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Abstract

The efficacy of adoptive T cell therapy is highly dependent on the generation of T cell populations
that are able to both provide immediate effector function and long-term protective immunity.
Inspired by the emerging consensus that T cell phenotype and function are inherently linked

to their tissue localization, we present an approach to generate functionally distinct T cell
populations via the physical properties of their surrounding matrix. A collagen type | based
extracellular matrix (ECM) was engineered to allow for independent tuning of matrix stiffness and
viscoelasticity, two features that characterize the mechanical properties of tissues. The mechanical
properties of the ECM, particularly ECM viscoelasticity, regulated T cell phenotype and function,
and the AP-1 pathway, which is a critical regulator of T cell fate. These observations were
consistent with the profiles of T cells isolated from mechanically distinct tissues in cancer and
fibrosis patients. The engineered ECM was then utilized to generate functionally distinct T

cell populations from cells that received the same initial stimulation. Altogether these findings
demonstrate the direct role of tissue viscoelasticity in directing T cell function and provide a
strategy for generating functionally distinct T cell populations.
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Introduction

T cells play a critical role in the immune response to tumors and are characterized by

their antigen specificity, and their long-term memory potential that establishes protective
immunityl-3. Adoptive T cell therapy is an emerging area of immunotherapy where T

cells are harvested from a patient, manipulated ex vivo and reinfused into the patient®.
These T cells can either be tumor infiltrating lymphocytes (TILs), which are isolated from
tumors, or more commonly autologous polyclonal T cells isolated from apheresed PBMCs®.
Autologous T cells can be genetically modified into TCR T cells or Chimeric Antigen
Receptor (CAR) T cells based on whether the antigen being recognized is in the presence
or absence of MHC respectively®. While T cell therapy has shown remarkable promise,
especially in hematological cancers, the efficacy of T cell therapies can be enhanced by
generating T cell populations that provide both immediate and durable long-term protection
against cancer®8,

The generation of CAR T cells and genetically modified TCR T cells involve ex

vivo stimulation of isolated T cells prior to genetic manipulation8°. Approaches to

T cell stimulation have evolved from the labor-intensive use of purified autologous
antigen presenting cells (APCs)310 to more efficient artificial APCs presenting aCD3/
aCD28 monoclonal antibodies, supplemented with growth factors such as IL-2 for T

cell expansion®11, Activated T cells are incubated with either viral vectors or non-viral
transposon systems for stable CAR or TCR expression1213, or mRNA for more transient
expression*. Most approaches aiming to generate various T cell populations /n vitro are
limited to altering the strength and duration of T cell stimulation815. Approaches that can
further tune T cell phenotype for a given stimulation regimen could broaden the repertoire of
T cells available for therapy.

Prior studies suggest that T cell phenotype is inherently linked to their location, and this

is likely linked to the distinct properties of various anatomic locations®-18. In tissues, T
cells encounter mechanical resistances in the form of stiffness and viscoelasticity as they
engage extracellular matrices (ECM) like collagens, which are altered in pathologies like
cancer and fibrosis. Stiffness describes a material’s resistance to instantaneous deformation,
whereas viscoelasticity, as exhibited by stress relaxation, is a distinct feature from stiffness
that refers to a material’s time-dependent mechanical response to applied strains!®-20, The
stress needed to maintain a particular deformation decreases more rapidly with time for
minimally crosslinked, fast relaxing ECM (more viscous) than for more highly crosslinked,
slow relaxing ECM (more elastic). Both tissue stiffness and viscoelasticity have been shown
to independently influence the behavior of cells, including their proliferation, mobility and
differentiation20.

Here, we hypothesize that functionally distinct T cell populations can be generated by
selectively tuning the mechanical properties of matrices in which cells are embedded,
mimicking distinct mechanical properties of the tissue microenvironment. To address
this hypothesis, a collagen type 1 based ECM model was first engineered to allow
for independent tuning of matrix stiffness and viscoelasticity. Collagen type 1 was
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utilized because it is a major ECM constituent in multiple tissues, forming the fibrillar
structures that provide mechanical tissue integrity, as well as adhesion ligands for cell
adhesion and migration?L. To control for initial T cell activation, T cells received the

same initial stimulation regimen before they were cultured in matrices with different
viscoelasticity. In vivo, T cells are primed when antigen presenting cells sample, process,
and present antigen to T cells on their major histocompatibility complex (MHC) proteins.
However, the phenotype of these antigen presenting cells themselves could be influenced

by their mechanical environment, complicating one’s ability to determine how matrix
mechanical properties regulate T cell activation. Consequently, we used synthetic CD3/
CD28 dynabeads, which is the industry standard for CAR-T cell activation and expansion
for clinical use, and which can be easily separated from T cells via the use of magnets
before the cells are seeded in collagen matrices. T cell phenotype, in vitro cytotoxic function
and cytokine secretion profiles, as well as in vivo function were analyzed, as was the AP-1
pathway, which has been shown to be a critical regulator of T cell activation, differentiation
and exhaustion. The profiles of T cells cultured in the distinct mechanical environments was
further compared to T cells derived from mechanically distinct tissues in cancer and fibrosis
patients. Together, these studies further our understanding of the role of tissue mechanical
properties in directing T cell function and provide a tool for generating functionally distinct
populations of T cells.

T cell phenotype varies in mechanically distinct tissues in vivo

First, to confirm and extend previous reports that aspects of the tissue microenvironment
may regulate T cell phenotype in vivo, published scRNA-seq datasets were analyzed to
compare CD8+ T cells located in tumors, adjacent normal tissues and blood for patients with
non-small cell lung cancer (NSCLC)?2, liver cancer?3, and colorectal cancer?, representing
diverse mechanical environments. These analyses were performed for both pan T cells and
T cells with shared TCR clonotypes between the tissue types. The three tissue types were
selected because they span the spectrum between very soft, fast-relaxing (blood: a viscous
fluid)2® and stiff, slow-relaxing (tumor) 26:27 tissues. Umap plots of pan T cells showed
distinct localization of T cells from the different tissue compartments, with increased overlap
between T cells from tumors and those from their corresponding normal tissues compared

to blood (Fig. 1a). Tumor T cell gene signatures were generated for each tumor type by
performing differential gene expression analysis between tumor derived T cells and T cells
in normal tissue and blood (Supplementary Table 2). These signatures were then applied to
T cells from the different tissue compartments to compare their aggregate expression levels.
T cells from the blood had the lowest expression of tumor T cell gene signatures, with T
cells in adjacent normal tissue being intermediate (Fig. 1b). This trend was maintained when
the same analysis was performed for T cells with shared TCR clonotypes (Fig. 1c). These
results suggest that the tissue microenvironment may be playing a role in modulating T cell
phenotype.

To better correlate the observed transcriptomic differences between T cells isolated from
the different tissues with their microenvironment, and to further inform our choice of ECM
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protein for subsequent studies, bulk sequencing from the TCGA dataset was analyzed to
compare the relative expressions of canonical matrix proteins that are known to influence
tissue mechanical properties. In particular, collagen type | (COL1A1) and lysyl oxidase
(LOX), which is known to crosslink collagen fibers in vivo, were found to be differentially
expressed in tumors relative to normal tissues for each tumor type (Fig. 1d).

