1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Leukemia. Author manuscript; available in PMC 2020 May 26.

-, HHS Public Access
«

Published in final edited form as:
Leukemia. 2020 May ; 34(5): 1291-1304. d0i:10.1038/s41375-019-0663-X.

Interaction Kinetics with Transcriptomic and Secretory
Responses of CD19 CAR Natural Killer Cell Therapy in CD20
Resistant Non-Hodgkin Lymphoma

Dashnamoorthy Ravil, Saheli Sarkar?, Sneha Purvey3, Frank Passero?, Afshin Beheshti®,
Ying Chen®, Maisarah Mokhtarl, Kevin David?, Tania Konry2, Andrew M. Evens?

IDivision of Blood Disorders, Rutgers Cancer Institute of New Jersey, New Brunswick, NJ
2Department of Pharmaceutical Sciences, Northeastern University, Boston, MA

3Division of Hematology Oncology, Memorial Sloan Kettering Cancer Center, New York, NY
“Department of Medicine, University of Rochester Medical Center, Rochester, NY

SWYLE, NASA Ames Research Center, Moffett Field, CA

8Medical Informatics, Pathology and Laboratory medicine, Rutgers Cancer Institute of New
Jersey, New Brunswick, NJ

Abstract

We investigated the cytolytic and mechanistic activity of anti-CD19 chimeric antigen receptor
natural killer (CD19.CAR.NK?92) therapy in lymphoma cell lines (diffuse large B-cell, follicular,
and Burkitt lymphoma), including rituximab- and obinutuzumab-resistant cells, patient-derived
cells, and a human xenograft model. Altogether, CD19.CAR.NK92 therapy significantly increased
cytolytic activity at E:T ratios (1:1-10:1) via LDH release and prominent induction of apoptosis in
all cell lines, including in anti-CD20 resistant lymphoma cells. The kinetics of CD19.CAR.NK92
cell death measured via droplet-based single cell microfluidics analysis showed that most
lymphoma cells were killed by single contact, with anti-CD20 resistant cell lines requiring
significantly longer contact duration with NK cells. Additionally, systems biology transcriptomic
analyses of flow-sorted lymphoma cells co-cultured with CD19.CAR.NK92 revealed conserved
activation of IFN~y signaling, execution of apoptosis, ligand binding, and immunoregulatory and
chemokine signaling pathways. Furthermore, a 92-plex cytokine panel analysis showed increased
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secretion of granzymes, increased secretion of FASL, CCL3 and IL10 in anti-CD20 resistant
SUDHL-4 cells with induction of genes relevant to mTOR and G2/M checkpoint activation were
noted in all anti-CD20 resistant cells co-cultured with CD19.CAR.NK?92 cells. Collectively,
CD19.CAR.NK92 was associated with potent anti-lymphoma activity across a host of sensitive
and resistant lymphoma cells that involved distinct immuno-biologic mechanisms.

INTRODUCTION

B-cell non-Hodgkin lymphomas (bNHL) are the most common form of lymphoma in the
Western World. bNHLs are generally treatable, however the vast majority of indolent bNHL
patients are incurable and a significant minority of patients with aggressive bNHL die from
the disease. Improved therapeutics for NHLs are desired, especially ‘targeted’ immunologic
agents with favorable side effect panels.

The human natural killer (NK) cell line, NK-92, isolated from a patient with NK cell
lymphoma, is fully characterized, expandable with maintained cytotoxicity, and available as
clinical grade, “off the shelf” cellular product [1-8]. Notably, NK-92 cells lack most killer-
cell immunoglobulin-like receptors (KIRs) with few exceptions (e.g., KIR2DL4). Several
studies have demonstrated that NK-92 kills cancer cells [5-7, 9-11]. /n vitro cytotoxicity
assays demonstrated that NK-92 cells maintain high degrees of cytotoxicity at effector:target
ratios (10:1) vs an array of human cancer lines[9]. NK-92 was also shown to be effective in
myeloma and chronic lymphocytic leukemia animal/primary models [10, 11].

To enhance target specificity, NK-92 cells were bioengineered to express chimeric antigen
receptors (CARs) against target antigens expressed on tumor cells (e.g., CD19). CARs are
composed of an extra-cellular domain consisting monoclonal antibody derived from single
chain variable fragment (scFv) fused with CD8 transmembrane domain and intracytoplasmic
signal transduction domain derived from CD3 (zeta) [1, 2, 12]. Although peripheral blood
derived NK cells are utilized for generation of CAR-NK cells, improvements to increasing
the gene transfer efficiency, overcoming limitations related to /77 vitro expansion, in vivo
persistence following the infusion, and reducing lag time delays associated with
manufacturing of CAR-NK cells are apparent [13]. Similar disadvantages also are relevant
to CAR-T manufacturing process resulting in treatment delays that may not be tenable for
patients with clinically aggressive disease [14]. Thus, availability of “off the shelf”
engineered versions of continuously expanding NK92-CAR cells provides a potential novel
targeted product for urgent or immediate therapeutic need. /n vivo studies using
CD19.CAR.NK92 have shown efficient drug distribution and cell kill in leukemia murine
models [2, 12].

