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ABSTRACT

Biomarkers for cancer immunotherapy are an unmet medical need. The group of Daniela Thommen at the
NKI recently reported on novel methodologies based on short-term cultures of patient-derived tumor
fragments whose cytokine concentrations in the supernatants and activation markers on infiltrating T cells
were associated with clinical response to PD-1 blockade. We set up a similar culture technology with
tumor-derived fragments using mouse tumors transplanted into syngeneic immunocompetent mice to
test an agonist anti-CD137 mAb and its combinations with anti-PD-1 and/or anti-TGF-f. Increases in IFNy
concentrations in the tissue culture supernatants were detected upon in-culture activation with the anti-
CD137 and anti-PD-1 mAb combinations or concanavalin A as a positive control. No other cytokine from
a wide array was informative of stimulation with these mAbs. Interestingly, increases in Ki67 and other
activation markers were substantiated in lymphocytes from cell suspensions gathered at the end of 72 h
cultures. In mice bearing bilateral tumors in which one was excised prior to in vivo anti-CD137 + anti-PD-1
treatment to perform the fragment culture evaluation, no association was found between IFNy production
from the fragments and the in vivo therapeutic outcome in the non-resected contralateral tumors. The
experimental system permitted freezing and thawing of the fragments with similar functional outcomes.
Using a series of patient-derived tumor fragments from excised solid malignancies, we showed IFNy
production in a fraction of the studied cases, that was conserved in frozen/thawed fragments. The small
tumor fragment culture technique seems suitable to preclinically explore immunotherapy combinations.
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Introduction

Cancer immunotherapy advances mainly by means of deploy-
ing treatment combinations seeking synergistic effects."
Preclinical and early clinical exploration of such approaches
often poses problems of accuracy and predictability, therefore
requiring complementary sources of experimental evidence.’
One of the approaches that aims to solve these problems is
to mimic the interface between the tumor and the immune
system in tissue culture systems.* For instance, the group of
Emile Voest developed organoids in coculture with autologous
lymphocytes and was able to manifest signs of T-cell activation
following the addition of checkpoint inhibitors to the
cocultures.® More recently, the group of Daniela Thommen,
also at the NKI, developed short-term cultures of small patient-
derived tumor fragments embedded in collagen to study the
cytokine secretome in the supernatants and the activation of

tumor-infiltrating lymphocytes (TILs) by multicolor flow
cytometry.”® The latter technology has been applied to demon-
strate a potentially beneficial effect of anti-PD-1 therapy in
combination with COX2 inhibition’ or IL-2 addition to anti-
PD-1 plus anti-CTLA-4 agents."’

CD137 agonists constitute a promising tool for clinical
immunotherapy following extensive evidence of efficacy in
mouse models.'"'? At present, novel agents that target
CD137 activation in the tumor lesions, bypassing liver safety
issues, are under active development.'* These approaches
include combinations with PD-(L)1 blockade.'>'* Moreover,
bispecific antibodies targeting PD-L1 and CD137 are under
clinical development.'> Further combinations potentially
involving triplets or higher-order combinations'® show
evidence for exceptional synergistic efficacy against difficult-
to-treat mouse models.'”'® Hence, ex vivo models to study
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combined effects are of great interest in order to prioritize
combinatorial developments involving CD137 agonists.

In this paper, we report on establishing a straightforward
method of small tumor fragment cultures that can be stimu-
lated with combinations based on CD137 agonists, using
mouse and patient-derived excised tumors. IFNy production
released into the tissue culture supernatants was the most
reliable parameter to monitor relevant pharmacodynamic
effects in the cultures.

Materials and methods
Mice

C57BL/6] and Balb/c mice were purchased from Envigo RMS
Spain (Barcelona, Spain). Female mice were used at 6-9 weeks
of age and maintained under specific pathogen-free conditions.
Animal experiments were conducted in accordance with
Spanish laws and approval was obtained from the animal
experimentation committee of the University of Navarra
(reference: 059-21).

Tumor cell lines

MC38 and CT26 mouse colon carcinoma cell lines were kindly
gifted by Dr Karl E Hellstrom (University of Washington,
Seattle, Washington, USA) and by Mario Colombo (IRCCS
Istituto Nazionale dei Tumori, Milano, Lombardia, Italy),
respectively. Cells were grown in RPMI 1640 media +
GlutaMAX™ (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 50 uM 2-mercaptoetha-
nol, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C
with 5% CO,.

Patient-derived tumor fragments

Tumor samples from patients requiring standard-of-care sur-
gical resection were obtained from patients who signed
a written informed consent (protocol ID: INTRON 2017 ver-
sion 3.2, July 2018). Samples were collected between
January 2021 and January 2024 at the Clinica Universidad de
Navarra. A pathologist evaluated the surgical samples upon
arrival at the Pathology department and provided a portion
of the specimen for research use once routine pathology exam-
inations had been performed. Tumors were collected in
DMEM high glucose with GlutaMAX™ (Life Technologies)
supplemented with sodium pyruvate 1mmol/L (Life
Technologies), 1x MEM nonessential AA (Life Technologies),
2 mmol/L glutamine (Life Technologies), 1% penicillin - strep-
tomycin (Life Technologies), and 10% FBS (Sigma) and manu-
ally cut in 1 mm® pieces on ice.

