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Abstract
Chimeric antigen receptor (CAR) T cells are highly successful in the treatment of hematologic malignancies. We recently generated 
affinity-optimized CD38CAR T cells, which effectively eliminate multiple myeloma (MM) cells with little or no toxicities against nonma-
lignant hematopoietic cells. The lack of universal donors and long manufacturing times however limit the broad application of CAR 
T cell therapies. Natural killer (NK) cells generated from third party individuals may represent a viable source of “off the shelf” CAR-
based products, as they are not associated with graft-versus-host disease unlike allogeneic T cells. We therefore explored the pre-
clinical anti-MM efficacy and potential toxicity of the CD38CAR NK concept by expressing affinity-optimized CD38CARs in KHYG-1 
cells, an immortal NK cell line with excellent expansion properties. KHYG-1 cells retrovirally transduced with the affinity-optimized 
CD38CARs expanded vigorously and mediated effective CD38-dependent cytotoxicity towards CD38high MM cell lines as well as pri-
mary MM cells ex vivo. Importantly, the intermediate affinity CD38CAR transduced KHYG-1 cells spared CD38neg or CD38int nonma-
lignant hematopoietic cells, indicating an optimal tumor nontumor discrimination. Irradiated, short living CD38CAR KHYG-1 cells also 
showed significant anti-MM effects in a xenograft model with a humanized bone marrow-like niche. Finally, CD38CAR KHYG-1 cells 
effectively eliminated primary MM cells derived from patients who are refractory to CD38 antibody daratumumab. Taken together, 
the results of this proof-of-principle study demonstrate the potential value of engineering affinity-optimized CD38CARs in NK cells to 
establish effective anti-MM effects, with an excellent safety profile, even in patients who failed to response to most advanced regis-
tered myeloma therapies, such as daratumumab.

Introduction

Chimeric antigen receptor (CAR) T cells are highly successful in 
the treatment of hematologic malignancies. After the initial clinical 
success of CD19CAR T cells in the treatment of CD19 positive B 
cell malignancies, several promising CAR T cell therapies targeting 
multiple myeloma (MM)-associated antigens such as B-cell matu-
ration antigen (BCMA), SLAM family member 7 (SLAMF7) and 
G-protein coupled receptor family C group 5 member (DGPRC5D) 

are rapidly being developed.1–5 Focusing on the CD38 molecule, 
which is highly and uniformly expressed on MM cells, we have 
recently generated affinity-optimized CD38CAR T cells that can 
effectively eliminate CD38high MM cells without affecting hemato-
poietic cells that show intermediate or low expression of CD38.6 
The clinical success of CAR-based therapies and the rapidly increas-
ing candidate antigens for MM and other hematological malig-
nancies increase the demand to develop more convenient, broadly 
applicable strategies, that would allow off-the-shelf usage for many 
patients without being dependent on the personalized generation 
of CAR based therapeutic cell products for each individual patient 
from their autologous T cells.7,8 Since CARs recognize their target 
antigens without major histocompatibility complex (MHC) restric-
tion, off-the-shelf CAR therapy is a viable option. Nonetheless, the 
risk of graft-versus-host-disease (GvHD) mediated by the endog-
enous T cell receptor (TCR) and the lack of universal donors 
currently limit the off-the shelf development of CAR T cells. To 
tackle this important drawback, extensive efforts are being made 
to knock down the endogenous TCR.9,10 Another very promising 
option is to generate universal CAR carriers from primary Natural 
killer (NK) cells and even cord blood (CB)-derived (NK) cells due 
to the reduced risk of GvHD associated with NK cells.11–15 Next to 
the reduced risk of alloreactivity, NK cells can offer other benefits 
such as ease of expandability, reduced risk of inducing cytokine 
storm and antigen independent killing.16 Since NK cells exhibit a 
distinct and different cytokine profile than T cells and have a much 
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shorter lifetime, it is thought that CAR NK cells should lead to less 
severe cytokine release syndrome and other chronic toxicities than 
CAR T cells.17 It is however not well established whether NK cells 
are suitable as CAR carriers for every type of target antigen; in par-
ticular for CD38, which is also expressed at intermediate levels on 
various tissues including nonmalignant hematopoietic cells.18 Even 
though CD38 is also expressed by a variety of nonhematopoietic 
cells, we have shown in a previous paper on CD38CAR T cells that 
CD38 levels in those tissues are much lower than those expressed 
in the hematopoietic system, even on nonmalignant cells.19