CD19 is a cell surface protein ubiquitously expressed through all stages of B cell
development and consistently present in all malignant B cells, including in bNHL [15].
Targeting CD19 is an attractive strategy for the treatment of bNHL with CAR modified T or
NK cells. Patients with bNHL are traditionally treated with anti-CD20 antibody therapy (i.e.,
rituximab or obinutuzumab), either alone or in combination with chemotherapy platforms
[16]. However, many bNHL patients treated with anti-CD20 antibody therapy develop
disease relapse or become refractory, which continues to be a major unmet need. Potential
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factors involved in resistance to anti-CD20 antibody therapy include loss of CD20
expression on the cell surface of B lymphocytes and deficiencies related to host immune
factors, such as FC receptor polymorphism, immune suppression that impede NK, T or
macrophage dependent antibody directed cell mediated cytotoxicity[16]. Targeting CD19 is
rationale and the availability of “off the shelf” CD19.CAR.NK92 may provide a viable
option for bNHL patients with CD20 antibody resistant aggressive disease and/or for
patients either unfit or unable to wait for manufactured CAR-T or CAR-NK therapies.

Thus, our goal in this study was to establish the mechanistic rationale for NK-based therapy
in bNHL and to determine the therapeutic potency and kinetics of the targeted “off the shelf”
therapy, CD19-CAR-NK, in a host of /n vitrobNHL cell lines (including anti-CD20 resistant
cells), primary patient derived cells, and an /n vivo xenograft model. Furthermore, we
utilized unbiased systems biology approach to characterize the biological pathways and
genes responsive to CD19.CAR.NK92 activity both in anti-CD20 sensitive and resistant
bNHL models.

MATERIALS AND METHODS

Cell culture

DLBCL cell lines SUDHL4 and SUDHL10, Burkitt’s cell line Raji, were purchased from
American Type Culture Collection (Manassas, VA, USA), STR profiling authenticated were
maintained in RPMI-1640 medium supplemented with 10% Fetal Bovine Serum and 1%
antibiotic-antimycotic solution (Corning Cellgro, Manassas, VA, USA). Rituximab (RR) and
obinutuzumab (OR) resistant cells were established by continuously culturing SUDHL4 and
SUDHL10 with increasing concentration of rituximab and obinutuzumab (5-20ug/mL) for
over a period of 8 weeks and characterized resistance as decreased CD20 expression (Figure
S1), using anti-CD20-Cys5 staining (#347201, BD Bioscience, San Jose, CA, USA) and flow
cytometry. CD19 antigen density were determined by flow cytometry, using Quantibrite
anti-CD19-PE (Clone SJ25C1)#340364, and Quantibrite-PE calibration beads (BD
Bioscience, San Jose, CA, USA). Primary human lymphoma cells (EL-2 and EL-5) were
isolated from IRB exempt discarded tissue specimens of patients with relapsed/refractory
diffuse large B-cell lymphoma (DLBCL) obtained through Tufts Tumor Repository, as
described previously [17]. Activated NK-92 (aNK) and CD19.CAR.NK92 cells were
provided as gift from Nantkwest, Inc. (Woburn, MA, USA) and the details of CAR construct
used in design and development of CD19.CAR.NK92 cells is outlined in [1, 2], and
(Supplemental Methods). CD19.CAR.NK92 maintained in MyeloCult H5100 (STEMCELL
Technologies, Cambridge, MA, USA) and supplemented with recombinant human IL-2
(5001U/ml) (STEMCELL Technologies). aNK cells engineered to express endogenously
retained IL2 [18] were maintained in X-Vivo 10 media (Lonza, Walkersville, MD, USA)
supplemented with 5% human serum. Primary human CD56+ NK cells (=90% purity) used
in microfluidic single cell analyses and peripheral blood mononuclear cells (PBMC)
purchased from Stemcell Technologies (Cambridge, MA, USA), cultured in RPMI-1640
media consisting 10% FBS and 50 ng/mL IL-2 (Peprotech, Rocky Hill, NJ, USA).
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Transcriptomic analyses

SUDHL4, SUDHL4-RR, SUDHL4-OR, SUDHL 10, SUDHL10-RR, SUDHL10-0OR, Raji,
EL-2 and EL-5 cell lines were co-cultured with CD19.CAR.NK?92 for two hours at
effector:target (E:T) ratio 1:1 with each consisting 5X10° cells maintained at 37°C and 5%
CO2. Following co-culture, flow sorting of CD19 positive target bNHL cells preloaded with
cell-tracking dye QDOT655 (Molecular Probes, Eugene, OR), was performed by gating out
GFP+ CD19.CAR.NK?92 cells. Isolated bNHL cells were used for isolation of total mMRNA
using RNeasy Minikit (Qiagen, Germantown, MD), and microarray experiments were
performed using human HT-12 bead array chips (Illumina, San Diego, CA, USA) at Yale
Center for Genomic Analysis. All experiments were performed in triplicates. Background
correction, data normalization, statistical analysis, Ingenuity Pathway Analysis (IPA), Gene
Set Enrichment Analysis (GSEA), Cytoscape network analysis, and determination of key
significant genes were performed as previously reported [19-21] and outlined in
Supplemental Methods. Genes associated with NK ligands were compiled through a
comprehensive search from literature. The raw expression data from these experiments are
available at NCBI Gene Expression Omnibus (GEO) database, with following identifiers:
GSE120315 and GSE120316.

