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Human tissue cultures of lung cancer predict patient
susceptibility to immune-checkpoint inhibition
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Despite novel immunotherapies being approved and established for the treatment of non-small cell lung cancer (NSCLC), ex vivo
models predicting individual patients’ responses to immunotherapies are missing. Especially immune modulating therapies with
moderate response rates urge for biomarkers and/or assays to determine individual prediction of treatment response and
investigate resistance mechanisms. Here, we describe a standardized ex vivo tissue culture model to investigate individual tumor
responses. NSCLC tissue cultures preserve morphological characteristics of the baseline tumor specimen for up to 12 days ex vivo
and also maintain T-cell function for up to 10 days ex vivo. A semi-automated analysis of proliferating and apoptotic tumor cells was
used to evaluate tissue responses to the PD-1 inhibitor nivolumab (n = 12), from which two cases could be successfully correlated
to the clinical outcome. T-cell responses upon nivolumab treatment were investigated by flow cytometry and multispectral
imaging. Alterations in the frequency of the Treg population and reorganization of tumor tissues could be correlated to nivolumab
responsiveness ex vivo. Thus, our findings not only demonstrate the functionality of T cells in NSCLC slice cultures up to 10 days
ex vivo, but also suggests this model for stratifying patients for treatment selection and to investigate in depth the tumor-

associated T-cell regulation.
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INTRODUCTION
NSCLC is responsible for the most cancer-related deaths world-
wide and has the highest incidence rate among all tumors [1]. Two
main histological subtypes classify the NSCLC, the squamous
NSCLC (sNSCLC) and the NSCL adenocarcinoma (NSCLaC). In
addition, several molecular subtypes of this disease are identified.
Extensive genomic alterations, high mutation loads, and late
diagnosis are some major factors responsible for the poor
prognosis of patients, with a 5 years’ survival rate of ~17% [2].
Surgical resection alone or combined concepts with chemother-
apy and radiotherapy are still the standard therapy for stage I-lll
NSCLC, partially combined with pretested targeted therapy or
immune-checkpoint inhibitors. The most used chemotherapeutic
drugs are platin derivatives combined with vinorelbine, gemcita-
bine or paclitaxel, respectively. In the presence of genetic
mutations (EGFR, ALK), patients benefit from treatment with
selective EGFR inhibitors (e.g., gefitinib and erlotinib) or the ALK
inhibitor crizotinib compared to standard chemotherapy for
NSCLC tumors [3, 4]. However, only very few patients are eligible
for targeted therapy, examining the mutational burden or other
specific predictive markers [5].

The presence of immune cells within tumors already shown by
Rudolf Virchow a century ago has become evident and various

novel approaches are currently investigated [6]. Targeting the
immune system is a highly promising approach for the treatment
of cancer, but can lead to life-threatening adverse effects. Recently,
a prolonged overall survival (OS) of NSCLC patients was reported
upon checkpoint inhibition in the phase | trial checkmate227 [7].
About 20% of the patients with PD-L1 expression levels >=1% have a
2 months increased cancer survival upon treatment with immune-
checkpoint antibodies. However, the underlying mechanisms
leading to response or failure of treatment have not yet been
identified. A checkmate026 subgroup analysis suggested that the
individual mutational burden in NSCLC might predict therapy
response, despite predictive tests or strong biomarkers are still
missing [7, 8]. Therefore, stable and reproducible methods that
allow the prediction of responses are urgently needed to prevent
patients from unnecessary treatment, in addition to technologies
that offer relevant test platforms for tumor marker investigation
and drug testing.

Three dimensional culture systems, like organoids or tissue
cultures, offer new opportunities in personalized therapy testing.
Tissue cultures have a long tradition and have recently been
adapted also to tumor tissue, allowing to study the complexity of
the tumor and its microenvironment (TME) as well as its
susceptibility to therapeutic interventions [9-17]. Human tissue
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Fig. 1 Tissue maintenance and dose-dependent response ex vivo. A Slices from tumor specimen were stained with HE at baseline or after
culture in control conditions for up to 12 days. Shown are representative HE staining of the two different NSCLC subtypes at baseline and after
10 days ex vivo. B The tumor fraction present in the cultured specimens was evaluated and normalized to the baseline. Shown are the results
from three different patients. To control reproducibility multiple slides from the same patients were measured at the same timepoint. C Slices
were cultured for 3 or 6 days with different doses of cisplatin (1, 10 uyM) or paclitaxel (1, 10, 100 nM). To calculate the proliferating tumor
fractions tissues were stained for Ki67 (green), pancytokeratine (red), and counterstained with Hoechst (blue). Shown are pictures of the
different treatment at day 3 and 6 (right) as well as the overall variations in proliferating tumor fraction within the one tissue specimen for
which enough material was available to perform all conditions with at least two replicates (left). Background, yellow; Bar = 50 um.

cultures recapitulate most aspects of the derived tissue, like
differentiation, the microarchitecture and the cellular variety
[12, 15, 18]. Advantages are the short establishment time and
the simple manipulation. In the present work, we established a
culture protocol for NSCLC specimen, which could be employed to
assess responses to chemotherapy as well as to immune-
checkpoint inhibitors.

RESULTS

Heterogeneity and morphologic preservation of lung cancer
slice

A tissue culture protocol for cultivation of patient-derived lung
cancer specimens for up to 12 days ex vivo was successfully
established (Fig. 1). To adjust for differences in auto-fluorescence
characteristics and staining intensities, we combined stain-specific
sequences of processing and segmentation algorithms in Image J
[19]. Slice cultures showed a good preservation of morphologic
features of the original tumor (Fig. 1A). Parameters including cell
formation, mucin production, and staining characteristics were
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assessed for comparison from 24 tumor specimens. In all samples,
the pathological diagnosis of the original tumor matched the
features found in baseline culture, representatively shown in Table
1. 4/24 cases (16,6%) were excluded from the analysis due to high
necrotic areas and inflammatory regions observed in the baseline
tissue. Specimens not shown in the table were used for
adjustments of the culture conditions. As shown in Fig. 1B TFs
were maintained up to day 12 ex vivo. The overall TF of 31% + 12
(n =3, mean + SD) was nonsignificantly enhanced from day 2 to
day 10 up to 53% + 12 and to 68% + 14 at day 12.

