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Abstract

Cancer initiation and progression drastically alter the microenvironment at the interface between 

healthy and malignant tissue. This site, termed the peritumor, bears unique physical and immune 

attributes that together further promote tumor progression through interconnected mechanical 

signaling and immune activity. In this review, we describe the distinct physical features of the 

peritumoral microenvironment and link their relationship to immune responses. The peritumor 

is a region rich in biomarkers and therapeutic targets, and thus is a key focus for future cancer 

research as well as clinical outlooks, particularly to understand and overcome novel mechanisms 

of immunotherapy resistance.
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The peritumor: a region rich in physical-immune cross-talk

The physical and biochemical interactions between cancer cells and tumor-associated stroma 

have long been studied and targeted as a source of tumor progression and immune evasion 

[1,2]. However, most of this research has focused on elements within the bounds of the 

tumor border, with significantly less attention given to the peritumor, which is the interface 

between the tumor and the neighboring normal tissue. The peritumor is phenotypically 

and functionally distinct from neoplastic and normal tissues, and represents a unique 
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intermediary point between healthy and cancerous tissue [3]. Mechanical aberrations that 

arise in the peritumor during cancer growth contribute to shaping its unique intermediate 

profile, and investigations of this region are leading to advances in cancer diagnostic [4] and 

prognostic [5] capabilities. Therefore, the biophysical landscape of the peritumor provides a 

rich area of inquiry to better understand tumor progression, immune evasion, and treatment 

response.

Herein, we first summarize the four physical hallmarks of the peritumor, namely elevated 

solid mechanical stresses (see Glossary), heterogeneous fluid pressure and the consequent 

flow, altered tissue stiffness, and changes in tissue microarchitecture from the subcellular 

to tissue levels. We describe how these biophysical abnormalities affect immune responses, 

connecting the cell-level characterizations with their higher-order behavior, and highlight the 

links between the physical and immune tumor microenvironments. Moreover, we discuss 

how targeting the physical-immune cross-talk informs current treatment regimens and serves 

as a promising direction for future therapeutic strategies.

The physical microenvironment of the peritumor modulates pro- and anti-

tumor immunity

Tumor mechanical aberrancies greatly influence the adaptive and innate tumor immune 

response in the peritumor. Immune cells such as T and B cells are often sparse within 

solid tumors and are instead sequestered to the peritumor region due to immunosuppressive 

biochemical mechanisms and physical barriers preventing their infiltration [6]. Abnormal 

mechanical cues such as increased stiffness and fluid flow also polarize tumor-associated 

macrophages to a tumor-supporting state. In the following sections categorized by the four 

physical hallmarks of cancer, we discuss the link between these abnormal mechanical cues 

and peritumor immunity (summarized in Table 1).

Solid stress in the peritumor

Internal, growth-induced stresses arise as cells replicate, in addition to the stresses at the 

immediate tumor boundary as the tumor increases in volume and displaces surrounding 

tissues [7,8]. This solid stress transmission is scale-dependent, as tumor cells experience 

lower stress than measured at the tissue scale [9]. Tumor cells in metastatic tumors 

experience different levels of solid stresses compared to primary tumors from the same 

cancer cells, demonstrating the critical role of the host organ microenvironment in solid 

stress genesis [7,9]. The levels of solid stress critically affect tumor growth and progression 

by various mechanisms, including compressing surrounding vasculature [10], enhancing cell 

migration, and influencing cell proliferation rates [11,12] (Figures 1 and 2). Notably, the 

levels of radial and circumferential solid stress in the peritumor differentiate infiltrative 
tumors from nodular tumors in several cancers, including glioblastoma (GBM) and lung 

metastasis [8,13,14]. Compared to infiltrative tumors, nodular tumors exert higher stresses 

on the surrounding tissue, resulting in neuronal damage, reduced perfusion, compressed 

vasculature, and nuclear deformation in the peritumor [8,15]. This growth pattern effect is 

mirrored within lung metastases [13], where alveolar structure-function within the peritumor 

of nodular, but not infiltrative, tumors is compromised compared to healthy tissues.
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Solid stress also modulates the immune response. Solid stress impedes the infiltration of 

lymphocytes/splenocytes by remodeling high endothelial venules (HEVs) in lymph node 

metastasis [16]. At the tumor periphery, high levels of circumferential tension and radial 

compression thwart immune cell trafficking to the tumor by stretching and collapsing blood 

and lymphatic vessels in the peritumor into elliptical shapes [17]. Additionally, compression 

of peritumoral stromal cells activates immunomodulatory pathways (Figure 3 and Table 

1). Compression of fibroblasts in vitro increases their expression of transforming growth 

factor beta (TGF-β), collagen I, and alpha-smooth muscle actin (α-SMA) [18], suggesting 

an activated and immunosuppressive state [19]. TGF-β inhibits natural killer (NK) cell 
activity [20], cooperates with programmed cell death protein 1 (PD1) signaling to suppress 

T cell activity from tumordraining lymph nodes, and expands regulatory T cells (Tregs), 

which in turn inhibit T cell function via TGF-β signaling in a pathological feedback loop 

[21]. Moreover, compression of colon tissue activates Wnt/β-catenin signaling [22], which 

promotes immune evasion in colorectal cancer [23].

