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Tumor-infiltrating lymphocytes (TILs) are major players in the immune-mediated control of
cancer and the response to immunotherapy. In primary cancers, however, TILs are
commonly absent, suggesting T-cell entry into the tumor microenvironment (TME) to be
selectively restricted. Blood and lymph vessels are the first barriers that circulating T-cells
must cross to reach the tumor parenchyma. Certainly, the crossing of the endothelial cell
(EC) basement membrane (EC-BM)—an extracellular matrix underlying EC—is a limiting
step in T-cell diapedesis. This review highlights new data suggesting the antioxidant
enzyme superoxide dismutase-3 (SOD3) to be a regulator of EC-BM composition in the
tumor vasculature. In the EC, SOD3 induces vascular normalization and endows the EC-
BM with the capacity for the extravasation of effector T-cells into the TME, which it
achieves via the WNT signaling pathway. However, when activated in tumor cells, this
same pathway is reported to exclude TILs. SOD3 also regulates TIL density in primary
human colorectal cancers (CRC), thus affecting the relapse rate and patient survival.

Keywords: oxidative stress, ROS, laminin, diapedesis, extracellular matrix, FoxM1, immunotherapy, b-catenin
INTRODUCTION

The neoantigens expressed by cancer cells and the oncogenesis-associated inflammation might induce
specific and potent antitumor immune responses. However, cancers develop mechanisms that help
them avoid immune-mediated suppression (1). One involves the exclusion of tumor-specific T-cells
from the tumor parenchyma, giving rise to so-called “cold” tumors. The chemoattractant milieu
induced by tumor cells is restrictive towards tumor-infiltrating lymphocytes (TILs), preventing their
diapedesis while supporting the chemotaxis of cells that suppress TIL function (2). Molecular and
physical alterations of the tumor-associated endothelium can also influence T-cell extravasation (3).
Indeed, the correction of vascular abnormalization with anti-angiogenics can have a synergistic effect
with immunostimulatory drugs (including immune checkpoint inhibitors) and improve disease
control and overall survival in different types of cancer (3–5). The identification of processes and
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molecules able to normalize tumor vasculature might therefore
offer a means of improving cancer immunotherapy.

Vascular dysfunction in many pathologies including cancer,
is closely related to the aberrant accumulation of reactive
oxygen species (ROS) in perivascular areas (6). ROS affect
structural and cellular components of the vascular wall,
including the endothelial cell (EC) and vascular smooth
muscle cells (VSMC) (7). Oxidative stress is caused by an
imbalance between ROS production and antioxidant defenses
(8, 9), and ROS accumulation induces cell and tissue damage via
the direct oxidative modification or annihilation of lipids,
proteins, and nucleic acids. Damage also occurs indirectly
through nitric oxide (NO) oxidation and the formation of
reactive nitrogen species (RNS) (10). In addition, oxidized and
S-nitrosylated molecules act as second messengers in many
signaling pathways (11). Thus, it is not surprising that
complex enzyme networks for maintaining ROS homeostasis
should exist (12). Key enzymes in such networks include the
superoxide dismutases (SODs), which catalyze the dismutation
of the superoxide anion (·O2

−
·2O−) into molecular oxygen (O2) and

hydrogen peroxide (H2O2). In mammals there are three SOD
isoforms that differ in cell compartmentalization and the metal
cofactor they require: SOD1 is cytosolic, SOD2 mitochondrial,
and superoxide dismutase-3 (SOD3) extracellular, and while
SOD1 and SOD3 use copper and zinc as cofactors, SOD2 uses
manganese (8, 9).