Effects of cytotoxic drugs on tumor cell proliferation

Slice cultures were treated with different doses of the cytotoxic
drugs cisplatin (1, 10 uM) or paclitaxel (1, 10, and 100 nM). The
effect on tumor cell proliferation was determined by antibody
staining of Ki67. Whereas nonsignificant changes due to high
intratumor variances were detected after 3 days of treatment, a
significant trend was found after 6 days in culture. Low doses of
both drugs resulted in an increased tumor proliferation rate
compared to the control condition. In contrast, higher
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Table 1. Patient specimens.

No. Age, sex Type of NSC lung carcinoma

1 62, F Moderate differentiated adenocarcinoma (G2)

2 58, M Poor differentiated adenocarcinoma (G3)

3 61, M Moderate differentiated adenocarcinoma (G2)

4 73, F Moderate differentiated adenocarcinoma (G2)

5 54, M Poor differentiated adenocarcinoma (G3)

6 79, F Moderate differentiated adenocarcinoma (G2)

7 79, M Moderate differentiated squamous epithelial
carcinoma (G2)

56, M Moderate differentiated adenocarcinoma (G2)
58, M Moderate differentiated squamous epithelial

carcinoma (G2)

10 57, F Poor differentiated adenocarcinoma (G3)

11 81, M Moderate differentiated squamous epithelial
carcinoma (G2)

12 57, M Moderate differentiated squamous epithelial
carcinoma (G2)

13 79, F Minimal differentiated adenocarcinoma (G1)

14 78, M Minimal invasive adenocarcinoma (GX)

15 66, M Poor differentiated adenocarcinoma (G3)
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autologous lymphatic tissue (LT) in the presence or absence of Nivolumab for 5 or 10 days. A Percentages of Ki67 proliferating tumor fractions
in the different culture conditions from one patient specimen are shown upon normalization to the control culture in the absence of
lymphocytes (left) Kruskal-Wallis test showed significant differences. Representative pictures of the different conditions at day 5 and 10 are
shown (right). pancytokeratine, red; Ki67, green; Hoechst, blue; background, white. Bar = 50 pm. B Shown is the HE staining of a NSCLC tissue
co-cultured with lymphatic tissue slice at day 10. Overview, bar = 500 ym; HE magnification, bar = 50 um. C Calcein live staining (green) of a
control tissue (top) and a nivolumab treated tissue (bottom) after 5 days in co-culture with lymphatic tissue. Bar = 200 pm.

concentrations of both drugs showed a dose-dependent decrease
in tumor proliferation (Fig. 1C).

Response to nivolumab is independent of lymphocyte
supplementation in tumor tissue cultures

To investigate nivolumab susceptibility, the presence of
T-lymphocytes in the cultivated tissue is required. Therefore, we
evaluated whether immune cells still present in the NSCLC tissue
would be sufficient to detect an effect of the immunotherapy or if
an “exogenous” provision using lymphatic tissue would be
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required. The co-culture of NSCLC with autologous lymphatic
tissue in the absence of additional treatment did not result in a
significant reduction of the tumor cell proliferation at day 5 and
day 10 (Fig. 2A). In contrast, nivolumab supplementation caused a
decreased proliferation of TF in the presence as well as in the
absence of lymphatic tissue. This effect was already detected at
day 5, but was more pronounced at day 10 ex vivo (Fig. 2A). The
HE staining of the co-culture in Fig. 2B demonstrated a high
similarity with tissue of the tumor area. A reduced proliferation in
the presence of nivolumab with respect to the control condition
(Fig. 2A) was accompanied by a diminished number of tumor cells
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Fig. 3 Individual susceptibility in squamous cell carcinoma of the lung and in adjacent tissue. Tissue specimens were treated for 5 days
with nivolumab (3 pg/ml), cisplatin (10 uM), or paclitaxel (100 nM, only #12), depending on tissue availability. Shown are representative
outcome from patient #12 that did not respond to nivolumab ex vivo (left) and patient #11 that responded (right). Representative HE sections
of the tumor as well as of the adjacent tissue of #12 (A) and #11 (B) at 6 days in culture are shown. Bar = 100 ym. Tumor tissue and adjacent
healthy epithelial tissue were evaluated for proliferation (C, D) as well as for apoptosis (E, F). The adjacent tissue of #12 was not free of tumor
cells but only tumor-free areas were evaluated. *p < 0.005 in one-way Anova tested against the control condition. Base baseline.

displaying a reduced metabolism, as shown by the calcein live
staining (Fig. 2C).