Solid stress that arises in the peritumor promotes mechanical cell competition [24]. Cells 

under mechanical competition experience cell fusion [25] and nuclear envelope rupture 

[26,27]. Nuclear rupture induces the cGAS-STING pathway, which stimulates expression 

of type I interferons and other pro-inflammatory genes in normal cells [28]. However, the 

cGAS-STING pathway is aberrant in cancer and compromises innate immune signaling; 

type I interferon, cGAS, and STING expression is disrupted, which promotes cell invasion, 

metastasis, and resistance to immunotherapy [29,30].

One of the challenges in probing the physical-immune crosstalk has been the lack of tools 

to quantify in vivo solid stress. Most key studies elucidating solid stress in mouse and 

human tumors used invasive ex vivo techniques [7,15,17]. However, non-invasive intravital 

imaging of in vivo solid stress in primary and metastatic tumors has been reported [9,13]. 

This technique allows for high resolution, spatiotemporal measurements of solid stress at 

a cellular-level in the native physical-immune microenvironment. Studies employing this 

technique reveal that peritumoral stresses are more anisotropic compared to intratumoral 

stresses. Non-invasive solid stress measurements preserve the existing in vivo physical and 

immune microenvironment and enable real-time dynamic evaluation of solid stress effects 

on cancer-immune cell interactions.

Studies over the past 20 years have highlighted the role of solid stress in the pathology 

and progression of cancer [1,31]. However, the relationship between solid stress and 

immunosuppression has only recently gained attention. As novel tools to study solid stress 

are developed, the mechanisms and consequences of the physical-immune crosstalk can 

be further investigated. This cross-talk is currently known to upregulate signaling axes 

implicated in facilitating cancer immune evasion, such as the Wnt/β-catenin, TGF-β, and 

PD-L1 signaling axes. Thus, combining therapeutic strategies that target these pathways to 

relieve solid stress may enhance efficacy of cancer therapies.

Fluid pressure and flow in the peritumor

Due to a combination of leaky vasculature and a lack of lymphatic drainage, the intratumoral 

environment exhibits a highly elevated interstitial fluid pressure (IFP) between 5 to 40 
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mmHg [1]. At the tumor margin, IFP reduces to normal ranges of −3 to 3 mmHg [32], 

causing fluid leakage into the peritumor at rates of 2-50 μm s−1 [33]. This is in contrast to 

normal interstitial flow rates of ~0.1-1 μm s−1 [34] (Figure 2). Increased fluid flow from 

the tumor core to peritumor alters immune cell distributions [35], modifies chemotactic 

gradients [36], and introduces immunomodulatory signaling factors [31] and cancer cells 

into the peritumor [37], thereby encouraging metastasis and facilitating cancer cell invasion 

(Figures 1 and 3) [37-39].

Fluid flow into a peritumoral matrix rich in glycosaminoglycans and proteoglycans 

promotes fluid retention, resulting in edema. Abnormal fluid flow is prevalent in brain 

cancers: flow into healthy tissues contributes to total peritumoral brain edema, intracranial 

pressure, and invasion of cancerous cells into the peritumor. A recent MRI study of GBM 

indicates that flow is not always directed radially outward, possibly due to the role of altered 

matrix microarchitecture [40]. Several of the potential pathways involving peritumor brain 

edema, including vascular endothelial growth factors (VEGF), matrix metalloproteinases 

(MMPs), interleukins [41-43], and the CXCR-4/CXCL12 chemokine axis [41], are known to 

be mechanically activated. As these pathways are activated, downstream products contribute 

to edema via enhanced pro-angiogenic behavior, additional fluid accumulation, and further 

activation of edematous pathways, resulting in a positive feedback loop. Alarmingly, recent 

evidence reports anti-PD1 immune checkpoint blockers can exacerbate MMP-mediated 

peritumoral edema in GBM patients [44], highlighting the complexities involving this 

positive feedback loop.

Fluid flow and flow-induced shear stresses induce pathways such as STAT3/6 [45], 

which contributes to polarizing macrophages towards an immunosuppressive M2-type [46] 

(Figure 3). However, the mechano-activated Notch pathway demonstrates context-specific 

modulation of pro- or anti-tumor effects [47]. While Notch in cancer cells can sustain the 

immunosuppressive STAT3 pathway [48], the expression of Notch in macrophages enhances 

antitumor effects by repressing tumor-associated macrophage activity [49]. Additionally, 

fluid shear stresses promote T cell activation via the mechanosensitive Ca2+ channel Piezo1 

[50].

