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1. Introduction

In marked contrast to conventional treatments, immunotherapy
does not target tumor cell division directly, but blocks immuno-
suppressive checkpoints that are heterogeneously expressed
throughout the complex lung tumor microenvironment
(TME). Although T-cell-based immunotherapy revolutionized
the treatment paradigm for advanced lung cancer patients,[1] this
only holds true for a minor subset of patients. Thus, international

efforts of ongoing research aim to identify
predictive biomarkers and novel drug
targets within the TME that can synergize
with immunotherapy to improve therapeu-
tic response rates.[2]

Clinically approved immune checkpoint
inhibitors (ICIs) to treat non-small-cell
lung carcinoma (NSCLC) currently focus
on the Programmed Death 1 (PD-1) path-
way. Specifically, monoclonal antibodies
against PD-1 or its ligand PD-L1 are admin-
istered to unleash cytotoxic T-cell lympho-
cyte (CTL)-mediated tumor elimination.
Both tumor mutational burden and the
PD-L1 expression levels are considered
important predictive biomarkers for
response to ICI.[3,4] In search for novel bio-
markers and drug targets, the spotlight has
shifted to the TME which is composed of a
heterogenous collection of nonmalignant
cells of hematopoietic and nonhemato-
poietic origin.[5–7] The immunological land-
scape of lung cancers has been linked to the
exclusion of cytolytic natural killer
(NK) cells and cross-presenting dendritic

cells, next to an enrichment of B cells, nonfunctional
(granzyme B�) T cells, and Foxp3þ regulatory T cells
(Tregs).[5,6,8–13] Together with the abundance of immunosup-
pressive myeloid cells such as neutrophils and tumor-associated
macrophages (TAMs) with an M2-like protumoral profile, this
immunological landscape has been shown to hamper ICI effec-
tiveness.[14,15] Similarly, mesenchymal cells, particularly cancer-
associated fibroblasts (CAFs), have been described to facilitate
extracellular matrix (ECM) remodelling and deposition as well
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Lung cancer thrives in a complex multicellular tumor microenvironment (TME)
that impacts tumor growth, metastasis, response, and resistance to therapy.
While orthotopic murine lung cancer models can partly recapitulate this
complexity, they do not resonate with high-throughput immunotherapeutic drug
screening assays. To address the current need for relevant and easy-to-use lung
tumor models, a protocol is established to generate and evaluate fully histo-
compatible murine and human lung tumor spheroids, generated by coculturing
lung fibroblasts with tumor cells in ultralow adherence 96-well plates. A spheroid
generation protocol with the murine KrasG12Dp53�/� (KP) and Lewis Lung
Carcinoma (LLC) cell lines is delivered next to the human lung H1650 adeno-
carcinoma line. In addition, their application potential to study tumor-stroma
organization, T-cell motility, and infiltration as well as distinct macrophage
subsets’ behavior using confocal microscopy is described. Finally, a 3D target-
specific T-cell killing assay that allows spatiotemporal assessment of different
tumor to T-cell ratios and immune checkpoint blockade regimens using flow
cytometry and live cell imaging is described. This 3D lung tumor spheroid
platform can serve as a blueprint for other solid cancer types to comply with the
need for straightforward murine and human oncoimmunology assays.
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as immunomodulation resulting in T-cell exclusion from the
tumor nest and accumulation in the CAF-rich stroma, that
strongly correlates with poor responses to ICI.[16–20] Although
this complexity holds tremendous potential to unravel additional
biomarkers and druggable targets for immunotherapy,
high-throughput research is currently hampered by the lack of
easy-to-use multicellular models that resemble human NSCLC
histopathology.

Recently, 3D spheroid and organoid culture methods gained a
lot of interest in the field of cancer biology, immuno-oncology,
target discovery, and drug screening.[21–24] Especially as they
show a more heterogeneous morphology and proliferation rate
compared to their monolayer 2D counterparts.[25–29] While
spheroids are typically generated using differentiated cancer cell
lines, tumor organoids are derived from animal- or patient-
derived progenitor cells found within isolated tumors. In addi-
tion, both can be cultured within semisolid scaffolds such as
matrigel, or as suspensions inside low adherence plates or micro-
fluidic chips. The latter offer an additional layer of physiological
complexity, exemplified by their potential to monitor and regu-
late the laminar flow, fluid pressure, oxygen and/or nutrient sup-
plies.[30] Pioneering research by Sutherland et al. suggested that
allo-specific splenocytes could infiltrate murine cancer spheroids
and kill tumor cells.[31] Moreover, it was shown that heterotypic
3D spheroids show a significantly lower yet more relevant
capacity to be infiltrated and killed by murine and human
CTLs.[22,32–34] Finally, CAFs as well as myeloid cells have been
evaluated using tumor spheroids to unravel direct and indirect
tumor progression cues.[22,35–39] Despite these reports, the use
of lung tumor spheroids for immunotherapeutic research pur-
poses have not been widely explored. This is partly attributed
to most studies requiring technically challenging systems that
require tools such as specific microfluidic devices, stirred tank
vessels, alginate encapsulation or rail-based microstructures
for hydrogel patterning. Furthermore, most 3D coculture assays
use synthetic matrices such as collagen gels or matrigel, which
do not resemble the ECM as it is produced by CAFs in vivo.
Finally, the need for a completely histocompatible multicellular
model, poses challenges on the generation of human 3D oncoim-
munology models.

In this study, we describe a protocol to generate murine
and human lung tumor spheroids that is uncomplicated, repro-
ducible and has high-throughput read-out potential to assess
antitumor immunity. We demonstrate that an optimized
mixture of histocompatible lung fibroblasts with fluorescently
labelled lung tumor cells organizes into coherent 3D
aggregates with tumor nests surrounded by an ECM-producing
fibroblastic stroma similar to the architecture observed in
human lung tumor samples. Upon the addition of immune
components abundant within the TME such as CD8þ T cells,
MHC-IIhigh and/or MHC-IIlow TAMs, we quantified localization,
motility and overall immune phenotypes. Furthermore, we
report on a murine and human 3D antigen-specific CTL
killing assay to evaluate the spatiotemporal impact of CAFs,
CTLs and/or TAM profiles during immunotherapeutic
treatment.

2. Results

2.1. Lung Tumor Spheroids Recapitulate the Stromal
Architecture of Human NSCLC

To generate murine lung cancer spheroids, we evaluated two com-
monly used murine lung cancer cell lines with C57BL/6 back-
ground (H2-Kb), the KrasG12Dp53�/� (KP) and the Lewis lung
carcinoma (LLC) cell lines[40,41] while the human HLA-A2þ PC-
9 and H1650 tumor lines were used for human lung cancer spher-
oid formation. Each tumor cell line was transduced with an
enhanced Green Fluorescent Protein (eGFP)-encoding lentivector
and further enriched for eGFP positivity using fluorescently
labeled cell sorting (FACS) for tumor cell detection. To generate
syngeneic murine fibroblasts, primary lung fibroblasts were
isolated and immortalized via lentiviral introduction of SV40
large-T-antigen. Their fibroblast identity was confirmed by their
significant expression of seven fibroblast-characterizing markers:
alpha smooth muscle actin (α-SMA or ACTA2), S100A4, fibroblast
activating protein (FAP), vimentin (VIM), podoplanin (PDPN), col-
lagen type I alpha 1 chain (COL1A1) and platelet-derived growth
factor receptor-beta (PDGFRB) (Figure S1 and Table S1,
Supporting Information). The human IMR-90 (ATCC CCL-186)
lung fibroblast line was obtained from ATCC.

