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Abstract

Background Immune checkpoint inhibitors (ICls) have revolutionized cancer treatment, providing durable and even
curative responses. However, most patients do not respond and current biomarkers (eg, programmed death 1 ligand

1 [PD-L1]), mismatch repair deficiency [dMMR]/high microsatellite instability [MSI] and tumor mutational burden) lack
predictive accuracy. Ex vivo profiling of patient-derived tumor fragments shows promise as a predictive biomarker
but relies on substantial surgical tissue to mitigate intra-specimen heterogeneity. Innovations are needed that address
these challenges, particularly where limited tissue is available such as in core needle biopsies (CNBs).

Methods Live tumor fragments (LTFs) were generated from 59 human tumor resections and 31 CNBs from patients
enrolled in observational clinical trials (ClinicalTrials.gov identifiers: NCT05478538, NCT05520099, NCT06349642) to
assess cytokine induction following ICI treatment. LTFs were encapsulated in hydrogel and cultured ex vivo for up
to 72 hours. A sequential treatment strategy that applies control and treatment within the same well was used with
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response to ICl or aCD3/aCD28 assessed using a multiplex secretome assay. Viability was assessed using established
metabolic assays and dynamic optical coherence microscopy.

Results LTFs maintained viability and retained T cells responsive to stimulation throughout ex vivo culture. Multiplex
immunofluorescence and immunohistochemistry showed key components of the tumor microenvironment,
including relative proportions of CD4* and CD8" immune cell populations, were preserved. Specimens positive for
PD-L1 or dMMR/MSI-high were enriched for cytokine upregulation, including T-cell response cytokines IFNy and
CXCL10, after aPD-1 treatment. To demonstrate clinical applicability of the sequential treatment strategy, CNBs from
patients with lung, gastrointestinal or kidney cancer were profiled and differential cytokine induction in response to

ICl treatment was observed.

Conclusions The novel ex vivo platform presented is capable of detecting T-cell response to ICl treatment by using
a sequential treatment strategy. This approach addresses challenges associated with cross-well heterogeneity in
tissue composition and requires half as much tissue as a cross-well comparison, mitigating tissue limitations typically
associated with non-surgical biopsies. Importantly, the platform is compatible with established functional assays as
well as non-destructive spatial imaging, enabling researchers to characterize response to ICl longitudinally. Ongoing
trials will enable clinicians to assess platform performance in predicting response to immunotherapy.

Background

Immune checkpoint inhibitors (ICIs) have revolution-
ized cancer therapy, yielding unprecedented clinical ben-
efits for a subset of patients, including curative responses
for patients with several types of advanced/metastatic
tumors [1]. Currently, 3 clinically validated biomarkers
are US Food and Drug Administration (FDA) approved to
predict patient response to ICI treatment; programmed
death 1 ligand 1 (PD-L1) expression [2—6], microsatel-
lite instability (MSI)/mismatch repair deficiency (IMMR)
[5, 7], and tumor mutational burden [8]. Nearly 50% of
patients with cancer in the US are not ICI-eligible based
on these biomarkers [9]. Moreover, of those receiving
treatment, only 20% to 30% obtain an objective response
[9, 10], underscoring the limited predictive ability of
available biomarkers. While anti-programmed cell death
1 (aPD-1) antibody treatment is generally well toler-
ated, 10% of patients experience severe immune-related
adverse events, including fatalities in 0.6% of patients
[11, 12]. Thus, accurate identification of patients likely
to benefit from ICI therapy is critical to optimize clini-
cal outcomes and minimize harm, highlighting the need
for more robust, reliable, and functionally informative
approaches to identify ICI responders.

Ex vivo systems that use live tissues while preserving
the native architecture and tumor microenvironment
(TME) offer powerful platforms for preclinical studies
[13-15] and have shown promise in predicting thera-
peutic response [16-18]. Jenkins et al. demonstrated
cytokine response to PD-1 and cytotoxic T-lymphocyte
associated protein 4 (CTLA-4) inhibition in patient-
derived organotypic tumor spheroids that maintained
TME components, such as tumor stroma and immune
cells [13]. Voabil et al. demonstrated that a classifier of
cytokine response to ICI in tumor resections can predict
the response to aPD-1 treatment in patients with cancer

with high accuracy in a validation data set [16]. How-
ever, a key challenge in ex vivo ICI studies is the need
for large amounts of tissue to overcome the inherent
intra-tumor heterogeneity in the tissue sampled, which
leads to unequal tissue composition during tissue allo-
cation for cross-well comparisons. Density and viability
of immune and tumor cells can vary drastically across a
tumor, resulting in significant variations in cellular com-
position and microenvironmental conditions between
samples of the same tumor specimen [19-21]. This can
be problematic with the limited tissue available from a
single core needle biopsy (CNB), which is the standard
of care clinical diagnostic procedure for patients with
advanced-stage metastatic disease who are not surgi-
cal candidates and are commonly treated with immuno-
therapy. Therefore, mitigating intra-specimen variability
in tissue composition is essential for reliable ex vivo ICI
response assessment.

The optimal platform for assessing ICI response would
use live tissue with contiguous TME to enable spa-
tial analysis—such as longitudinal, label-free advanced
imaging—and functional response to treatment while
eliminating the confounding factor of intra-specimen
variability from the limited tissue amounts typical of
standard practice diagnostic methods. Here, a novel ex
vivo platform was developed for reliable ICI response
analysis in CNBs using live tumor fragments (LTFs)
designed to balance the preservation of a functional TME
and mitigation of intra-specimen variability.

Methods
Methods are summarized below; see detailed methodol-
ogy in the online Supplementary Material 1.
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Specimens

Mouse models

Experiments using murine models were performed in
accordance with the Institutional Animal Care and Use
Committee approved protocol (23-003) in an Asso-
ciation for Assessment and Accreditation of Laboratory
Animal Care International accredited laboratory per the
eighth edition of the Guide for Care and Use of Labora-
tory Animals [22]. Tumors were removed through a ter-
minal surgical procedure at a volume of 300-500 mm?.

Syngeneic CT26

Mouse cell line CT26 (5 x 10° cells, ATCC, CRL-2638)
were injected subcutaneously into one or both flanks of
female BALB/c mice (The Jackson Laboratory) between
7 and 8weeks of age. Cells were confirmed to be free of
mycoplasma and other pathogens using IMPACT II poly-
merase chain reaction panel testing (IDEXX Bioanalytics,
41-00031).

Humanized PDX

Humanized non-small cell lung cancer (NSCLC)
patient-derived xenograft (PDX) tumors were generated
by warm-passaging 300 pm x 300 pm x 300 um PDX LTFs
into the hind flank of female NSG mice (The Jackson
Laboratory) between 7 and 9 weeks of age. When tumors
reached ~50 mm?, mice were injected intravenously with
10-12 x 10° human peripheral blood mononuclear cells
from a consenting healthy donor.