For fresh tumor sample experiments, each tumor fragment
was placed in a well from 96x flat-bottom plates and overlaid in
250 uL of culture medium (see above) to which the assigned
experimental agents were added. For thawed tumor samples
experiments, 8-10 tumor fragments were cryopreserved in
2-ml cryotubes at —80°C in heat-inactivated 0.2 um filtered
fetal bovine serum (Sigma) containing 10% dimethyl sulfoxide
(DMSO; Sigma). Upon thawing, tumor fragments were

thoroughly washed in clean culture medium serially washing
them on a repeatedly rinsed 70-um cell strainer (Falcon).

Antibodies and other chemicals

Anti-mCD137 (3H3) (BE0239, BioXcell); Anti-mPD-1
(RMP1-14) (BE0146, BioXcell); Concanavalin A (C0412,
Sigma); Anti-mIL-4 (BE0045, BioXcell); Rat IgG (BE0094,
BioXcell); Anti-mouse TGF-p (1D11) (BE0057); Nivolumab
was produced, and quality controlled at Bristol-Myers Squibb
facilities (Opdivo® - a fully anti-human PD-1 IgG4); Urelumab
(BMS-663513 or anti-4-1BB antibody, Bristol-Myers Squibb);
Phytohemagglutinin (PHA; L1668, Sigma-Aldrich); PMA
(P1585, Sigma-Aldrich); Ionomycin (10634, Sigma-Aldrich).

Ex vivo cultures

For mouse experiments, each tumor fragment was seeded in
a 96x flat-bottom well and cultured in 250 pL of culture medium
(see above) in the presence of the experimental agents or corre-
sponding controls. Cultures were supplemented with 3H3 (anti
mouse-CD137) at a final concentration of 10 ug/mL, RMP1-14
(anti mouse-PD-1) at a final concentration of 10 pg/mL, 1D11
(anti human/mouse-TGF- f) at final concentration of 10 ug/mL
and/or their corresponding combinations and cultured placed at
37°C and 5% CO, for 72 hours. Culture medium was used as
a negative control. Concanavalin A (ConA) at a final concentra-
tion of 10 ug/mL was used as a positive control. We set 96-well
culture plates with 8-12 PDTFs per condition.

For experiments involving embedment of tumor fragments
in extracellular matrix (Matrigel + Collagen) we followed pre-
viously reported methods.”®

For human experiments, each tumor fragment was seeded
in a 96x flat-bottom well and cultured in 250 uL of culture
medium (see above) in the presence of the experimental agents
or corresponding controls. Cultures were supplemented with
urelumab (anti-human CD137) at a final concentration of
10 ug/mL, nivolumab (anti-human PD-1) at a final concentra-
tion of 10 ug/mL, 1D11 (anti-human/mouse pan-TGF-p) at
final concentration of 10 pg/mL and/or their corresponding
combinations and cultured at 37°C with 5% CO2 for
48 hours. Culture medium was used as a negative control.
Phytohemagglutinin (PHA) or Phorbol 12-myristate 13-
acetate (PMA) at 0,1 pg/mL plus ionomycin at a final concen-
tration of 1 ug/mL were used as positive controls. We used
96-well culture plates with 8-10 PDTFs per condition.

Following culture, supernatants were collected and stored at
—80°C until analyses of cytokine concentrations. Cell suspen-
sions from the cultured tumor fragments were then analyzed
by flow cytometry.

In vivo experiments

Six- to eight-week-old C57BL/6] and Balb/c mice were subcu-
taneously injected with syngeneic MC38 (5-10° cells/mouse) or
CT26 (5-10° cells/mouse) cells, respectively. Therapeutic anti-
bodies were intraperitoneally injected according to each
experimental design.'**'



Plasma samples were obtained from submandibular vein
punctures and collected in Eppendorf tubes containing 20 uL
of sodium heparin. Plasma samples were stored at —80°C until
subsequent analyses.

In bilateral tumor experiments, surgical resection of one of
the tumors was performed under anesthesia (intraperitoneal
administration of 40 uL of a saline solution containing 45% of
ketamine [Ketamidor® 100 mg/dl — Richter pharma] and 10%
of xylazine [Rompun® 20 mg/dl - Bayer]. The tumor was
excised with sterile surgical material. The skin wound was
closed with tissue adhesive (VetBond — 3 M). Tumor growth
(digital caliper) was measured twice per week. Animals which
developed clinical signs of distress or severe disease (=20%
weight loss, hunched posture, reduced mobility, fur loss,
tachypnea) were sacrificed according to the protocol approved
by the ethics committee.

