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The generation and expansion of functionally competent NK cells in vitro is of great interest
for their application in immunotherapy of cancer. Since CD33 constitutes a promising
target for immunotherapy of myeloid malignancies, NK cells expressing a CD33-specific
chimeric antigen receptor (CAR) were generated. Unexpectedly, we noted that CD33-
CAR NK cells could not be efficiently expanded in vitro due to a fratricide-like process in
which CD33-CAR NK cells killed other CD33-CAR NK cells that had upregulated CD33 in
culture. This upregulation was dependent on the stimulation protocol and encompassed
up to 50% of NK cells including CD56dim NK cells that do generally not express CD33 in
vivo. RNAseq analysis revealed that upregulation of CD33+ NK cells was accompanied by
a unique transcriptional signature combining features of canonical CD56bright (CD117high,
CD16low) and CD56dim NK cells (high expression of granzyme B and perforin). CD33+ NK
cells exhibited significantly higher mobilization of cytotoxic granula and comparable levels
of cytotoxicity against different leukemic target cells compared to the CD33− subset.
Moreover, CD33+ NK cells showed superior production of IFNg and TNFa, whereas
CD33− NK cells exerted increased antibody-dependent cellular cytotoxicity (ADCC). In
summary, the study delineates a novel functional divergence between NK cell subsets
upon in vitro stimulation that is marked by CD33 expression. By choosing suitable
org January 2022 | Volume 12 | Article 7980871
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stimulation protocols, it is possible to preferentially generate CD33+ NK cells combining
efficient target cell killing and cytokine production, or alternatively CD33− NK cells, which
produce less cytokines but are more efficient in antibody-dependent applications.
Keywords: NK cell, CD33-CAR, cytokine production and cytotoxicity, RNAseq analysis, NK cell expansion
INTRODUCTION

Natural Killer (NK) cells are getting increasingly into the focus of
allogeneic cell-based therapy due to their powerful effector
mechanisms enabling eradication of tumor and virus-infected
cells without eliciting graft-versus-host disease (1). Classically,
circulating NK cells are divided into CD56bright NK cells that are
non-cytotoxic and primarily respond with IFNg and TNFa
production in response to exogenous cytokines and CD56dim

NK cells that are uniquely able to exert cytotoxic effector
functions via CD16-mediated antibody-dependent cellular
cytotoxicity (ADCC) as well as direct targeting of aberrant cells
on the basis of missing self-recognition and expression of stress-
induced ligands (2). Beyond these two major subsets, a multitude
of less well-defined NK cell subpopulations with more subtle
differences exist along a continuum of different functional states
(3). Unfortunately, in NK cells stimulated and expanded in vitro,
functional distinction of NK cell subsets on the basis of CD56
expression is not useful due to unspecific upregulation on
virtually all NK cells. Similarly, other function-associated
surface molecules are highly sensitive to shedding, such as
CD16, or are quickly downregulated in culture, such as CD62L
(4, 5). Thus, although it is apparent that the available protocols to
expand NK cells do not lead to a homogenous pool of NK cells
but rather result in a heterogeneous mixture of NK cell subsets
with divergent functional capabilities, the tools to differentiate
between functional subsets on the basis of surface molecules
are scarce.

CD33 (siglec-3) is the smallest member of the sialic acid-
binding immunoglobulin-like lectin (Siglec) family with only two
Ig superfamily (IgSF)-like domains, a distal V domain mediating
sialic acid binding and a membrane-proximal C2 domain (6).
Besides the Siglec family-defining binding of CD33 to sialylated
ligands, such as glycoproteins, glycolipids, and gangliosides,
more specific protein ligands are currently unknown, with the
exception of the recently defined complement component 1q
(C1q) (7). The presence of an immunoreceptor tyrosine-based
inhibitory motif (ITIM) and a second ITIM-like motif in the
cytoplasmic domain suggests that CD33 is an inhibitory
receptor, but the role of CD33 and its ITIM-mediated
inhibition for regulation of the activation states of immune
cells is elusive. Expression of CD33 is assumed to be largely
restricted to the myeloid lineage, and with the exception of the
CD56bright NK cell subset, it seems to be absent from the
lymphocytic lineages including mature T, B, and CD56dim NK
cells (8). CD33 is broadly expressed on various myeloid lineages
and has gained therapeutic relevance as target on CD33-
expressing myeloid and rare subsets of acute lymphoblastic
leukemia (9).
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Here, we studied the relevance of CD33 expression on in vitro
stimulated NK cells, triggered by the initial observation of
fratricide in cultures of CD33-CAR NK cells. We demonstrate
that CD33 can be exploited to define two functionally distinct
NK cell subsets representing CD33+ polyfunctional NK cells
capable of strong cytokine production and target-based
cytotoxicity and a CD33− subset exhibiting efficient antibody-
dependent cellular cytotoxicity (ADCC) due to strong expression
of CD16. Notably, the CD33+ subset becomes highly abundant
when using a commercially available medium-based protocol,
whereas it remains only a minor subset when employing
protocols using established stimulator cell lines. Thus, the
frequency of the CD33 subset in the expanded NK cell product
can be controlled a priori by choosing a suitable protocol for NK
cell stimulation.
MATERIALS AND METHODS

