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1 | INTRODUCTION

Natural killer (NK) cell therapy utilizes the innate
immune-killing and strong cytolytic ability of NK cells to
attack tumor cells without damage to healthy cells, !

Abstract

Efficient enhanced NK cell therapy is of critical importance in the immune
treatment of cancer. Real time monitoring provides the necessary means for
precise treatment and improving its efficacy. This work designed a powerful
nanomedicine (MFMAF-7) to engineer NK cells for perforation and desialy-
lation by encapsulating streptolysin O conjugated neuraminidase, adenosine-
triphosphate (ATP)-responsive DNA and granzyme B (GrB)-responsive
peptide (SLO-NEU, SLO-AD, SLO-GP) in cholesterol and aptamer-modified
zeolitic metal azolate framework-7. After targeted delivery of the engineered
NK cells to tumor region, the nanomedicine is degraded to release SLO-NEU,
SLO-AD and SLO-GP, which then perforate tumor cells to promote the de-
livery of cytokines. The anchored SLO-NEU can cleave sialic acids for inhib-
iting the immune evasion of tumor cells and activating the NK cells to release
cytokines, while the SLO-AD and SLO-GP can in situ visualize the levels of
both ATP and GrB for assessing the efficacy in real time. The in vivo exper-
iments with tumor-bearing mice demonstrate the enhanced efficacy of
immunotherapy and the feasibility of real time monitoring with the proposed
nanomedicine.
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and has become one of the most promising clinical stra-
tegies to treat and cure cancer. To trick the immune
system to evade immune-killing, tumor cells smartly
evolve to reduce the intrinsic immunogenicity by over-
expressing sialylated ligands, which bind the inhibitory
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receptors sialic acid (SA)-binding Ig-like lectins
(Siglecs),'™ on NK cells to suppress the immune response
and initiate immune evasion.*'°! In addition, SA on
tumor cells can also disturb the interaction of NK-
activating receptors natural killer group 2D (NKG2D)
with its ligands to inhibit NK activation.l”! Therefore,
desialylation of tumor cells can simultaneously decrease
the binding of Siglecs to inhibit immune evasion and
increase the binding of NKG2D to promote the activation
of NK cells for enhanced NK cell therapy. On the other
hand, the delivery of the cytokines released from NK cells
is also critical to the efficiency of the NK cell therapy.[*!
Once NK cells are activated, the released cytotoxic
granules or cytokines, such as granzyme B (GrB), must be
delivered into the tumor cells to induce their apoptosis or
modulate the immune system for further immune-
killing.!"'~"3) Thus, the assistance of perforation for the
delivery is another efficient method to enhance the effi-
cacy of NK cell therapy. Moreover, in vivo detection of
GrB level can be used for the real time monitoring of
immunotherapy efficacy.

According to the functions of SA during the immune-
killing process, many methods have been developed to
enhance the immunotherapeutic efficacy by SA-
blockage,'* SA-inhibition,*! or SA-cleavage.[* '°77)
After bacterial pore-forming exotoxin streptolysin O
(SLO)!"®! is conjugated to different functional molecules,
such as neuraminidase (NEU) and galactose, these mol-
ecules can be modified on cell surface by the perforating
activity of SLO to perform SA-cleavage, activate immune
cells or deliver cytokines for immune-killing of the
modified cells.'> 7 18 Despite of the efficient
enhancement of immunotherapy achieved by individual
or simultaneous utilization of the desialylation and
perforation strategies, the lacks of immune cells and in
vivo monitoring methods still essentially limited the
further improvement of immunotherapy efficacy.

Recently, the engineering of extrinsic NK cells with
targeting functions,'®! such as chimeric antigen receptors
(CARs),*®! antibody-cell-conjugations (ACCs),*!! gly-
cans!??! and aptamers,'**! has attracted considerable
attention in improving immunotherapy efficacy. Current
clinical NK therapies, such as CAR-NK cells and
antibody-conjugated NK cells, primarily focus on
enhancing tumor recognition and targeting specificity,
but elide on the immune evasion caused by the hyper-
sialylated tumor microenvironment and inefficient
penetration of the cytotoxic granules into tumor cells.

Here we design a powerful nanomedicine, multi-
functional zeolitic metal azolate framework-7 (MFMAF-
7), to engineer the NK cells by encapsulating three
different kinds of SLO conjugates, SLO-NEU, SLO-
adenosinetriphosphate (ATP)-responsive DNA (SLO-

AD) and SLO-GrB-responsive peptide (SLO-GP), in
cholesterol and aptamer-modified zeolitic metal azolate
framework-7 (MAF-7) (Figure 1a). Through the choles-
terol mediated embedding,[16] the nanomedicine endows
the NK cells with not only the enhanced immunotherapy
efficacy through perforation and desialylation but also
real time in vivo efficacy monitoring capability
(Figure 1b). After i.v. injection into the tumor-bearing
mice, the MFMAF-7 engineered NK cells can be deliv-
ered to the tumor region by tumor-targeting aptamer
(Apt).*! In an acidic microenvironment,®®! the pH-
responsive MAF-71%°! is degraded to release SLO-NEU,
SLO-AD, and SLO-GP and anchor NEU, AD and GP on
tumor cells. NEU - mediated desialylation and SLO
mediated perforation efficiently enhance the NK cell
therapy by the inhibition of immune evasion, promotion
of NK cell activation, and assisting perforation. More
importantly, the GrB released from NK cells can remove
the Texas red (TR) fluorescence quencher (BHQ2) in
SLO-GP to recover the fluorescence of TR, while the ATP
released from the dying tumor cells is bound by the clip
structure of AD to quench the fluorescence of Cy5.5 by
the corresponding quencher BHQ3, which achieves real
time in vivo efficacy monitoring of the immune-killing
process'?’-3* and the death situation of tumor cells.*"" 32!