To address the potential efficacy and preclinical safety of 
CD38CAR NK cells, we now inserted our affinity-optimized 
CD38CARs into KHYG-1 cells. This is an immortal NK cell 
line, isolated from a patient with an aggressive NK cell leu-
kemia.20 Previously, this cell line has shown to possess a high 
cytotoxic capacity mediated by Granzyme M.21 In addition, 
KHYG-1 cells express sufficient levels of E-selectin ligands, 
thus making the cells likely to home towards the bone marrow 
(BM).22,23 We evaluated KHYG-1 cells transduced with affin-
ity-optimized CD38CARs for in vitro/ex vivo anti-MM effi-
cacy using MM cell lines and primary MM cells derived from 
MM patients as target cells. We also evaluated their CD38-
dependent toxicity against nonmalignant hematopoietic cells. 
After monitoring the effect of long-term expansion as well as 
irradiation to their CD38CAR-dependent effector functions we 
tested nonirradiated or irradiated CD38CAR KHYG-1 cells 
for in vivo anti MM efficacy in a unique model in which MM 
tumors grow in a human BM tumor microenvironment (TME). 
Lastly, we explored the ex vivo efficacy of CD38CAR KHYG-1 
for the capacity of eliminating primary MM cells derived from 
patients who are refractory to a clinically applied CD38 anti-
body, daratumumab.

Materials and methods

Primary cells from MM patients

Mononuclear cells from BM samples containing 2%–40% 
MM plasma cells were isolated though Ficoll-Paque (GE 
Healthcare Life Sciences) density centrifugation and cryopre-
served in liquid nitrogen until use. When needed, cells were 
thawed in RPMI-1640 medium supplemented with 50% fetal 
calf serum (FCS) (heat inactivated, Invitrogen/Thermo Fisher) 
and incubated (37°C, 5% CO2) for 4 hours prior to use in cyto-
toxicity assays to rest. Primary material was obtained from 
patients who were newly diagnosed or refractory to daratu-
mumab. An overview of some important patient characteristics 
are summarized in Table 1. All patient material and clinical data 
used in this project has been collected according to the code 
of conduct for medical research developed by The Council of 
the Federation of Medical Scientific Societies (FEDERA, https://
www.federa.org/codes-conduct).

Cell lines

KHYG-1 cells were cultured at a concentration between 
0.5–1 × 106 cells/mL in complete effector cell medium (RPMI-
1640, 10% FCS, 1% PenStrep (Penicillin, 10,000 U/mL; 
Streptomycin, 10,000 mg/mL) and supplemented by interleu-
kin (IL)-2 (300 international unit [IU] final culture concen-
tration; R&D), unless stated otherwise. In some experiments, 
KHYG-1 cells were either incubated with IL-15 (PeproTech) at 
various concentrations or irradiated with 10Gy prior to cul-
ture or experiments, as indicated. Target cell lines (CD38+ cell 
lines UM9 and THP-1; and CD38– cell line U266) were cul-
tured in complete target cell medium (RPMI-1640, 10% FCS 
[Hyclone], 1% PenStrep). Effector and target cells were split 
twice weekly with the appropriate fresh medium.

Retroviral transduction

The generation of affinity-optimized second generation 
CD38CAR constructs containing a CD28 costimulatory domain 
and a truncated red flurorescent protein (dsRED) marker gene, 
all linked with 2A sequences has been described earlier.6 The 
MOCK-CAR consisted of an empty vector containing a trun-
cated low-affinity nerve growth factor receptor (LNGFR) 
sequence. Retroviral transfection and transduction was done as 
described previously.24 In short, Phoenix-Ampho packaging cells 
were transfected with the CAR constructs, gag-pol (pHIT60) and 
envelope (pCOLT-GALV) vectors (Roche). Two and 3 days after 
transfection cell-free viral supernatant was collected, concentrated 
with Retro-X (Takara) according to manufacturer’s instructions 
(10–100X concentrated). KHYG-1 cells were transduced with the 
fresh concentrated viral supernatant by spinoculation in the pres-
ence of Polybrene (4 µg/mL).24 A second transduction was per-
formed 24 hours later. Four hours after the second transduction, 
viral supernatant was washed away and the KHYG-1 cells were 
cultured as described above. Three days post transduction, CAR 
expression was analyzed by flow cytometry. The overall transduc-
tion efficiency/CAR expression was over 85% as deduced from 
the expression of marker genes LNGFR (MOCK) or dsRED 
(CD38CAR) (Figure S1, http://links.lww.com/HS/A161). As pre-
viously demonstrated, a soluble CD38-aided measurement of the 
CD38CAR shows high correlation with dsRED expression.6

Flow cytometry

Cells were washed with phosphate-buffered saline (PBS) and 
stained with various fluorescein-conjugated antibodies for 20 
minutes in the dark at 4°C. Post staining, cells were fixated in 
1% paraformaldehyde and immediately analyzed on an LSR 
Fortessa flow cytometer (BD). Several antibodies were used 
in different panels for identification of phenotype of CAR-
KHYG-1 cells as well as target cells: NGFR, CD2, CD3, CD8, 
CD16, CD14, CD19, CD38, CD56, CD138. Viable cells were 
determined with a live/dead cell marker (LIVE/DEAD Fixable 
Near-IR; Life Technologies L10119).