We first aimed to define optimal tumor:fibroblast ratios, for
which inclusion criteria were spheroid rigidity, volume unifor-
mity, and tumor cell islet formation. Well-formed KP, LLC
and H1650 3D spheroids were obtained 12 h after tumor cells
were mixed with syngeneic fibroblasts at 3:5, 6:5, and 6:5 ratios,
respectively (Figure 1A). As observed in a representative example
of tumor cell (keratinþ) and activated CAF (alpha smooth muscle
actin, αSMAþ) staining in a formalin-fixed, paraffin-embedded
tumor from a lung cancer patient, human NSCLC tumors
are organized in tumor islets surrounded by a CAF-rich
stroma[42](Figure 1B). To evaluate the tumor-stroma architecture
in each type of tumor-CAF 3D coculture, 3-day old spheroids
were formalin-fixed, frozen, and cryosectioned prior to staining
of α-SMA. Confocal images revealed that eGFPþ cancer cells’
organization into tumor nests was most pronounced for KP
and H1650 spheroids, while CAFs and tumor cells showed a
more mixed profile in LLC spheroids (Figure 1C). Notably, acti-
vated fibroblasts produced their own matrix in the co-culture, as
observed with fibronectin fiber staining in the three types of
spheroids (Figure 1D). Of note, whereas the KP and H1650 sphe-
roids show a clear distinction between the fibronectin fibers and
cancer cells, there is an overlapping fibronectin signal found on
the membrane of eGFPþ LLC cells, suggestive for the mesenchy-
mal character of the LLC cell line as previously described.[43]

Finally, we evaluated the growth patterns of KP, LLC and
H1650 spheroids, by monitoring their diameter (mm2) over a
period of 25 days using EVOS fluorescence microscopy. The
KP and H1650 spheroids showed a similar growth profile in
which their diameters remained unchanged during the first
10 days before they expanded to maximum sizes of
200–400 μm. LLC spheroids deviated from this pattern as their
expansion already started 5 days after formation, resulting in
10� larger spheroids by day 25 (Figure 1E).
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Figure 1. Lung tumor spheroid generation, organization and growth. A) Murine or human lung fibroblasts were mixed with eGFPþ KP, LLC or H1650
target cells at 5:3, 5:6, and 5:6 ratios respectively at 100 μLmedium/well of 96-well ultralow adherence (ULA) plates. B) Multiplexed immunohistochemical
staining, performed on a formalin-fixed, paraffin-embedded human lung cancer biopsy. Sequential immunostainings for keratin (tumor cells, green) and
α-SMAþ CAFs (red) were overlayed in pseudofluorescence. C and D) Confocal microscopy images of a representative formalin-fixed and frozen 3-day old
KP (left), LLC (middle) and H1650 (right) spheroid. C) Overlay of eGFPþ cancer cells (green) and α-SMAþ CAFs (red). D) From top to bottom: distribution
of eGFPþ cancer cells (green), fibronectinþ ECM (orange), and overlay of both channels. E) Sizes of KP, LLC and H1650 spheroids (generated with 5 k
fibroblasts), were followed for 25 days, starting 12 h after their formation using the EVOS FL Auto Imaging System. Spheroid diameters (mm2) were
calculated with ImageJ software (n¼ 3, 3 spheroids/experiment). Scale bars represent 100 μm in all images.
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2.2. Spheroids Allow Assessment of Immune Subset-Specific
Infiltration Patterns

When evaluating specific knock-out models or immunotherapeu-
tic agents, researchers may be interested in immune cell
localization and motility properties within the TME.

As our KP spheroid system recapitulates the architecture of
human NSCLC with tumor islets surrounded by CAFs, we
wondered whether it could be a suitable model to study T-cell
infiltration and motility (Figure 2A). Within a formalin-fixed,
paraffin-embedded tumor sample from a lung cancer patient,
CD3þ T cells showed a tumor-excluded profile where they

Figure 2. Murine lung tumor spheroids allow evaluation of lymphocyte infiltration and motility. A) Schematic representation of protocol for CD8þ T-cell
monitoring. B) Multiplexed immunohistochemical staining, performed on a formalin-fixed, paraffin-embedded human lung cancer patient biopsy.
Sequential immunostainings for keratin (tumor cells, green), CD3 (grey) and α-SMAþ CAFs (red) were overlayed in pseudofluorescence. C and
D) Confocal live images of a representative KP spheroid composed of 30 k eGFPþ KP cells (green) and 50 k mCherryþ CAFs (gray, not in panel
D) with 50 k cell trace violet (CTV) labelled CD8þ OT-I cells (red). C) Images were created at �40 μm depth, 24 h after spheroid generation and
12 h after CTV-labelled CD8þ OT-I T cell addition. D) Representative Z-projection (24 μm thick, 6 slices) from a 36min video (Video S1,
Supporting Information) tracking polyclonal CD8þ T-cell motility in a KP-CAF spheroid. Top left: KP tumor islets only, bottom left: T cells (red) merged
on top, and right: multicolor T-cell tracks (length >10 μm) as tracked with the TrackMate ImageJ plugin. Scale bars represent 100 μm in all images.
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infiltrate in the stroma between but not in the tumor islets
(Figure 2B). Interestingly, upon addition of preactivated cell trace
violet (CTV) labelled CD8þ T cells to freshly formed spheroids
(t¼ 12 h) at a KP:CAF:CTL ratio of 3:5:5, we show through live
cell confocal imaging that the majority of T cells also localized in
the stroma adjacent to tumor cell islets as soon as 16 h after T cell
addition (Figure 2C). In addition, we captured live confocal Z
stack videos to track T cell motility (Figure 2D and Video S1,
Supporting Information), allowing quantitative readouts of T-cell
speed, directionality, and number of tumor–T-cell contacts.

