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Abstract

Aim—To test the hypothesis that MRI can monitor intraportal vein (IPV) transcatheter delivery of
clinically applicable heparin-protamine-ferumoxytol (HPF) nanocomplex-labeled natural killer
(NK) cells to liver tumor.

Materials & methods—L.iver tumor rat models underwent catheterization for IPV infusion of
HPF-labeled NK cells (NK-92MI cell line). MRI measurements within tumor and adjacent liver
tissues were compared pre- and post-NK cell infusion. Histology studies were used to identify NK
cells in the target tumors.

Results—For first time, we demonstrated that MRI tracks HPF-labeled NK cells migration
within liver following IPV delivery.

Conclusion—IPV transcatheter infusion permitted selective delivery of NK cells to liver tissues
and MRI allowed tracking NK cell biodistributions within the tumors.
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Due to an innate ability to recognize and lyse tumor cells, natural killer (NK) cells have been
utilized clinically in several immuno-therapeutic strategies for the treatment of cancer [1].
Adoptive transfer immunotherapy (ATI) with NK cells is generating increasing interest as a
potent, yet well tolerated, form of immunotherapy for a broad range of malignancies [1-3].
However, while in vitro and in vivo studies have clearly validated the potential efficacy of
these approaches [4], the therapeutic potential of NK cell-based ATI (NK-ATI) has yet to be
fully realized in clinical settings, particularly for the treatment of solid tumors including
hepatocellular carcinoma (HCC) [4,5].

NK cells have fueled translational research that has led to clinical trials investigating a
number of novel methods to potentiate NK cytotoxicity against human HCC
(ClinicalTrials.gov number: NCT00769106, NCT02008929, NCT01147380 and
NCT01749865 [6]). For clinical application, a critical remaining hurdle for NK-ATI in HCC
patients is the inadequate homing efficiency of ex vivo-expanded effector NK cells to the
target tumors and adjacent liver tissues [7,8]. Another significant obstacle is the lack of
well-established noninvasive tools for monitoring NK cell migration to target tissues [9,10].

Transcatheter infusion has strong potential to augment NK cell delivery to the target tumor
tissues. Serial monitoring of NK cell biodistribution to HCC may serve as an early
biomarker for the prediction of longitudinal response during NK-ATI clinical trials.
Exogenously labeled cells can be tracked with nuclear (PET/SPECT) [11-14], optical
[15,16], bioluminescent [17] or MRI techniques [18-21]. Each modality offers salient
features valuable for both preclinical and clinical applications [11-21]. However,
particularly for clinical applications, MRI offers many advantages such as superior soft
tissue contrast and superior spatial resolution [18-21]. MRI has been used to track
transplanted stem cells in ischemic myocardium, stroke and dendritic cell migration to
lymph nodes in patients with melanoma [18-21]. However, most MRI cell-tracking
approaches have primary used US FDA-approved superparamagnetic iron-oxide (SP10)
MRI contrast agents that are no longer available for clinical use.

The purpose of our study is to report on intraportal vein (IPV) transcatheter infusion of NK
cells for delivery to HCC and adjacent liver tissues, the use of FDA-approved drugs
(heparin, protamine and ferumoxytol) that form specifically functional nanocomplexes for
therapeutic NK cell labeling and MRI quantification of the delivered NK cells to target HCC
tumors and adjacent liver tissues following IPV transcatheter infusion.

Materials & methods

Following guidelines from the NIH, our study was approved by our Institutional Animal
Care Use Center and Use Committee.

HPF nanocomplex preparation

FDA-approved Ferumoxytol (Feraheme®, AMAG Pharmaceuticals, Inc., MA, USA) is an
ultrasmall superparamagnetic iron oxide nanoparticle (USP10) with a size of 17-31 nm in
diameter for treatment of iron deficiency anemia. Heparin sulfate and protamine sulfate
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(both from American Pharmaceuticals Partner, IL, USA) were used to form heparin-
protamine-ferumoxytol (HPF) nanocomplexes [22]. The HPF complexes were prepared by
sequentially adding heparin at 2 U/ml and protamine at 60 pg/ml with ferumoxytol at 25
pg/ml, 50 pg/ml or 100 pg/ml, separately [22].

NK cell culturing techniques

IL-2 independent NK cell line NK-92MI (ATCC, VA, USA) was grown in MEM media
containing 0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid, 12.5% horse
serum, 12.5% fetal bovine serum and 1% penicillin streptomycin (all above agents from
Invitrogen™, CA, USA). Cells were grown in standard 162 cm? tissue culture flasks in a
95% air and 5% CO», (v/v) atmosphere at 37°C.