Heterogeneous response of tumor tissues to therapy

The individual susceptibility of different SNSCLC samples upon
application of cisplatin, nivolumab, or paclitaxel was investigated
by determination of proliferation and apoptosis (Fig. 3). Adjacent
tissue served as a control in order to determine potential harming
effects of the different treatments on the healthy epithelial tissue.
HE sections are shown in Fig. 3A and B. In the tumor fraction,
treatment with cisplatin or paclitaxel reduced the percentage of
Ki67+ cells (Fig. 3C and D, left portion) and induced apoptosis.
(Fig. 3E and F, left portion). Interestingly, the culture control
conditions induced the proliferation as well as an enhanced
apoptosis in healthy epithelial cells of the adjacent tissue
(Fig. 3C-F). Both chemotherapy treatment reduced the “culture-
induced” proliferation whereas the apoptotic rate was further
augmented by cisplatin application in contrast to paclitaxel that
induced much lower apoptosis than control conditions (Fig. 3C-F,
right portion). Evaluation of the effect of immunotherapy with
nivolumab highlighted responder and nonresponder tissue
culture: In patient #12 tumor cells still proliferated despite an
increased apoptosis induction (Fig. 3C and E), whereas in patient
#11 apoptosis induction was also paralleled by a significantly
reduced frequency of proliferating tumor cells (Fig. 3D and F). The
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effects of nivolumab on the adjacent tissue did not significantly
differ to that from control conditions (Fig. 3C-F, right portion)

Unspecific effects of nivolumab by applying an IgG4 antibody
To have deeper insights into the specific effect of nivolumab,
exemplary samples were treated with nivolumab or with the IgG4
isotype control Ab. As shown in Fig. 4A, the tissue of patient #14
was neither significantly affected by nivolumab nor by the isotype
control treatment regarding proliferation, apoptosis, the percen-
tage of proliferating cells, or the total tumor fraction. In contrast,
nivolumab, but not the IgG4 Ab reduced total tumor fraction as
well as the percentage of proliferating tumor cells in specimen #15
(Fig. 4B).

Altered composition of the tumor microenvironment in
response to nivolumab

The responses of the T-cell populations to nivolumab treatment
ex vivo was investigated using conventional immunohistochem-
istry (IHC), multicolor flow cytometry and multispectral imaging.
Immunobhistological stainings for CD3, CD4, CD8, and FoxP3 was
done for consecutive tissue cuts in #11, #12, #14, and #15. In all
stainings, lymphocytes differed in size and their distribution within
the stromal or tumoral region. Double staining for CD8 and PD-L1
indicated that the nonresponding tissue was PD-L1 negative and
the responding tissue PD-L1 positive (Fig. 4C). Staining for CD3

Cell Death Discovery (2021)7:264
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Fig. 4 Altered T-cell repertoire after nivolumab treatment in NSCLC. A, B Tissue specimens #14 (A) and #15 (B) were cultured ex vivo under
control condition or upon addition of nivolumab or its isotype control, an IgG4 Ab. After 5 days of treatment the tissue were stained for Ki67
or cleaved PARP to evaluate the percentage of proliferating or apoptotic cells as well as for the total fraction of tumor within the tissue.
Kruskal-Wallis test was performed. C Representative staining of tissue from #14 and #15 treated with nivolumab and stained with PD-L1 (red)
and CD8 (green), Hoechst, blue; background, white. Bar = 20 um. D Representative staining of #11 with CD3 (left) or FoxP3 (right) in control
(top) and nivolumab (bottom) treated conditions. CD3, bar = 50 um, FoxP3, bar = 20 um. E Single-cell suspension obtained from the tissue
specimens, cultured for 5 days in the presence or absence of nivolumab, were evaluated by flow cytometry. Shown are the percentages of the
different T-cell populations as obtained with the gating strategy shown in supplementary Fig. 1. NR nonresponder, R responder.

together with Foxp3 indicate that CD3+ cells maintained the
distribution pattern and morphological characteristics of the
native tissue and showed an invasion into the tumor site after
nivolumab treatment. Foxp3+ T cells were observed in tumor
stroma as well as in tumor regions. However, different sizes of
lymphocytes were observed (Fig. 4C and D).

In order to obtain quantitative information, the tissues were also
disrupted and the obtained single-cell suspension was evaluated

Cell Death Discovery (2021)7:264

by flow cytometry. Out of seven experiments, we obtained two
tissues responding towards nivolumab treatment, one squamous
cell carcinoma and one adenocarcinoma. Five nonresponding
specimens (three adenocarcinomas and two squamous cell
carcinomas) were also evaluated by flow cytometry, with three
of them that did not show any alterations upon treatment and are
consequently not shown. In parallel to the histological differences
detected in the size of the immune infiltrate, one could
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Fig. 5 Multispectral imaging (MSI) analysis discriminates responding tissues. Tissue was stained with Ab against CD3, CD8, CD163, CD20,
Foxp3, and panCK and was evaluated by MSI. A Representative staining of the single antibody upon conversion of the multispectral image
into a pathological DAB-like view. B Three tissue pieces from the same patient were stained and evaluated for the percentages of the different
cell populations. € The frequency of the different immune populations as well as tumor cells within the tissue are shown for the responder
and nonresponder samples treated or not with nivolumab for 5 days. D, E The spatial organization of tumor cells and immune cells was
evaluated by calculating the frequency of cells having a cell from another phenotype within a 25 pm radius. Data are shown for relationship
involving panCK+ cells (D) or FoxP3+ cells (E).
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Fig. 6 NSCLaC tissue culture susceptibility to nivolumab correlates with patients’ clinical response. Tumor specimens from two patients, A
a clinical nonresponder and B a clinical responder, were treated ex vivo with nivolumab (Nivo). Cell proliferation was evaluated after 5 days.

*p < 0.005 Mann-Whitney test.

differentiate between a small lymphocyte fraction and a fraction
that displayed enhanced granularity and size within the forward
versus sideward scatter plot. The gating strategy is provided in
supplementary Fig. 1.