The present review focuses on SOD3 since two recent reports
have shown that the cancer-driven repression of this anti-
oxidant enzyme is related to tumor vessel abnormalization and
T-cell exclusion in both experimental and primary colorectal
cancers (13, 14). The restoration of SOD3 levels corrects vascular
function and structure, and induces the specific extravasation of
effector T-cells. Both processes involve the activation of a
hypoxia-inducible factor (HIF)-2a transcriptional program
that remodels EC cell-cell contacts and renders the EC-
basement membrane (BM) permissive towards T-cell diapedesis.
Frontiers in Immunology | www.frontiersin.org 2
VASCULAR BARRIERS TO T-CELL
EXTRAVASATION

During extravasation into tissues or tumors, circulating
leukocytes must cross at least two barriers. The first is that
formed by the EC. Crossing this layer requires a coordinated
sequence of adhesive interactions between different diapedesis
receptors, integrins, and chemokine receptors expressed by the
leukocyte and the EC. Among these receptors are the E- and P-
selectins, platelet endothelial cell adhesion molecule 1
(PECAM1), ICAM (intercellular adhesion molecule)-1/2, and
VCAM (vascular cell adhesion molecule)-1 [extensively reviewed
in (15)]. These adhesion molecules induce the arrest of and
morphological changes in leukocytes that allow diapedesis.
Diapedesis can occur in-between EC (paracellular) or directly
through the EC body (transcellular). The stability of the EC
barrier plays a major role in the diapedesis route chosen by
leukocytes (16). An important molecule in paracellular
diapedesis is vascular-endothelial cadherin (VEC; CD144,
CDH5) a component of adherens junctions (AJ). VEC acts as a
barrier to extravasation by establishing trans-homophilic
interactions with other VEC molecules, and by anchoring these
complexes to the cytoskeleton via their interaction with cytosolic
b-catenin and p120-catenin (17). VEC release from p120 and b-
catenin is tightly regulated by a complex network of
phosphatases, kinases, and AJ components, eventually allowing
leukocyte extravasation (18). The receptors required to cross the
EC layer are common to all leukocyte subtypes (15).

The second barrier to extravasation is that formed by the EC-
BM, a 50–100 nm-thick, sheet-like structure underlying ECs (19).
It is composed of a mixture of elastin, collagen IV, enactin/nidogen,
heparan-sulfate proteoglycans, and laminins (Figure 1A), which
together form a complex three-dimensional topography of pores
and fibers. The EC-BM influences the shape of the EC, their
migration, differentiation, and proliferation (20, 21), as well as
diapedesis in leukocytes (22, 23). Most of the effects of the EC-BM
A B

FIGURE 1 | Basic structure of laminin and the endothelial cell basement membrane (EC-BM). (A) Molecular structure of EC-BM. The laminin network anchors to
ECs by interacting with integrins, a-dystroglycan, and sulfated glycolipids. Lateral interactions are made with agrin and perlecan. The laminin network links to an
independent type IV collagen network via nidogen and HS. (B) Lm511 and Lm411 heterotrimers. Domain locations for laminin-binding to nidogen and cellular
receptors are indicated.
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on EC function and leukocyte trafficking are mediated by laminins,
a family of secreted multidomain heterotrimeric proteins
composed of a, b, and g subunits. There are five a, four b, and
three g genes in humans, and their products can be arranged into
16 different T-shaped trimers (Figure 1B). Whereas the b and g
chains are ubiquitous, thea chain is restricted to certain tissues and
cell types. The two predominant isoforms in the EC-BM are
laminin 411 (a4b1g1; Lm411), which is present in all blood
vessels, and Lm511 (a5b1g1), which is expressed in capillaries
and venules (24). Laminin a4 (LAMA4) deficiency in mice results
in capillary bleeding and hemorrhages; larger vessels are unaffected
(25). Deletion of the laminin a5 gene (LAMA5) in mice results in
embryonic lethality at E10-11, despite local compensation by other
laminins in certain organs (26, 27). However, EC-specific LAMA5-
deficient mice are viable and show no defects in blood vessel
formation (28). This may be due to a counterbalance in the
expression of LAMA4 and LAMA5. Certainly, the embryonic
bleeding and perinatal anemia observed in LAMA4-deficient
mice is rescued upon postnatal LAMA5 expression, which would
help stabilize the vascular system. This suggests that neither
LAMA4 nor LAMA5 are essential for vasculogenesis.
ROLE OF LAMININS IN T-CELL
DIAPEDESIS

