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Abstract:  

 A critical hurdle associated with natural killer (NK) cell immunotherapies is inadequate 

infiltration and function in the solid tumor microenvironment. Well-controlled 3D culture 

systems could advance our understanding of the role of various biophysical and biochemical 

cues that impact NK cell migration in solid tumors. The objectives of this study were to establish 

a biomaterial which (i) supports NK cell migration and (ii) recapitulates features of the in vivo 

solid tumor microenvironment, to study NK infiltration and function in a 3D system. Using 

peptide functionalized poly(ethylene glycol)-based hydrogels, the extent of NK-92 cell migration 

was observed to be largely dependent on the density of integrin binding sites and the presence of 

matrix metalloproteinase degradable sites. When lung cancer cells were encapsulated into the 

hydrogels to create tumor microenvironments, the extent of NK-92 cell migration and functional 

activity was dependent on the cancer cell type and duration of 3D culture. NK-92 cells showed 

greater migration into the models consisting of non-metastatic A549 cells relative to metastatic 

H1299 cells, and reduced migration in both models when cancer cells were cultured for 7 days 

versus 1 day. In addition, the production of NK-cell related pro-inflammatory cytokines and 

chemokines was reduced in H1299 models relative to A549 models. These differences in NK-92 

cell migration and cytokine/chemokine production corresponded to differences in the production 

of various immunomodulatory molecules by the different cancer cells, namely the H1299 models 

showed increased stress ligand shedding and immunosuppressive cytokine production, 

particularly TGF-β. Indeed, inhibition of TGF-β receptor I in NK-92 cells restored their 

infiltration in H1299 models to levels similar to that in A549 models, and increased overall 
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infiltration in both models. Relative to conventional 2D co-cultures, NK-92 cell mediated 

cytotoxicity was reduced in the 3D tumor models, suggesting the hydrogel serves to mimic some 

features of the biophysical barriers in in vivo tumor microenvironments. This study demonstrates 

the feasibility of a synthetic hydrogel system for investigating the biophysical and biochemical 

cues impacting NK cell infiltration and NK cell-cancer cell interactions in the solid tumor 

microenvironment. 

Introduction  

Natural killer (NK) cells are emerging as a powerful tool for immunotherapies because 

they exert potent cytotoxic effects on cancer cells without the need for priming or knowledge of 

specific tumor antigens. Unlike T-cells, NK cells can employ cytotoxic function in an antigen 

independent manner, by utilizing receptors to recognize alterations in cell surface ligands on 

nascent tumor cells.
1,2

 Natural killer cells exert their effector functions primarily through the 

perforin-granzyme pathway, death receptor pathways, and cytokine release, while also triggering 

the activation of the adaptive immune system.
1,2

 Accordingly, NK cells play a critical role in the 

surveillance of malignancies, as NK cell function has been negatively correlated with cancer 

occurrence and outcome,
3,4

 and increased
 
NK cell tumor infiltration is correlated with a better 

prognosis in various cancers.
5,6

 

In clinical trials, adoptive transfer of NK cells to treat certain hematological malignancies 

has been safe, well tolerated by patients, and successful in inducing remission or halting tumor 

progression in a subset of patients.
7–9

 However, NK cell therapy for the treatment of solid 

malignancies, which constitute the vast majority of cancer cases,
10

 has proven more 

challenging.
11,12

 Solid tumors pose both a physical barrier and a biochemical milieu that is highly 

immunosuppressive, resulting in inefficient NK cell infiltration
13–16

 as well as impeding the NK 
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cell-cancer cell contact, required for their cytotoxic function.
17–20

 The NK cells that are 

successful in migrating into the tumor are functionally inhibited by many soluble, insoluble, and 

membrane-bound immunosuppressive factors.
2,15,21,22

 To evade NK cell recognition, the resulting 

combination of signals cancer cells deliver to an array of activating and inhibiting receptors on 

NK cells must be inhibitory. Thus, cancer cells upregulate inhibitory signals delivered to NK 

cells, through major histocompatibility complex class I (human leukocyte antigens (HLA)) 

molecules, and downregulate and/or shed stress-induced cell surface ligands, like HLA-A, HLA-

C, MICA/B and ULBP1/2, which relay activating signals to NK cells.
2
 Suppressive soluble 

molecules derived from cancer and stromal cells, such as transforming growth factor β (TGF-β) 

and interleukin 6 (IL-6), further inhibit the cytotoxic potential of NK cells and their ability to 

produce cytokines, chemokines, and growth factors.
14,22,23

 While the effects of various tumor-

related immunosuppressive factors on NK cell-mediated cytotoxicity and cytokine and 

chemokine production have been well characterized, their influence on NK cell migration is not 

fully understood. Experimental NK cell immunotherapies have largely focused on enhancing the 

activating signals at the immune cell-cancer cell synapse;
17,21

 however, understanding and 

enhancing the vital step of NK cell migration into solid tumors are critical for the development of 

effective therapies. 

Given that NK cells must migrate through the three-dimensional (3D) tumor matrix to 

establish contact with cancer cells, studying NK cell-cancer cell interactions in a 3D environment 

is imperative. Two-dimensional (2D) monolayer culture systems for analysis of NK cell-cancer 

cell interactions do not account for the complex 3D tumor microenvironment, and poorly 

correlate with in vivo and clinical outcomes.
24–26

 While human tumor xenograft models in mice 

provide insight into NK cell homing and cytotoxicity,
27,28

 the complexity of studying immune 
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cell-cancer cell interactions in vivo limits mechanistic understanding of NK cell migration and 

its’ inhibition. Additionally, human tumor xenografts studies have demonstrated limited NK cell 

infiltration, especially after intravenous injection,
29,30

 requiring investigators to genetically 

engineer cancer cells to express chemokines, like CXCL10, to increase NK cell infiltration into 

the tumor.
31

 Matrigel and spheroid culture systems, which are commonly used in cancer biology, 

have been employed to study NK cell-cancer cell interactions in 3D.
32–37

 However, these systems 

do not allow for control of the extracellular biochemical or biophysical cues, limiting the ability 

to delineate which parameters of the 3D system influence NK cell migration. Furthermore, not 

all cancer cell lines readily form tumor spheroids. To overcome these limitations, hydrogels 

derived from synthetic polymers have been employed to study tumor biology, which enable 

precise control over cell source, material components, and mechanical and biochemical cues.
38–40

 

Specifically, polyethylene glycol (PEG)-based hydrogels have been useful in interrogating the 

effects of 3D mechanical and biochemical properties on cancer cell growth and migration,
26

 

epithelial to mesenchymal transition,
25,39

 and angiogenesis.
41

 This study builds on the knowledge 

from previous model systems and leverages the tunable properties of PEG-based hydrogels to 

study NK cell migration and NK cell-cancer cell interactions for the first time.  

The long-term goal of this research is to develop biomimetic models of the tumor 

microenvironment to uncover mechanisms of NK cell infiltration and activation in solid tumors. 

Working towards this goal, the objectives of the following study were to establish a hydrogel 

system that (I) supports NK cell migration and (II) recapitulates features of the tumor 

microenvironment to study NK cell infiltration and NK cell-cancer cell interactions in a 3D 

system. Since NK cells utilize matrix metalloproteinases (MMPs) 
36,37,42,43

 and integrins, such as 

αvβ3,
44

 α4β7,
45

 and β2 integrins,
46

 in 2D and transwell chamber studies, the PEG-based hydrogels 
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were engineered to examine the effects of integrin binding and MMP expression on NK cell 

migration in 3D. To study NK cell-cancer cell interactions, we selected two different lung cancer 

cell lines that display distinct metastatic phenotypes and thus likely different profiles of 

immunomodulatory molecules. We hypothesized that the hydrogels would support the migration 

of NK cells, and the different biochemical cues in the in vitro tumor microenvironments would 

have distinct and measurable effects on the NK cell response. 

Experimental Details  

Materials: 

Calcein acetoxymethyl (AM), Invitrogen
TM

 Molecular Probes
TM

 LIVE/DEAD
TM

 

Viability/Cytotoxicity kit, Quant-iT
TM 

PicoGreen
TM 

dsDNA assay kit, Hoescht 33258 dye, 

ELISA for stromal cell-derived factor 1 alpha (SDF-1α, for comparison of 2D to 3D cultures), 

and 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI) stain were 

purchased from Invitrogen (Carlsbad, CA, USA). Human recombinant interleukin 2 (IL-2), SDF-

1α, and transforming growth factor beta 1 (TGF-β1) were purchased from Peprotech (Rocky 

Hill, NJ, USA). Polyethylene glycol (PEG)-diacrylate (DA) (PEG-DA) molecular weights of 3.4 

kDa and 10 kDa, and acrylate-PEG-succinimidyl valerate ester (SVA) (acryl-PEG-SVA) (MW 

3.4 kDa) were purchased from Laysan Bio Inc. (Arab, AL, USA). The matrix metalloproteinase 

(MMP) degradable sequence, GGVPMS↓MRGGK, (MW 1076.31 Da) was purchased from 

Biomatik (Ontario, Canada). Cyclo(Arg-Gly-Asp-D-Phe-Lys) (RGD, MW 603.68 Da) and 

cyclo(Arg-Ala-Asp-D-Phe-Lys) (RAD, MW 617.71 Da) were purchased from Peptides 

International (Louisville, KY, USA). The dialysis tubing, Spectra/Por 6 2000 MWCO, was 

purchased from Spectrum Labs (Rancho Dominguez, California, USA). 2-Hydroxy-4'-(2-

hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), paraformaldehyde, Triton X-100, the 
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broad range MMP inhibitor GM6001, and donkey and goat serum were purchased from 

Millipore Sigma (St. Louis, MO, USA). Reporter Lysis Buffer, CellTiter 96 ® AQueous One 

Solution Cell Proliferation Assay (MTS assay), and CytoTox-ONE™ Homogeneous Membrane 

Integrity Assay were purchased from Promega (Madison, WI, USA). All ELISAs were 

purchased from Qiagen (Hilden, Germany), except for MICA, SDF-1α, and chemokine (C-X3-

C) ligand 1 (CX3CL1) which were purchased from Millipore Sigma (St. Louis, MO, USA). The 

mouse anti-human antibody for MICA/B and the donkey anti-rabbit and goat anti-mouse FITC-

tagged secondary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). 

Rabbit anti-human antibody for ULPB1 was purchased from Proteintech Group (Rosemont, IL, 

USA). The small molecule inhibitor of the TGF-β receptor type I kinase (TGFβRI), LY2157299, 

was purchased from Cayman Chemical (Ann Arbor, MI, USA). All other reagents were 

purchased from ThermoFisher Scientific Inc. (Waltham, MA, USA). 