Shear stresses also indirectly influence the immune response. Stresses trigger the 

invasive and immunosuppressive phenotype of nearby fibroblasts either through 

mechanotransduction [36] or via the activation of latent stores of TGF-β [35,51]. Within the 

context of pancreatic tumors [52], the production of chemokine CXC ligand 12 (CXCL12) 

by stromal cells within the tumor prevents the infiltration of effector T cells, instead 

sequestering them to the boundary of the tumor. Shear stresses activate fibroblasts and 

increase the activity of MMPs [35], which alter the peritumoral microarchitecture. MMPs 

can induce further expression of TGF-β [53], suppress T cell proliferation [54], and affect 

leukocyte infiltration [55,56].

Fluid flow in the peritumor has wide-ranging implications in immunosuppression. Through 

the exudation of tumor cells and signaling factors, coupled with the application of shear 

stresses that trigger additional signaling cascades, fluid flow creates an environment 

that impacts immune cell activation and infiltration. The presence and consequences of 
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peritumoral fluid flow are widely accepted and addressing the underlying sources and effects 

of this flow is an ongoing focus of treatment development.

Stiffness alteration in the peritumor

Stiffness, also referred to as rigidity or elasticity, promotes the initiation, progression, 

and invasion of tumors [57,58]. Changes in stiffness emerge as a result of extracellular 

matrix (ECM) production and remodeling at the tumor periphery as activated fibroblasts 

contract matrix elements, such as collagen, to reorganize the ECM in response to chemical 

or mechanical signaling [59,60] (Figure 1). Notably, collagen realignment stiffens the 

architecture via a phenomenon known as strain-stiffening [61] and disrupts the balance of 

intracellular tension at the single cell level [57]. Additionally, matrix crosslinking increases 

matrix stiffness, forming a continued positive-feedback cycle [62] that stimulates heightened 

fibroblast activity, TGF-β production, ECM alignment, and cancer cell invasion into the 

peritumor for further remodeling [35,36,63], while also contributing to tensile solid stresses 
exerted in the peritumor [7].

Local stiffness alterations disrupt mechanical feedback in cells and directly impact immune 

cell behavior (Figure 3). T cell behavior is highly dependent on local stiffness. One 

mechanism by which T cells sense their environmental stiffness is through yes-associated 

protein (YAP), a known effector of the mechanoresponsive Hippo pathway. In CD4+ and 

CD8+ cells, YAP is known to suppress T cell activation, differentiation, and proliferation 

[64]. YAP activation is hindered in T cells cultured on soft (4 kPa) alginate scaffolds, which 

reduces T cell proliferation and activation by restricting the translocation of NFAT1 into 

the nucleus [65]; conversely, stiff (40 kPa) alginate scaffolds promote T cell proliferation 

and activation. Similarly, stiff (100 kPa) polyacrylamide substrates promote CD4+ T cell 

activation, as determined by higher interferon-gamma (IFN-γ) and interleukin-2 (IL-2) 

production [66]. In contrast, increasing collagen concentrations from 1 to 4 mg/mL, which 

corresponds with increasing matrix stiffness from ~0.17 to 1.6 kPa, respectively [57], 

reduces T cell proliferation and infiltration, downregulates cytotoxic activity markers, and 

upregulates regulatory markers [67]. At high stiffness, the organization of CD4+ T cell 

microtubule structures decreases, implying reduced activation [68]. Studies suggest there is 

an optimal matrix stiffness for T cell activation and expansion; while one study reports this 

value as 25 kPa [69], another study cites an optimal value of ~1 kPa [70]. Evidently, there 

are variations in experimental findings on T cell activity in response to matrix stiffness; 

ultimately, matrix composition, relative substrate stiffness, and study design can influence 

observed T cell behavior.

In addition to T cells, macrophages and dendritic cells also respond to the stiffness 

of their surroundings. Macrophages sense and migrate towards fibroblast-mediated ECM 

deformation [71], with subsequent activation of mechanosensitive pathways such as 

Piezo1. In stiff environments, Piezo1 mediates actin polymerization in macrophages which 

further increases Piezo1 activity, resulting in a positive feedback loop that activates 

additional macrophages [72]. Inhibiting or deleting Piezo1, however, prevents the infiltration 

of immunosuppressive myeloid-derived suppressor cells (MDSCs) and subsequently 

enhances the activation of CD4+ and CD8+ T cells in pancreatic ductal adenocarcinoma 
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(PDAC) tumor-bearing mice [73]. In the case of dendritic cells, which link the adaptive and 

innate immune systems, Piezo1 and YAP/TAZ pathways contribute to increased activation of 

cells [74]. Dendritic cell signaling via the Piezo1 pathway, as well as secretion of IL-12 and 

TGF-β, then directs the differentiation of T helper type 1 (Th1) and Treg cells [75].