Human tissue

Protocols for the collection of human specimens were
approved by an institutional review board. Resected
tumors were collected by a waiver of consent or informed
consent and cold temperature shipped overnight. CNBs
were collected under informed patient consent from
ongoing clinical trials (ClinicalTrials.gov identifiers:
NCT05478538, NCT05520099, NCTO06349642) and
shipped overnight in NanoCool shipping containers
(Peli Biothermal, 2—85225). Data from the shipment of
118 consecutive CNBs showed >99% of specimens sus-
tained a temperature between -2°C and 10°C for>98%
of the shipping time (Figure S1). For studies including
biomarker status, patients were enrolled with colorec-
tal, endometrial, head and neck or lung tumors that have
FDA-approved indications for aPD-1 treatment based on
companion diagnostic (CDx) biomarkers. At the end of
the experiment, IgG-treated LTFs were formalin-fixed,
and PD-L1 or MMR protein expression was assessed by
immunohistochemical analysis when unavailable from
patient records.
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Specimen preparation

Tumor resections

Resected tumors were cut into desired dimensions of
resection LTFs (eg, length x width x thickness of 300 um
x 300pum x 300pum) by a fully automated, proprietary
cutting device. To prevent T-cell egress [16], 300 uL of
hydrogel (VitroGel-3, TheWell Bioscience) was added
to each well of a 24-well plate and mixed with the LTFs
by pipetting. Following polymerization, 1 mL of culture
media containing the indicated treatment was added to
each well.

CNBs

CNBs from 12- to 20-gauge needles were cut into 300-
um slices using an automated, proprietary cutting device.
For cross-well comparisons, CNBs were cut perpendicu-
larly (90°) to the longitudinal axis and plated in an 8-well
plate, while those for sequential treatment studies were
cut at a 20° angle (Figure S2) and plated in a 24-well cul-
ture plate. To address the potential for tumor heterogene-
ity between CNBs, LTFs from CNBs were mixed before
plating into assay wells. Hydrogel (VitroGel-3, TheWell
Bioscience; or a proprietary formula, Elephas) was added
to each well. After hydrogel polymerization, 500 uL of
culture media containing the indicated treatment was
added to each well.

Treatments

ImmunoCult™ Human CD3/CD28 T-Cell Activator
(STEMCELL Technologies Inc, 10971) was used at a final
concentration of 25uL/mL, except in a subset of experi-
ments in which a final concentration of 100 pL/mL was
used (see Supplementary Material 1). Immunoglobulin G
(IgG) isotype controls and ICI antibodies were used at a
concentration of 50 ug/mL (BioXCell). ICI was matched
with manufacturer’s recommended IgG control, except in
4 specimens (see Supplementary Material 1).

Assays

Viability and cytotoxicity assays

Relative viability was assessed using Cell Counting Kit-8
(CCK8) (Abcam, ab228554). The CCKS8 reagent was
added immediately after plating, and media were sam-
pled approximately 24 hours later to measure absorbance
at 450nm. Media and reagent were refreshed daily, and
the rate of absorbance over time (abs/hour) was calcu-
lated. Relative cytotoxicity was measured by the LDH-
Glo™ Cytotoxicity Assay kit (Promega, J2381) per
manufacturer’s instructions.

Optical coherence microscopy imaging
A custom-designed optical coherence microscopy
(OCM) system was used as previously described [23] and
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fitted with a 15X objective lens (Thorlabs, 0.70 numerical
aperture).

Cytokine profiling

Conditioned media collected from individual culture
wells at defined time points were assessed using the
Human XL Cytokine Luminex Performance Assay Pre-
mixed Kit per manufacturer’s instructions (R&D Sys-
tems, FCSTM18B-30, see Table S1). If the cytokine
concentration was above the upper limit of quantita-
tion, the value was set to the upper limit of quantitation.
Values below the limit of quantitation were unchanged
and removed from analysis where noted. Additionally, 6
analytes (CD40L, EGE, FGF basic, IL-12p70, IL-15, and
FLT-3L) were excluded from analysis due to concentra-
tions consistently falling below the lower limit of quanti-
tation (LLOQ).

Histology

LTFs were fixed in 10% phosphate buffered forma-
lin (Fisher Scientific, SF100-4). Resection LTFs were
retrieved from the VitroGel-3 post-fixation and trans-
ferred to 70% alcohol before being pre-embedded in a
2% agarose solution (Sigma Aldrich, A0576). CNB LTFs
encapsulated in Elephas hydrogel were directly trans-
ferred into 70% alcohol post-fixation. Resection and CNB
LTFs were paraffin-embedded and sectioned at 5-pum
thickness on a rotary microtome (Leica, RM2255) and
stained with hematoxylin and eosin (H&E) or processed
for immunohistochemistry (IHC) or multiplex immu-
nofluorescence (mIF) using Ventana Medical Systems
Discovery Ultra Autostainer (see Table S2 for antibodies
used).

Statistical analysis

Data were reported as mean + standard deviation and sta-
tistical significance assessed by Student ¢ test or analysis
of variance using Prism 10 software (GraphPad) unless
otherwise noted. Fisher exact test was performed in the
Python SciPy software package [24]. All quantification
of histological slides was performed using Visiopharm
software. All bar graphs report mean and standard devia-
tion and all violin plots report medians as solid bars with
upper and lower broken lines representing the third and
first quartiles.

For CNBs following the sequential treatment proto-
col, ICI-induced change in cytokine concentrations was
determined by the fold change (FC) of slope between ICI
and IgG control treatment phases (ICI slope/IgG slope).

For resections, ICI-induced change in cytokine concen-
trations was determined by the difference in cumulative
concentrations between ICI- and IgG-treated wells. The
median absolute deviation (MAD) values were calculated
and any sample within 2 MAD values of the median were
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then recomputed to generate a trimmed statistic, which
was transformed into modified Z-scores (Mod. Z-score)
[25].

Agglomerative hierarchical clustering was performed
by specimen and analyte using the Ward method in
TIBCO Spotfire software. Mod. Z-scores of —10 and 10
were selected as the lower and upper saturation points,
respectively. A conservative criterion to identify where
upregulation occurred was defined by a Mod. Z-score >
5.0.

