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Leukemia-targeting NK cell nanoengagers
effectively promote robust NK activation
and potent anti-acute myeloid leukemia
response

Hyo Jeong Kim'", Heejin Jun', Hyun Bin Lee', Soomin Eom', Junsu Kim', Jun Pyo Jeon', Sung Ho Park' and
Sebyung Kang'"

Abstract

Natural killer (NK) cells are key components of innate immunity, playing a pivotal role in tumor recognition and
eradication, and numerous NK cell-based immunotherapeutic approaches have been extensively investigated

for cancer treatment. Here, we develop leukemia-targeting NK cell nanoengagers, termed AalS/aCD16Nb/
aCD13Nb, by simultaneously displaying NK cell-engaging nanobodies (aCD16Nb) and acute myeloid leukemia
(AML)-targeting nanobodies (@CD13Nb) on lumazine synthase (AaLS) protein nanoparticles. The Aal.S/aCD16Nb/
aCD13Nb nanoengagers effectively bind to both NK cells and AML cells, thereby facilitating selective engagement
of NK cells with leukemic targets. Through this targeted engagement, the AaLS/aCD16Nb/aCD13Nb nanoengagers
promote NK cell activation, leading to enhanced interferon gamma (IFN-y) production and robust AML cell killing
in vitro. Furthermore, in AML-engraft mouse models, administration of the AaLS/aCD16Nb/aCD13Nb nanoengagers
significantly reduce leukemic burden across multiple tissues, with pronounced effects in the bone marrow niche,
and extend overall survival in two independent AML (U937 and THP-1) engrafted models. Collectively, our study
demonstrates that this dual-ligand-displaying nanoengager platform represents a promising and potent anti-
leukemic strategy, offering a multifunctional protein nanoparticles-based approach for AML immunotherapy that
may be broadly adaptable to other malignancies.
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Background

Acute myeloid leukemia (AML) is an aggressive hema-
tologic malignancy characterized by rapid proliferation
and accumulation of immature myeloid cells in the bone
marrow. Despite advances in AML treatment, including
intensive chemotherapy, targeted agents, and allogenic
hematopoietic stem cell transplantation (allo-HSCT),
most patients still relapse or fail to respond, and many
die from their disease [1, 2]. Outcomes are particularly
poor for older patients and those with relapsed or refrac-
tory AML [3, 4].

Although immunotherapy has shown limited success
in AML compared with its efficacy in solid tumors [5, 6],
recent advances in chimeric antigen receptor (CAR)-T
cell designs, immune checkpoint inhibition, and antibody
engineering have significantly expanded the therapeutic
landscape [7, 8]. Especially, recent studies highlight the
pivotal role of innate immune cells, particularly natural
killer (NK) cells, in effective cancer immunotherapy. NK
cell-based therapeutic strategies are emerging as a safe
and promising therapeutic option for AML due to their
low risk of graft versus host disease (GVHD) and mini-
mal severe side effects [9].

NK cells are cytotoxic lymphocytes essential for tumor
immunosurveillance, exerting direct cytotoxicity through
the release of cytotoxic granules, such as granzymes and
perforin, as well as the production of inflammatory cyto-
kines that modulate adaptive immune responses [10-12].
NK cells recognize broadly stressed cancer cells and elim-
inates them through regulation of the balance between
activating and inhibitory receptors on their surface [11].
Given their potent anti-tumor properties, NK cell-based
immunotherapies have shown promising efficacy and
safety in early clinical trials [13, 14]. Recent technologi-
cal advances have further enhanced their therapeutic
potential by improving target cancer cell recognition and
cytotoxic function [13, 15]. Thus, various NK cell -based
strategies, such as NK cell engagers and CAR-NK, have

been developed to potentiate NK cell-mediated cytotox-
icity [12, 16].

NK cell engagers, consisting of bispecific or trispecific
molecules that bridge NK cell activating receptors with
tumor-associated antigens, have been demonstrated
to enhance NK cell survival, proliferation, and effector
functions against cancer [17, 18]. Notably, the activat-
ing receptor CD16, a high-affinity Fc receptor expressed
on NK cells, efficiently triggers cytotoxicity and cytokine
release, mediates antibody-dependent cellular cytotoxic-
ity (ADCC) [19, 20], and has been extensively exploited
in diverse formats of NK cell-engaging receptor designs
[21-24]. However, in AML, NK cell efficacy is limited
by the immunosuppressive bone marrow microenviron-
ment, immune evasion mechanisms including downreg-
ulation of activating ligands, antigen heterogeneity, and
limited in vivo persistence of NK cells [25].

Several myeloid markers, including CD33 [26-28] and
CD123 [29-32], have been explored as therapeutic tar-
gets, particularly in CAR-T cell therapy and engager plat-
forms, yet their heterogenous expression and associated
toxicities remain major challenges. CD13, another anti-
gen frequently expressed in AML, has also been investi-
gated, as CD13-targeting protein nanoparticle displaying
TRAIL molecules were shown to induce apoptosis and
prolonged survival in mouse models [33].

NK cell engagers still require design strategies that pro-
mote multivalent receptor clustering, enhanced stability,
and spatially defined ligand presentation, all of which are
critical for maximizing NK cell activation. In this con-
text, multivalent ligand presentation on nanoparticle
scaffolds not only enables robust NK cell activation [24,
34], but also confers enhanced stability, prolonged sys-
temic circulation, and reduced off-target interactions,
making it a promising strategy to improve the efficacy of
NK cell engagers. Among the various nanoparticle plat-
forms, AaLS, a lumazine synthase protein nanoparticle
derived from Aquifex aeolicus, self-assembles from 60
identical subunits to form a hollow icosahedral structure
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[35]. Moreover, AaLS is a highly biocompatible, excep-
tionally thermostable and biostable protein nanoparticle
with structural plasticity that enables functionalization
with multiple targeting ligands and/or effector molecules
through the SpyCatcher/SpyTag (SC/ST) protein ligation
system [24, 33, 36—40], which enables the modular dis-
play of ligands that engage NK cell receptors while simul-
taneously targeting cancer-associated antigens, thereby
facilitating precise cancer targeting and effective NK cell
engagement.
In this study, we developed leukemia-targeting NK
cell nanoengagers by applying ST-fused AaLS protein
nanoparticle scaffolds simultaneously loaded with SC-
fused anti-CD16 nanobody (aCD16Nb) and SC-fused
anti-CD13 nanobody (aCD13Nb) (Fig. 1). The resulting
construct, termed AaLS/aCD16Nb/aCD13Nb nano-
engagers, was designed to physically tether NK cells
to target AML cells, thereby enabling selective NK cell
activation against malignant AML cells (Fig. 1). To char-
acterize this platform, we evaluated the specificity of
aCD16Nb and aCD13Nb toward NK cells and AML
cells, respectively, using flow cytometry. We further
evaluated the ability of the AalLS/aCD16Nb/aCD13Nb
nanoengagers to mediate NK-AML cell engagement, to
induce NK cell activation, and to trigger NK cell-medi-
ated cytotoxic function in vitro, as assessed by intracel-
lular interferon gamma (IFN-y) detection and viability
assays. Furthermore, to investigate therapeutic potential
in vivo, we established AML-engrafted mouse models
enabling real-time monitoring of AML progression and
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assessed the therapeutic efficacy of NK cells activated by
the AaLS/aCD16Nb/aCD13Nb nanoengagers, including
tissue-specific AML clearance. Thus, the AaLS protein
nanoparticle-based NK cell nanoengagers, functionalized
with cancer-targeting ligands, represents a promising
platform for AML immunotherapy by harnessing NK cell
effector functions to achieve selective and potent anti-

leukemic activity.