As a proof of concept, the 4T1 tumor-bearing mice
were used as models to demonstrate the perforation and
desialylation enhanced NK cell therapy of tumors and
real time in vivo efficacy monitoring, providing a prom-
ising therapy and efficacy monitoring strategy for the
clinical therapy of cancer.

2 | RESULTS AND DISCUSSION

2.1 | Characterization and functions of
SLO conjugates

SLO-NEU was prepared by conjugating azide modified o2-
3,6,8 neuraminidase A (NEU-N3) to dibenzocyclooctyne
modified SLO (SLO-DBCO).1'” 33! SLO-AD was prepared
with three functional DNA sequences AD1, AD2 and AD3
according to a previous report.*] AD1 was terminated
with Cy5.5 and BHQ3, while AD2 and AD3 contained the
recognizing sequences for ATP. SLO-GP was synthesized
by reacting TR labeled GrB-responsive peptide 1 (GP1-TR)
with SLO and then BHQ2-NHS. Compared to SLO, the m/
z values of SLO-AD and SLO-GP respectively varied from
60 KDa to 139 KDa and 66 KDa (Figure Sla,b) with the
differently distributed band positions in the SDS-PAGE gel
(Figure Sle), indicating the successful conjugation of
NEU, AD and GP to SLO. The functions of SLO-AD and
SLO-GP were investigated by an in vitro fluorescence
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FIGURE 1 Schematic illustration of desialylation and perforation enhanced cancer immunotherapy with real time efficacy
monitoring. (a) Preparation of SLO-NEU, SLO-AD, SLO-GP and MFMAF-7. (b) Cancer immunotherapy and efficacy monitoring
mechanism with MFMAF-7 engineered NK cells. After i.v. injection and targeted delivery into tumor region, MFMAF-7 on NK cells is
degraded to release SLO-NEU, SLO-AD and SLO-GP, which perforate on tumor cells and cleave sialic acids to enhance the NK cell therapy

and response the levels of ATP and GrB for real time assessment of the efficacy.

assay. SLO-AD exhibited strong Cy5.5 fluorescence at
704 nm, which obviously decreased after incubation with
ATP (Figure 2a), demonstrating its sensitive response to
ATP. In contrast, SLO-GP did not exhibit the fluorescence
of TR at 610 nm (Figure 2b), indicating the complete
quenching of TR fluorescence by BHQ2. After incubating
SLO-GP with GrB, the TR fluorescence was observed,
demonstrating its strong response to GrB. Moreover, the
fluorescent intensity (FI) of SLO-AD or SLO-GP respon-
ded to the change of ATP or GrB concentration
(Figure Slc,d), which demonstrated the feasibility of using
SLO-AD and SLO-GP to detect the concentrations of ATP
and GrB.

The functions of SLO-AD and SLO-GP on tumor cell
membranes were further demonstrated by confocal laser
scanning microscope (CLSM) imaging of cells. After
treated with SLO-AD or SLO-GP, 4T1 cells were incu-
bated with different concentrations of ATP or GrB, which
resulted in attenuated Cy5.5 fluorescence or enhanced

TR fluorescence along with the increasing concentration
(Figure 2c,d and Figure S2). With the increasing incu-
bation time, the similar changes were observed at the
same ATP or GrB concentration (Figure S3). These re-
sults demonstrated the efficient response of SLO-AD and
SLO-GP to ATP and GrB on the cell membrane.

To investigate the SA-cleaving function of SLO-NEU
on the cell membrane, 4T1 cells were treated with SLO-
NEU or NEU and then incubated with Cy3-labeled
Sambucus Nigra lectin (Cy3-SNA) to specifically recog-
nize SA* on the cell membrane. Both the SLO-NEU and
NEU treated cells exhibited negligible Cy3 fluorescence
compared to the untreated cells (Figure S4a), which
demonstrated the similar SA-cleaving function of SLO-
NEU to the native NEU on cell membrane. The perfo-
rating function of the SLO conjugates was investigated by
incubating the SLO and SLO conjugates pre-treated 4T1
cells with propidium iodide (PI). Obvious PI fluorescence
was observed in all the SLO, SLO-AD, SLO-GP and SLO-

85U8017 SUOWILLIOD A1) 8|qeo ! [dde au Ag peuienob aJe ol YO ‘@SN JO Sa|nJ o} Akeid178U1IUO /8|1 UO (SUOTIPUOD-PUB-SWBI W00 A8 | M Afe.d||BulUO//SdnL) SUORIPUOD pue swie 1 8y} 88s *[9202/£0/.2] Uo AriqiTaulluo Aelim * Aisieaun Bullue - ne ueixBuenH Aq 6.200. ZWWG/Z00T 0T/I0PALI0D" A3 1M Alelq Ul |Uo//Sdny WOy pepeoumod ‘0 'Ot/ TS.Z



4of 13 BMEMat YANG b AL.
a ATP C 0.05 mM 0.1 mM 0.5 mM 1 mM 5mM 10 mM
s 2D gD
—— SLO-AD
45001 —— SLO-AD+ATP o
(7]
= c
53000 S
< 3
* 1500 e
0.

690 720 750 780
Wavelength (nm)

Q. Y- Q—.

o
©
=
k<

1600 ——SLO-GP
—— SLO-GP+GrB o
12001 2
= o
& 8001 g
% 400! 2
ol

600 650 700 750
Wavelength (nm)

1nM 5nM 10 nM 20 nM 30 nM

FIGURE 2 Responses of SLO-AD and SLO-GP to ATP and GrB. (a, b) Schematic illustration and the variation of fluorescence spectra
of SLO-AD (a) or SLO-GP (b) after treatment with ATP or GrB in vitro. (c, d) CLSM images of 4T1 cells after incubation with SLO-AD (c) or
SLO-GP (d) and then treated with different concentrations of ATP (c) or GrB (d) at 37°C for 1 h. Scale bars: 20 pum.