Cell-mediated cytotoxicity and apoptosis

NK cells (both CD19.CAR.NK92 and aNK), anti-CD3/CD28, IL-2 activated PBMC and
lymphoma cells were co-cultured at E:T ratios ranging 1:1-10:1 in Lymphocyte Growth
Medium LGM3 (Lonza) for 4 hours in U bottom 96-well cell culture plates. Supernatants
were collected to determine percent target cell lysis based on GAPDH release, as outlined in
the instructions supplied with AcellaTox-Glo assay kit (Cell Technology, Fremont, CA,
USA) or LDH release assay (Promega, Madison, WI, USA). CD19 staining and apoptosis
assay based on Annexin V-PE / 7-AAD staining by flow cytometry were performed
following the protocol as provided by the manufacturer, BD Biosciences. All experiments
were performed in experimental triplicates, with error bars represented in data indicating
standard deviations of mean, statistical significant differences determined by 2-tailed, #-test,
comparing control with experimental conditions.

Microfluidic analysis

Target cells labeled with 2uM Calcein AM (Thermo Fisher, Waltham, MA; excitation/
emission: 495nm/515nm) at 37°C for 20 minutes, were washed once with media and loaded
in a syringe at 1.5 million/mL concentration. Both target cells and unlabeled
CD19.CAR.NK?92 were introduced in the microfluidic device, oil droplets were generated
and image acquisition were performed as outlined before [17]. Target cell death was
indicated by significant (>80%) loss of Calcein AM fluorescence, number of contacts made
and duration of contacts between cell pairs were determined as described previously [17,
22]. Death Index calculated for each target cell as the ratio of death time to total contact time
with the NK cell and represented as averaged value for cells undergoing single contact or
multiple (2-9) contacts with NK cells. All statistical analysis was performed using non-
parametric two-sided Mann Whitney U test, and p value <0.05 was considered statistically
significant.
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Cytokine release assay

For the determination of immune factors secreted during CD19.CAR.NK92 mediated
cytolytic activity of bNHL cells, 5000 cells were co-cultured at 1:1 (E:T) for 24 hours in 96
well U bottom plate in replicates. Supernatant were collected and analyzed using proximity
expression assay analyzing predesigned 92-plex cytokines immuno-oncology panel and
service available from Olink Proteomics Inc. (Watertown, MA, USA). Cytokine panel
analyzed is listed in Table S1, results were reported as normalized protein expression Log?2
NPx values, as reported [24].

RESULTS

CD19 selective efficacy and cell death with CD19.CAR.NK92 in bNHL

We examined the cytolytic activity of CD19.CAR.NK92 against various target cells
including CD19* bNHL cells (Raji, SUDHL4 and SUDHL10), CD19 negative Jurkat T cell
lymphoma (TCL), and L428 Hodgkin lymphoma (HL) cells. CD19.CAR.NK92 (effector)
cells were co-cultured with target cells at effector to target (E:T) ratios 1:1-10:1, for 4 hours
followed by assessment of LDH release from the cell culture supernatants, as a measure of
cytolysis resulting from cytolytic activity mediated by CD19-CAR-NK. There was
significant cytolytic activity in all CD19* bNHL cells (Raji, SUDHL4 and SUDHL10) at
E:T ratios (1:1-10:1), while minimal activity was observed in CD19 negative Jurkat or L428
cell lines (Figure 1A). CD19 expression, in terms of antigen molecules/cell in these target
cells evaluated based on calibrated Quantibrite anti-CD19-PE immunostaining and flow
cytometry assay confirmed lack of CD19 staining in Jurkat and L428, (Figure 1B), which
corresponded to poor CD19.CAR.NK92 activity observed in these cells, while highly
expressed in the bNHL cells (Figure 1B).

Next, we compared cytotoxicity of CD19.CAR.NK92 with mixed lymphocyte reaction
(MLR) consisting anti-CD3/CD28 and IL-2 activated peripheral blood mononuclear cells
(PBMC), IL-2 secreting; activated NK-92 (aNK) cells in Raji; or Jurkat cells via LDH
release assay. Results from these experiments showed minimal cytotoxicity with aNK (<5%)
compared with 45% with CD19.CAR.NK92 at E:T ratio 1:1 (A<0.001), and 20% with aNK
compared with 70% using CD19.CAR.NK92 (#<0.001) at E:T ratio 5:1 (Figure 1C). In
Jurkat cells at E:T ratio of 5:1, aNK exhibited cytolytic activity comparable with Raji cells
(Figure 1C).

While granzymes and perforin triggered cytolytic activity occur rapidly (<4 hours),
induction of apoptosis by secreted factors occur at 24 hours. We then compared the ability of
CD19.CAR.NK?92 vs. aNK to induce apoptosis in target Raji cells by co-culturing for 24
hours, followed by Annexin-V-PE/7-AAD staining and flow cytometry analysis gating out
CD19.CAR.NK92 GFP positive cells. CD19.CAR.NK92 induced potent apoptotic cell death
at E:T ratio as low as 0.25:1 (45%) and >60% E:T ratios 0.5:1 — 2:1 (Figure 2A), while
Annexin-V/7AAD positivity in Raji cells were barely detectable in the presence of aNK at
E:T 2:1 (Figure 2A). These results suggested NK-92 engineered to express CD19 as
CD19.CAR.NK92 was selectively active against CD19* Raji and other bNHL cells.
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CD19.CAR.NK92 activity in anti-CD20 sensitive and resistant bNHL cells.