Cell labeling & iron content

Different concentrations of HPF nanocomplexes (with O pg/ml in 0.5 ml phosphate-buffered
saline [PBS], 25, 50 or 100 pg/ml ferumoxytol) were added to each flask (5 x 10% NK cells
in 10 ml culture medium), separately. Each flask was then incubated for 4 h [23,24]. Labeled
cells were harvested and washed three times with PBS followed by washes with 10 U/ml
heparin to remove the residual HPF. Cells were then fixed for Prussian blue (Invitrogen)
staining and transmission electronic microscopic (TEM) examination (FEI Company, OR,
USA). Prussian blue staining was performed as previously described to detect iron-positive
HPF-labeled cells [22,25]. Cell labeling efficiency = number of positive-staining cells/
number of total cells in per ten fields (20x) [26]. TEM images of NK cells were used to
verify intracellular iron uptake. A separate set of samples were used to quantify iron content
within each cell, iron content of the cell samples was prepared and measured using
inductively coupled plasma—mass spectrometry (Thermo Fisher Scientific, MA, USA) as
previously described [27].

Cell viability assays

To determine the viability of labeled cells, 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Munich, Germany) assays were
performed [28]. In brief, aliquots of labeled and unlabeled cells (which were not exposed to
HPF nanocomplexes) were plated in 96-well plates with a cell density of 10# cells per well.
The medium was completely removed and MTT solutions were added, the absorbance
values at a wavelength of 490 nm in each well were measured using a microplate reader
(Bio-Tek, VT, USA). Separate aliquots, containing 5 x 10° cells each, were resuspended in
100 pl annexin V binding buffer (BD Pharmingen, CA, USA) and incubated with 10 pl of 50
ug/ml propidium iodide solution (BD Pharmingen) without or with 5 pl FITC-conjugated
annexin V reagent (BD Pharmingen) for 15 min in the dark. These cells were then analyzed
using a FACScalibur flow cytometer (BD Biosciences, CA, USA), yielding percentages of
apoptotic (annexin V positive, propidium iodide negative), necrotic and viable cells [26].
The study was repeated with 50 ug/ml HPF labeling protocol, cell viabilities were assessed
at 0 (immediately after 4-h labeling period), 3 and 7 days after labeling, respectively.
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Labeled NK cell function assays

Quantitative measurement of NK cell-mediated cytolysis was performed. McA-RH7777 rat
hepatoma cells (ATCC) were plated in 96-well plates with a cell density of 104 cells per
well. After 3 h, McA-RH7777 cells attached to the bottom. The labeled (with 50 pg/ml HPF)
and unlabeled NK cells were then directly added to wells at a NK/McA-RH7777 ratio 10:1
[29]. After 2, 8 and 12 h of co-culture, the culture medium was completely removed,
containing NK cells and dead McA-RH7777 cells (NK cells and dead McA-RH7777 cells
suspended in the culture medium and only living McA-RH7777 cells adhere to the bottom
of culture dishes). The adherent cells were harvested and counted with automated cell
counter (Invitrogen, NY, USA). Percentage of NK cell-mediated cytolysis = number of dead
McA-RH7777 cells (104 — living McA-RH7777)/ number of total McA-RH7777 cells (10%)
x 100%.

MRI of cell phantoms

Labeled cells using 50 pg/ml HPF for 4-h labeling were fixed with 10% formalin. Four NK
cell samples contained 1 x 10°, 5 x 10°, 1 x 106 and 5 x 108 labeled NK cells and an
additional 5 x 108 unlabeled NK cell sample served as the control. All cells were
homogenously suspended in 1 ml 1% agarose gel. These were then transferred to 1.5 ml
tubes for MR phantom studies.

For time-kinetic MRI phantom studies in vitro, labeled cells (using 50 pg/ml HPF with 4-h
labeling protocol) were used. After labeling, cells were washed three times using PBS with
10 U/ml heparin to remove the residual HPF. Labeled cells were then incubated in normal
medium without HPF, separately. After 3 and 7 days incubation, cells were detached by
trypsinization and counted using a cell counter (Countess® Il FL Automated Cell Counter,
Invitrogen). NK cell samples immediately (O day), 3 and 7 days after labeling were prepared
and each sample contained 5 x 10° cells in 1 ml 1% agarose gel. An additional 5 x 10°
unlabeled NK cell sample and a 1 ml 1% agarose gel sample served as controls. All samples
were transferred to 1.5 ml tubes for MR phantom studies.