The cellular fractions of the flow cytometric analysis are shown
in Fig. 4E. The NSCLaC tissue (#15) responding to nivolumab
treatment showed a decreased CD3, CD4, and Th1 population,
while the Treg and Th2 populations were increased within the
small lymphocytes. On the contrary, there was an increase in the
CD3 and Th1 population within the big lymphocyte population as
well as in the Treg cells. The nonresponding NSCLaC tissue (#14)
revealed an increase in the CD3 population and a decrease in the
CD4 population within the small lymphocytes. In the big
lymphocyte gate, nivolumab treatment increased the population
of CD3+ cells up to 10% with a prevalent expansion of CD8, Treg,
and Th2 cells. The nonresponding sNSCLC tissue (#12) displayed
significant lower amounts of CD3 positive cells within the big
lymphocyte population (CTR: 30%; nivolumab: 26%) than in the
small lymphocyte fraction (CTR: 71%; nivolumab 64%). In both
lymphocyte fractions the CD4 population increased, while the CD8
population decreased. In addition, the small lymphocyte fraction
showed an increase of the Th17 population, while the Th1
population decreased. An increase of the CD4, Th1, and Th2
population as well as lower levels of CD8, Treg, and Th17 cells
were observed in the responding #11. The big lymphocyte
population showed only decreased numbers of Treg and Th17
cells. The 1gG4 conditions in #14 and #15 demonstrated only
minor adaptations compared to the control condition (data not
shown).

To further investigate the immunological response in adeno-
carcinoma tissues, multispectral imaging was conducted (Fig. 5).
Evaluation of three baseline slices from the same tumor under-
lined a good reproducibility of the technique as shown by almost
identical frequencies for the majority of the evaluated populations
(Fig. 5B). The NSCLaC specimens #14 (nonresponder) and #15
(responder) were quantitatively analyzed for the effects of
nivolumab treatment (Fig. 5C). The frequency of panCK+ tumor
cells was unaltered in the NR specimen, whereas it was reduced in
response to nivolumab in the responder #15. Regarding the
immune cells an expansion of B cells and CD4+ T cells in response
to nivolumab was found in both tissues, even if it was stronger in
the responder. CD8+ T cells as well as CD163+ macrophages were
slightly reduced in both cases, whereas the Treg population
showed an augmentation despite low absolute numbers of
FoxP3+ cells.

Evaluation of the reciprocal distribution of tumor and immune
cells upon nivolumab treatment highlighted major changes.
Whereas the nonresponding tissue (#14) did not display changes
in the relative distribution of T cells with respect to tumor cells, the
tumor cells have more Treg, CD4, or CD8 T cells in their proximity
(Fig. 5D) in the responding tissue #15. In contrast despite constant
numbers in the tissue, Treg were less frequently in the proximity

Cell Death Discovery (2021)7:264

of a tumor cell (Fig. 5D). In addition, in the responding patient less
Treg have other immune cells in their proximity, whereas Treg
were more close to them in the nonresponding tissue (Fig. 5E).
Thus, the spatial distribution of immune cells was influenced by
nivolumab treatment demonstrating a reorganization of the TME.

Clinical correlation

For two of the specimen the clinical outcome of patients after
30 months receiving nivolumab treatment was available and thus
could be compared to the ex vivo results (Fig. 6). The tissue from
one patient (Fig. 6A) did not respond to nivolumab treatment as
evaluated by unchanged proliferation of the tumor fraction, this
patient died 15 months after surgery. In contrast, the tissue from
another patient, shown in Fig. 6B, demonstrated a histological
reaction to nivolumab ex vivo with a loss of proliferating tumor
cells. This patient is still alive 30 months after surgery and
nivolumab treatment.

DISCUSSION

The biological variety of heterogeneous tumor populations and
the stromal cell composition as well as the diverse TME are
significant attributes of each individual cancer and with the rise of
possible applicable therapeutic approaches, stratification and
prognostic markers are needed to improve patients’ outcome.
Here, dose-dependency, individual response and clinical correla-
tion of an ex vivo tissue culture model, using chemotherapy and
an immune-checkpoint inhibitor against PD-1 show the potential
for clinical patient stratification.

The implemented culture of NSCLC tissue maintained the
cellular composition and architecture up to 12 days ex vivo. So far,
tissue cultures and explant cultures of various entities as well as
PDX models have been described in literature, reporting a well
maintained viability of tumor cells [9, 12, 18, 20-22]. Adjacent
tissue culture of NSCLC however was found to undergo major
reorganization as the stromal and the epithelial compartment
strongly proliferated. By applying cytotoxic and immune modulat-
ing drugs the effect of chemotherapy in adjacent tissue is not
comparable to conditions of an intact organ, but the adjacent
cultures clearly demonstrated the target of the respective drug
[23, 24].

Immune related adverse effects provoked by immunotherapy is
one of the major side effects and is not fully understood yet [25].
Antibody 1gG4 controls were immunohistochemically investigated
and revealed individual responses to IgG4 application. Although
human IgG4 isotype antibodies have overall reduced effector
functions, the status of fucosylation in cancer, however, might
interfere and rise adverse effects [26]. Since the tissue is very
limited, the relevance of IgG controls needs to be considered
dependent of the research question.

Here, we focused on the immunological reaction of tumor
infiltrating lymphocytes, as the TME regulate immune-checkpoint
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proteins, such as PD-1, CTLA-4, Tim-3, and Lag-3 [27]. Application
of the clinical relevant PD-1 inhibitor nivolumab reduced the
tumor vitality in 30% of the ex vivo specimens while about 20% is
clinically expected [7]. TME markers responsible for a pro- or
antitumor environment are for example hypoxia and soluble
factors as well as the cellular and extracellular components of the
tumor stroma [28-30]. Neoantigens or somatic mutational events
in malignant cells may trigger inflammatory responses leading to
local PD-L1 expression and are related with clinical susceptibility
and immune-checkpoint stratification [7, 31]. Still, clinical data
show that some PD-L1-negative patients also respond to PD-1
inhibitors [7]. In two tissue specimens low expression of PD-L1 was
related to tissue susceptibility; however, high expression did not
automatically correspond to tissue response. Further, the result of
two tissue specimens could be followed up by clinical correlation
after 30 months of first PD-1 inhibition and demonstrated the
predictive value of the tissue model.