Results

Ex vivo platform developed to characterize response to

ICls while addressing challenges associated with tumor
heterogeneity in live tumor resections

An ex vivo platform was developed in which live tumor
resections were cut into cuboid LTFs using an automated
proprietary instrument, pooled randomly and encapsu-
lated in a 3D hydrogel (Fig. 1A). To optimize fragment
size and address intra-tumor heterogeneity, in silico sim-
ulations were performed on a CD3-stained melanoma
cross-section. These simulations showed a significant
reduction in the coefficient of variation (CV) of CD3*
T-cell numbers in LTFs with edge lengths of 300 pm (p <
0.05) and 100 um (p < 0.01) compared to slices (Fig. 1B—
C). Although the lowest CV was observed for the 100-pum
edge length, 300-pm LTFs were selected for further char-
acterization given the desire to retain as much contigu-
ous TME as possible without compromising on nutrient
diffusion [26]. Therefore, 300-pum cuboid LTFs were gen-
erated using an automated cutting instrument producing
the expected theoretical surface area of 0.09mm? and a
theoretical volume of 0.027 mm? across multiple tumor
types (Figure S3A-D). These data suggest appropriately
controlled cross-well comparisons can be made with
pooled LTFs from tumor resections.

To evaluate the effect of LTF number on the variabil-
ity in measured T-cell response, LTFs from 5 human
tumor resections were dispensed at ~50, ~100 and ~200
LTFs per well. Cytokine induction was assessed follow-
ing 24-hour stimulation with aCD3/aCD28 (positive
control for T-cell response). A reduction in variability
was observed across most cytokines with increasing LTF
number (Figure S4A-B). Additionally, there was a pro-
gressive increase in the number of cytokines exceeding
LLOQ as LTF count was increased (Fig. 1D). To assess
variability in cytokine profiling when using 200 LTFs
per well, cytokine concentrations were measured from
LTFs derived from 10 human tumor resections following
aCD3/aCD28 stimulation (5 replicate wells per tumor).
The median CV across all cytokines for each of the indi-
vidual tumors was below 25% (Figure S4C). A range of
variance was observed across individual cytokines, with
most cytokines exhibiting an average CV<20% (Fig.
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Fig. 1 An ex vivo platform to characterize response to ICls addresses challenges of tumor heterogeneity. (A) Schematic shows the workflow for creating
LTFs from human tumor resections used for assessing the ex vivo response to treatment. Tumor resections were fragmented using a specialized cutting
instrument to create LTFs, encapsulated in a hydrogel and treated with either an ICl (eg, aPD-1), a positive control for T-cell stimulation (eg, aCD3/aCD28),
or IgG control, followed by cytokine profiling to assess response to treatment. (B) IHC image of a CD3 stained human melanoma resection showing in
silico simulation of a standard slice sampling technique (bottom left) compared with LTF 300 um x 300 um segments (bottom right). (C) In silico ran-
domized pools of large slices from the melanoma resection showing significantly greater variability in CD3" staining when compared with randomized
pools of LTFs simulating 300-um edge lengths. (D) Effect of LTF number on the percentage of cytokines in the assay panel with measured concentrations
exceeding the lower limit of quantitation (LLOQ) following stimulation with aCD3/aCD28 for 24 hours. Data are reported for 5 human tumor specimens
(ovarian, n=1, circle; lung, n=1, triangle; colorectal, n=1, upside down triangle; head and neck, n=2, diamond and square). (E) Variability (CV [%]) across
5 replicate wells of 200 resection LTFs (300 pum [length] x 300 pm [width] x 300 um [depth]) from each of 10 human tumors (pancreatic, n=2; head and
neck, n=4; ovarian, n=3; triple-negative breast, n=1) stimulated with aCD3/aCD28 for 24 hours. Cytokines of particular interest are CXCL10 and IFNy
(highlighted in red) due to their known roles in T-cell activation. *p < 0.05, **p < 0.005

1E). This level of variance indicates ~200 LTFs per well
enables the detection of > 2-fold changes in cytokine pro-
duction with statistical significance when paired with
multiple replicates.

Tumor microenvironment, tissue viability, and T-cell
function of resection LTFs are preserved over 48 hours of
ex vivo culture

Cross-section analysis of resected tumors and
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Fig. 2 Tissue viability and TME are preserved in LTFs over 48 hours of ex vivo culture. H&E-stained sections of a colorectal cancer resection showing low-
grade adenocarcinoma. Lymphocytes (red arrows), fibroblasts (blue arrow), tumor cells (green arrow) and collagen fibers (orange arrow) are present in
both the intact resection specimen (A) and the resection LTFs at 0 hours of culture (B). Comparison of H&E images by a board-certified pathologist identi-
fied conservation of histology, including intratumor heterogeneity. (C) H&E-stained sections of head and neck LTFs at 0 hours and 48 hours of ex vivo
culture showing tumor cells (green arrow), collagen fibers (yellow arrow), lymphocytes (red arrow). (D-F) Comparison of the percentages of CD4* to CD8*
cell ratios (D), CD4* (E), and CD8" (F), at 0 hours vs. 48 hours as assessed by IHC (N=8 human tumors: colorectal, n=1; bladder, n=1; head and neck, n=2;
ovarian, n=3; pancreatic, n=1). (G) Changes in viability (CCK8 assay) over 72 hours in culture of LTFs derived from 5 human tumor resections. (H) Changes
in T-cell function over 72 hours of culture in LTFs as assessed by IFNy production following 24 hours of stimulation with aCD3/aCD28

corresponding LTFs stained with H&E revealed conser-
vation of histological features over 48hours of culture.
The preservation of histological features from the parent
tumor was demonstrated by the presence of tumor cells,
lymphocytes, fibroblasts, and collagen fibers in both the
intact resection specimen (Fig. 2A) and the resection
LTFs immediately following fragmentation (Fig. 2B).
Resection LTFs encapsulated and cultured for 48 hours
ex vivo showed similar histological features to resection
LTFs fixed immediately after cutting (Fig. 2C). IHC stain-
ing of resection LTFs from 8 tumors representing 5 dif-
ferent tumor types showed reduced total cells (p <0.05,
Figure S5A-B), reduced CD4" cells (p <0.05, Figure S5C)
and a trend toward reduced CD8" cells (p=0.07, Figure
S5D) after 48 hours of culture. However, the CD4"/CD8*
cell ratio was maintained in all tumor specimens (Fig.
2D) with the percentage of CD4" cells maintained in 5 of
8 tumors (Fig. 2E and S5E) and the percentage of CD8*
cells maintained in 7 of 8 tumors (Fig. 2F and S5F). Taken
together, these data suggest the tumor immune microen-
vironment—particularly the ratio of CD4*/CD8" cells—is
preserved during ex vivo culture of resection LTFs.