MRI was performed using a 7.0T 30 cm bore scanner (ClinScan, Bruker BioSpin, Ettlingen,
Germany) with 75 mm rat coil (Bruker BioSpin). MRI sequences and parameters are listed
in Table 1.

Animal model

McA-RH7777 rat hepatoma cells (5 x 10%) were suspended in media and directly injected
into the left lateral lobe during minilaparotomy procedures in male Sprague—Dawley rats
(Charles River, MA, USA) under gas anesthesia with 2% isoflurane and oxygen at 1 I/min
(Figure 1A). The incisions were then closed in the two layers. Tumors were allowed to grow
for 7 days to reach a size >10 mm in diameter as verified by MRI.

Catheterization procedures

The catheterization procedure involved laparotomy for surgical exposure of the portal vein
(PV) and superior mesenteric vein (SMV) under anesthesia. A 24G polyurethane
microcatheter (Terumo SurFlash®, NJ, USA) was inserted into the SMV and advanced into
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the PV (Figure 1B). 0.1 ml of heparin was infused and angiography was carried out with
digital subtraction angiography using an OEC 9800 Mobile C-arm (GE Medical Systems,
WI, USA) to confirm catheter placement in the left hepatic PV (Figure 1C & D). Finally, 2 x
107-labeled NK cells with 50 pg/ml HPF in 0.5 ml of PBS were infused into the PV over
course of 20 s followed by 0.2 ml saline flush (n = 12). An additional four rats were infused
with 0.5 ml of saline as sham control. After catheter removal, proximal and distal ligations
of the SMV were performed, next to the point of the catherization to prevent bleeding and
blood flow to the liver was restored.

Systemic delivery

For intravenous (iv.) NK delivery group (n = 6), following the insertion of a 24G
polyurethane catheter into the tail vein, 0.1 ml of heparin lock flush was infused followed by
2 x 107-labeled NK cells (50 ug/ml HPF labeling 4-h protocol) in 0.5 ml of PBS and 0.2 ml
of saline flush. The catheter was then withdrawn, and pressure placed on the puncture site
with gauze to minimize bleeding.

In vivo MRI of labeled NK cell biodistribution in rat liver

Histology

MRI scans were performed before and after injection 30 min and 12 h using a 7.0T
(ClinScan, Bruker BioSpin) with 75 mm rat coil. T2* mapping was performed following
acquisition of TSE T1-weighted (T1W) and T2W anatomical images. Scan parameters are
listed in Table 1. Mean R2* (1/T2*) values for the tumors and surrounding liver tissues were
measured before and postinfusion NK cells (30 min and 12 h) both IPV and iv. infusion.

Immediately after completion of MRI, all rats were euthanized. Livers were harvested and
fixed in 10% formalin and then tissues were embedded in paraffin. Sections including
tumors tissues were sliced (4 um) for Prussian blue and CD56 (Anti-CD56, Becton
Dickinson, CA, USA) immunohistochemistry (IHC) staining [30].

Image analysis

For MRI examinations, image analyses were performed using MATLAB (2011a,
MathWorks, MA, USA). Regions of interest were drawn by a radiologist (K Li) with greater
than 15 years experience. Regions of interest (area size: 1.35 + 0.18 cm?) were drawn to
measure R2* values in the viable tumor and within adjacent liver tissue in the same lobe.
CD56 and Prussian blue stained slides from tumor, adjacent liver tissue and sham control
liver tissue specimens (six slices from each rat) were scanned at a magnification of 20x and
digitized using the TissueFAXS system (TissueGnostics, CA, USA). These acquired images
were analyzed using the HistoQuest Cell Analysis Software (TissueGnostics) package to
quantify the total number of HPF-labeled NK cells within each specimen.

Statistical analysis

Statistical calculations were performed using the Graphpad Prism V6 software package
(Graphpad, CA, USA). Data are presented as mean + standard deviation as indicated.
Statistical significance was defined as p value <0.05. One-way ANOVA was used to
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compare in vivo R2* measurements over the observation time points (pre, postinfusion 30
min and 12 h). Pearson correlation coefficients were calculated to assess the relationship
between MRI R2* measurements and histological NK (CD56) measurements within tumor
and surrounding liver tissue at 12-h postinfusion interval.

