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Progressive Decline of NK cell function in patients with 
relapsed/refractory lymphoma

NK cells have impaired killing, 
IFNg production and lower 
CD16 expression compared to 
healthy controls  

NK cell have altered  
expression of 
immunosuppressive receptors 
TIGIT and TIM3

Bachanova V, Cancer Immunol Immunother. 
2018  Nov;59(11):1739-44.



NK Cell Sources For Cell Therapy



CD3 depletion (+added CD19 depletion) 
IL-2 co-incubation  overnight 

Peripheral Blood 
apheresis

NK-enriched Cy 60 mg/kg x 1 day
Flu 25 mg/m2 x 4 days

Eligible patients: Poor prognosis
with R/R AML and NHL

Miller et al, Blood 105:3051-3057, 2005 pioneered for AML , 
Bachanova et al. Blood 2014 AML cohort

Partially HLA matched related donor

Bachanova et al, Cancer Immunol 
Immunother. 2010

HLA- haplo matched NK cells
2-8 x 107 MNC/kg
+ RITUXIMAB
IL-2.  10 MU SQ QOD x 6



Safety and Limitations of PB Allogeneic Donor NK infusions

1st allogeneic NK cell trial for lymphoma 
(NCT01181258) launched in 2008
First 6 patients reported in 2010 
Subsequent 16 patients were enrolled

• No serious infusion toxicity 
• No GVHD 
• No Cytokine Release Syndrome
• No Neurotoxicity 

Bachanova V, Cancer Immunol Immunother. 
2010  Nov;59(11):1739-44.  

Clinical efficacy in R/R lymphoma 
with ORR 28% 

Low but we proved the concept ! 

Haplo PB NK cells persisted in 
blood for up to 7 days  

Regulatory T cells (host) expanded 
in some patients due to high dose 

IL-2

https://clinicaltrials.gov/ct2/show/NCT01181258


Responders experienced higher NK cell proliferation and 
endogenous IL-15 levels compared to non-responders

NK proliferation

Endogenous serum IL-15 
levels

R
NR

Endogenous serum IL-15 
levels correlated with NK 
cell cytotoxicity  

Bachanova V, Clinical Cancer Research, 2018; 
67, 483–494

R responder
NR non-responder

https://link.springer.com/journal/262


Haploidentical NK cells induced remissions in NHL patients with 
low levels of immune-suppressor cells 

R responders
NR non-responders

Bachanova V, 
Clinical Cancer Research, 2018; 
67, 483–494

https://link.springer.com/journal/262


Opportunities and What Did we Learn? 

• Blood derived NK cells exhibit short-term 
persistence in vivo

• Hostile immune environment inhibits NK 
cell function

• Wide variability of PB NK cell product 
content (NK cells content ~40%; other 
cells: monocytes, B-cells, T cells <5x 10*5)

• Limited NK cell dose due from PB
• Suboptimal clinical efficacy 

Barriers to overcome 



Importance of NAM

• is a potent allosteric inhibitor of  NAD–
dependent enzymes 

• Plays a key role in metabolic 
reprogramming of cells

• Is a master regulator of 
NAD-related signaling pathways

• Transcriptional regulator

• Preserves cellular functionality and 
phenotype during in vitro expansion

• Enhance the Number of Cells in Culture

Histone
Acetylation

NAD-dependent 
enzymes

NAD*

NH2

O

N NAM

Nicotinamide can expand any cell type (developed to expand CD34 cells from UCB)

Metabolic Re-programming of Hematopoietic Cells with 
Nicotinamide 



Nicotinamide – induced PB donor NK cells (GDA-201)

Leukapharesis

Donor

Donor NK cells obtained from 
HLA-haploidentical or mismatched 

related donor

CD3 depletion 
at seeding

IL-15 + NAM 
co-culture

14 day culture
NK cells > 98%
T cells < 0.5%

GDA-201

Highly functional NK cells:
40-fold increase in NK cells

~50 - 100 billion, purity >98%

GDA 201

20ng/ml
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NAM promotes PB NK cell metabolic fitness during ex vivo expansion

Seahorse assay measures mitochondrial bioenergetics
OCR oxygen consumption rate
ECAR extracellular acidification rate  estimates cellular glycolysis 