In the context of lung tumor-infiltrating myeloid cells, TAMs
have been shown to play an ambiguous role in cancer progres-
sion.[44] Both extremes of their polarization spectrum are defined
as inflammatory, tumoricidal MHC-IIhigh “M1-like” versus
alternatively activated, immunosuppressive and protumoral
MHC-IIlow “M2-like” TAMs.[14,45] To compare the infiltration
profile between M1-like and M2-like TAMs, we generated bone-
marrow-derived macrophages, polarized for 24 h with IFN-γ or
IL-4 respectively. Three hours after KP or LLC spheroids were
formed (t¼ 3 h), M1- or M2-like macrophages were added at a
3:1 tumor:macrophage ratio. Three days later, spheroids were
fixed, cryosectioned, stained for F4/80 and imaged to assess
macrophage localization. While M2-like macrophages showed
a preference to infiltrate in KP spheroids (Figure 3A,B)
over the M1-like macrophages, both macrophage types

penetrated relatively evenly into LLC spheroids (Figure 3C).
To investigate the impact of CAFs on their respective infiltration
pattern, we also generated KP and LLC spheroids with twice the
amount of CAFs. Notably, this further strengthened the observa-
tion in KP spheroids that M2-like TAMs show a more pro-
nounced tendency to infiltrate into the KP spheroids than
their M1-like counterparts (Figure 3D). Notably, the opposite
seems to hold true for the LLC spheroids with twice the amount
of CAFs, as the M2-like TAMs were found more frequently at the
spheroid border while the M1-like TAMs showed a more evenly
distributed infiltration profile (Figure 3E). These findings
highlight the tumor cell type as well as the tumor to CAF ratio
significantly and differently impact the capacity of M1- and
M2-like TAMs to penetrate the TME.

2.3. 3D Spheroid Killing Assay Allows T-Cell-Mediated Target-
Specific Killing Assessment

Aside from oncoimmunology models to enhance our under-
standing of the lung TME, high-throughput assays to assess
CTL-mediated target cell-specific killing are also needed.
Especially in the framework of ICI and chimeric antigen receptor
(CAR) T-cell evaluation.

To design a target cell-specific 3D killing assay, we generated
eGFPþ target and Katþ nontarget derivatives of the LLC, KP, and

Figure 3. M1- andM2-like TAMs within KP and LLC spheroids with different tumor to CAF ratio show different infiltration profiles. A) Three hours after 3 k
eGFPþ KP or 6 k eGFPþ LLC or were mixed with 5 k fibroblasts, 1 k or 2 k M1- or M2-like macrophages (red) were added respectively to obtain a 3:1 tumor
to macrophage ratio. Another 3 days later, spheroids were washed, formalin fixed, cryosectioned, and stained for F4/80þ macrophages (red). A) eGFPþ

green signal of KP spheroid mixed with M1 macrophages (top, red) or M2-like macrophages (below, red). To visualize infiltration analysis, an overlay of
concentric circles ranging from the center till the spheroid border (250 μm) is depicted. On each circle, the mean gray value of the macrophage signal is
measured. Scale bars represent 100 μm. B and C) Mean gray values representing F4/80þmacrophages’ penetration profile into KP and LLC spheroids (3D
1xF). D and E) Mean gray values representing F4/80þ macrophages’ penetration profile into KP and LLC spheroids with twice the amount of CAFs (3D
2xF). Mean gray values were determined via ImageJ on whole-mount confocal images of 3 days old KP and spheroids, plotted as mean� SD (n¼ 1–2, 6–9
replicates per condition).
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H1650 lines. The target was chosen based on the antigen recog-
nized by the CTL delegate. In case of the murine 3D killing
assays, the latter was represented by CD8þ T cells, isolated from
transgenic OT-I mice, described to have a T-cell receptor that spe-
cifically recognizes the MHC-I molecule H2-Kb that presents the
SIINFEKL epitope of ovalbumin (OVA). As a human CTL
delegate, the L2D8 melanoma infiltrating lymphocyte clone
was chosen, previously described to be directed against a
gp100-derived peptide209–217 in complex with HLA-A2. The
gp100 or melanocyte protein PMEL itself is 661 amino acids long
and is considered a typical tumor associated antigen for
melanoma. Using different fluorescent markers, their ratio
can be followed over time with incucyte live cell imaging and/
or flow cytometry as measurement of target cell-specific killing
(Figure 4A,B). Hence, we generated an eGFPþ and OVAþ target
KP and LLC line, an eGFPþ and gp100þ H1650 line next to an
mCherryþ or Katþ nontarget KP, LLC and H1650 line.

As a proof-of-concept for the 3D killing assay, we measured
and compared OT-I-mediated KP target cell-specific killing
between spheroids and their 2D monolayer counterparts.
Additional variables included: 3D cultures without CAFs (3D
noF), twice the amount of CAFs (3D 2xF) and CTLs which were

prestimulated for 1 or 3 days. Three days later, target cell specific
killing was measured using flow cytometry showing significantly
less efficient killing of one-day prestimulated CTLs in 3D sphe-
roids compared with 2D cultures but not if 3-day prestimulated
CTLs were used (Figure 4C). Interestingly, the lack of CAFs
counterintuitively reduced the capacity of T cells to kill 3D-cul-
tured target KP (and target LLC, data not shown). Finally, only
within spheroids that comprised KP cells and CAFs, differences
in T-cell prestimulation showed an impact on their capacity to kill
KP target cells, highlighting the importance of CAFs in our
model to evaluate the capacity of T cells to kill target cells
specifically.

When LLC spheroids were formed in the presence of 5 k
M1- or M2-like macrophages, the 3D killing assay was able to
confirm a more tumoricidal role for M1-like TAMs, suggestive
for the assays’ potential to assess the impact of specific immune
cell subsets on target cell-specific killing (Figure 4D). Notably, the
percentage of LLC target killing by 3-days prestimulated OT-I
cells on the “no M” LLC spheroids seemed to be twice as high
as compared the percentages obtained during other LLC killing
assays, performed at similar conditions (same prestimulation
and E:T ratio as depicted in panels A, C, and E of Figure 5).

Figure 4. Proof-of-concept of the 3D spheroid killing assay. A) Schematic representation of 3D spheroid killing assay where eGFPþ target cells are mixed
with mCherry or Katþ nontarget cells and fibroblasts, 8 h before addition of prestimulated CTLs. Right: Representative confocal Z-projection of 24 h-old KP
spheroid at �60 μm depth, composed of 15 k target KP-eGFP, 15 k nontarget KP-mCherry, 50 k nonfluorescent fibroblasts and 50 k CTV-labeled pre-
stimulated OT-I cells. Scale bar represents 100 μm. B) Contour plots of LLC spheroid derived single cell suspensions, 3 days after the addition (right) or
not (left) of 1.5 k prestimulated OT-I cells. The percentage of target-specific killing, normalized for the eGFP/Kat ratio in spheroids without OT-I cells, is
calculated as follows: 1� (% eGFPþcells/ % Katþcells) with CTLs/ (% eGFPþcells/% Katþcells) without CTLs. C) Histograms represent mean with
standard error of the mean of KP target cell-specific killing percentages by 1500 one-day (grey) or 3-days (white) prestimulated OT-I cells, added
8 h after 3 k target KP tumor plating to obtain an effector (E)/target (T) ratio of 0.5. On the x-axis the following four culture conditions can be distin-
guished: 3 day old KP-fibroblast cocultures in flat bottom plates at 3 k target KP: 3 k nontarget KP: 10 k CAF ratio (2D), KP target cells grown as 3D
monoculture in an ULA round bottom plate (3D noF), “normal” K spheroids at 3 k target KP: 3 k nontarget KP: 10 k CAF ratio (3D 1xF) and KP spheroids
with 3 k target KP: 3 k nontarget KP: 20 k CAF ratio (3D 2xF) (n¼ 2, 5 replicates/experiment, unpaired t-test gives rise to p¼ 0.0004). D) Target cell-
specific killing measured in LLC spheroids in presence or absence of M1- or M2-like macrophages, three days after OT-I CTLs were added (n¼ 3, 3–4
replicates per experiment). Statistical analysis was performed with a Tukey’s multiple comparisons one-way ANOVA test.
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This is explained by the fact that a different batch of OT-I mice
was used and warrants to take interexperiment variation into
account and only compare differences between conditions within
experiments.