Here, 103 target cells of SUDHL4 or SUDHL 10 sensitive and anti-CD20-resistant cells
(SUDHL4-RR, SUDHL4-OR, SUDHL10-RR, SUDHL10-OR) were co-cultured with
CD19.CAR.NK92 at E:T of 1:1- 20:1 for 4 hours. We observed E:T ratio dependent
increase in cytolytic activity by CD19.CAR.NK92 on all target cells (Figure 2B), including
in RR SUDHL4 and SUDHL10, while relatively lower cytolytic activity was seen in OR
cells in both bNHL models (Figure 2B). Flow cytometric assessments with calibrated
Quantibrite anti-CD19-PE immunostaining revealed lowered expression of CD19 antigen
molecules/cell, in SUDHL4-OR (14330+69) and SUDHL10-OR (13847+1004) compared
with SUDHL4 (21626+772) and SUDHL10 (20342+176) cells (Figure 2C). In addition, the
in vivo efficacy of CD19.CAR.NK92 investigated using human tumor xenografts derived
from SUDHL10 or OR cells, revealed considerable lag time delay in the tumor growth with
six doses of CD19.CAR.NK?92 treatment compared with untreated SCID mice (Figure S2 &
Supplemental Methods).

Dynamic efficacy of CD19.CAR.NK92 vis-a-vis microfluidic analyses

Next, we determined the heterogeneity in dynamic cellular interaction between
CD19.CAR.NK92 cells and bNHL cells, since NK cells have been shown to interact with
and kill other target cell types with variable kinetics[22]. Rapid target cell recognition and
stable conjugation may lead to robust target Killing activity, as observed in our prior studies
[17]. The dynamics of target cell (NHL cells) interaction with CD19.CAR.NK92,
unmodified NK92 cells, or primary human CD56* NK cells encapsulated in fluid-droplets of
size 90 £ 10um diameter at 1:1 ratio were evaluated (Figure S3.A). We observed a higher
rate of target cell (SUDHL10) conjugations made by CD19.CAR.NK92 cells (75 + 7%)
compared with NK92 (58 + 2%) or primary NK cells (33 + 12%) (Figure S3.A). Next, we
observed that 55% of CD19.CAR.NK?92 cells were able to establish initial contacts with
target SUDHL10 cells rapidly (<5 minutes) compared with 45% and 30%, respectively, by
NK92 and primary NK cells (Figure S3.B). Furthermore, we noted dynamic variations in the
nature of interactions that occurred between CD19.CAR.NK92 cells and target cells in anti-
CD20 sensitive (SUDHL10) cells vs. resistant RR and OR cells (Figure 2).

Discrete E-T cell pairs formed either single long-lasting contacts (Figure 3A) or multiple
short contacts (Figure 3B). While the parental and OR target cells primarily formed single
contacts with CD19.CAR.NK?92 cells (>60% for SUDHL10, >80% for SUDHL4), the RR
cells in both target lines formed more multiple (2-9) contacts with NK cells (Figure 3C).
CD19.CAR.NK92 cells compared to the parental SUDHL10 cells (Figure 4A, mean: 24
min, P<0.0001). Consequently, there was a time delay in cell death in SUDHL10-RR (mean:
76 minutes) compared to SUDHL10 (mean: 38 minutes, P<0.0001) (Figure 4A). In contrast,
SUDHL10-OR cells had contact profiles and death times similar to parental cells. However,
CD19.CAR.NK92 cells mediated death of OR cells faster than RR cells for both cell lines
(mean values for SUDHL10-OR/RR: 38/76 minutes, respectively, A<0.01; SUDHLA4-
OR/RR: 32/78 minutes respectively, £<0.01).

We then categorized target cell death resulting from single (1) vs. multiple (2-9) NK cell
contacts to determine the efficacy of NK-mediated lysis and observed inverse correlation
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between contact numbers with total contact duration and time of irrespective of CD20
resistance (range: 0.9-0.7 at single contact, —0.7-0.4 at 4 contacts, Figure 4B). We further
normalized death of individual cell by total contact duration with NK cell defined as Death
Index (DI) (Figure 4C). As shown in Figure 4C, DI of cells undergoing multiple contacts
were higher compared with DI of single-contacts in all bNHL target cells. Taken together,
these findings implied that multiple interrupted contacts between CD19.CAR.NK?92 cells
and target cells delineated inefficient bNHL cell cytolysis and therefore target cell death
resulting from single contact is a key determinant of effective NK cell-mediated cell kill.

