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Summary 
High endothelial venules (HEVs) are specialized postcapillary venules that specifically serve to recruit circulating lymphocytes to secondary lym-
phoid organs (SLOs) where cognate antigens can be encountered, and immune responses can be initiated. The presence of HEV-like vessels 
in primary human solid tumours and their association with lymphocyte infiltration and favourable clinical outcomes and response to immuno-
therapy have provided a rationale for therapeutically inducing these vessels in tumours for immunotherapeutic benefit. Here we specifically 
discuss evidence for a link between T-cell activation and development of useful tumour-associated HEV (TA-HEV). We discuss the molecular and 
functional features of TA-HEV, highlighting the benefits for promoting tumour immunity and the important unanswered questions that need to 
be addressed before TA-HEV induction can be optimized for immunotherapeutic benefit.

Graphical Abstract 

Keywords: high endothelial venules, T-cell activation, immune checkpoint blockade, lymphotoxin-β receptor agonist

© The Author(s) 2023. Published by Oxford University Press on behalf of the British Society for Immunology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Received 27 February 2023; Revised 28 March 2023; Accepted for publication 24 April 2023

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad006/7140509 by guest on 07 June 2023

https://orcid.org/0000-0002-3163-3383
https://orcid.org/0000-0001-6675-7004
mailto:MilutinovicS@cardiff.ac.uk
https://creativecommons.org/licenses/by/4.0/


2 Milutinovic and Gallimore

Abbreviations: 3D: 3-dimensional; CD62L: L-selectin; CRC: colorectal cancer; EGFR: epidermal growth factor receptor; GBM: glioblastoma; Grzb: granzyme 
B; HEVs: high endothelial venules; HVEM: herpes virus entry mediator; i.p.: intraperitoneal; ICB: immune checkpoint blockade; iLN; HECs: inflamed LN HECs; 
LIGHT: tumour necrosis factor superfamily member 14; LLC: Lewis lung carcinoma; LN: lymph node; LTβR: lymphotoxin β receptor; Lymphotoxin alpha: LTα; 
MCA: methylcholanthrene; MSI: microsatellite instability; NSCLC: non-small cell lung cancer; OVA: ovalbumin; PCV: post capillary venule; PNAd: peripheral 
node addressin; s.c.: subcutaneous; scRNA-seq: singe-cell RNA sequencing; SLOs: secondary lymphoid organs; SV40 Tag: large-T antigen of simian virus 40; 
TA-HECs: tumour-associated high endothelial cells; TA-HEV: tumour associated HEV; TIL: tumour infiltrating lymphocyte; TLS: tertiary lymphoid structures; TNF: 
tumour necrosis factor; TNFR: tumour necrosis factor receptor; Tregs: regulatory T cells; VEGF: Vascular endothelial growth factor; VTP: vascular targeting 
peptides.

HEVs in human cancer
HEVs have been described in both human cancer and chronic 
inflammatory diseases where they can be found in isolation 
or as parts of lymphoid-like tissue, termed tertiary lymphoid 
structures (TLS). TLS can vary in their respective organiza-
tional capacity but are not encapsulated like LNs [1]. The 
role of HEVs in chronic inflammatory conditions [2] and TLS 
in cancer have been extensively reviewed elsewhere [3, 4]. 
The presence of TA-HEVs in primary human solid tumours 
such as melanomas, lung, and breast carcinomas was first 
described by Martinet et al. [5]. TA-HEVs were found to be 
associated with lymphocyte infiltration which was further 
linked to favourable clinical outcome [5–8]. Similar findings 
have since been reported in several other tumour types [9–
11]. More recently however, the presence of TA-HEVs has 
also been implicated in favourable responses to immuno-
therapy [12, 13]. Pre-treatment lesions with high TA-HEV 
scores from patients with unresectable stage III or IV met-
astatic melanoma treated with PD-1 blockade therapy had 
improved survival and treatment responses to combined im-
mune checkpoint blockade (ICB) [12]. Furthermore, a human 
HEV gene signature was also shown to be associated with 
better responses to ICB in pre-treated samples obtained from 
melanoma (treated with nivolumab) and non-small cell lung 
cancer (NSCLC) patients (treated with atezolizumab) [13]. 
Melanoma patients with stable disease were also shown to 
have a significant increase in TA-HEV score following ICB 
[13]. Therefore, the presence of TA-HEVs in human cancer 
has important implications for both clinical outcome and re-
sponse to immunotherapy.

Spontaneous HEV formation in mouse models 
of cancer
Spontaneous formation of TA-HEVs has largely been 
observed in murine tumours which express strong antigens 
such as ovalbumin (OVA) [14] or large-T antigen of simian 
virus 40 (SV40 Tag) [15]. However, TA-HEV formation has 
also been observed in widely used tumour cell lines such as 
the 4T1 murine mammary tumour model [16]. Differences in 
the type of tumour models (cell line-derived vs in-situ) and 
site of tumour implantation [intraperitoneal (i.p.) vs subcu-
taneous (s.c.)] may point to important factors which regu-
late HEV formation and function. HEVs are readily detected 
by staining with the MECA-79 antibody which recognizes 
the 6-sulpho sialyl Lewis X epitope presented on peripheral 
node addressin (PNAd) [17]. PNAd is considered a marker 
of functional HEVs as it an adhesion molecule which binds 
CD62L (L-selectin) and mediates the tethering and rolling of 
lymphocytes along HEVs [17]. Peske and colleagues described 
spontaneously arising TA-HEVs in B16 and Lewis carcinoma 
cell lines engineered to express strong antigens such as OVA 
or a tyrosinase epitope [14]. Interestingly, B16-F1 tumours 
which lack a strong antigen were found to have significantly 

lower PNAd expression [14] suggesting immune activation as 
an important component in spontaneous TA-HEV formation. 
Furthermore, the immune cell subsets which regulate PNAd 
expression were found to differ depending upon the site of 
tumour implantation [14]. For instance, in s.c. tumours, NK 
cells were found to act redundantly with endogenous CD8 T 
cells to induce PNAd expression whilst in i.p. tumours, CD8 
T cells were absolutely required for PNAd expression [14].