To further assess the preservation of the TME in resec-
tion LTFs ex vivo, viability, cell death, and T-cell function
were measured in 5 human tumors over 72 hours of cul-
ture. Levels of nicotinamide adenine dinucleotide phos-
phate hydrogen (NAD(P)H), measured using CCK8 [27],
served as a proxy for viability [28] while lactate dehy-
drogenase (LDH) release was used to assess cell death.
Figures 2G and S5G show the reciprocal relationship
between metabolic activity and cell death over 72hours
in culture. In the first 24 hours, low metabolic rates and
relatively high LDH likely reflected damage from tis-
sue processing and/or acclimation to culture conditions.
Subsequent time points showed steady or slight increases
in metabolic activity and corresponding steady or slight
decreases in cell death. This trend continued through
72hours, demonstrating the culture conditions support
cell viability. To assess whether T cells were stimulable,
and therefore functional, resection LTFs were stimu-
lated with aCD3/aCD28 at either 0, 24, or 48 hours, and
then assayed for interferon gamma (IFNy) production
24 hours later. Similar IFNy levels were observed when
resection LTFs were stimulated 24 or 48 hours from the
start of culture, suggesting T cells are viable ex vivo for
at least 72hours (Fig. 2H). Reduced IFNy production in

LTFs stimulated at 24hours compared with those stim-
ulated at O hour is consistent with the decrease in the
CD4* and CD8" cell populations seen histologically in
some samples (Figures S5C-F), as has been observed by
others [29].

Unsupervised hierarchical clustering groups PD-L1/MMR/
MSI biomarker-positive samples amongst those with the
greatest cytokine upregulation following ICl treatment

To demonstrate cutting and randomized pooling of
LTFs sufficiently addresses intra-tumor heterogeneity
and therefore allows for a properly controlled compari-
son between control and oaPD-1 treatments, response
to aPD-1 was assessed using LTFs generated from 59
human resections (Table S3, Figure S6A). Clustering
of normalized differences in cytokine concentrations
(aPD-1 - Ig@Q) revealed groups of tumors with little to no
cytokine upregulation (lower Z-scores) in response to ICI
on the left and groups of tumors with upregulated cyto-
kines in response to ICI on the right (higher Z-scores)
(Fig. 3A and S6B). This result suggests increased cytokine
production in response to ICI treatment is observed in a
subset of tumor specimens.

Next, the relationship between ICI-induced cytokine
changes and CDx biomarker status (eg, expression of
PD-L1 or MMR proteins, or levels of MSI) was evaluated.
A significant enrichment in cytokine upregulation was
observed in the PD-L1/MMR/MSI-positive (PD-L1+/
dMMR/MSI-high) population compared to the PD-L1/
MMR/MSI-negative (PD-L1-/proficient mismatch repair
[PMMR]/not MSI-High) population (Fig. 3B). Further
analysis of individual T-cell response cytokines showed
significant enrichment of IFNy and C-X-C motif chemo-
kine ligand 10 (CXCL10) upregulation (higher Z-scores)
in the biomarker-positive samples compared with the
biomarker-negative samples (Figs 3C-D and Table S4).
These data suggest that automated tissue fragmentation
and randomized pooling of resection LTFs address tumor
heterogeneity and may allow one to effectively model ICI
treatment response in human tumor resections.

CNBs with limited tissue availability are less amenable

to fragment-pooling approach to overcome tissue
heterogeneity

Multiple replicates of control and treated wells enable
meaningful cross-well comparisons when sufficient



Ramasubramanian et al. Journal of Translational Medicine

(2026) 24:18

Page 8 of 19

Al

SERESECNERERRRERE+++++ + + QO+ 0+ + +Q+ + + QEBEE +

O ||

SRR EEEEEEEEE

LLLld

FGF basic

CxcL1o

P H M

IFNy

||

ccLa |
cxcL
CXCL2
G-CSF
GM-CSF
IL-fra
TNFa
ccL3
ccL2
1L-10
ccL20 u
L6 | HEN|
IL1a 1]
IL1B | ||

-10
u Modified Z-score
= aPD-1-lgG
1
1 EEE
B * C D *
% %k %
2 20 I 1 100 o 150 1
£ 15— o [ J o °®
S 9 3 100
-~ (7] 50- o '\.l
& 10+ N 3 ®
I 3 ] S 50+
© 5= = o
o 0+ ™ g *
=) o S
-5 T T -50 T T -50 T T
Negative Positive Negative Positive Negative Positive

PD-L1/MMR/MSI

PD-L1/MMR/MSI

PD-L1/MMR/MSI

Fig. 3 Unsupervised clustering groups PD-L1/MMR/MSI-positive specimens amongst those with the greatest cytokine upregulation following ICl treat-
ment. (A) Unsupervised hierarchical clustering of cytokine profiles from patient tumor resections using modified Z-scores of the difference in cytokine
concentrations between the ICl- and IgG-treated groups. To account for variability across wells, replicate wells for each treatment group were run for
those specimens where sufficient tissue was available (n=3 for 48 specimens, n=2 for 6 specimens, and n=1 for 5 specimens). Positive modified Z-scores
(capped at 10) are depicted in shades of red and negative modified Z-scores (capped at -10) are depicted in shades of blue. Specimens with Z-scores of 0
are depicted in white. PD-L1/MMR/MSI-positive specimens are annotated in red at the top of the heatmap; N=59 specimens. (B) The number of upregu-
lated cytokines for individual specimens, defined by a modified Z-score > 5, is significantly higher in the PD-L1/MMR/MSI- positive cohort compared with
the PD-L1/MMR/MSI-negative cohort. Two cytokines known to be associated with T-cell activation, IFNy (C) and CXCL10 (D), are significantly increased in
PD-L1/MMR/MSI-positive compared with PD-L1/MMR/MSI-negative cohorts. *p < 0.05, ***p < 0.001

tissue is available, addressing heterogeneity in tumor
resections. However, CNBs, used in standard practice
during clinical diagnosis, pose a challenge due to the
scarcity of tissue available to address intra-tumor het-
erogeneity, making conventional cross-well comparison
requiring multiple replicates less feasible (Fig. 4). To con-
firm this, we compared control (IgG) and treated (aPD-
1) cytokine concentrations between pooled LTFs from
59 human tumor resections with pooled LTFs from 24
CNB specimens in a cross-well manner. To assay multiple
wells from a single CNB specimen, CNBs were cut at a
90° angle to maximize the number of CNB LTFs obtained
(Table S5). As a result, 3-5 CNB LTFs were plated per
well, with triplicate wells prepared for each condition.