Flow cytometry-based cytotoxicity assays

Flow cytometry-based cytotoxicity assays were performed, as 
described in detail previously.6 In short, CAR-KHYG-1 or target 
cells (malignant cell lines or primary bone marrow mononuclear 
cells [BMNC] from MM patients) were stained with VioletTrace 
(Thermo Fisher) for 20 minutes in the dark at 20°C, to discrimi-
nate effector and target cells. After washing away unbound dye, 
the cells were co-incubated at indicated effector to target (E:T) 
ratios in 96 well round-bottom plates for 18–24 hours (37°C, 
5% CO2). Post incubation, cells were stained with appropri-
ate markers to further distinguish the MM cells and other cells 
when necessary. Flow-count fluorophores (Beckman 7547053) 
were added, and the cells were analyzed with flow cytometry as 
described in the previous section. Viable single cells were enu-
merated by excluding dead cells, doublet events and appropriate 
VioletTrace staining. The percentage of cell lysis was calculated as 
followed: % lysis cells = (1–[absolute number of viable target cells 
in treated wells/absolute number of viable target cells in untreated 
wells]) × 100%. The lysis was only calculated when the target cell 
population contained at least 500 viable cells in the untreated 
control. An example of the gating strategy employed can be found 
in Figure S3 (http://links.lww.com/HS/A161).

In vivo efficacy of CD38CAR KHYG-1 cells

All animal experiments were approved by the local ethical com-
mittee for animal experimentation and were in compliance with 
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the Dutch Animal Experimentation Act. The in vivo efficacy of 
CD38CAR KHYG-1 cells was tested in a humanized bone-mar-
row-like environment created in recombination activating gene 2 
protein (RAG2)–/–γc–/– mice as described earlier.24,25 Briefly, locally 
bred RAG2–/–γc–/– mice, were subcutaneously inoculated with tri-
phasic calcium phosphate particles (scaffolds) that were coated in 
vitro with human BM mesenchymal stromal cells (MSCs). After 
6–8 weeks post implantation, mice received an IP injection with 
Busulfan (Busilvex, 18 mg/kg). Twenty-four hours later, Luc + UM9 
MM cells (0.25–0.5 million viable cells per scaffold) were injected 
in the scaffolds under anesthesia. When the tumors became visible 
under bioluminescence imaging (BLI) (±1 wk) unmodified or irra-
diated CAR-KHYG-1 cells were injected in the mice IV at the indi-
cated doses and time points together with IP injections of IL-15 
(0.5 μg per injection per mouse). Tumor growth was monitored 
weekly by BLI analysis and by manual tumor-size measurements. 
Post mortem BM, spleen, blood and scaffolds were harvested; sin-
gle-cell suspensions were counted, stained, and measured by flow 
cytometry as described elsewhere.24

Statistics

Statistical analyses were performed using GraphPad Prism 
software 8 with 2-tailed paired student’s t tests compared to 
MOCK-KHYG-1 cell values. A P < 0.05 was considered sig-
nificant. Correlation analysis was done with the Pearson R 
correlation coefficient analysis while 1-site total was used for a 
nonlinear robust regression analysis.

Results

In vitro anti-tumor efficacy of CD38CAR KHYG-1 cells

We previously showed that CD38CARs with high or opti-
mized (lower) affinities can effectively eliminate MM and acute 

myeloid leukemia (AML) cells with high expression of CD38.6 
To evaluate the anti-MM efficacy of these CARs when expressed 
on NK cells, we first transduced KHYG-1 cells with affinity-op-
timized CD38 CARs, one having an intermediate (CD38A4) 
and the other a low (CD38B1) affinity to CD38, as is shown in 
detail in Drent et al.6 Both CARs expressed the CD28 co-stim-
ulatory domain. All CAR transduced KHYG-1 cells expressed 
the CAR >85% and at high expression levels (median fluores-
cent intensities [MFIs]) at the cell surface (Figure S1, http://links.
lww.com/HS/A161) and expanded to high numbers (Figure S2, 
http://links.lww.com/HS/A161). When tested against malig-
nant cell lines, both CD38A4CAR and CD38B1CAR trans-
duced KHYG-1 cells effectively killed the CD38+ malignant 
cell lines UM9 (MM) in a CD38 dependent manner as MOCK 
lysis levels were much lower. The lysis of THP-1 (AML) cell 
line by CD38B1CAR KHYG-1 cells was inferior to what was 
observed with CD38A4CAR KHYG-1 cells (Figure  1A). The 
control CD38 negative MM cell line, U266, was lysed equally 
by MOCK and CD38A4CAR transduced KHYG-1 cells, which 
was indicative of the inherent killing capacity of the KHYG-1 
cells against this cell line. Importantly U266 was not lysed above 
MOCK-lysis levels by CD38CAR KHYG-1 cells, again indi-
cating the CD38-dependency of the lysis of CD38+ UM9 and 
THP-1 cells (Figure 1A).