Indeed, in a mouse model of carcinogen-induced fibrosar-
coma, the depletion of regulatory T cells (Tregs) was found 
to drive the development of TA-HEVs which were associated 
with reduced tumour growth and increased tumour infiltrating 
lymphocyte (TIL) frequencies [18, 19]. Immune activation via 
Treg depletion was a pre-requisite for TA-HEV formation 
since untreated fibrosarcoma tumours did not spontaneously 
form TA-HEVs. In contrast, cell lines derived from MCA-
induced fibrosarcomas inoculated in the flank of syngeneic 
mice were found to spontaneously develop TA-HEVs [12]. 
This suggests that there may be important differences be-
tween tumours which arise from tumour cell line inoculation 
versus those which develop in situ. Factors such as tumour 
immunogenicity or underlying vascular differences may hold 
important clues to why TA-HEVs form in some tumours but 
not others. For example, tumours arising in vivo from injected 
cells lines are more angiogenic and comprise morphologically 
immature vessels that have been shown to be more sensitive 
to vascular disruption in response to inflammatory cytokines 
such as tumour necrosis factor (TNF) [20]. Nevertheless, it is 
apparent that immune activation is an important component 
in TA-HEV formation in both cell line-derived tumours and 
those which arise in situ. Immune activation can also enhance 
TA-HEV formation in cell line-derived tumours. For example, 
4T1 tumour cells inoculated in the mammary fat pad of Balb/c 
mice were shown to spontaneously form TA-HEVs in approx-
imately 18% of mice. Inactivation of Treg through targeting 
of the PI3Kδ pathway lead to the majority of treated mice 
(89%) forming TA-HEVs with higher TA-HEV areas reported 
in regressor tumours [16]. Recently, 3D imaging of whole 4T1 
tumours revealed denser TA-HEV networks in regressors as 
compared to non-regressors and control, untreated tumours 
[21]. Overall, these data imply that tumour immunogenicity is 
linked to intra-tumoural HEV development. Indeed TA-HEVs 
have been shown to spontaneously form in several immuno-
genic human tumours including melanoma and NSCLC [5]. 
In poorly immunogenic tumours such as human colorectal 
cancer (CRC), TA-HEV were rarely observed within CRC 
tumour stroma or epithelium and were mainly localized to 
the tumour invasive margin [22]. Furthermore, microsatellite 
instability (MSI) CRC tumours which have a high load of mu-
tational neoantigens due to DNA mismatch repair deficiencies 
were shown to have elevated TA-HEV densities as compared 
to microsatellite-stable tumours [23], further supporting the 
link between tumour immunogenicity and TA-HEV develop-
ment.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad006/7140509 by guest on 07 June 2023



3T cell activation drives useful tumour HEV, 2023, Vol. 2, No. 1

TA-HEVs as active sites for immune cell 
infiltration
What roles might TA-HEVs play in the context of anti-
tumour immunity? As in SLOs, several studies have 
implicated TA-HEVs as active sites for immune cell recruit-
ment. For example, intravenously injected GFP+ splenocytes 
can be recruited to spontaneously induced TLS containing 
TA-HEVs in a model of inflammation-driven carcinogenesis 
[24]. Furthermore, the induction of TLS in splenectomised 
LTα–/– mice, which lack all peripheral LNs, leads to the re-
cruitment and induction of specific T cell responses in a 
B16 tumour model, suggesting in situ priming at TLS sites 
[25]. In B16-OVA expressing tumours, the administration 
of blocking antibodies targeted against L-selectin (which 
recognizes sulfated sialomucins displayed on HEVs) or 
anti-CCR7 (activates LFA-1 leading to lymphocyte ar-
rest) prevented lymphocyte infiltration into tumours [14]. 
Similarly, for fibrosarcomas induced by the administration 
of the carcinogen methylcholanthrene (MCA), blocking the 
TNFR signalling pathway which abrogates TA-HEV devel-
opment resulted in a TIL frequency comparable to those 
tumours that do not develop TA-HEVs following Treg de-
pletion [18]. Whilst several studies have provided evidence 
for an active role of TA-HEVs in driving immune cell recruit-
ment, the presence of TA-HEVs may simply be a marker of 
an ongoing immune response given that factors released by 
immune cells can drive TA-HEV formation [1, 26]. With this 
in mind, it has proven difficult to uncouple the ability of im-
mune cells to drive TA-HEV development from the ability 

of TA-HEV to enable recruitment of T cells into the tumour 
parenchyma.