Materials and methods
Cloning, protein expression and purification
A SpyTag-fused Aquifex aeolicus lumazine synthase
subunit (AaLS-ST) gene, harboring an R108C point
mutation [36], was previously constructed in a pET-
Duet vector and used in this study without modifica-
tion. The CD16-binding nanobody (C21 clone) [41], and
the CD13-binding nanobody (Nb157 clone) [42] were
genetically fused to the N-terminal end of SpyCatcher
(SC) gene and cloned into the pET30b vector contain-
ing the pelB signal sequence, generating the aCD16Nb-
SC and aCD13Nb-SC constructs. Plasmids encoding
AaLS-ST were transformed into ClearColi™ BL21 (DE3),
whereas those encoding aCD16Nb-SC or aCD13Nb-
SC were transformed into competent E. coli strain
BL21 (DE3). AaLS-ST was overexpressed at 30 C, and
aCD16Nb-SC and aCD13Nb-SC were overexpressed at
18 C, all induced overnight with 0.5 mM of isopropyl
B-D-1-thiogalactopyranoside (IPTG). The recombinant
proteins were extracted by lysing the cells with 10 mg/
ml of lysozyme, followed by sonication. AaLS-ST was
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Fig. 1 Schematic illustration of the design and mechanism of action of leukemia-targeting NK cell nanoengagers. NK cell nanoengagers are designed to
simultaneously display NK cell-recruiting and activating nanobodies against CD16 (aCD16Nb) and leukemia-targeting nanobodies against CD13 (aCD-
13Nb) on the surface of AaLS protein nanoparticles. The AalLS/aCD16Nb/aCD13Nb nanoengagers selectvely bind NK cell and CD13-expressing acute
myeloid leukemia cells, thereby promoting NK-AML cell engagement. This engagment enhances NK cell activation, resulting in potent and selective NK

cell-mediated cytotoxicity against AML cells. The figure was created with BioRender.com
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subjected to additional heat precipitation for 20 min at 65
C to remove residual proteins prior to chromatography,
as previously described [36]. The soluble protein extract
was collected by centrifugation, purified using batch-type
open columns (Bio-Rad) packed with a Ni Sepharose
6 Fast Flow resin (Cytiva), eluted with an elution buffer
(20 mM Na,HPO,, 500 mM NaCl, 1 M imidazole, pH
7.4) on an NGC chromatography system (Bio-Rad), and
analyzed by SDS-PAGE to determine purity and appar-
ent molecular weight. The fractions were dialyzed against
phosphate-buffered saline (PBS), and the proteins were
further purified to remove endotoxins using Bio-Beads
SM-2 adsorbent media (Bio-Rad). To generate single- or
dual-ligand-displaying protein nanoparticles, 60-subunit
AaLS-ST was incubated with nanobodies with a subunit
molar ratio of 2:1 (for either aCD16Nb-SC or aCD13Nb-
SC) or 2:1:1 (for both nanobodies) at 4 C overnight,
producing AaLS/aCD16Nb, AaLS/aCD13Nb, or AaLS/
aCD16Nb/aCD13Nb, which were subsequently analyzed
by size exclusion chromatography (SEC). Hydrodynamic
diameters and zeta potentials of AaLS variants (AaLS-ST,
AaLS/aCD16Nb, AaLS/aCD13Nb, and AaLS/aCD16Nb/
aCD13Nb) were measured at 25 C using dynamic light
scattering (DLS; Zetasizer, Malvern). The AaLS variants
were loaded into disposable polystyrene cuvettes, and
the data were analyzed with Zetasizer software (Mal-
vern Panalytical) to calculate particle sizes and standard
deviations.

Preparation of human NK cells

The peripheral blood collected from healthy donors was
provided by the Korean Red Cross Blood Services (Ulsan,
Korea) with the approval of the Institutional Review
Board (IRB) of Ulsan National Institute of Science and
Technology (UNIST) (UNISTIRB-22-65-C). Human
peripheral blood mononuclear cells (PBMCs) were iso-
lated by density gradient centrifugation using Lympho-
prep (STEMCELL), followed by the isolation of human
NK cells from PBMCs via magnetic selection with the
human NK cell isolation kit (Miltenyi Biotec), according
to the manufacturer’s instructions. The prepared human
NK cells were either used immediately or cultured over-
night in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS) (Gibco), L-glutamine (Thermo
Fisher Scientific), and 1% penicillin/streptomycin (Gibco)
in the presence of human IL-2 (20 ng/ml; Peprotech) at
37 °C in a humidified 5% CO, incubator.

Cell lines and cultures

U937, THP-1, and CCRF-CEM cell line were maintained
in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) (Gibco) and 1% antibiotic-antimy-
cotic (Gibco). HL-60 and MV4-11 cell line were main-
tained in Iscove’s modified Dulbecco’s medium (IMDM),
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supplemented with 20% and 10% FBS, respectively, and
1% penicillin/streptomycin. MOLM-14 cell line was cul-
tured in RPMI-1640 medium supplemented with 20%
FBS and 1% penicillin/streptomycin. All cell lines were
incubated at 37 °C in a humidified 5% CO, incubator. The
stable luciferase-expression U937 (U937-Luc) and THP-1
(THP-1-Luc) cells were generated by transducing the
cells with a lentiviral vector encoding firefly luciferase and
EGFP (pLentipuro3/TO/V5-GW/EGFP-Firefly Lucifer-
ase; plasmid #119816, Addgene) and selected with puro-
mycin (0.5 pg/mL) and cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 1% antibiotic-antimycotic (Gibco). A previously
established CD13-knockout U937 cells (CD13-KO U937)
was maintained as previosuly described [33].