To determine the sensitivity of the murine and human 3D
killing assay, we subjected LLC and H1650 spheroids to the
following E:T ratio’s: 0.5; 2; 5; 10; 20; 40; and 50 with 3-days pres-
timulated OT-I or L2D8 cells, respectively. Three days later, the
murine LLC spheroid (Figure 5 A) as well as the human H1650
spheroid (Figure 5C) killing assay showed a stepwise increase in
target cell-specific killing in line with the E:T ratio rise. In addi-
tion, their supernatants were collected to perform a murine and

human IFN-γ ELISA, respectively. While concentrations of
murine IFN-γ showed a similar stepwise increase (Figure 5B),
this was less pronounced for the human H1650 killing assay
(Figure 5D). The latter argues for the complementarity of a
human 3D killing assay to an IFN-γ ELISA when target
cell-specific killing evaluation at low E:T is envisaged.

To demonstrate the 3D killing assays’ potential for antitumor
immunotherapy research, target specific killing was measured
using KP and LLC spheroids in the presence of 5 μg/ml anti-
PD-1 monoclonal antibody (mAb) and/or mAby that targets
the alternative checkpoint molecule Lymphocyte-activation gene
3 (LAG-3). While three days later, LLC target-specific killing

Figure 5. The murine and human 3D spheroid killing assay allow sensitive and spatio-temporal evaluation of CTL-mediated killing. A) Calculated
percentages of LLC target specific killing three days after the addition of prestimulated OT-I CTLs at the depicted ratios of E:T (effector CTL over
eGFPþ target LLC) (n¼ 4, 2-5 replicates/experiment). B) Murine IFN-γ concentrations present in the supernatant at the third day of target cell specific
LLC killing by OT-I cells at the depicted E:T ratios (n¼ 2, 3-5 replicates/experiment). C) Calculated percentages of H1650 target specific killing five days
after the addition of prestimulated L2D8 CTLs at the depicted E:T ratios (n¼ 2, 2–5 replicates per condition). D) Human IFN-γ concentrations from the
respective H1650 spheroids at the fifth day of target cell-specific killing (n¼ 1, 3–5 replicates/experiment). E) Eight hours after LLC and KP spheroid
formation, 1500 3-days prestimulated OT-I cells were added together with 5 μgmL�1 anti-PD-1 mAb and/or anti-LAG-3 mAb or isotype control IgG2b (IC
mAb). Three days later, killing efficacy was recorded after enzymatic digestion of the spheroids using flow cytometry (n¼ 3, 1–6 replicates/experiment).
F) Murine IFN-γ concentrations within the supernatant from the respective murine spheroids, collected on the third day of target cell-specific killing
(n¼ 3, 1–5 replicates/experiment). A one-way ANOVA with Tukey’s multiple comparisons test was performed to determine statistical significance in
panels A-F. G) and H) Spatiotemporal follow-up of eGFPþ-LLC and -H1650 specific target cell killing at a 40:1 or 20:1 E:T ratio, where E is represented by
3-days prestimulated OT-I or L2D8 CTLs respectively. Timeline starts at moment spheroids are generated. Follow-up of one representative spheroid per
condition is shown per row, followed over the course of 6 days.
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remained unchanged, the killing potential of prestimulated OT-I
CTLs did significantly change in the KP spheroids. More pre-
cisely, a significantly increased KP killing percentage was
observed in the presence of the anti-PD-1/anti-LAG-3 mAb
combination.

Finally, we evaluated if the murine and human 3D spheroid
killing assay could be used to measure the spatio-temporal
impact of different E:T ratios. More specifically the difference
between an E:T ratio of 20:1 and 40:1 was followed over the
course of 6 days on LLC and H1650 spheroids using incucyte live
cell imaging, showing a reduction of eGFPþ signal over time
when OT-I or L2D8 cells were added (Figure 5G,H).
Moreover, all spheroids under CTL-attack showed spatial widen-
ing, suggestive for T cell infiltration with concomitant ECM
disruption. Notably, while flow cytometric analysis of the 20:1
and 40:1 E:T ratio’s after 3 days did not show a significant differ-
ence in target cell-specific LLC killing, incucyte live cell imaging
did reveal some striking differences. Although the 40:1 E:T ratio
resulted in complete elimination of eGFPþ LLC signal within
24 h, it took the 20:1 E:T ratio more than 3 days to result in a
similar pattern (Figure 5G). Moreover, the eGFPþ signal
reappeared specifically with the 20:1 condition, suggesting that
the likelihood to install CTL killing resistance is higher in the
presence of a suboptimal amount of CTLs.

3. Discussion

With a growing interest in immunotherapies to treat cancer, suit-
able oncoimmunology models that allow high-throughput

screenings for predictive biomarkers and novel targets, are
needed. In solid cancers like NSCLC, tumor cells continuously
interact in 3D with their surrounding TME, composed of non-
malignant structural and cellular players. Hence, different 3D
culturing methods have been developed to mimic this multicel-
lular profile, ranging from spheroids to organoids and microflui-
dic systems.[21] In order to provide an extracellular framework,
matrigel is most often used because of its straightforward proto-
col with high-throughput potential.[46] However, matrigel embed-
ded 3D models most often lack natural stromal components like
ECM, fibroblasts and immune cells, hampering relevant preclin-
ical immunotherapy screening. To meet this gap, we optimized
an uncomplicated protocol to generate murine and human lung
cancer spheroids in which the in vivo human NSCLC tumor-
stroma architecture is recapitulated to allow immunotherapeutic
research as well as 3D drug screening in 96-well format.

Our straightforward tumor spheroid generation protocol is
based on preparing a mixture of syngeneic fibroblasts with fluo-
rescently labelled lung tumor cells at an optimized ratio per cell
line. To deliver a proof-of-concept, we opted for two murine and
two human NSCLC lines: KP and LLC next to PC-9 and H1650,
respectively. Growth kinetic profiles of the different spheroids
showed that the surface areas remained stable (LLC) or even
decreased (KP and H1650) in the first 5–10 days after formation.
These findings are in line with the observation that the addition
of a stromal component enhances cancer cell adherence by
strengthening cell–cell contacts and tight junctions resulting
in compact aggregates.[47] Moreover, cancer cell line aggregates
have been shown to display a significantly slower growth profile
compared with their 2D cell culture counterparts.[48] Notably, we

Figure 5. Continued.