Only recently have TA-HEVs been shown to directly act 
as the main sites for immune cell recruitment in three sepa-
rate tumour cell line models [12]. By inoculating mice with 
cell lines derived from MCA-induced fibrosarcomas in WT 
mice (termed MCAprog tumours), Asrir et al. demonstrated 
by intra-vital 2-photon imaging that TA-HEVs constitute 
the major sites of lymphocyte arrest in the microvasculature 
[12]. This was directly shown by comparing lymphocytes 
that transitioned from rolling to firm arrest in MECA-79- 
non-HEV tumour blood vessels to MECA-79+ HEV tumour 
blood vessels. Similar results were obtained for mice treated 
with ICB (combined CTLA4 and PD-1 blockade therapy) 
which further boosts TA-HEV formation [12]. This was also 
confirmed in two separate mouse models of ICB-treated 
CT26 colon carcinomas and PyMT mammary carcinomas 
[12]. Overall, this work is important as it expands upon early 
intravital microscopy studies which revealed that the major 
sites of lymphocyte recruitment in LNs occurs in venule 
branches that are of the order III–V (Fig. 1) [27]. Indeed, 
similarities and differences were noted between the two 
studies which may point to different functionalities. For ex-
ample, the mean diameter of TA-HEVs (40 µm) was found to 
be similar to that of order III HEVs found in LNs [27] while 
higher median lymphocyte rolling velocities were noted in 
TA-HEVs as compared to LNs [12]. Indeed, such differences 
may be explained by underlying transcriptional differences 
which were revealed by singe-cell RNA sequencing (scRNA-
seq) of spontaneously forming tumour-associated high 

Figure 1: Branching structure and function of LN HEVs vs TA-HEVs. LN HEVs are embedded in a distinct hierarchy of venules branching out from the 
largest collecting vein (order I) to the smallest postcapillary venules (order V). LN-HEVs constitute order III-V venules and are major sites of naive T 
cell and central memory T cell recruitment. In contrast TA-HEVs do not form a distinct branching hierarchy and can be identified as part of the larger 
blood vascular network by intravascular staining using fluorescent MECA-79 mAbs (HEV marker) and lectin 594 (blood vessel marker). In addition to 
recruiting naïve T cells and central memory T cells which express L-selectin (CD62L+), TA-HEV express high levels of P-selectin and E-selectin and have 
been shown to recruit effector/effector memory T cells (CD62L-) from the periphery [17]. LN HEV network depicted is from a naïve inguinal LN labelled 
with 20 µg MECA-79 488 and imaged by selective plane illumination microscopy (SPIM) [21]. Tumour vasculature depicted is from a Treg depleted 
fibrosarcoma tumour labelled with 20 µg MECA-79 488 and 100 µg lectin 594 and imaged by SPIM. Figure adapted from [17, 26].
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endothelial cells (TA-HECs) [12] that were subsequently 
compared to homeostatic LN HECs and inflamed LN HECs 
(iLN-HECs) [28]. TA-HECs were found to be associated with 
an immature phenotype characterized by reduced expres-
sion of HEC sulfotransferases and lymphotoxin β receptor 
(LTβR) pathway dependant genes [12]. TA-HECs were also 
found to more closely resemble iLN-HECs with the shared 
expression of 250 genes which were otherwise differen-
tially expressed with homeostatic LN-HECs [12]. However, 
TA-HECs were also found to uniquely express several genes 
that were either absent or poorly expressed in the LN set-
ting [12]. For example, the endothelial selectins CD62P and 
CD62E, were found to be uniquely upregulated in TA-HECs. 
This may explain why TA-HECs were capable of recruiting 
both CD62L− effector/effector memory T-cells and CD62L+ 
naïve and central memory T cells in short-term homing 
assays [12]. This discord between LN HEVs and TA-HECs 
was also recently demonstrated by scRNA-seq of TA-HECs 
isolated from PyMT-bearing mice treated with ICB (PD-
L1 blockade), VEGFR2 blockade and LTβR agonist which 
induces TA-HEV formation [13]. TA-HECs were shown to 
express both core HEV markers (such as Fut7 and Glycam1) 
and genes found in TA-ECs (Gpihbp1, Igfbp3, and Cxcl9). 
However, TA-HECs were also shown to harbour key in-
flammatory markers (CD62P and CD62E) and to uniquely 
express IFN-gamma   regulated inflammation genes such as 
those involved in antigen processing and presentation [13]. 
Interestingly, blocking IFN-y had no impact on T-cell influx 
or the extent of TA-HEV formation however TA-HECs were 
found to have an increased expression of core LN-HEV genes 
suggesting a reversion back to homeostatic LN-HECs [13]. 
Overall, these data indicate that the molecular and functional 
features of TA-HEV are similar but not identical to those of 
LN-HEV. These differences have important implications for 
understanding how TA-HEV promote tumour immunity.

Therapeutic induction of HEV in murine 
tumours
Targeting of the LTβR signalling pathway
The LTβR pathway has been implicated in early SLO devel-
opment [29] and in the formation and maintenance of HEVs 
[5, 30–34]. Indeed, LTβR activation on ECs [32] has been 
shown to maintain the expression of enzymes responsible for 
the synthesis of PNAd and other scaffolding proteins required 
for supporting lymphocyte trafficking [34]. There is therefore 
a clear rationale for targeting the LTβR signalling pathway 
to induce TA-HEVs in tumours for therapeutic benefit. Early 
work by Lukashev et al. examined the impact of LTβR ago-
nist treatment on in-vivo tumour growth using an agonistic 
anti-LTβR mAb (CBE11) [33]. Using xenograft models of co-
lorectal carcinoma CBE11 was found to reduce the growth 
of 2/6 independent orthotopic xenografts [33]. CBE11 was 
also found to enhance lymphocyte infiltration in mice bearing 
syngeneic CT26 tumours [33]. However, the impact on CT26 
tumour growth and whether TA-HEVs form as a consequence 
of CBE11 treatment was not assessed [33]. CBE11 was also 
found to inhibit the growth of several tumour cell lines in 
vitro suggesting that the anti-tumour mediated effects may 
not be related to induction of TA-HEVs [33].