The media amount per well was reduced to maintain a
tissue-to-media volume ratio consistent with that used in
resection LTF experiments. While the number of quan-
tifiable cytokines in the tumor resections was similar to
those from the CNB specimens for IgG controls (Fig. 4B),
there was significantly greater variation in ICI-induced
cytokine production in the LTFs from CNB tumors com-
pared with resection tumors (Fig. 4C, Figure S7), suggest-
ing heterogeneity was not fully addressed in pooled LTFs
from CNBs. The limited amount of tissue from a single
CNB (eg, an 18 gauge of ~10mm in length) is roughly
equivalent to the tissue amount used in a single well of
200 resection LTFs (total tissue volume about 5.4mm?)
and cannot support the 6 replicate wells that would be



Ramasubramanian et al. Journal of Translational Medicine

Core needle biopsy

(2026) 24:18

Page 9 of 19

A (CNB)
Healthy IgG
tissue
€ o
T cells - - -
- e N
Tumor
tissue ——— 2 _ CNBLTF
A == Containing T cells
Cross-well
Comparison
‘ . CNBLTF
Necrosis S (ovoid of T cells
ICI
Tumor - -_-;..
tissue Ca. " o
- . ®E
\_/

Example of how intra-specimen heterogeneity in a CNB
can lead to differences between wells

B C

ns
140

120
100

Cytokines above LLOQ (%)
Cytokine concentration
mean CV (%)

-20 T I
Resection CNB

Cross-well

100

(4]
o
1

%k %k %k Xk

T T
Resection CNB

Cross-well

Fig. 4 CNBs, with limited tissue amount, are not amenable to cross-well measurement of cytokine response to ICl. (A) Schematic showing the distribu-
tion of tissue from a CNB in an experiment using the cross-well configuration where tissue amount is insufficient to address intra-specimen heterogeneity.
(B) The percentage of cytokines out of a 30-cytokine panel with concentrations above LLOQ for the cross-well configuration for human resection LTFs
(resection cross-well) and human CNB LTFs (CNB cross-well) following treatment with IgG control for 24 hours. There is no significant difference in the
ability to detect cytokines between the two form factor protocols (ns = not significant, p = 0.089). (C) The variability in concentrations of cytokines from
resection LTFs and CNB LTFs plated in the cross-well configuration and treated with ICl for 24 hours. There is significantly greater variability in cytokine
concentrations between replicate wells of treated groups in CNB LTFs compared with resection LTFs. **** p <0.0001

needed for a meaningful cross-well comparison as shown
using resection LTFs reported in Fig. 3. These results sug-
gest intra-specimen heterogeneity is not mitigated in
pooled CNB LTFs, and tissue scarcity does not allow for a
robust cross-well comparison between control and treat-
ment regimens.

Challenges associated with tumor heterogeneity in CNBs
can be addressed using a sequential treatment strategy

To address tumor heterogeneity and the compounding
tissue scarcity of CNBs, a sequential treatment strategy
was devised wherein CNB LTFs were treated sequen-
tially with the negative control followed by ICI within
the same well. The treatment effect was evaluated via
longitudinal assessment of cytokine production rates.
Here, the tissue was stimulated after a control phase in
the sequential treatment setting to determine whether
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Fig. 5 Challenges associated with intra-specimen heterogeneity can be addressed using a sequential treatment strategy. (A) Schematic of the protocol
used to validate sequential treatment strategy. Human tumor resections were used due to the availability of sufficient tissue to address inter-well hetero-
geneity in tissue composition and enable meaningful cross-well comparisons. Tumor resections were cut into resection LTFs, encapsulated in hydrogel
and treated with 1gG4 for 20 hours (shown in blue), positive control aCD3/aCD28 to stimulate T cells for 20 hours (shown in red), or IgG4 for the first 20
hours and aCD3/aCD28 for the final 8 hours of culture (shown in red). Conditioned media were sampled from each of the wells at 4, 20, and 28 hours
for cytokine profiling. (B) IFNy and CXCL10 induction in a head and neck human tumor specimen was observed following aCD3/aCD28 stimulation in
cross-well (left) and sequential treatment (right). IL.-1Ra remained unchanged following aCD3/aCD28 stimulation. (C) To characterize the similarity in
cytokine production following the cross-well and sequential treatment experimental designs, the FC in rates (slopes) of cytokine production following
aCD3/aCD28 stimulation were calculated compared with rates of cytokine production during IgG4 exposure. The FC in rates of cytokine production for
cross-well and sequential treatment strategies were compared to determine similarities of magnitude and direction (increase >1.5; no change = 0.5-1.5;
decrease <0.5). IFNy, CXCL10, and IL-1Ra showed 83%, 100%, and 83% concordance, respectively, between cross-well and sequential treatment strategies.

Numerical labels are shown in cases of discordant cross-well and sequential treatment data. Grey band indicates no change

it elicited a response similar with stimulating immedi-
ately after encapsulation. For these experiments, 300 um
resection LTFs at a target of 200 LTFs per well were used
to address intra-specimen heterogeneity and enable a
meaningful comparison between conditions in a cross-
well setting. Resection LTFs were either treated within
dedicated wells for 28 hours with IgG4 or aCD3/aCD28
(cross-well), or within the same well for 20hours with
IgG followed by aCD3/aCD28 for an additional 8 hours
(sequential treatment) (Fig. 5A). Longitudinal, cumula-
tive concentration assessment of CXCL10 and IFNy from
a representative human head and neck tumor resection
showed an increased production rate with aCD3/aCD28
stimulation for both cross-well and sequential treatment
experiments (Fig. 5B). Inclusion of 5 additional tumors
showed a similar trend with 100% concordance between
cross-well and sequential treatment with increases in
the slopes of IFNy and CXCL10, in response to aCD3/
aCD28 treatment over IgG. While the magnitude of
increase in IFNy and CXCL10 in response to aCD3/
aCD28 between cross-well and sequential treatment
varied, the directionality of response was in high agree-
ment with 5 of 6 tumor samples showing concordance for
IFNy and 6 of 6 for CXCL10 as measured using a>1.5-
fold change as an indicator of increased rate of cytokine
production (Fig. 5C). Additionally, interleukin-1 recep-
tor agonist (IL-1Ra), a regulatory cytokine, was well
expressed at baseline and did not change significantly
following aCD3/aCD28 treatment. For this reason, IL-
1Ra is used to highlight a ubiquitously expressed, non-
responding cytokine in the analysis.

Longitudinal imaging is enabled with CNB LTFs when using
a specialized cutting instrument and encapsulation in a
proprietary hydrogel

Leveraging the advantages of the sequential treatment
strategy, which does not require multiple wells, LTF gen-
eration was adapted, shifting from creating cuboid LTFs
optimized for efficient randomization to producing larger
LTFs with a greater area of contiguous tissue architecture
that allows for better assessment of spatial tissue organi-
zation and cell interactions (Fig. 6A).