Synthesizing collagen-based ECM mimetic with tunable mechanical properties

We next engineered a collagen type | based ECM model to allow for independent

tuning of matrix stiffness and viscoelasticity for T cell culture. Collagen type | was first
modified with norbornene (Nb), which undergoes a highly selective bioorthogonal click
reaction with tetrazine (Tz) moieties via inverse electron demand Diels-Alder28. Matrix
stiffness was tuned by varying the collagen concentration, while the addition of local
covalent crosslinking to the Nb-modified collagen post gelation with low molecular weight
Tz crosslinkers regulated matrix viscoelastic properties without changing the stiffness
(Extended figure 1a, Fig. 2a). Two collagen concentrations were utilized, as these yielded
matrices which spanned the stiffness range of multiple soft tissues2® (Extended Fig. 1b),

as well as pre-malignant and malignant tumors39-34, Mechanical characterization of the
matrices showed that while click crosslinking influenced matrix viscoelastic properties, as
reflected in shear stress relaxation and loss angle of the matrices, it did not affect shear bulk
stiffness values (Fig. 2b—c, Extended Fig. 1c). Further characterization by cryo-scanning
electron microscopy (Cryo-SEM) and second harmonic generation imaging (SHG) showed
that click crosslinking did not alter the fibrillar architecture or pore-size distribution of
collagen matrices (Fig. 2d—e, Extended Fig. 1d), and did not affect collagen fiber length,
waviness or angle between the fibers (Extended Fig. 1e—g). Importantly, analysis of local
mechanical properties with nanoindentation confirmed similar storage moduli (G”) for each
collagen concentration but significantly different loss moduli (G”) between fast and slow
relaxing matrices (Extended Fig. 1h-i).

CD8+ T cells were subsequently isolated from healthy donors, activated, and subsequently
cultured in fast relaxing (non-click crosslinked) or slow relaxing (click crosslinked), soft (2
mg/ml) or stiff (4 mg/ml) collagen matrices. After 3 days in the various matrices, the T cells
showed notable phenotypic differences, driven more by changes in collagen viscoelasticity
than by stiffness (Fig. 2f-h). In particular, flow cytometry analysis of CD8+ T cells showed
higher expression of activation and inhibitory markers in slow relaxing matrices, while T
cells in fast relaxing matrices exhibited higher memory marker expression, such as CD62L
and CD45RA (Fig. 2f). These observations were consistent with multiple donors and across
multiple independent experiments (Extended Fig. 2)

Collagen modification and crosslinker have minimal effects on T cell adhesion and

phenotype

Potential effects of collagen modification and the presence of methyltetrazine crosslinkers
on T cell adhesion and phenotype were next investigated. T cells that were seeded on

top of unmodified and Nb-modified collagen with and without methyltetrazine crosslinkers
adhered similarly to their respective collagen matrices (Extended Fig. 3a). In addition,

T cells remained highly viable in all matrix conditions (Extended Fig. 3b) and had
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similar phenotypic profiles when they were embedded in unmodified collagen (Col) or

in Nb-modified collagen (Col-Nb) (Extended Fig. 3c—e). The presence of methyltetrazine
crosslinkers had some, but minimal effect on T cells cultured in unmodified collagen
matrices (Col (+Linkers)), but had significant effects on T cells cultured in modified
collagen (Col-Nb (+Linkers)), as expected due to changes in matrix viscoelasticity from
the resultant crosslinking in the latter (Extended Fig. 3c—€). Importantly, PCA analyses
confirmed our observations, with Col-Nb (+Linkers) being most different along PC1
(Extended Fig. 3f).

ECM viscoelasticity modulates T cell phenotype in complex ECM

Even though collagen type | forms a significant fraction of many tissue ECMs, the

effects of viscoelasticity within the context of a more complex ECM formulation was

next studied. These studies were performed with an interpenetrating network (IPN) of
Matrigel and collagen type | to mimic the complexity of tissue ECM. The viscoelasticity

of the collagen-Matrigel IPN was again tuned by selectively and locally crosslinking
collagen-Nb within the network with low molecular weight methyltetrazine crosslinkers.
Bulk rheological characterization of the IPNs showed significant effects of click crosslinking
on stress relaxation halftime and loss angle (Extended Fig. 4a). Importantly, similar to the
observations made for the collagen-only matrices, alterations in viscoelastic properties led to
significant changes in T cell phenotype (Extended Fig. 4b—e).

Extracellular matrix viscoelasticity modulates T cell transcriptomic profile

To investigate how ECM viscoelasticity drives changes in the transcriptional landscape of
T cells, sScRNA-seq of CD8+ T cells cultured in fast relaxing and slow relaxing collagen
matrices was next performed. Umap analysis showed distinct localization of the two T

cell populations (Fig. 3a). Global differential expression identified upregulation of several
conventional activation and inhibitory T cell markers, including /L2RA (CD25), ENTPD1
(CD39) (Fig. 3b), as well as FAS, TNFRSF4 (0X40) and LAGS3 (Extended Table 3) in
slow-relaxing matrices compared to fast-relaxing matrices. In addition, transcription factors
that have been implicated in T cell effector phenotype such as PRDM1 (BLIMP-1) and
ZEBZwere also more highly expressed for T cells cultured in slow relaxing matrices. Of
note, several genes related to the AP-1 pathway, including JUN, ATF3, BATF (Fig. 3b) and
FOSand FOSB, in addition to some mitogen-activated protein kinases such as MAPKS,
MAPKG®6 and MAPK1 (Extended Table 3) were enriched in T cells cultured in slow relaxing
matrices. In contrast, T cells in fast relaxing matrices expressed higher levels of T cell
memory markers and memory related transcription factors such as CD62L, KLF2, CXCR3
and SIZPR4 (Fig. 3b, Extended Table 4).

We next performed consensus non-negative matrix factorization (cNMF)3° to group genes
into expression programs in an unsupervised manner, and investigate programs enriched for
T cells in the different microenvironments. cNMF identified 15 gene expression programs,
4 of which were significantly enriched in T cells cultured in slow relaxing matrices and 2

in fast relaxing matrices (Fig. 3c—d). Module 5 was the most notably enriched module in
slow relaxing matrices and included AP-1 pathway-related genes such as JUN, ATF3, FOS,
FOSB and JUNB (Fig 3d, Extended Table 5). Unique genes from the 4 programs enriched
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in slow relaxing matrices were combined into the Slow-Relaxing Module (SModule), and
the 2 programs associated with fast relaxing matrices were grouped into the Fast-Relaxing
Module (FModule). Umap overlay of aggregate expression levels of the SModule and
FModule showed distinct localizations that mapped to regions of high T cell density in slow
relaxing and fast relaxing matrices respectively (Fig. 3e). When the expression profiles of
FModule and SModule were compared between plate-cultured T cells (i.e., 2D suspension
culture with no collagen matrix), and T cells embedded in fast relaxing or slow relaxing
collagen matrices, T cells in the slow relaxing collagen matrices were the most different,
having the lowest expression of FModule and highest expression of SModule (Fig. 3f).
Pathway enrichment analysis showed that the SModule was enriched for pathways related to
TCR signaling, CD8+ T cell activation, and T cell cytotoxicity, indicating a more activated
T cell state, while the FModule was enriched for genes related to leukocyte adhesion to
endothelial cells (Fig. 3g).

Next, we applied the gene modules to a series of independently published RNA-seq datasets
from both in vitro and in vivo studies to correlate our observed T cell states to independent
studies involving T cell activation and tissue localization respectively. In a bulk RNA-seq
dataset from activated and non-activated T cells in vitro36, the SModule was significantly
enriched in activated T cells while the FModule was enriched in the non-activated condition
(Fig. 3h). The SModule was then applied to CD8+ T cells in tumors, adjacent normal tissue,
and blood from the scRNA-seq datasets for NSCLC, liver cancer, colorectal cancer analyzed
in Fig 1a—c, for both pan CD8+ T cells (Extended Fig. 5) or T cells with shared TCR
clonotypes (Fig. 3i), in addition to a breast cancer dataset for pan CD8+ T cells (Extended
Fig. 5)37. The trends for SModule expression were consistent with those in Fig. 1a—c, with T
cells in tumors having the highest expression levels among the three tissue types, T cells in
blood having the lowest, and T cells in normal tissue having intermediate expression levels.