Cell Culture: 

The metastatic, H1299 and non-metastatic, A549 human-derived non-small cell lung 

cancer (NSCLC) cell lines and the human-derived natural killer cell line, NK-92, were purchased 

from American Type Culture Collection (Manassas, VA, USA). The A549 and H1299 cells were 

cultured in RPMI 1640 without L-glutamine, supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum (FBS), 1% (v/v) penicillin-streptomycin, and 1% (v/v) L-glutamine. The NK-92 

cells were cultured in RPMI 1640 without L-glutamine, supplemented with 20% (v/v) heat-

inactivated FBS, 1% (v/v) of penicillin-streptomycin, 1% (v/v) L-glutamine, 1% (v/v) minimum 

essential medium (MEM) non-essential amino acids (NEAA) solution, and 1% (v/v) sodium 

pyruvate. All NK-92 cell media was supplemented with 100 units/mL of IL-2. Cells were 

maintained at 37°C and 5% CO2. The NK-92 cell line was utilized because it has been shown to 
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have the same functional and phenotypic characteristics as primary activated NK cells,
47

 and has 

exceptional cytotoxicity against a broad range of primary and established tumor cells in vitro and 

in vivo.
47,48

 

Peptide Functionalization and Polymer Synthesis: 

To make the hydrogels sensitive to cell-mediated degradation, the MMP-sensitive peptide 

sequence VPMS↓MRGG was included. This peptide domain is sensitive to cleavage by 

numerous MMPs, including collagenase-1 (MMP-1), gelatinase A (MMP-2), and gelatinase B 

(MMP-9).
49

 The peptide was modified to allow it to be capped on either end by a PEG acrylate 

group upon conjugation, as previously described.
49–52

 Briefly, the sequence was modified with 

additional glycine (G) spacers and a c-terminal lysine (K), the final sequence being 

GGVPMS↓MRGGK. The MMP degradable block linked PEG, acryl-PEG-dMMP-PEG-acryl 

(MW ~7900 Da, PEG-dMMP-PEG), with the MMP-sensitive peptide GGVPMS↓MRGGK, was 

synthesized as previously described.
49–52

 Briefly, the terminal and lysine amine groups of the 

MMP degradable sequence were reacted with the SVA of an acryl-PEG-SVA in 50 mM sodium 

bicarbonate (pH 8) at a 1:2 mole ratio for 4 hours. The reaction mixture was dialyzed for 24 

hours against water to remove unreacted reagents, lyophilized for 48 hours, and stored at -20°C 

until use. 

Cell adhesion was supported by the immobilization of a cell adhesion ligand to the 

crosslinked network. Arginine-glycine-aspartic acid (RGD) functionalized PEG, acryl-PEG-

RGD (MW ~4000 Da, PEG-RGD), was synthesized as previously described.
50–52

 Briefly, the 

terminal amine of cyclo(Arg-Gly-Asp-D-Phe-Lys)
51

 (cRGD) reacted with acryl-PEG-SVA in 50 

mM sodium bicarbonate (pH 8) at a 1.05:1 mole ratio for 4 hours. The reaction mixture was 

dialyzed for 24 hours against water to remove unreacted reagents, lyophilized for 48 hours, and 
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stored at -20°C until use. The specific cyclic RGD sequence that was incorporated into the 

hydrogels in this study mimics the adhesion site on vitronectin, which interacts with αvβ3 and 

αvβ5 integrins.
53–55

 Acryl-PEG-RAD (MW ~4000 Da, PEG-RAD), a control with no integrin 

binding site, was synthesized in the same manner, by reacting the terminal amine of cyclo(Arg-

Ala-Asp-D-Phe-Lys) with the SVA of an acryl-PEG-SVA. 

Characterization of Hydrogel Mechanical Properties and Swelling Ratio: 

The precursor solutions for different hydrogel formulations, made in PBS, with varying 

amounts of MMP degradable and RGD adhesion sites are listed in Table 1. 0.05% (w/v) of the 

photoinitiator, Irgacure 2959, was added to each precursor solution prior to polymerization. For 

control hydrogels without MMP degradable sites, the PEG-dMMP-PEG was substituted with 

non-degradable PEG-DA (10kDA) of comparable molecular weight. For mechanical testing, 

hydrogels were formed in cylindrical silicon molds (Grace Biolabs) 8 mm diameter by 1.7 mm 

depth. The precursor solution (108 µL) was added to the silicon mold and photopolymerized by 

OmniCure S1000 light (Excelitas Technologies, Corp., Waltham, MA, USA) for 4 minutes using 

4.0 mW/cm
2
 long wave ultraviolet A (UVA) light. After polymerization, the hydrogels were 

removed from the mold, rinsed in PBS, and incubated in PBS at 37°C and 5% CO2 for 24 hours. 

The viscoelastic properties were examined using an Anton Paar MCR 302 rheometer (Graz, 

Austria) with parallel plate geometry according to established methods.
56,57

 An 8 mm 

sandblasted top load cell was used to decrease slipping during testing. For approximation of 

physiological conditions, the Peltier plate was pre-heated to 37°C, and the samples were 

enclosed in a humidity chamber. For each hydrogel composition, amplitude sweeps from 0.01% 

to 100% strain were first conducted at 1 Hz to determine the linear viscoelastic range (LVE). The 

storage (G’) and loss (G”) moduli were then determined from frequency sweeps from 0.1 to 100 
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Hz at a strain value in the middle of the LVE, chosen as 0.1% strain for all hydrogel 

compositions. For all hydrogel compositions, shear moduli (G*) were determined from Equation 

(1) at 1 Hz and used to calculate Young’s moduli (E) using Equation (2), and a Poisson’s ratio 

(υ) of 0.5.
58–63

 For each hydrogel composition, 3 samples were used for the amplitude sweeps 

and 4 hydrogels were used for the frequency sweeps, wherein each hydrogel was used only for 1 

test. 

𝐺∗ = √𝐺′2 + 𝐺′′2                 (1) 

E= 2𝐺∗(1 + 𝜐)                    (2) 

To determine the swelling ratio, hydrogels of each composition (Table 1) were 

photopolymerized from 10 μL of precursor solution, as previously described. After 

polymerization, the gels were rinsed in PBS and added to wells containing PBS for 24 hours at 

37°C and 5% CO2. The hydrogels were then removed, carefully blotted to remove excess surface 

liquid, and the total swollen weight (Ws) was measured. Hydrogels were lyophilized for 24 

hours, and total dry weight (Wd) was measured. The swelling ratio was calculated by Equation 

(3). 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑊𝑠−𝑊𝑑

𝑊𝑑
                (3) 

 

Table 1. Precursor solutions for hydrogels for NK-92 cell migration 
Group Precursor Solution Composition 

1 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-dMMP-PEG, and 2 mM PEG-RGD 

2 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-dMMP-PEG, and 5 mM PEG-RGD 

3 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-dMMP-PEG, and 10 mM PEG-RGD 

4 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-dMMP-PEG, and 5 mM PEG-RAD 

5 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-DA (10kDa), and 5 mM PEG-RGD 

6 50:50 ratio of 10% (w/v) PEG-DA (3.4 kDa) and 10% (w/v) PEG-DA (10kDa), and 5 mM PEG-RAD 

Encapsulation of a Point Source into Hydrogels: 

The different hydrogel compositions (Table 1) were constructed with an SDF-1α fibrin 

clot point source to assess NK-92 cell migration. Scheme S1 demonstrates the experimental set 
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up to make the hydrogels with the SDF-1α fibrin clot point source; first, 25 µL of precursor 

solution was added to a mold and photopolymerized by UVA light for 4 minutes, as previously 

described. To make the fibrin clot containing SDF-1α on top of the casted hydrogel, 2 µg/µL 

fibrinogen and 100 ng of SDF-1α totaling 3 µL was pipetted onto the gel, then 40 units of 

thrombin was added to the fibrinogen mixture and rested until a clot formed. Then, 25 µL of the 

same precursor solution was added on top of the casted gel/fibrin clot and exposed to the UV 

light for 4 minutes. The hydrogels were removed from the mold and rinsed in PBS. The 

hydrogels had an average diameter of 5.1 ± 0.09 mm. To determine the amount of SDF-1α 

released into the media by hydrogels with the fibrin clot point source, the hydrogels were 

incubated in NK-92 cell media, which was collected daily and SDF-1α was quantified via an 

ELISA, per manufacturers’ instructions. 

To further assess NK-92 cell migration, group 2 hydrogels (Table 1) were utilized to 

study the effects of TGF-β on NK-92 cell migration compared to SDF-1α. In these studies, the 

point source was an internal PEG-DA gel rather than a fibrin clot, to eliminate any confounding 

effects of protein binding to the fibrin. To generate point source gels, 10 μL of 10% PEG-DA in 

PBS containing 100 ng of SDF-1α, 100 ng of SDF-1α and 100ng of TGF-β1, or 100ng of TGF-

β1 was photopolymerized as previously described. Then 25 µL of the group 2 precursor solution 

was added to the same mold as mentioned previously and photopolymerized as previously 

described. After polymerization, the 10 μL PEG-DA point source with encapsulated protein was 

centered on top of the 25 µL polymerized degradable PEG hydrogel in the mold, and 25 µL of 

the precursor solution was added to the mold and photopolymerized. The hydrogels were 

removed from the mold and rinsed in PBS. 

Evaluation of NK-92 Cell Migration into Hydrogels: 
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Supplementary Scheme 1 shows the experimental set-up for NK-92 cell migration into 

the different hydrogel compositions with the SDF-1α point source (fibrin clot). The same 

experimental set-up was used for evaluating NK-92 cell migration towards SDF-1α, SDF-1α and 

TGF-β1, or TGF-β1, once the hydrogels were formed. Briefly, directly following crosslinking of 

the hydrogels and rinsing in PBS, NK-92 cell media containing 50,000 NK-92 cells was added to 

each well containing a hydrogel and placed on a mini shaker (VWR, Radnor, PA, USA) at 50 

rpm in the incubator, to keep the cells from settling to the bottom of the wells. For the studies of 

NK-92 cell migration into different hydrogel compositions, with the SDF-1α fibrin clot point 

source, 4 mM calcein AM was added to each well at the end of 7 days of incubation, to stain the 

cells that migrated into the hydrogel. One hour after the addition of calcein AM, the hydrogels 

were rinsed in PBS and imaged with confocal microscopy. For studies of the effect of TGF-β1 

on NK-92 cell migration (PEG-DA point source), NK-92 cells were incubated with the hydrogels 

for 7 days using the same conditions described previously. After which hydrogels were rinsed in 

PBS, fixed with 4% paraformaldehyde, stained with Hoescht 33258 dye for 4 hours, and imaged 

with confocal microscopy. Migration distance, measured as the distance from the edge of the 

hydrogel to the migrated NK-92 cells, and relative fluorescence values of NK-92 cells in the gels 

were determined using Fiji.
64

 

To evaluate the mechanisms of NK-92 cell migration into the hydrogels, MMP inhibitor 

and integrin binding to soluble RGD studies were performed. For both studies the group 2 (Table 

1) precursor solution was polymerized with an SDF-1α fibrin clot point source, as described 

previously. For the MMP inhibitor study, the same experimental set-up as described previously 

was used, except the NK-92 cells were pre-treated for 3 hours with 5 μM of the broad range 

MMP inhibitor, GM6001, in NK-92 cell media prior to incubation with the hydrogels. During 
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the incubation period, the media was maintained with 5 μM of GM6001. For the integrin binding 

to soluble RGD study, the same experimental set up as described previously was used, except the 

NK-92 cells were pre-treated for 2 hours with media containing 0.5 mM RGD peptide, prior to 

incubation with the hydrogels. During the incubation period, the media was maintained with 0.5 

mM of RGD peptide. The control group for these studies was the group 2 hydrogel with 

incubation of untreated NK-92 cells. At the end of 7 days, the NK-92 cells were stained with 

calcein AM and the hydrogels were rinsed in PBS, imaged with confocal microscopy, and 

analyzed, as described previously. 