ELISA assays

Mouse IFNYy in the culture supernatants and in plasma samples
was measured with a BD OptEIA™ mouse IFN-y (AN-18)
ELISA Set following manufacturer’s instructions. Human
IFNy in the culture supernatants and plasma samples was
measured with a BD OptEIA™ human IFN-y ELISA Set follow-
ing manufacturer’s instructions. Mouse TGF-P1 in the culture
supernatant and plasma was measured with a Duoset® ELISA
Set (R&D Systems) following manufacturer’s instructions that
required samples to be activated by acidification to transform
TGEF-B1 from the latent to the immunoreactive form.

Multiplex cytokine assays

Mouse multiplex cytokine assessments (ProcartaPlex'™
Luminex platform - ThermoFisher) were performed with
a customized panel of cytokines following the manufacturer’s
instructions. Supernatants of wells with the same experimental
conditions were pooled for these analyses.

Flow cytometry

Tumor fragments were digested with 400 U/mL collagenase
D and 50 ug/mL DNase-I (Roche) for 20 minutes at 37°C.
Tissue digestion was stopped by adding 3 pL of 0.5M EDTA
(Invitrogen) to each well. Single-cell suspensions were
obtained by passing samples through 70 um cell strainers
(Falcon).

FcRs in cell suspensions were blocked with 10 mg/mL of
beriglobin (CSL Behring, Marburg, Germany) or TruStain
FcX™ PLUS (anti-mouse CD16/32) Antibody (Biolegend),
respectively, in those of human or mouse origin (10 min-
utes at 4 °C). Samples were surface stained with the follow-
ing  fluorochrome-labeled antibodies in  suitable
combinations: anti-mouse CD3 PerCP-eFluor™ 710
(clone:17A2) (46-0032-82,eBioscience); anti-mouse CD4
BV605 (clone: GK1.5), (100451, Biolegend); anti-mouse
CD8 BV510 (clone: 53-6.7), (100752, Biolegend); anti-
mouse CDI11b BV650 (clone M1/70), (101259,
Biolegend); anti-mouse CD19 BV650 (clone: 6D5),
(115541, Biolegend); anti-mouse CD25 BV421 (clone:
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PC61), (102043, Biolegend); anti-mouse CD137 (clone:
17B5), (106106, Biolegend) and anti-mouse CD45 PE/
Cyanine7 (clone: 30-F11) (103114 Biolegend). True-
Nuclear™ Transcription Factor Buffer Set (424401,
Biolegend) was used for intracellular staining. Cells were
intracellularly stained with mouse anti-Ki67 AF488 (clone:
B56), (558616, BD Biosciences); FoxP3 (clone: FJK-16s),
(45-5773-82, eBioscience™) and anti-human/mouse
Granzyme-B AF647 (clone: 6B11), (515406, Biolegend).

Human cell suspensions that had been preincubated with 10
mg/mL of beriglobin (CSL Behring, Marburg, Germany) were
surface or intracellularly stained with the following fluoro-
chrome-labeled antibodies: anti-human CD3 PCPCy5.5 (clone:
UCHT1), (300430, Biolegend); anti-human CD4 PCPCy5.5
(clone: OKT4), (317428, Biolegend); anti-human CD4 BV605
(clone: RTA-T4), (562659, Biolegend); anti-human CD8 BV510
(clone: SK1), (344732, Biolegend); anti-human CD11b BV650
(clone: ICRF44), (301336, Biolegend); CD19 BV650 (clone:
HIB19), (302238, Biolegend); anti-human CD25 BV421 (clone:
BC96), (302238, Biolegend) and anti-human CD45 PECy7
(clone: HI30), (304016, Biolegend); anti-human CD45 BUV395
(clone: HI30), (563792, BD Bioscience). True-Nuclear™
Transcription Factor Buffer Set (424401, Biolegend) was used
for intracellular staining. Cells were intracellularly stained with
anti-human Ki67 AF488 (clone: Ki-67), (350508, Biolegend);
anti-human Granzyme-B PE (clone: GB11), (561142,
Biolegend) and anti-human/mouse Granzyme-B AF647 (clone:
6B11), (515406, Biolegend). For cell permeabilization, the
eBioscience™ FoxP3/Transcription Factor Staining Buffer Set
(Invitrogen) was used following the manufacturer’s instructions.

Cell viability for gating was determined with Zombie-NIR
Dye (BioLegend). The Cytoflex-S and Cytoflex-LX cytometers
(Beckman Coulter) were used for data acquisition and the
CytExpert v2.5 and FlowJo softwares were used for data
analysis.