Beside PD-L1 expression high levels of TILs are regarded as a
prognostic biomarker in NSCLC [29, 32]. The lymphocyte popula-
tion at the tumor site might be limited as the local expansion is
under discussion [25, 32]. The number of available T-lymphocytes
was accordingly increased by adding autologous lymphatic tissue
to the cultured NSCLC. However, the effect of PD-1 blockage did
not influence individual tissue susceptibility ex vivo. Tissue
lymphocytes are a highly clonal population that do not re-enter
the circulation, suggesting that the pre-existing TME shape
lymphocyte effectiveness [19, 27, 33].

To investigate the response of Tregs and cytotoxic T cells we
analysed the cultured specimens by flow cytometry. In whole
blood samples of tumor patients, PD-1 inhibition did induce a shift
towards a pro-inflammatory Th1/Th17 and showed a suppression
of Th2 response in prostate cancer and melanoma patients [34].
Reduced populations of Th17 cells were observed in the tissues
responding to PD-1 inhibition. The compensatory high Th1
population might, however, provide a reasonable explanation, as
it was shown that Th17 cells can transit from an IL-17 producing
cell to an IFN-y-producing cell called ex-Th17 cells [35]. Another
study found that IFN-y-mediated neuropilin1 (Nrp1) expression of
Tregs and Nrp1 deficiency correlates with susceptibility for PD-1
inhibition [36]. Yet, Treg analysis showed contrary alterations in
the responding tissues of NSCLaC and sNSCLC although Tregs
were found as prognostic marker for lung cancer [37]. Differ-
entiating between the size and granularity of lymphocytes as
abnormal lymphocyte shapes are often found in close proximity to
tumor cells, a higher Treg proportion could be observed. Further
evidence exists that Treg characteristics seem to determine tissue
response, not evaluated in the current study [36, 38].

The NSCLaC specimens were additionally investigated by
multispectral imaging (MSI), recapitulating tissue response. MSI
was also indicated as a suitable method to investigate explant
cultures and is highly effective to investigate tissue specimens
[15, 31, 39, 40]. A major B-cell expansion after PD-1 inhibition was
observed in the analysed responding tissue. B cells express PD-1
and have direct pro and antitumor activities [41-44]. However,
confirming our data, nonprogressing patients showed a humoral
immune response after immune-checkpoint inhibition [45, 46].
Further it could be shown that the spatial relation between
immune cells and tumor cells or Treg cells could discriminate the
responding tissue. It is suggested that the spatial relation and to a
lesser content the quantitative amount of immune cells is relevant
for susceptibility determination. In line with previous studies, we
found that CD8+ T cells were more in close relation to tumor cells
and less close to Tregs specifically in the tissue responding to PD-1
inhibition ex vivo [47, 48].

Taken together, standardized patient-derived tissue culture was
shown for the first time to enable detailed analysis of individual
adaptation to multiple biologicals. This model displays an
orchestrated interaction of all present mutations and influencing
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cellular components. Especially biological relevant T-cell adapta-
tions were found, confirming studies that investigated clinical
specimens of larger cohorts. This unique ex vivo approach allows
not only to determine clinical relevant responses but also to
investigate relevant questions regarding tumor susceptibility and
regulation.

MATERIALS AND METHODS

Specimens

Tumor specimens were obtained from patients treated at the university
hospital in Leipzig, Germany. A total of 15 NSCLC patients were included in
this study (supplementary Table 1), which was approved by the Ethics
Committee of the Medical Faculty, University of Leipzig (AZ 370-
1316122013, AZ 370-13-ff). All patients provided their informed written
consent to this study.

Preparation of tissue slice cultures

The preparation protocol was previously [12] described and applied with
some modifications. In brief, immediately after surgical resection and first
macroscopic pathological assessment, tumor samples were cut into slices
of 350 um using a tissue chopper (Mcllwain TC752; Campden Instruments,
Lafayette, USA). Tissue slice diameter was standardized by using a 3 mm
coring tool (kai Europe, Solingen, Germany). Three tissue slices were
randomly pooled, placed on membrane inserts (Millipore Corporation,
Billerica, USA) and cultivated in six-well plates. Slices were incubated under
standardized conditions of 37 °C and 5% CO,. Medium (phenol-free RPMI
1640 (Thermo Fisher scientific, Waltham, USA), supplemented with 1%
penicillin/streptomycin (Merck, Darmstadt, Germany; 10 000 U penicillin
/10 mg/ml streptomycin in 0.9% NaCl), 1% L-glutamine (Thermo Fisher
Scientific, 200 mM), 10% fetal calf serum (Thermo Fisher Scientific) was
changed every other day after preparation unless stated otherwise. Slices
were fixed overnight using 4% paraformaldehyde (PFA) at the day of
preparation (baseline) and after cultivation. Untreated cultivated slices
served as controls (CTR). In experiments using nivolumab, 1gG4 controls
were used when possible.

Experimental setup and treatment

Twenty four hours after tumor resection, the cultured slices were treated
with different drugs. First, slice cultures of six specimens were treated with
cisplatin (1, 10 uM) or paclitaxel (1, 10, and 100 nM) (medac GmbH,
Germany) for 72 h to investigate dose-response and individual suscept-
ibility. Ten micromolar of cisplatin and 100 nM of paclitaxel were selected
for further studies. Tumor specimen from 12 patients were treated with
3 ug/ml of Nivolumab (opdivo; Bristol Myers-Squibb, USA), the same
concentration currently used in murine as well as clinical settings. Drug
containing medium was prepared at the day of treatment and changed
every other day. Control conditions were cultivated as indicated above
without cytotoxic supplement and when possible with 1gG4 (cat.No. bgal-
mab114, invivogen, France) as an isotype control to Nivolumab.