Courtesy F.Chickocki
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NAM Enhances NK Anti-Tumor Function and Trafficking to Tissues in 
Animal Models 
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Figure 1. Ex vivo expansion of NK cells with nicotinamide leads to enhanced effector 
function and in vivo persistance after adoptive transfer into NSG mice.  CD3/CD19-
depleted PBMCs were expanded for 7 days with 10 ng/ml IL-15 with or without the addition 
of 5 mM nicotinamide (NAM). (A) Representative FACS plots and cumulative data for NK cell 
function assays with K562 targets used at 2:1 E:T  ratios. Results are from 2 independent 
experiments. (C) Adoptive transfer experiments into NSG mice were performed to assess the 
persistance of NK cells expanded ex vivo in the absense or presence of NAM. Mice were 
sacrificed at day +4 and day +8 for analysis of the frequency of adoptively transfered NK cells 
in bone marrow and spleen tissue. Results are from 2 independent experiments with 3 mice per 
group. (D) NK cells were cultured for 6 days with or without NAM and then overnight with either 
0 or 50 mM H2O2. Cell viability was determined by flow cytometry using Annexin V and dead 
cell dye staining. Results are from 3 independent experiments. * p < 0.05, **p < 0.01, 
***p < 0.001 
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NAM supplementation promotes:

• NK cell killing and cytokine production

• Tissue trafficking in animal model

• Antibody mediated killing
Peled, T., Brachya, G., et al: Blood 2017, 130:657.
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Figure 1. Ex vivo expansion of NK cells with nicotinamide leads to enhanced effector 
function and in vivo persistance after adoptive transfer into NSG mice.  CD3/CD19-
depleted PBMCs were expanded for 7 days with 10 ng/ml IL-15 with or without the addition 
of 5 mM nicotinamide (NAM). (A) Representative FACS plots and cumulative data for NK cell 
function assays with K562 targets used at 2:1 E:T  ratios. Results are from 2 independent 
experiments. (C) Adoptive transfer experiments into NSG mice were performed to assess the 
persistance of NK cells expanded ex vivo in the absense or presence of NAM. Mice were 
sacrificed at day +4 and day +8 for analysis of the frequency of adoptively transfered NK cells 
in bone marrow and spleen tissue. Results are from 2 independent experiments with 3 mice per 
group. (D) NK cells were cultured for 6 days with or without NAM and then overnight with either 
0 or 50 mM H2O2. Cell viability was determined by flow cytometry using Annexin V and dead 
cell dye staining. Results are from 3 independent experiments. * p < 0.05, **p < 0.01, 
***p < 0.001 
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Phase 1 Trial of GDA-201 NAM-Expanded Allo NK Cells (GDA-201) 
in Patients with Refractory NHL and Multiple Myeloma (MM)

Objective: To evaluate outcomes of GDA-201 in combination with rituximab in patients with R/R NHL

*Confirmed by flow cytometry or immunohistochemistry. CR, complete response; DoR, duration of response; HLA, human leukocyte antigen; IL, interleukin; IV: intravenous; mAb, monoclonal antibody; NAM, nicotinamide; NHL, non-Hodgkin lymphoma; NK, 
natural killer; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PR, partial response; SC, subcutaneous; R/R, relapsed or refractory; TNC, total nucleated cell.

Monoclonal antibodies (mAb): Rituximab (375 mg/m2 IV) for B-cell lymphoma or Elotuzumab (10 mg/kg IV) 
for multiple myeloma 
Lymphodepleting chemotherapy: Cyclophosphamide (400 mg/m2 IV × 3d) and f ludarabine (30 mg/m2/d IV × 3d)
IL-2: 6 million units SC

GDA-201
Collect donor

NK cells

mAb mAb

Lymphodepleting
Chemotherapy

IL-2 IL-2

mAb

IL-2
Toxicity and response 

assessment

Study
Day

NAM-NK
expansion

-14 // -10 // -5 -4 -3 -2 -1 0 +1 +2 +3 +4 // +11 +28 to 360
Endpoints:

• Safety, dose-limiting toxicities 

• ORR, CR, PR, DoR, PFS, OS

Patients:

• ≥18 years of age with CD20-
positive* B-cell  R/R NHL that has 
failed conventional therapy

• Measurable disease >1.5 cm

• HLA–haploidentical or mismatched 
related donor

• Karnofsky Performance Scale score 
≥60%

GDA-201 Cohort Target TNC Dose (cells/kg)

1 2.0 × 107

2 1.0 × 108

3 2.0 × 108

Study Design:



Patient Demographics
Total

(N=36)
NHL 

(n=20)

Age, median (range), years 61 (46–83) 60 (46–83) 

Sex: male/female, n 21/14 11/9

Multiple myeloma, n
NHL, n

16
20

–
20

Diffuse large B-cell 
lymphoma

– 9

Follicular lymphoma – 10

Mantle cell lymphoma – 1

Disease status, n (%)

Relapsed 28 (80) 17 (85)

Refractory 7 (20) 3 (11)

Stage III–IV (NHL only), n (%) – 16 (80)

Patient Demographics
Total

(N=36)
NHL 

(n=20)

Number of lines of therapies, 
median (range)

4.5 (1–10) 3 (1–8)

Prior autologous transplant, n 
(%)

16 (47) 3 (17)

Prior allogeneic transplant, n (%) 1 (3) 1 (5.6)

KPS 80 or less, n (%) 16 (47) 8 (45)

GDA-201 cell dose, median in 
107/kg (range)

14.3 (2.0–
26.0) 

10.2 (2.0–
26.0) 

Phase 1 GDA-201 Study:  Patients Characteristics

Bachanova, ASH 
2021



Persistence and Expansion of GDA-201 
(as % of all NK cells) 
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• GDA-201 detected by flow cytometry using donor 
HLA-specific antibodies.

