — 80 —
QO 10 80 15 60
i1 60 10
o .Q
2% s 4 ; »
¥ o 20
i 3o 0 0
o \@l‘ 6@1‘ V\‘l‘ $‘{“ \\;‘l* 936\!‘
B o S N
00 W 000 A\ 00(\ 4
E MYCON (IFN-I'ov) B-ALL MYCOFF (IFN-Inigh) B-ALL
L
Targetonly  Control NK IL-15 NK Targetonly  Control NK IL-15 NK S %
2=
0 6.19 |10 204 10 0 260 10 5.55 10 ; %
zZ5%
o ©
>

b

» CFSE-Violet

Figure 5 CRISPRa-engineered IL-15 secreting NK cells eradicate MYC-overexpressing B-ALLs in vitro. (A)Fold change in
IL-15 transcript levels by gPCR in dCas9-VP64-GFP* NK-92 cells transduced with control sgRNA-RFP (Control NK) or IL-15

sgRNA-RFP (IL-15 NK) and levels of secreted IL-15 by ELISA in culture supernatant of control NK and IL-15 NK cells stimulated

with PMA and lonomycin for 24 hours. (B)Cell counts of control and IL-15 NK cells cultured in the presence and absence of
rhlL-2 (100 U/mL) for 96 hours. (C, D)Specific cytotoxicity of control and IL-15 NK cells by flow cytometry using (C)K562, (D)
SEM (KMT2A-rearranged), KOPN8 (KMT2A-rearranged), MHH-CALL4 (hypodiploid, CRLF2-rearranged), P493-6, and VAL as
target cell lines. Effector: target=10:1. (E)Specific cytotoxicity of control and IL-15 NK cells by flow cytometry against MYC-
overexpressing (MYC®N) and MYC-inactivated (MYC®™F) P493-6 cells. MYC was inactivated by treatment of P493-6 cells with
0.2 pg/mL of doxycycline for 24 hours. p=0.0108, control (MYC®) vs IL-15 NK (MYC®N); p=0.0037, control (MYC®) vs IL-15
NK (MYCO). All experiments were conducted in three technical and three biological replicates. One representative of three
biological replicates of each experiment is shown. Comparisons between any two groups were conducted using Student’s t-

test (A-E).Exact p values are provided whenever significant (<0.05) or trending to significance (0.05<p<0.1). B-ALL, B-cell acute

lymphoblastic leukemia; NK, natural killer; ns, not significant.
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with their MYCON (IFN-I"") counterparts. However, the
enforced expression of IL-15 in NK cells significantly
enhanced its potential to kill both MYCON (IFN-I'") and
MYCOFF (IFN-1Msh) B-lymphoblasts (figure 5E). Thus,
MYC overexpression is at least one factor that sensitizes
B-lymphoblasts to NK cell-based therapies. CRISPRa-
engineered IL-15 NK cells thus represent a potentially
safe and particularly efficacious approach to treat poor
prognosis MYC-overexpressing, IFN-I'" B-ALLs.

CRISPRa-engineered IL-15-secreting NK cells slow down
progression of MYC-overexpressing B-ALL in vivo

We strengthened the therapeutic potential of IL-15-
producing NK cells in poor prognosis MYC-overexpressing
B-ALL by comparing the in vivo efficacy of CRISPRa-
engineered IL-15 human NK cells and control NK cells in
a cell-line derived xenograft model of human MYC-driven
B-lymphoblasts. We transplanted luciferase-labeled MYC-
overexpressing malignant human B cells into immune
deficient NSG mice. After confirming B-lymphoblast
engraftment by BLI, we administered CRISPRa-control or
CRISPRa-IL-15 NK cells and compared disease progres-
sion between the two groups by BLI (figure 6A). CRISPRa
IL-15-secreting NK cells significantly slowed down progres-
sion and spread of engrafted human B-lymphoblasts
compared with control NK cells in vivo (figure 6B,C).
Thus, IL-15-producing NK cells warrant extensive preclin-
ical and clinical studies for the treatment of high-risk
B-ALL subgroups that overexpress MYC.

DISCUSSION

Via these studies, we provide new evidence for the natural
suppression of IFN-I production during primary murine
and human B-cell leukemogenesis. In addition to reduced
IFN-I transcription by malignant B cells seen here and in
our earlier studies,9 we find pDC-derived paracrine IFN-I
production is reduced in patients and mice with B-ALL.
This blockade in the first step of the IFN-I pathway is
sufficient to drive leukemogenesis and overrides any addi-
tional downstream disruption of the IFN-I pathway such
as, ablation of IFNARI shown here. The clinical relevance
of IFN-I suppression in human B-ALL is underscored by
the favorable prognosis of B-ALL patients who express
high levels of ISGs.