Flow cytometry

A combination of mechanical and enzymatic dissociation protocol was
applied for the generation of singe cells from the tumor slices. Briefly,
cultures were minced with a surgical scalpel into small pieces of ~1-2 mm.
The tissue pieces were then incubated for 2 x 20 min with Liberase (Roche,
Swiss) at 37 °C and then poured over a 70 um mesh. Cells were washed
once with PBS 5 min at 400 x g, followed by incubation for 30 min with
fixable viability Dye eFluor 780 (LD), and an additional 20 min incubation
with the Fc-block. After a washing step fluorescence labelled antibodies
(anti-human CD3, UCHT1, PE-Cy7; anti-human CD4, RPA-T4, APC; anti-
human CDS8, HIT8a, FITC; combined with anti-human CD127, HIL-7R-M21,
PE and anti-human CD25, MA251, BV421, or with anti-human CD183/
CXCR3, 1C6, PE and anti-human CD196/CCR6, 11A9, BV421 all from BD)
were applied for 20 min to identify T-cell populations. The gating strategy
is shown in supplementary Fig. 1. Cells were kept on ice and in dark during
the staining process. Cells were measured and analysed using an LSR Il
flow cytometer. FACSDiVa 6.1.3 software was used for the measurement
and analysis. FlowJo v10.2 was used for documentation and analysis.
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Staining procedure and analysis

PFA (4%) fixed slices were embedded in paraffin and processed to 5 um
sections. Hematoxylin and eosin staining (HE) was performed to assess
histopathological aspects and tumor cell proportion. Overall cell count,
tumor cell count, and proliferation were analyzed by immunofluorescent
staining. In brief, after antigen retrieval sections were washed with 0.3%
PBS/TritonX and blocked with 5% normal goat serum (Sigma-Aldrich, USA)
for 30 min. Primary antibodies against cytokeratins (AE1+ 3, mouse;
BioGenex, USA), Ki67 (rabbit, DCS, Germany) and cleaved PARP (rabbit,
Abcam, UK), CD3 (rat, Serotec, USA), CD8 (mouse, Cell Signaling, USA), PD-
L1 (rabbit, Abcam), or FoxP3 (mouse, Invitrogen, USA) were diluted in 0.5%
BSA and incubated at 4 °C overnight. Sections were rinsed with 0.3% PBS/
TritonX and labeled with the secondary antibodies goat-anti-rabbit 568 or
647, goat-anti-mouse 568 or 647, goat-anti-rat 647 (Alexa Fluor, Invitrogen,
USA), respectively. Nuclei were stained with Hoechst 33342 (Aldrich).
Tumor-cell-containing areas were controlled in consecutive HE sections by
a pathologist using slide scans (Pannoramic SCAN and Pannoramic Viewer,
3D Histech, Budapest, Hungary) to investigate varying tumor cell
fractions (TF).

Multispectral imaging (MSI) was performed as previously described [49]
using following antibodies: CD20 (L26, Dako), CD8 (SP16, Abcam), Foxp3
(236 A/E7, Abcam), CD3 (SP7, Thermo Fischer), CD163 (MRQ-26, Cell
Marque), and pan cytokeratin (panCK, AE1/AE3, Dako). The Opal
fluorophores were acquired from Akoya biosciences (Marlborough, USA).
For analyses whole-tissue sections were acquired and analyzed with the
inform software (Akoya bioscience). The different cell populations were
determined as follow: tumor cells as panCK", macrophages as CD163™,
CD8 T cells as CD3" CD8™, Treg as CD3™ Foxp3™, CD4 T cells as CD3"
Foxp3"®? CD8"*Y, and B cells as CD20™. Cells with no specific staining are in
the “other” category.

Statistical analysis

The total cell count (Hoechst positive), tumor cell count (Hoechst and
cytokeratin positive), and proliferating tumor cell count (Hoechst,
cytokeratin and Ki67 positive) was acquired for every picture. Mean slice
values were then calculated to obtain the mean value for each condition
and are displayed in the figures. Either parametric or nonparametric
statistical tests were performed using GraphPad Prism 6 (GraphPad
Software, La Jolla, USA), depending of data size and distribution. P < 0.05
was considered significant.

DATA AVAILABILITY
All data generated or analysed during this study are included in this published article
and its supplementary information files.

REFERENCES

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394-424.

2. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R. Lung cancer: current therapies and
new targeted treatments. Lancet. 2017;389:299-311.

3. Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo N, Sunpaweravong P,
et al. Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J
Med. 2009;361:947-57.

4. Solomon BJ, Mok T, Kim DW, Wu YL, Nakagawa K, Mekhail T, Felip E, et al. First-
Line crizotinib versus chemotherapy in ALK -positive lung cancer. N Engl J Med.
2014;371:2167-77.

5. Kaiser J. Is genome-guided cancer treatment hyped? Science. 2018;360:365-365.

6. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell.
2010;140:883-99.

7. Hellmann MD, Paz-Ares L, Bernabe Caro R, Zurawski B, Kim SW, Carcereny Costa E,
et al. Nivolumab plus ipilimumab in advanced non-small-cell lung cancer. N Engl
J Med. 2019.

8. Carbone DP, Reck M, Paz-Ares L, Creelan B, Horn L, Steins M, et al. First-line
nivolumab in stage IV or recurrent non-small-cell lung cancer. N Engl J Med.
2017;376:2415-26.

9. Karekla E, Liao WJ, Sharp B, Pugh J, Reid H, Le Quesne J, et al. Ex vivo explant
cultures of non-small cell lung carcinoma enable evaluation of primary tumor
responses to anticancer therapy. Cancer Res. 2017;77:2029-39.

10. Gerlach MM, Merz F, Wichmann G, Kubick C, Wittekind C, Lordick F, et al. Slice
cultures from head and neck squamous cell carcinoma: a novel test system for
drug susceptibility and mechanisms of resistance. Br J Cancer. 2014;110:479-88.