Cell labeling & iron content

Cell viability

Uptake of HPF was confirmed by TEM (Figure 2A & B). The internalization of HPF
nanocomplexes (sample from 50pg/ml HPF group) in cytoplasm was confirmed. HPF was
not observed on the cell membrane. Labeling efficiency measurements using Prussian blue
assays were 0 pg/ml HPF = 0% (PBS control), 25 pg/ml HPF = 89 + 3%, 50 pg/ml HPF =
92 + 4% and 100 pg/ml HPF = 97 + 5%, respectively (each n = 6) (Figure 2C). The average
iron content per cell using inductively coupled plasma—mass spectrometry in each group
were 0 ug/ml HPF = 0.03 = 0.01 pg; 25 pg/ml HPF = 1.72 + 0.32 pg; 50 pg/ml HPF = 2.46 +
0.39 and 100 pg/ml HPF = 3.47 £ 0.45 pg; respectively (each n = 6). The iron content of
unlabeled cells was significantly lower than that of labeled cell groups (all p < 0.05) (Figure
2D). Moreover, cellular uptake efficiency increased with exposure to increasing
concentration of HPF during labeling procedures (all p < 0.05).

Cell viability results for HPF-labeled NK cells and unlabeled cells are shown in Figure 3.
MTT assays (each n = 6) for dead cell measurements; unlabeled cells (0 pg/ml HPF) =3.2 +
0.2%; labeled cells: 25 pg/ml HPF = 4.1 + 0.4%, 50 pg/ml HPF = 5.8 £ 0.7% and 100 pg/ml
HPF = 6.3 + 0.8%, respectively. Only 100 ug/ml HPF labeling lead to a slight increase in
cell death compared with control group (p < 0.05) (Figure 3A). Necrotic cells by
fluorescence-activated cell sorting (FACS): unlabeled cells = 3.6 £+ 0.5%; labeled cells: 25
pg/ml HPF = 3.9 + 0.5%, 50 ug/ml HPF = 5.6 £+ 0.8% and 100 pg/ml HPF = 7.2 + 0.9%,
respectively. A significant increase in cell death was found only for 100 pg/ml HPF labeled
group compared with control group (p < 0.05) (Figure 3B). Apoptotic cells by FACS:
unlabeled cells = 2.3 £ 0.2%; labeled cells: 25 ug/ml HPF = 2.8 + 0.7%, 50 pg/ml HPF = 3.7
+ 0.9% and 100 pg/ml HPF = 11.6 £+ 1.1%, respectively. A significant difference in
apoptotic cells was found only in 100 pg/ml HPF labeled group compared with control
group (p < 0.05) (Figure 3B). Figure 4A & B showed the viability assessments of long term
(up to a week) after the labeling (4 h, at 50 pg/ml HPF), there were no significant differences
between labeled cells and unlabeled cells at 0, 3 and 7 days follow-up intervals (all p >
0.05). Figure 4C—F are the representative flow plots; C for unlabeled NK, D for immediate
after labeling (0 day), E for 3 days after labeling and F for 7 days after labeling,
respectively.

Quantitative measurement of NK cell-mediated cytolysis

As shown in Figure 5, percentages of NK cell-mediated cytolysis were significantly
increased 8 h (and 12 h) after co-culture in comparison with those at 2 h after co-culture (p <
0.05) and no significant differences were found between 8 and 12 h (p > 0.05). Moreover, no
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differences were found for NK cell-mediated cytolysis between unlabeled and labeled NK
groups for 2, 8 and 12 h co-culture periods (all p > 0.05).

In vitro MRI of phantoms

The T2* signal intensity of the NK cell phantoms containing different numbers NK cells
labeled with 50 pg/ml HPF markedly decreased with increasing cell number (Figure 6A).
R2* values increased in proportion to the number of labeled NK cells included in each cell
phantom (Figure 6B). The time kinetics up to 1 week after labeling showed that T2*W
signal intensity for the NK cell phantoms containing the same number of unlabeled and
labeled cells significantly increased 3 and 7 days after labeling compared with immediately
after labeling (0 day) (Figure 6C). R2* values significantly decreased 3 and 7 days after
labeling compared with R2* values immediately after labeling 0 day (all p < 0.05); however,
there were still significant differences between R2* values in labeled cell phantoms and
unlabeled cell/1% aga-rose phantoms 3 and 7 days after labeling (Figure 6D) (all p < 0.05).