In vitro flow cytometry

The purity of primary human NK cells isolated from
PBMCs was examined by flow cytometry. Cells were
stained with the Zombie Aqua™ Fixable Viability Kit (Bio-
Legend) for 30 min, followed by Fc receptor (FcR) block-
ing using Human TruStain FcX™ (BioLegend) for 20 min.
Cells were stained with CD56-PE/cy7 (BD Biosciences),
CD3-APC (BD Biosciences), CD13-PE (BD Biosciences),
and CD16-BV650 (BD Biosciences) antibodies. For detec-
tion of unconjugated anti-CD13 antibody (Invitrogen),
an Alexa Fluor™ 488-conjugated anti-mouse IgG second-
ary antibody (ThermoFisher) was used. To evaluate the
binding capability of each AaLS$ variant, primary human
NK cells isolated from PBMCs, U937, THP-1, HL-60,
and CCRF-CEM cells were incubated with 2 uM of each
F5M-labeled AaLS variant (fAaLS-ST, fAal.S/aCD16Nb,
fAaLS/aCD13Nb, and fAaLS/aCD16Nb/aCD13Nb) in
PBS containing 3% bovine serum albumin (BSA) for 30
min. The cysteine residue at position 108 of AaLS-ST
subunit was labeled with fluorescein-5-maleimide (F5M,
Thermo Fisher Scientific) [43, 44] via a thiol-maleimide
coupling reaction [45], and the F5M-conjugated AaLS-
ST was designated fAaLS-ST. Unconjugated free F5M
was removed by extensive dialysis against PBS over-
night. fAaLS-ST was ligated with either CD16Nb-SC,
CD13Nb-SC, or both at 4 °C overnight, generating
fAaLS/aCD16Nb, fAaLS/aCD13Nb, or fAaLS/aCD16Nb/
aCD13Nb. To assess the engagement of NK cells with
AML cells, NK and AML cells were labeled with Cell-
Trace™ Far-Red dye (CTFR) and CellTrace™ CEFSE,
respectively, according to the manufacturer’s instructions
(Thermo Fisher Scientific). CFSE-labeled U937 or THP-1
cells were co-cultured with CTFR-labeled NK cells in
PBS containing 3% BSA and 2 pM of each AaLS variant
for 1 h at 37 °C. To evaluate NK cell activation, intracel-
lular levels of IFN-y were measured under two experi-
mental conditions. First, to assess the direct effect of each
AaLS variant on NK cells, primary human NK cells were
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seeded in 24-well plates and incubated with 2 uM of each
AalLS variant for 6 h, and intracellular IFN-y levels were
measured in NK cells cultured alone. Second, to assess
the activation of NK cells during co-culture with AML
cells, U937, THP-1, HL-60, and CCRF-CEM cells were
pre-incubated with 2 uM of each AaLS variant for 30
min at 37 °C, washed twice with PBS, and subsequently
co-cultured with primary human NK cells isolated from
PBMC:s. For both conditions, Golgi-Plug (1 pg/ml) was
added after 2 h of incubation, and cells were harvested
at 6 h. Viability staining and Fc receptor blocking were
performed as described above, followed by surface stain-
ing with CD56-PE/cy7 (BD Biosciences) and CD3-APC
(BD Biosciences) to distinguish NK cells (CD56"CD37)
from AML cells. After washing, cells were fixed, permea-
bilized, and stained for intracellular IFN-y using IFN-
y-APC/cy7 antibody (BioLegend) and the BD Cytofix/
Cytoperm™ plus Fixation/Permeabilization kit (BD Bio-
sciences) according to the manufacturer’s protocol.

Cells were analyzed by flow cytometry on a BD LSR
Fortessa cytometer. Data were processed and analyzed
using Flow]Jo software.

Cell viability assay

The AaLS variants (AaLS-ST, AalLS/aCD16Nb, AaLS/
aCD13Nb, and AaLS/aCD16Nb/aCD13Nb) were pre-
pared at an initial concentration of 2 uM and subjected
to 4-fold serial dilutions. The diluted variants were incu-
bated with 2 x 10* U937, THP-1, HL-60, or CCRF-CEM
cells in 96-well plates at 37 °C for 30 min. After incuba-
tion, unbound AaLS variants were removed by wash-
ing with PBS. Then, cells were cultured with or without
1x10° primary human NK cells isolated from PBMCs
at 37 °C in a 5% CO, incubator for 48 h. The viabil-
ity of U937, THP-1, HL-60, and CCRF-CEM cells was
evaluated using the Cell Counting Kit-8 (CCK-8) assay
(Dojindo). CCK-8 reagent-mixed medium was added to
each well, and after 6 h of incubation, the absorbance was
measured at 450 nm using a spectrophotometer (Spec-
traMax 190; Molecular Devices). Specific lysis (%) =
(OD(Experimental)-OD(Spontaneous)/OD(Maximum)-
OD (Spontaneous)) x 100%. To distinguish live and
dead cells between NK and target cancer cells, the tar-
get cancer cells (U937, THP-1, HL-60, and CCRF-CEM
cells) were labeled with CTFR. The labeled target cancer
cells were treated with 2 uM AaLS variants at 37 °C for
30 min, washed with PBS, and then co-cultured with pri-
mary human NK cells at 37 °C for 6 h. The proportions of
live and dead target cancer cells were evaluated using the
LIVE/DEAD® Viability/Cytotoxicity Assay Kit (Thermo
Fisher Scientific). Live cells and dead cells were stained
with 0.1 pM Calcein-AM and 4 pM ethidium homodi-
mer (EthD-1), respectively. After incubation for 15 min at
room temperature, cells were analyzed by flow cytometry
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using a BD LSR Fortessa cytometer. Data were processed
and analyzed using FlowJo software.

In vivo experiments

6-10 weeks old male in-house bred NOD.Cg-Prkdc*“1l-
2rgtm1wﬂ/$z] (NSG) (The Jackson Laboratory) mice were
housed in cages of up to 5 male mice under pathogen-
free conditions. All animal studies and procedures were
approved by the guidance of the Institutional Animal
Care and Use Committee of the Ulsan National Institute
of Science and Technology (UNISTIACUC-24-67). For
the first U937-Luc study, NSG mice were intravenously
injected with 1x10° U937-Luc cells. On day 3, mice
engrafted U937-Luc cells received intravenous injection
of 1 x 10’ PBMCs together with AaLS variants (0.1 mg/ml
in 100 ul PBS) three times at 6-day intervals. On separate
days, AaLS variants alone were administered (0.1 mg/ml
in 100 ul PBS) twice at 6-day intervals. For the THP-1-
Luc study, 5x 10® THP-1-Luc cells were initially injected
intravenously into NSG mice. 14 days later, mice received
intravenous injections of 1x 10" PBMCs along with AaLS
variants (0.1 mg/ml in 100 ul PBS). After 3 days, the mice
received AaLS variants alone (0.1 mg/ml in 100 ul PBS).
This cycle was repeated once a week for a total of five
times. The progression of the AML in each mouse was
monitored every 2—3 days for 19 days in the U937-Luc
model and every 3-7 days for 50 days in the THP-1-Luc
model by detecting the in vivo bioluminescence imaging
(BLI) signals and obtaining BLI images, following intra-
peritoneal injection of D-luciferin potassium salt (15 mg/
ml in 200 ul PBS) as the substrate. After 15 min, the BLI
images were acquired using the Bruker In Vivo Xtreme
Imaging System. Survival of mice was monitored daily,
and body weight was measured twice per week.