Human Samples
Buffy coats of healthy donors were kindly provided by the
Blutspendezentrale at the University Hospital Düsseldorf. The
protocol was accepted by the institutional review board at
the University of Düsseldorf (study number 2019-383) and is
in accordance with the Declaration of Helsinki. Peripheral blood
mononuclear cells (PBMC) were isolated using density gradient
centrifugation with Lymphocyte Separation Medium
(PromoCell, Heidelberg, Germany).

Flow Cytometry
The following fluorescence-labeled monoclonal antibodies
(mAb) were used: CD3-FITC or PE/Cy5 (clone UCHT1),
CD11c-FITC (3.9), CD16-APC/Cy7 (3G8), CD30-PE/Cy7
(BY88), CD33-PE, BV605 or PE/Cy5 (P67.6), CD56-PE/
Dazzle™594 (N901), CD57-FITC (HCD57), CD62L-PE/Cy7
(DREG56), CD107-BV510 (H4A3), CD117-BV421 (104D2),
KLRG1-APC/Fire 750 (SA231A2), PD1-APC/Cy7 (EH12-2H7),
NKG2D-PE (1D11), NKp46-BV510 (9E2), NKp44-APC (P44-
8), NKp30-BV785 (P30-15), Granzyme B-Pacific Blue (GB11),
IFNg PE/Cy7 (B27), Perforin-PE (dG9), TNFa PE/Dazzle™ 594
(all from Biolegend, CA, USA), CD3 PerCP-Vio700 (REA613),
CD14-PerCP-Vio700 (REA599), CD33-APC, CD56 (REA196),
anti-biotin-VioBright515 and 7-AAD (all Miltenyi Biotec),
NKG2C-AF700 (134591) from R&D systems (MN, USA), and
CD158b1,b2,j-PE/Cy5 (GL183), NKG2A-APC (Z199) purchased
from Beckman Coulter (CA, USA). Flow cytometric analyses
were performed on a CytoFLEX (Beckman Coulter) or
MACSQuant 10 Analyzer (Miltenyi Biotec). Data analysis was
performed on Kaluza 2.1.1 software.
January 2022 | Volume 12 | Article 798087
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Cell Lines
The HLA class I-deficient target cell line K562 was grown in
Dulbecco’s modified Eagle’s medium (DMEM) 4.5 g/L Glucose
with L-Glutamine (Gibco, CA, USA) supplemented with 10%
fetal bovine serum (FBS, FBS, Merck) and 1% Gentamycin.
Human Burkitt lymphoma cell line Raji was cultivated in
RPMI-1640 (Thermo Fisher Scientific, Waltham, MA, USA),
1% Penicillin/Streptomycin (P/S) (Gibco), and 10% FBS. K562-
mb15-41BBL (10) (kindly provided by D. Campana, National
University of Singapore) and K562-mb15-mb21-41BBL (11)
were cultured in RPMI-1640, 1% Penicillin/Streptomycin, and
10% FBS. Human RS4;11 B cell precursor acute lymphoblastic
leukemia (B-ALL) cells ectopically expressing human CD33 and
GFP (RS4;11-CD33) or GFP only (RS4;11-GFP) were cultured in
RPMI 1640 supplemented with 10% FBS and 2 mmol/L L-
glutamine (Gibco). All cell lines used were free of mycoplasma.