More recent studies have assessed the impact of LTβR ag-
onist treatment and its relation to murine tumour growth 

and TA-HEV formation (these are summarized in Table 
1). Using three tumour cell line models Allen et al. showed 
that LTβR agonist treatment in vitro had no impact on 
tumour cell proliferation or death [35]. This allowed for the 
de-coupling of the direct anti-tumour effects of LTβR agonist 
from TA-HEV induction. Subsequent in-vivo experiments re-
vealed that LTβR agonist significantly increased the number 
of TA-HEVs per tumour area in RT2-PNET tumours but not 
in MMTV-PyMT tumours [35]. Interestingly, combinatory 
anti-angiogenic and PD-L1 blockade therapy led to the induc-
tion of TA-HEVs in both tumour models [35]. The addition 
of LTβR agonist to this combinatory therapy led to a further 
significant increase in TA-HEVs in both tumour models [35]. 
The number of CD8+ T cells around tumour vessels was also 
highest in this triple therapy group. This was accompanied 
by an increase in apoptosing cells and necrotic areas which 
was further enhanced by addition of the LTβR agonist [35]. 
Overall, this suggests that TA-HEV induction in the absence 
of vessel normalization (via anti-angiogenic therapy) and im-
mune activation (via checkpoint blockade) may drive forma-
tion of TA-HEVs (PyMT model) but is insufficient in driving 
an effective anti-tumour response. Indeed, in glioblastoma 
(GBM), administration of LTβR agonist alone had no impact 
on the tumour growth and burden [35]. Only when combined 
with anti-angiogenic/anti-PD-L1 antibody therapy did this 
lead to the induction of TA-HEVs and a reduced tumour 
burden [35]. More recently, Asrir et al. examined the impact 
of LTβR agonist treatment on the extent and quality of the 
T-cell infiltrate in the MCAprog tumour model [12]. LTβR 
agonist treatment increased the frequency and numbers of 
TA-HECs in both WT and Rag2−/− mice suggesting the direct 
activation of LTβR on tumour endothelial cells irrespective 
of the presence of immune cells [12]. Interestingly LTβR ag-
onist treatment did not lead to an increase in the number or 
percentage of CD8+ T cells [12]. Instead, a reduction in the 
frequency of PD-1highCD8+ exhausted T cells and terminally 
exhausted CD8+ T cells and an increase in the proportion of 
stem-like CD8+ T cells was seen. This suggests that LTβR ag-
onist treatment leads to an alteration in the recruiting func-
tionality of TA-HEVs favouring the recruitment of stem-like 
T cells. Whilst a significant reduction in tumour weight was 
reported, MCAprog tumour regression was not reported 
[12]. Importantly, only when LTβR agonist treatment was 
combined with dual ICB were there significant increases in 
CD8+ tumour infiltrating lymphocytes (TILs) which were 
accompanied by improved responses to therapy and tumour 
regression [12]. The presence of stem-like T cells following 
LTβR treatment may explain why combined therapy with 
ICB is more effective as the presence of these cells have been 
implicated in favourable responses to ICB therapies [36, 37]. 
Indeed, stem-like T cells have been shown to provide the pro-
liferative burst in response to ICB [36] and further correlate 
with the efficacy of certain tumour vaccines [38, 39]. The 
presence of stem-like T-cells surrounding TA-HEVs was also 
reported in PyMT-bearing mice treated with combined LTβR 
-agonist, ICB and anti-angiogenic therapy [13]. HEV+ human 
tumour sections from six treatment-naive luminal, Her2+, and 
triple-negative breast cancer patients were also shown to have 
stem-like T cells surrounding TA-HEVs [13].

It is interesting to note that in the MCAprog model, a 
maturation of TA-HECs was seen only following triple 
therapy characterized by the expression of LTβR dependant 
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Table 1: Treatment outcomes of HEV inducing agents in different murine tumour models.

Tumour model Treatment Outcome

Ag104Ld-EGFR [40] Anti-EGFR-hmLIGHT fusion 
protein +/− PD-L1 blockade 

PD-L1 blockade or LIGHT treatment alone failed to control tumours. Addi-
tional PD-L1 blockade following LIGHT completely eradicated tumours

MCAprog cell line inocula-
tion [12]

LTβR agonist +/− CTLA4 + PD-1 
blockade 

LTβR alone reduced tumour weight, no change in percentage and number 
of CD8+ T cells. Increase in proportion of stem-like CD8+ T cells and the 
ratio of stem-like to terminally exhausted CD8+

T cells (SLAMF6+/TIM3+)
Combined therapy resulted in significant increases in CD8+ TILs which were 

accompanied by improved responses to therapy and tumour regression
B78-D14 melanoma cell line 

inoculation [41]
Soluble lymphotoxin alpha (sLTα) 

or ch14.18-LTa fusion protein
sLTa no impact on tumour growth or T cell infiltrate
ch14.18-LTa fusion protein drives tumour regression and increase in T cell 

infiltrate
PyMT (polyoma middle 

T oncoprotein) breast 
cancer, RT2-PNET (Rip1-
Tag2 pancreatic neuro-
endocrine tumours) and 
glioblastoma (GBM) [35] 