Transcriptomic analyses

Microarray analysis of mMRNA isolated from flow sorted bNHL and primary cells following
2-hour co-culture with CD19.CAR.NK?92 at 1:1 E:T ratio indicated that anti-CD20 sensitive
(SUDHL4 or SUDHL10) and resistant cells (SUDHL4 or SUDHL10 RR cells; Figure 5A)
and (SUDHL4 or SUDHL10 OR cells; primary NHL cells Figure 5A-B) had distinct
patterns of gene expression profiling (GEP) by PCA and hierarchical clustering analysis.

PCA plots show the GEPs from SUDHL10, SUDHL10 RR and SUDHL4 RR clustered
together along the same axis principal component PC2, while SUDHL4 RR and SUDHLA4
were clustered on same axis on PC1 (Figure S4A) with CD19.CAR.NK treatment. Similarly,
SUDHL4 OR or SUDHL10 OR cells were observed to cluster together on PC2 following
CD19.CAR.NK92 exposure (Figure S4B) and the clustering of CD19-CAR-NK-treated
primary cells or Raji cells appeared to co-localize with untreated control cells (Figure S4).

GSEA utilizing C2 canonical pathway database and network analysis revealed conserved
upregulation of apoptosis execution, interferon signaling, meiotic recombination and
immunoregulatory interactions among anti-CD20 sensitive and resistant (SUDHL4 and
SUDHL10 cells), Raji and primary lymphoma cells (EL2 and EL5 cells) following
CD19.CAR.NK92 exposure (Figure S5). While topographical networks shown in Figure S5
represent predictable interactions, GSEA of “hallmark signatures” based on well-defined
“founder gene sets’ and dependent on coherent gene expression pattern from the experiment
is the preferred method for identifying discriminative biological properties from
transcriptomic evaluations [25]. Hallmark biological analysis indicated upregulation of
hypoxia, inflammatory and complement responses, allograft rejection, IFN and TNF
signaling, IL-2/STATS or IL-6/JAK/STAT3 signaling events, as key biological responses to
CD19.CAR.NK92 exposure in bNHL cells. Furthermore, variably conserved downregulation
of MYC and E2F target genes, oxidative phosphorylation, mTOR signaling were also noted
in most bNHL cells, except Raji and SU-DHL4 cells (Figure 5C and S5). Canonical
pathways determined using differentially expressed gene sets from CD19.CAR.NK92
treated bNHL cells based on IPA also determined upregulation (in Red) of several immune
signaling including, IFN, TNF, CXCR4, Th1l, Th2, IL-3, IL-6, IL-8 and Granzyme B
signaling pathways associated with NK mediated cytolytic activity (Figure 6A).

Analysis of key gene functions determined based on overlapping gene sets represented from
GSEA gene sets (Figure 5C & S5, Table S2) and IPA predicted upstream regulators and bio-
functions (Figure 6A), as previously described [20] identified network of interactive key
genes with IFN-y as the most highly connected gene, observed among primary bNHL cells,
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Raji, SUDHL4, SUDHL4 RR and SUDHL4 OR cells, following CD19.CAR.NK92 (Figure
6B). Interestingly, upregulated expression of IL-10 and IL-18 were observed in
CD19.CAR.NK®92 treated primary bNHL cells, Raji and SUDHLA4-RR cells (Figure 6B).

Previous studies have demonstrated that IFN-y transactivates and induces the gene
expression of 1L10 in human B cells [26]. Furthermore, IL-18 is known act upon NK cells
promoting IFN+y secretion, stimulation and expansion of NK cells with potentiation of its
cytotoxicity against tumor cells [27], which suggests these cytokines may be related to the
pro-inflammatory activity in response to CD19.CAR.NK92 treatment. Additionally, several
immune response mechanisms including TNF, IL2, IL5, IL6, STATS5 signaling,
inflammatory and complement pathway responses were predicted as activated based on the
differentially expressed gene set determined from GSEA analysis (Figure 5C). For further
validation, we focused our analysis on CD19.CAR.NK?92 activated immune or inflammatory
responses via investigating ‘secreted’ cytokine and immune factors responses from bNHL
treated with CD19-CAR-NK.

Differential secretomic and transcriptomic responses

We utilized the OLink 92-plex cytokine panel for an unbiased quantification of secreted
factors using the cell culture supernatants (to maximize the detectability of late responding
cytokines) from bNHL cells with CD19-CAR-NK and co-cultured bNHL/CD19.CAR.NK92
cells. Based on log, normalized protein expression (NPX values), we observed >3 to 10.7-
fold increase in FASLG, Granzymes (GZMA, GZMH), TNFSF14, Gal-1, 1L2, IL10, CCL3,
CCL4, CD244 and 1.3-2.4-fold increase in Caspase-8 secretion, all associated with cell
death or inflammatory responses in CD19.CAR.NK92 SUDHL4 RR and OR cells compared
to SUDHL-4 cells (Figure 7A-B). Further, analysis of NK regulatory ligand expression of
from the transcriptomic data indicated upregulation of NK cell activatory CD59 and
SLAMPFG6 ligands and downregulation of HLA-C, associated with inhibition of NK lytic
activity in anti-CD20 resistant SUDHL4 (Figure 7C), suggesting that such differential
expression of NK regulatory ligands in anti-CD20 resistant SUDHL4 could be responsible
for robust induction of cytokine secretions in the presence of CD19.CAR.NK92 cells.