Stiffening also activates latent TGF-β stores in peritumoral ECM [76]; as previously 

described, these stores are also activated by fluid flow. The presence of TGF-β induces 

invasiveness and upregulates the ECM cross-linking enzyme lysyl oxidase (LOX) in cancer-
associated fibroblasts (CAFs) [77], thereby increasing ECM stiffness [78]. In the immune 

context, the relationship of LOX and immune cells is not well understood, but data suggest 

that following chemotherapy, CD8+ T cells expressing LOX contribute to the colonization 

of metastatic sites by remodeling premetastatic niches [79]. However, there are reports 

that LOX also acts as a tumor suppressor [80]. Conversely, matrix stiffness also promotes 

immune evasion via enhanced programmed death ligand 1 (PD-L1) expression [81] and M2 

macrophage polarization and recruitment [82,83]. Matrix stiffness positively correlates with 

increased infiltration of activated macrophages as well as upregulated TGF-β signaling [84]. 

In turn, malignant cells manipulate the surrounding physical environment to further evade 

immune responses and promote metastasis [20,71].

Overall, stiffness in the peritumor plays an integral role in fibroblast and immune cell 

activation. This physical attribute has also recently emerged as its own powerful diagnostic 

(Figure 2) and prognostic tool in the clinic; stiffness in the peritumor, which can be 

higher than within the tumor itself, enables differentiation between malignant and benign 

breast tumors [4]. These prognostic indicators directly relate to the mechano-sensitivity and 

mechanically-induced activity of immune cells as observed within environments of altered 

stiffness.

Microarchitecture in the peritumor

Peritumoral cells and ECM undergo changes in morphology and architecture as the 

environment alters due to solid stress, fluid flow, and stiffening substrates (Figure 1). Certain 

tumor growth patterns (e.g., nodular) cause local tensile and compressive solid stresses 
that stretch the peritumoral ECM, causing collagen fibers to become highly organized and 

dense at the tumor periphery [7]. Additional ECM remodeling arises from the contractile 

behavior of CAFs and tumor cells: from this contraction, collagen fibers become highly 

aligned [85,86]. Altogether, such remodeling increases matrix stiffness, which, as previously 

discussed, impacts immune cell activity.

ECM microarchitecture remodeling also affects cancer and immune cell mobility. Highly 

aligned collagen fibers parallel to the tumor border hinder cell penetration, whereas 

orthogonally aligned collagen fibers facilitate cell migration across the peritumor [87,88] 

(Figure 2). In pancreatic cancer, dense collagen networks in the stroma and peritumor 

physically trap T cells, impeding their interaction with cancer cells [89]. Similarly, in vitro 
studies of T cell migration on lung tumor slices reveal that the dense matrix architecture 

at the peritumor severely limits T cell migration and infiltration, causing T cells to 

accumulate in the peritumor [6]. These observed cell migration patterns may have metabolic 
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explanations; for example, highly motile cancer cells expend more energy when migrating 

through dense collagen matrices, and therefore migrate slower and shorter distances [90].

Although remodeled architecture reduces immune cell infiltration in some cases, 

restructured matrix around tumors can also be beneficial. A remodeled collagen rim 

around desmoplastic tumors (i.e., tumors with a dense fibrous stroma due to increased 

ECM deposition) likely buffers localized solid stresses to prevent compression of vessels 

in the peritumor [17,91]: patients with metastatic liver tumors surrounded by a collagen 

rim exhibit better prognosis compared to patients bearing tumors without a collagen rim 

[92]. However, structural changes also impact functional mechanics in the peritumor, as 

seen in lung tumors: collagen waviness, which plays a key role in the micromechanics of 

alveoli, is reduced at the peritumor [13]. The high degree of matrix restructuring compresses 

vasculature and leads to observed decreases in capillary function at the alveolar scale [13]; 

taken together, these observations highlight the role of the peritumor in understanding the 

dysfunction of alveoli surrounding tumors.

Like CAFs, immune cells also promote changes in ECM architecture (Figure 3). In 

the case of melanoma, NK cells secrete IFN-γ, which leads to increased deposition of 

fibronectin-1 by cancer cells and results in an altered tumor microarchitecture that impedes 

metastasis [93]. However, in breast cancers treated with chemotherapy, CD8+ T cells 

increase expression of LOX, resulting in ECM crosslinking and consequent pulmonary 

metastasis [79]. Additionally, neutrophils serve as a major source of MMP-9, a protease 

responsible for altering the surrounding matrix [43] and activating TGF-β [94]. Changes 

in matrix architecture arising from matrix degradation by MMPs and system remodeling 

hold prognostic significance: expression of certain MMPs (MMP7, MMP1, MMP14) at the 

invasive border of the peritumor are associated with larger tumor size, positive nodal status, 

and desmoplastic reaction respectively [95]. Taken together, the ability for immune cells to 

promote matrix modification highlights their role in altering the microarchitecture of the 

peritumoral stroma and modulating cancer progression.

Cells undergo alterations to their cellular morphology as a downstream effect of solid stress 

[11,96]. The application of compressive solid stresses at levels comparable to that of the in 
vivo peritumor region contributes to significant cell elongation in GBM cells in vitro [96], 

and in mouse and human models for GBM. Peritumoral cells which exhibit an elongated 

morphology also express death-associated protein kinase 1 (DAPK1) [97], which modulates 

T cell activity [98]. Morphological changes such as these can affect immune cell behavior 

directly. In melanoma, for example, elongated T cells in the peritumor migrate faster than 

rounded T cells in the tumor core [99].