NEU pre-treated cells, opposite to untreated cells (Figure
S4b), demonstrating the perforating function of these
SLO conjugates on the tumor cell membrane.

The interactions between SLO conjugates and NK
cells were also investigated by incubating the mixture of
SLO conjugates with NK cells, which did not show Cy5.5
fluorescence on NXK cells (Figure S5a). After the SLO and
SLO conjugates pre-treated NK cells were further incu-
bated with PI, these cells did not also exhibit any PI
fluorescence (Figure S6a), indicating that SLO and SLO
conjugates could not perforate on NK cells. These phe-
nomena were agreed with the previous report of the
perforation preference of the perforins during the
immune-killing process,BS] which helped to preserve NK
cell viability during the therapy.

2.2 | SLO conjugates enhanced in vitro
immune-killing

The NK cell immune-killing enhanced by SLO conjugates
was in vitro investigated by CCK8 assay of the 4T1 cells
treated with different combinations of SLO conjugates
and NK cells at the NK/4T1 ratio of 10:1 (Figure 3a). In
the absence of NK cells, the 4T1 cells treated with the
mixture of SLO-AD, SLO-GP and SLO-NEU (Group 2)
exhibited 44% decrease of tumor cell viability (Figure 3b),

which indicated the efficient perforation of the SLO
conjugates. In contrast, the 4T1 cells treated with indi-
vidual NK cells (Group 3) or NK cells together with AD
and GP (Group 4) only exhibited 22% decrease of tumor
cell viability (Figure 3b), indicating the limited immune-
killing efficiency of individual NX cells and the negligible
effect of AD and GP probes. However, the 4T1 cells
treated with NK cells cooperated with NEU (Group 5),
SLO-NEU (Group 6), the mixture of SLO-AD, SLO-GP
and SLO (Group 7), and the mixture of SLO-AD, SLO-
GP and SLO-NEU (Group 8) exhibited gradually
increasing enhancement of immune-killing, while Group
8 exhibited the highest immune-killing efficiency with
64% decrease in tumor cell viability (Figure 3b). These
results demonstrated the efficient enhancement of the
immune-killing by SLO conjugates, which could be
attributed to the desialylation by NEU and the perfora-
tion by all the SLO conjugates.

To further verify the enhancement of the immune-
killing, the cytokines secreted from NK cells during the
in vitro immune-killing were analyzed by ELISA. Groups
4-8 showed the gradually increased levels of all cytokines
such as IFN-y (Figure 3c), TNF-a (Figure 3d), IL-2
(Figure 3e), perforin (Figure 3f) and GrB (Figure 3g),
which was in good agreement with the decreases of cell
viability (Figure 3b). Thus, the desialylation by NEU and
perforation by SLO conjugates could exactly enhance the
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FIGURE 3 SLO conjugates enhanced in vitro immune-killing. (a) Group list of 4T1 cells with different treatments. (b) Cell viability of

4T1 cells from groups (1)-(10). (c-g) ELISA analysis of secreted cytokines from groups (3)-(10). Statistical analysis was performed by
unpaired two-tailed t-tests (***p < 0.001; **p < 0.01; NS, not significant), n = 5.

in vitro immune-killing of tumor cells, and their inte-
gration could efficiently maximize the enhancement.

2.3 | Characterization and performance
of MFMAF-7

The MAF-7 was prepared following the previous
report,[36] and displayed a uniform rhombic dodecahedral
structure with a diameter of about 137 nm (Figure S7a).
As the proteins encapsulated in hydrophilic MAF-7 could
retain protein activity[37] even exposed in plasma, the
mixture of SLO-AD, SLO-GP and SLO-NEU was encap-
sulated in MAF-7 by one-pot synthesis to form SLO-AD/
GP/NEU@MAF-7, which was further coated with dopa-
mine polyethylene glycol 3350 cholesterol (PEG-Cho)
and then modified with tumor-targeting Apt via non-
covalent modification to obtain MFMAF-7. The encap-
sulation efficiency of SLO conjugates was determined to
be 72.3 &+ 6.5% by bicinchoninic acid (BCA) protein assay
kit (Figure S8a). The MFMAF-7 displayed a similar
morphology with a diameter of about 115 nm
(Figure S7b). The smaller diameter of MFMAF-7 resulted
from the presence of proteins during its synthesis.!** The
successful modification of PEG was characterized by
MALDI-TOF mass spectrometry. Compared to the SLO-
AD/GP/NEU@MAF-7, the MFMAF-7 exhibited a char-
acteristic spectrum with an equally spaced 44 m/z value
of PEG (Figure S7c). After coating PEG, SLO-AD/GP/
NEU@MAF-7@PEG showed declined positive zeta po-
tential due to the chelation between the phenolic group

of dopamine-PEG and external Zn>" sites on the MAF-
7,81 while MFMAF-7 showed negatively-charged sur-
face (Figure S7d), indicating the presence of Apt on
MFMAF-7. The drug release of MFMAF-7 was also
determined by the BCA protein assay kit (Figure S8b),
which exhibited a strong pH dependence. At pH 6.5, over
50% of the encapsulated drug was released within the first
2 h, followed by a sustained and slower release phase,
ultimately reaching a cumulative release of 81.6% at 50 h.
In contrast, only 10.5% of the drug was released at pH 7.4
after 50 h, which demonstrated that MFMAF-7 remained
stable in the physiological environment but can rapidly
release the encapsulated drug in the acidic tumor
microenvironment.