NK Cell Expansion
Isolation of pure NK cells was performed with MojoSort™

Human NK Cell Isolation Kit (Biolegend). PBMC or enriched
NK cells were cultured in NK MACS medium [1% NK MACS
supplement, 5% human AB serum (Sigma Aldrich), 500 U/ml IL-
2 (Proleukin), and 25ng/ml IL-15 (Miltenyi Biotec)]. NK cell
expansion with stimulator cells was performed as previously
described (10). Briefly, PBMCs (1.5×106) were incubated in 24-
well plates with 1×106 irradiated (40 Gy) K562-mb15-41BBL
cells or K562-mb15-mb21-41BBL in SCGM CellGro Medium
(CellGenix, Freiburg, Germany) supplemented with 10% FBS
and 1% P/S and 40 U/ml human IL-2 (Proleukin).

Chimeric Antigen Receptor NK Cells
CAR constructs were designed in silico and consist of a human
GM-CSFRa signal peptide, an antigen-specific scFv derived from
Gemtuzumab (CD33-CAR) or FMC63 (CD19-CAR), a CD8a
hinge and transmembrane (TM) domain, followed by 4-1BB and
CD3z intracellular (IC) domains. Codon-optimized CAR
constructs were inserted into a third-generation lentiviral
plasmid backbone (Lentigen Technology Inc., Gaithersburg,
MD, USA) under control of a human EF-1a promoter.
Baboon envelope (BaEV) pseudotyped lentiviral vectors (LV)
containing supernatants were generated by transient transfection
of HEK 293T cells, as previously described (12). NK cell
enrichment was performed with NK cell isolation kit for
human cells (Miltenyi Biotec). NK cells stimulated with NK
MACS medium and 80 ng/ml of IL-1ß (day 2) were transduced
with BaEV-LV encoding CD33-CAR or CD19-CAR constructs
in the presence of 10 mg/ml Vectofusin-1 for 24 h, after 2 h
spinoculation at 400 × g, 32°C (13). CAR expression was flow
cytometrically evaluated using biotinylated human recombinant
CD33-Fc protein (R&D Systems) or CD19 detection reagent
(Miltenyi Biotec), respectively, followed by VioBright515-
conjugated antibiotin antibody (Miltenyi Biotec).

RNA Sequencing
CD33+ and CD33− NK cells were flow cytometrically sorted
(MoFlo XDP, Beckman Coulter) and stored in TRIzol Reagent
Frontiers in Immunology | www.frontiersin.org 3
(Invitrogen, Carlsbad, CA, USA) for extraction of total RNA.
Reverse transcription and library production were performed in
the NGS Integrative Genomics (NIG) facility in Göttingen,
Germany, with an Illumina Truseq RNA preparation kit.
Sequencing of the libraries was performed on an Illumina
HiSeq4000 (single-read 1 × 50 bp). Sequence reads were
mapped to the human genome (hg38) and analyzed using
DESeq2 software (v1.26.0) as described previously (14, 15).
Heatmaps and volcano plots were performed with R packages
pretty heatmap (pheatmap) (v1.0.12) (16) and EnhancedVulcano
(1.4.0) (17), respectively.

NK Cell Function
For analysis of degranulation and cytokine production, NK cells
and K562 target cells were mixed at an effector/target (E/T) ratio
of 1:1 in a volume of 200 µl in a 96-well plate (round bottom).
CD107a mAb was added prior to incubation. To determine
spontaneous degranulation or cytokine production, control
samples without target cells were included. After 1 h
incubation time, 2 µl of 2 mM Monensin and 2 µl Brefeldin
(1000×, Biolegend) were added and samples incubated for
further 4 h. Subsequently, cells were stained for selected
surface markers. Interferon-g and TNF-a were intracellularly
stained following treatment with fixation and permeabilization
buffer (Biolegend). For cytotoxicity analysis, K562 target cells
were stained with 5 mM CFDA-SE (Invitrogen) and mixed with
NK cells at various E/T ratios. After 5 h incubation, propidium
iodide (PI, Biolegend) was added shortly before flow cytometric
analysis to quantify the viable target cells as described previously
(18). In some experiments, cytotoxicity of CAR NK cells was
assessed against GFP-expressing tumor cells. In order to
determine CD33-CAR-induced NK cell fratricide, in vitro
expanded NK cells were labeled with 1 mM CellTrace Violet
(CV, Thermo Fisher Scientific, Waltham, MA, USA) and
cocultured with unlabeled CD33-CAR NK cells at various E/T
ratios for 24 h. For ADCC analysis, 1 µg/ml of rituximab
(Truxima®, Celltrion Healthcare, South Korea) was added
directly to the co-culture of NK cells and Raji target cells (ratio
1:1). NK cells without Raji and NK cells with Raji but without
Rituximab served as controls.