In vivo flow cytometry

In in vivo experiments assessing AML cells distribution
across each tissue in the U937 model, 1 x 10’ PBMCs and
AaLS variants (0.1 mg/ml in 100 pl PBS) were injected
intravenously into the mice 3 days after 1x 10° U937-Luc
cell injection, and the treatment was repeated three times
at 3-day intervals. AML progression was monitored
by in vivo BLI imaging. Four days later, mice were sac-
rificed, and peripheral blood, spleen, bone marrow, and
liver tissue were collected and processed for flow cytom-
etry. Peripheral blood was obtained via cardiac puncture
under isoflurane anesthesia and immediately treated
with Ammonium-Chloride-Potassium (ACK) lysis buf-
fer to remove red blood cells. The spleen was mechani-
cally dissociated using a syringe plunger, passed through
a 70 um filter, and subsequently treated with ACK lysis
buffer. Bone marrow cells were obtained from the femur
and tibia, passed through a 70 pm filter, and treated
with ACK lysis buffer. Liver was digested in 5% RPMI
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containing collagenase D for 30 min at 37 °C, then passed
through a 70 pm filter. The resulting cell suspension was
layered onto a Lymhoprep solution to separate immune
cells from hepatocytes. Immune cells of peripheral blood,
spleen, bone marrow, and liver were subjected to viabil-
ity staining and Fc receptor blocking as described above,
followed by staining with anti-mouse CD45-BV421 (Bio-
Legend), anti-human CD45-APC (BioLegend), and anti-
human CD13-PE (BD Biosciences). The stained cells
were acquired on a BD LSR Fortessa cytometer, and the
data were processed and analyzed using FlowJo software.

Fluorescence microscopy

To visualize the engagement of NK cells with AML cells,
NK and AML cells were labeled with CellTrace™ Far-Red
dye (CTFR) and CellTrace™ CESE, respectively, according
to the manufacturer’s instructions (Thermo Fisher Sci-
entific). CFSE-labeled U937 or THP-1 cells were co-cul-
tured with CTFR-labeled NK cells in PBS containing 3%
BSA and 2 uM of each AaLS variant for 1 h at 37 °C. The
cells were fixed with 4% paraformaldehyde solution for
20 min at 4 °C and were seeded on poly-L-lysine-coated
slides. Fluorescent cell images were captured using an
Olympus FV1000 confocal microscopy (Olympus).

Immunoblotting

U937, THP-1, HL-60, MV4-11, MOLM-14, and CCRE-
CEM cells were lysed with RIPA buffer containing halt
protease inhibitor cocktail (Thermo Fisher Scientific).
Proteins were resolved in SDS-polyacrylamide gel elec-
trophoresis gel and transferred to polyvinylidene difluo-
ride membranes. The membranes were blocked for 1 h
in PBS-Tween 20 containing 5% skim milk and incubated
with anti-CD13 antibody (Abcam) and f-actin (Novus
Biologicals) antibody at 4 °C overnight. Membranes were
washed with 0.05% PBS-T and incubated with horserad-
ish peroxidase-conjugated secondary antibody at room
temperature for 1 h. Immunoreactivity was detected
using the Pierce™ ECL Western Blotting Substrate
(Thermo Scientific) and chemiluminescence signal was
read with a ChemiDoc Imaging Systems (Bio-Rad).

Peripheral blood analysis and immune cell profiling across

major mouse organs

To evaluate the hematological toxicity and mouse
immune cell profiling, A/16/13 (0.1 mg/ml in 100 ul PBS)
was administered intravenously to 8-weeks-old male
C57BL/6 mice every 3 days for a total of three injec-
tions. On day 10, peripheral blood was collected into
EDTA-treated Microvette (Sarstedt), smeared on a slide,
air-dried, fixed with 100% methanol, and stained using a
Wright-Giemsa stain kit (Abcam) according to the man-
ufacturer’s instructions. Automated peripheral blood
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counts were obtained using a Hemavet 950 (Drew Scien-
tific) following the manufacturer’s instructions.

For mouse immune cell profiling, mice were anes-
thetized with isoflurane prior to peripheral blood and
tissue collection. Peripheral blood was collected via car-
diac puncture and immediately treated with ACK lysis
buffer to remove red blood cells. Spleen was mechani-
cally dissociated using a syringe plunger, followed by red
blood cell lysis using ACK lysis buffer. Liver and lung
were minced into small pieces and digested in RPMI-
1640 with 5% FBS, 1 mg/ml of collagenase D (Roche)
and 50 pg/ml of DNase I (Roche) at 37 “C with shaking
at 160 rpm for 30 min. Digested tissues were filtered
through a 70 um nylon cell strainer, and hepatic immune
cells were isolated using Lymphoprep (STEMCELL)
density gradient centrifugation. Red blood cells in lung
samples were lysed using ACK lysis buffer. Collected cells
were washed, resuspended in PBS containing 2% FBS,
pelleted at 1,500 rpm for 5 min, and counted. Live cells
were identified using the Zombie Aqua™ Fixable Viabil-
ity Kit (BioLegend), followed by Fc receptor blocking
with TruStain FcXTM (BioLegend). Single cell suspen-
sions were then stained with the following fluorophore-
conjugated antibodies: anti-mouse CD45-pacific blue
(BioLegend), anti-mouse CD3-PerCP/Cy5.5 (BioLegend),
anti-mouse CD8-FITC (BioLegend), anti-mouse CD4-PE
(BioLegend), anti-mouse Ly6G-Qdot655 (BioLegend),
anti-mouse NK1.1-APC-Cy7 (BioLegend), anti-mouse
CD11b-PE-Cy7 (BioLegend), anti-mouse F4/80-APC
(eBioscience), anti-mouse CD11¢-FITC (BD Biosciences),
anti-mouse MHCII-APC (Invitrogen), and anti-mouse
CD45R/B220-Alexa Fluor 594 (BioLegend). Stained sam-
ples were acquired on LSR Fortessa flow cytometer (BD
Biosciences), and immune cell frequencies were analyzed
using FlowJo software.

Statistics

All data were represented as mean + SD or SEM and ana-
lyzed using GraphPad Prism 10 (GraphPad Software).
Statistical differences were assessed with Mann-Whitney
test, one-way analysis of variance (ANOVA), and two-
way ANOVA with the Tukey’s multiple comparison test.

Results and discussion

Construction and characterization of AaLS protein
nanoparticles functionalized with nanobodies targeting
CD16 and/or CD13

To investigate CD13 expression levels in AML and
assess its potential as a therapeutic target, we first used
GEPIA, a web tool that integrates data from The Cancer
Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEx) datasets, to compare gene expression between
normal and AML samples. As shown in Fig. 2A, the data
revealed that the expression of CD13 was significantly
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Fig. 2 The CD13 expression levels in AML and characterization of AaLS protein nanoparticles displaying anti-CD16 and/or anti-CD13 nanobody. (A) Dif-
ferential expression of CD13 between AML and normal samples in the TCGA-LAML database, analyzed using the GEPIA platform. LAML: AML; T: tumor
samples; N: normal samples. *p<0.05. (B and C) CD13 surface expression (B) and protein expression (C) in various leukemic cell lines (U937, THP-1,
MV4-11, MOLM-14, HL-60, and CCRF-CEM), analyzed by flow cytometry and immunoblotting, respectively. -actin was used as control. (D) Schematic
illustration of the covalent ligation of aCD16Nb-SC and aCD13Nb-SC to AaLS-ST, resulting in the formation of AaLS/aCD16Nb/aCD13Nb. (E) SDS-PAGE
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aCD13Nb (A/16/13). (F) SEC elution profiles of AaLS-ST, A/16, A/13, and A/16/13. (G) DLS analysis of AaLS-ST, A/16, A/13, and A/16/13. (H) Zeta potential
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higher in patients with AML (red, n=173) compared to
normal samples (grey, #=70). To further validate these
findings, we evaluated CD13 surface expression in a
panel of hematologic cancer cell lines by flow cytom-
etry. The surface expression of CD13 was relatively high
in U937, THP-1, and HL-60 cells compared to MV4-11
and MOLM-14 cells, while no detectable expression was

observed in CCRF-CEM cells, a model of acute lympho-
blastic leukemia (ALL) (Fig. 2B). Consistently, CD13 pro-
tein levels were also relatively high in U937, THP-1, and
HL-60 cells (Fig. 2C and S1). These results suggest that
CD13 expression is highly variable across hematologic
cancer cell types, with both high and low expression
observed in multiple cancer cell lines. Nevertheless, given
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its predominant expression in many AML blasts, CD13
remains as a promising therapeutic target for AML.