Assessment of cellular features and interactions in cul-
tured tissue over time by imaging requires the ability to
register tissue loci easily for repeated longitudinal assess-
ment. To reduce fragment movement, a proprietary
hydrogel (Elephas hydrogel) was designed and tested
against a commercially available hydrogel (VitroGel-3).
CNB LTFs generated from a CT26 syngeneic mouse
tumor were encapsulated in either VitroGel-3 or Elephas
hydrogel and cultured for 72hours (Fig. 6B). The posi-
tions of LTFs were tracked over time and the magnitude
of movement was quantified for the 2 hydrogels. CNB
LTFs encapsulated in the commercial hydrogel showed
significant drift over time in culture while CNB LTFs
encapsulated in Elephas hydrogel were stable (Fig. 6C).
Dynamic optical coherence microscopy (dOCM), which
enables measurement of intra-cellular activity (eg, mito-
chondrial movement), was employed to longitudinally
evaluate viability through measuring metabolic activ-
ity of LTFs from 3 human CNBs over a 48-hour period.
Representative dOCM images from 0 hours and 48 hours,
where viable/metabolically active tissue (Viable, false-
colored in green) and metabolically inactive tissue (Non-
metabolically active, false-colored in magenta) were
visualized (Figs. 6D—6E). Over the course of culture, the
tissue-maintained viability with a similar proportion of
viable tissue area between 0 and 48 hours (Fig. 6F). Quan-
titative analysis of the 6 individual CNB LTFs from the
same NSCLC specimen further supports this trend by
showing the maintenance of viable tissue over 48 hours
in culture (Fig. 6G). The variation in viable tissue propor-
tions in these CNB LTFs at hour 0 highlights CNB het-
erogeneity. These findings support the compatibility of
the platform with dOCM as a non-invasive technique to
track metabolic changes in viable tissue over time.

CNB LTFs encapsulated in Elephas hydrogel retain cellular
components of the TME over 48 hours of ex vivo culture

To demonstrate that Elephas hydrogel retains T cells
within CNB LTFs, IHC staining was performed to iden-
tify CD3* T cells in un-encapsulated and encapsulated
CNB LTFs from humanized PDX tumors after 48 hours
of ex vivo culture (Fig. 6H). The proportion of CD3* T
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Fig. 6 The ex vivo platform enables longitudinal advanced imaging and retains T cells in LTFs. (A) Schematic shows the workflow for creating LTFs from
CNBs used for assessing ex vivo response to treatment. CNBs are sliced at 20° using a specialized cutting instrument to create LTFs which are encapsulated
in a proprietary hydrogel (Elephas hydrogel) for ex vivo culture, enabling cytokine profiling, histology, and advanced imaging. (B) The spatial stability of
LTFs created from CT26 tumors (N=4) over 48 hours of culture when encapsulated in VitroGel-3 versus Elephas hydrogel. Circles highlight regions where
LTF stability is compromised with VitroGel-3 but not Elephas hydrogel. (C) Distances between CNB LTF locations at 72 hours vs 4 hours of culture. Im-
proved stability was observed with Elephas hydrogel, enabling longitudinal advanced imaging. (D-E) dOCM images of a human lung CNB LTF at 4 hours
(D) and 48 hours (E) in culture. Volume positive for metabolic activity is false-colored green and volume negative for metabolic activity is false-colored
magenta. (F) Ratios of viable voxels to total voxels are reported across 3 human tumors (lung, breast, kidney) showing maintenance of viability over 48
hours in culture. (G) The ratio of viable volume to total volume reported for 6 CNB LTFs from Lung 5793 highlights heterogeneity in viability across LTFs
from one CNB. (H) Representative CD3-stained sections of humanized PDX CNB LTFs from unencapsulated (left) and encapsulated (right) tissues after 48
hours of culture. (I) A significant decrease in the number of CD3* cells, normalized to area, is seen in unencapsulated versus encapsulated LTFs after 48
hours in culture (each symbol represents 1 tumor, N=5 tumors per group, *p < 0.05). (J-K) Multiplex immunofluorescence labeled fragments from Liver
5605 show the presence of tumor cells (PanCK), macrophages (CD68), T cells (CD3), stroma/fibroblasts (SMA) and cell nuclei (DAPI) at 0 hours (J) and 48

hours (K) in culture

cells retained within CNB LTFs after 48 hours in culture
relative to Ohours was significantly higher in encapsu-
lated CNB LTFs than unencapsulated LTFs (p <0.05, Fig.
61).

Similar to resection LTFs, a steady or increasing rate
of viability as assessed by CCK8 over 72hours of culture
(Figure S8A) and a concurrent steady or decreasing rate
of LDH accumulation following an initial spike within
the first 24hours (Figure S8B) were observed in data
from 4 human tumor specimens. Assessment of CNB
LTFs by H&E staining showed retention of major histo-
logical features between 0 and 48hours in culture (Fig-
ure S8C), similar to the preservation in resection LTFs
observed earlier (Fig. 2C). In addition, mIF confirmed
the preservation of cellular composition in LTFs, includ-
ing T cells, macrophages, tumor cells and fibroblasts (Fig.
6J-K). Together, the retention of histological features as
well as the results from metabolic and cytotoxicity assays
suggest the overall viability of CNB LTFs is maintained
throughout ex vivo culture similar to what was observed
in cuboid LTFs from resections (Fig. 2). Changing the
form factor from 300-pm cuboid LTFs to larger elliptical
slices did not have an appreciable effect on the ability to
culture and maintain the TME.

The sequential treatment strategy allows for
characterization of ICl response ex vivo in CNBs

The efficacy of the sequential treatment strategy was
determined in diagnostic CNBs obtained from an initial
set of 16 patients enrolled in 3 ongoing clinical trials.
After CNBs were sliced on a proprietary cutting instru-
ment, LTFs were plated, encapsulated, and cultured for
48hours to assess cytokine response to ICI treatment.
LTFs were treated with IgG at the start of culture and
then with aPD-1 (lung specimens), anti-programmed cell
death 1 ligand-1 (aPD-L1; gastrointestinal specimens),
or aPD-1+aCTLA-4 (kidney specimens) at around
20hours, such that LTFs in each well received control
and ICI treatment sequentially (Fig. 7A). Variable cyto-
kine response profiles across specimens were observed.
For example, in Lung 4624, Colon 4834, and Kidney 5023

there was an increase in the rate of accumulation (slope)
of both IFNy and CXCL10 during ICI treatment, rela-
tive to IgG control (Figs. 7B, 6E, and 7H, top and bottom,
respectively). Conversely, in Lung 4578, Esophageal 4798,
and Kidney 5327 the rates of accumulation (slope) of
both IFNy and CXCL10 remained unchanged during ICI
treatment relative to control (IgG) (Figs. 7C, 7F, and 71,
top and bottom, respectively). In contrast to the robust
increases observed with T-cell response cytokines IFNy
(max FC=12.4) and CXCL10 (max FC=19.2), IL-1Ra
showed a limited change in slopes between the treatment
and control phases (max FC=3.9; Fig. 7D, G, and ], and
Figure S9A-F), suggesting specific changes in immune
related cytokines can be measured using the sequential
treatment approach following treatment with ICI.