• GDA-201 peaks between days 4 and 7 (range 2-
75%) 

• NK cells persistence appears to be dose 
dependent. 
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Patient 26: Donor cells detected in 
blood by flow chimerism (donor is 
HLA-A2-)
Flow plots are gated on CD56+CD3-
NK cells

Forward 
Scatter

H
LA

-A
2

Day 2 Blood Day 4 Blood Day 7 Blood

Day 3 Lymph Node

GDA-201 Cells Traffic to Marrow and Lymph Nodes



Metabolic Re-programming with NAM Alters scRNA-
seq Expression  

Frank Cichocki, Justin Hwang, 
unpublished 
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• Distinct differences in gene 
expression are  observed in GDA-201 
vs donor aphered NK cells

• Day 4 GDA-201 and Host NK cells 
cluster more closely, likely reflecting 
adaptation of the product in the host.



Gene Expression 
profiling of GDA-
201 resembles 

CD56bright NK cells 

CTSW
SELL
XCL2
XCL1
*TCF7

HAPLN3
KLRC1
CD2

NCAM1
CAPG
NME2
ITGAX
GZMK

IL12RB2
MAP3K8
IGFBP4
MFGE8
IL18R1
ITGA1

ATP8B4
MMP25-AS

KIT
NELL2
*MYC
CCR1

TMEM14C
TIAM1
IL2RA

*BACH2
SPRY2
*IKZF2
MMP25
AGPAT5
PLXNC1

GRAMD1B
*RUNX2
*YBX3
CERS6
GOLIM4

SLC39A10
*AHR
CNR2

CAPN12
DUSP6
GNAQ
IL18
MAL
FLNB

CRTAM
HOXA10
CAMK1
SRGAP3
RCBTB2
CD59

SPINK2
PACSIN1
RCAN3
S100A13
*SOX4
STYK1
SPECC1
SPTSSB
PAWR

RASSF8
IRAK3
*LEF1
NDFIP2
SLC44A1
DZIP3
GNB4
CXCR6
MAP7D3
CST3

PECAM1
SGK1
WNT11
SNCA
FUT7
LDB2

*ZFHX3
A1BG
DPF3
NCR2

ANKRD26
CYFIP1
CLNK
CDA

KLHL23
NCF4

CDCP1
AFAP1L2
MPZL2

RASSF8-AS1
ENPP1

higher expression in 
GDA-201 vs. Apheresis 

NK cells
and in Day 4 GDA-201 

vs. Host NK cells

higher expression in 
immature NK cells

239

161

94

67

lower expression in 
GDA-201 vs. Apheresis 

NK cells
and in Day 4 GDA-201 

vs. Host NK cells

288

112

42

70

lower expression in 
immature NK cells

CD56bright NK cells
CD56dimCD94high NK cells
CD56dimCD94low NK cells

GDA-201 vs. Apheresis 
NK cells

FGFBP2
CLIC3
MIAT
LBH
LITAF
RGS2
PLEK

SYNE2
FCGR3A
SPON2

F2R
PTGER4
ADGRG1

IFIT2
*IKZF3
*ZEB2
MTSS1
CD6

CX3CR1
*PRDM1
PATL2
FCRL6
AKAP5

*BCL11B
PRSS23

HBB
PTGDS

RAP1GAP2
FGL2
CHD7

LINC00299
LIMA1
PF4

PPBP
LYZ

BNC2
CADM1
CMKLR1
CD3G

Day 4 GDA-201 vs. 
Host NK cells

RNA-seq

scRNA-seq

0.5

-1.0
scRNA-seq 
average log
fold-change

9.3

-8.1
RNA-seq 

average log
fold-change

• NAM induced durable changes in 
gene expression of donor NK cells

• Differential gene expression of  
GDA-201 cells resembles more 
immature stages of NK cell 
development (NK565bright ).