To effectively harness NK cell cytotoxicity against
CD13-positive AML cells, we sought to engage NK cells
via CD16, a well-known activating receptor abundantly
expressed on their surface, by using previously devel-
oped CD16-binding (aCD16Nb) and CD13-binding
(aCD13Nb) nanobodies [24, 33] to link them to AML
cells. To effectively engage activated NK cells with AML
cells, we prepared previously established SpyTag (ST)-
fused AaLS protein nanoparticles (AaLS-ST) [36] as
nanobody-displaying nanoplatforms and SpyCatcher
(SC)-fused aCD16Nb (aCD16Nb-SC) and aCDI13Nb
(aCD13Nb-SC) as binding ligands. These nanobod-
ies were designed to covalently ligate to the surface of
AaLS-ST via SC/ST isopeptide bonds (Fig. 2D). To gen-
erate single- or dual-ligand-displaying protein nanopar-
ticles, 60-subunit AaLS-ST was mixed with nanobodies
at a subunit molar ratio of 2:1 (for either aCD16Nb-SC or
aCD13Nb-SC) or 2:1:1 (for both nanobodies). As shown
in Fig. 2E, SDS-PAGE and band densitometry analysis
revealed upward band shifts under single-ligand-display-
ing conditions, indicating that approximately 30 of the 60
AaLS-ST subunits (29.2 kDa) were covalently ligated with
nanobodies, corresponding to approximately 50% occu-
pancy (lane 4 and 5). Under dual-ligand-displaying con-
ditions (lane 6), the appearance of an upper-shifted band
and the absence of non-ligated AaLS-ST bands (29.2 kDa)
indicated that both nanobodies were covalently ligated to
approximately 30 subunits each, resulting in full (100%)
surface coverage of the nanoparticle. Size exclusion chro-
matography (SEC) analysis revealed sequential elution
profiles for AaLS/aCD16Nb/aCD13Nb (A/16/13), AaLS/
aCD13Nb (A/13), AaLS/aCD16Nb (A/16), and AaLS-ST,
in that order (Fig. 2F). Additionally, the hydrodynamic
diameters of AaLS-ST and other variants were measured
with dynamic light scattering (DLS). Consistent with
SEC data, ligation of nanobodies resulted in an increase
in particle size compared to AaLS-ST (21.62 + 5.13 nm),
with sizes of 26.20 + 5.75 nm for AaLS/aCD13Nb, 26.36
+ 5.79 nm for AaLS/aCD16Nb, and 28.53 + 6.08 nm for
AalLS/aCD16Nb/aCD13Nb, indicating successful sur-
face display of the ligands (Fig. 2G). Furthermore, zeta
potential measurements showed that the surface charges
of ligand-displayed AaLS variants were not altered (Fig.
2H), suggesting that the overall surface electrostat-
ics remain comparable to non-ligated AaLS-ST. Taken
together, these results demonstrated that ligation of
aCD16Nb and/or aCD13Nb to AaLS-ST using the SC/
ST system enables the formation of NK cell-engaging and
leukemia-targeting nanoplatforms, while preserving the
structural integrity of the protein nanoparticle.
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aCD16Nb and aCD13Nb dual-ligand-displaying AaLS
protein nanoparticles mediate selective engagement of NK
cells to AML cells

To assess NK cell-engaging AML treatment, CD3~
CD56" NK cells were first isolated from peripheral blood
mononuclear cells (PBMCs) with a purity exceeding 89%,
and CD16 expression on these NK cells was confirmed,
as shown in Figure S2A and S2B. Next, to evaluate the
specificity of nanobody-displaying AaLS variants for
binding to NK and AML cells, the cells were incubated
with fluorescein-5-maleimide (F5M)-labeled nanobody-
displaying AaLS variants [43, 44] and then analyzed by
flow cytometry. As expected, fAaLS/aCD16Nb exhibited
strong and specific binding to NK cells, which are known
to express high levels of CD16, while showed no bind-
ing to AML cell lines (Fig. 3A, third rows). Conversely,
fAaLS/aCD13Nb showed robust binding to AML cells
(U937, THP-1, and HL-60), but not to NK cells, reflecting
the CD13 expression profile of these cells (Fig. 3A, fourth
rows). The dual-ligand-displaying fAaLS/aCD16Nb/
aCD13Nb revealed strong binding to both NK and
AML cells (Fig. 3A, bottom rows), while fAaLS-ST alone
showed negligible binding across all cell types (Fig. 3A,
top rows). None of the fAaLS variants showed notice-
able binding to CCRF-CEM cells, which lack CD13 and
CD16 expression (Fig. 3A, last column). These results
demonstrate that fAaLS variants displaying NK cell- and/
or AML cell-binding ligands can specifically bind to their
respective target cells.

To further investigate whether AaLS/aCD16Nb/
aCD13Nb facilitates physical interactions between NK
and AML cells, CellTrace™ CFSE-labeled U937 or THP-1
cells were co-cultured with CellTrace™ Far-Red (CTFR)-
labeled NK cells in the presence of each AaLS variant.
Flow cytometry analysis revealed that AaLS/aCD16Nb/
aCD13Nb significantly increased the formation of dou-
ble-positive populations, indicating enhanced physical
engagement between NK and AML cells. Specifically,
AaLS/aCD16Nb/aCD13Nb induced a markedly higher
level of NK cell engagement with AML cells, showing
approximately a 2-fold increase with U937 cells and an
8-fold increase with THP-1 cells relative to PBS or AaLS-
ST groups (Fig. 3B). In contrast, no significant changes
were observed in other groups, including PBS, AaLS-
ST, AaLS/aCD16Nb, and AaLS/aCD13Nb. These results
were further supported by quantitative analysis, which
showed a statistically significant increase in NK-AML cell
engagement in the AaLS/aCD16Nb/aCD13Nb-treated
group (Fig. 3B, right panel). Importantly, this increase
was consistently observed in both U937 and THP-1 cells
co-cultured with NK cells, indicating a marked enhance-
ment in NK-AML cell engagement (Fig. 3B). These results
were further supported by confocal fluorescent micros-
copy analysis, which confirmed that AaLS/aCD16Nb/
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Fig. 3 Target specificity and NK-AML engagement of nanobody-displaying AaLS variants. (A) Binding of fluorescein-5-maleimide (F5M)-labeled each
AaLS variant (fAaLS-ST, fAaLS/aCD16Nb, fAaLS/aCD13Nb, and fAaLS/aCD16Nb/aCD13Nb) to primary human NK, U937, THP1, HL-60, and CCRF-CEM cells,
as analyzed by flow cytometry. (B) Interaction between CFSE-labeled U937 or THP-1 cells and CTFR-labeled primary human NK cells in the presence of
each AaLS variant, as determined by flow cytometry. Bar graphs represent the mean + SD from three independent experiments (n=3). Statistical analysis
was performed using one-way ANOVA with Tukey's multiple comparisons test. *p <0.05, **p <0.01