The performance of MFMAF-7 was first investigated
in vitro by fluorescence spectrometry. Similar to the
mixture of SLO-AD, SLO-GP and SLO-NEU, MFMAF-7
exhibited obvious fluorescence of Cy5.5, while the PEG
and Apt modified MAF-7 (MAF-7@PEG/Apt) did not
exhibit any fluorescence (Figure S9a), demonstrating the
encapsulation of SLO conjugates. After degrading the
MFMAF-7 in an acidic solution (pH 6.5) and then treated
with ATP or GrB, the mixture exhibited an obvious
decrease of Cy5.5 fluorescence or the appearance of TR
fluorescence (Figure S9b). Thus, the SLO-AD and SLO-
GP released from the degraded MFMAF-7 could main-
tain their functions responding to ATP and GrB,
respectively.

After 4T1 cells were respectively treated with the
mixture of SLO-AD, SLO-GP and SLO-NEU, SLO-AD/
GP/NEU@MAF-7, and the degraded SLO-AD/GP/
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NEU@MAF-7, they were further stained with PI or Cy3-
SNA to verify the perforating or SA-cleaving functions.
As a result, obvious PI fluorescence was observed on the
SLO-AD/GP/NEU and the degraded SLO-AD/GP/
NEU@MAF-7 treated cells, but the SLO-AD/GP/
NEU@MAF-7 treated cells did not show any change
(Figure S10). Meanwhile, the Cy3 fluorescence appeared
on the control and SLO-AD/GP/NEU@MAF-7 cells and
disappeared from the SLO-AD/GP/NEU and degraded
SLO-AD/GP/NEU@MAF-7 treated cells (Figure S10).
These phenomena indicated that the degradation of SLO-
AD/GP/NEU@MAF-7 could completely recover the
perforating and SA-cleaving functions of the SLO
conjugates.

The ATP and GrB responding functions of MFMAF-7
were further verified by incubating the SLO-AD/GP/
NEU@MAF-7 and the degraded SLO-AD/GP/NEU@-
MAF-7 treated 4T1 cells with ATP and GrB, respectively
(Figure 4a). As expected, the CLSM images of the
degraded SLO-AD/GP/NEU@MAF-7 treated 4T1 cells
exhibited obvious Cy5.5 fluorescence, which greatly
decreased or even disappeared after incubation with ATP
(Figure 4a). In contrast, tiny TR fluorescence was
observed on the degraded SLO-AD/GP/NEU@MAF-7
treated 4T1 cells and became stronger upon GrB incu-
bation (Figure 4a). These phenomena indicated that the
SLO-AD and SLO-GP released from the degraded SLO-
AD/GP/NEU@MAF-7 could maintain the ATP and GrB
responding functions. To verify the simultaneous re-
sponses of the degraded MFMAF-7 to ATP and GrB
(Figure 4b), the fluorescence resonance energy transfer
(FRET) between TR and Cy5.5 in SLO-AD and SLO-GP
was first excluded. As shown in Figure S11, the 4T1
cells treated with the mixture of SLO-AD, SLO-GP1-TR
and SLO-NEU showed both TR and Cy5.5 fluorescence
under their excitation wavelength, while only TR fluo-
rescence was observed under TR excitation, indicating
the absence of FRET between TR and Cy5.5. Therefore,
the simultaneous responses of the released SLO-AD and
SLO-GP from degraded MFMAF-7 (Figure 4c) could be
attributed to the presence of ATP and GrB. Moreover, the
responses (fluorescence decrease and increase) become
greater with increasing incubation time of ATP and GrB
(Figure S12), providing a real time monitoring method of
the in vivo NK cell therapy efficacy through in situ
visualizing the levels of ATP released from the dying
tumor cells and GrB released from NK cells.

The direct cytotoxicity of MFMAF-7 was evaluated by
CCK-8 assay of 4T1 cells treated with different concen-
trations of MFMAF-7 under different pH conditions
(Figure S13a). The 4T1 cells treated with 0-200 pg/mL of
MFMAF-7 under pH 7.4 maintained high cell viability,
which demonstrated the material safety of MFMAF-7. In

contrast, the 4T1 cells treated with 0-100 pg/mL of
MFMAF-7 under pH 6.5 exhibited significant and dose-
dependent decrease of the cell viability, which demon-
strated the therapeutic performance of the released drugs.
Thus, 100 pug/mL was selected as the optimal dose of
MFMAF-7 for subsequent cellular experiments.

2.4 | Engineering of NK cells with
MFMAF-7

After incubating NK cells with MFMAF-7, the engi-
neered NK cells exhibited obvious Cy5.5 fluorescence of
MFMAF-7 on the cell surface (Figure S5b). To investigate
the location of MFMAF-7 on NK cells, 3,3’-Dio-
ctadecyloxacarbocyanine perchlorate (Dio) was used to
stain the NK cell membrane. After incubating the Dio-
stained NK cells with MFMAF-7 at 37°C for 10 min, a
co-localized Dio and Cy5.5 fluorescence signal was
observed (Figure S5c), which indicated that MFMAF-7
was attached onto the NK cell surface. The NK cells
incubated with the degraded MFMAF-7 or then stained
with PI did not show Cy5.5 or PI fluorescence (Figure S5d
and S6b), which was similar to the NK cells incubated
with the mixture of SLO-AD, SLO-GP and SLO-NEU
(Figure S5a and S6a). Thus, the SLO conjugates
released from the degraded MFMAF-7 maintained the
same perforation preference against NK cells, which was
beneficial for NX cell therapy.