Effects of SDF-1α on NK-92 Cell Gene Expression: 

The effect of SDF-1α on MMP and integrin expression in NK-92 cells was evaluated by 

quantitative real-time PCR after incubation of NK-92 cells in NK-92 cell media (with IL-2) with 

100 ng/mL SDF-1α for 24 hours. RNA was extracted from the cells using RNeasy Mini Kit 

(Qiagen, Hilden, Germany) per manufacturer’s instructions and converted to cDNA (iScript™ 

cDNA synthesis kit; Bio-Rad, Hercules, CA, USA), per manufacturer’s instructions on the 

Mastercycler® nexus (Eppendorf, Hamburg, Germany). Quantitative RT-PCR was then 

performed on an Applied Biosystems™ QuantStudio™ 6 Flex Real-Time PCR System (Applied 

Biosystems, Life Technologies, Carlsbad, CA, USA) using fast SYBR™ green master mix 

(Applied Biosystems, Life Technologies, Carlsbad, CA, USA). Relative expression levels of 

target genes were determined using the comparative CT method. The primer sequences for all 

MMP and integrin subunit target genes are listed in Supplementary Table S1 (Eurofins 

Genomics, Luxembourg City, Luxembourg). Target gene expression was normalized to GAPDH. 

Control NK-92 cells in NK-92 cell media (with IL-2) were used for baseline gene expression. 

Three independent experiments were performed, each with a sample size of 3. 
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Tumor Model Formation: 

A549 or H1299 cancer cells were photoencapsulated at 10 million cells/mL in 10 μL of 

the group 2 hydrogel (Table 1) composition (50:50 ratio of 10% (w/v) PEG-DA and 10% (w/v) 

PEG-dMMP-PEG, and 5 mM PEG-RGD), dissolved in PBS with 0.05% (v/v) photoinitiator. The 

tumor models were polymerized as described previously, rinsed in PBS, cancer cell media was 

added, and the tumor models were cultured over time. The tumor models had an average 

diameter of 2.7 ± 0.26 mm. 

Cancer Cell Viability and Proliferation in the Tumor Models: 

Cell viability was assessed by live/dead assay following manufacturer’s instructions. 

Tumor models were rinsed with PBS and stained with calcein AM and ethidium bromide-1 for 1 

hour at room temperature immediately after encapsulation (day 0), and on days 1 and 7. After 

staining, tumor models were rinsed in PBS and imaged with confocal microscopy. Cell 

proliferation within the tumor models was assessed by MTS assay on day 0, day 1, and every 

other day up to day 13. The tumor models were added to 100 µL of fresh cancer cell media and 

80 µL of MTS reagent and incubated for 1 hour. The media was collected and measured for 

absorbance at a wavelength of 490 nm (Biotek, Synergy HT Microplate Reader, Winooski, VT, 

USA). Brightfield images of the tumor models were taken with an EVOS XL Core microscope 

(Invitrogen, Carlsbad, CA, USA). To further characterize the cancer cell number and growth, 

tumor models at 1 day and 7 days after cell encapsulation were rinsed in PBS and stored at -80°C 

until use for DNA quantification. Each tumor model was homogenized (Bio-Gen Series PR-200 

Homogenizer; Pro Scientific, Oxford, CT, USA) for 2 minutes in 1X Reporter Lysis Buffer. The 

DNA content was quantified using Quant-iT
TM 

PicoGreen
TM 

dsDNA assay kit following 
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manufacturer’s instructions. Tumor models on day 1 are considered to be at an “early stage” of 

growth and on day 7 are considered “late stage”. 

Mechanical Characterization of Tumor Models: 

The A549 or H1299 cancer cells were photopolymerized at 10 million cells/mL, in the 

group 2 PEG precursor solution (Table 1) previously used for tumor models, in cylindrical 

silicon molds (Grace Biolabs) 8 mm diameter by 1.7 mm depth, as described previously. The 

viscoelastic properties of early and late stage tumor models were examined using an Anton Paar 

MCR 302 rheometer with parallel plate geometry according to established methods
56,57

 and as 

described previously. Then the Young’s moduli of the tumor models were determined as 

described previously. For each cell type and time point, 3 tumor models were used for the 

amplitude sweeps and 4 tumor models were used for the frequency sweeps. 

Stress-Induced Ligand Expression on Cancer Cells in Tumor Models: 

Early and late stage tumor models were fixed with 4% paraformaldehyde overnight, 

rinsed, and stored in PBS at 4°C until use. The samples were permeabilized with 0.1% (v/v) 

Triton X-100 in PBS at 37°C on a shaker overnight, followed by blocking with 10% goat or 

donkey serum for 8 hours. Samples were then incubated with the primary antibody for the stress-

induced ligands MICA/B or ULBP1 (1:100 dilution in 1% serum, for both) at 37°C on a shaker 

for 24 hours, followed by washing and overnight incubation in PBS on a shaker at 37°C. The 

tumor models were then incubated with a FITC tagged donkey anti-rabbit or goat anti-mouse 

secondary antibody (1:100 dilution in 1% serum, for both) at 37°C on a shaker for 24 hours, 

followed by washing and incubation with PBS overnight. The samples were counterstained with 

Hoescht 33258 dye for 3 hours at 37°C on a shaker, rinsed in PBS, and imaged with confocal 

microscopy. 
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Evaluation of Cancer Cell Cytokine and Chemokine Production in 2D and 3D Cultures: 

On day 0, A549 and H1299 cells were seeded in 2D monolayer at the same cell number 

in the tumor models, or encapsulated in the tumor models at 10 million cells/mL. On day 1, NK-

92 cell media was added to the 2D cancer cells and 3D early stage tumor models for 6 hours. The 

media was collected, centrifuged at 1000 rpm for 5 minutes to remove any cells, and stored at -

80°C until testing. The samples were tested to determine the concentration of MICA and cancer 

cell related cytokines and chemokines listed in Supplementary Table S2 using ELISAs, per 

manufacturers’ instructions. Results from the ELISAs were also normalized to the cancer cells’ 

total DNA in the sample.  

In a separate study, the media from the migration study (described in the next section) 

was collected, centrifuged to remove any cells, and stored at -80°C until testing for cancer cell 

related cytokines and chemokines and MICA, listed in Supplementary Table S2, by ELISAs, per 

manufacturers’ instructions. The controls included NK-92 cell media collected after 2 hours from 

the tumor models alone and NK-92 cells alone. Results from the ELISAs were also normalized 

to the cancer cells’ total DNA in the sample. 

Evaluation of NK-92 Cell Migration into Tumor Models: 

Cancer cells were stained with 1 µL/mL of DiI in cancer cell media for 2 hours prior to 

encapsulation in the hydrogel at 10 million cells/mL. The stained early or late stage tumor 

models were incubated with 50,000 calcein AM labeled NK-92 cells (a defined effector to target 

(E:T) cell ratio of 0.5:1 for early stage models) for 2 hours in NK-92 cell media with IL-2, on a 

shaker at 50 rpm (Scheme 1). NK-92 cell labeling was achieved by adding 0.5 µL/mL calcein 

AM in NK-92 cell media to the cells for 2 hours then rinsed in PBS prior to incubation with the 

models. After incubation, the media was collected for ELISAs and the tumor models were rinsed 
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Scheme 1. Method for NK-92 cell incubation with early and late stage tumor models. Cancer 

cells were encapsulated into the hydrogels and cultured for 1 or 7 days. On that day, the tumor models 

were incubated with media containing 50,000 NK-92 cells. After two hours, the media was collected 

for cytokine and chemokine analysis, then the tumor models were rinsed in PBS, and placed on a 

clean plate for imaging.  

 

with PBS and imaged with confocal microscopy. The images were analyzed for migration 

distance and mean fluorescence values using Fiji.
64

 

To investigate if cell density in the tumor model impacts NK-92 cell migration, DiI 

stained A549 or H1299 cancer cells were encapsulated in the hydrogels at 10 million cells/mL 

and 20 million cells/mL. The stained early stage tumor models at the different cell densities were 

incubated with calcein AM labeled NK-92 cells at an E:T cell ratio of 0.5:1 in NK-92 cell media, 

on a shaker at 50 rpm. After 2 hours of incubation, the tumor models were rinsed in PBS, imaged 

with confocal microscopy, and analyzed for NK-92 cell migration by mean fluorescence values 

using Fiji.
64

 

To further probe the role of TGF- β signaling in the tumor models on NK-92 cell 

migration, NK-92 cells were pre-treated with a small molecule inhibitor of TGF-β receptor I 

(TGFBRI) (LY2157299) for 24 hours and labeled with calcein AM during the last 2 hours of 

treatment with the inhibitor. The NK-92 cells were then rinsed in PBS and incubated with the DiI 

stained (as previously described) early and late stage tumor models at an E:T ratio of 0.5:1 
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(definable ratio only for early stage models), in NK-92 cell media (with IL-2), on a shaker. 

Controls for this study include the DiI stained (as previously described) early and late stage 

tumor models incubated with untreated NK-92 cells, in NK-92 cell media (with IL-2), on a 

shaker. After 2 hours incubation, the tumor models were rinsed in PBS, imaged with confocal 

microscopy, and analyzed for NK-92 cell migration by mean fluorescence values using Fiji.
64

 

NK-92 Cell-Mediated Cytotoxicity in 2D and 3D Cultures  

For the 2D monolayer NK-92 cell-mediated cytotoxicity, 30,000 A549 and H1299 cancer 

cells were plated in a 96 well plate on day 0. On the same day, 3D tumor models were made with 

cancer cells at a density of 10 million cells/mL, as described previously. On day 1, the 2D culture 

and 3D tumor models were incubated with NK-92 cells at an E:T cell ratio of 0.5:1 or 1:1 for 2 

hours in 200 µL of Opti-MEM media with 1% (v/v) ITS Premix Universal Culture Supplement, 

1% (v/v) penicillin-streptomycin, and 100 units/mL IL-2, on a shaker at 50 rpm. On day 7, the 

process was repeated for the 3D tumor models, with the same number of NK-92 cells used with 

the day 1 tumor models (for both E:T cell ratios; 0.5:1 50,000 NK-92 cells and 1:1 100,000 NK-

92 cells). After 2 hours of incubation, the media was removed, centrifuged at 1000 rpm for 5 

minutes to remove any cells, the supernatant was removed and mixed, and then 100 µL was 

plated in black 96 well plate and allowed to cool to room temperature. Then the CytoTOX-

ONE
™

 Homogeneous Membrane Integrity Assay (lactate dehydrogenase assay, LDH assay) was 

performed, per manufacturers’ instructions. The controls were NK-92 cells alone (same number 

of cells), cancer cells or tumor models alone, cancer cell or tumor model lysate, and media alone. 

NK-92 cell-mediated cytotoxicity was determined by Equation (4).  

          𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  100 ×
(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑁𝐾−92 𝑐𝑒𝑙𝑙𝑠+𝑚𝑒𝑑𝑖𝑎 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

(𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 − 𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑚𝑒𝑑𝑖𝑎 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
      (4) 
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Evaluation of NK-92 Cell Cytokines and Chemokines in Response to Cancer Cell in 2D and 3D 

Cultures: 

On day 0, A549 and H1299 cells were seeded in 2D monolayer, at the same cell number 

in the tumor models, or encapsulated in the tumor models at 10 million cells/mL. On day 1, NK-

92 cells were added at an E:T ratio of 0.5:1 in NK-92 cell media supplemented IL-2, on a shaker 

at 50 rpm. After 2 hours, the media was collected, centrifuged at 1000 rpm for 5 minutes to 

remove the cells, and stored at -80°C until testing. ELISAs were performed to determine the 

amount of IFN-γ produced by the NK-92 cells in response to the cancer cells and tumor models. 