Peritumoral matrix remodeling induces subcellular morphological changes, including the 

flattening and deformation of the nucleus and nuclear pores, and compromised integrity 

of the nuclear envelope. In vivo studies of solid stress in mice with glioma show that 

altered microarchitecture in healthy tissue surrounding nodular tumors with high solid 

stress results in local deformations of nuclei [8]. This result highlights the importance 

of solid stress transmission at the level of subcellular architecture. Altered nuclear shape 

coincides with swelling of the perinuclear space, indicating the high risk of developing 
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neoplastic growth via lateral cancerization in the peritumor [100]. At the protein level, 

these subcellular changes trigger alterations in protein expression [101], protein unfolding 

energy requirements [101,102], pore resistance to chemical and molecular transport [102], 

and orientation and gene expression of chromosomes [103,104]. These effects, in turn, 

increase the stiffening of nuclei and the import of regulatory factors such as YAP [101], 

which promotes T cell exclusion from the tumor and inhibits CD4+ and CD8+ T cell 

activation and CD4+ T cell differentiation.

Thus, by analyzing changes to cell morphology and structural microarchitecture, the 

dynamic relationship between cells, microenvironment, and physical characteristics of the 

peritumor becomes clear. Characterizing changes to these microarchitectural features in the 

tumor and peritumor contributes to a better understanding of the underlying mechanisms and 

the development of potential interventions to combat tumor progression and cancer invasion.

Therapeutic significance of linking physical and immune attributes of the 

peritumor microenvironment

The tumor examples cited in the previous sections are mainly immune-excluded phenotypes, 

which are characterized by immune cells restricted to the peritumor due to their inability 

to penetrate the tumor. Understanding the mechanisms that lead to immune-exclusion and 

immunotherapy resistance remains a challenge and results in difficulties in specifically 

targeting the peritumor. However, several recent studies address this immune-excluded 

tumor phenotype by focusing on physical-immune cross-talk.

Therapeutics that target physical aspects of the peritumor can directly impact immune 

cell activity. For example, blocking CXCR4/CXCL12 signaling reduces CAF recruitment 

and solid stress in metastatic breast cancer models, which concurrently reduces 

immunosuppression and improves the outcome of immune checkpoint blockade therapies 

[105,106]. Additional reduction of solid stress and peritumoral edema in GBM models using 

losartan, a drug which lowers levels of hyaluronic acid and other ECM molecules, enhances 

the immune response by repolarizing immunosuppressive myeloid cells and increasing 

cytotoxic T cell infiltration, resulting in improved outcomes of immune checkpoint blockade 

[44].

Abnormal fluid flow and the resulting downstream effects represent additional targets 

to improve anti-tumor immunity. Lymphatics play a critical role in maintaining local 

fluid distributions; dysfunctional lymphatics increase peritumoral edema, which fosters 

accumulation of immunosuppressive cells and inflammatory cytokines, in addition to 

decreasing intratumoral accumulation of cytotoxic CD8+ T cells [107]. Thus, normalizing 

the lymphatics with antiangiogenic therapy could limit fluid convection into the peritumor 

to reduce edema and increase cytotoxic T cell accumulation intratumorally [108]. Lymphatic 

normalization is suggested to improve delivery of drugs into the tumor via decreasing IFP; 

indeed, several ongoing clinical trials are investigating the combination of antiangiogenic 

therapy and immune checkpoint blockers as a means of bolstering immune response [109]. 

However, reducing IFP to zero via removal of the tumor capsule did not improve drug 

penetration in a model of ovarian carcinoma; this study suggests that remaining physical 
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barriers, including matrix and cellular components, should be targeted in conjunction with 

lowering IFP [110]. Indeed, design of therapeutic regimes should incorporate tumor-specific 

corrections to normalize vasculature and modify altered ECM to enhance delivery.

Intriguingly, impairing lymphatic flow in the lungs of non-tumor-bearing mice promotes 

the formation of tertiary lymphoid structures (TLS) [111]: lymph node-like structures rich 

in T-cell, B-cells, and dendritic cells that develop inside non-lymphoid organs [112]. TLS 

can be found at the tumor center and invasive margin [112] and are hypothesized to be a 

region for local activation and differentiation of tumor-infiltrating naïve lymphocytes. Thus, 

these are potential targets for immunotherapy. In breast cancer, a high density of peritumoral 

TLS is predictive of a worse disease-free survival (DFS) and overall survival (OS); patients 

lacking both adjacent TLS and distal TLS had the best clinical outcomes [113]. However, 

the link between mechanical forces and peritumoral TLS remains to be fully elucidated and 

is a promising opportunity for further research.