Confocal microscopy assessment of CD137 internalization

To perform confocal microscopy for CD137 subcellular locali-
zation in lymphocytes infiltrating tumor fragments, anti-CD137
mAb (3H3) and irrelevant RatIgG were labeled with Alexa Fluor
647 using the (Alexa Fluor™ 647 Protein Labeling Kit,
Invitrogen™) according to the manufacturer’s instructions.
Tumor fragments were cultured for 4 hours in the presence of
Alexa Fluor647-anti CD137 or Alexa Fluor647-RatIgG. Then,
fragments were recovered, washed six times in RPMI, disaggre-
gated as previously described and the leukocytes were isolated
using a Percoll™ gradient (Cytiva; 35%). Then cells were stained
in FACS buffer for 10 minutes at 4°C with anti-CD8-PE
(100708, Biolegend), and Hoechst 33342 to identify and exclude
dead cells (1:1000 dilution, Thermo). The samples were washed
twice and plated in 2% low melting agarose on 18 flat-well micro
slides (IBIDI). As a control for non-internalization, fragments
were cultured for 4 hours in the presence of Concanavalin A
(I mg/mL, Sigma-Aldrich), leukocytes were isolated as above
and surface-stained with 3H3-Alexa Fluor 647 along with anti-
CD8-PE and Hoechst 33342 in FACS buffer for 10 min at 4°C to
avoid internalization at that step.
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Images were taken using an 800 LSM confocal microscope
(Zeiss) and analyzed using IMARIS 9 (Oxford Instruments) by
defining a mask for both CD137 signal and CD8 signal. The
percentage of overlap between both masks using the surface
segmentation tool was calculated by the software.

Statistical analysis

Statistical analyses were performed with the Prism 8.0.2 version
software (GraphPad). Continuous unpaired variables were
analyzed with the Mann-Whitney test. Survival was reported
following the Kaplan-Meier method and analyzed between
groups with log-rank (Mantel-Cox) tests. Correlations between
continuous variables were calculated with the non-parametric
Spearman test and linear regression lines were represented on
correlation graphs. A two-tailed p <.05 was considered statis-
tically significant. Tumor growth differences were analyzed by
two-way ANOVA tests. When differences were statistically
significant, the significance is represented with asterisks (*): *
for a p value <.05, ** for a p value < .01, *** for a p value < .001,
*** for a p value < .0001. Statistical differences with the corre-
sponding positive controls are not shown in figures for reasons
of simplicity. Error bars indicate the standard error of the mean
(SEM) unless otherwise indicated in figure legends.

Results

Cultured mouse tumor fragments respond to
combinations of anti-CD137 and anti-PD-1 mAbs releasing
IFNy into the supernatants

To develop experimental tools to study immunotherapy com-
binations, we started culture experiments with ~1 mm? tumor
fragments excised from MC38 and CT26 established tumors as
represented in Figure la. Single fragments per tissue culture
well were seeded in culture wells without extracellular matrix
and supernatants and fragments collected at 72 h. This techni-
que permitted us to incubate a series of fragments with differ-
ent agents that aimed to replicate the stimulation of tumor-
residing T lymphocytes at the time of surgical excision. Such
activation was monitored by studying IFNy secretion into the
tissue culture supernatants and performing multicolor flow
cytometry on single-cell suspensions from pooled fragments
from each tumor (Figure la).

As can be seen in Figures 1b,c, the addition of anti-PD-1
and anti-CD137 mAbs in combination to the cultured tumor
fragments from MC38 and CT26-derived tumors resulted in
significant increases of IFNy concentrations in the superna-
tants that were comparable with the positive control (conca-
navalin A). Furthermore, we could observe viable CD4" and
CD8" T lymphocytes in the corresponding cell suspensions
following the 72 h culture period (Figure 1d), that preserved
the proportions of effector CD8" and CD4" cells with only
a mild relative increase of CD4"FoxP3" Tregs (Figure S1). In
this setting, anti-CD137 and anti-PD-1 mAbs resulted in
increased proportions of CD4" and CD8" T cells bearing the
proliferation marker Ki67 (Figure 1d).

However, when we attempted to use CD137 as a marker of
T-cell activation, we routinely observed a clear reduction of the

intensity of surface staining (Figures 1d and S2a). Experiments
in Supplementary Figure S2 confirmed such phenomenon in
CD4" and CD8" T cells from the tumor fragments. This obser-
vation is not attributable to epitope competition between the
anti-CD137 mAbs used for stimulation and detection since
they do not cross-compete.*?

As previously reported,” internalization was a likely
cause to explain reduced surface staining. Indeed, surface
CD137 staining as compared to intracellular staining sup-
ported such an explanation (Figure S2b). Moreover, when
confocal microscopy was performed on tumor-infiltrating
lymphocytes (TILs) from MC38 tumors exposed to the
AF647-labeled CD137 agonist (3H3) mADbD, clear endosomal
internalization patterns were observed that could be quan-
tified as CD137 immunostaining not colocalizing with CD8
on the cell surface (Figure S2c).

We then used similar tumor-derived cultures (Figure S3a)
to determine if there were other cytokines released to the
supernatants which could indicate TIL activation. Of note,
only IFNy yielded consistent results among the broad array
of cytokines tested using a multiplexed ELISA panel (Figure
S3b and c), that only showed minor changes in other cyto-
kines in response to the anti-PD-1 plus anti-CD137 combi-
nation (Figure S3c).

Prior to the establishment of extracellular matrix-free cultures,
we compared the influence of the embedment of fragments in
extracellular matrix, as previously reported,”® to check its influ-
ence on relevant identified readouts. The addition of the extra-
cellular matrix, as previously described,”® tended to reduce the
leukocyte efflux from fragments, although a radial migration of
cells was observed after 72 hours of culture also in a fraction of
matrix-embedded fragments (Figure S4a). Regarding activity
readouts, matrix-embedded fragments secreted less IFNy to the
supernatant in the unstimulated conditions (Figure S4b), while
viability of the TILs retrieved from cultured fragments and CD137
internalization upon exposure to the agonistic antibody were
similar in both culture conditions (Figure S4c-e). The effect of
anti-CD137 + anti-PD1 mAbs was preserved in cultures with and
without artificial extracellular matrix embedment (Figure S4b-e).