Cell Death Discovery (2021)7:264

D. Junk et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

. MerzF, Gaunitz F, Dehghani F, Renner C, Meixensberger J, Gutenberg A, et al.

Organotypic slice cultures of human glioblastoma reveal different susceptibilities
to treatments. Neuro Oncol. 2013;15:670-81.

. Sonnichsen R, Hennig L, Blaschke V, Winter K, Korfer J, Hahnel S, et al. Individual

susceptibility analysis using patient-derived slice cultures of colorectal carcinoma.
Clin Colorectal Cancer. 2017.

. Koerfer J, Kallendrusch S, Merz F, Wittekind C, Kubick C, Kassahun WT, et al.

Organotypic slice cultures of human gastric and esophagogastric junction cancer.
Cancer Med. 2016;5:1444-53.

. Powley IR, Patel M, Miles G, Pringle H, Howells L, Thomas A, et al. Patient-derived

explants (PDEs) as a powerful preclinical platform for anti-cancer drug and bio-
marker discovery. Br J Cancer. 2020.

. Leithner K, Wohlkoenig C, Stacher E, Lindenmann J, Hofmann NA, Gallé B, et al.

Hypoxia increases membrane metallo-endopeptidase expression in a novel lung
cancer ex vivo model—role of tumor stroma cells. BMC Cancer. 2014;14:40.

. van Rijt SH, Boliikbas DA, Argyo C, Datz S, Lindner M, Eickelberg O, et al. Protease-

mediated release of chemotherapeutics from mesoporous silica nanoparticles to
ex vivo human and mouse lung tumors. ACS Nano. 2015;9:2377-89.

. Prill S, RebstockJ, Tennemann A, Korfer J, Sénnichsen R, Thieme R, et al. Tumor-

associated macrophages and individual chemo-susceptibility are influenced by
iron chelation in human slice cultures of gastric cancer. Oncotarget.
2019;10:4731-42.

. HuBBtegge M, Hoang NA, Rebstock J, Monecke A, Gockel I, Weimann A, et al. PD-

linhibition in patient derived tissue cultures of human gastric and gastro-
esophageal adenocarcinoma. Oncoimmunol. 2021;10:1960729.

. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji:

an open-source Methods.
2012;9:676-82.

Martin SZ, Wagner DC, Horner N, Horst D, Lang H, Tagscherer KE, et al. Ex vivo
tissue slice culture system to measure drug-response rates of hepatic metastatic
colorectal cancer. BMC Cancer. 2019;19:1030.

Bruna A, Rueda OM, Greenwood W, Batra AS, Callari M, Batra RN, et al. A biobank
of breast cancer explants with preserved intra-tumor heterogeneity to screen
anticancer compounds. Cell. 2016;167:260-74.e22.

Finnberg NK, Gokare P, Lev A, Grivennikov S, MacFarlane AW, Campbell KS, et al.
Application of 3D tumoroid systems to define immune and cytotoxic therapeutic
responses based on tumoroid and tissue slice culture molecular signatures.
Oncotarget. 2017;8:66747-57.

Wang L, Li X, Ren Y, Geng H, Zhang Q, Cao L, et al. Cancer-associated fibroblasts
contribute to cisplatin resistance by modulating anxa 3 in lung cancer cells.
Cancer Sci. 2019;110:1609-20.

Qin Z, Ren G, Yuan J, Chen H, Lu Y, Li N, et al. Systemic evaluation on the
pharmacokinetics of platinum-based anticancer drugs from animal to cell level:
based on total platinum and intact drugs. Front Pharmacol. 2020;10:1485.
Plitas G, Konopacki C, Wu K, Bos PD, Morrow M, Putintseva EV, et al. Regulatory
T cells exhibit distinct Features in human breast cancer. Immunity.
2016;45:1122-34.

Gong Q, Hazen M, Marshall B, Crowell SR, Ou Q, Wong AW, et al. Increased in vivo
effector function of human IgG4 isotype antibodies through afucosylation. mAbs.
2016;8:1098-106.

Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al. A tran-
scriptionally and functionally distinct PD-14+ CD8+ T cell pool with predictive
potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med.
2018;24:994-1004.

Reiser J, Banerjee A. Effector, memory, and dysfunctional CD8 * T cell fates in the
antitumor immune response. J Immunol Res. 2016;2016:1-14.

Ostroumov D, Fekete-Drimusz N, Saborowski M, Kithnel F, Woller N. CD4 and CD8
T lymphocyte interplay in controlling tumor growth. Cell Mol Life Sci.
2018;75:689-713.

Farina AR, Cappabianca L, Sebastiano M, Zelli V, Guadagni S, Mackay AR. Hypoxia-
induced alternative splicing: the 11th Hallmark of Cancer. J Exp Clin Cancer Res.
2020;39:110.

Gettinger SN, Choi J, Mani N, Sanmamed MF, Datar |, Sowell R, et al. A dormant
TIL phenotype defines non-small cell lung carcinomas sensitive to immune
checkpoint blockers. Nat Commun. 2018;9:3196.

Zheng C, Zheng L, Yoo JK, Guo H, Zhang Y, Guo X, et al. Landscape of infiltrating
T cells in liver cancer revealed by single-cell sequencing. Cell. 2017;169:1342-56.
el6.

Park SL, Zaid A, Hor JL, Christo SN, Prier JE, Davies B, et al. Local proliferation
maintains a stable pool of tissue-resident memory T cells after antiviral recall
responses. Nat Immunol. 2018;19:183-91.