Altering the matrix architecture can increase T cell contact with cancer cells. When matrix 

content is reduced by using collagenase, T cells preferentially migrate to and localize in the 

peritumoral stroma of human lung tumors [6]. When combined with immune checkpoint 

blockade therapy, remodeling the collagen matrix also enhances T cell activation and 

infiltration into tumors and repolarizes suppressive macrophage populations [114]. Reducing 

collagen, hyaluronic acid, and other ECM molecules using losartan increases penetration of 

therapies into the tumor and improves immunotherapy in metastatic breast and GBM models 

[44,105]. Thus, targeting ECM or sources of ECM remodeling could effectively disrupt 

the physical barrier that prevents immune cell infiltration and drug delivery, while also 

slowing or halting stiffening to limit pathological progression [115,116]. This approach is 

particularly effective in PDAC, a cancer which often excludes immune cells to the peritumor 

and is therefore resistant to traditional immune checkpoint inhibitors (i.e., anti-PD1/PD-L1/

CTLA-4) that augment CD8+ T cell infiltration and/or function. However, treatment with 

6-diazo-5-oxo-l-norleucine (DON), a small molecule glutamine analog, results in ECM 

remodeling that facilitates immune cell infiltration from the peritumor while also targeting 

tumor cells by sensitizing them to anti-PD-1 therapy [117]. Indeed, in a model of PDAC 

that presents with T cells excluded to the peritumor, the depletion of CAFs expressing 

fibroblast activation protein by inhibiting CXC motif chemokine receptor 4 (CXCR4), which 

mediates desmoplasia in PDAC [118], allows for T cell accumulation among cancer cells 

and sensitizes them to α-PD-L1 therapy [52]. Concurrent improvement of T-cell-mediated 

cytotoxicity could be accomplished by increasing cell stiffness by depleting cholesterol 

within cancer cells via methyl-β-cyclodextrin [119].

Cell-based immunotherapy represents another clinical approach that may benefit from 

peritumoral targeting. Chimeric antigen receptor (CAR) T cells are highly efficacious in 

treating hematological cancers clinically. However, the translation of CAR T cell therapy 

to solid tumors remains a challenge in part due to the immunosuppressive peritumor 

microenvironment and physical barriers, such as the tumor stroma and dysfunctional 

vasculature, preventing effective and homogeneous CAR T cell infiltration. There have 

been efforts to engineer CAR T cells to overcome immunosuppression by providing 

immunostimulatory signals via inducible cytokines [120] and incurring resistance to 
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inhibitory signals such as TGF-β [121]. Remodeling the tumor stroma by targeting 

fibroblast activation protein [122], administering antiangiogenic agents [123], or using 

ECM-degrading enzymes such as heparanase and hyaluronidase [124,125] may provide 

an avenue for enhanced CAR T cell penetration, although further investigation is needed 

to determine their efficacy due to mixed clinical results with the use of hyaluronidase 

[126]. However, little is known about how targeting the peritumor would affect CAR T 

cell therapy. Therefore, a better understanding of the physical-immune cross-talk in the 

peritumoral microenvironment would allow for the development of treatment strategies to 

simultaneously address immunosuppression and physical barriers of the tumor, which are 

closely interconnected.

Concluding remarks

Studying phenotypic, functional, and causal links between physics and immunity in 

the peritumor will enhance the current knowledge of cancer prognosis, diagnosis, and 

treatment strategies. By using state-of-the-art techniques and advancing technologies to 

couple immune response mechanisms to their related physical alterations of the peritumor 

microenvironment, we can further analyze clinical samples with a focus on the peritumor 

for increased prognostic and predictive power. It is important to note that although most 

mechanical and immunological characterizations are performed within the tumor, it is 

the peritumor that remains in situ after initial surgical resection and may contribute to 

local cancer recurrence. Consideration of the immune and mechanical components of the 

peritumor – and their cross-talk – must be included in treatment strategies, in addition 

to components of the resected tumor mass. By expanding the field of focus beyond just 

the tumor itself, novel therapeutic strategies will be proposed and evaluated that include 

tackling abnormal mechanics and bolstering immunological responses in the surrounding 

tissue to decrease recurrence/metastasis rates and improve successful treatment outcomes 

in cancer. While some links between the physical and immune interactions have been 

uncovered, there are still gaps in our knowledge of these mechanobiological relationships 

and how to design therapies that target the peritumor (see Outstanding questions). Thus we 

encourage further investigation into this exciting area at the intersection of cancer biology 

and mechanobiology.
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Glossary

Cancer-associated fibroblasts (CAFs)
a type of activated fibroblast that supports tumor progression and matrix remodeling through 

the secretion of chemokines, cytokines, collagen, ECM-remodeling enzymes, and growth 

factors

Compressive solid stress

Zhang et al. Page 10

Trends Cancer. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the application of inward (“pushing”) forces on a material