Comparing the differential GEP from CD19.CAR.NK?92 treated anti-CD20 sensitive
vsresistant bNHL transcriptome, by GSEA revealed enrichment of gene sets associated with
hypoxia, mTOR, E2F, mitotic spindle and G2/M checkpoint mechanisms in rituximab or
obinutuzumab resistant SUDHL-4 and SUDHL10 cells compared to anti-CD20 sensitive
parental cells, with FDR (g<0.0005) (Table 1), outlining the explicit impact of
CD19.CAR.NK92 among all anti-CD20 resistant bNHL cells. These pathways are likely
targets for potential drug combination investigation with CD19-CAR-NK, such as mTOR or
cell cycle checkpoint activation could antagonize non-cytolytic apoptotic mode of cell
killing functions by NK cells, [28, 29] (ie., FASL mediated killing by CD19-CAR-NK).

DISCUSSION

We revealed here that CD19.CAR.NK92 induced prominent cytolytic activity in rituximab-
and obinutuzumab-resistant cells, patient-derived primary cells, and a human lymphoma
xenograft model. Most importantly, we assessed the biological responses of target bNHL
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cells and interactive behaviors with CD19.CAR.NK92. We identified mechanisms of activity
including dynamic assessment of single cell interaction kinetics via as well as conserved
activation of IFN+y signaling, execution of apoptosis, ligand binding, immunoregulatory or
chemokine signaling pathways via transcriptomic analyses of bNHL cells following the
encounter with CD19.CAR.NK92 cells. In interpreting these observations, several factors
should be considered.

The NK-92 cell line is a continuously growing cell line, that lacks all the inhibitory receptors
except KIR2DLA4 and constitutively express NKG2D activation receptor [30, 31]. The highly
cytotoxic nature of the NK-92 cell line is in part accounted by the lack of the KIRs and
constitutive expression of the activation receptors [6, 32]. Safety of NK-92 was evaluated in
phase | clinical studies found NK-92 to be well tolerated and without presence of graft
versus host disease (GVHD) [31, 33, 34][35]. Several engineered versions of NK-92 have
been developed targeting various hematologic and solid malignancies, and
CD19.CAR.NK92 specificity is engineered to target malignant B-cells. /n7 vivo studies using
CD19.NK.CAR92 have shown efficient drug distribution and cell kill in chronic
lymphocytic leukemia and acute lymphoblastic leukemia murine models [2, 12]. CD19
selective CD19.CAR.NK92 mediated cell killing of Raji cells has been reported previously,
demonstrating that CD19.CAR.NK92 but not parental NK92 had retained both /n vitroand
in vivo cytolytic activity against bNHL cells [36]. Further cord blood derived NK cells
engineered to express IL15, anti-CD19 and iC9 suicidal gene evaluated against lymphoma
tumor xenografts derived using Raji cells, also showed comparable efficacy, delineating that
both NK92 or cord blood derived NK cells are suited for CD19 targeted therapy against
bNHL [37].

Although, previous studies with either NK92 or cord blood derived NK cells expressing
CD19.CAR.NK®92 reported anti-lymphoma activity, the biological activity of bNHL cells
and the context of rituximab and/or obinutuzumab CD20 sensitivity and resistance in the
presence of CD19.CAR.NK92 has not been reported before. Results from our experiments
in bNHL including anti-CD20 sensitive and resistant bNHL cells indicated that
CD19.CAR.NK?92 induced potent cytolytic activity in all bNHL cells regardless of anti-
CD20 sensitivity or resistance. Microfluidics based dynamic assessment of single cell
interaction kinetics revealed mechanistic commonalities across all bNHL target lines,
including significantly delayed death for cells that required multiple contacts with
CD19.CAR.NK®92 cells. Further investigation of the heterogeneity in bNHL target cell
subpopulations may shed light on the specific mechanisms of death at a single-cell level,
such as the physiological relevance of multiple contacts between the NK and RR cells,
extended contact duration and delayed death for RR cells. Interestingly, upregulation of
CD59 and SLAMF6 ligands are associated with NK cell activation [38, 39] and
downregulation of HLA-C, inhibitor of NK lytic activity [40] were noted in anti-CD20
resistant RR and OR cells (i.e., SUDHL4 and SUDHL10), indicating that further
characterization of differential NK receptor-ligand expersion and interactions could possibly
explain heterogeneity in RR or OR cells responses to CD19.CAR.NK92s, as observed in the
microfluidics assays. Interestingly, increased expression of CD59 is reported to be
associated with poor outcome and response to rituximab based therapies in bNHL [41, 42],
while CD59 is known to promote innate cytotoxic activity NK cells against target K562
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erythroleukemic cells [38], suggesting that differential expression of such NK interactory
ligands could play an important role for CD19.CAR.NK92 mediated cytolytic activity in
anti-CD20 resistant cells, which warrants further investigations. In validating the response of
cytokine factors predicted among key gene events, we observed partially conserved
validations including IFNy, FASLG, IL-10 and TNFSF14 from the secretomic analysis,
while other predicted cytokine activity were undetected potentially due to factors such as
differential expression and secretion Kinetics, or stability of these cytokines. In addition, we
observed increased secretion of CCL3 along with cytolytic granzymes with
CD19.CAR.NK?92 in anti-CD20 sensitive and resistant cells. CCL3 serves as an important
chemotactic mediator essential for recruitment of NK, T, macrophage and dendritic cells to
the tumor microenvironment, and promotion of immune mediated tumor rejection function
[43, 44]. Taken together, based on cell interaction kinetics we observed that
CD19.CAR.NK?92 could kill both anti-CD20 sensitive and resistant cells; kill RR and
sensitive cells by equal extent through functional cytotoxicity; and kill OR and sensitive
cells rapidly through single contact interactions.