AP-1 Pathway is enhanced in T cells cultured in slow relaxing ECM in vitro, and in tumors
and fibrotic tissues in vivo

Due to the observation that multiple AP-1 related genes were enriched in T cells from slow
relaxing matrices, we performed AP-1 gene enrichment analysis on the cNMF modules.
We saw significant enrichment of the AP-1 pathway in cNMF Module 5 (Extended Fig.
6a), which was the most notable module in slow relaxing matrices. Consequently, we
hypothesized that ECM viscoelasticity modulates the AP-1 pathway, which in turn drives
the observed T cell phenotypic profiles. To test the relevance of this hypothesis in vivo,

we investigated the expression levels of cNMF Module 5 (AP-1 Module) in T cells derived
from tumors, adjacent normal tissue, and blood from scRNA-seq datasets for NSCLC,
liver cancer, colorectal cancer for T cells with shared TCR clonotypes (Extended Fig.

6b). We observed the highest expression levels in tumors, while T cells in blood had the
lowest expression levels of the AP-1 Module. T cells in adjacent normal tissues had AP-1
expression levels that were again intermediate.

To examine whether the observations of AP-1 enrichment in T cells are specific to cancer,
or more broadly to conditions with altered matrix mechanics, a similar analysis was
performed in the context of fibrosis. Fibrosis is generally accompanied by increased ECM
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deposition and crosslinking38, resulting in changes in matrix stiffness and viscoelasticity.
We investigated the AP-1 pathway in T cells located in fibrotic tissues by first generating
cNMF modules from CD8+ T cell data derived from a published liver cirrhosis SCRNA-seq
dataset3® and two IPF datasets*:41, which compared fibrotic tissues to adjacent normal
tissues. These cNMF modules were generated from the published datasets themselves and
were independent of the modules generated in this study in vitro. We then performed

AP-1 gene enrichment analyses and saw AP-1 enriched modules in all the fibrosis datasets
investigated (Extended Fig. 6¢c—d). Importantly, the expression levels of the AP-1 modules
were significantly higher in fibrotic tissues than in normal tissues. This trend was maintained
when we investigated the expression levels of the in vitro generated AP-1 module in the
fibrotic tissues (Extended Fig. 6e).

The phosphorylation states of a number of transcription factors and kinases related to the
AP-1 pathway were next examined to further probe AP-1 transcriptional regulation after T
cells are cultured in collagen matrices of varying stiffness and viscoelasticity (Extended Fig.
7a). For all transcription factors investigated, there was increased phosphorylation in T cells
cultured in slow relaxing matrices for both CD4+ and CD8+ T cells. Principal component
analysis (PCA) revealed that ECM viscoelasticity was the main driver of the differential
phosphorylation states (Extended Fig. 7b). In addition to c-Jun and p-c-Jun, PCA loadings
identified features such as pPyk2, pPlcgl, pPlcg2, pMAPKS, pMAPK14 and pCD3z as
important factors underlying the observed PCA trend (Extended Fig. 7c).

Matrix viscoelasticity impacts pattern of AP-1 protein expression

We next examined the patterns of AP-1 protein expression and their interactions, specifically
with c-Jun, due to their importance in the regulation of T cell phenotype and function*2. In
particular, c-Jun and c-Fos are canonical AP-1 partners that have been shown to enhance L2
production?2. BATF promotes effector T cell differentiation but also drives exhaustion*3-

45, JunB has been shown to enhance Th17 differentiation and 1L2 production, but also
promotes T cell exhaustion and effector Treg differentiation*6-49. Flow cytometry analyses
after culturing T cells in fast and slow relaxing matrices showed that T cells cultured in

slow relaxing matrices had enhanced expression of c-Jun, c-Fos, and BATF (Fig. 4a-b).
Additionally, T cells from slow relaxing matrices exhibited higher interaction of c-Fos, JunB
and BATF with c-Jun, as analyzed by c-Jun co-immunoprecipitation of cell lysates to assess
AP-1 binding partners (Fig. 4c).

The ability of c-Jun to mediate effects of viscoelasticity on T cell phenotype was directly
tested by blocking c-Jun function with the SP600125 Jun N-terminal kinase inhibitor0.
Umap and K-means analyses of T cell phenotypes showed that SP600125 abrogated the
effects of matrix viscoelasticity (Fig. 4d) and led to increased expression of memory markers
in all conditions (Fig. 4e). PCA analysis confirmed these results. The slow relaxing matrix
without SP600125, and all conditions with SP600125 were located at the two extremes

of PC1, while plate culture and fast relaxing matrix conditions without SP600125 were
intermediate (Fig. 4f). Together, these findings demonstrate that the patterns of AP-1 protein
expression and their interactions with c-Jun can be modulated by ECM viscoelasticity.
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ECM viscoelasticity does not select for specific T cell clones

To assess whether the observed phenotypic differences imparted by matrix viscoelasticity
are due to the selection and persistence of specific T cell clones, we performed single cell
RNA-sequencing with TCR sequencing using T cells from a different donor. Umap analysis
on pan T cells from the different conditions showed distinct localization of T cells from
plate-culture, fast relaxing and slow relaxing matrix conditions (Fig. 5a). The Slow-Relaxing
Module (SModule), generated from the previous sScCRNA-seq in Fig. 3, was applied to pan

T cells from this dataset to investigate consistency across different donors. The trends for
SModule expression were consistent with those in Fig. 3, with T cells cultured in slow
relaxing matrices having the highest expression of SModule (Fig. 5b).

To explore the potential of ECM viscoelasticity in skewing the TCR, the profile of T cell
receptor B (TRP), a component of the TCR heterodimer, was investigated. Similar frequency
distributions were observed for the different TRBV genes as a function of ECM condition
(Extended Fig. 8a). In addition, a Venn diagram of the TRBV genes showed that 96% of

the genes were present in all the conditions (Extended Fig. 8b). Shannon entropy, which
estimates the diversity within a specific population, showed similar TRBV diversity between
T cells cultured in fast relaxing matrices, slow relaxing matrices, and plate-culture, as

well as their parent T cell population (Pre-Gel) (Extended Fig. 8c). Importantly, when the
SModule was applied to the T cells grouped by TRBV gene, the slow relaxing matrices had
the highest expression across all TRBV genes (Extended Fig. 8d).

We next investigated the effects of ECM viscoelasticity on CDR3 profiles and the
persistence of T cell clonotypes. First, it was observed that TCRB CDR3 length distribution
was similar across all the conditions, including in the parent T cell population (Fig. 5c).
Assessment of TCR clones revealed that all the conditions had similar clonotypic diversity
as estimated by Shannon entropy (Fig. 5d). The T cells generally had unique clonotypes,
with only 3.7% of T cells being clonal (clones observed in >1 cell) (Fig. 5¢). Dominant
clones (clones observed in >3 cells) were not limited to specific conditions, but were

shared across multiple conditions, with 5 clones being shared among all conditions (Fig.
5f). Importantly, T cells with shared TCRs derived from the various matrix conditions were
transcriptomically different, with the T cells cultured in slow relaxing matrices having the
highest expression of the SModule (Fig. 5g). We also hypothesized that if the matrix is
acting by selecting specific T cell clones, whose phenotypes persist over time, then there
should be a correlation between the transcriptomic profiles of those T cell clones before and
after matrix culture. However, correlation analysis between individual T cell clones before
and after their culture in collagen matrices showed weak correlation for the fast relaxing
matrix condition (Pearson correlation=0.38) and no correlation for the slow relaxing matrix
condition (Pearson correlation=-0.089) (Fig. 5h—i). Together, these findings suggest that
ECM viscoelasticity directly modulates T cell phenotype, and does not select specific T cell
clones which persist over time.