Dendritic cell
a professional antigen-presenting cell important for initiating the adaptive immune response 

through the education and activation of T cells against a specific antigen

Edema
the swelling of tissue resulting from fluid retention

Fluid pressure
mechanical forces exerted by fluid components

Growth-induced stress
solid stress generated from the proliferation of cells that causes strain on surrounding 

elements

High endothelial venules (HEVs)
specialized blood vessels that permit the tissue extravasation of circulating lymphocytes

Infiltrative tumors
tumor growth pattern where tumor boundaries are irregular, invading through tumor cell 

dissociation or along paths of least resistance. This growth pattern is also known as co-

optive

Interstitial fluid
fluid within the extracellular space

Lateral cancerization
the progressive transformation of peritumoral cells that facilitates the lateral spread of cancer

Macrophage
a phagocytic cell that ingests pathogens, cellular debris, and cancer cells, but which may 

also support cancer development and progression through the secretion of cytokines and 

pro-angiogenic growth factors

Matrix crosslinking
reinforcement, reorganization, and stiffening of the ECM through the linkage of matrix 

fibers

Mechanical cell competition
a process whereby mechanical compaction of slow-growing cells that are sensitive to 

mechanical stress results in elimination by fast-growing neighboring cells which are more 

resistant to mechanical stress

Mechanical feedback
mechanosensing cells such as fibroblasts actively probe their surrounding environment 

to monitor the mechanical properties (tension, stress) and adjust their internal tensile 

homeostasis
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Myeloid-derived suppressor cells (MDSCs)
a heterogeneous group of immature myeloid cells which suppress effector T cell function

Natural killer (NK) cell
an effector lymphocyte of the innate immune system responsible for controlling the anti-

viral and anti-tumoral response via cytotoxic mechanisms

Nodular tumors
tumor growth pattern where tumor boundaries are well-defined, resulting in cohesive 

invasive fronts and mechanical stress on surrounding tissue

Perinuclear space
the space between the inner and outer nuclear membrane

Shear stress
mechanical forces that are tangential to a surface

Solid stress
mechanical forces (including compressive, tensile, and shear) that are contained in and 

transmitted by solid elements of cells and the ECM

Strain-stiffening
positive feedback phenomenon where structures under tension activate further 

mechanosensing cell activity, resulting in increased stiffness and further cell activity

Tensile solid stress
the application of outward (“pulling”) forces on a material

Tissue microarchitecture
tissue-specific cell organization and matrix structures that are rearranged during tumor 

progression
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Outstanding questions

• How do altered physical and immune microenvironments in the peritumor 

modulate tumor progression, invasion, metastasis, treatment response, and 

recurrence?

• How does anti-cancer treatment affect the physical-immune cross-talk in the 

peritumor?

• Do physical abnormalities in the peritumor linger post-resection and do they 

contribute to local cancer recurrence?

• What signaling pathways that link peritumor physics and immunity provide 

diagnostic or prognostic information, and can they be targeted to improve 

treatment outcomes?

• Would targeting physical hallmarks improve immunotherapy (e.g., immune 

checkpoint inhibitor and CAR-T therapy) outcomes?

• How do physical abnormalities in the peritumor affect the role of the 

lymphatic system (e.g., lymph node and tertiary lymphoid structure (TLS)) 

in either pro- or anti-tumor immune responses?
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Highlights

• Unique physical and immune signatures are present in the peritumor 

compared to the intratumor and healthy tissue.

• Immune cell activity & signaling responds directly to physical cues from their 

microenvironment, resulting in altered differentiation and response.

• Tumors respond to physical and immune cues that result in either a pro- or 

anti-tumorigenic response.

• Exploiting weaknesses as well as targeting physical and immune components 

in the peritumor microenvironment is an emerging strategy for designing 

novel tumor-targeting therapeutics.
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Figure 1. The highly interconnected physical landscape of the peritumor.
The four physical hallmarks of cancer – solid stress, fluid flow, stiffness, and 

microarchitecture – present as region-specific alterations in the peritumor. As changes 

occur within one hallmark, their downstream effects may create a positive feedback loop, 

potentially activating or exacerbating activity within other hallmarks. For example, increased 

solid stress (red arrows) from tumor growth results in radial and circumferential stress 

accumulating in the tissue. These stresses are capable of deforming cells and vasculature, 

while also contributing to the evolution of other physical hallmarks. A combination of 

leaky vasculature and faulty drainage contributes to a flow of fluid from the tumor 

through the peritumor. This flow (brown arrows) alters distributions of various molecular 

gradients (e.g., chemokines) and distributes them throughout the peritumor. Intriguingly, 

fluid flow and associated shear stresses activate cells (i.e., fibroblasts) as well as latent 

stores of growth factors, which have downstream implications in altering tissue stiffness 

and microarchitecture. Growth factors such as TGF-β activated by alterations in native 

stiffness (blue arrows) can exacerbate elevated matrix stiffness through such means as 

inducing fibroblast contraction, collagen realignment, or increases in matrix cross-linking. 