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2021, 2100124 2100124 (8 of 14) © 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


were unable to obtain rigid spheroids with the human PC-9 line
at any tested tumor:fibroblast ratio. According to Han et al.,
cancer cells’ tendency to form compact spheroids or loose cell
aggregates is linked to their respective E-cadherinhigh or
N-cadherinhigh expression. Hence, they recommend using a
scaffold-based technique like matrigel for E-cadherinlow cancer
cells to form rigid spheroids.[49] During the exponential growth
phase of the KP, LLC, and H1650 spheroids, we further observed
an increase in spheroid diameter variation. This is in accordance
with a previous study that linked this phenomenon to the chang-
ing cancer cell:fibroblast ratio over time, suggestive for an
optimal spheroid evaluation window between day 1 and 10.[50]

By incorporating natural ECM-secreting lung fibroblasts, we
were further able to demonstrate that the KP, LLC and H1650
spheroids showed a clinically relevant architecture with
fibronectinþ ECM, deposited by α-SMAþ CAFs. Likewise,
Amann et al. were able to show fibronectin expression upon
co-cultivation of the A549 and Colo699 NSCLC lines with SV-
80 lung fibroblasts via a scaffold free hanging-drop method.[50]

By comparing the tumor-stroma organization of the different
spheroid types, we observed a clear demarcation between
eGFPþ tumor cell islets and fibronectinþ ECM deposited by
α-SMAþ CAFs within the KP spheroids. While a similar, yet less
pronounced architecture was found within H1650 spheroids,
LLC spheroids displayed a more dispersed tumor:CAF profile
with less pronounced ECM. In contrast to the unambiguous epi-
thelial origin of the KP and H1650 adenocarcinoma lines, LLC
cells have a reported tendency to show a mesenchymal
profile.[41,51,52] Together with the observation that tumor cells
can show increased epithelial to mesenchymal transition
(EMT) when co-cultured with fibroblasts, suggests that we were
able to reveal the LLCs’ EMT profile within our LLC spheroids.[50]

Aside from their usefulness to investigate cancer–stroma
interactions, we validated the murine lung tumor spheroids’
potential to serve as a versatile arena for the evaluation of
immune cell behavior. First, we validated the spheroids potential
to study relevant T-cell infiltration and motility, by adding
prestimulated OT-I CD8þ T cells to 12 h-old KP spheroids.
Interestingly, T cells were found to localize in close proximity
to CAFs in between the tumor nests and as such correspond
nicely to the T cell excluded profile found in NSCLC patient biop-
sies. Hence our model can serve the preclinical immunotherapy
research field, especially in the context of adoptive T cell transfer
studies with chimeric antigen receptor (CAR)-modified T and NK
cells. While the latter have shown astonishing clinical successes
against B-cell malignancies, continuous efforts to translate their
success to solid tumors are being hampered by structural and
immunosuppressive barriers, characteristic for the multicellular
TME of solid cancers.[53–55] Moreover our 3D lung spheroid gen-
eration protocol can serve as a blueprint for the generation of
other solid cancer spheroid models.[54,55] Second, we validated
our 3D lung spheroid model to study macrophage infiltration.
Clinical studies have suggested that the density of the protumoral
M2-like macrophages is associated with a poor prognosis in
almost all human cancer types, including lung cancer.[56–58]

To investigate if our model allowed evaluation of TAM subset
specific infiltration differences, we compared the infiltration
profile of antitumor M1-like TAMs with protumor M2-like
TAMs in 3-day old KP and LLC spheroids with different tumor

to CAF ratios. We found that all TAMs tended to penetrate better
into LLC spheroids than KP spheroids, arguing for the ECM-
hampering role of the KP spheroids for TAM infiltration.
Notably, we further observed that M2-like protumoral TAMs
were found to penetrate deeper into KP and LLC spheroid cores
but that an enhanced CAF to tumor cell ratio shifted this pattern
specifically within the LLC spheroids. Although, M2-like TAMs
have been shown to reside in more close proximity to hypoxic
regions within the TME than their M1-like counterparts,[59,60]

we were unable to evaluate this feature as our 3-day old KP
and LLC spheroids did not show an hypoxic core yet (data not
shown). To recapitulate, our data do reveal that the type of tumor
cell line and tumor to CAF ratio are of decisive importance for
TAM infiltration.

Most immunotherapeutics that are preclinically tested for
NSCLC today, focus on drugs that unleash NSCLC-specific
CD8þ T cells that were previously primed by the patients’
own adaptive immune system. Yet, these CD8þ T cells can only
lyse cancer cells after their T-cell receptor is triggered by a spe-
cific epitope, presented via a syngeneic major histocompatibility
type I (MHC-I) molecule on the cancer cells. Hence, suitable 3D
immunotherapeutic drug screening platforms should be histo-
compatible and provide a read-out for target cell-specific
killing.[61] Today, IFN-γ secretion next to spheroid size decrease
are often used to measure CTLs activity and cytotoxicity on tumor
suspensions cultured in ULA plates.[62,63] However, these read-
outs do not deliver accurate information on target cell specific
killing. In this study we tweaked our lung tumor spheroid model
to allow 3D target cell specific killing assessment by introducing
a target antigen into the eGFPþ KP, LLC, and H1650 lines that is
recognized by specific T cells. By mixing these target cells with
their red fluorescently labelled nontarget counterparts, the
green/red signal served as a sensitive read-out for 3D CTL-
mediated target cell specific killing that could be monitored over
time using flow cytometry and incucyte live cell imaging.

To deliver a proof-of-concept of the 3D killing assay, we first
compared the capacity of one-day and 3-days prestimulated CTLs
to kill target cells when grown as tumor:CAF 2D monolayers in
flat bottom wells or as 3D lung cancer spheroids in ULA wells
with no and twice as many CAFs. While the suboptimally
prestimulated CTLs showed a significantly reduced capacity to
kill target cells within 3D spheroids compared to 2D tumor:
CAF co-cultures, no difference was observed for the 3-days pres-
timulated CTLs. That the suboptimally prestimulated CTLs were
more hampered by the 3D TME, suggests that they experience
more hindrance from the deposited ECM, increased cell-cell con-
tacts and tight junctions[64,65] than their optimally stimulated
CTL counterparts. Moreover, tumor-CAFs crosstalk has been
shown to mold tumors into a CTL hostile milieu, amongst others
by CAF-mediated TGF-β signaling next to the support of protu-
moral M2-like TAM polarization.[19,47,66,67] In addition, our 3D
lung tumor spheroid killing assay validated that the tumoricidal
M1- but not the immunosuppressive M2-like TAMs, are able to
ameliorate CTL-mediated killing. Interestingly, CTL dose-escala-
tion experiments with the 3D LLC and H1650 killing assay,
revealed that the stepwise increase in killing percentages was
not reflected by their IFN-γ secretion profile. This discrepancy
is partly explained by the fact that various other markers,
which are not detected with an IFN-γ ELISA, can be indicative
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for T-cell cytotoxicity like TNF-α, granzyme B, perforin, FasL,
and TRAIL.[68]