Statistical Analyses
Normal distribution of the data was calculated with Shapiro-
Wilk normality test. Depending on normality, paired/unpaired t-
test or Mann-Whitney test was performed. The difference
between more than two groups was analyzed with 1-Way
ANOVA. All analyses were done using GraphPad Prism 8.0.0
(GraphPad Software, CA, USA).
RESULTS

CD33+ NK Cells Are Recognized and
Eliminated by CD33-CAR NK Cells
Our interest in CD33+ NK cells was fueled by an observation
made during the generation and expansion of CD33-specific
January 2022 | Volume 12 | Article 798087
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CAR NK cells for therapy of myeloid leukemia. To this end,
PBMC-derived and magnetically enriched NK cells were
transduced with a Baboon envelope (BaEV)-pseudotyped
lentiviral vector (LV) carrying a CD33-specific CAR. The
construct consisted of an antigen-specific scFv antibody
domain derived from the CD33-specific mAb Gemtuzumab,
CD8a hinge and transmembrane (TM) domains, and 4-1BB
and CD3z intracellular (IC) domains (Figure 1A). Following
lentiviral transduction, CD33-CAR NK cells were stimulated
using NK MACS medium, supplemented with IL-2 and IL-15,
for 2 weeks. As shown in Figure 1B, NK cells expanded much
less in the transduced setting compared to non-transduced NK
cells. Flow cytometric analyses revealed that this was due to
selective depletion of CD33+ NK cells, whereas CD33− NK cells
remained unaffected (Figure 1C). Depletion of CD33+ NK cells
was dependent on the presence of CD33-CAR NK cells since in
non-transduced controls, CD33+ NK cells were present at high
frequencies (>50%) (Figure S1). Furthermore, when employing
control CAR constructs with specificity for CD19 instead of
Frontiers in Immunology | www.frontiersin.org 4
CD33 (but otherwise identical features), no such effects on the
frequency of CD33+ NK cells were noted, and no overt inhibition
of NK cell expansion was observed for CD19-CAR-transduced
compared to non-transduced NK cells (Figure 1D). The data
suggested that CD33+ NK cells arising in the cultures were
targets for CD33-CAR NK cells. To more closely look into this
possibility, we analyzed the cytotoxic activity of CD33-CAR NK
cells against autologous NK cells, labeled with a cell tracing
fluorescent reagent. Indeed, CD33-CAR NK cells exhibited
substantial cytotoxicity against autologous NK cells that were
stimulated for 2 weeks in order to induce CD33 expression,
whereas non-transduced NK cells did not show cytotoxicity
against the same autologous NK cell targets (Figure 1E).
Finally, the specificity of CD33-CAR NK cells was tested
against CD33+ tumor cells: the RS4;11 tumor cell line was
killed by CD33-CAR NK cells with high efficiency when
expressing CD33, whereas a variant that did not express CD33
(GFP+RS4;11) was not recognized (Figure 1F). Similarly, non-
transduced NK cells did not kill the tumor cells regardless of
A B

D

E F

C

FIGURE 1 | CD33-CAR-mediated NK cell fratricide. (A) CD33-CAR construct design. (B) In vitro proliferation of non-transduced (NT) NK cells and CD33-CAR NK
cells after isolation. CD33 expression on (C) CD33-CAR NK cells and (D) CD19-CAR NK cells was determined by flow cytometry (day 14) compared with NT NK
cells (E) CD33-CAR-induced NK cell fratricide with ex vivo expanded autologous NK cells as targets. NT NK cells were included as control. (F) Cytotoxicity of CD33-
CAR NK cells against CD33-expressing RS4;11 tumor cells. NT NK cells and CD33-negative RS4;11-GFP cells were included as controls. Data were analyzed by
two-tailed unpaired t-test ***p < 0.001; ****p < 0.0001.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hejazi et al. Characterization of CD33+ NK Cells
CD33 expression due to natural resistance of RS4;11 cells to NK
cell-mediated killing. Thus, the observed killing of NK cells by
other autologous NK cells, referred to as fratricide, was due to
recognition of CD33 by the respective CD33-CAR NK cells.