aCD13Nb induced close physical proximity between
NK and AML cells as nanoengagers, as evidenced by co-
localization and clustering of red and green signals in
both U937 and THP-1 co-cultures (Figure S2C). In con-
trast, no significant cell-to-cell interaction was detected
in PBS, AaLS-ST, AaLS/aCD16Nb, and AaLS/aCD13Nb
groups, where NK and AML cells remained spatially sep-
arated (Figure S2C). Therefore, these results demonstrate
that, while individual display of aCD16Nb or aCD13Nb
enables specific binding to their respective cell types,
simultaneous display of both on a single particle facili-
tates effective engagement between NK and AML cells.

The AaLS/aCD16Nb/aCD13Nb nanoengagers efficiently
enhance NK cell activation

To assess the degree of NK cell activation following
treatment with AaLS variants, we analyzed the levels
of intracellular IFN-y in NK cells. Primary human NK
cells, isolated from PBMCs of four healthy donors, were
incubated with each AaLS variant for 6 h. The aCD16Nb

selectively binds to CD16 molecules on the surface of
NK cells and induces NK cell activation upon binding
[41]. As shown in Fig. 4A and B, flow cytometry analy-
sis revealed that both AaLS/aCD16Nb and the AaLS/
aCD16Nb/aCD13Nb nanoengagers results in increased
levels of IFN-y compared to the other groups, as
observed in the previous study [24]. Notably, the AaLS/
aCD16Nb/aCD13Nb nanoengagers and AaLS/aCD16Nb
induced the IFN-y levels that were approximately 77-fold
and 60-fold higher, respectively, compared to PBS group,
indicating effective NK cell activation upon aCD16Nb
binding. In contrast, AaLS-ST and AaLS/aCD13Nb
showed no detectable increase in IFN-y production (Fig.
4A). These data indicate that the aCD16Nb displayed on
AaLS variants not only facilitates specific binding to NK
cells but also triggers their robust activation.

To further evaluate the degree of NK cell activation
in the presence of AML cells, intracellular IFN-y lev-
els in NK cells were analyzed by flow cytometry follow-
ing treatment with AaLS variants in co-culture with
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AML cell lines, including U937, THP-1, and HL-60 cells.
To allow sufficient and specific binding to AML cells,
each AaLS variant was incubated with AML cells, fol-
lowed by co-culture with NK cells. The highest levels of
intracellular IFN-y in NK cells were observed following
treatment with the AaLS/aCD16Nb/aCD13Nb nano-
engagers, which simultaneously bind to CD16 on NK
cells and CD13 on AML cells. NK cells treated with the
AalLS/aCD16Nb/aCD13Nb nanoengagers and co-cul-
tured with U937, THP-1, HL-60 cells exhibited approxi-
mately 5-, 8- and 6-fold increases in IFN-y production,
respectively, compared to the PBS group (Fig. 4C and
D). In contrast, the AalLS/aCD16Nb/aCD13Nb nano-
engagers had no effect on intracellular IFN-y levels in
NK cells co-cultured with CD13-negative CCRF-CEM
cells (Fig. 4C and D). These results suggest specific bind-
ing of the AaLS/aCD16Nb/aCD13Nb nanoengagers to
cancer cells, followed by subsequent engagement of NK

cells, is essential for triggering effective NK cell activa-
tion. Collectively, these findings indicate that the AaLS/
aCD16Nb/aCD13Nb nanoengagers elicit robust NK cell
activation and promote effective dual-targeting recogni-
tion through direct NK-AML cell interaction, resulting in
enhanced immune responses.

NK cell activation by the AaLS/aCD16Nb/aCD13Nb
nanoengagers induces potent cytotoxicity against target
AML cells

To investigate whether NK cell activation induced by the
Aal.S/aCD16Nb/aCD13Nb nanoengagers exerts potent
cytotoxicity against target AML cells, the cell viability
assay was performed using the CCK-8 assay. U937, THP-
1, and HL-60 cells were treated with each AaLS variant
for 30 min at various concentrations and subsequently
washed with PBS prior to co-culture with NK cells for 48
h. As shown in Fig. 5A, the AaLS/aCD16Nb/aCD13Nb
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Fig. 5 Cytotoxicity of NK cells induced by the AaL.S/aCD16Nb/aCD13Nb nanoengagers against various AML cell lines. (A) Cytotoxicity of NK cells medi-
ated by AalS-ST, AalL.S/aCD16Nb, Aal.S/aCD13Nb, and Aal.S/aCD16Nb/aCD13Nb nanoengagers against AML cells, U937, THP-1, and HL-60, and CD13-
negative leukemic CCRF-CEM cells. (B) Representative flow cytometry plots of Live/dead cell viability assay of Far-red labeled AML cells and CCRF-CEM
co-cultured with NK cells in the presence of each AaLS variant. Cell viability was assessed by Calcein-AM staining for live cells (green) and EthD-1 staining
for dead cells (red). (C) Quantification of live and dead/dying cells. Each cell line (U937, THP-1, and HL-60, n=5; CCRF-CEM, n=3) was co-cultured with
primary human NK cells isolated from PBMCs of three to five healthy donors. Bar graphs represent the mean + SD. Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparisons test. * P<0.05, ** p<0.01, ***p <0.001, **** p <0.0001, ns, not significant
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nanoengagers led to a dose-dependent increase in spe-
cific lysis of U937, THP-1, and HL-60 cells, reaching over
80% lysis at the highest concentration. These cytotoxic
effects were significantly greater than those observed
with AaLS-ST, AaLS/aCD16Nb, or AaLS/aCD13Nb.
Notably, no cytotoxic activity was detected in CD13-neg-
ative CCRF-CEM cells (Fig. 5A), suggesting high target
specificity. AaLS/aCD16Nb exhibited moderate cytotox-
icity, whereas PBS or AaLS-ST alone showed minimal
effects (Fig. 5A). Since both NK and AML cells are sus-
pension cells, we further performed a flow-cytometry-
based cell killing assay to overcome the limitations of the
CCK-8 assay. To distinguish target AML cells from effec-
tor NK cells during co-culture, U937, THP-1, and HL-60
were first pre-labeled with CTEFR, followed by incubation
with each AaLS variant and subsequent co-culture with
NK cells at a 5:1 effector-to-target (E: T) ratio. The NK
cell-mediated cytotoxicity toward AML cells was evalu-
ated using a live/dead assay by flow cytometry, based on
Calcein-AM and EthD-1 staining, with target AML cells
distinguished by gating on APC-positive fluorescence,
representing CTFR-labeled cells. As shown in Figure
S3A, flow cytometry plots revealed distinct changes in
the proportions of Calcein-positive/EthD-1-negative
(live) and EthD-1-positive (dead/dying) cell populations.
The percentage of live AML cells (lower-right quad-
rant) among AML cells was significantly reduced in the
AalLS/aCD16Nb/aCD13Nb nanoengager-treated group
compared to other groups, while the proportion of dead
or dying cells (upper-left and upper-right quadrants)
increased markedly (Fig. 5B and C). These effects were
consistent across all three AML cell lines (Fig. 5B and C).
In contrast, no significant changes in proportion of live or
dead/dying populations were observed in CD13-negative
CCRF-CEM cells. To further validate the requirement
for CD13-dependent target engagement, we performed
a live/dead cell viability assay using Calcein-AM/EthD-1
staining in previously established CD13-KO U937 cells
[33], which similarly showed no detectable changes in
proportion of live or dead/dying populations (Figure S3B
and C), indicating that direct engagement of NK cells
with target AML cells, mediated by both aCD16Nb and
aCD13Nb on an AaLS/aCD16Nb/aCD13Nb nanoengag-
ers, is essential for maximal and specific NK cell-medi-
ated killing of AML cells (Fig. 5B and C). These results
were further supported by analyses using NK cells iso-
lated from the PBMCs of multiple healthy donors, with
individual results shown in Figure S4 and quantitative
data presented in Fig. 5C. Across all AML cell lines, the
AalLS/aCD16Nb/aCD13Nb nanoengagers significantly
reduced the proportion of live cells and elevated dead/
dying cell populations compared to other groups (PBS,
AaLS-ST, AaLS/aCD16Nb, AaLS/aCD13Nb), with statis-
tical significance ranging from p < 0.05 to p < 0.01 (Fig.
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5). In contrast, NK cell-mediated cytotoxicity against
CD13-negative CCRF-CEM cells was minimal (Fig. 5).
These data indicate that a consistent pattern of NK cell-
mediated enhanced cytotoxicity across donors. Col-
lectively, NK cells engagement, effectively triggered by
nanoengagers targeting CD13-positive cancer cells, leads
to potent and selective NK-mediated cytotoxicity against
AML cells.