The controls were media collected after 2 hours from the cancer cells alone, tumor models alone, 

and NK-92 cells alone.  

The media from the migration studies, as described previously, was collected, centrifuged 

to remove any cells, and stored at -80°C until testing for NK-92 cell related cytokines and 

chemokines, listed in Supplementary Table S2, by ELISAs, per manufacturers’ instructions. The 

controls included NK-92 cell media collected after 2 hours from the tumor models alone and 

NK-92 cells alone.  

Evaluation of NK-92 Cell Gene Expression after Exposure to Tumor Model Conditioned Media:  

Conditioned media studies were performed to study how factors secreted from the tumor 

models affected MMP and integrin expression in NK-92 cells. The early and late stage tumor 

models were placed in fresh NK-92 cell media. After 2 hours, the media was collected and 

centrifuged to remove any cells, now referred to as conditioned media (CM). The CM with IL-2 

was added to NK-92 cells and incubated for 2 hours. RNA was extracted from the cells, cDNA 

synthesized, and quantitative RT-PCR was performed, as described previously. The primer 

sequences for all target genes are listed in Supplementary Table S1. Target gene expression was 
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normalized to GAPDH. Control NK-92 cells in fresh NK-92 cell media for 2 hours was used for 

baseline gene expression. Three independent experiments were performed, each with a sample 

size 3. 

Confocal Microscopy: 

For all confocal imaging, a Zeiss LSM 710 confocal microscope in scanning mode was 

used (Carl Zeiss, Oberkochen, Germany). The microscope had a diode (405 nm), Argon (458 

nm, 488 nm, 518 nm), and HeNe (543 nm, 594 nm, 633 nm) laser modules. Images were 

acquired using the ZEN imaging software (Carl Zeiss, Oberkochen, Germany).  

Statistics: 

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to perform 

statistical analyses. For experiments with 1 independent variable and 2 groups, a Student’s t-test 

was performed. For experiments with 1 independent variable and more than 2 groups, a one-way 

ANOVA and post hoc analysis with Tukey correction was performed to identify differences 

between groups. For experiments with 2 independent variables (i.e. cell type and stage), a two-

way ANOVA was performed followed by post hoc analysis with Tukey’s correction when the 

interaction P value was ≤0.05, otherwise, the P values for the main effects were used to 

determine statistically significant differences between groups. For experiments in which 

outcomes were compared to baseline values, the respective ANOVA followed by post hoc 

analysis with a Dunnett’s correction was performed. For experiments with 3 independent 

variables (i.e. cell type, stage, and NK-92 cell treatment), a three-way ANOVA and post hoc 

analysis with Tukey correction was performed to identify differences between groups. Statistical 

significance was considered as P≤0.05. All numerical data are shown as individual experimental 

sample points, with the mean ± standard deviation of the mean overlaid on the graph. 
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Results 

Characteristics of PEG-Based Hydrogels for Evaluating NK-92 Cell Migration  

 To probe the requirements for NK-92 cell migration, PEG-DA hydrogels were 

engineered with and without MMP degradable sites and different concentrations of RGD, or a 

control RAD peptide, while maintaining similar mechanical and physical properties. The six 

different hydrogel compositions had comparable Young’s moduli, of 27 to 43 kPa (Figure 1A), 

which coincides with reported values for lung tumors in vivo, of 20-150 kPa.
65–69

 The swelling 

ratios of the hydrogels were also comparable (Figure 1B), which suggests similar crosslinking 

densities
70,71

 and mesh sizes
72

 among the different hydrogel compositions. Furthermore, the 

biochemical, physical, and mechanical properties of these PEG-based hydrogels are consistent 

with previous hydrogels for lung and other solid tumor models.
25,26,73

 

 To promote NK-92 cell migration into the hydrogels, a chemoattractant point source was 

required (Figure S1). As such, a point source of 100 ng of SDF-1α was encapsulated into the 

hydrogels. Quantification of release indicated 1 ng of the SDF-1α was detected in the media over 

7 days (Figure 1C), which was effective in stimulating NK-92 cell migration (Figure S1 and 

Figure 1. Characterization of PEG-based hydrogels. (A) Young’s modulus (n=4) and (B) swelling 

ratio (n=5) of PEG-based hydrogels with or without an MMP degradable peptide and varying 

concentrations of RGD, or RAD negative control peptide. NS denotes no significance. (C) The 

amount of SDF-1α released from a 100 ng fibrin clot point source in the hydrogel (group 2 

composition) into the media over 7 days (n=3).  
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Figure 2A). 

NK-92 Cell Migration into PEG-Based Hydrogels  

 These six hydrogel compositions enabled us to study the effects of MMPs and integrins 

on NK cell migration, while keeping mechanical and physical properties of the gel constant. NK-

92 cell migration was observed from all directions into the hydrogel, but migration distance was 

measured from the side edges. For reference, the hydrogels were 5100 µm in diameter and the 

distance from the edge of the gel to the point source was approximately 2500 µm. The six 

hydrogel compositions supported NK-92 cell infiltration (Figure S2), however, the amount of 

infiltrating cells and the distance of migration were dependent on the presence of MMP 

degradable sites and the concentration of RGD adhesion sites (Figure 2A, 2B, and 2C). The 

highest amounts of infiltrating NK-92 cells, based on the fluorescent intensity of NK-92 cells in 

the gel, were observed in the MMP degradable hydrogels with 5 mM and 10 mM RGD (group 2 

and 3, Figure 2B). However, the NK-92 cells migrated 200 μm farther into the 10 mM RGD 

hydrogels than in the 5 mM RGD hydrogels, which corresponded to maximum migration 

distances of 1475 μm and 1275 μm, respectively (Figure 2C). In comparison, the amount of 

infiltrating NK-92 cells in the MMP degradable hydrogels containing 2 mM RGD (group 1) was 

3.8- and 4.1-fold lower than the amounts into the corresponding gels with 5 mM and 10 mM 

RGD, respectively. There was limited NK-92 cell migration into the MMP degradable gels with 

2 mM RGD, with most cells observed within 75 μm from the edge of the hydrogels and the 

maximum migration distance (675 μm) was approximately half that of MMP degradable gels 

with 5 or 10 mM RGD. These findings demonstrate that the maximum migration distance of NK-

92 cells correlated with the concentration of RGD within the MMP degradable hydrogels, while 

the overall amount of infiltrating NK-92 cells plateaued at 5 mM RGD in the gels. 
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 Substitution of the MMP degradable PEG-DA with a non-degradable PEG-DA 

decreased NK-92 cell migration, in terms of the amount of infiltrating cells and maximum 

migration distance. In the non-degradable hydrogels with 5 mM RGD (group 5), the amount of 

infiltrating NK-92 cells decreased by 3-fold relative to the MMP degradable 5 mM RGD 

hydrogels (group 2, Figure 2B). Similarly, the maximum migration distance by the NK-92 cells 

decreased by 400 μm in the non-degradable hydrogels with 5 mM RGD, relative to the 

degradable gels with 5 mM RGD, distances of 875 μm and 1275 μm (Figure 2C). The amount of 

Figure 2. Migration of NK-92 cells into PEG-based hydrogels of different biochemical 

compositions. (A) Representative confocal microscopy images of calcein AM stained (green) NK-92 

cells which migrated into various compositions of the PEG based hydrogels (Groups are the same as 

in Figure 1) (n=3, average diameter 5.1 ± 0.09 mm). (B) Total fluorescent intensity of NK-92 cells in 

the hydrogels and (C) frequency of NK-92 cell clusters at increasing migration distances (groups are 

the same as in A) (n=3). (D) Total fluorescent intensity of NK-92 cells and (E) frequency of NK-92 

cell clusters at increasing migration distances in the PEG-dMMP-PEG, 5 mM PEG-RGD gels (group 

2) with and without the presence of an MMP inhibitor (GM6001) (n=3). (F) Total fluorescent intensity 

of NK-92 cells and (G) frequency of NK-92 cell clusters at increasing migration distances in the PEG-

dMMP-PEG, 5 mM PEG-RGD gels (group 2) with and without the presence of soluble RGD in the 

media (n=3). For (B), (D) and (F), * denotes P ≤ 0.05 and **** denotes P ≤ 0.0001 
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infiltrating NK-92 cells in the non-degradable gels with 5 mM RAD (group 6) was comparable 

to the amount in the MMP degradable gels with 5 mM RAD (group 4). In non-degradable gels 

with 5 mM RAD, the majority of NK-92 cells were observed within 75 μm from the edge of the 

gel, suggesting limited migration, and the maximum migration distance (525 μm) was 200 μm 

less than into the degradable gels with 5 mM RAD. Going forward, studies were conducted using 

the MMP degradable hydrogels containing 5 mM RGD, which was supportive of NK-92 cell 

migration and consistent with other studies utilizing PEG-based hydrogels for various tumor 

models.
25,26

 

To further elucidate if NK cell migration was MMP-dependent, the experiment was 

repeated in MMP degradable hydrogels containing 5 mM RGD in the presence of the broad 

range MMP inhibitor, GM6001. Inhibition of MMPs in NK-92 cells decreased the amount of 

infiltrating cells by 2.5-fold relative to the amount of infiltrating control NK-92 cells (Figure 

2D). Additionally, inhibition of MMPs in NK-92 cells decreased their maximum migration 

distance relative to that of control NK-92 cells, and the majority of the inhibited cells were 

observed within 75 μm from the edge of the hydrogel (Figure 2E). This study corroborated the 

findings from the NK-92 cell migration into non-degradable hydrogels, demonstrating the 

importance of MMPs in NK-92 cell migration.  

To further elucidate the integrin-dependence of NK cell migration, experiments were 

repeated in MMP degradable hydrogels containing 5mM RGD, but this time with NK-92 cells 

pre-incubated with soluble RGD. Occupying integrin receptors with soluble RGD significantly 

decreased the amount of infiltrating NK-92 cells by 2.2-fold (Figure 2F) and decreased the 

maximum migration distance relative to control cells (Figure 2G). Indeed, in the presence of 

soluble RGD the majority of NK-92 cells were observed within 75 μm from the edge of the 
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hydrogel. This study further suggests that integrin binding to the hydrogel is important for NK-

92 cell migration. 

Since NK-92 cell migration into the hydrogels was dependent on the inclusion of SDF-

1α, the presence of MMP degradable sites and concentration of integrin adhesion sites, we 

hypothesized the chemokine influenced MMP and integrin expression in the NK-92 cells. 

However, treating NK-92 cells with SDF-1α and IL-2 did not, on average, change the gene 

expression profiles of soluble or surface bound MMPs compared to NK-92 cells stimulated with 

IL-2 alone (Figure S3). Furthermore, the SDF-1α treated NK-92 cells did not show a change in 

gene expression of integrin subunits, which adhere to the RGD sites in the hydrogel, except for 

an increase in the β5 subunit gene.  