Clinical response in a patient with NSCLC who also had a
cytokine response to aPD-1 treatment
To compare platform response with clinical response,
clinical records were reviewed to determine which of
the 16 patients mentioned in the previous section were
treated with a regimen containing immunotherapy and
also presented with an objective response to that treat-
ment (tumor reduction>30%, as measured by Response
Evaluation Criteria in Solid Tumors [RECISTv1.1]). Of
these 16 patients, one met both criteria (NSCLC patient
4624 with stage IV lung adenocarcinoma) who showed
a partial response at 3months following a regimen of
pembrolizumab, carboplatin, and pemetrexed. While the
clinical response can be attributed to either the immu-
notherapy, chemotherapy, or their combination, plat-
form response suggests this patient would indeed have
a response to aPD-1. Cytokine responses were assessed
across 6 replicate wells from 4 provided CNBs (Fig. 8A).
Histological analyses, including H&E and multiplex
mlF, revealed the presence of a tertiary lymphoid struc-
ture in a biopsy LTF from a replicate well that exhibited
increased cytokine response (Note star data point in Fig.
8A and example images in Fig. 8B—D). The patient was
subsequently treated with pembrolizumab in combi-
nation with pemetrexed and carboplatin. Comparison
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Fig. 7 (See legend on next page.)

of baseline (Fig. 8E) and 3-month (Fig. 8F) computed
tomography scans showed a 37% reduction in tumor
size and a partial response per RECIST1.1 criteria. This

outcome illustrates the potential for utilizing ex vivo
cytokine response to guide ICI treatment in the clinic.
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Fig. 7 A sequential treatment strategy allows for characterization of ICI response in CNBs ex vivo. (A) Encapsulated LTFs from CNBs are sequentially
treated with IgG control followed by ICl. Conditioned media are collected at the ~4-, ~20- and ~48-hour time points to enable measurement of cytokine
concentrations which are used to calculate the rate of cumulative cytokine production during the control (4-20hours) and ICI (20-48 hours) treat-
ment phases. FC in the rate of cytokine production (slope of ICl treatment phase/slope of IgG control phase) can be used to assess ex vivo treatment
response. Exemplary human lung (B, lung 4624 treated with aPD-1), colon (E, colon 4834 treated with aPD-L1) and kidney (H, kidney 5023 treated with
aPD-1+aCTLA-4) cancer CNBs exhibiting an increase in rate of IFNy and CXCL10 production following ICl treatment suggesting a potential cytokine
response. Exemplary human lung (C, lung 4578 treated with aPD-1), esophageal (F, esophageal 4798 treated with aPD-L1) and kidney (H, kidney 5327
treated with aPD-1+aCTLA-4) cancer CNBs exhibiting a similar rate of IFNy and CXCL10 production between the ICl and IgG treatment phases suggest-
ing an unlikely cytokine response. Note that multiple CNBs were obtained from patients 4624, 4578 and 4834 enabling profiling of replicate wells. The FC
in the slope of the ICl treatment phase compared to the slope in the IgG treatment phase for IFNy and CXCL10 across 7 lung (D), 2 gastrointestinal (G) and
6 kidney (J) cancer CNBs. Individual data points report maximum FC for those specimens where multiple CNBs/replicate wells were profiled. Note that
the maximum FC for the exemplary cytokine responsive specimens (lung 4624, colon 4834 and kidney 5023, shown in red) is at the top of the distribution
while the maximum FC for the exemplary cytokine nonresponsive specimen (lung 4578, esophageal 4798 and kidney 5327, shown in blue) is close to 1

Discussion

The ex vivo platform described here enables character-
ization of cytokine response to ICIs while addressing
the challenges of tumor heterogeneity and limited tissue
availability in clinically relevant CNBs. By preserving the
native TME, this approach maintains the architectural
and cellular context essential for an accurate assessment
of immune response. The sequential treatment strategy,
wherein CNB LTFs are exposed to a control followed by
ICI in the same well, enables paired comparisons within
individual replicates. This design mitigates sampling bias,
maximizes tissue usage, and facilitates assessment of ICI-
induced cytokine induction in a short timeframe, even in
biopsies with limited tissue availability.

An intact TME is increasingly recognized as being
crucial for assessing ICI response ex vivo, due to the
complex interactions among its diverse cell types that
influence treatment outcomes. Components of the
TME, such as cancer-associated fibroblasts [30], tumor-
associated macrophages [31], T cells [32] and the tumor
cells themselves [33], have been shown to be intricately
involved in orchestrating ICI response. Furthermore, the
spatial organization and interactions of these cells within
the TME are crucial for effective immune responses and
subsequent ICI efficacy [34—36]. Resection and CNB
LTFs preserve the native TME, retaining histological fea-
tures such as fibroblasts, tumor cells, and immune cells—
including T cells and macrophages—through the end of
the culture period. T cells retained in LTFs encapsulated
with the Elephas hydrogel remain responsive to stimula-
tion, allowing for the serial assessment of cytokine induc-
tion rates following ICI treatment. More importantly, T
cells are exposed to ICI treatment within the context of
the native TME in large contiguous sections of tumor
tissue, thus preserving the complex spatial relationships
that influence treatment efficacy.

Representation of tumor heterogeneity is both critical
for accurate prediction of response to immunotherapy
and problematic to cross-well experimentation through
the introduction of variation resulting from tumor sam-
pling. It is therefore important to represent the het-
erogeneity of tumors, while reducing the potential for

high variance, which can confound the measurement of
treatment effects. To address this, the resection-based
protocol generates randomized pools of cuboid LTFs
to support cross-well cytokine comparisons. However,
cytokines known to be induced by immune cell activa-
tion, such as IFNy and CXCL10, show higher variances,
likely a result of the differential distribution of T cells and
other immune cells across tissue. This necessitates the
use of multiple replicates for robust statistical evaluation.
The platform’s ability to maintain tumor heterogeneity
and the native TME was demonstrated in human tumor
resections, where ICI-induced cytokine responses were
associated with PD-L1 and MMR/MSI status. A perfect
alignment of upregulated cytokine clustering among bio-
marker-positive tumors was not observed, as expected
given the imperfect accuracy of current biomarkers (2—
7). Future studies assessing the correlation between ex
vivo and clinical responses will determine whether the
platform can better predict response to ICI therapy.