Anti-MM efficacy and on-target off-tumor activities 
of CD38CAR KHYG-1 cells in primary newly 
diagnosed patient-derived BMMNCs

We next tested the efficacy of CD38CAR KHYG-1 cells 
against primary CD138+ MM cells present at 2%–40% in the 
BMMNCs of MM patients. The BMMNC samples also con-
tained CD38int or CD38neg nonmalignant hematopoietic cells, 
which enabled us to simultaneously evaluate the off-tumor 
effects of CD38CAR KHYG-1 cells. Flow cytometry-based 

Table 1

Patient Characteristics.

No. of 
Patients Age Gender Disease Stage

Risk (Genetic  
Anomaly)

Refractory to No. of Prior 
Treatment 

Lines

Time Between Last  
Daratumumab Treatment 

and SampleLenalidomide Bortezomib Daratumumab

1 63 Male Newly diagnosed plasma 
cell leukemia

High risk (+1q; –17p) NA NA NA NA NA

2 60 Female NDMM Standard risk (+1q) NA NA NA NA NA
3 73 Female NDMM Standard risk NA NA NA NA NA
4 69 Female NDMM Standard risk (+1q) NA NA NA NA NA
5 62 Female NDMM Standard risk (–1p) NA NA NA NA NA
6 69 Male NDMM Standard risk NA NA NA NA NA
7 76 Female NDMM Standard risk (+1q) NA NA NA NA NA
8 70 Male NDMM Standard risk NA NA NA NA NA
9 63 Male NDMM Standard risk NA NA NA NA NA
10 54 Female NDMM Standard risk (+1q) NA NA NA NA NA
11 75 Female RRMM (dara naive) Standard risk Yes Yes No 4 NA
12 62 Female RRMM (dara naive) Standard risk (+1q) Yes Yes No 4 NA
13 64 Male RRMM (dara naive) Standard risk (–1p) No No No 4 NA
14 56 Male NDMM Standard risk No No No NA NA
15 70 Male NDMM Standard risk (t[11;14]) No No No NA NA
16 44 Male NDMM Standard risk (–1p) No No No NA NA
17 65 Male RRMM (dara refractory) ND Yes Yes Yes >5 <1 mo
18 59 Female RRMM (dara refractory) ND Yes Yes Yes >5 <1 mo
19 73 Male RRMM (dara refractory) Standard risk Yes Yes Yes >5 <1 mo
20 60 Male RRMM (dara refractory) ND Yes Yes Yes 5 <1 mo
21 75 Male RRMM (dara refractory) Standard risk Yes No Yes 5 3.6 mo
22 66 Female RRMM (dara refractory) ND Yes Yes Yes >5 <1 mo

Patient characteristics of 19 patients included in this study. Patients number 1 to 16 were analyzed for Figure 1, while patients 17 to 22 were analyzed for Figure 4.
NA = not applicable; ND = not determined; NDMM = newly diagnosed multiple myeloma; RRMM = relapsed refractory multiple myeloma.
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A

B

C

Figure 1. Anti-MM efficacy of KHYG-1 cells transduced with affinity-optimized CD38CARs. The cytotoxic activity of intermediate (A4) and lower affinity 
(B1) CD38CAR KHYG-1 cells against (A) CD38+ malignant cell lines UM9 (MM) and THP-1 (AML), and against CD38– cell line U266 in flow cytometry based 
16–24 h cytotoxicity assays. The cytotoxic activity of MOCK transduced cells was also measured to assess the non-CAR dependent activity (UM9 n = 11, THP-
1 n = 5, U266 n = 2). (B), The cytotoxic activity of intermediate (A4) and lower affinity (B1) CD38CAR KHYG-1 cells against malignant and nonmalignant cells 
in the BMMNCs of newly diagnosed MM patients (n = 16). Lysis of MM cells (CD38+CD138+) was analyzed in 13 patients. The lysis of nonmalignant cells was 
analyzed in less, but randomly assigned samples; T cells = CD3+ cells (n = 10), NK cells = CD56+CD3– cells (not MM cells, n = 6), B cells = CD19+CD3– cells  
(n = 5), monocytes = CD14+CD3– cells (n = 8). (C), The cytotoxic activity of intermediate (A4) CD38CAR KHYG-1 cells BMMNCs of newly diagnosed MM patients 
(n = 4). The lysis of nonmalignant cells was analyzed for T regulatory cells = CD4+CD25+CD127–, CD38+ T regulatory cells, stem cells = CD138– CD34+ and 
CD38+ stem cells. All data are depicted as mean + SEM of multiple experiments. Colored asterisks indicate significant differences between the relevant group 
and MOCK cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. AML = acute myeloid leukemia; BMMNCs = bone marrow mononuclear cells; CAR = chimeric antigen 
receptor; E:T = effector to target; MM = multiple myeloma; NK = natural killer; Tregs = T regulatory cells.
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cytotoxicity assays revealed that CD38A4CAR KHYG-1 cells 
mediated effective CD38-dependent lysis against primary 
CD38highCD138+ MM cells (n = 13), even at low E:T ratios. 
The MM cell lysis mediated by the lower affinity CD38B1CAR-
KHYG-1 cells was significantly lower (Figure 1B). In analysis of 
nonmalignant cells, both CD38CAR KHYG-1 cells displayed no 
significant CAR-mediated lysis against T, NK cells and mono-
cytes (Figure  1B). The CD38A4CAR KHYG-1 showed some 
(around 20%) CAR-dependent lysis of B cells but only at higher 
E:T ratios. Importantly these low lysis levels were only slightly 
above background lysis levels induced by MOCK cells and 
were significantly lower than the lysis levels of MM cells. Taken 
together, these results confirmed that an optimal therapeutic 
window can be generated using affinity-optimized CD38CARs 
also in NK cells as CAR carriers. In further experimentation we 
used primarily the CD38A4 variant since their anti-MM activ-
ity, especially against primary MM cells, was significantly better 
than that of CD38B1 transduced cells.