The AaLS/aCD16Nb/aCD13Nb nanoengagers reduce AML

burden and prolong survival in AML-engrafted NSG mice

To monitor AML burden in vivo in real time using bio-
luminescence imaging (BLI), stable luciferase-express-
ing U937 cells (U937-Luc) were generated. To evaluate
anti-leukemic activity of the AaLS/aCD16Nb/aCD13Nb
nanoengagers and other AaLS variants in vivo, NOD.Cg-
Prkdc“idll2rgtm1wjl/Sz] (NSG) mice were intravenously
injected with 1 x 10° U937-Luc cells on day 0 (Fig. 6A).
Since NSG mice are immunodeficient and lack functional
NK cells, PBMCs engraftment was essential to reconsti-
tute a human immune system. Given that the U937-based
AML model in NSG mice is aggressive and rapidly lethal
[46, 47], and that previous studies have shown that AML
cells to be well established by three days post-injection
[33], AaLS variants were co-administered with PBMCs
once weekly and administered alone on a separate day
within the same week as outlined in Fig. 6A. Mice were
monitored every few days for disease progression using
BLI as a readout of leukemia cell burden, according to
the schedule shown in Fig. 6A. The U937-Luc-derived
BLI signals was clearly detected on day 9 and reached
maximal levels by day 16 (Fig. 6B). U937-Luc-engrafted
mice treated with the AaLS/aCD16Nb/aCD13Nb nano-
engagers exhibited a reduction in BLI signal, indicating
decreased AML burden, compared to those treated with
AalLS-ST, AaLS/aCD16Nb, AaLS/aCD13Nb, or PBS, all
of which were co-administered with PBMCs through-
out the treatment period. The most pronounced differ-
ences were observed between days 14 and 16, as shown
by in vivo BLI (Fig. 6B). During disease progression,
body weight of mice remained relatively stable across
all treatment groups and revealed a slight decrease after
approximately day 14. However, no significant differences
in body weight were detected among the groups, pos-
sibly reflecting a lack of treatment-related toxicity (Fig.
6C). Indeed, the AalLS/aCD16Nb/aCD13Nb nanoen-
gager-treated mice exhibited markedly lower BLI signal
intensity, as quantified by total photon flux, compared to
other groups during the later time points (days 14-19)
(Fig. 6D). These data are consistent with prolonged sur-
vival and are further supported by the Kaplan-Meier
survival curves (Fig. 6E). Notably, the AaLS/aCD16Nb/
aCD13Nb nanoengagers led to a statistically significant
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improvement in survival, with mortality beginning after
day 16 and monitored until day 21 (Fig. 6E).

We further evaluated whether similar therapeutic ben-
efits of the AaLS/aCD16Nb/aCD13Nb nanoengagers
could be achieved in a different AML cancer model using
THP-1-Luc cells (Figure S5). Compared to the U937-
Luc-engrafted NSG model, THP-1-Luc cells exhibited a
slower engraftment, with robust BLI signals appearing
at later time points (Figure S5). Given that BLI signals
indicating the onset of AML burden were detected on
day 13, THP-1-Luc-engrafted mice were injected starting
on day 14 with PBS, AaLS-ST, AaLS/aCD16Nb, AaLS/
aCD13Nb, or AaLS/aCD16Nb/aCD13Nb nanoengagers,
each co-administrated with PBMCs, as outlined in the
experimental timeline (Figure S5A). At early time points
(Day 13 to 19), BLI signals of low level were detected
across all groups, and no significant differences in BLI
signal intensity were observed. However, at mid-stage
(Day 26 to 36), a marked increase in BLI signals indicated
rapid leukemic progression (Figure S5B and S5D). The
AalLS/aCD16Nb/aCD13Nb nanoengager-treated mice

consistently showed the lowest BLI signals compared
to other AaLS variants, suggesting reduced leukemic
growth (Figure S5B and S5D). At later time points (Day
40 to 50), the BLI signals were strong and widespread
throughout the bodies of the mice (Figure S5B). Never-
theless, the AaLS/aCD16Nb/aCD13Nb nanoengager-
treated mice exhibited attenuated leukemic burden,
with several mice maintaining relatively low BLI signals
through day 50 compared to other AaLS variants (Fig-
ure S5B and S5D). As shown in Figure S5C, the body
weight of the mice remained comparable across all treat-
ment groups. Consistent with reduced leukemic burden
analyzed by BLI, the AaLS/aCD16Nb/aCD13Nb nano-
engager-treated mice demonstrated a significantly pro-
longed survival compared to other AaLS variants (Figure
S5E). Collectively, these data indicate that engagement of
NK cells targeting CD13-positive cancer cells via dual-
ligand-displaying nanoengagers effectively reduces leu-
kemic burden and extends survival in two independent
AML models, supporting its therapeutic efficacy in vivo.
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In addition to BLI analyses, we performed flow cytom-
etry analysis to monitor AML cell counts in the periph-
eral blood, spleen, bone marrow, and liver. The NSG
mice were intravenously injected with 1x10° U937-Luc
cells on day 0, followed by administration of PBMCs