Preliminary experiments with CNBs from lung, kidney,
and gastrointestinal tumors revealed cytokine induc-
tion patterns unique to individual specimens, particu-
larly in IENy and CXCL10. In cases where CNB tissue
amount supported multiple replicates for assessment,
intra-specimen heterogeneity was evident from the range
of observed responses to ICI treatment. However, the
sequential treatment approach allows for assessment of
response within each individual replicate such that a pos-
itive response in any replicate suggests potential treat-
ment sensitivity, while the absence of response across all
replicates indicates potential resistance. The preliminary
clinical trial results from a patient with NSCLC illustrate
the predictive potential for this platform. However, the
patient received aPD-1 therapy in combination with che-
motherapy, confounding interpretation of the observed
clinical response as it is unclear which therapy or the
combination was responsible for the clinical efficacy.
Ongoing collection of additional clinical trial data from
patients treated with ICI monotherapy will help to pro-
vide unambiguous validation of the platform.

While this platform offers significant advantages,
some challenges warrant mention. First, necrotic biopsy



Ramasubramanian et al. Journal of Translational Medicine

>
o

-
o
1

Max fold change of slope
(aPD-1/1gG)
)
]

Cytokines

Baseline

(2026) 24:18

C

= - -‘...." -o;.gjs

Page 16 of 19

3 Months

Fig. 8 Clinical response in a patient with NSCLC who had a cytokine response to aPD-1 treatment. (A) The FC of the slope in the aPD-1 treatment phase
compared with the slope in the IgG treatment phase for IFNy, CXCL10, and IL-1Ra across 6 replicates (N=4 CNBs) from a single NSCLC tumor specimen.
Each symbol represents a unique replicate, with the star indicating the sample well used for histology. H&E- (B) and mlIF-labeled images (C) show the
presence of B cells (CD20), T cells (CD3), stroma/fibroblasts (SMA) and cell nuclei (DAPI) from one of the replicate wells assessed ex vivo, highlighting the
formation of a tertiary lymphoid structure. (D) Shows the independent channels for CD3 and CD20 shown in (C). Clinical computed tomography scans
show a 37% reduction in the longest diameter of the biopsied lesion with a measurement of 54.6 mm at baseline (E) and 34.2 mm after 3 months (F) of

pembrolizumab and chemotherapy treatment

samples pose a risk of misinterpretation, potentially
appearing as non-responders and introducing false nega-
tives. Colorimetric assays to assess viability can be inte-
grated into the platform to mitigate this, although they
may negatively affect the tissue over time [28]. Adding a
viability assay downstream of sequential treatment may
be an approach to mitigate the negative effects of these
assays; however the effects of treatment on this assay
need to be elucidated. A better approach that is dye-
free and non-invasive would be the use of dOCM, which
detects intracellular movement to assess tissue viability.
When integrated at the assay start, dOCM could enable
the exclusion of necrotic samples from analysis. Second,
the presence of tumor-free samples, another source of
potential false-negatives, necessitates careful identifica-
tion. While currently reliant on histological assessment,
future advancements in imaging technologies may offer

more efficient solutions for excluding samples lacking
tumor content. Finally, collecting CNBs from a tumor
may not always accurately reflect the potential for the
patient’s tumor to respond to ICI due to intratumor het-
erogeneity. In addition, CNBs are not always collected
across multiple lesions. Previous studies have demon-
strated differential ex vivo responses to ICI from within
a tumor as well as across multiple lesions within a patient
[16]. Ideally, the entire tumor would be assessed when
possible, and it is critical to assess all available biopsy tis-
sue to mitigate tumor heterogeneity. Additionally, a posi-
tive control for T-cell presence—such as aCD3/aCD28
stimulation following ICI treatment—could mitigate this
risk to some extent, confirming the presence of functional
T cells and a non-response to ex vivo ICI treatment.
Although histological biomarkers are routinely used
in clinical practice, there are multiple reasons to suggest
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that this platform may offer improved predictive accu-
racy for immunotherapy response compared with cur-
rent biomarkers such as PD-L1. First, the use of a
sequential treatment strategy enables assessment of ICI
response across the entire CNB, in contrast to histologi-
cal analysis, which typically evaluates only a fraction of
the CNB tissue. Second, the distribution and expression
level of PD-L1 vary across tumor types, creating chal-
lenges in establishing reliable thresholds for ICI treat-
ment and contributing to variability in predictive value
between cancers [37-39]. Data reported here, and in
Voabil et al., support that the ex vivo assessment of cyto-
kine response to immunotherapy is tumor agnostic,
potentially broadening the clinical utility of the platform
beyond that currently possible using PD-L1. Finally, the
predictive accuracy of established biomarkers is lim-
ited by the lack of functional interaction of components
within the native 3D TME in response to treatment—an
advantage provided by this platform. Future studies com-
paring biomarker status to ex vivo LTF platform response
will measure the potential for increased predictive accu-
racy of this platform compared to currently approved
biomarkers.

Other ex vivo models for predicting ICI response pre-
serve the native TME to varying degrees. Air-liquid
interface organoids preserve the intratumoral T-cell
repertoire and have been shown to upregulate IFNy,
granzyme B, and perforin following PD-1 blockade [40].
However, such organoid models often involve expansion
of cells in culture, requiring additional time and limit-
ing their clinical utility for guiding treatment decisions.
Tumor fragment models derived from surgical resections
also preserve the native TME and allow cytokine-based
assessment of response [13, 16, 17]. These models rely on
pooling large tissue amounts to mitigate heterogeneity
and are not compatible with biopsies, thereby excluding
patients with unresectable, advanced and metastatic dis-
ease—the population most likely to receive ICI therapy—
from potential evaluation.

The sequential treatment strategy presented here
enables detection of cytokine changes in response to ICI
exposure in CNBs. Ongoing clinical studies are targeted
to enroll over 600 patients and designed to evaluate the
extent of correlation between ex vivo cytokine response
on this platform and clinical outcomes, validating this
approach as a predictive tool (ClinicalTrials.gov identi-
fiers: NCT05478538, NCT05520099, NCT06349642).
By leveraging CNBs and a sequential treatment design,
the platform supports longitudinal profiling of tumor
response and offers a practical method for guiding per-
sonalized ICI therapy. Importantly, this approach is not
limited to ICI. The platform also has the potential to
evaluate other immunotherapy modalities, including
immune cell-based therapies and combination regimens,
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expanding the platform’s clinical utility. Further studies
are ongoing to explore these opportunities and validate
use beyond ICI treatment.
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