Laminin a chains not only affect EC function in different ways,
but also have contrasting effects on leukocyte diapedesis. Initial
evidence suggested that LAMA4-containing laminins provide
specific permissive signals for transendothelial T-cell migration,
whereas those containing LAMA5 inhibit T-cell transmigration
(29). Inflammatory mouse models indicate that T-cells,
neutrophils, and monocytes extravasate preferentially at
LAMA5-low sites (25, 30–32). The patchy distribution of
LAMA5 vs the ubiquitous expression of LAMA4 in capillaries
might create EC-BM regions with different potentials for
leukocyte extravasation (31). LAMA5 patchiness does not,
however, correlate with pericyte coverage. It is curious that T-
cells adhere more strongly to LAMA5- than to LAMA4-
containing laminins, but migration is faster across those with
LAMA4 (33). LAMA5 might inhibit leukocyte diapedesis via
adhesion-independent mechanisms. Indeed, LAMA5 induces
VEC redistribution and stabilization at cell-cell junctions (34),
which hampers paracellular diapedesis.

LAMA4 seems not to play a direct role in specific T-cell
diapedesis, but the LAMA4/LAMA5 balance is critical in T-cell-
mediated immune responses. Regulatory T-cell (TREG)
trafficking into lymph nodes is a requisite for suppression of
alloantigen-specific CD4+ T-cell priming (35). The LAMA4/
LAMA5 ratio in the EC-BM of high endothelial venules (HEV)
is a major determinant of whether lymph nodes are tolerant to an
antigen (high LAMA4) or respond to it (high LAMA5) (30).
LAMA5 overexpression prevents the transmigration of T-cells
and dendritic cells (DC) through lymph nodes, whereas LAMA4
silencing bypasses the induction of tolerance and triggers
allograft rejection. Thus, the LAMA4/LAMA5 balance
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regulates antigen tolerance or immunity by regulating T-cell
diapedesis across HEV EC.

The role of laminins in immune responses is not limited to
the control of trafficking. Lm511 increases phagocytosis via
monocyte-derived DCs, leading to antigen-presenting cells
with stronger T-cell stimulating capacity (36). Laminins have
been reported to directly affect T-cell activation and polarization,
although this is not free of controversy. In one study, Lm411 and
Lm511 induced CD4 T-cell co-stimulation (37), and in another
Lm411 and Lm511 had opposite effects on lymph node-derived
CD4 T-cell activation and proliferation (38). The latter study also
reported Lm511 to enhance CD4 T-cell polarization towards the
T-helper (Th)1 and Th17 phenotypes, whereas Lm411 biased
CD4 T-cells towards TREG cell differentiation. However, using
encephalitogenic CD4 T-cells, Sorokin’s group showed an
inhibitory role for Lm511 in Th1 and Th17 CD4 T-cell
polarization (33).
CHANGES IN THE ENDOTHELIAL CELL
BASEMENT MEMBRANE ASSOCIATED
WITH TUMOR PROGRESSION

The EC-BM of the tumor vasculature is morphologically
abnormal, a result of the continuous remodeling associated
with endothelial sprouting and vessel growth (39). Cancer- or
EC-induced EC-BM remodeling is also a major driver of tumor
angiogenesis (40). Fully assembled EC-BM usually provide
growth arrest cues that maintain EC barrier function. EC-BM
degradation, however, triggers angiogenesis by i) fostering the
loss of pericytes from EC, ii) releasing extracellular matrix-
sequestered pro-angiogenic factors, and iii) exposing the
cryptic domains of partially degraded collagens with pro-
angiogenic activity (41–43). Curiously, EC-BM degradation
also generates ECM fragments with anti-angiogenic activity
(44, 45).