LTβR agonist +/− 2 weeks of anti- 
angiogenic/PD-L1 blockade 
therapy 

LTβR agonist alone no change in TA-HEV tumour area in MMTv-PyMT and 
no impact on tumour cell death and proliferation

Neither LTβR activation alone nor anti- angiogenic/PD-L1 blockade 
therapy affected tumour growth, but the combination of both treatment 
modalities reduced tumour burden by more than 60%

B16 Metastasis model [42] A fusion compound of the cyto-
kine LIGHT and a vascular 
targeting peptide (LIGHT-
VTP) +/− PD-1 blockade 

Few or absent HEVs in LIGHT-VTP-treated or untreated mice, respectively 
(NS)

Intralesional MECA79+ HEV frequency accompanied by extensive immune 
cell infiltration was 6-fold higher in combination treatment groups when 
compared to LIGHT-VTP monotherapy

GFP+ NFpp10-GBM cells 
[43]

LIGHT-VTP +/− VEGF + PD1 
blockade 

LIGHT-VTP alone induced TA-HEVs (20% of tumour) and significantly 
more CD3+ immune cells infiltration in tumours. Percentage of CD8+ T 
cells per tumour surface area and extent of GrzB expression was compa-
rable to that of untreated tumours

Combined treatment significant increase in CD8+ T cells and an upregulation 
of GrzB expression. Significantly reduced tumour burden as compared to 
LIGHT-VTP treatment alone

RIP1-Tag5 mice bearing neu-
roendocrine pancreatic 
tumours which express 
SV-40 neoantigen [44]

Unconjugated LIGHT or LIGHT-
VTP +/− CTLA4 + PD1 
blockade 

Unconjugated LIGHT, did not confer a survival advantage relative to the sur-
vival of untreated mice

LIGHT-VTP treatment led to weight loss (ns) and 4-week survival advantage. 
Following 7 weeks of treatment, tumours in RIP1-Tag5 mice treated with 
LIGHT-VTP were similar in appearance to those in untreated mice. More 
cell death in treatment group

LIGHT-VTP plus checkpoint blockade of both CTLA-4 and PD-1 
increased the mean survival of mice from 30 weeks (with LIGHT-VTP 
monotherapy) to 36 weeks

Ag104 fibrosarcoma46 
expressing murine H-2Ld 
(AG104-Ld) [45]

Forced expression of LIGHT on 
Ag104Ld tumour cell line by 
retroviral transduction using 
the pMFG vector or injection 
of LIGHT cells post transplan-
tation of Ag104Ld cell line

Subcutaneous inoculation with bulk Ag104Ld-LIGHT cells, or with the H10 
subclone of Ag104Ld-LIGHT, led to tumour rejection in C3B6F1 mice at 
inoculating doses as high as 5 × 106 cells. 500-fold higher dose than the 
lowest dose at which untransfected Ag104Ld showed 100% outgrowth in 
these mice. high number of naive CD62LhiCD44lo 2C T cells were detected 
inside Ag104Ld-LIGHT tumours but not in parental Ag104Ld tumours

PyMT and E0771 breast 
cancer [13]

DPAg (VEGFR-2 + PD-1 + 
LTβR agonist) therapy for 
10–13 days (PyMT) or 8 days 
(E0771) and stopped the treat-
ment and followed tumour 
growth for 2 weeks

DPAg therapy impaired tumour growth and led to TA-HEV induction in both 
tumours. On treatment cessation, tumours relapsed within a week with 
comparable growth rates to control. TA-HEVs regressed within 1 week 
and declined within 2 weeks accompanied by diminished lymphocyte 
aggregates

Methylcholanthrene induced 
fibrosarcoma model [20]

LTβR +/− Treg depletion LTβR agonist treated tumours (with or without Treg depletion), developed 
extensive and dense TA-HEVs which permeated into deeper parts of 
the tumour as compared to Treg depletion alone. LTβR agonist treated 
tumours did not have significantly more TILs or better control of tumour 
growth
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genes and a plump morphology reminiscent of that seen in 
SLOs [12]. This suggests that immune activation is neces-
sary for maintaining a mature TA-HEC phenotype capable 
of recruiting TILs and driving effective anti-tumour immune 
responses. Indeed, the administration of FTY720 (blocks 
lymphocyte egress from LNs) led to a significant reduction 
in the recruitment of tumour-infiltrating CD8+ T cells further 
supporting mature TA-HEVs in actively recruiting T cells 
from the periphery [12]. Examining underlying transcrip-
tional differences between TA-HECs induced by LTβR ago-
nist treatment alone and in the presence of immune activation 
(following ICB for example) may shed light on which genes/
gene pathways are crucial for generating effective TA-HEVs 
capable of driving effective anti-tumour immune responses. 
Whilst spontaneously arising TA-HECs were shown to ex-
press LTβR, treatment with LTβR agonist alone did not drive 
the maturation of TA-HEVs to the same extent as to that seen 
following immune activation by ICB [12]. Why LTβR treat-
ment drives the preferential recruitment of stem-like T cells 
could also be better understood by comparing transcriptional 
differences between LTβR induced TA-HECs and spontane-
ously arising TA-HECs. Finally, whether mature TA-HECs 
induced by immune activation and LTβR agonist treatment 
differ from spontaneously arising TA-HECs in terms of their 
ability to preferentially recruit naïve, central memory or ef-
fector memory T cells and how this further relates in the 
context of effective anti-tumour immunity, remains to be de-
termined.