Cytotoxic activity of CD38CAR KHYG-1 cells 
on CD38+ fractions of regulatory T cells and 
hematopoietic progenitor cells

In further evaluation of their potential clinical value, we next 
questioned whether CD38A4CAR-KHYG-1 cells would pos-
sess, like daratumumab, any immunomodulatory effects via 
killing the CD38+ fractions of regulatory T cells. In addition, we 
tested their impact on CD38+ fraction of CD34+ progenitor cells 
as a potentially relevant toxicity parameter. In BM samples iso-
lated from 4 MM patients CD38A4CAR-KHYG-1 cells, while 
effectively killing CD138+CD38+ MM cells, did not display sig-
nificant CD38CAR-mediated lysis towards CD34+CD38+ pro-
genitor cells, but showed elevated levels of CD38CAR-mediated 
lysis of CD38+ regulatory T cells (Tregs) (Figure 1C), suggest-
ing that they may possess some immunomodulatory properties 
through depletion of CD38+ Tregs, which possess superior sup-
pressor activity as compared to CD38– Tregs.18

Anti-MM activities of irradiated affinity-optimized 
CD38CAR KHYG-1 cells

The immortal nature of KHYG-1 cells differentiates this 
NK cell line from primary or cord-blood derived NK cells by 
enabling them to effectively expand in vitro. This property can 
be advantageous for “off the shelf” indications. To test this, we 
expanded MOCK and CD38CAR transduced cells continuously 
in the presence of different cytokines (Figure 2A). These assays 
revealed that CD38CAR KHYG-1 cells can be readily expanded 
in long-term cultures. Their expansion rate was even slightly 
better than that of MOCK transduced cells. The expansion 
rates were similar after addition of IL-15 at a dose of 10 mg/
mL or IL-2 at doses between 100 and 900 U/mL. The combina-
tion of the cytokines did not significantly improve the expansion 
rates. In fact, the combination of IL-15 with the highest dose 
of IL-2 appeared even slightly detrimental (Figure 2A). When 
tested for CD38CAR-dependent cytotoxic activity, we found 
that even long-term cultured (>passage 140 after transduction) 
CD38CAR KHYG-1 cells effectively mediated CAR-dependent 
lysis of the MM cell line UM9 (Figure 2B).

Although the immortal nature of KYGH-1 cells is an advantage 
for ex vivo expansion, before an in vivo application, they need to 
be rendered replication incompetent, for instance by irradiation. 
Short lived, nonproliferative KHYG-1 cells may also represent a 
better model for primary NK cells. We therefore tested the prolifer-
ative activities and functional properties of irradiated CD38CAR 
KHYG-1 cells (Figure 2C). Irradiation with 10 Gy killed virtu-
ally all microscopically viable MOCK or CD38CAR transduced 

KHYG-1 cells within a week, with cell viability of around 50% 
at 3 days and no detectable recovery of the cells even up to 2 
months (Figure 2C). To evaluate the effect of irradiation on cyto-
toxic activity, we tested the lysis of THP-1 cells by irradiated but 
still viable CD38CAR KHYG-1 cells until 5 days after irradiation. 
Although the number of CD38CAR KHYG-1 cells decreased rap-
idly, all viable cells at the time of the cytotoxicity assays mediated 
effective cytotoxic activity, indicating that irradiation did not miti-
gate the cytotoxic activity of still viable cells (Figure 2C).