ECM viscoelasticity imprints long-term T cell phenotype

To investigate the extent to which the differences in T cell phenotypes persist after being
exposed to matrices with different viscoelasticity, T cells were first embedded in either fast
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or slow relaxing collagen matrices for 3 days, after which they were cultured in suspension
for 4 days. The T cells expanded and remained viable post matrix culture (Extended Fig.
9a). Umap, K-means and PCA analyses showed that T cell phenotypes remained distinct
after 4 days of suspension culture, with T cells harvested from slow-relaxing matrices
being enriched in clusters with higher expression of activation markers: clusters 4, 5, 6, 8
(Extended Fig. 9b—c). Importantly, this trend was maintained when the T cells harvested
from the various matrix conditions were re-stimulated with dynabeads in suspension
(Extended Fig. 9f—).

To further explore the role of ECM viscoelasticity on imprinting long-term T cell phenotype,
T cells were serially passaged as follows: from fast relaxing to fast relaxing matrices
(Fast-Fast), from fast relaxing to slow relaxing matrices (Fast-Slow), from slow relaxing

to fast relaxing matrices (Slow-Fast) and from slow relaxing to slow relaxing matrices
(Slow-Slow) (Fig. 6a). Flow cytometry analyses revealed an impact of the prior matrix
condition on the phenotype of the T cells in the latter matrix. In particular, Umap, K-means
and PCA analyses showed that T cells from Fast-Fast and Slow-Slow conditions were the
most different, with the Fast-Slow and Slow-Fast conditions being intermediate (Fig. 6b—
e). Importantly, when the Euclidean distances between a) Fast-Fast and Fast-Slow and b)
Slow-Slow and Slow-Fast conditions were compared, it was found that there was a greater
distance between Fast-Fast and Fast-Slow (more dissimilar) than Slow-Slow and Slow-Fast
conditions, suggesting that slow relaxing matrices had a greater impact on modulating T
cells that have been previously cultured in fast relaxing matrices than vice versa (Fig. 6f).

We next profiled T cells after embedding them in collagen matrices for different timepoints
(3 days and 7 days), and subsequently culturing the cells in suspension to investigate if the
effects of ECM viscoelasticity on imprinting T cell phenotype is time dependent. Consistent
with previous observations, T cell phenotype was modulated by ECM viscoelasticity at

both harvest timepoints (Extended Fig. 10a—e). When T cells were harvested from collagen
matrices on days 3 and 7, and subsequently cultured in suspension for 7 additional days,
they maintained the T cell phenotype imprinted by the specific matrix mechanical properties
in a manner dependent on the duration of initial gel culture (Extended Fig. 10f).

ECM viscoelasticity modulates the phenotypes of T cells subjected to different modes of
prior activation

To understand the generalizability of ECM viscoelasticity in modulating T cell phenotypes
in relation to mode of prior activation, T cells were either activated with CD3/CD28 or CD3/
CD28/CD137 dynabeads, before embedding in collagen matrices, with the latter known

to enhance memory T cell enrichment®L. Consistent with previous data, flow cytometry
analyses showed an impact of ECM viscoelasticity in modulating T cell phenotype after
CD3/CD28 activation. Umap, K-means, and PCA analyses confirmed these differences,
with T cells harvested from slow-relaxing matrices being enriched in clusters with higher
expression of activation markers: Clusters 1, 4, 8 (Extended Fig. 11a—d). Importantly, these
phenotypic differences were maintained when the T cells were activated with CD3/CD28/
CD137 dynabeads prior to matrix culture (Extended Fig. 11e-h).
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Tuning matrix viscoelasticity leads to functionally distinct T cells.

We next investigated whether T cell populations that are functionally distinct resulted from
culture in the engineered matrices with distinct levels of viscoelasticity, and how these
populations would evolve when the strength of stimulation are altered. First, anti-CD19
CAR T cells were cultured in ECM with varying stiffness and viscoelasticity after exposure
to different strengths of antigenic stimulation, phenotypically profiled and functionally
tested for their cytotoxic potential and effector cytokine production upon co-culture with
Raji tumor cells. Umap analyses of T cell phenotypes showed distinct localization of T
cells cultured in fast relaxing and slow relaxing collagen matrices for all the activation
regimes tested (Fig. 7a, Extended Fig. 12a-b). T cells in slow relaxing matrices expressed
higher levels of activation and inhibitory markers and lower levels of memory markers (Fig.
7b, c). Functionally, anti-CD19 CAR T cells cultured in slow relaxing matrices showed
higher killing of Raji tumor cells in vitro, with these differences being more substantial

as the level of acute stimulation was increased (Fig. 7d). Increased killing capacity was
accompanied by higher expression of a number of effector molecules, including 1L2,
Granzyme B, and TNF-a (Fig. 7e). The increased cytotoxicity observed for T cells cultured
in slow relaxing matrices was highly positively correlated with the expression of c-Jun,
c-Fos and BATF (Extended Fig. 12c). Similar results were obtained when the in vitro
cytotoxicity experiment was repeated with a different donor, including a plate-cultured T cell
condition (i.e., no collagen matrix condition). Umap, K-means, and PCA analyses of T cell
cytokine profiles after co-culture of anti-CD19 CAR T cells with Raji tumor cells showed
differential cytokine profiles dependent on the matrix condition (Extended Fig 13a—e). This
corresponded to differences in T cell cytotoxicity, with T cells cultured in slow-relaxing
matrices showing the highest killing compared with plate-cultured T cells and T cells
cultured in fast-relaxing matrices (Extended Fig. 13f).

We next explored T cell functionality as a function of viscoelasticity for TCR T cells
using a different tumor type and in a different species to understand the generalizability
of these observations. We first cultured mouse Pmel-1 T cells, which recognize the gp100
epitope on B16-F10 melanoma cells®223, in collagen matrices of different viscoelasticity,
and subsequently co-cultured these T cells with B16-F10 tumor cells. Pmel-1 T cells
cultured in slow relaxing matrices had the best killing relative to plate-culture and fast
relaxing matrix conditions (Extended Fig. 13g).

To investigate if the in vitro functional differences corresponded to in vivo therapeutic
outcomes, anti-CD19 CAR T cells cultured in fast and slow relaxing matrices were
adoptively transferred into tumor-bearing mice in a luciferized Raji xenograft lymphoma
model. 1VVIS imaging of Raji tumor burden and mouse survival showed consistency between
in vitro and in vivo observations. NSG mice treated with anti-CD19 CAR T cells first
cultured in slow relaxing matrices had lower tumor burden and significantly better survival
than mice treated with the same number of T cells from fast relaxing matrices (Fig. 7f-h).
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ECM viscoelasticity modulates the phenotype and function of T cells undergoing chronic

stimulation

We sought to assess the effects of ECM viscoelasticity on T cells undergoing chronic
stimulation in the matrices, specifically investigating their AP-1 protein expression and
interactions, as well as their phenotype and function. To achieve chronic stimulation within
the matrices, we utilized Transact, 50 nm polymeric nanoparticles conjugated with aCD3/
aCD28%4, as their small size is expected to minimally impact the bulk mechanics of the

gel, and enable them to freely diffuse within the micron-scale pores of the gels. AP-1
protein analysis of T cells chronically stimulated in slow relaxing matrices maintained
higher expression of c-Jun (Extended Fig. 14a-b), BATF, and JunB but expressed lower
levels of c-Fos compared with cells in corresponding fast relaxing matrices (Extended Fig.
14b). c-Jun co-immunoprecipitation of cell lysates showed that T cells that received chronic
stimulation in slow relaxing matrices had higher binding of JunB and BATF but not c-Fos
(Extended Fig. 14c). Importantly, the amount of JunB and BATF bound to c-Jun increased
markedly when the T cells were cultured in slow relaxing matrices with chronic stimulation,
as compared to T cells in fast relaxing matrices (Extended Fig. 14c). In terms of the changes
in the individual AP-1 proteins between acute and chronic stimulation, larger increases in
BATF and JunB expression were found for slow relaxing matrices after chronic stimulation,
while c-Fos, FosB, and c-Jun increased more with fast relaxing matrices (Extended Fig.
144d).