The notion that LTβR agonist treatment can drive TA-HEV 
formation which is not associated with increased TILs or 
enhanced tumour control was recently demonstrated in the 
MCA-induced fibosarcoma model [21]. 3-dimensional (3D) 
light sheet fluorescence microscopy imaging of Treg-depleted 
regressor fibrosarcoma tumours revealed the formation of 
TA-HEVs which were largely well separated and localized 
to the outer margins of the tumour [21]. In contrast, LTβR 
agonist-treated tumours developed extensive and dense 
TA-HEVs which permeated into deeper parts of the tumour. 
However, despite clear increases in the extent of TA-HEVs, 
LTβR agonist-treated tumours did not have significantly 
more TILs or better control of tumour growth [21]. Again, 
these data point to a link between T cell activation and devel-
opment of ‘useful’ TA-HEV.

Delivery of LIGHT to the TME
The induction of TA-HEVs which are associated with 
improved tumour control following combined immune ac-
tivation (via ICB) and administration of LTβR agonist [12, 
13, 35] is closely mirrored in instances of TNF superfamily 
member 14 (LIGHT) delivery to the tumour microenviron-
ment. In addition to signalling through the LTβR pathway, 
LIGHT also signals through herpes virus entry mediator 
(HVEM); an important co-signalling pathway in T cells [40] 
that has also been implicated in lymph node neogenesis [43]. 
The development of an antibody-guided LIGHT (anti-EGFR-
hmLIGHT fusion protein) was shown to enhance TIL entry 
into EGFR-expressing Ag104Ld tumours [44]. Whilst this 
was sufficient to control smaller Ag104ld tumours, the effec-
tive control of large tumours required combined ICB (PD-L1 
blockade) treatment with LIGHT delivery [44]. Whilst in this 
work the induction of TA-HEVs was not assessed following 
LIGHT delivery, several studies have examined this in the 
context of targeting LIGHT to tumour vessels via vascular 

targeting peptides (VTP) [42, 46, 47 ]. LIGHT-VTP was first 
shown to drive vessel normalization in the spontaneously 
arising pancreatic neuroendocrine tumours in RIP1-Tag5 
mice, which express the SV40 large T antigen under the con-
trol of the rat insulin promoter [46 ]. Importantly, LIGHT-VTP 
led to the induction of TA-HEVs containing TLS associated 
with CD3+ clusters which otherwise do not form spontane-
ously [46 ]. It is interesting to note that HVEM signalling and 
not LTβR signalling following LIGHT delivery was required 
for the expression of inflammatory cytokines such as IL-1β 
by macrophages. Indeed, vessel normalization in RIP1-Tag5 
mice was previously linked to TGF-β secretion by tumour-
resident CD68+ macrophages which induced pericyte con-
tractility and restored vascular integrity [48 ]. Furthermore, 
isolated peritoneal macrophages from mice bred on the same 
background (C3HeBFe) and activated with LIGHT-VTP 
was sufficient to induce TA-HEV containing TLS following 
intraperitoneal delivery to tumour-bearing mice [46 ]. CD4 T 
cell depletion prior to LIGHT-activated macrophage delivery 
led to a significant reduction in TA-HEVs, implicating both 
cell types in TA-HEV induction [46 ]. Overall, this suggests 
that LIGHT activation of the HVEM signalling pathway can 
promote vessel normalization that is otherwise not driven 
by LTβR targeting alone. While TA-HEV could be induced 
by LIGHT-VTP therapy the effects on tumour control were 
moderate with reportedly slower tumour progression which 
at 7 weeks post treatment was comparable to that of un-
treated mice [46 ]. However, by combining LIGHT-VTP with 
checkpoint blockade of both CTLA-4 and PD-1 (termed 
‘LIGHT-VTP triple therapy’) there was an inhibition of 
tumour growth, necrotic haemorrhaging and prolonged sur-
vival [46 ].

This synergism between LIGHT delivery, vessel normaliza-
tion and immune activation via ICB (PD-L1 blockade) was 
further demonstrated in a mouse model of GBM [42]. As 
with pancreatic neuroendocrine tumours [46 ], LIGHT-VTP 
therapy led to the normalization of angiogenic tumour vessels 
in the NFpp10-GBM mouse model, which was characterized 
by the maturation of pericytes, re-establishment of vessel in-
tegrity through VE-Cadherin upregulation and improved 
tumour perfusion [42]. Importantly, this led to the induction 
of PNAd + vessels (which otherwise do not form spontane-
ously) and significantly more CD3+ immune cells per tumour 
surface area [42]. However, the percentage of CD8+ T cells per 
tumour surface area and extent of granzyme B (GrzB) expres-
sion was comparable to that of untreated tumours [42]. Only 
when combined with VEGF and PD-L1 blockade was there 
a significant increase in CD8+ T cells and an upregulation 
of GrzB expression [42]. Importantly, triple therapy led to a 
significantly reduced tumour burden as compared to LIGHT-
VTP treatment alone [42]. While LIGHT-VTP therapy alone 
is largely ineffective at reducing tumour growth [42, 46 ], 
the normalization of blood vessels following LIGHT-VTP 
therapy in Lewis lung carcinoma tumour-bearing mice was 
shown to suppress macro- and microscopic lung colonization 
following either neoadjuvant or postsurgical LIGHT-VTP 
treatment [47 ]. LIGHT-VTP therapy was also effective at 
normalizing pathological blood vessels in the pre-metastatic 
niche [47 ]. Interestingly in established B16 melanoma lung 
metastases, LIGHT-VTP monotherapy significantly increased 
the percentage of CD8+/GrzB+ effector T cells and reduced 
the metastatic burden significantly [47 ]. However, TA-HEVs 
were largely absent following LIGHT-VTP monotherapy in 
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B16 lung metastases suggesting anti-tumour control was not 
dependent on TA-HEV induction [47 ]. Consistent with the 
aforementioned studies, combined LIGHT-VTP therapy with 
ICB led to an increased TA-HEV frequency, extensive immune 
cell infiltration (>6-fold increase) and a significantly reduced 
metastatic burden as compared to LIGHT-VTP monotherapy 
alone [47 ].