In vivo anti-MM efficacy of affinity-optimized 
CD38CAR KHYG-1 cells

To evaluate the in vivo efficacy of affinity-optimized 
CD38CAR KHYG-1 cells we used an unique xenograft mice 
model in which the UM9 cell derived MM tumors were grown 
on the back of the RAG2–/–γc–/– mice, in a humanized BM-like 
niche generated by SC inoculation of ceramic scaffolds coated 
with human MSCs.25 We first compared the activity of irradiated 
and nonirradiated CD38CAR KHYG-1 cells after 6 repeated 
injections of 10 × 106 CAR+ cells per injection (Figure 3A). In 
this setting, regardless of whether the cells were irradiated or 
not, CD38CAR KHYG-1 cells significantly delayed the tumor 
growth, while MOCK transduced KHYG-1 cells did not show 
any anti-tumor effect (Figure 3B–D). In post mortem analyses, we 
did not encounter any CD38CAR KHYG-1 cells in BM, blood, 
spleen or scaffolds regardless of irradiation (Figure S4A, http://
links.lww.com/HS/A161). We also found no immediate evidence 
of tumor escape due to CD38 downregulation on MM tumor 
cell line UM9 in multiple mouse tissues (Figure S4B, http://links.
lww.com/HS/A161). The results indicated the similar capacities 
of nonirradiated or irradiated CAR-NK cells if they are admin-
istered in a repeated fashion. Therefore, we net evaluated the 
effect of prolonged, repeated injections of irradiated CD38CAR 
KHYG-1 cells, by increasing the number of injections to 10, 
while the number of viable cells per dose was reduced to 4 
million (Figure S5A, http://links.lww.com/HS/A161). We again 
observed a substantial delay in tumor growth after CD38CAR 
KHYG-1 cell treatment compared to the MOCK treated and 
untreated mice. As expected, this antitumor effect faded rap-
idly after stopping the injections (Figure S5B, http://links.lww.
com/HS/A161; Figure S5C, http://links.lww.com/HS/A161). A 
nonsignificant, but slight improvement of overall survival was 
also detected in CD38CAR KHYG-1 treated mice (Figure S5D, 
http://links.lww.com/HS/A161). Again here, we did not detect 
surviving CAR-KHYG-1 cells in the blood, spleen, BM or scaf-
folds in postmortem analyses (data not shown).

Anti-MM efficacy of optimized CD38CAR KHYG-1 
cells against primary MM cells derived from 
daratumumab refractory patients

After showing the in vitro and in vivo anti-MM poten-
tial of affinity-optimized CD38CAR KHYG-1 cells, we finally 
addressed whether these cells could be of benefit for patients 
who are refractory to another CD38-directed immunotherapy. 
To this end, we tested the susceptibility of CD138+ MM cells in 
BMMNCs of patients who became refractory to daratumumab 
(n = 6) (Figure 4A and Figure S6, http://links.lww.com/HS/A161). 
In these patients we have observed a clear, cell-dose dependent 
mean lysis of MM cells reaching up to 70% at E:T ratios of 1:1, 
which was similar to the lysis levels found in daratumumab unex-
posed patients. The efficiency of killing however showed a strong 
linear correlation with the percentage of CD38-positive cells. In 
addition, there was a strong nonlinear correlation between the 
lysis levels and CD38 expression levels (MFI) on the MM cells 
(Figure 4B and C) in a robust nonlinear regression analysis.

http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
http://links.lww.com/HS/A161
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Discussion

We here demonstrate the feasibility and anti-MM efficacy 
of engineering NK cells with affinity-optimized CD38CARs in 
a model system, where we used the NK cell line KHYG-1 as 
carrier of CD38CARs. The main reason to investigate the util-
ity of affinity-optimized CD38CARs for MM treatment is first 

of all based on the fact that the expression of CD38 on MM 
cells is very high, homogenous and fairly stable, which makes 
it difficult to escape from CAR therapy, unlike CAR target-
ing of BCMA.26 Nonetheless, although antibody targeting of 
CD38 with daratumumab and isatuximab is highly efficient 
and safe,27–30 expression of high affinity CD38CARs in T cells 
induce high level of lysis of CD38int positive nonmalignant 

7 14 28 42 56
0

1

2

3

4

Days post irradiation

Fo
ld

 e
xp

an
si

on

Proliferation

d0 d3 d6 d9 d13
0
2
4
6
8

10
12
14

Days in culture  

Fo
ld

 e
xp

an
si

on
MOCK

1:3 1:1 3:1
0

20

40

60

80

100

E:T ratios

Ly
si

s 
of

 T
HP

-1
 c

el
ls

CD38A4

d0 d3 d6 d9 d13
0
2
4
6
8

10
12
14

Days in culture 

Fo
ld

 e
xp

an
si

on

CD38B1

CD38A4 10Gy
MOCK 10Gy
MOCK 0Gy

900U IL2

900U IL2 + IL15

300U IL2

300U IL2 + IL15

100U IL2

100U IL2 + IL15

10ng/ml IL15

B

C

d0 post 10Gy
d1 post 10Gy
d2 post 10Gy
d3 post 10Gy
d4 post 10Gy
d5 post 10Gy

A

1:9 1:3 1:1 3:1-50
0
0

20

40

60

80

100

E:T ratios

Ly
si

s 
of

 U
M

9 
ce

lls

MOCK p>80
MOCK p>60
MOCK p<2

CD38A4 p>100
CD38A4 p>140

CD38A4 p<2
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hematopoietic cells.19 Importantly, however, we have recently 
shown that expression of affinity-optimized CARs in T cells 
can generate an optimal therapeutic window with high levels 

of lysis against CD38high MM cells but not against CD38int 
nonmalignant cells6 including the CD38 fractions of CD34+ 
cells.6,23