Finally, anti-CD19 CAR T cells were cultured in matrices with chronic stimulation,
phenotypically profiled and tested for their cytotoxic potential and effector cytokine
production. Phenotypic analyses revealed that T cells in slow relaxing matrices showed
higher expression of activation and inhibitory markers and lower memory marker expression
(Extended Fig. 14e—f). In contrast to T cells without chronic stimulation, the T cells from
slow relaxing matrices exhibited poorer killing capacity than those in fast relaxing matrices
after chronic stimulation (Extended Fig. 149). This inverse killing trend corresponded to
impaired IL2 and lower Granzyme B production in T cells cultured in slow relaxing
matrices, even though they generally maintained higher levels of IFN-y and TNF-a
(Extended Fig. 14h). c-Jun, BATF and JunB expression were found to be negatively
correlated with cytotoxic potential when the T cells received chronic stimulation in the
matrices (Extended Fig. 14i), while c-Fos remained positively correlated with T cell
cytotoxic potential.

Discussion

A collagen type | based ECM model was engineered that allows for independent tuning of
matrix stiffness and viscoelasticity, and used to demonstrate that the mechanical properties
of tissues regulate T cell phenotype, with viscoelasticity as the dominant driver of these
phenotypic differences. These observations are consistent with T cell profiles obtained from
mechanically distinct tissues in cancer and fibrosis patients, and are highlighted by an
enrichment in the AP-1 pathway. Importantly, functionally distinct T cell populations were
generated from a population of cells that received the same prior stimulation by tuning ECM
viscoelasticity.
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An in vitro collagen based system was developed in which viscoelasticity can be varied
independently of the initial elastic modulus by utilizing a combination of non-covalent
and permanent covalent bonds. Adding covalent bonds only to regions of the network

that are already in close spatial contact (e.g., already crosslinked physically) leads to
minimal changes in the moduli, but dramatic alterations in the viscoelastic properties
(e.g., rate of stress relaxation). Importantly, a sequential crosslinking approach was used
here, in which physical gelation occurs first, followed by local covalent crosslinking using
small biorthogonal crosslinking molecules. This approach preserves a consistent collagen
architecture and pore size distribution. While other studies have reported an impact of
substrate stiffness on TCR interactions utilizing 2D surfaces or coated particles®>-63, or
on T cell activation using hydrogels with large pores that effectively create a flat/curved
culture surface®4, or only varying collagen density®, this is the first strategy aimed at
generating functionally distinct T cell populations by tuning tissue-level viscoelasticity. This
collagen system is the first to report a crosslinking mechanism that successfully decouples
ECM stiffness from viscoelasticity, and the crosslinkers themselves had minimal impact on
the phenotype of T cells. Further mechanical characterization and analyses could provide
valuable additional insights into the viscoelastic behavior of these matrices. Developing
frameworks across the field for mechanical testing of different substrates could serve

as guidelines for the future design and iterations of these matrices. Modifying collagen
with other click groups could expand the utility of this matrix system in the future. By
demonstrating that more complex ECM can be developed by generating IPNs of collagen-
Nb and other ECM proteins of interest, this system can also be used to study the impact of
more complex cell-matrix interactions.

We demonstrate a direct link between ECM mechanics and T cell phenotype in vitro that it
is consistent with clinical data, and is highlighted by an enrichment in the AP-1 pathway.
In vitro, T cells cultured in slow relaxing collagen matrices were found to have higher
expression of activation and inhibitory markers, while T cells cultured in fast relaxing
matrices have higher expression of memory markers. Plate cultured T cells also showed
distinct phenotypes with lower expression of activation and inhibitory markers relative to T
cells cultured in slow relaxing matrices. It is important to note that plate-culture provides

a mechanically diverse environment to cells. Cells engaged with the surface encounter a
highly inelastic surface while those in suspension are surrounded by a viscous cell culture
medium. It could be helpful for future studies to decouple the net mechanical effects of the
viscous media from the inelastic surface of the plate. /n vivo, T cells in mechanically distinct
tissue compartments are phenotypically different, as demonstrated by the transcriptomic
profiles of both pan CD8+ T cells and T cells with shared TCR clonotypes isolated from
the blood, adjacent normal tissues and tumors of multiple tumor types. These findings are
consistent with the growing acceptance that the location of T cells can be important for
their phenotype, as seen in memory subtypes such as tissue resident memory T cells, which
are important for the recall response to antigenl”:66.67 A strikingly conserved trend was
observed when T cells from blood, adjacent normal tissues, and tumors were internally
compared, and when the in vitro-derived cNMF gene signature for T cells cultured in

slow relaxing matrices was examined in these cells. The AP-1 pathway was found to be
highly modulated by ECM viscoelasticity in vitro and showed a consistent trend between
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mechanically distinct tissues in multiple tumor and fibrotic studies /n vivo. Recent studies
have shown that the AP-1 pathway, specifically the activation of c-Jun in fibroblasts, is

a hallmark feature and possibly a unifying mechanism for multiple fibrotic diseases8-70,
While our study took an agnostic approach to investigate the effects of ECM stiffness and
viscoelasticity on T cells, the convergence of the data on AP-1 is indicative of the central
role it plays in the cellular response to ECM mechanics. Our findings also suggest that
therapies targeting the ECM viscoelasticity may directly impact T cell biology and fate.

TCR analyses from the different matrix conditions suggested that ECM viscoelasticity
directly modulates T cell phenotype and does not select for specific clones that persist

over time. The weak correlation observed between T cell phenotypes before and after their
culture in fast relaxing matrices, with no correlation observed in slow relaxing matrices,
suggests that slow relaxing matrices have a stronger effect on T cell phenotype than fast
relaxing matrices. This is supported by the serial culture experiment, where T cells from

fast relaxing matrices that were subsequently embedded in slow relaxing matrices were more
impacted than T cells from slow relaxing matrices that were then embedded in fast relaxing
matrices.

By tuning ECM viscoelasticity, functionally distinct T cell populations were generated,
which have different patterns of AP-1 protein expression and interactions. In vitro findings
suggest that slower relaxing ECM generate T cells that offer rapid response to antigen,
while faster relaxing ECM may generate a slower cytotoxic response. These observations
were consistent with the in vivo xenograft lymphoma model, where mice treated with T
cells from slow relaxing matrices showed better therapeutic responses. Multiple studies have
established that the AP-1 pathway is integral to T cell activation, effector differentiation,
anergy and exhaustion3-45.47-49.71.72 ‘Fyrther, the relative expression of the different
AP-1 proteins, and their interactions, are key to their ultimate function in T cells, and T
cell exhaustion can be driven by an imbalance between activating and regulatory AP-1
complexes*2. Our studies similarly find that distinct patterns of AP-1 protein expression
and interactions result in T cell populations within matrices of distinct viscoelasticity, in a
manner dependent on the length of stimulation.

The findings from this study support in vivo reports that tissue localization is essential to

T cell fate, and identify tissue viscoelasticity as an important mechanical parameter that
could be regulating T cell phenotype and function. Based on the principle, we demonstrate a
strategy to generating functionally distinct T cell populations by tuning ECM viscoelasticity.
Beyond the matrix platform presented and disease implications of our findings, this study
motivates the exploration of T cell manufacturing approaches that incorporate viscoelasticity
as a parameter in generating the desired T cell products for specific therapeutic applications.
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Extended Fig. 1. Material synthesis and characterization.