The composition of the EC-BM is strongly influenced by the
inflammatory milieu in the tumor microenvironment (TME).
For example, Lm111 is modified by ectokinases secreted by
immune cells during extravasation, which alters the properties
of the EC-BM barrier (46). In breast carcinomas, pro-
inflammatory cytokines, such as tumor necrosis factor (TNF)-a,
suppress laminin a3B (LAMA3B) but enhances LAMA4
expression (47). In the breast tumors this changes the highly
crosslinked and organized LAMA3B-rich EC-BM structure of
the mammary gland (48) to a highly dynamic LAMA4-rich
structure. Surprisingly, however, Lm322, which contains
LAMA3B, is associated with aggressive breast cancers (49). The
replacement of one vascular laminin for another is not a
phenomenon limited to breast cancer; indeed, it occurs in
many other solid tumors (50, 51). In many cases, the change
involves the substitution of the b2 chain by the b1 chain. It is
thought that b2 degradation by tumor-derived proteases triggers
a compensatory increase in b1 expression. In oral squamous
carcinoma cells, the switch from Lm511 to Lm411 is directed by
snail, which leaves cancer cells with reduced adhesive capacity
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and therefore enhanced invasiveness (52). Snail also promotes
epithelial-to-mesenchymal transition in these cancer cells. In
addition to EC-BM modification, some pro-inflammatory
cytokines—such as IL-1, IL-6, or TNF-a, cause alterations in
many vasculature features, which in turn may affect immune
function in tumors and other pathologies (53, 54).

Oxidation reactions lead to important modifications of the
EC-BM in tumors (55), affecting the interaction of EC-BM
proteins with cell components. For example, oxidized Lm111
increases monocyte adhesion to human umbilical vein
endothelial cell (HUVEC) monolayers due to increased ICAM-
1 expression (56). The increased attachment of EC to oxidized
laminins might reflect an in vivo tendency for the quick coverage
by EC of lesions exposed to oxidative stress. The influence of
oxidative stress on tumor endothelium is, however, largely
unknown, despite EC-BM modification being a common
feature in tumor progression.
REGULATION OF SOD3 ACTIVITY IN
CANCER

SOD3 is a metalloenzyme predominantly located in the
extracellular space, either in a soluble state or associated with
the ECM (57). In fibroblasts and ECs, SOD3 can also be found in
the nucleus and cytoplasm (58, 59), although its function in these
cell locations is unclear. The active homotetrameric form of
SOD3 requires each monomer to complex with one zinc and
two copper ions in the catalytic domain for ·O2

−
·2O− anions to be

efficiently dismutated (60).
SOD3 expression is basal in most tissues, but it is much higher in

the lung, kidney, uterus, placenta, and throughout the
cardiovascular system (61). Oncogenesis typically downregulates
SOD3; indeed, this SOD isoform is that which shows the greatest
difference in expression between tumors and healthy tissues (62).
Nevertheless, the role of SOD3 in oncogenesis is unsure. In support
of it having a pro-tumorigenic role, SOD3 levels correlate positively
with the growth rate of some benign tumors, and high levels of the
enzyme promote the growth and transformation of mouse
embryonic fibroblasts. SOD3 also participates in vascular
endothelial growth factor (VEGF)-C-driven breast tumorigenesis
(63, 64). Many of these pro-tumorigenic activities have been linked
to sustained mitogen-activated protein kinase pathway activation in
preneoplastic cells via either the direct regulation of tyrosine kinase
receptor phosphorylation, or small Rho/Ras GTPase signaling (64).

Interestingly, SOD3 negatively regulates other pro-oncogenic
signaling pathways, such as those inducing the NF-kB and HIF-1a
cascades (65). It also triggers DNA damage-induced apoptosis
(66), which might explain the SOD3-induced inhibition of
chemically induced melanomas (67). As indicated above, SOD3
is repressed in many solid tumors via epigenetic silencing
(promoter hypermethylation and histone modification),
messenger RNA (mRNA) targeting by oncomiR-21, and
mutations in the promoter or the heparin-binding domain of
the SOD3 gene (62, 68–70). The chromosomal region containing
the SOD3 gene (4p15.1–4p15.3) is a hotspot for loss of
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heterozygosity (LOH) in cancer (62); an LOH rate of 30–60% is
seen in tumors with low SOD3 levels (71, 72). The rate of allelic
deletion increases drastically between cervical intraepithelial
neoplasia and grade I cervical cancer, suggesting that SOD3
downregulation is associated with tumor progression.