Figure 3. In vivo response of CD38CAR KHYG-1 cells. (A), Schematic representation of the in vivo experiment. For details refer to the relevant methods 
section. In short, mice were SC inoculated with human BMMSC coated scaffolds. The mice were irradiated after 6–8 wk. One day later Luc + UM9 MM cells 
were injected into the scaffolds. The IV CD38A4 KHYG-1 treatment started 1 week after tumor inoculation. Tumor growth was monitored weekly by BLI anal-
ysis and by manual tumor-size measurements. (B), Example BLI images from the left flanks of mice in 3 treatment groups at 3 different days. (C), Graphical 
representation of anti-tumor response in all groups. Mean values are displayed. (D), The graphical representation of the significant delay in tumor growth 
observed at day 20 and day 34 with nonirradiated or irradiated CD38A4 treated mice. (*P < 0.05, mean + SEM) as compared to nonirradiated group. MOCK 
treated cells showed no anti-tumor effect. BLI = bioluminescence imaging; BMMSC = bone marrow mesenchymal stromal cell; CAR = chimeric antigen receptor; MM = multiple 
myeloma; NK = natural killer.
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In full agreement with these results, we now show that the 
expression of intermediate affinity CD38CARs in KHYG-1 NK 
cells effectively mediate anti-MM activity, while there is low or 
no cytotoxicity against nonmalignant cells especially against T, 
and NK cells, with one remarkable exception: the elimination 
of CD38+ regulatory T cells. These results indicate not only a 
favorable safety profile for CD38CAR KHYG-1 cells, but sug-
gest that, similar to daratumumab, CD38CAR KHYG-1 cells 
may even have some beneficial immunomodulatory effects 
through the lysis of CD38+ Tregs, which are known to possess 
superior T cell suppressive capacities as compared to CD38– 
Tregs.18 In addition, we did not find significant CAR-dependent 
lysis of CD38+ fractions of CD34+ hematopoietic progenitor 
cells by CD38CAR KHYG-1 cells thus additionally support-
ing their favorable safety profile. On the other hand, in these 
experiments, we surprisingly detected some (20%–40%) innate 
killer activity from mock-transduced KHYG-1 cells on CD34+ 
cells (Figure 1C), which is not readily explained. Nevertheless, it 
should be noted that this observation could be a specific effect 
of KHYG-1 cells since primary NK cells have already been used 
in several clinical trials with no evidence of BM aplasia. Thus it 
is unlikely to expect significant toxic effects on hematopoietic 
progenitor cells when the CD38A4CAR will be expressed on 
primary NK cells for clinical application. Furthermore, when 
considering the potential unexpected safety issues, a major 
advantage of engineering CD38CARs into NK cells rather than 
into T cells is the fact that NK cells are short lived. It is expected 
that their anti-tumor effects as well as potential adverse effects 
will be limited with this short life span.31 Hence, even if opti-
mized CD38CAR NK cells would cause any adverse effects, 
such potentially harmful effects will last much shorter as com-
pared to CD38CAR T cells, which may develop memory and 
remain in the body for extended periods.32,33

Another relevant issue regarding the application of our opti-
mized affinity CD38CAR NK cell in the clinical setting is the 
potential for fratricide when engineering expanded primary NK 
cells. This is despite the fact that in our experimental setting 
we did not observe significant fratricide in CD38CAR KHYG1 
cells or significant lysis of resting NK cells. We have previously 
observed that CD38 expression is robustly upregulated during 
ex vivo expansion with consequent fratricide on subsequent 
expression of an optimized affinity CD38 CAR. This can be 
successfully overcome by CD38 knockout as we have shown 
recently.34

Currently, an important clinical category of MM patients 
are those patients who are refractory to daratumumab. Since 

daratumumab refractoriness is usually associated with CD38 
downregulation in the first 3–6 months, it was relevant to test 
the efficacy of CD38CAR KHYG-1 cells against MM cells from 
daratumumab refractory patients. In a small panel (N = 6) of 
daratumumab refractory patients, we observed that CD38CAR 
KHYG-1 cells could effectively eliminate these MM cells. 
Interestingly, the lysis efficiency showed a nonlinear correlation 
with the CD38 expression levels, thus indeed suggesting that the 
therapeutic window of CD38CAR KHYG-1 cells can be affected 
by the CD38 expression levels of MM cells and it may be diffi-
cult to target MM cells with very low levels of CD38, with these 
intermediate affinity CD38CARs. While we showed a correlation 
with CD38 expression levels, a clear cut threshold level of CD38 
expression required for kill could not be determined in our study, 
and requires the analyses of much larger cohorts. Therefore in 
patients where the MM cells express very low CD38 levels, it 
would be relevant to postpone the therapy until the CD38 lev-
els are restored. In addition, restoring the CD38 expression by 
in vivo treatment with all-trans retinoic acid (ATRA), or with 
other agents such as Panobinostat,35 could be considered in such 
patients.