Fresh and frozen/thawed mouse tumor-derived fragments
permitted culture experiments providing similar results

From the point of view of experimental logistics and experi-
mental reproducibility, the feasibility of freezing the tissue frag-
ments for subsequent experiments is considered an advantage.
For this purpose, we froze several cryotubes of MC38- and
CT26-derived tumor fragments in freezing medium that were
stored at —196°C for several weeks and compared results with
respect to the testing of freshly processed specimens (Figure 2a).

Comparisons as those shown in Figure 2b,c upon stimula-
tion with anti-PD-1 and anti-CD137 of the fragments indicated
that thawed fragments yielded a comparable release of IFNy
into the supernatants in 72 h cultures. Moreover, flow cytome-
try analyses on fragment-derived cell suspensions showed
some level of Ki67 induction and internalization of CD137
(Figure 2d) upon culture with the monoclonal antibody com-
binations under scrutiny.
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Figure 1. Tumor-infiltrating lymphocytes in cultured tumor fragments from established mouse tumors are activated by anti-PD-1 plus anti-CD137 mAb combinations. a)
Experimental schematic representation of tumor fragment cultures in 96x well plates, seeding one fragment per well and culturing for 72 h to retrieve supernatants and
prepare cell suspensions. b and ¢) IFNy concentrations in the supernatants following cultures of MC38 (b) and CT26 (c) fragments stimulated with the indicated
antibodies or concanavalin A as a positive control. Dots represent single wells and colors individual mice. d) Flow cytometry dot-plots showing a representative case of
MC38-derived cell suspensions in which live CD4* and CD8* cells can be observed and electronically gated by FACS (upper panels). Lower panels show percentages of
Ki67* CD8* and CD4" cells and percentages of CD137" cells by surface staining from the different conditions tested. For these flow cytometry experiments, cell
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Testing tumor-derived fragments to predict outcome and

and combinations. To explore the predictive capacity in
explore suitable additional targets to improve results P P pactty

mouse models, we set up experiments in mice engrafted
Conceivably, the maximal value of these ex-vivo experimental  bilaterally with MC38 tumors. In these experiments, schema-
procedures would come from their potential to reliably pre- tically represented in Figure 3a, one of the tumors was
dict the outcome of immunotherapy and to test novel agents surgically excised to derive fragment cultures, while the
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Figure 3. IFNy release into the supernatant does not predict the therapeutic response to anti-PD1 plus anti-CD137 mAb treatment in vivo. a) Experiments in which mice
bearing bilateral MC38-derived tumors were subjected to unilateral tumorectomy and subsequently treated with control mAb or the anti-PD-1 plus anti-CD137
combination. Excised and fragmented tumors were subjected to culture. b) Individual tumor follow-up classifying tumors as responding or not to treatment. c) IFNy
concentrations in the supernatants of the fragments stimulated ex vivo comparing responding and non-responding contralateral tumors in the mice. d) Serum
concentrations of IFNy at day 18, comparing in-vivo responding and non-responding tumors. e) Results from a multiplex array measuring 12 cytokines in the pooled
supernatants of the fragments cultured in the presence of the indicated stimuli. Error bars in (e) indicate standard deviations. R: Responder. NR: non-responder.

other one was left in place to monitor its outcome. Mice which allowed the mice to be classified as responders or non-
would subsequently receive an anti-PD-1 plus anti-CD137 or  responders to the treatment.

control mAb courses (Figure 3a). Results in Figure 3b show As Figure 3c shows, anti-CD137 plus anti-PD-1 mAb ex
the individual follow-up of the sizes of the remaining tumor, vivo treatment of the fragments gave similar levels of IFNy that
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were measurable in the tissue culture supernatants regardless
of the actual outcome of the contralateral tumor, as followed in
each mouse. However, when circulating IFNy concentrations
from such mice were evaluated on day 18 of the experiment,
there was a tendency to an association with the in vivo response
of the tumors in each mouse (Figure 3d).

In these tissue culture supernatants, we sought to identify
some other soluble mediators that could better predict
response. The only candidate that emerged was a tendency
toward higher values of interleukin-4 (IL-4) from the frag-
ments of mice whose contralateral tumor eventually progressed
(Figure 3e). Based on these increases of IL-4 and in light of

recent studies showing that IL-4 neutralization in mice is
beneficial for the outcome of checkpoint immunotherapy,**
we tested whether IL-4 neutralization would add any efficacy
to the anti-PD-1 plus anti-CD137 doublet. To address this
point, cotreatment experiments were set up as described in
Figure S5a. However, survival (Figure S5b) and tumor size
follow-up (Figure S5c) indicated only a marginal benefit of
the triple combination including IL-4 neutralization.