In accordance with previous reports on the usefulness of sphe-
roids to deliver information on ICI penetrance,[69,70] we applied
the 3D killing assay to evaluate the impact of two different ICIs,
targeting PD-1 and/or LAG-3 on our two different murine lung
tumor spheroids. The LLC spheroid killing assay, did not show
any increase in CTL-mediated killing upon any of the tested ICI
treatments. Interestingly, several preclinical in vivo LLC therapy
studies previously described this ICI irresponsiveness.[51,71]

Moreover, the latter studies showed that not the cancer cells,
but the nonmalignant host cells are the main determinants of
response to ICI in the context of LLC. Hence our LLC spheroid
model could be used to unravel which cell subsets should be
included to show a beneficial effect on target cell-specific killing
by ICIs. In contrast, CTLs showed a significant amelioration of
their target cell-specific killing capacity towards KP cells in the
presence of the anti-PD-1 and anti-LAG-3 mAb combination,
but not upon anti-PD-1 or anti-LAG-3 monotherapy. An observa-
tion that is in line with the previously observed lack of response
to anti-PD-1 therapy in KP-bearing mice.[72] Importantly, the co-
expression of PD-1 and LAG-3 on T-cells in, amongst others
NSCLC patients, has been linked to resistance to anti-PD-(L)1
therapy.[73–75] Together with our in vitro killing data, these find-
ings encourage further investigation of PD-1/LAG-3 co-blockade
for the treatment of NSCLC.

Finally, we were able to detect a different kinetic profile for the
CTL:tumor (E:T) ratio’s 20 and 40, although they did show a sim-
ilar percentage of target cell specific killing after 3 days. What’s
more, when the suboptimal E:T ratio of 20:1 was used, we
observed the reappearance of a target eGFPþ LLC clone 5 days
after CTL addition and two days after apparent elimination of
the eGFPþ target fraction, suggesting that this represents a
CTL-resistance clone. The latter offers an interesting platform
to unravel novel resistance mechanisms to CTL-mediated target
cell killing, a highly relevant research field to ameliorate the
sobering response rates that are currently found for immuno-
therapy in NSCLC patients.[1,2,76,77]

4. Conclusion

We report on a murine and human lung tumor spheroid plat-
form to evaluate heterogenous cell–cell, cell–ECM, and cell–drug
interactions that influence the overall response to immunothera-
pies and vice versa. The usage of a scaffold free cultivation
method in 96-well plates makes it compatible with standard
liquid handling equipment. As such this platform represents a
straightforward and accessible model for high-throughput
screening to serve the exciting yet rapidly evolving field of
oncoimmunological gene, cell, and drug discovery.

5. Experimental Section

Animals: Transgenic OT-I mice were purchased from Charles River and
bred in house. All animals were handled according to the institutional
guidelines and experiments were approved by the Ethical Committee
for use of laboratory animals of the Vrije Universiteit Brussel (ECD:
20-394-OC1). Organs were isolated from 6 to 12-week-old littermates.

Spleens were isolated for OT-I CD8þ T-cell isolation, while bone marrow
was isolated for generation of bone marrow derived macrophages.

NSCLC Patients: In collaboration with the Biorepository and
Department of Pathology tumor and adjacent noninvolved lung samples
were obtained from surgical specimens of patients undergoing resection
at the Mount Sinai Medical Center (New York, NY). Informed consent was
obtained in accordance with the following protocol reviewed and approved
by the Institutional Review Board at the Icahn School of Medicine at Mount
Sinai, IRB Human Subjects Electronic Research Applications 10-00472 and
10-00135, and in collaboration with the Biorepository and Department of
Pathology.

Cells and Cell Lines: Mouse Lewis Lung Carcinoma (LLC) cells were a
kind gift from Prof. Jo Van Ginderachter (CMIM, VUB). The
KrasG12Dp53�/� (KP) cell line was a kind gift from Prof. Brian Brown
(Icahn School of Medicine at Mount Sinai, NY). The human HLA-A2þ

PC-9 and H1650 lung adenocarcinoma lines were a kind gift from Prof.
Jacques De Grève (LMMO, VUB). The human HLA-A2þ CCL186
(IMR90) lung fibroblast line and Human Embryonic Kidney 293T
(HEK293T) cells were obtained from ATCC. Murine LLC and HEK293T
cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma-Aldrich). Murine KP cells were kept in Iscove’s Modified
Dulbecco’s Medium (IMDM, Thermo Scientific) while the human
H1650 and CCL186 lines were maintained in Roswell Park Memorial
Institute (RPMI-1640, Sigma-Aldrich) and minimum essential medium
(MEM, Gibco) respectively. All media were supplemented with heat-inac-
tivated fetal bovine serum (10%, FBS, TICO), penicillin (100 units mL�1),
streptomycin (100mgmL�1) and L-glutamine (2mM, Sigma Aldrich).
Supplemented media are indicated by a “þ,” e.g., DMEMþ. Cells were
cultivated in polystyrene flasks and passaged every 2–3 days to keep
confluency at 75%. The L2D8 clone, directed against a gp100-derived pep-
tide209–217 in complex with HLA-A2 as described,[78] was maintained in
IMDM (Gibco) with human serum (10%, Innovative Research), IL-2
(30 ngmL�1) (PeproTech), penicillin (100 units mL�1), streptomycin
(100mgmL�1) and L-glutamine (2mM), referred to as IMDM-L2D8.

Lentiviral Vector Production and Transduction: The REV, GAG, VSV.G
packaging, and pCCLsin_hPGK_eGFP-WPRE transfer plasmids were kind
gifts from Prof. Brian Brown (Mount Sinai Icahn School of Medicine, NY).
After removal of the eGFP sequence from the latter transfer plasmid
through a BamHI/SalI restriction digestion, a Katushka or mCherry encod-
ing gBlock with BamHI and SalI overhangs (obtained from IDT) was
ligated to obtain the pCCLsin_hPGK_Katushka or mCherry-WPRE transfer
plasmid. Furthermore, the transfer plasmids pHR’trip_CMV_huIi80tOVA-
IRES-tNGFR SIN and pLenti_CMV-gp100-wpre-PGK-puro-DCL-OPT were
previously described[10,11] while the Ef1a_Large T-antigen_Ires_Puro trans-
ferplasmid was obtained via Addgene (Item ID: 18 922). For generation of
all third-generation lentiviral vectors (LVs), HEK293T cells were plated at
15� 1e6 cells per 175 cm2 and transfected the next day using polyethyle-
neimine (Polysciences, Eppelheim, Germany) with 6.25; 12.5; 9; and
37.5 μg of the REV, GAG, VSV.G envelope, and transgene encoding plas-
mid, respectively. LV-containing supernatant was collected the following
3 days and 1000� concentrated by ultracentrifugation as previously
described.[79]