CD33 Expression in Culture Is Primarily
Due to Upregulation on CD56dim NK cells
and Depends on the Stimulation Protocol
CD33 is expressed in vivo on CD56bright but not CD56dim NK
cells (8). We were thus wondering if the CD33+ NK cells
developing in culture were also primarily due to expansion of
CD56bright NK cells. We thus flow cytometrically sorted the two
respective CD56 subsets to high purity from peripheral blood and
cultured them separately for 4 weeks in NK MACS medium. As
Frontiers in Immunology | www.frontiersin.org 5
shown in Figure 2A, both subsets contributed to the expansion of
the CD33+ subset: whereas in CD56bright NK cells the large
majority of cells maintained CD33 expression, in CD56dim NK
cells the frequency of CD33 increased over time from basically no
expression at the beginning of culture to around 50% at day 28 as
shown in the exemplary experiment in Figure 2A. The CD56dim

data largely resembled the kinetics of CD33 expression in the
control setup using unseparated NK cells, which was expected
since CD56dim NK cells typically constitute more than 90% of all
NK cells and thus are the dominant subset contributing to the
increase in CD33+ cells observed in the cultures (Figure 2A).

Of note, in about 10% of samples, CD33 expression remained
low during stimulation, and this was accompanied by a lack of
CD33 expression on CD56bright NK cells in vivo (Figure S2A).
A

B

FIGURE 2 | Upregulation of CD33 on CD56dim NK cells depends on stimulation protocol. (A) CD56dim and CD56bright NK cells were enriched by flow cytometric cell
sorting and subsequently cultured in NK MACS medium for 28 days. Unsorted NK cells served as control. Flow cytometric dot plots of one representative donor of
three show CD33 expression on CD56dim, CD56bright, and unseparated NK cells cultured in NK MACS medium on days 0, 8, 14, 21, and 28. (B) CD33 expression
on NK cells stimulated with different stimulatory protocols using NK MACS medium (n=10), K562-mb15-41BBL (n=10), or K562-mb15-mb21-41BBL (n=8) cells and
combination of K562-mb15-41BBL and NK MACS medium (n=3) on days 0, 8, 14, 21, and 28. Data were analyzed by 1-way ANOVA, *p < 0.05; ***p < 0.001.
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Subsequent search for a putative underlying genetic
polymorphism by targeted sequencing of CD33 (Figures S2B,
C) revealed that all samples, which did not express CD33 on the
CD56bright subset and failed to upregulate CD33 during culture,
carried a previously described single nucleotide polymorphism
(SNP, rs12459419 C>T) associated with skipping of exon 2
encoding the IgV domain of CD33 due to alternative splicing
(19). The SNP occurred either in homozygous configuration or
in one case in combination with a known, more rarely occurring
null allele (Figure S2C). Since the IgV domain encodes the
epitope recognized by the CD33-specific antibody used in the
CAR (and other commercially available mAbs), failure to detect
CD33 expression in culture seems to be largely due to this
splicing polymorphism (20). This notion is also compatible
with the allelic frequency of the SNP (rs12459419), which is
found in homozygous configuration in approximately 10% of the
Caucasoid population (https://gnomad.broadinstitute.org/
variant/19-51728477-C-T?dataset=gnomad_r2_1).

Besides NK MACS medium, another established method for
expansion of primary NK cells utilizes stimulator cells expressing
the ligand for 4.1BB (CD137) together with a membrane-bound
version of IL-15, IL-21, or both (10, 11). In order to understand how
far the particular stimulatory protocol influences the upregulation
of CD33, we comparatively analyzed the different NK cell
stimulation protocols side by side. As shown in Figure 2B,
upregulation of CD33 was significantly stronger when using NK
MACS medium compared to protocols using K562 stimulator cells
expressing 4.1BB and membrane-bound IL-15 (K562-mb15-
41BBL) or additionally membrane-bound IL-21 (K562-mb15-
mb21-41BBL). Analysis of the kinetics revealed that whereas NK
MACS medium led to a continuous increase in CD33 expression
over time as already outlined above, the K562-based protocols
exhibited an initial moderate increase to 10–20%CD33+ cells before
significantly decreasing to <5% at day 14 andmaintaining low levels
until day 21 (the timepoint when NK cells are harvested according
to the protocol). Mechanistically, upregulation of CD33 expression
could be either a default process during in vitro stimulation of NK
cells that is eventually inhibited by the stimulator cell lines or the
NK MACS medium could provide a soluble stimulus for CD33
expression. We thus combined both protocols by using K562-
mb15-41BBL cells together with NK MACS medium and found
that CD33 expression is rescued by addition of the NK MACS
medium (Figure 2B), suggesting that a soluble medium-derived
factor is involved in induction of CD33 expression on NK cells.