Taken together it is clear that LTβR agonist or LIGHT 
monotherapy whilst sufficient in inducing TA-HEVs (in some 
mouse tumour models) is largely insufficient in driving ef-
fective anti-tumour immune responses. Furthermore, the 
maturation of TA-HEVs in response to immune activation 
following ICB in the MCAprog model [12], supports the 
notion of a positive feedback loop whereby factors released 
by activated immune cells drive the formation of TA-HEVs 
that are functionally capable of recruiting TILs from the pe-
riphery. This is similar to the positive feedback loop described 
in the MCA-induced fibrosarcoma model, whereby Treg de-
pletion drives immune activation leading to the induction of 
TA-HEVs and an influx of T cells which release factors that 
promote TA-HEV formation [18, 19]. An important consid-
eration for TA-HEV-inducing therapies is whether the in-
duction of TA-HEVs in the presence of immune activation 
is self-sufficient once the positive feedback loop is initiated. 
Using the R26R-Confetti tracer mouse model which can 
be employed to randomly label and track the fate of indi-
vidual cells, Hua et al. first demonstrated that the majority of 
arising TA-HEVs do not come from clonally expanding ECs 
but rather via post capillary venule (PCV) metaplasia [13]. 
This argues against the presence of a progenitor/specific EC 

subtype which has been previously described in the LN set-
ting [41, 49 ]. Importantly, by tracking the fate of labelled ECs 
following the cessation of CTLA4 blockade + LTβR agonist 
treatment, TA-HEVs were found to promptly transition back 
to a PCV state concomitant with a significant diminishment 
in CD3+ aggregates and tumour relapse [13]. This suggests 
that continual treatment is required to maintain TA-HEVs 
capable of driving effective anti-tumour immune responses. 
Whether continued LTβR treatment in the absence of immune 
activation following treatment cessation of CTLA4 blockade 
+ LTβR agonist is sufficient to maintain TA-HEVs and their 
lymphocyte aggregates which drive control of tumour growth 
was not determined in this work.

How might immune activation promote the formation of 
TA-HEVs? Several factors released by immune cells have pre-
viously been shown to induce TA-HEVs. In the PyMT tumour 
model, LTα1β2 lymphotoxin production by CD8 T cells 
and NK cells were shown to drive TA-HEV formation via 
signalling through the LTβR/noncanonical NFkβ axis [13]. 
In contrast, in B16-OVA tumour-bearing mice the release of 
homotrimeric LTα3 by effector lymphocytes and signalling 
through TNFRs was shown to drive PNAd expression [14]. 
In Treg-depleted MCA-induced fibrosarcomas, the release of 
TNF by T cells and activation of TNFRs was shown to be nec-
essary for TA-HEV formation in tumours [18]. Interestingly, 
in both tumour models blockade of LTβR signalling did not 
abrogate PNAd expression or the extent of immune infil-
tration [14, 18]. Overall, this suggests that LTβR signalling 
which is required for maintaining functional HEVs in SLOs 
[34] is dispensable in some tumour models.

Figure 2: HEV induction in absence vs presence of T-cell activation. In the absence of T-cell activation, LTβR agonist or LIGHT have been shown to 
effectively induce TA-HEVs in several pre-clinical mouse models. However, this does not lead to improved control of tumour growth or enhanced 
infiltration of tumour infiltrating lymphocytes (TILs). Only when coupled with immune activation via immune checkpoint blockade (ICB) or Treg depletion 
does this lead to enhanced control of tumour growth and an increase in TILs.
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Conclusion
Recent efforts have shed light on how TA-HEVs arise [13] 
and the underlying transcriptional similarities and differences 
between LN-HECs and tumour HECs [12, 13]. Importantly 
the functional immune recruiting capabilities of TA-HEVs 
have been directly observed and characterized [12]. Future 
efforts should focus on understanding which cancers this 
immunotherapeutic approach would benefit and for how 
long such treatments should be administered. It is clear that 
TA-HEV induction in the absence of immune activation is 
likely to be insufficient in driving lymphocyte infiltration 
and successful control of tumour growth. Less immunogenic 
tumours with poor immune cell infiltrates such as GBM may 
require additional vessel normalization (via anti-angiogenic 
therapy) together with TA-HEV induction and immune ac-
tivation as demonstrated in GBM mouse models [35, 42]. 
Nevertheless, TA-HEV induction in the absence of immune 
activation is unlikely to be effective in turning cold tumours 
into hot tumours without concomitant immune cell activa-
tion (Figure 2). The extensive TA-HEV networks that form 
in MCA-induced fibrosarcomas treated with LTβR agonist 
alone in the absence of Treg depletion and the lack of tumour 
control thereof are a clear testament to this notion [21].

Acknowledgements
The Editor-in-Chief, Simon Milling, and handling editor, Seth 
Coffelt, would like to thank the following reviewers, Gareth 
Jones, Anna Dimberg and James Arnold, for their contribu-
tion to the publication of this article.

Ethical Approval
Not applicable.

Conflicts of Interests
Not applicable.