and AaLS variants on days 3, 6, and 9. The BLI was per-
formed between days 3 and 13, and mice were sacrificed
on day 13 for flow cytometry analysis (Fig. 7A). Consis-
tent with the previously observed U937-Luc data, the
AalS/aCD16Nb/aCD13Nb nanoengager-treated mice
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exhibited significantly lower BLI signal intensity on
day 13 compared with PBS and PBMC groups, as con-
firmed by total photon flux quantification (Fig. 7B and
D), with no differences in body weight among the groups
(Fig. 7C). U937-Luc-engrafted mice exhibited a sig-
nificant increase in human CD45" CD13" leukemic cell
populations in the peripheral blood, spleen, bone mar-
row, and liver compared to non-engrafted control group
(Fig. 7E). Human CD45" cell populations were clearly
distinguishable from mouse CD45" cells, and human
CD13" cells were subsequently gated within the human
CD45" populations in each tissue (Figure S6). Overall,
mice treated with the AaLS/aCD16Nb/aCD13Nb nano-
engagers showed a significant reduction in human CD45*
CD13* leukemic cells across all organs compared to the
PBS group (Fig. 7F). In the peripheral blood and spleen,
the AaLS/aCD16Nb/aCD13Nb nanoengager-treated
mice showed frequencies of human CD45* CD13* leuke-
mic cells comparable to those in AaLS/aCD16Nb-treated
mice (Fig. 7F). In contrast, in the bone marrow, an
immune-privileged organ and primary location of AML
cell generation, the AalLS/aCD16Nb/aCD13Nb nano-
engager-treated mice revealed the lowest frequency of
human CD45" CD13* leukemic cells among PBS, PBMC
alone, and PBMC with AaLS/aCD16Nb-treated group
(Fig. 7F). In the liver, the AaLS/aCD16Nb/aCD13Nb
nanoengager-treated mice exhibited a significantly lower
frequency of human CD45" CD13" leukemic cells com-
pared to PBS and PBMC-treated group, and a slight ten-
dency to decrease relative to AaLS/aCD16Nb-treated
group, although the difference was not statistically signif-
icant (Fig. 7E and F). In the peripheral bloodstream, both
AalLS/aCD16Nb/aCD13Nb nanoengagers and AaLS/
aCD16Nb treatments were most effective in elimination
of circulating human CD45" CD13" leukemic cells, likely
due to the relatively low number of AML cells circulat-
ing within the bloodstream compared to other tissues,
as well as more frequent interactions with exogenously
administered PBMCs. Additionally, the greater reduction
in leukemic cells in the bone marrow following the AaLS/
aCD16Nb/aCD13Nb nanoengager treatment highlights
the important role of CD13 targeting within the bone
marrow niche, where CD16-mediated targeting alone
was insufficient. These results indicates that CD13 target-
ing enhanced the local accumulation of CD16-engaged
NK cells within the bone marrow, thereby facilitating
more frequent interaction with CD13" AML cells and
improving anti-leukemic activity. Finally, to assess the
potential off-target hematological toxicity and alterations
in immune cell profiles associated with the AaLS protein
nanoparticle serving as the scaffold for AaLS/aCD16Nb/
aCD13Nb under immunocompetent conditions, periph-
eral blood, spleen, liver and lung tissues from mice intra-
venously administered with AaLS/aCD16Nb/aCD13Nb
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were subjected to hematological analysis and flow cytom-
etry-based immune cell profiling. No significant changes
in body weight were observed following AaLS/aCD16Nb/
aCD13Nb treatment compared to controls (Figure S7A).
Hematological parameters, including white blood cells
(WBCs), red blood cells (RBCs), hemoglobin (Hb),
hematocrit (HCT), mean corpuscular volume (MCV),
and platelets (PLTs), at day 10 were comparable between
AalS/aCD16Nb/aCD13Nb- and PBS-treated mice,
consistent with representative Wright-Giemsa-stained
peripheral smears showing no apparent morphological
abnormalities (Figure S7B and C). Furthermore, immune
cell frequencies across macrophage, T cell, NK cell, neu-
trophil, cDC, and B cell populations in peripheral blood,
spleen, liver, and lung were comparable between AaLS/
aCD16Nb/aCD13Nb- and PBS-treated mice, as assessed
by flow cytometry (Figure S7D-F). Thus, no overt hema-
tological toxicity or significant alterations in immune cell
populations were observed following AaLS/aCD16Nb/
aCD13Nb administration, indicating a favorable safety
profile of the AaLS-based nanoengager in vivo.
Collectively, these data indicate that engagement of NK
cells induced by the AaLS/aCD16Nb/aCD13Nb nanoen-
gagers mediates AML cell clearance with tissue-specific
efficacy, demonstrating the therapeutic potential for tar-
geting AML cells, especially within the bone marrow. It
remains apparent that complete AML eradication was
not achieved, highliting the need for further optimiza-
tion. Building on evidence that IL-2 or IL-15 enhances
NK cell survival, proliferation, and function [48-52],
strategies such as cytokine supplementation or cyto-
kine-combined nanoengager configurations designed to
reinforce NK cell persistence may improve therapeutic
efficacy and therefore warrant further investigation.

Conclusions

In this study, we established a leukemia-targeting NK cell
nanoengager, AalLS/aCD16Nb/aCD13Nb, constructed
from ST-fused AaLS protein nanoparticle scaffolds simul-
taneously displaying SC-fused anti-CD16 and anti-CD13
nanobodies. The SC/ST protein ligation system enabled
efficient, simultaneous surface display of aCD16Nb and
aCD13Nb on AaLS-ST, generating an NK cell-engaging
and leukemia-targeting nanoengager while preserving
the structural integrity of the protein nanoparticle.

The AaLS/aCD16Nb/aCD13Nb nanoengagers effec-
tively bound to both NK and AML cells, facilitating their
physical interaction and promoting specific NK-AML
cell engagement. Upon AML cell engagement, the AaLS/
aCD16Nb/aCD13Nb nanoengagers robustly activated
NK cells and induced potent cytotoxic responses in vitro,
as evidenced by elevated IFN-y production and signifi-
cant AML cell killing.
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Treatment with the AaLS/aCD16Nb/aCD13Nb
nanoengagers markedly reduced leukemic burden and
prolonged survival in two independent AML (U937
and THP-1) engrafted models. In the U937 model, it
decreased CD45'CD13* leukemic cells across blood,
spleen, bone marrow, and liver, highlighting the impor-
tance of CD13 targeting for NK cell activity within
immune-privileged niches. Although complete AML
eradication was not achieved, strategies to enhance NK
cell persistence and overcome the immunosuppressive
bone marrow microenvironment could further improve
therapeutic efficacy.

Taken together, our findings suggest that the AaLS/
aCD16Nb/aCD13Nb nanoengager is a versatile and tar-
get-specific NK cell engager that effectively harnesses
NK cell effector functions to achieve selective anti-leuke-
mic activity. Beyond AML, this platform offers a potent
immunotherapy strategy that could be extended to other
cancer types by modifying its targeting ligands, thereby
providing new opportunities for the development of
next-generation NK cell-based therapies.
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