Another candidate to interfere with tumor immunity is
TGF-B as extensively described in the literature.”> **
Therefore, we studied whether neutralization of TGF-f1-3
would show enhanced activation of TILs in the fragments

a
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Figure 4. TGF-B blockade enhances the activation of TILs in the fragments as induced by anti-CD137 in combination with anti-PD-1 plus anti-CD137 agents. a) Scheme
of the experiments in which fragments were cultured under the indicated conditions using the 1D11 antibody to neutralize TGF-B. b) Levels of TGF-B as detectable in
the supernatants of the tumor-derived fragments in culture (left) that correlate positively with IFNy concentrations in pooled supernatants from the same mice (right). c)
Levels of IFNy in the supernatants of the fragments cultured under the indicated color-coded conditions. d) (Left panel) Mean fluorescence intensity of Ki67 as a marker
of CD8" cell proliferation in gated permeabilized cell suspensions of the fragments cultured under the indicated color-coded conditions. (Right panel) Percentage of
granzyme B* cells among CD8" T cells in the fragments at the end of the culture under the indicated color-coded conditions. MDTFs: mouse-derived tumor fragments.

MFI: mean fluorescence intensity.



in experiments as those outlined in Figure 4a. Indeed, as
can be seen in Figure 4b (left panel), fragments secreted
detectable concentrations of TGF-p that were not signifi-
cantly modified by anti-PD-1 plus anti-CD137 mAbs.
Interestingly, the higher the IFNy levels, the higher were
the levels of TGF-B (Figure 4b, right panel). This suggests
that TGF-B is an actionable compensatory mechanism.
However, in terms of IFNy secretion into the supernatants,
we only found a tendency toward higher levels upon TGF-f
co-neutralization (Figure 4c). Moreover, when analyzing
the activation of CD8" T cells in cell suspensions after
culture of the fragments, more pronounced inductions of
Ki67 and granzyme B were observed with the triplet con-
taining TGF-p neutralization (Figure 4d).

Cultured patient-derived tumor fragments variably
responded to urelumab plus nivolumab combinations

The potential showed by mouse-derived cultured tumor frag-
ments to reveal the activity of a combination of immunother-
apy agents would be of interest mainly if it allowed the
interrogation of equivalent human tumor samples. We had
access to a series of surgical specimens of endometrial, ovarian,
and renal tumors following routine pathology diagnostic hand-
ling (Table S1).

Patient-derived tumor fragments were cultured similarly to
the mouse counterparts, again omitting the extracellular
matrix embedding of the fragments for reasons of simplicity.
In the case of human samples, we tested the combination of
nivolumab (anti-PD-1) with urelumab (agonist anti-CD137
mADb)*® as schematized in Figure 5a.

Figure 5b shows four cases in which the nivolumab plus
urelumab combination led some of the fragments to release
measurable levels of IFNy into the supernatant and three
cases in which no such activity could be detected, even if
the PMA plus ionomycin positive control almost invariably
induced IFNy.

Of importance, the fragments retrieved following 48 h cul-
tures contained viable CD8" and CD4" T cells as assessed by
flow cytometry on single-cell suspensions (Figure 5c).
Moreover, in one of the cases of endometrial carcinoma,
more Ki67" proliferating T cells were observed in the nivolu-
mab plus urelumab stimulated cultures, as compared to the
negative control (Figure 5d).

We next verified that T cells and IFNy secretion activity
were preserved following freezing and thawing of the frag-
mented samples (Figure S6a). Indeed, viable T lymphocytes
were recovered from the fragments in which surface CD25
and intracellular Ki67 and granzyme B could be immunos-
tained as shown in a representative case (Figure S6b) both
in CD4" and CD8" lymphocytes. In a case of ovarian
carcinoma, we observed that the anti-TGF-f (1D11 mADb)
and the anti-TGF-P plus nivolumab plus urelumab triple
combination readily increased the activation of T cells from
the frozen/thawed fragments (Figure S6¢). Moreover, the
induction of IFNy release into the supernatant as induced
by the triple combination was preserved following freezing/
thawing of the fragments prior to culture (Figure S6d).
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Triple combinations encompassing anti-CD137 plus anti-
PD-1 plus anti-TGF-f tested on frozen/thawed and fresh
cultured patient-derived tumor fragments

Once the freezing and thawing procedure was shown to be
compatible with the intended experimentation, we tested six
additional cases upon culture with nivolumab plus urelumab
plus an anti-TGF-p mAb in a triple combination (Figure 6a),
that our experiments in mice suggested to be synergistic.”® We
were able to substantiate some enhanced production of IFNy
into the supernatant in four of the 48 h cultures, while the other
two gave no signal (Figure 6b). These results indicate that at
least to some extent and in some cases combinations of experi-
mental immunotherapy agents can be tested ex vivo for signs of
immune cell activation in cancer tissues derived from diseases
whose immunotherapy treatment outcomes are suboptimal at
the present point of time.