CD33 Delineates Two NK Cell Subsets
With Unique Transcriptional Signatures
In order to gain more insights into the phenotypic and
transcriptional characteristics of CD33+ and CD33− NK cell
subsets, PBMC-derived NK cells were cultured for 2 weeks in
NK MACS medium and subsequently sorted by flow cytometry
into the two CD33 subsets for further analysis by RNAseq.
Heatmap analyses demonstrated that the two CD33 subsets
have divergent transcriptional signatures leading to separate
clustering of CD33+ and CD33− subsets (Figure 3A). More
than 200 genes (adjusted p < 0.05) were found to be
Frontiers in Immunology | www.frontiersin.org 6
differentially expressed between the two subsets (Figure S3).
Among the most significant differences were the transcription
factors RORA, encoding the RAR-related orphan receptor a
(RORa), which was upregulated in CD33− NK cells, and RORC,
encoding RORgT, which was more abundant in CD33+ NK cells
(Figure 3B). RORa and RORgt are well-known for their
involvement in regulation of innate lymphoid cell (ILC) 2 and
ILC3 development, respectively, but their role in NK cell
development is currently unknown (21). The third highly
significant difference in TF expression was represented by the
Ikaros family member Aiolos (IKZF3), which was downregulated
in CD33+ NK cells. Other significantly overexpressed genes in
CD33+ NK cells are receptors involved in cell-cell interaction
such as the integrins ITGAX (CD11c), ITGAD (CD11d), and
ITGB7. This is compatible with analysis of the underlying
biological pathways showing highest significance for differences
in the adhesion pathway (Figure S4).

The expression differences between CD33+ and CD33− NK
cells for several genes encoding cell surface receptors such as
abundant transcripts for CD117 (c-kit) and low transcripts of
KLRG1 and CD16 (FCGR3A) (Figures 3A, B) were reminiscent
of the differences between CD56bright and CD56dim NK cells (22),
suggesting that CD33+ NK cells might be more similar to
CD56bright NK cells. However, within principal component
analysis (PCA), CD33+ NK cells were not closer related to
CD56bright NK cells than CD33− NK cells (data not shown).
Moreover, this similarity did not extend to key cytotoxic
molecules such as perforin and granzyme B, which were
strongly expressed in both subsets on the mRNA (data not
shown) and protein level (Figure 3C). Next, we analyzed
surface expression of a panel of typical NK cell-related
molecules: besides verifying the transcriptional differences in
CD16 and CD117 expression, we noted a higher expression of
KIR receptors and a small subset of CD33− cells that expressed
CD57 and KLRG1, two markers of terminally differentiated NK
cells (23). The expression of natural cytotoxicity receptors NKp44
and NKp46 was significantly higher in CD33+ NK cells, whereas
no significant differences were found for NKp30, the lectin-like
family of NK cell receptors NKG2A, C, and D, or the checkpoint
inhibitors PD-1, TIM3, and TIGIT (Figure 3D). Finally, we
compared the data generated in small-scale tissue culture (24-
well plate) to a single large-scale experiment using the CliniMACS
Prodigy system. The phenotypes of CD33+ and CD33− NK cell
subsets generated with the Prodigy platform were highly similar
to those seen in 24-well plate cultures, demonstrating that similar
kinds of CD33+ and CD33− NK cell subsets are generated when
transferring the small-scale conditions to a large-scale GMP-
compatible setup (Figure S5A). Only CD62L, a marker of naïve
NK cells, appeared to be somewhat more frequent in the CD33+

subset in the large-scale experiment.