Dulos J, Carven GJ, van Boxtel SJ, Evers S, Driessen-Engels LJ, Hobo W, et al. PD-1
blockade augments Th1 and Th17 and suppresses Th2 responses in peripheral
blood from patients with prostate and advanced melanoma cancer. J Immun-
other. 2012;35:169-78.

platform for biological-image analysis. Nat

SPRINGER NATURE



D. Junk et al.

10

35. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy K, et al.
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct
from the T helper type 1 and 2 lineages. Nat Immunol. 2005;6:1123-32.

36. Overacre-Delgoffe AE, Chikina M, Dadey RE, Yano H, Brunazzi EA, Shayan G, et al.
Interferon-y drives T reg fragility to promote anti-tumor immunity. Cell.
2017;169:1130-41.e11.

37. Jackute J, Zemaitis M, Pranys D, Sitkauskiene B, Miliauskas S, Bajoriunas V, et al.
The prognostic influence of tumor infiltrating Foxp3-+CD4+, CD4+ and CD8-+
T cells in resected non-small cell lung cancer. J Inflamm. 2015;12:63.

38. Tu L, Guan R, Yang H, Zhou Y, Hong W, Ma L, et al. Assessment of the expression
of the immune checkpoint molecules PD-1, CTLA4, TIM-3 and LAG-3 across dif-
ferent cancers in relation to treatment response, tumor-infiltrating immune cells
and survival. Int J Cancer. 2020;147:423-39.

39. Datar I, Sanmamed MF, Wang J, Henick BS, Choi J, Badri T, et al. Expression
analysis and significance of PD-1, LAG-3, and TIM-3 in human non-small cell lung
cancer using spatially resolved and multiparametric single-cell analysis. Clin
Cancer Res. 2019;25:4663-73.

40. Parra ER, Villalobos P, Behrens C, Jiang M, Pataer A, Swisher SG, et al. Effect of
neoadjuvant chemotherapy on the immune microenvironment in non-small cell
lung carcinomas as determined by multiplex immunofluorescence and image
analysis approaches. J Immunother Cancer. 2018;6:48.

41. Tao H, Lu L, Xia Y, Dai F, Wang Y, Bao Y, et al. Antitumor effector B cells directly kill
tumor cells via the Fas/FasL pathway and are regulated by IL-10: cellular immune
response. Eur J Immunol. 2015;45:999-1009.

42. Andreu P, Johansson M, Affara NI, Pucci F, Tan T, Junankar S, et al. FcRy activation
regulates inflammation-associated squamous carcinogenesis. Cancer Cell.
2010;17:121-34.

43. Li Q, Teitz-Tennenbaum S, Donald EJ, Li M, Chang AE. In vivo sensitized and
in vitro activated B cells mediate tumor regression in cancer adoptive immu-
notherapy. J Immunol. 2009;183:3195-203.

44. Ammirante M, Luo JL, Grivennikov S, Nedospasov S, Karin M. B-cell-derived lym-
photoxin promotes castration-resistant prostate cancer. Nature. 2010;464:302-5.

45. Thibult M, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L, et al.
PD-1 is a novel regulator of human B-cell activation. Int Immunol.
2013;25:129-37.

46. DeFalco J, Harbell M, Manning-Bog A, Baia G, Scholz A, Millare B, et al. Non-
progressing cancer patients have persistent B cell responses expressing shared
antibody paratopes that target public tumor antigens. Clin Immunol.
2018;187:37-45.

47. Feng Z, Bethmann D, Kappler M, Ballesteros-Merino C, Eckert A, Bell R, et al.
Multiparametric immune profiling in HPV- oral squamous cell cancer. JCI Insight.
2017;2:€93652.

48. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-1
blockade induces responses by inhibiting adaptive immune resistance. Nature.
2014;515:568-71.

49. Feng Z, Puri S, Moudgil T, Wood W, Hoyt CC, Wang C, et al. Multispectral imaging
of formalin-fixed tissue predicts ability to generate tumor-infiltrating lympho-
cytes from melanoma. J Immunother Cancer. 2015;3:47.

ACKNOWLEDGEMENTS

We thank Kathrin Jager and Andreas Losche for their technical assistance with the
flow cytometry. Further we would like to thank Anja Tennemann for her technical
assistance and help as well as Christof Kubick (Institute of Pathology, Leipzig,

SPRINGER NATURE

Germany) and Prof. Wickenhauser (Institute of Pathology, Halle, Germany) for
pathologic advice.

AUTHOR CONTRIBUTIONS

DJ: Conceptualization, Methodology, writing original draft preparation. SK: Con-
ceptualization, Tissue acquisition, writing original draft preparation. LH: Software. CM
Methodology, Reviewing and editing. JB: Tissue acquisition. YM: Tissue acquisition.
HN: Methodology. AM Methodology. FL: Reviewing and editing. UE: Reviewing and
editing. IB: Conceptualization, Methodology, Reviewing and editing. BS: Methodol-
ogy, Reviewing and editing. SK: Conceptualization, Software, Methodology, Writing
original draft preparation.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541420-021-00651-5.

Correspondence and requests for materials should be addressed to Sonja
Kallendrusch.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Cell Death Discovery (2021)7:264


https://doi.org/10.1038/s41420-021-00651-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Human tissue cultures of lung cancer predict patient susceptibility to immune-checkpoint inhibition
	Introduction
	Results
	Heterogeneity and morphologic preservation of lung cancer slice
	Effects of cytotoxic drugs on tumor cell proliferation
	Response to nivolumab is independent of lymphocyte supplementation in tumor tissue cultures
	Heterogeneous response of tumor tissues to therapy
	Unspecific effects of nivolumab by applying an IgG4 antibody
	Altered composition of the tumor microenvironment in response to nivolumab
	Clinical correlation

	Discussion
	Materials and methods
	Specimens
	Preparation of tissue slice cultures
	Experimental setup and treatment
	Flow cytometry
	Staining procedure and analysis
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