While in our study the KHYG-1 cells were mainly used as 
a model cell line, a potential advantage of using such immor-
tal cells for therapeutic application is the possibility of an “off 
the shelf” application for many patients, as they can be read-
ily expanded in large quantities. Indeed, in long-term cultures, 
CD38CAR transduced KHYG-1 cells vigorously expanded >2 
months, even slightly better than MOCK transduced cells, and 
yielded very high numbers of functionally intact cell populations. 
In this context, another remarkable observation is the fact that 
even irradiated CD38CAR KHYG-1 cells could mediate effec-
tive cytotoxic activity against MM cells. This, together with 
their vigorous expansion capacity, suggests the possible genera-
tion of “off the shelf” products with CD38CAR KHYG-1 cells. 
Nonetheless, towards this end, still major improvements may be 
necessary, since in our in vivo experiments, we have observed 
that irradiated or even unmodified CD38CAR KHYG-1 cells 
maintain their anti-tumor effects for a brief period only, requir-
ing multiple consecutive administrations to establish a visible 
anti-MM effect. The moderate in vivo anti-tumor effects may 
be model dependent. For instance, we cannot exclude the pos-
sibility that there is an impaired capacity of KHYG-1 cells to 
infiltrate the humanized tumor site in this model. It is also not 
well known whether KHYG-1 cells are affected by the tumor 
protective effects of BM-stromal cells which are present in our 
model. BM stromal cells are known to mitigate the CAR T and 

A B C

Figure 4. Cytotoxic activity of CD38CAR KHYG-1 cells against MM cells from daratumumab refractory patients. (A), The lysis of CD138+ MM cells 
from daratumumab refractory patients by CD38A4 as compared to MOCK transduced KHYG-1 cells (n = 6). Assays were performed in duplicates. Mean and 
SEM are displayed. *P < 0.05, **P < 0.01. Experimental details are outlined in Figure 1B and in the methods. (B), Linear correlation of the lysis (1:1 E:T ratio) with 
the percentage of CD38+ MM cells in the patient samples. The r and P values are indicated. (C), Nonlinear robust regression between the lysis and CD38 MFI 
values. The values for RSSs and the RSDRs were indicated. CAR = chimeric antigen receptor; E:T = effector to target; MFI = median fluorescent intensity; MM = multiple myeloma; 
RSDR = robust standard deviation of residual; RSS = robust sum of square.
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antibody-dependent cellular cytotoxicity (ADCC) effects of NK 
cells against MM cells.36–38 Thus, these possibilities need to be 
addressed in future studies. Related to this it is also noteworthy 
that in our in vivo experimental setting, we observe hardly any 
curative anti-tumor effect from CD38CAR T cells.19,24

Alternatively, the moderate in vivo anti-tumor responses 
could be related to the lack of in vivo expansion or persistence 
of nonirradiated or irradiated CD38CAR KHYG-1. In such 
a scenario, maximizing the cytotoxic potential of short lived 
KHYG-1 cells or even of primary NK cells by additional 
genetic engineering of cytotoxic mediators, such as TNF-
related apoptosis-inducing ligand (TRAIL), may provide a 
solution and deserves further testing. Alternative approaches 
may be the combination of CAR-NK cells with immunomodu-
latory drugs with NK-cell activating properties. The feasibility 
and potential benefit of such strategies need however extensive 
preclinical testing.

In a future scenario, it could also be possible to engineer pri-
mary NK cells not only with CARs but with genes that allow 
their increased in vivo expansion and persistence. Such platforms 
that are in development include CB-derived or induced plurip-
otent stem cell-derived NK cells, especially when engineered to 
produce their own cytokines. Nonetheless, the long-term per-
sistence of immune effector cells in vivo is also dependent to their 
susceptibility to immune regulation in the TME. Immune check-
points expressed in the TME are known to induce exhaustion 
of not only T cells but also NK cells. The NK cell exhaustion is 
frequently related to interaction of programmed cell death pro-
tein 1 (PD-1), T cell immunoreceptor with Ig and ITIM domains 
(TIGIT), NKG2A and Siglec-7 with their cognate ligands, pro-
grammed death-ligand 1 (PD-L1), CD155, HLA-E and sialic 
acid on tumor cells respectively. Notably, KHYG-1 cells strongly 
express NKG2A and when co-cultured with MM cells expresses 
significant levels of PD-1 (unpublished data). Thus, improved 
CAR NK cell therapies may not only require advanced genetic 
engineering of NK cells but also combination therapies in which 
checkpoint receptors are effectively blocked.

In conclusion, the results of this proof-of-principle study indi-
cates the benefits of engineering affinity-optimized CD38CARs 
into NK cells as a potential therapy for MM patients including 
those who are refractory to CD38-targeting antibodies.
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