CD33+ NK Cells Are Polyfunctional,
Combining Strong Cytokine Production
and Cytotoxicity
Next, we assessed how far the distinct transcriptional and
phenotypic properties translate into functional differences
January 2022 | Volume 12 | Article 798087
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between the two NK cell subsets. As shown in Figure 4, a
significantly higher frequency of CD33+ cells produced IFNg
and TNFa in response to K562 target cells compared to the
CD33− subset (Figures 4A, B). Notably, CD33+ NK cells also
exhibited a higher frequency of CD107+ cells, reflecting more
effective mobilization of cytotoxic granules to the cell surface
(Figure 4C). However, when measuring direct cytotoxicity
against K562 cells, both subsets showed comparable lysis over
Frontiers in Immunology | www.frontiersin.org 7
a range of effector/target ratios (Figure 4D). Similar results were
obtained when NK cells were expanded with the CliniMACS
Prodigy system (Figure S5B). Finally, we assessed antibody-
dependent cellular cytotoxicity (ADCC) employing the NK cell-
resistant CD20+ target cell line Raji in combination with the
therapeutic anti-CD20 reagent Rituximab, which is a human
IgG1 mAb that binds with its Fc part to the CD16 receptor on
NK cells. In accordance with the significantly higher expression
A B

DC

FIGURE 3 | Different transcriptional and phenotypical characteristics of CD33− and CD33+ NK cells. (A) CD33− and CD33+ NK cells were sorted on day 21
following culture with NK MACS medium (n=3). RNA sequencing was performed on the Illumina platform. The heatmap illustrates the top 100 differentially
expressed genes between CD33− and CD33+ NK cells. (B) The volcano plot indicates the RNA sequencing data based on 55,394 genes by plotting the
logarithm of the fold change between CD33− and CD33+ NK cells on the x axis and the negative logarithm of the p value on the y axis. The dashed lines
indicate p values equaling 0.05. Red points represent the genes with highest statistical significance of fold change. Top genes of interest are labeled.
Stimulated NK cells with NK MACS medium (days 14–21) were analyzed for (C) intracellular perforin and granzyme B (n=5) or (D) for the cell-surface
expression of the indicated molecules (n=17) by flow cytometry. Expression was compared between CD33- and CD33+ NK cells. Statistical significance was
determined by paired t-test, *p < 0.05; **p < 0.01; ***p < 0.001.
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of CD16, CD33− NK cells exhibited stronger mobilization of
cytotoxic granules and higher cytokine responses to Raji
compared to CD33+ NK cells, with IFNg showing more
significant differences than TNFa (Figures 4E–G).
DISCUSSION

The expression of CD33 is largely restricted to the myeloid
lineage and recently gained much interest as a target for
immunotherapy of AML and other CD33-expressing
Frontiers in Immunology | www.frontiersin.org 8
malignancies, initially with the antibody-drug conjugate
Gemtuzumab Ozagamicin, followed by bispecific antibody
conjugates, antibody-cytokine conjugates, and lately CD33-
CAR T cells (9, 24–26). Unexpectedly, we found that CD33 is
upregulated in vitro on a significant subset of NK cells. Although
in vivo CD33 expression is restricted to CD56bright NK cells,
which are a subset of non-cytotoxic, rather immature NK cells,
this was not the case in vitro: CD33 could be efficiently induced
on purified CD56dim NK cells leading to frequencies of CD33+

NK cells up and above 50% with NK MACS medium. The
present work suggests that CD33 constitutes a marker to
A B

D

E F G

C

FIGURE 4 | CD33+ NK cells display strong functionality in both cytokine production and cytotoxicity. Stimulated NK cells with NK MACS medium (day 14) were
incubated with K562 cells at an effector/target ratio of 1:1. Intracellular (A) IFN-g and (B) TNF-a production and (C) CD107a mobilization were evaluated by flow
cytometry (n=13). (D) CFDA-SE stained K562 cells were incubated with CD33+ and CD33− NK cells in effector/target ratios of 10:1, 5:1, and 1:1 (n=10). For ADCC,
NK cells stimulated in NK MACS medium (day 14) were incubated with/without Raji and Rituximab, and (E) CD107a expression and intracellular (F) IFN-g and (G)
TNF-a production were measured by flow cytometry (n=8). Statistical significance was determined by paired t-test, *p < 0.05; **p < 0.01; ***p < 0.001.
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distinguish between functionally divergent NK cell subsets in
vitro. Expression of CD33 defines a polyfunctional NK cell subset
combining cytotoxic and cytokine effector functions. On the
other hand, due to lower expression of CD16, CD33+ NK cells
are less efficient in ADCC compared to CD33−NK cells, which in
turn produce significantly less cytokines. Interestingly, CD33
seems to demarcate two separate cell states, which are either
positive or negative with very few NK cells expressing
intermediate levels of CD33 (see also Figures 2 , 3).
Comparative transcriptional analysis by RNAseq revealed that
the transcriptional programs of the two subsets are not simply
mirroring CD56bright and CD56dim subsets but constitute quite
independent cellular entities compatible with their unique
functional properties, making both subsets potentially
interesting tools for cancer therapy. It remains to be
determined which of the differentially expressed TFs are
involved in orchestrating these transcriptional changes, e.g.,
RORa and RORgT, which are so far described as master
regulators of ILC2 and ILC3 development, respectively (21).
Furthermore, downregulation of the Ikaros family member
Aiolos in CD33+ NK cells is interesting in this context since it
was previously reported to be involved in shaping of the final NK
cell maturation program in an Aiolos-deficient mouse
model (27).