The effector-to-target (E: T) ratio of the immune-
killing between MFMAF-7 engineered NK cells and 4T1
cells was optimized by CCK-8 assay (Figure S13b). The
cytotoxic response reached a plateau at an E:T ratio of
10:1, indicating maximal immune-killing efficacy. The E:
T ratio of 10:1 was then selected for subsequent immune-
killing experiments.

The performance of MFMAF-7 engineered NK cells in
the in vitro immune-killing of tumor cells was investi-
gated by CCK8 (Figure 3b) and ELISA (Figure 3c-g).
After 4T1 cells were treated with MFMAF-7 engineered
NK cells (Group 9), they did not exhibit significant dif-
ferences in cell viability (Figure 3b) and cytokine secre-
tion (Figure 3c-g) compared to these treated with
individual NX cells (Group 3), which indicated the effi-
cient inhibition of the SLO conjugations by MAF-7
encapsulation. Meanwhile, the 4T1 cells treated with
the degraded MFMAF-7 engineered NK cells (Group 10)
exhibited similar enhancement of the immune-killing
(Figure 3b) and cytokine secretion (Figure 3c-g) to
these incubated with SLO-AD/GP/NEU treated NK cells
(Group 8), which further demonstrated the functions of
SLO conjugations released from the degraded MFMAF-7
to enhance the immune-killing of tumor cells.
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FIGURE 4 ATP and GrB responses of degraded MFMAF-7 on 4T1 cells. (a) CLSM images of 4T1 cells after incubation with PBS
(Control), SLO-AD/GP/NEU, SLO-AD/GP/NEU@MAF-7, degraded SLO-AD/GP/NEU@MAF-7 and the mixture of degraded SLO-AD/GP/
NEU@MAF-7 with ATP or GrB. (b) Schematic illustration of simultaneous ATP and GrB responses of degraded MFMAF-7 on 4T1 cells.
(c) Continuous CLSM images of 4T1 cells incubated with degraded MFMAF-7 and then the mixture of 5 mM ATP and 20 nM GrB at 37°C
for different times.
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To investigate the responsiveness of the MFMAF-7 at
the cellular level, the MFMAF-7 engineered NK cells
were co-cultured with 4T1 cells for different times and
monitored by CLSM imaging (Figure S14). At the initial
stage (0 h), the engineered NK cells displayed strong
Cy5.5 fluorescence from the loaded MFMAF-7 and
negligible TR fluorescence. After co-cultured with 4T1
cells for different times, the TR fluorescence gradually
emerged and intensified, while the Cy5.5 fluorescence
progressively diminished, which was consistent with the
phenomena of cells exogenously adding ATP or GrB
(Figures 2 and 4), indicating the successful release of GrB
and ATP from activated NK cells and dying 4T1 cells and
the visual capability of the designed strategy.

2.5 | Invivo NK cell therapy and real
time efficacy monitoring with MFMAF-7
engineered NK cells

To verify the desialylation and perforation enhanced NK
cell therapy and real time efficacy monitoring with
MFMAF-7 engineered NK cells, 4T1 tumor xenograft
mouse models with a tumor volume of ~80 mm’ were
established, and randomly divided into eight groups to
respectively receive intravenous injections of (1) saline,
(2) NK cells, (3) AD/GP/NEU@MAF-7@PEG/Apt
equipped NK cells, (4) SLO-AD/GP/NEU@MAF-7@PEG
equipped NK cells, (5) MFMAF-7, (6) SLO-NEU@MAF-
7@PEG/Apt equipped NK cells, (7) SLO-AD/GP@MAF-
7@PEG/Apt equipped NK cells and (8) MFMAF-7 engi-
neered NK cells every other day for 14 days, respectively
(Figure 5a). In the 14 days of treatments, neither
discernible difference of body weight (Figure S15a) nor
abnormal pathological change of the heart, liver, spleen,
lung and kidney (Figure S16) nor any significant
abnormal accumulation or excessive infiltration of F4/80-
positive macrophages in immunohistochemical staining
of liver and spleen (Figure S17) were observed in all
groups of mice. The drug distribution 12 h post-injection
revealed distinct patterns across different treatment
groups (Figure S18), while Group 8 exhibited the most
efficient tumor-targeting with highest tumor uptake and
lowest off-target accumulation, which indicated the
negligible side effects of the designed strategy.

To monitor the efficacy in real time, the mice were
subjected to in vivo imaging within 48 h after the first
injection (Figure 5c and Figure S19). The weak Cy5.5
fluorescence from the blocked SLO-AD could be conve-
niently used as the tracking signal of the SLO conjugates
before reaching the tumor region. In the absence of SLO,
the probes could not retain in tumor region, thus did not
show any fluorescence within 48 h (Group 3), which led