• Many genes associated with 
maturity were downregulated 

Frank Cichocki, PhD 
Justin Hwang, PhD
unpublished 

GDA-201 cells resembles 
more immature stages of 
NK cell development



GDA-201 trial:  Safety & Efficacy

Safety
• The most common grade 3/4 TEAEs 

were:
• Thrombocytopenia (n=9)
• Hypertension (n=9)
• Neutropenia (n=4)
• Febrile neutropenia (n=4)
• Anemia (n=3)

• Adverse events of special interest 
(cytokine release syndrome, 
neurotoxic events, graft-versus-host 
disease, or bone marrow aplasia) 
were not observed

• One patient died of Escherichia coli 

sepsis

Efficacy  in Non-Hodgkin lymphoma
(19 evaluable patients)

• ORR was 74% 
• CR rate 65% (n=13; 5 with DLBCL and 8 

with FL)
• 1 patient had PR
• 4 NHL patients underwent re-treatment with 

GDA-201; 2 patients had further deepening 
of response from PR to CR

Bachanova, ASH 2021



Duration of response after GDA-201

Median duration of response was 16 months (range 5-36 months) Bachanova, ASH   
presentation 2021



Survival  at a median follow-up of 11 months (range, 1–36)

Progression-free Survival Overall Survival 

o 1- year PFS were 50% (95% CI, 27%–69%) 

o 2-year PFS was 35% (95% CI, 14%–58%),
o 2-year OS was 78% (95% CI, 51%–91%) 

Bachanova, ASH  2021



Patient 004: Radiographic Complete Response

Patient 004

• 60-year-old man with FL 
stage IVB

• Prior therapy: BR
• Relapse R-CHOP, and R-

ICE – no response

• Day 28 post GDA-201: 
Complete response 

Baseline 1 month post GDA-201



Pt 009: 6 month post GDA-201

Pt 009: Baseline

Patient 009

• 57-year-old man with history of CLL and Richter’s 
transformation - large cell lymphoma, 
measurable retroperitoneal lymph nodes at 
baseline

• Prior therapy: FCR-light, 
Rituximab/Bendamustine Ibrutinib/Revlimid, R-
CHOP, Venetoclax/Rituximab

• Allogeneic matched sibling HSCT 

• Relapse at 6 months

• Treated with GDA-201 

• 28 day response- Partial Response

• 6 months: PR with continued tumor shrinkage

• 12 months: Complete response



Pre-treatment tumor biopsy patient 009

B-cell lymphoma 

CD20 stains lymphoma B cells 

CD3 

courtesy of Bartosz Grzywacz 
M.D. 



courtesy of Bartosz Grzywacz 
M.D. 

This area is shown in 
CODEX images

Post – treatment day 16 biopsy: necrotic lymphoma cells with 
ensuing tissue organization and fibrosis with inflammatory 

infiltrates. 



Detection of NK cells in tissues by CODEX at after GDA-
201 

Dapi
CD56
GranzymeB
CD8

CD56+ , 
Granzyme
B+ NK cells

Dapi
CD19
CD20
Pax5

B cell markers: CD19, CD20, 
PAX5 are all negative 

C/w Tumor eradication 

courtesy of Bartosz Grzywacz 
M.D. 



CD8
CD4
Foxp3

T regs

courtesy of Bartosz Grzywacz 
M.D. 

T cell infiltrate predominates in post-treatment tumor biopsy 



Phase 1 GDA-201 Study Findings and Limits:

• We developed a novel cell product manufactured with nicotinamide and void of genetic engineering  

• Future directions include cryopreservation, HLA mismatching and exploration of multiple treatment 
cycles.

• Multi-center Phase 1/2 study started enrollment in May 2022

Clinical Challenges in The Field 

Cell persistence  
Tumor specificity 

Optimal expansion and trafficking 
Cross-talk with adaptive immune system 

Tumor escape in suppressive immune milieu 



Off-the-Shelf, Multi-Targeted CAR iNK Cells for Cancer Therapy
Engineered from iPSC Line and Triple Genetically Modified 

CAR19: targets B-cell antigen CD19, optimized for NK cell 

biology, contains a NKG2D transmembrane domain, a 2B4 

co-stimulatory domain and a CD3-zeta signaling domain

hnCD16: High-affinity 158V, non-cleavable CD16 Fc receptor 

to augment ADCC, enabling dual antigen targeting 

IL-15RF: Interleukin-15 receptor fusion, potent cytokine 

complex to promote survival and proliferation of NK cell and 

CD8 T cells 

Cell source Advantages Disadvantages

iPSC -High proliferative capacity

-Homogeneous product

-Immature phenotype 

-Low ADCC due to low CD16 

expression

- Long culture condition

One-time 
engineering

Renewable 
cell source

Clonal Master Engineered 
iPSC Line

Jode P Goodridge et al, ASH Abstract 2019; 
FATE Therapeutics with permission
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