Our comparisons in IFNARI”* and IFNARI”~ B-ALL-
bearing mice suggest that suppression of IFN-I produc-
tion is likely caused by B-lymphoblasts. We previously
showed that MYC suppresses IFN-I production by malig-
nant cells and blocks NK surveillance in an MYC-inducible
T-ALL mouse model.’ Similarly, MYC-induced signaling
in B-lymphoblasts may perturb cytokines required for
pDC differentiation in B-ALL. Another explanation for
reduction of pDGCs in B-ALL microenvironments could
be the MYC-driven accumulation of B-lymphoid precur-
sors thereby suppressing the lymphoid lineage pDCs.**
However, reduction in myeloid pDCs cannot be ruled out
especially given the plasticity between the lymphoid and

myeloid pDCs.** How oncogenic pathways perturb pDC
homeostasis remains to be explored.

Among non-leukemic host immune cells, NK cells are
maximally impacted by the suppressed IFN-I production
in B-ALL likely because of the reduced synthesis of IL-15
by IFN-I-responding cDCs. While ex vivo treatment of
primary B-ALL samples with IFN-Is fully rescues proximal
IFN-I signaling, its partial induction of IL-15 was possibly
due to absence or functional suppression of cDCs.
Further studies are needed to delineate the mechanisms
underlying the suppression of ¢cDCs in B-ALL. As with
suppression of NK surveillance shown by us,'* we specu-
late that oncogenic pathways in leukemia cells may drive
suppression of cDCs in ALL.

Our results partly explain why IFN-Is are effective when
administered to acute leukemia patients who undergo
allogeneic BM transplantation'” "' *: intrinsically
suppressed IFN-I production in B-ALL may reduce IFN-
I-dependent anti-leukemia immune subsets, including
NK cells and cDCs, thereby rendering single agent IFN-I
therapy ineffective. We maintain that IL-15-producing
NK cells, represent a novel, effective, and affordable
approach to achieve the combined therapeutic bene-
fits of IFN-I administration and BM transplantation for
several reasons: (1) graft versus leukemia effects in allo-
geneic transplants are known to be largely mediated by
NK cells,* (2) allogeneic NK cell-based therapies do not
induce graft-vs-host disease, cytokine release syndrome,
or neurotoxicity,"” and (3) and we find suppressed IL-15
production and NK surveillance to be the most striking
consequences of IFN-I loss in B-ALL.

Our studies suggest that CRISPRa-engineered IL-15-
producing NK cells represent an efficacious and poten-
tially safe approach to reverse the detrimental effects of
suppressed IFN-I, IL-15 production and NK surveillance
in high-risk B-ALL (graphical abstract). While IL-15-
producing NK cells were shown to be effective in preclin-
ical studies of AML, CLL, and BL,36 3943 e are the first to
delineate the biology underlying its efficacy in B-ALL and
demonstrate its ability to eradicate B-ALL subtypes with
highest MYC and lowest IL-15 expression including MYC/
BCL2-rearranged, KMT2A-rearranged, and hypodiploid.
We find that MYC overexpression sensitizes B-ALLs to NK
cell-mediated killing. Hence, IL-15-producing NK cells
may be a viable alternative to drugging MYC in these
high-grade B-ALL subtypes.*®

The lack of reliable cytometry antibodies for mouse and
human intracellular IL-15" and mouse IFN-Is precluded
us from measuring these proteins in specific immune
subsets in the B-ALL microenvironment. This problem
was mitigated for CRISPRa-IL-15-NK cells by measuring
secreted IL-15 and conducting phenotypic (prolifera-
tion) and functional (cytotoxicity against NK-sensitive
erythroleukemia) validation of these cells.

Because of the relative ease in constitutively expressing
dCas9-VP64,'® NK-92 lymphoma cells* were used instead
of primary NK cells to engineer CRISPRa IL-15-NK cells.
CRISPRa-engineered and other primary IL-15-producing
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Figure 6 CRISPRa-engineered IL-15-secreting NK cells slow down progression of MYC-overexpressing B-ALL in vivo. (A)
Experimental design for comparing the in vivo therapeutic efficacies of CRISPRa-engineered IL-15 producing and control NK
cells in a luciferase-labeled human cell line-derived xenograft (CDX) of MYC-driven B-cell malignancy (P493-6). Schematic was
created using BioRender.com. (B)Bioluminescence imaging of leukemia progression in NOD-SCID IL2Ry™~ (NSG) CDX recipients
before (day 9 post-CDX transplantation) and after treatment with control and IL-15 NK cells (days 12 and 15 post-CDX
transplantation) (n=6 mice each in control NK and IL-15 NK arms). (C)Quantification of fold change in full body bioluminescence
(photons/sec/cm?/sr) on days 12 and 15 post B-lymphoblast transplantation in control-NK (n=6) and IL-15-NK- treated (n=6)
CDX recipients. P values were calculated by Mann-Whitney U test. Exact significant p values (<0.05) are provided. B-ALL, B-cell
acute lymphoblastic leukemia; NK, natural killer.

NK cell-based therapies therefore await further preclin-
ical and clinical development. In this study, we did not
measure the efficacy of IL-15-secreting human NK cells
in prolonging survival of mice bearing B-ALL xeno-
grafts. Such studies would require repeat injections
of the IL-15 NK cells or their further manipulation to
increase persistence in human ALL xenograft-bearing
mice. Nevertheless, our current mechanistic findings will

accelerate the development of primary IL-15-producing
NK therapies® * for sustaining remission of hard-to-treat
human B-ALL.
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