In vivo quantitative MRI of IPV transcatheter NK cell delivery & comparison with iv.
systemic delivery

Identification of the SMV for subsequent catheterization of the PV was successful in 100%
(12/12) of rats as confirmed on digital subtraction angiography (Figure 1C & 1D). Within
T1W anatomic images, the tumors were depicted as heterogeneous low signal intensity both
before and after infusion of the HPF-labeled NK cells. In T2*W images, the tumors were
depicted with homogeneous high signal intensity both before and 30 min following the
delivery of labeled NK cells. However, 12-h postinfusion signal intensities within the tumor
nodules became heterogeneous (Figures 7A-F). A significant difference in R2* values was
found before and 30 min after NK cell infusion within liver tissues surrounding the tumors
(prein-fusion vs 30-min postinfusion; 83.16 + 11.93 s™1 vs 139.20 +14.06 s™1; p < 0.001),
but no significant difference was found in the tumor nodules at this earlier 30-min follow-up
period (preinfusion vs 30-min postinfusion; 35.95 + 13.80 s vs 44.88 + 13.68 s71; p >
0.05) (Figure 7G & H). However, for the tumor tissues, a significant difference in R2*
values was found at the 12-h postinfusion follow-up interval (30 min postinfusion vs 12 h
postinfusion; 44.88 + 13.68 s™1 vs 99.70 + 15.19 s71; p < 0.001); there was a significant
decrease in R2* values within surrounding liver tissues between early (30 min) and delayed
(12 h) follow-up intervals (30 min postinfusion vs 12 h postinfusion; 139.20 + 14.06 s™1 vs
103.69 + 13.72 s71; p < 0.001) (Figure 7G & H). For iv. systemic delivery, a significant
increase in R2* values was found between pre- and 30-min postinfusion of NK cells within
liver tissues surrounding the tumors (preinfusion vs 30 min postinfusion; 86.69 + 12.59 s~1
vs 144.8 + 10.69 s71; p < 0.001), but there was no significant difference in the tumor
nodules between before and 30-min follow-up period (preinfusion vs 30-min postinfusion;
38.20 + 12.42 571 vs 45,09 + 13.37 s71; p > 0.05) (Figure 7G & H). However, there was a
significant difference in R2* values of tumors at the 12-h postinfusion follow-up interval (30
min postinfusion vs 12 h postinfusion; 45.09 + 13.37 571 vs 68.62 + 11.46 s™1; p < 0.05); a
decrease in R2* values was found within surrounding liver tissues between early (30 min)
and delayed (12 h) follow-up intervals (30 min postinfusion vs 12 h postinfusion; 144.80 +
10.69 571 vs 126.00 + 12.85 s71; p < 0.05). Moreover, there were significant differences (in
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both tumors and surrounding liver tissues) between iv. and IPV groups at 12-h postinfusion
time point (all p < 0.05) (Figure 7G & H).

Histologic evaluation of the transcatheter NK cell delivery

Photomicrographs of the tumor and surrounding liver tissues showed colocalization of CD56
and Prussian blue-positive cells with HPF-labeled NK cells (Figure 8A & B). Within
consecutive slices, the spatial distribution of Prussian blue staining was well correlated to
the corresponding distribution of observed CD56 staining (Figure 8C & D), and 12 h
postinfusion, NK cell delivery was quantified histologically using CD56 and Prussian blue
stained slices with TissueFAXS system. There was a significantly larger number of
positively stained NK cells measured (both within tumors and the surrounding liver tissues)
for the IPV delivery group than observed for sham control group (all p < 0.05) (Figure 8E &
F); the quantitative levels of Prussian blue and CD56 staining were well correlated in for
both tumors and surrounding liver tissues (Figure 8G & H). R2* values measured at this 12-
h postinfusion interval within tumor and surrounding liver tissue was well correlated with
the histological NK measurements (R = 0.70, p < 0.05) (Figure 9).

Discussion

Our study demonstrated the following: NK cells can be labeled using clinically applicable
HPF nanocomplexes with minimal impact upon cell viability and cytolytic function;
transcatheter IPV delivery of NK cells permits locoregional delivery to hepatic liver lobe
containing liver tumors; clinically applicable HPF-labeled NK cells can be used to monitor
delivery and cellular tracking with MRI.