Cancer Cell Characteristics in the Tumor Models  

The non-metastatic A549 and metastatic H1299 cancer cell lines were successfully 

photoencapsulated into hydrogels and remained viable (Figure S4). The A549 and H1299 cancer 

cells displayed similar trends in metabolic activity over the 13 days cultured in the hydrogels 

(Figure 3A). Both cell lines proliferated in the hydrogels and exhibited a significant increase in 

metabolic activity by day 7 in culture until day 13, relative to day 0. Tumor models at two stages 

of growth were selected to study the evolution of the microenvironment over time – day 1 for 

early stage and day 7 for late stage. Late stage was chosen as day 7 because the cells in the 

hydrogel were still viable (Figure 3B), but had plateaued in terms of metabolic activity at 

subsequent time points (Figure 3A). Indeed, there was no significant difference in metabolic 

activity between day 7 and each of the following days for A549 or H1299 models (all p>0.99). 

The DNA content in the tumor models at early stage and late stage corroborated the results from 

the MTS assay (Figure 3C). The early stage models had comparable DNA content, while the late 
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stage models had significantly more DNA than the respective early stage models. Additionally, 

the late stage H1299 model had significantly more DNA content than the late stage A549 model. 

Brightfield microscopy showed the formation of cell clusters in the late stage A549 and H1299 

tumor models, compared to their respective early stage (Figure 3D).  

 To determine if mechanical characteristics of the tumor models evolved with time, the 

Young’s modulus of each tumor model was determined at early stage and late stage (Figure 3E). 

At early stage, the A549 and H1299 tumor models had comparable Young’s moduli, in the softer 

end of the range of reported values for lung tumors in vivo.
65–69

 The Young’s modulus of the late 

stage A549 tumor model increased by 45% relative to the A549 early stage, while the H1299 

tumor models at both stages had comparable moduli. Additionally, the Young’s modulus of the 

late stage A549 tumor model was significantly higher than that of the late stage H1299 tumor 

model. 
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Immunomodulatory Molecules Produced by the Tumor Models  

 To determine if the 3D hydrogel culture system affects the production of soluble 

immunomodulatory molecules by the cancer cells, we evaluated stress ligand shedding and 

cytokine and chemokine production by non-metastatic A549 and metastatic H1299 cells in a 2D 

monolayer and in the 3D PEG-based hydrogels after one day in culture, normalized to DNA 

content (Figure S5). The two lung cancer cell lines had different profiles of soluble 

Figure 3. Characteristics of A549 and H1299 cells in the tumor models over time. (A) 

Proliferation of cancer cells over time in the tumor models, determined by MTS assay, as a percent 

increase from the day of encapsulation (day 0) until 13 days after encapsulation (n=6). Significant 

differences from day 0 within each tumor model are noted; for A549 tumor models, τ denotes P ≤ 

0.05, ττ denotes P ≤ 0.01, and τττ denotes P ≤ 0.001; for H1299 tumor models, * denotes P ≤ 0.05 and 

** denotes P ≤ 0.01. For comparisons between day 7 and each of the following days (days 9, 11, and 

13), NS denotes no significance in either tumor model. (B) Live/dead stain for the viable (green) and 

dead (red) cells encapsulated within the tumor models at the early (day 1) and late (day 7) stage (n=3). 

(C) Total DNA from each tumor model at early and late stages (n=12). (D) Brightfield images for the 

tumor models at early and late stage, demonstrating spheroid formation at the late stage (n=3). (E) 

Young’s modulus of the tumor models at early stage and late stage determined by rheology (n=4). For 

(C) and (E), * denotes P ≤ 0.05, ** denotes P ≤ 0.01, and **** denotes P ≤ 0.0001. 
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immunomodulatory molecules production in 2D cultures; compared to the A549 cells, the H1299 

cells shed 14.3-fold higher levels of the stress ligand MICA (Figure S5A), produced 3.1-fold 

more of the immunosuppressive cytokine TGF- β (Figure S5B), 2.2-fold less of the pleiotropic 

cytokine IL-6 (Figure S5C), and 2.2-fold less of the chemokine MCP-1 (Figure S5D). The 

differences between the soluble molecules produced by the two cancer cells in 2D cultures were 

comparable to the differences observed between the cancer cells cultured in the early stage 3D 

tumor models. Indeed, compared to the A549 tumor model, the H1299 tumor model exhibited 

5.5-fold greater MICA shedding, 3.7-fold greater production of TGF-β, and 2.6-fold less 

production of IL-6 and MCP-1. Overall, however, the levels of MICA, TGF-β, IL-6, and MCP-1 

tested were lower in the 3D tumor models relative to 2D culture. The production of two other 

chemokines, SDF-1α and CX3CL1, was comparable between the different cultures and cell types 

(Figure S5E and S5F). The difference between the 2D and 3D cultures may be due to proteins 

binding to or being trapped in the gel,
74,75

 or the production of these factors may be lower on a 

per cell basis in the tumor model. Nevertheless, these data suggest that the two cell lines of 

different metastatic potential have different profiles of soluble immunomodulatory molecules 

prior to encapsulation in the tumor models, and these differences are maintained in the 3D tumor 

models. 
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 The expression of immunomodulatory molecules was further evaluated in subcutaneous 

xenografts of A549 and H1299 cell lines. Here we observed increased expression of TGF-β2, 

TGF-β3, IL-6, MCP-1, and CX3CL1, and decreased TGF-β1 expression in the H1299 xenografts 

relative to the A549 xenografts (Figure S6). The expression of SDF-1 was similar between the 

H1299 and A549 xenografts. Differences in growth kinetics and the influence of other cell types 

in vivo make it challenging to draw comparisons between in vivo and in vitro culture conditions. 

Despite these limitations, there were consistent differences between the two cell lines in 2D 

cultures, the 3D tumor models, and xenografts, primarily in the overall TGF-β production, and 

the IL-6 and SDF-1 production. The increased proliferation of the H1299 cells relative to the 

A549 cells was consistent across xenografts (Figure S6H) and 3D tumor models (Figure 3A and 

3C). Overall, these findings demonstrate that the cell lines have different immunomodulatory 

characteristics in vitro and in vivo that are consistent in many respects with the 3D tumor models. 

 The tumor models were then evaluated for the presentation of stress-induced ligands, 

MICA/B and ULBP1, which are primarily associated with NK cell recognition of transformed 

cells via the key activating receptor, NKG2D.
2
 Both the non-metastatic A549 and metastatic 

Figure 4. Expression and shedding of stress-induced ligands in the tumor models for the NK cell 

activating receptor NKG2D. Representative images for immunofluorescent staining of (A) MICA/B 

(green) and (B) ULBP1 (green) in the early stage A549 and H1299 tumor models, with cell nuclei 

stained with Hoechst (blue) (n=3). (C) The concentration of MICA shed into the media in the A549 

and H1299 tumor models at both stages (n=6); * denotes P ≤ 0.05 and **** denotes P ≤ 0.0001.  
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H1299 cells expressed MICA/B in early and late stage 

tumor models (Figure 4A and S7A). However, while 

A549 cells expressed ULBP1 at both stages, the 

expression of this stress ligand was downregulated by 

H1299 cells in both early and late stage models (Figure 

4B and S7B). While the shedding of MICA was observed 

in both tumor models, this occurred to a greater extent 

(~2-fold) in the H1299 models compared to A549 

models, at both stages (Figure 4C). Surprisingly, there 

was a slight decrease in the amount of MICA shed by the 

late stage models, relative to the corresponding early 

stage tumor models.  

Analysis of soluble immunomodulatory molecules 

in the tumor models revealed differences across lung 

cancer cell type and growth. TGF-β, a well-known 

immunosuppressive factor, was produced at higher levels 

by the metastatic H1299 tumor models compared to the 

non-metastatic A549 models at both early and late stages, 

by 8.2- and 4.1-fold respectively (Figure 5A). There was 

an overall increase in TGF-β with time in culture, with 

Figure 5. Cytokine and chemokine production by the tumor models. ELISAs were used to 

determine the concentration of (A) TGF-β, (B) IL-6, (C) monocyte chemoattractant protein 1 (MCP-

1), (D) stromal cell-derived factor 1α (SDF-1α), and (E) chemokine (C-X3-C motif) ligand 1 

(CXC3L1) in the media of the A549 and H1299 tumor models at the early and late stage (n=6, except 

for MCP-1 n=5). * denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001, and **** denotes P 

≤ 0.0001. 
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the late stage A549 tumor model producing 3.4-fold more TGF-β than the early stage A549 

model, and the late stage H1299 model producing 72.6% more TGF-β than the early stage 

H1299 model. The production of the pleiotropic cytokine IL-6 was dependent on the cell type 

within the tumor model (Figure 5B). The H1299 tumor model produced 2.5-fold and 68.8% 

more IL-6 than the A549 model at early and late stage, respectively. The production of 

chemoattractant proteins by the tumor models was also evaluated, including MCP-1, SDF-1α, 

and CX3CL1. The production of MCP-1 was again dependent on the cell type within the tumor 

models, with the A549 tumor models producing more of this chemokine by 62.5% and 72.1% 

than the H1299 models at early and late stage, respectively (Figure 5C). In the case of SDF-1α, 

production was comparable across the models and stages (Figure 5D). For CX3CL1, the early 

stage and late stage A549 models produced comparable amounts, but the late stage H1299 model 

produced 3.7-fold more relative to the late stage A549 tumor model (Figure 5E).  

 Since there was a significant increase in metabolic activity and DNA content in the tumor 

models over the 7 day culture period, the production of soluble immunomodulatory molecules 

was also normalized to DNA content (Figure S8). These data showed similar trends to the un-

normalized data. This suggests that the increase in TGF-β production with time in culture was 

not a consequence of an increase in cell number, but rather an increase in the production of the 

cytokine per cell. These findings also demonstrated that differences in MICA shedding, TGF-β, 

MCP-1, and CX3CL1 production observed between the two cell lines in the tumor models are a 

result of differences in cell phenotype, and not cell number. In the case of IL-6, a similar trend 

was observed though statistical significance was lost (p=0.07) upon normalization to DNA; 

therefore, IL-6 production may not be a distinguishing characteristic between A549 and H1299 

cells. This was not surprising given its pleiotropic role in the tumor microenvironment.
23,76

  



32 
 

NK-92 Cell Migration into the Tumor Models 

 Migration of NK-92 cells into the tumor models was studied to determine how 

differences in soluble immunomodulatory molecules influence NK-92 infiltration. The extent of 

NK-92 cell migration into tumor models, in terms of amount (based on fluorescence intensity of 

NK-92 cells), migration distance, and colocalization with the cancer cells, was dependent on the 

cell type and stage (Figure 6). For comparison, representative fluorescent images of tumor 

models without NK-92 cell incubation are shown in Figure S9. NK-92 cells migrated to a greater 

extent, in terms of amount and distance, into the early stage tumor models compared to the late 

stage, for both A549 and H1299 models. The amount of infiltrating NK-92 cells was 3.2-fold 

greater and the average migration distance was 75% farther in the early stage  
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A549 tumor model than in the late stage A549 model (Figure 6C and 6D). This trend was 

observed, though less pronounced, in the H1299 models, where the amount of infiltrating NK-92 

cells was 2.7-fold higher in the early stage model compared to the late stage model (p=0.08). The 

average migration distance of the NK-92 cells in the early stage H1299 tumor model was 2.2-

fold farther relative to the late stage H1299 model. In the early stage models, the amount of 

infiltrating NK-92 cells and their average migration distance were ~2-fold greater in the A549 

tumor model compared to the H1299 tumor model. In comparing late stage models, the amount 

of infiltrating NK-92 cells was similar between the A549 and H1299 models; however, the 

average migration distance was 2.7-fold greater in the A549 model compared to the H1299 

model. In the 3D renderings of the tumor models with NK-92 cell migration, colocalization 

(yellow) was observed between the infiltrating NK-92 cells and the cancer cells. Qualitatively, 

there was greater colocalization between the NK-92 cells and the cancer cells in the early stage 

A549 tumor model compared to the early stage H1299 model. Furthermore, there was a marked 

decrease in colocalization of infiltrating NK-92 cells and the cancer cells in the late stage tumor 

models, relative to the early stage models, for both cell types. 