Generation and Validation of Immortalized Murine Fibroblast Line: Lung
tissue from one C57BL/6 J mouse was perfused with phosphate buffered
saline (10mL, PBS, Sigma Aldrich), isolated and minced into small pieces
which were incubated in 20mL digestion buffer for 45 min at 37 �C. This
digestion buffer consisted of NaCl (82.5 mM); Hepes (5.5mM); CaCl2
(1.1 mM); Collagenase type I (0,1%) from Clostridium histolyticum
(Sigma Aldrich) and Dispase II (2,4 U/ml, Sigma Aldrich). Next, minced
lung pieces were transferred to a 100mm tissue culture plate (Falcon) and
immersed in DMEMþ (5 mL) with FBS (20%, Biochrom AG). Five days
later, viable lung fibroblasts were trypsinized and expanded in a 24-well
plate. For immortalization, the primary lung fibroblasts were transduced
at multiplicity of infection (MOI) of 10 with LV-LargeTantigen-puro,
followed by three puromycin selection rounds at 1 μg/ml. To confirm their
fibroblast identity, fibroblasts and LLC cells were seeded at 1e5 cells in a
6-well plate and 72 h later, single-cell suspensions were generated, snap
frozen and stored at �80 �C. RNA extraction was performed using the
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RNeasy mini kit (Qiagen), RNA recovery quantified using the nanopho-
tometer (Implen) and cDNA prepared using the Verso cDNA kit
(Thermo Fisher Scientific). RT-qPCR was carried out in the Bio-Rad mas-
termix at the following regimen: 50 �C—2min; 95 �C—2min; 40� (95 �C
—1 s and 60 �C—30 s) using QuantStudio 12 K Flex (Thermo Fisher
Scientific). An overview of the used fibroblast specific primers can be
found in Table S1, Supporting Information.

Generation of Target and Nontarget LLC, KP, and H1650 Cell Lines: For
the generation of the murine-enhanced green fluorescent protein (eGFP)
and ovalbumin (OVA)þ Lewis Lung Carcinoma (LLC) and KP target cell
lines, 1e5 wild-type cells were first transduced with LVs encoding eGFP
and LVs encoding OVA and truncated nerve growth factor receptor
(tNGFR) (each at MOI 10). One week later, eGFP and tNGFR double pos-
itive cells were sorted using a FACSAria III (BD Biosciences) to obtain the
eGFP/OVA-LLC and eGFP/OVA-KP line. The Katushka (Kat)þ or mCherryþ

nontarget LLC and KP lines as well as the mCherryþ murine fibroblasts,
were generated by transduction with LV-Kat or LV-mCherry and subse-
quent sort to obtain the Kat-LLC, Kat-KP, and mCherry-fibroblast line.
Similarly, the human target and nontarget H1650 lines were generated
using LV-eGFP and LV-gp100-puro or LV-Kat resp. After puromycin selec-
tion (from 2 to 5 μgmL�1) of the gp100þ target line, both the eGFPþ target
cells and Katþ non-target population were FACS purified.

Murine Bone Marrow-Derived Macrophage Generation and Polarization:
Bone marrow from C57BL/6 J OT-I mice was obtained by flushing tibiae
and femurs through a 40 μm cell strainer with cold PBS (Sigma-Aldrich).
Red blood cells were lysed using 5mL tris-buffered ammonium chloride
for 5 min. Cells were neutralized and seeded at 5� 1e6 cells/ml in a 10 cm
not TC-treated Petri Dish (Corning) with DMEMþ (10mL). To generate
macrophages, murine M-CSF (50 ngmL�1, Immunotools) was added and
replenished after 72 h. Macrophage polarization was carried out another
96 h later by incubating the cells for 24 h with M-CSF (5 ngmL�1) with
IFN-γ (200 ngmL�1, Immunotools) or IL-4 (40 ngmL�1, Immunotools)
for M1-like or M2-like macrophages, respectively, as we previously
described.[80]

Generation of Murine and Human Lung Tumor Spheroids: In general,
murine LLC and KP spheroids were generated by mixing 6000 LLC or
3000 KP cells with 5000 immortalized fibroblasts in 100 μL DMEMþ
or IMDMþ medium, respectively. Notably, to reproducibly achieve a
tumor islet-stroma architecture in the KP spheroids that recapitulates
the in vivo human situation, KP cells should be grown to �60–80%
confluency on the day of spheroid generation. Next, KP cells were washed,
and trypsinized for exactly 90 s at 37 �C after which tapping the flask
resulted in detachment of cell clumps, crucial for islet formation.
Hence after detached cell clumps were washed with prewarmed media,
they were collected by carefully pipetting them to ensure maximal clump
size before mixing them with fibroblasts.

For human lung tumor spheroids, 6000 H1650 cells were mixed with
5000 CCL186 lung fibroblasts per 100 μL RPMI-1640þ medium. Every
spheroid mixture of 100 μL was cultivated in a 96-well CELLSTAR U-shaped
cell-repellent plate (650 970, Greiner).

Visualization of T-Cell Infiltration in KP Spheroids: To allow better visuali-
zation of T-cell infiltration in the tumor stroma, 10� larger KP spheroids
were generated with 30 000 eGFPþ KP cells and 50 000 immortalized fibro-
blasts. To visualize the infiltration andmotility of 50 000 viable OT-I T cells,
the latter were stained using 5 μM of Cell Trace Violet (CTV, clone: C34557,
brand: Invitrogen) prior to their addition to 12 h old KP spheroids. On day
later, live spheroid imaging was performed using confocal microscopy.

Visualization of Macrophage Infiltration in LLC and KP Spheroid: For 3D
visu-alization of macrophage infiltration, in vitro differentiated and polar-
ized M1 and M2 polarized macrophages were detached after a 30min
incubation step with 2mL of Accutase (Sigma Aldrich) at 37 �C. Three
hours after spheroid formation, 5500 or 1000 macrophages were added
to LLC and KP spheroids, respectively. Another three days later, spheroids
were washed, formalin fixed overnight, after which the macrophages were
stained within the whole spheroid (so unsliced) as described below.

Confocal Microscopy: Depending on the envisaged outcome, spheroids
were imaged via confocal microscopy either live or after fixation (4% para-
formaldehyde overnight at 4 �C) and cryosectioning at 5 μm per slide.

Live Cell Imaging: To image T-cell motility in spheroids, they were trans-
ferred to CELLview slides (543 079, Greiner Bio-One) and imaged using
the environmental control box of Zeiss LSM780, or the Leica TCS SP8
and the Okolab top stage incubator, both at 37 �C, 5% CO2, 95% humidity.
Z-stacks were captured at 4 μm steps until 60–80 μm depth depending on
visibility, as live (uncleared) spheroids quickly become too dense for effi-
cient imaging. To maintain sufficiently high framerates (�30 s per frame)
for T cell motility capture, only a partial Z–Stack was selected. For the spa-
tio-temporal follow-up of target cell specific killing, ULA 96-well plates were
placed into the IncuCyte Live Cell Imager with 5� objective directly and
followed up over the course of 6 days.