In conclusion, we demonstrated that CD19.CAR.NK?92 has potent anti-lymphoma activity
across a host of lymphoma cells including RR and OR bNHL cells Further pre-clinical
analyses to delineate mechanisms of resistance as well as potential biomarkers for clinical
application of this novel “off the shelf” immunotherapeutic agent is needed.
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Figure 1. CD19.CAR.NK 92 mediated cytotoxicity in B cell non-Hodgkin lymphoma (bNHL).
A) Bar graph representing percent LDH release (y-axis) from target B and T lymphoma

cells, with increasing Effector (CD19.CAR.NK92) to Target (E:T) ratio represented in x-axis
from 4-hour co-culture experiments indicate increased cytotoxicity occurring only in B
lymphoma cells (Raji, SUDHL4, and SUDHL10). B) Bar graph representing average CD19
antigen density/cell determined based on calibrated Quantibrite CD19-PE immunostaining
and flow cytometry analysis of B and T lymphoma cells. C) Bar graph representing percent
LDH release (y-axis) comparing the cytotoxic effects of (PBMC, activated NK92 and
CD19.CAR.NK®92 in target Raji or Jurkat (TCL) at indicated E:T ratios, show significant
CD19™ selective cytotoxic activity of CD19.CAR.NK92 against Raji cells compared to
parental NK92 cells (*** denotes £<0.005). All experiments were performed in triplicates,
error bars represent standard deviations.
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Figure 2. CD19.CAR.NK 92 mediated cytotoxicity in CD20 sensitive and resistant B cell non-
Hodgkin lymphoma (bNHL).
A) Bar graph representing percent Annexin-V positivity determined based on flow
cytometry comparing the apoptotic effects of activated NK92 and CD19.CAR.NK92 in
target Raji cells at indicated E:T ratios, from 24-hour co-culture indicate that co-culture of
Raji cells with CD19.CAR.NK?92 resulted in significant apoptotic activity compared to
parental NK92. (** denotes P<0.05, *** denotes £<0.005). B) Bar graph represents percent
GAPDH release (y-axis) from target anti-CD20 sensitive or resistant (RR and OR) SU-
DHL4 or SU-DHL10 cells, with increasing Effector (CD19.CAR.NK?92) to Target (E:T)
ratio represented in x-axis from 4 hour co-culture experiments, indicate no significant
differences in the cytotoxic responses in RR cells compared to sensitive cells, with
significant lower cytotoxic responses in OR cells compared to sensitive cells, with
CD19.CAR.NK92. (** denotes A<0.05, *** denotes £<0.005). C) Bar graph represents
average CD19 antigen density/cell determined based on calibrated Quantibrite CD19-PE
immunostaining and flow cytometry analysis indicate generalized reduction in the antigen
density of CD19 expression in OR cells compared anti-CD20 sensitive or RR, SU-DHL4 or
SU-DHL10 cells. All experiments were performed as experimental triplicates, with error
bars representing standard deviations of mean and statistical significant differences (#
values)comparing control with experimental conditions were determined by 2-tailed, #test.

Leukemia. Author manuscript; available in PMC 2020 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ravi et al.

Single

Cells (%)

Page 16

B

Multiple

.- -165‘
[—

1 * Ty*...+T = Total Contact

S RROR S RR OR

SUDHL10 SUDHL4

Figure 3. Microfluidic real-time single cell interaction kinetics of CD19.CAR.NK 92 treated
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A-B) Interaction between CD19.CAR.NK?92 cells and target cells in microfluidic droplets
depicting single (A) or multiple (B) contacts between distinct cell pairs. T = 0-210’
indicates minutes elapsed. C) Frequency of contacts between CD19.CAR.NK92 -
SUDHL4/10 cell pairs.
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Figure5. Transcriptomics and GSEA analysis of global biological responsesto CD19.CAR.NK 92
in bNHL cells. A-B)

Hierarchical clustering and heatmap analysis of differentially genes from the transcriptome
of flow sorted bNHL cells co-cultured with CD19.CAR.NK92. comparing with triplicates of
(A) untreated SUDHL4, SUDHL10 and corresponding RR cells and (B) comparing with
untreated SUDHL4, SUDHL 10, corresponding OR cells, Raji and primary lymphoma cells
(EL-2 and EL-5), determined by ANOVA with FDR<0.05. The identified differentially
expressed genes were utilized for subsequent GSEA analysis. C) Hallmark analysis of
significant biological functions by GSEA represented as nodes, with size reflecting the
amounts of genes involved in each biological process, that were either activated (Red) or
inhibited (blue) in the bNHL cells co-cultured with CD19.CAR.NK92 compared to
untreated SUDHL4, SUDHL10, anti-CD20 resistant (RR and OR) cells, Raji and primary
lymphoma cells (EL-2 and EL-5).
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Figure 6. Canonical Pathway and key gene analysis of bNHL cellstreated with
CD19.CAR.NK92.