The upregulation of CD33 on NK cells in vitro is significant
and strong enough to mediate recognition and subsequent
fratricide by CD33-CAR NK cells. Whereas this principally
hampers their expansion for cell therapeutic purposes, our
study suggests that the problem can be circumvented in several
ways: firstly, about 10% of the Caucasoid population are
homozygous for an SNP (rs12459419) that leads to efficient
alternative splicing and skipping of the IgV domain of CD33,
which is the binding site for the CAR used in this study (19, 20).
Due to the lack of the CD33 target site, those donors could be
selected for expansion of CD33-CAR NK cells without inhibition
by fratricide and stored for further clinical use such as allogeneic
therapy of AML. Of note, due to the lack of GvH disease,
application of CAR NK cells in the allogeneic setting constitutes
a major advantage compared to CAR T cell therapies, which are
presently only applicable in the autologous setting (28).
Moreover, upregulation of CD33 was largely restricted to NK
MACS medium, whereas an alternative protocol for expansion of
NK cells based on K562 stimulator cells, which is already part of
NK cell-based clinical protocols (29), did only lead to a transient
wave of CD33 expression. Whether fading of the CD33 subset
with stimulator cell-based protocols is due to downregulation of
CD33 or possibly outperformance by CD33−NK cells is currently
unknown. In any case, by adding NK MACS medium to
stimulator cell cultures, expression of CD33 is again induced,
suggesting a yet undefined component in the medium that
supports expansion of the CD33+ subset.

The biological role of CD33 expression on CD56bright NK cells
is currently unclear. Generally, as a member of the Siglec family,
CD33 is able to recognize sialylated ligands, but so far, no specific
cell-bound glycoproteins or other glycosylated ligands were
identified that are preferentially recognized by NK cells. In
functional terms, the CD33 receptor contains intracytoplasmic
Frontiers in Immunology | www.frontiersin.org 9
ITIM motifs, and it was previously shown that crosslinking of
CD33 leads to inhibition of effector functions (30). Notably,
Siglecs were shown to bind not only in trans but also in cis to cell-
bound ligands, which might lead to a constitutive inhibitory state
(30). However, our study clearly shows that CD33+ NK cells have
polyfunctional characteristics marked by strong cytokine
production and efficient killing. The association of ITIM-
containing inhibitory receptors with gain of function is not
without precedent in NK cells, since expression of ITIM-
containing inhibitory KIR receptors mediate licensing of NK
cells, an educational process associated with a strong gain of
function (31). Similarly to CD33, inhibitory KIRs are providing a
constitutive inhibitory state since they bind to ubiquitous HLA
class I molecules present on all healthy nucleated cells. Moreover,
both KIR and the Siglec family are not only structurally related
but are also genetically linked in the extended leukocyte receptor
complex (LRC) on chromosome 19q13.4 (32). At this time, it can
only be speculated whether these similarities including the
common signal transduction via SHP1 and SHP2 could be an
indicator for a similar licensing-like function of CD33.

Altogether, expression of CD33 delineates a novel
transcriptional and functional dichotomy that arises during in
vitro expansion of NK cells. In terms of clinical translation,
analysis of CD33 expression might give simple guidance on the
composition of NK cell products during the in vitro expansion
process for clinical use, with increased cytokine production and
mobilization of cytotoxic granula on CD33+ cells on the one
hand and superior CD16-mediated functions on CD33− NK cells
on the other hand.
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