to tumor volumes similar to those of Group 2 after
intravenous injection for 48 h (Figure 5b), indicating very
low therapy efficacy and the importance of SLO mediated
perforation to enhance the NK cell therapy. Different
from Group 3, Group 4 exhibited obvious Cy5.5 fluores-
cence at 8 h after injection due to the presence of SLO
conjugates released from MAF-7, while Groups 5, 7 and 8
showed earlier Cy5.5 fluorescence than Group 4. More-
over, their fluorescence intensity was also stronger at the
same time, indicating the faster Apt-mediated target de-
livery to the tumor region,** and the higher tumor
therapy efficacy, which led to smaller tumor volume
(Figure 5b). Groups 5, 7 and 8 showed the strongest Cy5.5
fluorescence at 21, 12 and 12 h after injections, which
then gradually decreased over time. The intratumoral
ATP levels of Groups 1, 7 and 8 were measured by the
ATP Chemiluminescence Assay Kit (Figure S20). The
intratumoral ATP level of Group 8 was the highest
compared to those of Groups 1 and 7, which demon-
strated that the MFMAF-7 engineered NK cells can most
effectively induce the immunogenic tumor cell death to
release the most massive ATP. In contrast, the TR fluo-
rescence appeared in Groups 5, 7 and 8, and gradually
increased from 8 to 48 h after injections due to the release
of GrB from the NK cells. These phenomena indicated
that the SLO conjugates successfully responded to the
increased expression of ATP and GrB during the
immune-killing process. Among these groups, Group 8
exhibited the most drastic decrease in Cy5.5 fluorescence
after 12 h and dropped to the lowest levels by 48 h,
indicating the most massive and efficient death of tumor
cells (Figure 5c and Figure S19a). Meanwhile, Group 8
displayed a significantly faster response in TR fluores-
cence at 21 h compared to other groups, which indicated
the earlier immune synapse formation and faster GrB
release, leading to the rapid onset of immune-killing
(Figure 5c and Figure S19b). Besides, Group 8 exhibited
the consistently lowest tumor growth throughout the
treatment course (Figure S15b) and the longest survival
time (Figure S15c¢), indicating the highest tumor therapy
efficacy. The hematoxylin and eosin (H&E) and terminal
deoxynucleotidyl transferase dUTP Nick end labeling
(TUNEL) staining tissue slices of the tumors dissected
from Group 8 showed the largest necrotic area in com-
parison to these from Groups 1-7 (Figure 5d), further
demonstrating the strongest NK cell therapy efficacy of
cancer with MFMAF-7 engineered NK cells. Thus, the
designed strategy could exactly achieve the in vivo
monitoring of NK cell therapy efficacy in real time.

The effect of desialylation in the tumor region on NK
cell therapy was also investigated by staining the
sectioned tumor tissues with Cy3-labeled Sambucus
Nigra Lectin (Cy3-SNA) and DAPI (Figure S21). After the
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FIGURE 5 Invivo NK cell therapy and real time efficacy monitoring of tumor-bearing mice. (a) Schematic illustration of the

implantation and treatment on 4T1 tumor-bearing mice. (b) Photo of tumors dissected from different groups of 4T1 tumor-bearing mice.
Groups (1): saline, (2): NK cells, (3): AD/GP/NEU@MAF-7@PEG/Apt equipped NK cells, (4): SLO-AD/GP/NEU@MAF-7@PEG equipped
NK cells, (5): MFMAF-7, (6): SLO-NEU@MAF-7@PEG/Apt equipped NK cells, (7): SLO-AD/GP@MAF-7@PEG/Apt equipped NK cells,
and (8): MFMAF-7 engineered NK cells. (c) Continuous in vivo fluorescence imaging of 4T1 tumor-bearing mice after the first injection.

(d) Histology and CLSM images of tumor sections from different groups of 4T1 tumor-bearing mice after H&E and TUNEL staining.

tumor sections from different groups of 4T1 tumor-
bearing mice were stained with Cy3-SNA and DAPI,
Groups 5, 6 and 8 exhibited significant decrease of the
Cy3 fluorescence compared to the other groups, which
indicated the efficient SA-cleavage of the SLO-NEU on
cell membrane. As for Groups 3 and 4, the SA level in the
tumor region was similar to those of Groups 1, 2 and 7 in
the absence of NEU, indicating the importance of both
anchoring NEU on cell surface and the Apt targeted de-
livery for efficient cleavage of SA. Therefore, it could be
concluded that the improved NK cell therapy efficacy
could be attributed to both the desialylation and the
perforation of extrinsic MFMAF-7 engineered NK cells.
Compared to the existing clinical NK therapies, this
strategy exhibits advantages for the treatment of tumors
with dense extracellular matrix and hypersialylation,
which can also provide real time efficacy monitoring
rather than the delayed assessments by tumor volume
variation or physiological analysis. As for the potential

clinical applications, this strategy may be limited by the
standardization, cost and complexity of the nano-
medicine preparation.

3 | CONCLUSIONS

This work designs a powerful nanomedicine MFMAF-7
to engineer extrinsic NK cells for enhancing the tar-
geted NK cell therapy and real time monitoring of in vivo
therapy efficacy. The greatly enhanced therapy efficacy
and monitoring capacity have been achieved by encap-
sulating SLO-NEU/AD/GP in the nanomedicine and
targeted delivery of the engineered NK cells to tumor
region, which results in the degradation of MFMAF-7 to
release encapsulated SLO-NEU/AD/GP for obtaining
their perforating function on tumor cells, the desialyla-
tion of SLO-NEU and the fluorescence responses of SLO-
AD/GP to the level changes of ATP and GrB during the
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NK cells-mediated immune-killing, respectively. The en-
gineering and targeted delivery of NK cells can be per-
formed via coating PEG-Cho and modifying Apt on SLO-
AD/GP/NEU@MAF-7. The feasibility and practical
application of the MFMAF-7 engineered NK cells in
efficiently enhanced NK cell therapy and monitoring the
in vivo NK cell therapy efficacy in real time have been
demonstrated with 4T1 tumor xenograft mouse models.
By simple replacement of the functional and responsive
components, this strategy can be easily expanded to
regulate and monitor other disease related biomolecules,
which provides a potential platform for the development
of novel therapeutic and efficacy monitoring methods.

4 | EXPERIMENTAL SECTION

Preparation of SLO-AD, SLO-GP, SLO-NEU and MFMAF-
7: AD was prepared following a previous method'*!! by
heating the mixture of AD1, AD2 and AD3 (100 uM in
PBS) at 95°C for 5 min and then cooling naturally. To
prepare SLO-AD, AD (100 uM) was first mixed with EDC
(10 mM) and NHS (25 mM) in MES buffer (0.1 M MES,
0.5 M NaCl, pH 6.0) at room temperature for 15 min.
After regulating the pH to 7.0, the mixture was added
with SLO (10 uM) to incubate at room temperature for
2 h. The mixture was then filtered with 100 kDa MWCO
membrane to purify the obtained SLO-AD.