A) Heatmap represents results indicate general consensus in the canonical pathways that
were either activated or inhibited by CD19.CAR.NK92 treatment versus controls bNHL
cells, determined using differentially expressed gene sets and IPA with z-score > 2
indicating activation (red) and z-score < -2 indicating inhibition (blue).

B) The interactions of the common key significant genes represented using IPA, with key
genes determined based on gene sets with overlapping functionalities and from multi-
platform analysis (GSEA, IPA), with colors denoting the observed up (Red) or down (Green)
regulation in gene expression, in the bNHL cells that were co-cultured with
CD19.CAR.NK92 compared to untreated SUDHL4, SUDHL10, anti-CD20 resistant (RR
and OR) cells, Raji and primary lymphoma cells (EL-2 and EL-5), identified that IFNy (as
central hub) and interactive network of genes related to cytokine functions are upregulated.
Data represented in these figure were derived from results provided in Figure 3, consisting
experimental triplicates of CD19.CAR.NK92 treated bNHL cells.
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Figure 7. Secretome and NK ligand expression of CD19.CAR.NK 92 treated anti-CD20 sensitive
and resistant bNHL cells.

A-B) Scatter plots showing results of cytokines detected from 92-plex cytokine panel
proximity extension assay represented as log, normalized protein expression (NPX)
comparing CD19.CAR.NK?92 treated anti-CD20 sensitive (in x-axis) and resistant SUDHL4
(in y-axis), following subtraction of background and basal cytokine secretions from co-
cultured cells. Cytokine secretion with CD19.CAR.NK?92 treatment remaining at or below
basal levels are indicated within dotted lines (connecting x and y axis), cytokine secretions
selectively induced in experimental replciations of anti-CD20 resistant SUDHLA4 cells
treated with CD19.CAR.NK92 indicated within shaded box, which includes FASLG,
Granzymes (GZMA, GZMH), TNFSF14, Gal-1, IL2, IL10, CCL3, CCL4, CD244.C)
Heatmap representation comparing the changes in the differential expression of NK cell
interaction ligands before and after treatment, from experimental triplicates of
CD19.CAR.NK92 treated bNHL cells, and the effect of these ligands on NK cell activity in
NHL cells, such as, upregulation of NK cell activatory CD59 and SLAMF6 ligands with
CD19.CAR.NK®92 is observed in anti-CD20 resistant SUDHLA4.
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Gene set enrichment analysis of differentially expressed genesfrom CD19.CAR.NK92
treatment in anti-CD20 resistant cells vs parental anti-CD20 sensitive cells.

List of hallmark mechanisms identified as “activated” and based numbers of differentially expressed
participating genes and g-values, were determined from GSEA of transcriptomic data consisting experimental
triplicates of CD19.CAR.NK92 treated bNHL cells, identified biological mechanisms with predicted co-
targeting potential for the enhancement of CD19.CAR.NK92 activity in anti-CD20 resistant RR or OR cells.

HALLMARK PATHWAYS
TNFA_SIGNALING_VIA_NFKB
INTERFERON_GAMMA_RESPONSE
INTERFERON_ALPHA_RESPONSE
ALLOGRAFT_REJECTION
IL2_STAT5_SIGNALING
MTORC1_SIGNALING

APOPTOSIS

P53_PATHWAY

HYPOXIA

MITOTIC_SPINDLE

E2F_TARGETS
G2M_CHECKPOINT

Rituximab Resistant Cells

CD19.CAR.NK92

treated -
SUDHL10RR VS
Parental
g-Value Genes
0.000281 4
3.22E-17 135
7.31E-13 26

0.022409 115
0.009847 26
1.20E-05 28
0.022409 22.5
0.022409 17
0.039886 235
0.031408 30.5
0.000887 18
0.000534 30

CD19.CAR.NK92

treated -
SUDHL4RR VS
Parental
g-Value Genes
4.43E-05 23
2.91E-19 2
1.60E-15 2
6.48E-05 11
6.09E-05 5
0.000103 20.5
3.51E-08 9

1.56E-06 34.5
0.000204 26
1.56E-06 12
0.000204 41
0.000495 30.5

Obinutuzumab Resistant Cells

CD19.CAR.NK92

treated -
SUDHL100R VS
Parental

g-Value Genes
1.69E-06 4

9.24E-26 25
9.65E-24 55

1.64E-05 15
2.82E-05 10
1.64E-05 20
1.34E-07 14
8.41E-05 10.5
0.011481 17

0.004035 36
1.54E-07 355
1.50E-07 44.5

CD19.CAR.NK92

treated -
SUDHL40OR VS
Parental
g-Value Genes
1.40E-07 10
4.40E-19 26
5.05E-13 24

3.21E-05 21
0.000154 25
4.12E-06 6
1.20E-05 35
0.000154 18.5
0.006607 26
2.03E-06 20.5
6.27E-07 315
1.41E-08 255
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