Discussion

This work set out to explore the possibility of ex-vivo testing
immunotherapy combinations in small fragments derived
from freshly excised tumor tissue. For this purpose, we focused
on the combinations of anti-CD137 (4-1BB) agonists with PD-
1 blocking agents. Such a combination is of interest following
excellent results in preclinical models'® and promising efficacy
in the clinic.'>*

For proof of concept, we used mouse models in which the
combination attains complete or partial efficacy to eradicate
established tumors. Fragments from these murine engrafted
tumors did show signs of increased production of IFNy from
tumor-infiltrating T lymphocytes in the treated mice.
Importantly, we were able to retrieve cell suspensions contain-
ing viable T lymphocytes at the end of 72 h cultures on which
flow cytometry assessments could be made.

The parameter that reproducibly could be measured in such
murine tumor-derived fragments upon culture with immunos-
timulating antibodies was IFNYy, a cytokine that is increasingly
recognized as one of the key mediators of anticancer
immunity’"** and one of the most responsive cytokines upon
anti-PD-1 monotherapy exposure ex vivo.” Having said this,
the system shows heterogeneity in the IFNy response among
mice and among fragments. Such heterogeneity on the ~1 mm”
fragments probably reflects an uneven spatial distribution of
immune cells within fragments.”>® Tissue digestion might
allow more homogeneous tumor-derived spheroids® to be
obtained at the expense of disrupting the tumor architecture
that might be important for some heterologous immune-tumor
cell interactions.

It is tempting to speculate that the most informative para-
meter perhaps is not the average of IFNy released into the
supernatant by each fragment but that achieved by top-
scoring fragments of those tested. Further research should
establish the optimal way to gain valuable translational
information.

In light of the mouse experiments, we considered two inter-
esting paths forward: (i) perhaps we could use the system to
predict antitumor activity and (ii) perhaps we could identify
other targets that, if concurrently or sequentially acted upon,



10 . EGUREN-SANTAMARIA ET AL.

Tumor Fragmentation
1mm?

48 hours at 372C

Unstimulated [ A@®®®®@@@@QCQO0)

[ | Urelumab+Nivolumab | 8 ®®®®®®®® OO0 Supernatants mep PNV
Positive Control C%%@@%%@@g 08 analyses
. o QOO
————————
T o s® Helelej0/0/ee/e/0/0'e’e .
f F
S Nt
Surgery and Tumor H OOOOOOOOOOOO analyses
collection
b
END23 ENDS OVA14 END34
5000 . 500 4000 1000
2500 i 7Y 1500 23280 750]
-l 5 i 90 L —
E 400 80
g 1000 200 &
-3
™ 200 40
= 500
100 20
o o 0
REN24 OVA25 REN22
1500
1000
” i
E =3 Unstimulated
B =3 Ure+Nivo
a
= =3 Positive Control
£
=
c Pre-culture Post-culture d
®
v CDA45"Live cells CDA45"Live cells END23
8.
3 50+ 40
- 2 2
=3 D D
23 Az 49 1 304
® [=] [=]
O 304 ()
N ] £ £ 20
R - - B o S
X 0 104 10° 4100 0 100 10*  10°  10° & 204 o
Death marker Death marker % E 104
& 107 4
. ey ES B
al. cD8 _ 0. - 0. - -
¥ o
o\"@ & 0&@ o\°\° & o““o
©] - & .p(' N 400
] ) <& 0"& N oé\\‘
0 10° 10t o-u

Figure 5. Human tumor-derived cultured fragments in response to nivolumab (anti-PD-1) plus urelumab (anti-CD137 agonist). a) Representation of the experiments
with a series of surgical samples of endometrial, ovarian, and renal tumors (Table S1). PMA plus ionomycin was used as a positive control. b) Concentrations of IFNy in
the indicated individual fragments are represented by dots and grouped according to each experimental condition. c) Flow cytometry dot-plots indicating the recovery
of viable CD4* and CD8" T lymphocytes following 48 h ex-vivo cultures of the fragments. d) Percentage of Ki67* cells on gated CD4™ and CD8* lymphocytes from the
fragments of an IFNy-responsive endometrial carcinoma case (END23). Nivo: nivolumab. Ure: urelumab. PDTFs: patient-derived tumor fragments.

will enhance the performance of the fragments in the cultures
suggesting potential therapeutic synergies.

First, we set up bilateral tumors in the to-be-treated mice in
which only one of the tumors was excised to analyze the ex-vivo
response of its fragments to the immunostimulating antibodies

and the other one was left in place for the in-vivo response
evaluation to the subsequent treatment with the same antibo-
dies. To our surprise, the correlation of IFNy production from
the fragments and tumor shrinkage in the MC38 tumor model
was weak or non-existant. Many factors could account for this,
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tumor fragments.

since the cultures do not replicate many of the in-vivo tissue
conditions such as the critical role of cross-priming of CD8+
T cells by dendritic cells conceivably taking place in lymph
nodes.> Second, upon testing of an array of soluble mediators
released into the supernatant, IL-4 was identified as being
differentially produced by responding and non-responding
cases. Given that IL-4 neutralization reportedly potentiates
checkpoint inhibitors,** we tested the triple anti-PD-1 plus
anti-CD137 plus anti-mouse IL-4 combination against estab-
lished MC38 tumors, but only a marginal improvement was
attained in terms of antitumor responses. We also tested anti-
TGF-p, that in our hands and elsewhere in the literature is
synergistic with checkpoint inhibitors*>***® and indeed could
be detected in the tumor-fragment supernatants. In our

settings, we were able to observe similar increased levels of
IFNy upon adding TGF-f neutralization to anti-PD-1 plus
anti-CD137 treatment. The mouse models also permitted the
validation of freezing and thawing procedures that were con-
sidered crucial to translate the strategy to human samples.