The latter two contribute to further increasing matrix stiffness. Finally, alterations in matrix 

and cellular microarchitecture (green arrows) arising from solid stress, fluid flow, matrix 

stiffness, and downstream activity of these pathways (i.e., fibroblast contraction, collagen 

realignment) contribute to the elevation of matrix stiffness. As shown by the mapping 

of physical interactions, these physical attributes are highly interconnected and foster the 

growth and development of each other.
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Figure 2. Profiling key physical hallmarks of the peritumor.
The peritumor exhibits alterations to four physical hallmarks: solid stress, fluid flow, 

stiffness, and microarchitecture. In regards to the tumor core, peritumor, and normal tissue, 

sample profiles of each hallmark demonstrate the distinct, region-specific characteristics 

of the peritumor. Solid stress arising from the growth of the tumor and resistance of the 

surrounding ECM acts in the circumferential (σθθ) and radial (σrr) directions. Consequently, 

single nuclei undergo varying degrees of nuclear compaction before reaching normal, 

spherical shapes within normal tissue. Fluid flow caused by leaky vasculature and faulty 

drainage mechanisms increase interstitial fluid pressure (IFP) at the tumor boundary, leading 

to positive fluid flow (Vf) from the tumor core that is capable of disseminating tumor 

components (e.g. cancer cells). Stiffness alterations within the peritumor may be detected 

using various elastography methods. Shown here are dramatically higher stiffnesses within 

the peritumor region of breast cancer tumors, represented by the color bar shown: highly 

stiff regions (red) are found in the peritumoral region compared to relatively less stiff (blue) 
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regions towards healthy tissue. Finally, alterations in microarchitecture occur not only at 

the tumor surface but through the peritumoral stroma. Collagen images acquired using 

multiphoton microscopy and second harmonic generation show an alignment of collagen 

(green) at the boundary of a breast cancer tumor metastasized in the lung (pink). This 

gradient of alignment can be found near tumors undergoing growth and invasion as the 

peritumor region is modified to facilitate further cell movement.
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Figure 3. The physical landscape of the peritumor directly and indirectly affects the activity of 
immune cells to activate or suppress immunity.
Alterations to the four physical hallmarks of cancer – solid stress, fluid flow, stiffness, 

and microarchitecture – can have direct effects on immune cell activity (color-coded lines 

from attribute to specific cell type). These effects can be activating (sharp arrow) or 

inhibitory (blunt arrow) and are highly interconnected. Attributes may indirectly modulate 

immune cell behavior through intermediate signaling pathways. Prominent among these 

immunomodulatory molecules are: immune-inhibitory programmed death-ligand 1 (PD-L1), 

anti-inflammatory cytokine transforming growth factor β (TGF-β), matrix crosslinking 

enzyme lysyl oxidase (LOX), matrix remodeling matrix metalloproteinase-9 (MMP-9), 

and macrophage-specific transcription factors STAT3/6. The highly interrelated nature 

of the peritumor environment means that immune cells can be indirectly impacted by 

pathways which are up- or down-regulated by the physical microenvironment, which may 

then further activate (black sharp arrow) or inhibit (black blunt arrow) immune cells or 

immunomodulatory pathways. We illustrate the connections between the abundant elements 

that interact with mechano-immunity in the peritumor, and list the major components in 

Table 1 in the main text.
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Table 1.

The significance of immune and immunomodulatory cell types in relation to the physical hallmarks of cancer

Physical
hallmark

Cell type Significance/interaction Refs

Solid stress Fibroblast Increased expression of TGF-B and Collagen I [18]

CD8+ T-cell Impaired infiltration by means of HEV remodeling [16]

Epithelial cell Wnt/β-catenin-mediated expression of pathways for immune-evasion [22]

Fluid flow CAF Invasive and immunosuppressive phenotype activated by shear stress [36,63]

M2 macrophage Polarized by Stat3/6 pathway [45]

Macrophage Repressed activity by mechano-activated Notch expression [49]

T cell Activated by mechanosensitive Piezo1 channel [50]

Stiffness M2 macrophage Enhanced polarization and recruitment [82,83]

Macrophage Enhanced activation via Piezo 1 [72]

CD8+ T cell Inhibition of activity by means of elevated PD-L1 production [81]

Lysyl oxidase (LOX) mediated crosslinking guides metastatic 
remodeling

[79]

T cell Stiffness-dependent proliferation, differentiation, and regulation of 
cytotoxic activity and regulatory markers

[67,69,70]

Reduced microtubule organization indicative of reduced activation at 
high stiffness

[68]

Increased secretion of interferon-gamma (IFN-ɣ) at high stiffness [68]

T helper type 1 (Th1) Enhanced differentiation via Piezo1-mediated signaling in dendritic 
cells

[75]

Regulatory T cell (Treg) Enhanced differentiation via Piezo1-mediated signaling in dendritic 
cells

[75]

Altered microarchitecture T cells Altered migration and infiltration [6,99]

Neutrophil Increases MMPs, thereby altering the microarchitecture [43]

Natural killer cell Secrete IFN-γ, leading to increased deposition of fibronectin-1 by 
cancer cells

[93]
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