SLO-GP was prepared by reacting GP1 (100 uM) with
TR-MAL (300 uM) in DMF at room temperature over-
night, and then regulating the pH to 7.0 and adding SLO
(10 uM) to incubate at room temperature for 2 h. The
mixture was filtered with 30 kDa MWCO membrane to
purify SLO-GP1-TR. After BHQ2-NHS (100 pM) was
added to the obtained SLO-GP1-TR to incubate at room
temperature for 2 h, the mixture was filtrated with
30 kDa MWCO membrane to purify the obtained SLO-
GP1-TR/BHQ2 (SLO-GP).

SLO-NEU was prepared by mixing SLO-DBCO and
NEU-N; following our previous method.!'”! SLO-DBCO
was first prepared by mixing SLO (0.55 mM) and
DBCO-sulfo-NHS ester (47 mM) at room temperature for
2 h, and then filtrating the mixture with 30 kDa MWCO
membrane. Similarly, NEU-N; was prepared by mixing
NEU (0.02 mM) and N;-PEG8-NHS (0.1 mM) at room
temperature for 2 h, which was then mixed with SLO-
DBCO (0.1 mM) at room temperature for 2 h and fil-
trated with 100 kDa MWCO membrane to obtain
SLO-NEU.

The MFMAF-7 was prepared following a previous
method.*®! Briefly, Zn(NOs),-6H,0 (50 mM), Hmtz
(250 mM), SLO-AD (100 U mL™%), SLO-GP (100 U mL™)
and SLO-NEU (100 U mL™") were mixed and aged at

room temperature for 24 h. The resulting precipitates
were centrifuged at 10,000 rpm for 10 min and washed
three times to form SLO-AD/GP/NEU@MAF-7.

Then, 1 mg of SLO-AD/GP/NEU@MAF-7 was incu-
bated with 3 mg of PEG-Cho and then 10 uM of Apt in
1 mL Tris-HCI buffer (pH 7.4, 10 mM) at 37°C for 6 h to
obtain MFMAF-7. The controls including AD/GP/
NEU@MAF-7@PEG/Apt, SLO-AD/GP/NEU@MAEF-7,
SLO-AD/GP/NEU@MAF-7@PEG,  SLO-NEU@MAF-
7@PEG/Apt and SLO-AD/GP@MAF-7@PEG/Apt were
prepared with the same procedure.

Drug loading efficiency: After the synthesis of SLO-
AD/GP/NEU@MAF-7, the mixture was centrifuged at
12,000 rpm for 15 min to separate the precipitate and
supernatant. The supernatant was collected and lyophi-
lized, and its protein concentration was determined using
a BCA protein assay kit according to a standard curve.
Drug Loading Content (%) = (Mass of Loaded Drug/Total
Mass of Drug-Loaded System) x 100% and Encapsulation
Efficiency (%) = (Mass of Loaded Drug/Total Mass of
Initial Input Drug) x 100%.

Release Kinetics of MFMAF-7: MFMAF-7 (1 mg) was
dispersed in 1 mL of PBS buffer (pH 6.5, simulating the
tumor microenvironment) and incubated at 37°C. At
predetermined time points (0, 1, 2, 4, 8, 12, 24, 48 h), the
samples were centrifuged at 10,000 rpm for 10 min. The
supernatant was collected and lyophilized. The concen-
tration of the released protein was then determined using
the BCA assay.

Stability: MFMAF-7 (1 mg) was dispersed in 1 mL of
PBS buffer (pH 7.4, simulating the normal physiological
environment) and incubated at 37°C. At designated time
intervals (0, 1, 2, 4, 8, 12, 24, 48 h), the samples were
centrifuged at 10,000 rpm for 10 min. The supernatant
was collected and lyophilized, followed by the quantifi-
cation of the released protein concentration using the
BCA assay.

CLSM imaging of treated tumor cells: 4T1 cells were
seeded on confocal dishes overnight and washed three
times with HBSS. To investigate the perforating and SA-
cleaving functions of SLO conjugates, the cells were
respectively incubated with 300 U mL™" of SLO, SLO-AD,
SLO-GP, SLO-NEU, the mixture of SLO-AD, SLO-GP and
SLO-NEU (100 U mL™" for each), 0.1 uM NEU, MFMAF-
7, and the degraded MFMAF-7 at 37°C for 20 min, and
then stained with PI or Cy3-SNA (10 ug mL™") at 4°C for
60 min before subjecting to CLSM imaging.

To investigate the ATP and GrB responses of SLO
conjugates, 4T1 cells seeded on dishes were incubated
with 300 U mL-1 of SLO-AD or SLO-GP at 37°C for
20 min, and then with different concentrations of ATP or
GrB at 37°C for different times. The simultaneous re-
sponses of degraded MFMAF-7 to ATP and GrB were
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verified by incubating degraded MFMAF-7 with 4T1 cells
at 37°C for 20 min, and then the mixture of 5 mM ATP
and 20 nM GrB at 37°C for different times.

To investigate the responsiveness of the MFMAF-7
construct at the cellular level, the 4T1 cells were co-
cultured with MFMAF-7 engineered NK cells (E:
T =10:1) and monitored after 0 h, 4 h, 8 h and 12 h under
pH 6.5 at 37°C.