Relaxing  Relaxing

a. Collagen is modified with norbornene using NHS and gelled at 37°C with T cells. A

low MW divalent crosslinker containing two methyltetrazines is diffused into gels at room
temperature until equilibrated with the surrounding solution, to achieve even distribution
within the gel. Subsequently increasing the temperature allows covalent crosslinks to form
between norbornene and methyltetrazine functionalities. b. Comparison of Young’s moduli
for soft and stiff gels to those of published different soft tissues. c. Stress relaxation profiles
of fast relaxing and slow relaxing, soft (left) and stiff (right) collagen matrices. d. SHG
images for 2mg/ml fast relaxing and slow relaxing collagen gels. e-g. Quantification of fiber
length (e), waviness (f) and angle between fibers (g) for fast and slow relaxing matrices.
P-values were determined by performing two-tailed unpaired t-test. h-i. Storage and loss
moduli determined using nanoindentation on collagen matrices. P-values were determined
by performing two-tailed unpaired t-test for n=4 to n=10 indents.
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Extended Fig. 2. ECM modulation of T cell phenotype using multiple donors and across

independent experiments.

a. Representative flow cytometry plots showing CD62L and CD45RA expression for T cells
cultured in soft fast and soft slow relaxing gels after 4 days of activation for multiple donors
and across multiple independent studies. For donors used for independent studies, the study
number is indicated after the donor number. b. PCA plot showing that ECM viscoelasticity
drives phenotypic differences along both principal components 1 and 2. ¢. PCA loadings for
PC1 showing relative importance of input features. Data shows pooled samples n=2-3 for 3

donors across 5 independent experiments.
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Extended Fig. 3. Collagen modification and crosslinker have minimal effectson T cell adhesion
and phenotype.
a. Adhesion of T cells seeded on top of unmodified collagen or norbornene modified

collagen (Collagen-Nb) with or without methyltetrazine linkers (n=4-6 replicates). b.
Viability of T cells embedded in collagen matrices with or without norbornene modification
and crosslinker. c. Umap plots of T cells phenotyped by flow cytometry after embedding

in collagen matrices with or without norbornene modification and crosslinker. d-e. K-
means clustering was performed on pooled T cells from all experimental conditions. d.
Heatmap plot showing characteristic markers for each cluster. e. Heatmap plot showing the
frequencies of cells per condition for each cluster. f. PCA plot showing relative similarities
between the different conditions. Data for c-f show pooled samples for n=3 replicates.
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Extended Fig. 4. ECM viscoelasticity modulates T cell phenotypein complex ECM.
a. Stress relaxation half time (left) and loss angle (right) measurements of fast relaxing

and slow relaxing collagen-matrigel IPNs (Col-Mat IPN). P-values were determined by
performing two-tailed unpaired t-test for n=3 replicates. b. Umap plots of phenotyped T
cells after embedding in fast and slow relaxing Col-Mat IPNs. Data for b shows pooled
samples for n=3 replicates. c-d. K-means clustering was performed on pooled T cells from
all experimental conditions. c. Heatmap plot showing characteristic markers for each cluster.
d. Heatmap plot showing the frequencies of cells per condition for each cluster. e. PCA plot
showing relative similarities between the different conditions.
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Extended Fig. 5. Application of in vitro generated modulesto pan T cellsin tumor patients.
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Violin plots comparing expression levels of SModule for pan CD8+ T cells tumors, adjacent
normal tissues and blood for NSCLC, liver cancer and colorectal cancer. P-values were
determined by using two-tailed one-way Anova.
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Extended Fig. 6. AP-1 pathway is modulated by matrix mechanics.
a-b. AP-1 pathway analysis was performed on enriched cNMF modules from Fig 3. a.

Relative significance of AP-1 related genes in cNMF modules, showing significant AP-1
enrichment in Module 5. b. Violin plots comparing expression levels of Module 5 (AP-1
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Module) for T cells with shared TCR clonotypes in tumors, adjacent normal tissues

and blood for NSCLC, liver cancer and colorectal cancer. P-values were determined by
performing two-tailed one-way Anova. c-d. AP-1 pathway analysis was performed on cNMF
modules generated from the indicated fibrosis datasets. c. Relative significance of AP-1
related genes in cNMF modules. d. Violin plots comparing the expression levels of the top
AP-1 module in CD8+ T cells derived from healthy and fibrotic tissues for each fibrosis
study. e. Violin plots comparing expression levels of our /n vitro generated AP-1 Module in
CD8+ T cells derived from healthy and fibrotic tissues for the same datasets. P-values were
determined by using the Wilcoxon Rank Sum test.

CD8+

[ ]
Stiff Slow

_ PC2(9.2%)

N n I Soft Fast
Soft Slow
l 1 Stiff Fast
05 Stiff Slow Soft Slow
(e}
BN ORI 7 Sot Fest
Soft Slow PC1 (88.39%)

Stiff Fast CD4+
Stiff Slow

0.2 . 01 02 03 04 05
Significance Significance

@
Stiff Slow

#3d
xdend
ersd
2693g9d
16019d
0zdezd
2800d
unpd
unp
2Had

ridewd

€Lp198 Lpfvd

soeuvd il
r

PC2 (6.6%)

Soft Slow
o

PC1(20.3%)

Extended Fig. 7. Phosphorylation states of transcription factors and kinases known to impact or
be impacted by AP-1.

a. Heatmap plots comparing expression and phosphorylation levels of different transcription
factors and kinases for the different gel conditions. b. PCA plots comparing the relative
similarities between the different collagen conditions. ¢. PCA loadings for PC1 showing the
relative significance of features that drive the observations in b. Data shows pooled samples

for n=3.
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Extended Fig. 8. T cell receptor B (TRP) profileisnot skewed by ECM viscoelasticity.

a. Frequency distribution of the different TREV genes for plate-cultured T cells, T cells
embedded in fast-relaxing and slow relaxing matrices. b. Venn diagram showing the

TRPBV gene diversity. d. Plot comparing the mean expression levels of the Slow-Relaxing
Module (SModule) for T cells from the indicated conditions grouped by TRBV genes.

distribution of TRBV genes across the different conditions. c. Shannon entropy to estimate
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Extended Fig. 9. T cell phenotypes persist after they are harvested from matrices.
T cells were first cultured on plates or in fast relaxing or slow relaxing collagen

matrices, after which they were harvested and subsequently cultured in suspension with

or without dynabead restimulation. a-e. T cell phenotyping without dynabead restimulation.
a. Expansion fold (left) and viability (right) of T cells cultured in suspension after they
were harvested from their indicated matrices. b. Umap plots of phenotyped T cells. c-d.
K-means clustering was performed on pooled T cells from all experimental conditions. c.
Heatmap plot showing characteristic markers for each cluster. d. Heatmap plot showing the
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frequencies of cells per condition for each cluster. e. PCA plot showing relative similarities
between the different conditions. Data for b-d show pooled samples for n=3 replicates. f-j.
Similar analyses as a-e but for T cells cultured with dynabead restimulation.
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Extended Fig. 10. Extended profiling and long-term imprinting of T cell Phenotype.
a. CD4/CD8 ratios of T cells cultured in fast relaxing and slow relaxing, soft and stiff

collagen gels for 3 days and 7 days. P-values were determined by performing two-tailed
one-way Anova with Tukey post-hoc test. Data shows n=3 samples. b. CD62L and CD45RA
expression profiles for CD4+ and CD8+ T cells cultured in different collagen conditions

for 3 days and 7 days. c-d. Heatmaps for CD8+ T cells (c) and CD4+ T cells (d) showing
relative marker expression levels between the different gel conditions. e. PCA plots showing
relative similarities between the different collagen conditions for CD4+ and CD8+ T cells.

f. Imprinting of T cell phenotype: T cells were harvested from collagen gels after 3-day and
7-day gel culture and further cultured in suspension for 7 days. The plot shows pairwise
distances between T cells harvested from fast relaxing and slow relaxing collagen gels after
suspension culture, showing greater differences between T cells cultured in collagen gels for
7 days. Data shows pooled samples n=3.
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Extended Fig. 11. ECM viscodasticity modulates the phenotypes of T cells subjected to different
modes of prior activation.

a. Umap plots of phenotyped T cells after stimulation with aCD3/aCD28 dynabeads. b-c.
K-means clustering was performed on pooled T cells from all experimental conditions.

b. Heatmap plot showing the frequencies of cells per condition for each cluster. c.