SOD3 also has anti-tumor effects by altering the structure,
composition, and dynamics of the extracellular matrix (62).
Many of these effects are mediated via the antioxidative
protection of the matrix from ROS/RNS-induced oxidative
fragmentation. In other cases, SOD3 inhibits metalloproteinase
activity or the expression of ECM-degrading enzymes such as
heparanase (73). Heparanase promotes cancer growth,
metastasis, and angiogenesis by inducing the degradation of
heparan sulfate (HS), a sulfated glycosaminoglycan. SOD3
protects the integrity of HS by reducing heparanase expression
and by preventing ROS-mediated HS degradation, thus reducing
cancer cell proliferation and invasion (73). SOD3might therefore
act as a cancer cell-intrinsic and extrinsic tumor suppressor.
SOD3 EFFECTS ON TUMOR
VASCULATURE

Vascular oxidative stress has broad effects on blood vessel
function, and is central to the onset and progression of many
cardiovascular diseases (74). ROS are also inducers of tumor
angiogenesis via the generation of oxidized lipids and the
induction of the HIF-1a/VEGF-A pathway in EC and VSMC
(75). ROS regulates NO bioavailability through its oxidation to
peroxynitrite. NO is a soluble intermediate messenger for EC and
VSMC involved in angiogenesis, vascular leakage, and vascular
tone maintenance (76–78). ROS also have a harmful influence on
the EC inflammatory response. Together with reduced NO
bioavailability and the imbalanced production of endothelium-
derived relaxing and contractile factors, high ROS levels in tissues
inexorably lead to EC dysfunction and vascular disorders (79–81).

By reducing ROS, extracellular (but not intracellular) SOD3
activity preserves endothelial integrity and function (82). By
increasing perivascular NO bioavailability, SOD3 is vasorelaxing
(83, 84). In cancer, SOD3 upregulation increases mean vessel area
and tumor vessel length, although reduces vessel diameter. At
ultrastructural level, SOD3 causes smoothness of the vessel lumen,
consistent with enhanced EC quiescence, reduces vascular
permeability, and improves tumor perfusion. These activities rely
on the prevention of HIF-2a degradation in SOD3-overexpressing
EC (13). The regulation of a transcription factor (HIF-2a) by an
extracellular enzyme (SOD3) occurs through the increased levels of
perivascular NO, a known inhibitor of the oxygen-sensing prolyl
hydroxylases domain proteins (PHDs) that target HIF-2a for
proteasome-mediated degradation. NO then fosters nuclear HIF-
2a accumulation and the initiation of a transcriptional program that
upregulates VEC and prevents AJ destabilization. EC-specific PHD2
hemizygosity also strengthens EC adhesion by increasing HIF-2a-
dependent VEC transcription (85). SOD3 upregulation and PHD-2
reduction thus improve vascular function via the same pathway,
which in turn enhances chemotherapeutic drug delivery and tumor
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shrinkage (13, 85). In primary colorectal cancers, it was found a
significant correlation between enhanced SOD3 mRNA levels,
stromal HIF-2a stabilization and VEC expression (13), suggesting
that this SOD3-HIF-2a pathway also stabilizes the AJ in the
vasculature of human tumors.
SOD3 REGULATION OF THE
INFLAMMATORY RESPONSE

In cancer immunotherapy it is important to determine the link
between vascular alterations and T-cell exclusion from tumors.
Preclinical evidence in breast, pancreatic and brain tumors, and
in melanoma (4, 86), along with clinical trials in advanced kidney
cancer (5), indicate that the combination of antiangiogenics and
immune checkpoint inhibitor (ICI) increases TIL density and the
antitumor immune responses. This synergistic effect might be a
consequence of the vascular correction associated with
antiangiogenics (mostly VEGF blockers) (87). Nevertheless,
VEGF has direct immunosuppressive effects (3, 87), and
therefore it is impossible to unequivocally link VEGF
blockade-induced vascular normalization with TIL entry.