As with any cell-based cancer immunotherapy; the efficacy of the treatment approach
depends upon safety and the ability of therapeutic cells to adequately target or biodistribute
to tumor sites [23,24]. NK-ATI is a promising approach for the treatment of solid tumors
including HCC [2,3,5]. Conventional intravenous delivery of therapeutic NK cells may limit
the dose that ultimately reaches the target tumor and surrounding liver tissues [30]. Since
hepatic neoplasms preferentially derive their blood supply from an arterial source while the
majority of noncancerous liver is supplied by the PV, transcatheter intra-arterial therapies
have been used in clinical settings [31]. However, there are significant differences between
transcatheter delivery of chemotherapies and transcatheter delivery of cellular immuno
therapies. The goal of intra-arterial transcatheter delivery is to selectively target HCC
lesions, ideally minimizing delivery of these cytotoxic agents to normal liver tissues
(compounds toxic to both tumors and normal tissues). However, NK cells are conversely
nonimmunogenic and nontoxic to normal liver tissues. Following locoregional delivery, NK
cells can migrate to tumors with the ability to recognize and lyse tumor cells using a variety
of recognition receptors [1-3]. Imaging and histology results from these studies indeed
suggest that NK cells can migrate to liver tumors after locoregional delivery with
transcatheter IPV infusion. It is conceivable that IPV infusion could be more effective for
treatment of smaller undetected tumor nodules within a background of hepatic cirrhosis
because at earlier stages the tumor blood supply is predominantly of portal venous origin
[32]; however, future studies remain necessary to validate any such improvements.
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Heparin, protamine and ferumoxytol are individually routinely used for specific clinical
indications. The concentrations of HPF used in our study provided intra-cellular
concentrations of each drug that were substantially below recommended clinical dose limits
[22,33]. The HPF nanocomplexes have similar biochemical properties to SPIO
nanoparticles, which have been used previously to label cells and biodegrade through the
iron metabolic pathway [22,34]. We found that significant uptake of HPF had minimal
effects on cell viability. Using HPF-labeling, it has been previously demonstrated that
viabilities of T cells, stem cells or bone marrow cells were not affected [22,33]. Our
observations were in agreement with these prior studies. In our study, the doses of 25, 50
and 100 pg/ml HPF were used for cell labeling, resulting in high labeling efficiency,
however, iron uptake per cell was dependent upon HPF concentrations. A significant
increase in cell death/apoptosis was found only for 100 ug/ml HPF labeling group compared
with control group. The cytolytic activity of NK cells after a 50 pg/ml HPF labeling protocol
was not impaired by the labeling procedure.

In vitro cell phantom studies demonstrated that R2* values increased with increasing
numbers of labeled NK cells; using 50 ug/ml HPF for a 4-h exposure protocol allowed for
more long-term labeling (up to a week demonstrated in vitro studies). Resulting in vivo
changes of R2* values should accordingly indicate the biodistribution of NK cells to the
tumor nodules and surrounding liver tissues. NK cell delivery to tumors and liver tissues
was verified with IHC microscopic images. The biodistribution of Prussian blue-stained
positive cells was well correlated to the biodistribution of CD56-positive NK cells as
observed with IHC staining 12 h postinfusion. MRI R2* values of the tumor nodules and
surrounding liver tissues were well correlated with NK cell delivery measured with IHC
staining. Our study indicated that in vitro expanded NK cells can be selectively delivered to
target hepatic tumors by locoregional administration with IPV transcatheter infusion, and 12
h postinfusion, NK cells were observed to migrate from surrounding liver tissue to the
tumors, as verified by our quantitative MRI measurements. Our study demonstrated that
conventional iv. delivery of therapeutic NK cells limits the dose that ultimately reaches the
target tumors. Moreover, both MRI R2* measurements and CD56 IHC results demonstrated
increased NK delivery to tumors for IPV compared with iv. infusion. Besides direct
antitumor activities, NK cells in the peritumoral area may be important for activation of
other immunologic mechanisms, for the treatment of very small metastases and/or to prevent
invasion of the primary lesion [1-3].

With the withdrawal of clinically available SPIO (USPIO) MRI contrast agents from the
market, currently ferumoxytol is the only intravenous FDA-approved USPIO nanoparticle
that can be used to magnetically label and track cell migration in vivo by MRI. The labeling
protocol with 50 pg ml~1 ferumoxytol within HPF used for MRI tracking in vivo resulted in
more than 90% labeling efficiency using only 4-h labeling period and importantly
demonstrated no significant differences in viability indices between labeled and unlabeled
cells. In clinical settings, given the potential fragility of autologous NK cells from patients in
vitro [35], a limited duration labeling period could potentially avoid cell damage and
subsequent alteration of priming function. Therefore, this short labeling period may be
especially conducive to clinical translation during NK-ATI trials.
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Our study had several limitations. Rat tumor model and human NK-92 cells were used for
the technique development of labeling and delivery methods due to: stable NK cell line that
was more practical for quality control and large-scale production than alternative harvest
and expansion of rat NK cells, NK-92 cells can rapidly kill target cells without prior
immunization or MHC restriction [36-38], with NK-92's offering high cytolytic
responsiveness toward a wide variety of tumor target cells including rat and mouse [39-41].
However, for this study therapeutic response was not evaluated. Given the possibility that
NK-92 cells may be eliminated prematurely by a host's immune system, further studies are
clearly needed to rigorously evaluate therapeutic efficacy in the setting of adoptive
immunotherapy. An additional limitation was that MRI tracking of labeled NK migration
within target liver tissues was performed at only two time points postinfusion (30 min and
12 h) and our study protocol examined only one NK dose (2 x 107 cells) [42]. The currently
used dose was selected from references and our initial experiences [8,30,43-44]; additional
studies will be valuable to determine how many labeled NK cells provide measureable
changes and the optimal postinfusion time intervals for follow-up imaging measurements.
Finally, our study does not assess the relationship between different delivered NK doses,
MRI quantification of delivery and therapeutic outcomes. Future studies should compare iv.
and IPV infusion routes for NK adoptive immunotherapy.