In the experimentation with human-derived fragments, we
followed in the footsteps of D. Thommen’s group at the NKIL.”*
However, we did not include the fragments in collagen since
mouse and human preliminary experiments did not show any
meaningful differences in cytokine and flow cytometry read-
outs. We considered that we could reasonably simplify the
culture technique without significantly influencing results pro-
vided the supernatant was carefully collected to prevent drag-
ging the immune-rich cellular component that typically spills
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from tumor fragments®>°

cytometry analysis.

Other authors use ex-vivo cultures of thin sections of
tumor tissue prepared with a vibratome.”” This constitutes
an alternative but is technically more demanding. Another
alternative but also technically more challenging approach
are tumor-derived organoids, where pharmacodynamic
changes induced by anti-PD-1 treatment have been described

in mouse and patient-derived three-dimensional
4,38,39

and thereby preserve it for flow

cultures.

In human samples, we observed remarkable levels of inter-
and intra-patient heterogeneity, but importantly some levels of
induction of IFNy upon culture with the combination of nivo-
lumab plus urelumab could be observed in a proportion of
cases. Other authors have employed a similar method to test
checkpoint inhibitors in combination with IL-2'" or COX2
inhibitors.” Our results are suggestive of the fact that, in
humans, anti-PD-1 plus anti-CD137 doublets and anti-PD-1
plus anti-CD137 plus anti-TGF-f1 triplets could be active in
a proportion of low- to moderately immunogenic tumors. In
the clinic, galunisertib, a small-molecule TGFB-RI inhibitor,
has been tested combined with chemotherapy and anti-PD-(L)
1 agents, but results have been discouraging both in immuno-
logically cold and responsive tumors.**"** Bintrafusp alfa, an
innovative bifunctional protein composed of a monoclonal
antibody against PD-L1 fused to the extracellular domain of
TGF-PBRII, showed preliminary efficacy in a phase 1 clinical
trial,** but not in larger clinical trials.***> This advocates for
potential combinations with CD137 agonists. Overall, data
highlight that a better understanding of the TGF-p pathway
in the TME is required to identify patients that might benefit
from its blockade. Ex vivo tumor fragment cultures, with
a preserved tumor architecture, could aid as biomarkers for
the identification of responders in the future.

Regarding CD137 agonism, novel drug designs intended to
overcome the dose-limiting liver toxicity of monoclonal anti-
bodies by selectively targeting the TME are successfully com-
pleting early clinical trials.'” The efficacy of CD137 agonism on
TILs isolated from human cancer samples has already been
described by the induction of effector molecules by CD8"
TILs.***” In addition, CD137-stimulated TILs during culture
have been studied in a small pilot clinical trial.*®

One of the important limitations of ex vivo cultures is that
their use is limited to a short time frame. In addition, it is
obvious that tumor fragments are not exposed to the contin-
uous arrival of new immune cells from peripheral blood as they
are in vivo. This might be a limitation considering the accu-
mulating evidence that suggests that ICB might act preventing
exhaustion on newly arriving TILs rather than reverting term-
inal exhaustion in tumor-resident T cells.*” Nevertheless, the
concordance reported between ex vivo pharmacodynamic
scores and clinical responses to anti-PD-1 therapy suggests
that the TME contains the components required to initiate
a short-term immune response induced by anti-PD-1 agents.”

The fact that patient-derived tumor fragments can be frozen
and thawed offers the opportunity to repeatedly test informa-
tive cases with different treatments and combinations. In this
way, relatively simple procedures can be implemented to
gather clinically relevant translational information from

mouse models to human samples. The experimental system
conveys useful information, with limitations, for the develop-
ment of more active immunotherapy combinations encom-
passing doublets and beyond.

List of abbreviations

ConA concanavalin A.

COX2 Cyclooxygenase-2.

CTLA-4 cytotoxic T-Lymphocyte antigen 4.
DMSO  dimethylsulfoxide.

EDTA ethylenediamine tetraacetic acid.
ELISA enzyme-linked immunosorbent assay.
FACS fluorescence-activated cell sorting.
FcR Fc receptor.

IFNy interferon gamma.

IL-2 interleukin 2.

IL-4 interleukin 4.

MFI mean fluorescence intensity.

NKI National Cancer Institute (Netherlands).
PD-1 programed death 1.

PHA phytohemagglutinin.

PMA phorbol 12-myristate 13-acetate.
TGF-p  transforming growth factor beta.
TILs tumor-infiltrating lymphocytes.
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