Heatmap plot showing characteristic markers for each cluster. d. PCA plot showing relative
similarities between the different conditions. Data for a-d show pooled samples for n=3
replicates. e-h. Similar analyses as a-d but for T cells stimulated with aCD3/aCD28/aCD137
dynabeads.
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Extended Fig. 12. Characterizing T cell phenotype and AP-1 correlation with T cell cytotoxicity.
a. Representative umap plots of CD8+ T cells showing expression of CD62L (left) and

CD45RA (right), as well as localization of T cells (bottom) cultured in either fast relaxing
or slow relaxing gels, after T cells are activated with different dynabead to T cell ratios.

b. Representative umap plots showing expression of CD25 (left), CD39 (right) and T cell
localization (bottom) of the same collagen conditions used in a. Data shows pooled samples
n=3. ¢ Correlation analyses showing how the expression of indicated AP-1 proteins for T
cells cultured in the different mechanical conditions correlate with their observed killing of
Raji cells.
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Extended Fig. 13. T cellsfrom different matrix conditions are functionally distinct against
different tumor types.

a-e. Human anti-CD19 CAR T cells were first activated using different dynabead to T cell
ratios, subsequently cultured in fast relaxing, slow relaxing matrices or plate-culture and
then co-cultured with Raji tumor cells. a. Umap plots of anti-CD19 CAR T cells phenotyped
for their intracellular cytokine profiles after co-culture with Raji tumor cells. b-d. K-means
clustering was performed on pooled T cells from all experimental conditions b. Umap

plot of T cells overlaid with corresponding K-means clusters. c. Heatmap plot showing
characteristic markers for each cluster. d. Heatmap plot showing the frequencies of cells per
condition for each cluster. e. PCA plot showing relative similarities between the different
conditions. Data shows pooled samples n=3. f. Differential levels of anti-CD19 CAR T cell
killing of Raji cells after plate-culture or culturing in different matrix conditions. P-values
were calculated by using two-way Anova for n=3 samples per dynabead stimulation level. g.
Mouse Pmel-1 T cells were cultured in fast relaxing, slow relaxing matrices or plate-culture
and subsequently co-cultured with B16-F10 melanoma cells. Plot shows differential killing
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of B16-F10 tumor cells by Pmel-1 T cells. P-values were determined by performing two-
tailed one-way ANOVA for n=6, 2 independent experiments.
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Extended Fig. 14. ECM viscoelasticity modulates the phenotype and function of T cells
undergoing chronic stimulation.

a-d. Determination of AP-1 protein expression and interactions after chronic stimulation

in matrices. a. Representative flow cytometry histograms showing relative expression of
c¢-Jun for T cells cultured in fast relaxing and slow relaxing, soft and stiff matrices

after chronic stimulation. b. Heatmap plot showing relative expression of indicated AP-1
proteins for T cells cultured in the different collagen conditions after chronic stimulation. c.
¢-Jun co-immunoprecipitation was performed to probe for c-Jun binding partners. Western
blots compare relative amounts of indicated proteins bound to c-Jun as a function of the
different mechanical conditions. d. Comparison of the extent to which the individual AP-1
proteins changed between T cells with and without chronic stimulation for the different

gel conditions. Data shows pooled samples n=2-4. e-f. T cell phenotyping after chronic
stimulation in collagen matrices. e. Heatmap plot comparing marker expression for the
different collagen conditions. f. Plot showing memory and activation/inhibitory signatures
for T cells cultured in the different gel conditions receiving chronic stimulation. Data shows
pooled samples n=2-4. g. Differential levels of anti-CD19 CAR T cell killing of Raji

cells after chronic stimulation in collagen matrices. P-values were calculated by using two-
tailed one-way Anova for n=3-4 samples. h. Heatmap plot showing production of different
cytokines and effector molecules by chronically stimulated anti-CD19 CAR T cells after
co-culture with Raji cells. i. Correlation analyses showing how the expression of indicated
AP-1 proteins for T cells cultured in the different mechanical conditions correlate with their
observed killing of Raji cells after chronic stimulation.
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Extended Fig. 15. Flow cytometry gating strategy.
Representative flow cytometry gating strategy showing steps from ungated population to

CD62L and CD4RA populations.
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Fig. 1. Tissue microenvironment influences T cell phenotype.
a. Umap plots of pan CD8+ T cells from tumors, adjacent normal tissue and blood for

NSCLC, liver cancer, and colorectal cancer. b-c. Violin plots comparing expression levels
of tumor T cell gene signatures for T cells located in tumors, normal tissues and blood for
(b) pan T cells or (c) T cells with shared TCR clonotypes. P-values were determined by
performing two-tailed one-way Anova. d. Relative expression of collagen type | (COL1A1)
and lysyl oxidase (LOX) in normal tissues and tumors from the TCGA dataset. P-values
were determined by performing Wilcoxon signed-rank test.
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Fig. 2. Synthesizing collagen-based ECM mimetic with tunable mechanical properties.
a. Schematic of collagen type | based ECM mimetic showing non-click collagen (fast

relaxing) and click collagen (slow relaxing) matrices. b. Shear Young’s moduli (left) and
time values for relaxation to 60% of initial stress under constant deformation (right)

for 2 mg/ml (soft) and 4 mg/ml (stiff) collagen matrices. P-values were determined by
performing two-tailed unpaired t-test. Data are mean + s.e.m from n=3-5. Significance
threshold: £<0.05 (ns=not significant). c. Loss angle measurements for collagen matrices. P-
values were calculated by using two-tailed unpaired t-test for n=3-4 samples. d. Cryo-SEM
images, fiber thickness and, e. pore size estimation for 2mg/ml fast and slow relaxing
matrices showing that collagen architecture is maintained. P-values were determined using
two-tailed unpaired t-test. Significance threshold: A<0.05. f. Representative flow cytometry
plots showing CD62L and CD45RA expression, and (g) relative expression levels of various
markers, in CD8+ T cells cultured in slow or fast relaxing, soft or stiff collagen matrices.

h. PCA plots showing that phenotypic differences are driven more by changes in collagen
viscoelasticity than by stiffness. Data shows pooled samples for n=3.
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Fig. 3. Extracellular matrix viscoelasticity modulates T cell transcriptomic profile.
a. SCRNA-seq umap plots showing distinct localization of CD8+ T cells cultured in fast

relaxing or slow relaxing collagen matrices. b. Violin plots comparing expression levels

of selected genes. P-values were determined by performing differential gene expression

in Seurat using a negative binomial generalized linear model. c. Volcano plot showing
significant gene modules identified by consensus non-negative matrix factorization (cCNMF)
for T cells in fast relaxing (FModule, orange) and slow relaxing matrices (SModule,

green). Module 5 is the most significantly enriched module in slow relaxing matrices.
P-values were determined by performing Wilcoxon Rank Sum test adjusted with FDR.
Significance threshold: —log10(Adjusted P-value)>15. d. Heatmap of representative genes
that characterize FModule (12,13: orange) and SModule (1,2,4,11: green). Unique genes
from the 4 SModule programs combined, as well as the 2 FModule programs. e. Umap
overlay of aggregate expression levels of cNMF FModule and SModule showing distinct
localizations that map to regions of high T cell density in fast relaxing and slow relaxing
matrices respectively. f. Comparison of expression profiles of FModule and SModule
between plate-cultured T cells (suspension culture; no collagen matrix condition), T cells in
cultured in fast-relaxing and slow-relaxing collagen matrices. P-values were determined by
performing two-tailed one-way Anova. g. Pathway analysis comparing enriched pathways
for FModule and SModule, indicating a more activated T cell state in the SModule. h.
Violin plots comparing expression levels of SModule and FModule in a published bulk
RNA-seq dataset that profiled activated versus non-activated T cells, showing increased
relative expression of SModule in activated T cells and vice versa. P-values were determined
by performing Wilcoxon Rank Sum test adjusted with FDR. i. Violin plots comparing
expression levels of SModule for T cells with shared TCR clonotypes in tumors, adjacent
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normal tissues and blood for NSCLC, liver cancer and colorectal cancer (same dataset used
for Fig. 1a—c). P-values were determined by performing two-tailed one-way Anova.
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Fig. 4. T cell populations generated from ECM with different viscoelasticity have different
patterns of AP-1 protein expression that can be abrogated by inhibitors.