Conclusion

Our study demonstrated an efficient approach for labeling NK cells within a 4-h period. IPV
transcatheter infusion permitted selective delivery of NK cells to target liver tissue and MRI
measurement of the biodistribution of HPF-labeled NK cells within the tumors and adjacent
liver tissues. Additional translational studies are clearly warranted to evaluate the efficacy of
therapeutic response and better understand the relationship between dynamic NK
biodistributions and therapeutic outcomes during ATI for hepatic malignancies.

Future perspective

Using a clinically applicable approach for magnetic-labeling NK cells, a 4-h labeling time
resulted in high labeling efficiency and no decrease in cellular viability. This short labeling
period may be especially conducive to clinical translation during NK-ATI trials. Serial MRI
monitoring of NK cell migration to tumors during ATI could alternatively serve as an
important early biomarker for timely prediction of longitudinal response thus affording early
adjustments to each individual patient's therapeutic regimen.
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Figure 1. Tumor implantation and x-ray angiography of portal vein
(A) 5 x 108 McA-RH7777 HCC cells were injected under the hepatic capsule in left lateral

lobe. (B) 24G polyurethane catheter was inserted into the superior mesenteric vein and
advanced into the portal vein (the black arrow indicted the inserting point). Fluoroscopic
depiction of portal vein infusion patterns in two representative animals: (C) local delivery to
left lateral lobe and (D) delivery to multiple lobes.
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Figure 2. Transmission electron microscopy images of natural killer cells, cell labeling efficiency
and iron content per cell

(A) Representative transmission electronic microscopic image of heparin-protamine-
ferumoxytol (HPF)-labeled natural killer cell, HPF nanocomplexes were encapsulated in the
endosomes as electron-dense nanoparticles (white arrows). (B) Representative transmission
electronic microscopic image of unlabeled natural killer cell did not demonstrate electron-
dense HPF nanocomplexes in cytoplasm. (C) Cell labeling efficacy was assessed by
Prussian blue staining. (D) Iron content per cell was measured using inductively coupled
plasma—mass spectrometry. Scale bars in (A & B): 3 um.
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Figure 3. Cell viability assays immediately after labeling 4 h (50pug/ml heparin-protamine-

ferumoxytol)

(A) Dead cells were measured by MTT assays. (B) Necrotic and apoptotic cells were

measured by fluorescence-activated cell sorting.
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Figure 4. Long-term viability assessments (up to a week) after the 4-h labeling period (50ug/ml

heparin-protamine-ferumoxytol)

There were no significant differences in the viability of labeled and unlabeled NK cells at
days 0, 3and 7. (A) Dead cells, (B) necrotic and apoptotic cells (all p > 0.05), (C-F) are the
representative flow plots, (C) unlabeled NK cells, (D) immediately after labeling (day 0),

(E) 3 days after labeling and (F) 7 days after labeling, respectively.

NK: Natural Killer; PI: Propidium iodide.
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Figure 5. Quantitative measurements of natural killer cell-mediated cytolysis
NK cell-mediated cytolysis was significant increased 8 h (and 12 h) after co-culture

compared with 2 h after co-culture (p < 0.05) and no significant differences were found 8
and 12 h after culture (p > 0.05). No significant differences were found between NK cell-
mediated cytolysis levels for unlabeled and labeled NK groups after 2, 8 and 12 h of co-
culture (all p > 0.05).

NK: Natural killer.
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Figure 6. Quantitative MRI of cell phantoms

(A) T2* signal intensity of the natural killer (NK) cell phantoms containing different

T
5.0 x 10°

S
Labeled cells

0 days
.