Immunohistofluoresence on Spheroid Cryosections: Prior to freezing
3 days old, fixed spheroids in Optimal Cutting Temperature compound
(OCT, Scigen Inc.), they were consecutively immersed in a 10–20–30%
sucrose gradient (2 h at room temperature per gradient). Once embedded
and frozen in OCT, cryosections of 12 μm were obtained with the Cryostar
NX-50 cryomicrotome. Slices were washed with PBS with 0.1% Tween and
subsequently blocked for 1 h in PBS with FBS (4%), bovine serum albumin
(BSA, 1%, Sigma-Aldrich) and Tween (0,1%) (blocking buffer). For stain-
ing, the anti-α-SMA-Cy3 (clone: C6198, brand: Sigma Aldrich) and antifi-
bronectin antibodies (clone: F3648, Sigma Aldrich) were dissolved in
blocking buffer to stain the slices overnight, while secondary anti-rabbit
IgG AF647 conjugated antibody (clone: 711-605-152, brand: Jackson
ImmunoResearch) was incubated on washed slices for 2 h the next
day. After a final wash step, slides were air-dried and sealed with a cover-
slip using Prolong Gold anti-fade reagent (Life Technologies). Images were
recorded with a 20� objective on an Axio-Observer Zeiss-LSM 800 or an
Axio-Scan N1 instrument (as stated in the figure legends) and analyzed
using the Zen 2.6 (blue edition).

Immunohistochemistry on Human Tissue: Formalin-fixed, paraffin-
embedded human lung cancer tissues were obtained from the Institut
Mutualiste Montsouris. Tissue slides were baked at 37 �C overnight before
deparaffinization and rehydration in xylene and ethanol baths, respectively.
Heat and pH-mediated antigen retrieval was done in citrate buffer (pH 6 or
9) (Agilent Dako, S2367 or 2369) at 95 �C for 30min. Endogenous
peroxidase activity quenching, protein blocking, primary and secondary
antibodies incubations, and revelation using AEC were done manually.
Tissues were counter stained with hematoxylin and mounted using a glyc-
erol-based mounting medium (Agilent Dako, C0563). Slides were imaged
at 40� with the Hamamatsu NanoZoomer S60 Slide Scanner. Chromogen
staining was removed with ethanol before the start of a new antigen
retrieval step and immunostaining cycle. Primary antibodies used recog-
nized keratin (clone: AE1/AE3, brand: Agilent), α-SMA (clone: 1A4, brand:
Fisher Scientific), CD3 (clone: 2GV6, brand: Roche), and FAP (clone:
EPR20021, brand: Abcam).

Image Analysis: Spheroid surface areas were measured using ImageJ.
For T-cell motility follow-up, Z-Stacks were reconstructed using ImageJ.
Tracking was performed using the Trackmate plugin in ImageJ.[81] To esti-
mate the penetration profile of macrophages within spheroids, F4/80þ

cells were located via whole mount confocal imaging. Using the concentric
circles plug-in for ImageJ, the entire spheroid area was subdivided in 100
concentric rims with decreasing diameter. The mean gray value on each
rim was measured to plot the macrophages infiltration profile.

Target Cell-Specific 3D Killing Assay: Using the CD8aþ T-cell Isolation Kit
(Miltenyi Biotec), the CD8þ T-cell fraction from a freshly isolated OT-I
mouse spleen was enriched. Next, 1e6 CD8þ OT-I cells per ml RPMI-
1640þ with β-mercaptoethanol (50 μmol L�1) were stimulated for three
days with 20 μL�1 Mouse T-Activator CD3/CD28 Dynabeads (Gibco).
Only for the assays in Figure 4C 1-day prestimulated OT-I cells were gen-
erated and used as well. Subsequently, prestimulated OT-I cells were
added 8 h after spheroid formation. As a human CTL equivalent, we opted
for the L2D8 CD8þ tumor infiltrating T-cell clone, specific for the
gp100-derived peptide209–217 in complex with HLA-A * 02. For revival of
this T-cell clone, we first co-cultured them for 6 days with 100 Gy irradiated
HLA-A * 02þ gp100þ 624mel stimulatory cells and HLA-A2� feeder in
IMDM-L2D8 medium supplemented with IL-2 (30 ngmL�1,
PeproTech). On the fourth day, medium was replenished with IL-2
(30 ngmL�1). Another two days later, medium was replenished again,
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supplemented with IL-2 (30 ngmL�1) and OKT-3 (30 ngml�1) for stimu-
lation (Clone: BE0001-2, BioXCell). At day ten, CTLs were washed and
added to H1650 spheroids, 8 h after H1650 spheroid formation. Target
specific killing was measured via flow cytometry at day three (for mouse)
or five (for human) after CTLs were added.

Flow Cytometry: To analyze the exact percentage of target cell specific
killing, single cell suspensions were generated by incubating the individual
spheroids in trypsin with 300 UmL�1 collagenase-I for 30 min at 37 �C.
After an additional washing step with PBS containing BSA (1%) and
sodium azide (0.02%, Sigma-Aldrich), target cell specific killing was eval-
uated by comparing the ratio of eGFPþ (target) over Katþ (nontarget) cells
via flow cytometric evaluation on a LSRFortessa flow cytometer (BD) and
analysis using FlowJo 10.5.3 software. The percentage of specific killing
normalized for the ratio in spheroids without CTLs (OT-I or L2D8) was
calculated with the following equation: 1� (% eGFP/OVA-cancer cell/%
Kat-cancer cell) with CTLs/(% eGFP/OVA-cancer cell/% Kat-cancer cell)
without CTLs.

ELISA: Protein levels of murine and human IFN-γ were detected on
spheroid supernatants, collected at the third and fifth day of cancer cell
specific killing resp. The murine and human IFN-γ ELISA kits
(Invitrogen) were used according to the manufacturer’s protocol.

Antibodies for In Vitro Immune Checkpoint Blockade: The following
recombinant monoclonal antibodies (mAb) were added together with
the CTLs to the spheroids to obtain a final concentration of 5 μgmL�1:
rat anti-mouse IgG2b isotype control (IC) mAb (clone: LTF-2,
Biolegend), rat antimouse anti-PD-1 mAb (clone: RMP1-14, Biolegend)
and/or rat antimouse anti-LAG-3 (clone: C9B7W, Biolegend).

Statistics: The asterisk number in the figures indicates the level of sta-
tistical significance as follows: * for p< 0.05; ** for p< 0.01; *** for
p< 0.001 and **** for p< 0.0001. The statistical test used to determine
statistical significance is indicated in the figure legends. Statistical tests
were performed using Graphpad Prism v8.3.0.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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