 To determine if cancer cell density alone was impacting NK-92 cell infiltration, a follow 

up study was performed, wherein A549 and H1299 tumor models at cell densities of 10 million 

cells/mL and 20 million cells/mL after 1 day of culture were incubated with NK-92 cells (Figure 

S10). These cell densities represent the cell density at the time of encapsulation and the 

Figure 6. Migration of NK-92 cells into the A549 and H1299 tumor models. Migration of NK-92 

cells (green) into early and late stage (A) A549 tumor models (red) and (B) H1299 tumor models 

(red). 2D images and corresponding 3D renderings spanning the entire height of the tumor models. 

The diameter of the tumor models was 2.7 ± 0.26 mm; images were taken at a representative edge of 

the tumor model spanning approximately one quarter of the entire tumor model. (C) Fluorescent 

intensity and (D) migration distance of the infiltrated NK-92 cells into the tumor models (n=4 gels). 

60 representative measurements taken from the 4 gels for migration distance. ** denotes P ≤ 0.01, *** 

denotes P ≤ 0.001, and **** denotes P ≤ 0.0001.  



35 
 

approximate cell density, based on the DNA assay (Figure 3C), after 7 days. These data showed 

no significant difference in NK-92 cell migration into the tumor models at different cell 

densities, suggesting that the decreased NK-92 cell migration in late stage models was not a 

consequence of the increased number of cancer cells within the tumor models 

Functional Activity of NK-92 Cells during Co-Incubation with Cancer Cells in 2D and 3D 

 Natural killer cell function is commonly assessed by two effector mechanisms - 

cytotoxicity and production of cytokines and chemokines in response to a 2D culture of target 

cells. To understand how NK cell function differs in 3D co-culture systems relative to 2D 

systems, we compared NK-92 cell mediated cytotoxicity and production of IFN-γ during 

incubation with the cancer cells in a 2D culture and the 3D early stage tumor models, to maintain 

similar culture duration and cell number. Given that NK cell mediated cytotoxicity is determined  

by the totality of target cell ligand expression, care must be taken in comparing across cell lines, 

but can easily be done for the same cell line under different culture conditions. Indeed, the NK-

92 cells were significantly more cytotoxic toward A549 (Figure 7A) and H1299 (Figure 7B) cells 

in 2D cultures than in the 3D tumor models. With increased E:T cell ratio, thus increased NK-92 

cell number, there was increased cancer cell killing in both 2D and 3D, thereby supporting the 

idea that greater NK cell presence in the tumor will improve tumor lysis. Surprisingly, NK-92 

cell mediated cytotoxicity was greater against the H1299 cells than the A549 cells in 2D and 3D, 

which contrasts the infiltration data (Figure 6) showing greater colocalization of NK-92 cells 

with A549 cells in early stage models. This may suggest that, despite greater infiltration, the 

killing efficiency upon contact with A549 cells is lower than that with H1299, due to differences 

in HLA molecule expression.
77

 However, repeating the 3D killing assay with the late stage 

models with the same number of NK-92 cells (50,000 cells), no cytotoxicity was detected for 
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either the A549 or H1299 tumor models (A549 -9.6±2.1%, H1299 -0.3±5.5%; E:T cell ratio 

cannot be accurately computed for the late stage models), thereby corroborating the infiltration 

results. 

 Further assessment of NK-92 cell function was conducted based on the production of a 

key inflammatory cytokine, IFN-γ, in response to cancer cells in 2D monolayer culture and 3D 

early stage tumor models. It is important to note that NK-92 cells require IL-2 for survival, and 

therefore produce IFN-γ as well as other inflammatory molecules at baseline. Consequently, the 

functional response of NK-92 cells to the cancer cells was noted by their change in the 

production of cytokines and chemokines relative to baseline NK-92 cells, as well as across 

culture conditions. Interestingly, there was no difference in the amount of IFN-γ produced by the 

NK-92 cells incubated with the 2D or 3D culture of the A549 (Figure 7C) or H1299 (Figure 7D) 

cells, and the level of IFN-γ produced by NK-92 cells incubated with all groups was comparable 

to baseline NK-92 cells. Furthermore, there was no difference in the amount of IFN-γ produced 

by the NK-92 cells incubated with the different cell lines, in either culture condition. 

Figure 7. NK-92 cell function during incubation with cancer cells in 2D and 3D cultures. NK-92 

cell mediated cytotoxicity to (A) A549 and (B) H1299 cancer cells cultured in 2D monolayer and 

early stage 3D tumor models, at E:T cell ratios of 0.5:1 and 1:1 (n=7). Production of IFN-γ by the NK-

92 cells incubated with (C) A549 and (D) H1299 cancer cells cultured in 2D monolayer and early 

stage 3D tumor models, at an E:T cell ratio of 0.5:1 (n=3). For comparison across groups, *** denotes 

P ≤ 0.001, and **** denotes P ≤ 0.0001.  
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 A key feature of the tumor models is the 

ability to culture cells for extended periods of 

time, which allows for studying NK cell-cancer 

cell interactions with evolving tumor 

microenvironments. As mentioned above, NK-

92 cell mediated cytotoxicity was reduced in the 

late stage models relative to early stages. 

Similarly, the production of soluble 

inflammatory signals also changed with stage 

and cancer cell type. The NK-92 cells incubated 

with both early stage models and the late stage 

A549 model produced levels of IFN-γ 

comparable to baseline NK-92 cells (Figure 8A). 

However, the NK-92 cells incubated with the 

late stage H1299 tumor model decreased their 

production of IFN-γ by 2.4-fold compared to 

baseline NK-92 cells. Furthermore, the NK-92 

cells had a 3.4- and 2.5-fold decrease in the 

production of IFN-γ when incubated with the 

late stage H1299 tumor model, compared with 

Figure 8. Cytokine and chemokine production by NK-92 cells incubated with the tumor models. 

ELISAs were used to determine the amount of (A) IFN-γ, (B) RANTES, (C) MIP-1α, and (D) MIP-1β 

produced by NK-92 cells incubated with the A549 and H1299 tumor models at the early and late stage 

(n=5). For comparison across groups, * denotes P ≤ 0.05, ** denotes P ≤ 0.01, and *** denotes P ≤ 

0.001. For comparison to baseline, τ denotes P ≤ 0.05, ττ denotes P ≤ 0.01, and τττ denotes P ≤ 0.001. 
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the early stage H1299 and late stage A549 models. Out of all the co-culture systems, only a 

significant reduction in IFN-γ production was observed by the NK-92 cells incubated with the 

late stage H1299 tumor model, which demonstrates the need to study NK cell function in 

response to cancer cells at different developmental stages, which is not supported by current 2D 

systems. 

Upon activation, NK cells produce many chemokines that amplify the recruitment of 

more NK cells and other immune cells to the site of inflammation, including RANTES, MIP-1α, 

and MIP-1β, which were studied here. While the NK-92 cells incubated with the A549 tumor 

models produced comparable levels of RANTES to baseline, the NK-92 cells decreased their 

production by 38% during incubation with the early stage H1299 tumor model compared to 

baseline NK-92 cells (Figure 8B). Relative to the NK-92 cells incubated with the A549 models, 

the NK-92 cells incubated with the H1299 tumor models decreased their production of RANTES 

by 39% and 25% at both early and late stages, respectively. Similarly, relative to the NK-92 cells 

incubated with the A549 models, the cells incubated with the H1299 models decreased their 

production of MIP-1α by 44% and 45%, respectively (Figure 8C). However, the production of 

RANTES or MIP-1α by the NK-92 cells incubated with the tumor models did not depend on the 

stage of the models. In the case of MIP-1β, the NK-92 cells incubated with early stage models 

and the late stage A549 model produced comparable amounts to baseline NK-92 cells, the cells 

incubated with the late stage H1299 models had a decrease of 46% in the production, relative to 

baseline NK-92 cells (Figure 8D). In comparing across the stage and cell type, statistically 

significant, albeit modest, differences in the production of MIP-1β by NK-92 cells was observed. 

The NK-92 cells incubated with early and late stage H1299 tumor models produced 24% and 

47% less MIP-1β than the NK-92 cells incubated with the corresponding A549 models. 



39 
 

Additionally, the NK-92 cells incubated 

with each of the late stage models 

produced less MIP-1β than their 

corresponding early stage tumor models, 

by 14% and 35% for A549 and H1299, 

respectively. Overall, these data 

demonstrate differences in NK-92 cell 

function in response to different cancer 

cell types and stages of 3D growth.  

MMP and Integrin Gene Expression in 

NK-92 Cell in Response to Tumor 

Models  

 Since the different tumor models 

inhibited NK-92 cell infiltration to varying 

degrees, we proceeded to determine if 

these findings corresponded to differences 

in the expression of genes related to cell 

migration and adhesion. While the gene 

expression of MMP2 and MMP13 in NK-

Figure 9. Gene expression profiles of NK-92 cells incubated with conditioned media (CM) from 

the tumor models. Quantitative RT-PCR was performed to determine the expression fold change of 

(A) soluble matrix metalloproteinase 2 (MMP2), (B) MMP9, (C) MMP13, (D) MT1-MMP, (E) β3 

integrin subunit from the RNA of NK-92 cells treated with CM from the various tumor models (n=3). 

Fold change compared to NK-92 cells in fresh coculture media, and the baseline is indicated by the 

red dotted line. For comparisons across groups, * denotes P ≤ 0.05 and *** denotes P ≤ 0.001. For 

comparison to baseline, τ denotes P ≤ 0.05, ττ denotes P ≤ 0.01, and ττττ denotes P ≤ 0.0001. 
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92 cells treated with conditioned media (CM) from the early stage A549 model was similar to 

baseline NK-92 cells (Figure 9A and 9C), the gene expression of MMP9 was increased 4-fold 

compared to baseline (Figure 9B). Conversely, in response to the CM from the early stage 

H1299 models, NK-92 cell gene expression of MMP2, MMP9, and MMP13 increased by 3.6-, 

7.2, and 3.5-fold, respectively, relative to baseline NK-92 cells. The expression of the same 

MMP genes in NK-92 cells exposed to CM from both A549 and H1299 late stage models was 

comparable to baseline levels. In comparing the MMP gene expression profiles in NK-92 cells 

across the treatment with CM from the tumor models, differences were observed with respect to 

cell type and stage of growth. Relative to NK-92 cells treated with CM from early stage H1299 

models, the gene expression of MMP2 and MMP9 by NK-92 cells significantly decreased, by 

2.9- and 4.4-fold, respectively, when treated with CM from the late stage H1299 model. Between 

the A549 models, there was only a trend of decreased MMP9 gene expression in NK-92 cells 

treated with CM from the late stage model relative to CM from the early stage model (p=0.06). 