One of the tissue-protective activities of SOD3 is to
downmodulate inflammation (88–90). SOD3 anti-inflammatory
activity has been associated with the repression of adhesion
receptors (VCAM-1, ICAM-1) and chemoattractants (CCL2,
CXCL2) in EC (88). Indeed, SOD3 repression increases immune
cell infiltration, particularly that of granulocytes, in the lung (91).
In tumors, however, SOD3 shapes the inflammatory infiltrate in a
complex manner, promoting the extravasation of specific leukocyte
subtypes. The upregulation of SOD3 in the tumor stroma makes
the tumor endothelium more permissive to adoptively transferred
and endogenous tumor-specific CD4+ and CD8+ T-cells. However,
the infiltration of myeloid and TREG cells is unaffected (14). SOD3
thus creates an immunogenic TME that significantly reduces
tumor growth and improves immunotherapy.
SOD3-INDUCED WNT PATHWAY
ACTIVATION, ENDOTHELIAL CELL
BASEMENT MEMBRANE REMODELING,
AND T-CELL INFILTRATION INTO
TUMORS

SOD3 overexpression in EC monolayers fosters the transmigration
of naive and activated T-cells (14). HIF-2a is again at the center of
this SOD3 effect, influencing T-cell transmigration in vitro and TIL
density in vivo. The mechanism by which the SOD3/HIF-2a
pathway boosts T cell infiltration depends on autocrine WNT
pathway activation. This is paradoxical since WNT signaling
deregulation has been implicated in virtually all stages of
oncogenesis, including transformation, metastatic dissemination,
and resistance to immunotherapy (92, 93).

WNT signaling is initiated when a soluble WNT ligand binds
to cognate receptors from the Frizzled (FZD) family (10 in
Frontiers in Immunology | www.frontiersin.org 5
human and mice). Depending on multiple parameters,
including the precise identity of the ligand and the receptor,
this interaction triggers different signal transduction cascades
that culminate with the activation of transcriptional and post-
translational programs (94). One of this cascades, the so-called
“canonical,” relies on the cytosolic stabilization of b-catenin,
which is usually targeted for proteosomal degradation by a
supramolecular entity known as “b-catenin degradation
complex,” build up by the tumor suppressor adenomatous
polyposis coli (APC), axin-1, casein kinase-1a, and glycogen
synthase kinase-3. Binding of the WNT ligand to the FZD in
association with the co-receptor, low-density lipoprotein
receptor-related protein-5 or -6, recruits disheveled segment
polarity protein (DVL)-1 or -2, which bind to axin-1, thus
preventing b-catenin degradation (92, 94).

The cytosolic accumulation of b-catenin, in conjunction with
other DNA-binding proteins, triggers b-catenin accumulation into
the nucleus where interacts with the T cell factor/lymphoid
enhancer factor (TCF/LEF) family members (94). These
complexes then initiates transcriptional programs implicated in
cancer cell proliferation, stemness, polarity, metabolic
reprogramming, and migration, among others. In addition,
WNT signaling can occur in a b-catenin-independent manner,
the so-called “non-canonical,” extensively reviewed elsewhere (95).

In addition to the cancer cell-autonomous effects, WNT
pathway shapes vascular and immune functions in the tumor
stroma. Myeloid cell-produced WNT ligands affect the angiogenic
switch through a b-catenin-dependent EC metabolic
reprograming to glycolysis (96, 97). WNT signaling also
influences anti-tumor immune responses, although these effects
are context-dependent. Tumor-intrinsic WNT signaling elements
can be recognized by the immune system as tumor-associated
antigens, serving as targets for the development of tumor-specific
vaccines (98, 99). In contrast, b-catenin signaling in cancer cells
drives primary immune resistance by skewing DC maturation to a
tolerogenic phenotype (100), and by excluding effector T cells
from the tumor microenvironment (92, 93, 101). In EC, however,
WNT pathway activation transcriptionally upregulates LAMA4, a
permissive signal for T-cell diapedesis (see above). LAMA4 levels
correlate positively with TIL density after SOD3 upregulation,
whereas HIF-2a deletion or WNT pathway inhibition reduces
LAMA4 and TIL density (14). These results suggest a signaling
pathway connecting SOD3, HIF-2a, and WNT that culminates in
transcriptional LAMA4 upregulation.