3 days

7 days
)

Unlabeled

YT

5.0 x 10° labeled cells

numbers NK cells labeled with 50 ug/ml HPF. (B) R2* values increased in proportion to the
number of labeled NK cells included in each cell phantom. (C) The time Kkinetics up to 1
week after labeling showed that T2* signal intensity of the NK cell phantoms containing the
same number of unlabeled and labeled cells significantly increased at 3 and 7 days after
labeling compared with immediately after labeling (0 days). (D) R2* values significantly
decreased at 3 and 7 days after labeling compared with the values of 0 day (all p < 0.05). (D)
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There were significant differences between labeled cell phantoms and unlabeled cell/1%
agarose phantoms (all p < 0.05).
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Figure 7. Representative T1W and T2*W images and quantitative R2* measurements at pre-
and postinfusion (2 x 10 labeled natural killer cells) intervals (30 min and 12 h)

(A-C) are T1W images at preinfusion, postinfusion 30 min and 12 h, respectively. (D-F)
are T2*W images at preinfusion, postinfusion 30 min and 12 h, respectively. (G & H) are
guantitative R2* measurements. For intraportal vein delivery, significant difference in R2*
values was found 30 min after natural killer cell infusion within liver tissues surrounding the
tumors (p < 0.001), but no significant difference was found in the tumor nodules at this
earlier 30-min follow-up period (p > 0.05). A significant difference in R2* values was found
in the tumors at 12-h postinfusion follow-up interval (p < 0.001). There was a significant
decrease in R2* values within surrounding liver tissues between early (30 min) and delayed
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(12 h) follow-up intervals (p < 0.001). For iv. systemic delivery, a significant increase of
R2* values was found before and 30 min after natural killer cell infusion within liver tissues
surrounding the tumors (p < 0.001), no significant difference in the tumor nodules between,
before and 30-min follow-up period (p > 0.05). A significant difference in R2* values of
tumors at 12-h postinfusion follow-up interval (p < 0.05) and a decrease in R2* values were
found within surrounding liver tissues between early (30 min) and delayed (12 h) follow-up
intervals (p < 0.05). There were significant differences (in both tumors and surrounding liver
tissues) between groups iv. and intraportal vein at 12-h postinfusion time point (all p <
0.05).

iv.: Intravenous; PI: Postinfusion; PV: Portal vein.
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Figure 8. Representative Prussian blue and CD56 optical microscopy images and the comparison
between Prussian blue-staining and CD56-staining methods

(A & C) are consecutive slices from a rat of 12 h postinfusion heparin-protamine-
ferumoxytol-labeled cells. (A) Prussian blue staining, (C) CD56 staining. The spatial
distribution of Prussian blue staining was well correlated to the corresponding distribution of
observed CD56 staining. (B & D) Consecutive slices from a sham control rat of 12-h
postinfusion 0.5 ml saline. (B) No Prussian blue-positive cells were found, (D) Few CD56-
positive cells were detected in the tumor and surrounding liver tissue. CD56 and Prussian
blue stained slices were quantitatively analyzed using TissueFAXS system. There was a
significantly larger number of positively stained NK measured (for both tumors and the
surrounding liver tissues) in intraportal vein delivery group compared with sham control
group (E & F; all p < 0.05). The quantitative levels of CD56 and Prussian blue staining was
well correlated in both tumors and surrounding liver tissues (G & H). Dashed lines in (A-D)
are the boundary between tumor and surrounding liver tissue. T represents tumor. Scale bars
(A-D): 25 um.

Con.: Sham control; NK: Natural killer; PI: Postinfusion.
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Figure 9. Comparison between MRI R2* measurements and histological natural killer (CD56)
measurements within tumor and surrounding liver tissue at 12-h postinfusion interval

R2* values measurements within tumor (A) and surrounding liver tissue (B) was well
correlated with the histological NK measurements (R = 0.709, p < 0.05 for tumor; R =
0.699, p < 0.05 for surrounding liver tissue).

NK: Natural killer.
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Sequence Cell phantom In vivo MRI
GRE T2*W GRE T2* map TSE anatomy GRE T2* map
TR/TE (ms) 50/10.00 1100/(6.00, 12.18, 21.45, 66.18, 72.36)  T1W: 200/2.6 598/(2.91, 6.63, 10.35, 14.07)
T2W: 841/28.00
Flip angle 9° 30° T1W/T2W: 90°/180°  30°
FOV (mm?) 45 x 45 57 x 57 70 x 70 60 x 60
Matrix 128 x 128 128 x 128 128 x 128 192 x 192
ST (mm) 0.30 15 1.0 1.0

Voxel size (mm3)  0.35x 0.35 x 0.30

0.45 x 0.45 x 1.50

0.55 x 0.55 x 1.00

0.31x0.31x1.00

FOV: Field of view; GRE: Gradient echo; ST: Slice thickness; TE: Echo time; TR: Repetition time; TSE: Turbo spine echo.
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