a. Representative flow cytometry histograms showing relative expression of c-Jun for T cells
cultured in fast relaxing and slow relaxing, soft and stiff matrices after acute activation. b.
Heatmap plot showing relative expression of indicated AP-1 proteins for T cells cultured in
the different collagen conditions. c. c-Jun co-immunoprecipitation was performed to probe
for c-Jun binding partners. Western blots compare relative amounts of indicated proteins
bound to c-Jun as a function of the different mechanical conditions. Data shows pooled
samples n=2-4. d. Umap plots of plate-cultured T cells and T cells cultured in fast or

slow relaxing matrices with or without the SP600125 Jun N-terminal kinase inhibitor. e-g.
K-means clustering was performed on pooled T cells from all experimental conditions. e.
Heatmap plot showing characteristic markers for each cluster. f. Heatmap plot showing

the frequencies of cells per condition for each cluster. g. PCA plot showing the relative
similarities between the different conditions.

Nat Biomed Eng. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adu-Berchie et al.

Plate

Shannon Entropy

Slow

Page 37
Fast b c
Pre-Gel-Culture Plate—Culture
p<2E-16 400
0¢
»
300
BRI | s 03
$2° 500
w0 <
Y 1) 00 2. 200
= g oo
i b a8
2
wal® Wy 100
"
5
00 0
Pt Fast  Sow £
L ¥ 3 Fast-Relaxing Slow-Relaxing
5 5 3
e 100 400
2. 300
=7
o
s
% 200
c
o
‘g?g 100
e
R — 0
3 4 5 6 1 10 1 20 10 1 20
Clonality value
h Pearson Correlation-0.38 o i Pearson Correlation=-0.089
020
9 .
03
Pre-Gel p=00161
2o 2 LI
- % £
§ 3 3 .
2 o 2 s Ld
8 = @ o
® % z
3 o & H o
& \Hﬂ\
° Jo
e o
00 o .
— (] (]
Plate  Fast  Slow L4

015 020

Pre-Gel Culture Pre-Gel Culture

Fig. 5. ECM viscoelasticity does not select for specific T cell clones.
a. SCRNA-seq umap plots showing distinct localization of plate-cultured T cells, T cells

cultured in fast relaxing or slow relaxing collagen matrices for a different donor. b. Violin
plot comparing the expression levels of the Slow-Relaxing Module (SModule) generated

in Fig. 3 for the different matrix conditions. P-values were determined by performing two-
tailed one-way Anova. c. Histograms showing TCRpB CDR3 length distributions. Pre-Gel
condition refers to the parent T cell population before they were embedded in the matrices.
d. Shannon entropy plot comparing clonotypic diversity between the different conditions.

e. Plot showing the proportions of combined T cells from all experimental conditions

with unique TCRs and various degrees of clonality. f-g. Venn diagrams showing the
distribution of dominant clones (f) across the different conditions. g. Violin plot comparing
the expression levels of SModule for T cells with shared TCRs. P-values were determined
by performing two-tailed one-way Anova. h-i. Pearson correlation plots for individual T cell
clones before and after their culture in fast relaxing (i) or slow relaxing (j) collagen matrices.
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Fig. 6. Prior matrix condition influencesthe phenotype of serially passaged T célls.
a. Schematic of serial passaging experiment. T cells were either cultured in fast relaxing or

slow relaxing matrices for 3 days, after which the cells were harvested and serially passaged
as follows: fast relaxing to fast relaxing matrices (Fast-Fast), fast relaxing to slow relaxing
matrices (Fast-Slow), slow relaxing to fast relaxing matrices (Slow-Fast) and slow relaxing
to slow relaxing matrices (Slow-Slow) for an additional 4 days before analysis. b. Umap
plots after performing flow cytometry on serially passaged T cells. c-d. K-means clustering
was performed on pooled T cells from all experimental conditions. c. Heatmap plot showing
characteristic markers for each cluster. d. Heatmap plot showing the frequencies of cells per
condition for each cluster. e. PCA plot showing the relative similarities between the different
conditions. f. Plot comparing the estimated Euclidean distances between the indicated
conditions. P-values were determined by performing two-tailed unpaired t test with Welch’s
correction, with 9 pair-wise measurements from n=3 replicates.

Nat Biomed Eng. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Adu-Berchie et al. Page 39

P Acute Activation 1:1 Dyna b Fast c
o Fast ® Slow

.: ,‘?t'_ o Slow "5
'

o
00/ 0.5:1 Dyna Slow

-
-
Memory

§§8§8§§§§5§g%§§° 5:1 Dyna Slow
SR¥SE8°038888¢ os
mERE 1:1 DynaSlow® _ ©
Activation/Inhibitory
d
P<00001 P<00001 p<0.0001 I co4
100 "9 s cp8
80 ° ‘ ® s IFN-y Tumor Only Slow G
@ o Soft Fast TNF-a
e g 8 o softSow L2
g 28 Stiff Fast IL17A
2 40f ® Stiff Slow Granzyme B F
e v—
20’ >
0— T
050yna 1Dyna 5Dyna Q d ) -«
Acute Stimulation z |
[a] [P
) h ; [mm I
=
10 - 8
w 10° _ 80 ~
) / g z |
x _— °
ERRC [ lun:oéf:'i § — TumorOnly 5 o _
3 7= f@ig ast CAR- = FastCAR-T § g e
e o1 &L ~— \/ — Slow CAR-T 20 — Slow CAR-T 3
10¢ 0 3 5
0 20 40 60 80 100 0 20 40 60 80 100
Days Time (Days)

Fig. 7. Tuning ECM viscoelasticity resultsin the generation of functionally distinct T cells.
a-e, T cells were activated for 4 days using different dynabead to T cell ratios and

subsequently cultured in fast relaxing or slow relaxing matrices. a. Representative umap
plots of CD8+ T cells showing expression of CD62L (left) and CD45RA (center), as well
as localization of T cells cultured in either fast relaxing or slow relaxing matrices (right). b.
Heatmap plot showing relative marker expression as a function of fast relaxing (orange) and
slow relaxing (green) matrices for the different dynabead to T cell ratios. c. Plot comparing
memory (CD62L, CCR7, CD127, CD45RA, CD27) and activation/inhibitory (PD1, TIGIT,
TIM3, LAG3, OX40, CD39, CD25, CTLAA4) signatures for T cells cultured in fast relaxing
and slow relaxing matrices. Data shows pooled samples n=3. d. Differential levels of anti-
CD19 CAR T cell killing of Raji cells after culturing in different collagen conditions.
P-values were calculated by using two-tailed one-way Anova for n=3-4 samples. e. Heatmap
plot showing production of different cytokines and effector molecules by anti-CD19 CAR
T cells after co-culture with Raji cells. f-h. Luciferized Raji xenograft lymphoma model.
f-g. IVIS images (f) and total flux (g) of Raji tumor burden in NSG mice for the indicated
conditions. h. Kaplan-Meier survival curves of mice from the indicated treatment groups.
P-values were determined by Log-rank (Mantel-Cox) test. Data are n=6 or 7 mice per
condition
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