Surprisingly, the NK-92 cells incubated with CM from the early stage A549 model had lower 

gene expression of MMP2 and MMP9 than the NK-92 cells incubated with CM from the early 

stage H1299 model. A similar, though not statistically significant trend (p=0.08), was observed 

with MMP13 gene expression. These findings demonstrate that the soluble factors produced by 

the early stage models, especially early stage H1299, led to increased MMP gene expression in 

NK-92 cells, but those secreted by the late stage models did not have as great as an effect on 

MMP gene expression. Gene expression of MMP1 in NK-92 cells exposed to CM from the 

tumor models was comparable to baseline NK-92 cells and not statistically different from each 

other (Figure S11A). Focusing on the gene expression of membrane-bound MMPs, the 

expression of MT1-MMP by NK-92 cells was reduced by 3- and 7.8-fold in NK-92 cells exposed 
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to CM from early stage A549 and H1299 tumor models, respectively, relative to baseline (Figure 

9D). This trend in downregulated MT1-MMP gene expression was also observed by NK-92 cells 

treated with the CM from the late stage A549 model (p=0.06). Gene expression of three other 

membrane-bound MMPs, MT2-, MT3-, and MT6-MMP in NK-92 cells exposed to CM from 

tumor models were comparable to baseline NK-92 cells, and not statistically different from each 

other (Figure S11B, S11C, and S11D). These findings demonstrate the soluble factors from the 

early stage tumor models, and to some extent the late stage A549 model, inhibited the gene 

expression of MT1-MMP. 

Lastly, genes for integrin subunits relevant to the adhesion sites in the hydrogel were 

analyzed in NK-92 cells exposed to CM from the tumor models. The gene expression of the 

integrin subunits was generally similar to baseline NK-92 cells (Figure S11E and S11F), except 

for the expression of the β3 integrin subunit (Figure 9E). The expression of the β3 integrin 

subunit gene was increased in NK-92 cells by 5.6-fold when exposed to CM from the early stage 

H1299 model relative to baseline NK-92 cells. As such, the gene expression of the β3 subunit 

decreased by 5.9-fold in the NK-92 cells exposed to CM from the early stage A549 tumor model 

relative to CM from the early stage H1299 model. A similar difference in the expression of the 

β3 subunit gene between NK-92 cells exposed to CM from the late stage A549 and H1299 

models was also observed. These findings demonstrated the integrin subunit genes tested were 

not highly influenced by the soluble factors excreted by the tumor models, expect for the β3 

expression, which was most sensitive to the factors by the H1299 models. 

 Application of Hydrogel System to Probe the Effects of Cytokines on NK-92 Cell 

Migration 
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 To further probe the role of soluble cues on NK-92 cell migration within the 3D 

hydrogels and tumor models, we focused on TGF-β, since this cytokine was produced to the 

greatest extent among the cytokines and chemokines studied and showed differences across both 

cell type and stage (Figure 5A). We first investigated the effect of incorporating TGF-β1 into the 

SDF-1α point source on NK-92 cell migration into the MMP degradable hydrogels with 5 mM 

RGD. The amount of infiltrating NK-92 cells into the hydrogels with TGF-β1 and SDF-1α 

decreased by 42% relative to the amount in the hydrogels containing only SDF-1α (Figure 10A). 

Furthermore, in hydrogels with a point source of TGF-β1 and SDF-1α, the cells maximum 

migration distance decreased by 200 μm relative to the distance in gels with only SDF-1α, 

corresponding to distances of 1475 μm and 1675 μm, respectively (Figure 10B). Interestingly, 

the amount of infiltrating NK-92 cells was not increased, but their maximum migration distance 

increased by 200 μm in the hydrogel with SDF-1α added to a TGF-β1 point source, relative to 

the amount in the hydrogel with a TGF-β1 point source alone. Still, for hydrogels with TGF-β1 

alone or in combination with SDF-1α, the majority of infiltrating NK-92 cells were within 125 

Figure 10. Effect of TGF-β on NK-92 cell migration into hydrogels and infiltration into tumor 

models. (A) Total fluorescent intensity of NK-92 cells and (B) frequency of NK-92 cell clusters at 

increasing migration distances in the PEG-DA, PEG-dMMP-PEG, and 5 mM PEG-RGD hydrogel 

with a SDF-1α, SDF-1α and TGF-β1, or TGF-β1 point source (n=3 gels). (C) Quantification of 

fluorescent intensity of NK-92 cells in the A549 and H1299 tumor models compared to TGFBRI 

inhibitor treated NK-92 cells in the tumor models (n=3 gels). For (A) and (C), * denotes P ≤ 0.05, ** 

denotes P ≤ 0.01, and *** denotes P ≤ 0.001. 
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μm from the edge of the gel.  

 To evaluate the effect of TGF-β on NK-92 cell migration into the tumor models, NK-92 

cell migration was assessed after treatment with the TGF-β receptor I (TGFBRI) inhibitor 

LY2157299. Upon treatment with the TGFBRI inhibitor, the amount of NK-92 cells infiltrating 

into all the tumor models significantly increased compared to the amount in the respective model 

with untreated NK-92 cells (Figure 10C). Furthermore, for both untreated and TGFBRI inhibitor 

treated NK-92 cells, the amount of infiltrated NK cells was significantly greater in the early stage 

A549 tumor model, relative to that in the early stage H1299 tumor model and late stage A549 

tumor model, as observed in Figure 6C. Interestingly, the amount of NK-92 cells in the early 

stage H1299 and both late stage models after TGFBRI inhibitor treatment were comparable to 

the amount of infiltrated untreated NK-92 cells in the early stage A549 tumor model (all 

p>0.999).  

Discussion 

PEG-based hydrogels have been used to mimic extracellular matrix environments to 

study in vitro vascular networks,
40

 human organoid generation,
78

 and 3D tumor biology.
25,26,39,41

 

Notable advantages of PEG-based hydrogels include the ability to independently control the 

biochemical and mechanical properties, and the relative ease of incorporating extracellular 

matrix (ECM) components.
25,39

 To our knowledge, this was the first study that employed PEG-

based hydrogels to study NK cell migration and cancer cell-NK cell interactions. While the 

previous studies utilizing tumor spheroids
32–34

 and Matrigel assays
35

 provide information about 

which factors may influence NK cell migration and NK cell-cancer cell interactions, the 

experimental systems do not allow for controllable, independent manipulation of biochemical 

and mechanical properties, which makes delineating their contributions to NK cell migration 
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difficult. Here, we set out to (i) establish a synthetic PEG-based hydrogel system to investigate 

biochemical properties desirable for NK cell migration, (ii) characterize the production of 

soluble immunomodulatory molecules by cancer cells cultured in the PEG-based hydrogels over 

time, and (iii) study NK cell infiltration and NK cell-cancer cell interactions in a 3D 

microenvironment. Our results demonstrate the utility and feasibility of our system in elucidating 

soluble and insoluble cues that affect NK cell infiltration and function. 

Hydrogels were synthesized with components important for NK cell migration, based on 

in vitro and in vivo studies to date, followed by systematic studies to determine how these 

components did, in fact, contribute to NK cell migration. Studies in 2D and 3D Matrigel assays 

suggested that MMP expression and matrix interaction through integrins influence NK cell 

migration,
36,37,46

 thus the PEG-based hydrogels were engineered to incorporate non-specific 

MMP cleavable sites and RGD cell adhesion sites. For this study, the cRGD sequence which 

mimics the binding sites on vitronectin was utilized. Vitronectin is highly expressed in solid 

tumors, including lung tumors.
79–81

 Additionally, in an in vivo study of hepatic tumors, the 

presence of vitronectin corresponded to greater presence and retention of NK cells by 

histopathology.
82

 Based on this finding, and the expression of integrins for vitronectin (αvβ3 and 

αvβ5) by NK cells,
44–46

 the inclusion of this RGD sequence was a rational starting point for this 

hydrogel platform development study. Functionalizing the hydrogel with the selected peptides 

was shown to be important for supporting NK-92 cell migration toward a chemoattractant point 

source. SDF-1α was selected as the chemoattractant in this model, as it plays a role in 

stimulating migration of T, B, and NK cells to sites of inflammation and malignancies
36,83,84

 at 

concentrations ranging from 450 pg/mL to 200 ng/mL in vivo.
85–87

 Thus the 1 ng/mL of SDF-1α 

released from the hydrogels was in the physiological range, sufficient to promote migration. 
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Though the point source was not optimized in this study, the 100 ng of SDF-1α encapsulated in 

the hydrogel was successful in generating a chemokine gradient conducive to NK-92 cell 

migration. It is possible that the phenomena observed here are dependent on our selected ECM 

molecules and substrates, and may not fully represent NK cell migration mechanisms in tumors, 

which comprise numerous ECM molecules and potential adhesion sites. While this matter arises 

here and with the majority of PEG-based hydrogels in literature, this model does provide a 

foundation for a reductionist in vitro approach to manipulating various ECM components of the 

tumor microenvironment to elucidate the tri-part interactions of the ECM, NK cells, and cancer 

cells that are difficult to interrogate in vivo. 

The tunable properties of PEG hydrogels enabled the investigation of the roles of MMPs 

and integrins in NK-92 cell migration in a 3D system, while holding the mechanical properties 

and crosslinking density constant. The importance of MMPs in NK-92 cell migration was 

corroborated by migration studies in non-degradable hydrogels and in studies using an MMP 

inhibitor, which reduced NK-92 cell migration towards the SDF-1α point source. Furthermore, 

the importance of adhesion sites for NK-92 cell migration was demonstrated by the decreased 

NK-92 cell migration into the hydrogels with lower concentrations of RGD, those with control 

RAD, and in studies with soluble RGD in the media. This implies that the ECM serves as a 

substrate for NK cell migration, and its density and/or composition may, therefore, influence NK 

cell infiltration into tumors. Indeed, our findings suggest that the NK-92 cells predominately 

utilized mesenchymal migration, an integrin and protease dependent mode of migration,
88,89

 in 

the PEG-based hydrogels. Yet, the observed migration in non-degradable and non-adhesive 

hydrogels and in inhibitor and integrin blocking studies may indicate the cells might also exhibit 

some level of amoeboid-like migration. This mode of migration is a protease and integrin 
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independent, and utilized by other highly motile immune cells in 3D ECMs.
88,89

 The extent to 

which we can understand immune cell infiltration has implications on treatment strategies that 

consider the entire tumor microenvironment. For example, MMP inhibitors aimed at blocking the 

invasive and metastatic cascade in cancer cells could inadvertently prevent much needed immune 

cell migration. The chemoattracting PEG-based hydrogel system presented here provides a 

framework to interrogate NK cell migration mechanisms in a 3D context, in response to different 

extracellular cues.  