When performing the CLSM imaging, the PI channel
was collected from the emission signal between 555 and
625 nm under a 535 nm excitation. The Cy3 channel was
collected from the emission signal between 555 and
640 nm under a 543 nm excitation. The Cy5.5 channel
was collected from the emission signal between 670 and
795 nm under a 650 nm excitation. The TR channel was
collected from the emission signal between 600 and
645 nm under a 589 nm excitation.

Engineering of NK cells and CLSM imaging: The en-
gineering of NK cells was performed by incubating NK
cells with MFMAF-7 at 37°C for 10 min, and then
washing them with PBS for three times. To verify the
location of MFMAF-7 on NK cells, they were stained with
Dio and then incubated with MFMAF-7 at 37°C for
10 min. Meanwhile, NK cells were incubated with
300 U mL™! of SLO, the mixture of SLO-AD, SLO-GP and
SLO-NEU (100 U mL™" for each) or the degraded
MFMAF-7 at 37°C for 20 min, and then washed three
times with HBSS and stained with PI (10 g mL™") at 4°C
for 60 min. The obtained NXK cells were immobilized on a
poly-L-lysine treated confocal dish for 10 min to perform
CLSM imaging. The Dio channel was collected from the
emission signal between 505 and 555 nm under a 488 nm
excitation.

Assay of the viability of tumor cells and the cytokines
secreted from NK cells: 4T1 cells seeded on dishes were
respectively incubated with 0, 10, 25, 50, 100, 200 ug/mL
of MFMAF-7 under pH 6.5 or 7.4 at 37°C for 4 h, or
MFMAF-7 engineered NK cells with the E: T = 1:1, 2.5:1,
5:1, 10:1, 20:1 under pH 6.5 at 37°C for 4 h, or (1) PBS, (2)
the mixture of SLO-AD, SLO-GP and SLO-NEU
(100 U mL™ for each), (3) PBS, (4) the mixture of AD
and GP (0.1 puM for each), (5) 0.1 uM NEU, (6)
100 U mL™" of SLO-NEU, (7) the mixture of SLO-AD,
SLO-GP and SLO (100 U mL™" for each), (8) the mixture
of SLO-AD, SLO-GP and SLO-NEU (100 U mL™"* for
each), (9) MFMAF-7, and (10) degraded MFMAF-7 at 37°
C for 1 h. The groups (3)-(10) were further incubated with
NK cells (with a NK: 4T1 ratio of 10:1) at 37°C for 4 h
before subjecting to the CCKS assay. The supernatants of
groups (3)-(10) containing secreted IFN-y, TNF-a, IL-2,

BMEMat_|_ »-x

perforin and GrB were collected by centrifugation for
ELISA quantification of cytokines.

Animal experiments: Pathogen-free female BALB/c
mice (5 weeks old) were obtained from GemPharmatech
Co. Ltd. (China). To prepare the 4T1 tumor xenograft
mouse model, 2 x 10° of 4T1 cells suspended in PBS were
subcutaneously inoculated into the hind leg of each
mouse. After tumor volume reached about 80 mm?, the
4T1 tumor-bearing BALB/c mice were randomly divided
into 8 groups (n = 5). These groups were intravenously
injected in tail every other day for 14 days with 100 uL of
(1) saline, (2) NK cells (107 cells containing 2000 unit/mL
of IL-2 to promote the survival and expansion of NK cells
in vivo NK-mediated immune-killing!** 1), (3) AD/GP/
NEU@MAF-7@PEG/Apt equipped NK cells (107 cells
containing 2000 unit/mL of IL-2), (4) SLO-AD/GP/
NEU@MAF-7@PEG equipped NK cells (107 cells con-
taining 2000 unit/mL of IL-2), (5) MFMAF-7, (6) SLO-
NEU@MAF-7@PEG/Apt equipped NK cells (107 cells
containing 2000 unit/mL of IL-2), (7) SLO-AD/
GP@MAF-7@PEG/Apt equipped NK cells (107 cells
containing 2000 unit/mL of IL-2), and (8) MFMAF-7
engineered NK cells (107 cells containing 2000 unit/mL
of IL-2), respectively.

The in vivo mice imaging was performed before in-
jection (0 h) and at different post-injection timepoints.
The TR channel was collected from an emission filter of
620 nm under 580 nm excitation. The Cy5.5 channel was
collected from the emission filter of 710 nm under a
660 nm excitation. The body weight was recorded every
other day. At Day 14, the tumors, hearts, kidneys,
spleens, lungs, and livers were dissected from the
euthanized mice, fixed with paraformaldehyde solution
(4%), embedded in paraffin blocks, sliced into sections,
stained with H&E and imaged with an optical microscope
(Olympus BX51, Japan). The tumor slices were also
performed TUNEL assay and CLSM imaging of the DAPI
and FITC channels, which were respectively collected
from the emission signal between 430 and 500 nm or 505
and 575 nm under a 405 nm or 495 nm excitation. The
glycans on the tumor slices were detected following a
previous method.'” #°! The tumor tissue slices embedded
in paraffin from the 8 groups of mice were dewaxed,
hydrated, blocked, washed, stained with Cy3-SNA and
DAPI, sealed and imaged by CLSM, which was respec-
tively collected from the emission signal between 430 and
500 nm under a 405 nm excitation for DAPI, and 555 and
640 nm under a 543 nm excitation for Cy3.

Detection of intratumoral ATP level: After drug
administration, the mice were euthanized and promptly
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dissected out the intact tumor tissue, which were cut into
small pieces and placed in a centrifuge tube with 70 pm
filter mesh. After centrifugation at 1500 rpm for 25 min,
the tumor interstitial fluid was collected. The ATP levels
were measured according to the manufacturer's in-
structions of the ATP Chemiluminescence Assay Kit. The
ATP concentrations were normalized to the tissue weight
(ATP concentration/tissue weight).
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