This SOD3/HIF-2a/LAMA4 pathway is operative in human
primary colorectal cancer (CRC). SOD3 and LAMA4 levels
correlate positively with enhanced TIL numbers in a small
cohort of stage II CRC patients, and with the T-cell
inflammatory signatures in the CRC cohort described in The
Cancer Genome Atlas (14). In the stage II CRC cohort studied,
SOD3 positivity was also associated with lower recurrence rates,
which is consistent with the prognostic value of TIL density in
CRC. However, the association of LAMA4 positivity with the
relapse rate in the stage II cohort was less marked than that of
SOD3. It may be that SOD3 not only enhances LAMA4 in EC-
BM but also in the basement membrane underlying cancer cells.
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Since LAMA4 is associated with tumor aggressiveness (56),
LAMA4 activity in cancer cells might counteract the anti-
tumor effect associated with enhanced TIL entry.
CONCLUDING REMARKS

Although ROS is a well-known inducer of vasculature
malfunction in cardiovascular disease, its involvement in
tumor vascular abnormalization is only vaguely recognized.
Undoubtedly, however, oncogenesis brings forth a plethora of
tissue and cell alterations leading to an excess of ROS in the
TME. One of these alterations is the silencing of the anti-oxidant
enzyme SOD3, which is a cornerstone of normal endothelial
function. As reviewed here, SOD3 re-expression in the TME
triggers a program that simultaneously induces vascular
normalization and T-cell infiltration, unequivocally linking
these processes. The SOD3 program operates in primary CRC,
affecting the disease relapse rate and patient survival, an effect
associated with increased intratumor CD8+ T-cell infiltration. As
occurs in allograft transplants, LAMA4 works as a molecular
switch that potentiates immunity over tolerance in the TME.

One of the most striking findings is that SOD3 induces the
specific intra-tumor infiltration of effector T-cells. This was
unexpected, since SOD3 acts as anti-inflammatory molecule in
non-tumor models. The molecular explanation of this selective
effect deserves further research. SOD3-induced LAMA4
upregulation would explain enhanced leukocyte extravasation but
not the exclusive diapedesis of effector T-cells. SOD3 seems not to
upregulate CXCR3 ligands, however, which are proposed to be a
major chemoattractant for T-cell infiltration into tumors (2). A
plausible explanation is that T-cell diapedesis specificity is achieved
by the combination of different signals: the SOD3-induced
upregulation of a permissive signal (LAMA4) for leukocyte
extravasation, and an instructive signal for T-cell diapedesis
induced by EC normalization. Whether this signaling network
operates in metastatic disease deserves future research. It would
also important to study how SOD3 affects blood vessels in tumor
models in which SOD3 may function as pro-tumorigenic.

Another open question is the role of theWNT pathway in TIL
entry. WNT/b-catenin activation in neoplastic cells is a major T-
cell exclusion pathway for different cancers (92, 93, 101).
However, SOD3-induced T-cell extravasation relies on WNT
pathway activation in EC (14). These contrasting tumor- and
EC-specific effects of WNT on TIL entry would seem to reflect
cell-type-specific outcomes of this signaling pathway. It should
be noted that the WNT/b-catenin pathway only excludes T-cells
from tumors when b-catenin translocates to the nucleus of
cancer cells (102). SOD3-induced WNT pathway activation in
EC, however, does not cause b-catenin to be imported into the
nucleus since SOD3 also upregulates VEC, which sequesters b-
catenin in the AJ (Figure 2). Indeed, SOD3-induced LAMA4
upregulation is dependent on FoxM1 (14), another WNT-
stabilized transcription factor. The therapeutic implication of
this divergence might be important since WNT/b-catenin
inhibitors have not provided the expected clinical results. It is
Frontiers in Immunology | www.frontiersin.org 6
here proposed that it might be possible to design effective WNT-
based immunotherapeutic strategies by targeting WNT/b-
catenin inhibitors to specific tumor compartments.
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FIGURE 2 | Superoxide dismutase-3 (SOD3)-induced pathways connecting
vascular normalization and T-cell diapedesis in tumors. Perivascular SOD3
prevents nitric oxide (NO) oxidation, thus increasing EC NO levels. This
causes PHD inhibition and the nuclear accumulation of HIF-2a. HIF-2a then
initiates a transcriptional program that upregulates vascular-endothelial
cadherin (VEC) and certain WNT ligands. Increased VEC levels reduce
vascular permeability and normalize the vasculature. Autocrine WNT ligands
activate the WNT pathway, which stabilizes b-catenin and FoxM1. b-catenin
is sequestered in the juxtamembrane region by VEC, reinforcing AJs. FoxM1
translocates to the nucleus to induce LAMA4 transcription, providing a
permissive signal for T-cell diapedesis.
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Gómez-Moutón C, et al. Secreted MMP9 promotes angiogenesis more
efficiently than constitutive active MMP9 bound to the tumor cell surface.
J Cell Sci (2004) 117:1847–56. doi: 10.1242/jcs.01035