 In this study, two NSCLC cell lines were used to evaluate how the metastatic potential of 

cells influences stress ligand expression and production of soluble immunomodulatory 

molecules. As with other reported PEG-based hydrogels,
25,26,39,41

 the cancer cells remained 

viable, proliferated, and formed cell clusters over time in culture in the 3D hydrogel. A key 

distinction of our study was the focus on characterizing certain soluble immunomodulatory 

factors of the cancer cells in the hydrogels and comparing these factors to 2D culture of the cells, 

which had not been previously reported. Similar to in vivo findings for metastatic tumors,
90–92

 the 

metastatic H1299 tumor models exhibited stress-ligand downregulation and an inhibitory profile 

of soluble immunomodulatory molecules than the non-metastatic A549 tumor models; this was 

demonstrated by downregulated stress ligand ULBP1 expression in this cell line,
93

 increased 

MICA shedding, increased TGF-β production, and decreased MCP-1 production. Malignant cells 

with increased expression of stress-induced ligands are more readily recognized as abnormal by 

NK cells through the NKG2D receptor, which initiates lysis of the target cells, while cells that 

downregulate stress ligand expression are more likely to evade immune detection.
1,2

 

Furthermore, shedding of stress ligands impairs the expression of NKG2D on NK cells,
94

 and 

decreases NK cell infiltration into tumors.
95

 However, the fate of the target cell still relies 
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heavily on the balance of all activating and inhibitory signals the NK cell receives. The H1299 

tumor models produced more TGF-β than the A549 models, which in NSCLC patients promotes 

tumor growth, signifies late stage disease and metastasis, and correlates with a poor prognosis.
96–

98
 TGF-β has a direct suppressive effect on NK cells through many mechanisms, such as 

impairing cytolysis and perforin polarization, and decreasing cytokine and chemokine 

production.
14,99

 Conversely, MCP-1 is a chemokine involved in recruiting immune cells to the 

tumor site in vivo;
100

 therefore, the decreased production of MCP-1 by the H1299 tumor models 

suggests a possible mechanism to evade immune cell infiltration and detection. Tumors also 

produce chemokines to recruit leukocytes for polarization to an immune tolerant and tumor-

supportive state, which may explain the increased production of CXC3L1 by the late stage 

H1299 tumor model. This finding is consistent with clinical reports noting increased CXC3L1 

levels with increased tumor pathological status.
101,102

 Overall, the data predominantly suggest the 

soluble immunomodulatory factors produced by the more metastatic cell line, H1299, have an 

increased ability to inhibit NK cell migration and function than the non-metastatic cell line, 

A549.  

 The production of the soluble immunomodulatory molecules changed with time in 

culture in the 3D tumor models, in a manner similar to tumor progression in patients.
90,91,103

 

Although the early and late stage tumor models may not necessarily mimic early and advanced 

tumors in vivo, the results from this study indicate these stages were a reasonable approximation 

of the evolution of the tumor microenvironment. For example, the late stage tumor models 

showed higher TGF-β production than the respective early stage models, which correlated with 

decreased NK-92 cell infiltration and function. Furthermore, the A549 tumor models became 

stiffer over time, which is a characteristic of in vivo tumor progression.
103

 This study did not 
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characterize the ECM produced by the cancer cells over time, so it remains unknown if the 

increase in stiffness was due ECM deposition or to the cancer cells themselves becoming stiffer. 

These data show that the tumor models cultured for greater periods of time have an increased 

ability to inhibit NK cell migration and function, relative to tumor models cultured for shorter 

periods of time. In this study, the tumor microenvironment was largely influenced by the 

characteristics of the cancer cells; however, given the tunability of PEG-based systems, this 

study provides a foundation to manipulate numerous biochemical and mechanical cues to 

systematically interrogate the factors that contribute to suppressive tumor networks. Likewise, 

stromal cells, like cancer associated fibroblasts, play a large role in tumor ECM deposition, 

immunosuppression, and metastasis
104

 – this hydrogel system allows for incorporation of these, 

and other cells, to build more complex and biomimetic tumor models. 

 Patients with advanced solid tumors have lower numbers of tumor infiltrating NK cells,
5,6

 

which is attributed to the establishment of an immunosuppressive environment within tumors. In 

our studies, the different production profiles of soluble immunomodulatory molecules by the 

tumor models led to distinct NK-92 cell-cancer cell interactions, which resembled findings from 

patient tumors. The tumor models that shed more MICA, produced more TGF-β and less MCP-1 

corresponded to decreased NK-92 cell infiltration and colocalization with cancer cells. A 

reduction in NK-92 cell migration was observed even in the presence of increasing CXC3L1, as 

observed in the late stage H1299 model, suggesting the effects of the chemokine were likely 

outweighed by a concomitant increase in TGF-β. Indeed, in our studies TGF-β emerged as 

playing a dominate role in NK cell infiltration, as the H1299 models and late stage models 

produced more TGF-β, and had less NK-92 cell infiltration, than the A549 models and early 

stage models, respectively. Moreover, inhibiting TGF-β signaling in NK-92 cells increased their 
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migration into all tumor models, and restored NK-92 cell migration into H1299 models and late 

stage models to levels comparable to control NK-92 cells in A549 models and early stage 

models, respectively. It is well known that TGF-β acts to suppress NK cell cytotoxicity and 

cytokine/chemokine production
14,99

, but its role in NK cell migration is not well understood. 

Systemic inhibition of TGF-β in colon
105

 and breast
106

 cancer murine models led to increased 

presence of NK cells in tumors, however, given the role of  TGF-β on many tumorigenic 

processes, the effects of TGF-β inhibition on specific cells types in these models could not be 

delineated. This underscores the advantages 3D tumor models in which we can test the 

perturbation of specific signals, both soluble and insoluble, on NK cell migration. In addition to 

the production of soluble factors, the physical properties of tumors may impact immune cell 

infiltration. Cell migratory behavior and mechanisms can differ based on substrate stiffness,
88,107

 

which may have contributed to the differences between the NK-92 cell migration in the late stage 

A549 tumor model and the early stage A549 model, and also the late stage H1299 model. 

However, the role of matrix stiffness on NK cell migration is unknown, and further studies are 

needed to understand the mechanotransduction mechanisms of NK cells.  

 Interestingly, though MMPs and integrins were important for NK-92 cell migration, the 

differences in migration into the hydrogels and tumor models cannot be explained readily by 

changes in MMP and integrin expression. In studies examining NK-92 cell migration in the 

hydrogel toward a point source, SDF-1α was required for migration, but did not impact gene 

expression levels of MMPs or integrins. This could be a consequence of the required IL-2 

stimulation, as IL-2 has been shown to increase MMP
37,42,43

 and integrin
45,46

 expression in 

primary NK cells and the YT NK cell line. Further evaluation of protein expression, protease 

activity, and integrin clustering in corroboration with gene expression will be important for 
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understanding the migratory mechanisms involved. In the conditioned media studies, the 

expression of soluble MMPs was actually higher in NK-92 cells in response to soluble factors 

from H1299 models compared to A549 models, which contrasts the migration data. Yet, there 

was a consistent trend of downregulation of soluble MMPs in NK-92 cells treated with CM from 

early stage models compared to those treated with CM from late stage models, which could 

explain the decreased NK-92 cell infiltration the late stage models. The increase in MMP9 

expression could suggest a crucial role of this protease in NK cell migration, as primary NK cells 

in colorectal cancer patients have increased MMP9 protein expression as well.
108

 MT1-MMP 

expression was significantly downregulated in NK-92 cells exposed to the CM from early stage 

tumor models, which may implicate this as a mechanism to inhibit NK cell migration. Overall, 

this study provides new insights into how the combination of soluble factors produced by tumors 

impact the gene expression of MMPs and integrins in NK-92 cells, which has largely been 

limited to in vitro studies with individual cytokines and chemokines, such as IL-2,
37,42,43

 IL-18,
109

 

and SDF-1α.
36

  

 Conventionally, NK cell based immunotherapies are tested for their cytotoxicity against 

2D culture of cancer cells, and then progress to in vivo studies
110

. However, in 2D NK cells can 

readily come in contact with cancer cells for efficient lysis, while in vivo there are numerous 

barriers for NK cell-cancer cell interaction to occur – this includes survival of NK cells, homing 

and infiltration into the tumor, and making contact with cancer cells rather than remaining in the 

stroma.
30,31,110

 The use of 3D tumor models to study NK cell-cancer cell interactions may help 

bridge the gaps between 2D and in vivo by creating a biophysical environment mimetic of 

barriers in in vivo tumors. In our study, 2D assays revealed more potent NK cell mediated killing 

of H1299 cells compared to A549 cells, likely due to differences in ligand profile that 
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corresponds to activating receptors on the NK-92 cells.
77

 However, the 3D H1299 tumor models 

experienced relatively lower NK cell infiltration and activating cytokine/chemokine production. 

As such, we posit that distinct mechanisms may be involved in regulating NK cell migration and 

NK cell-mediated cytotoxicity. While their cytotoxic functions upon cell contact rely on a 

balance of signals received through inhibitory and activating cell surface receptors, NK cell 

migration may be regulated primarily by the balance of tumor-derived chemoattractants and 

chemorepellants in addition to the biophysical properties of the tumor environment. Effective 

overall tumor lysis requires both efficient infiltration into the tumor microenvironment as well as 

recognition of cancer cells upon cell contact. Therefore, the evaluation of both NK cell migration 

and function in 3D co-cultures may provide a more comprehensive understanding of the factors 

regulating NK cell-cancer cell interactions. 

 The differences in migration of the NK-92 cells in the tumor models coincided with 

changes in cytokine and chemokine production. The NK-92 cells generally produced less IFN-γ, 

RANTES, MIP-1α, and MIP-1β during incubation with the models with increased MICA 

shedding, increased production of TGF-β, and decreased production of MCP-1. NK cells are 

early and potent producers of IFN-γ, which has an anti-proliferative and anti-metabolic effect on 

many types of tumor cells, promotes cancer cell apoptosis,
1,2,111

 and increases tumor recognition 

by the innate and adaptive immune systems.
111

 RANTES is produced by NK cells to attract other 

immune cells to the target site to mount a robust immune response to the malignancy.
112–114

 MIP-

1α/β attracts immune cells to the site of inflammation, increases NK cell cytolytic activity, and 

helps with the release of granzymes.
115

 Altogether, the differences in the production of these 

cytokines and chemokines between cell type and stage, suggest reduced function of NK-92 cells 

incubated with the more metastatic H1299 models compared to non-metastatic A549 and in late 
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stage models compared to early stage. The 3D tumor models in this study allow for studying how 

metastatic potential and stage of growth influences NK cell infiltration, co-localization with 

cancer cells, and functional activity.  

  Overcoming the poor infiltration of NK cells into solid tumors is critical to unleashing 

their therapeutic potential. However, most experimental therapies for cytotoxic immune cell-

cancer cell interactions, including NK cells, focus primarily on cytotoxic mechanisms rather than 

migration mechanisms.
24

 The tumor models developed in this study were able to recapitulate 

some of the complex mechanisms tumors employ to suppress NK cell function and migration, 

which were dependent on metastatic potential and time in culture. Since studies rarely examine 

how the duration of cell/tumor growth impacts disease mechanisms and/or therapeutic 

efficacy,
116

 the information found from ‘early’ and ‘late’ stage tumor models may help elucidate 

the mechanisms responsible for the vastly different outcomes of therapies on early versus late 

stage patient tumors.
10,117

 Importantly, this study established a tunable in vitro system to 

interrogate the mechanisms of NK cell infiltration and function in the solid tumor 

microenvironment, thereby providing a foundation for investigation into the cell-cell and cell-

ECM cues within solid tumors that impact NK cell migration and function. Such models may 

help bridge the gap between conventional 2D assays and in vivo animal and human data, and 

may be useful for identifying new targets for NK cell based immunotherapies, as well as testing 

their effectiveness.  
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