42. Avraamides CJ, Garmy-Susini B, Varner JA. Integrins in angiogenesis and
lymphangiogenesis. Nat Rev Cancer (2008) 8:604–17. doi: 10.1038/nrc2353

43. Xu J, Rodriguez D, Petitclerc E, Kim JJ, Hangai M, Moon YS, et al.
Proteolytic exposure of a cryptic site within collagen type IV is required
for angiogenesis and tumor growth in vivo. J Cell Biol (2001) 154:1069–79.
doi: 10.1083/jcb.200103111

44. Kim YM, Jang JW, Lee OH, Yeon J, Choi EY, Kim KW, et al. Endostatin
inhibits endothelial and tumor cellular invasion by blocking the activation
and catalytic activity of matrix metalloproteinase. Cancer Res (2000)
60:5410–3.

45. Colorado PC, Torre A, Kamphaus G, Maeshima Y, Hopfer H, Takahashi K,
et al. Anti-angiogenic cues from vascular basement membrane collagen.
Cancer Res (2000) 60:2520–6.

46. Trachana V, Christophorides E, Kouzi-Koliakos K, Koliakos G. Laminin-1 is
phosphorylated by ecto-protein kinases of monocytes. Int J Biochem Cell Biol
(2005) 37:478–92. doi: 10.1016/j.biocel.2004.08.001

47. Mori T, Kariya Y, Komiya E, Higashi S, Miyagi Y, Sekiguchi K, et al.
Downregulation of a newly identified laminin, laminin-3B11, in vascular
basement membranes of invasive human breast cancers. Cancer Sci (2011)
102:1095–100. doi: 10.1111/j.1349-7006.2011.01892.x

48. Kariya Y, Mori T, Yasuda C, Watanabe N, Kaneko Y, Nakashima Y, et al.
Localization of laminin alpha3B chain in vascular and epithelial
basement membranes of normal human tissues and its down-
regulation in skin cancers. J Mol Histol (2008) 39:435–46. doi: 10.1007/
s10735-008-9183-0

49. Carpenter PM, Ziogas A, Markham EM, Cantillep AS, Yan R, Anton-Culver
H. Laminin 332 expression and prognosis in breast cancer. Hum Pathol
(2018) 82:289–96. doi: 10.1016/j.humpath.2018.08.003

50. Ljubimova JY, Lakhter AJ, Loksh A, Yong WH, Riedinger MS, Miner JH,
et al. Overexpression of alpha4 chain-containing laminins in human glial
tumors identified by gene microarray analysis. Cancer Res (2001) 61:5601–
10. doi: 10.3892/ijo.18.2.287

51. Fujita M, Khazenzon NM, Bose S, Sekiguchi K, Sasaki T, Carter WG, et al.
Overexpression of beta1-chain-containing laminins in capillary basement
membranes of human breast cancer and its metastases. Breast Cancer Res
(2005) 7:R411–21. doi: 10.1186/bcr1011

52. Takkunen M, Ainola M, Vainionpää N, Grenman R, Patarroyo M, Garcıá de
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