Funding
Both authors are supported by a Cancer Research UK 
programme grant (DRCRPG-NOV21/100003).

Data Availability
Not applicable.

Author Contributions
S.M. and A.G. discussed and wrote the manuscript.

Permission to Reproduce
Not applicable.

Clinical Trial Registration
Not applicable.

Animal Research Statement
Not applicable.

References
1. Colbeck EJ, Ager A, Gallimore A, Jones GW. Tertiary lymphoid 

structures in cancer: drivers of antitumor immunity, immunosup-
pression, or bystander sentinels in disease?. Front Immunol 2017, 
8, 1830. doi:10.3389/fimmu.2017.01830.

2. Blanchard L, Girard J-P. High endothelial venules (HEVs) in im-
munity, inflammation and cancer. Angiogenesis 2021;24:719–753. 
doi:10.1007/s10456-021-09792-8.

3. Sautes-Fridman C, Petitprez F, Calderaro J, Fridman WH. Tertiary 
lymphoid structures in the era of cancer immunotherapy. Nat Rev 
Cancer 2019, 19, 307–25. doi:10.1038/s41568-019-0144-6.

4. Vella G, Guelfi S, Bergers G. High endothelial venules: a vas-
cular perspective on tertiary lymphoid structures in cancer. Front 
Immunol 2021, 12, 736670. doi:10.3389/fimmu.2021.736670.

5. Martinet L, Garrido I, Filleron T, Le Guellec S, Bellard E, Fournie 
J-J, et al. Human solid tumors contain high endothelial venules: 
association with T- and B-lymphocyte infiltration and favor-
able prognosis in breast cancer. Cancer Res 2011, 71, 5678–87. 
doi:10.1158/0008-5472.CAN-11-0431.

6. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor 
R, et al. Effector memory T cells, early metastasis, and survival in 
colorectal cancer. N Engl J Med 2005, 353, 2654–66. doi:10.1056/
NEJMoa051424.

7. Pages F, Kirilovsky A, Mlecnik B, Asslaber M, Tosolini M, Bindea 
G, et al. In situ cytotoxic and memory T cells predict outcome in 
patients with early-stage colorectal cancer. J Clin Oncol 2009, 27, 
5944–51. doi:10.1200/JCO.2008.19.6147.

8. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, 
Lagorce-Pages C, et al. Type, density, and location of immune cells 
within human colorectal tumors predict clinical outcome. Science 
2006, 313, 1960–4. doi:10.1126/science.1129139.

9. Giraldo NA, Becht E, Pagès F, Skliris G, Verkarre V, Vano Y, et al. 
Orchestration and prognostic significance of immune checkpoints 
in the microenvironment of primary and metastatic renal cell 
cancer. Clin Cancer Res 2015, 21, 3031–40. doi:10.1158/1078-
0432.CCR-14-2926.

10. Hong SA, Hwang HW, Kim MK, Lee TJ, Yim K, Won HS, et al. 
High endothelial venule with concomitant high CD8+ tumor-
infiltrating lymphocytes is associated with a favorable prognosis in 
resected gastric cancer. J Clin Med 2020, 9, 2628. 

11. Wirsing AM, Ervik IK, Seppola M, Uhlin-Hansen L, Steigen SE, 
Hadler-Olsen E. Presence of high-endothelial venules correlates 
with a favorable immune microenvironment in oral squamous cell 
carcinoma. Mod Pathol 2018, 31, 910–22. doi:10.1038/s41379-
018-0019-5.

12. Asrir A, Tardiveau C, Coudert J, Laffont R, Blanchard L, Bellard E, 
et al. Tumor-associated high endothelial venules mediate lympho-
cyte entry into tumors and predict response to PD-1 plus CTLA-4 
combination immunotherapy. Cancer Cell 2022, 40, 318–334.e9. 
doi:10.1016/j.ccell.2022.01.002.

13. Hua Y, Vella G, Rambow F, Allen E, Antoranz Martinez A, Duhamel 
M, et al. Cancer immunotherapies transition endothelial cells into 
HEVs that generate TCF1(+) T lymphocyte niches through a feed-
forward loop. Cancer Cell 2022, 40 , 1600–18.

14. Peske JD, Thompson ED, Gemta L, Baylis RA, Fu Y-X, Engelhard 
VH. Effector lymphocyte-induced lymph node-like vasculature 
enables naive T-cell entry into tumours and enhanced anti-tumour 
immunity. Nat Commun 2015, 6, 7114. doi:10.1038/ncomms8114.

15. Onrust SV, Hartl PM, Rosen SD, Hanahan D. Modulation 
of L-selectin ligand expression during an immune response 
accompanying tumorigenesis in transgenic mice. J Clin Invest 
1996, 97, 54–64. doi:10.1172/jci118406.

16. Lauder SN, Smart K, Kersemans V, Allen D, Scott J, Pires A, et 
al. Enhanced antitumor immunity through sequential targeting 
of PI3Kδ and LAG3. J ImmunoTher Cancer 2020, 8, e000693. 
doi:10.1136/jitc-2020-000693.

17. Girard J-P, Moussion C, Förster R. HEVs, lymphatics and home-
ostatic immune cell trafficking in lymph nodes. Nat Rev Immunol 
2012, 12, 762. doi: 10.1038/nri3298.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad006/7140509 by guest on 07 June 2023

https://doi.org/10.3389/fimmu.2017.01830
https://doi.org/10.1007/s10456-021-09792-8
https://doi.org/10.1038/s41568-019-0144-6
https://doi.org/10.3389/fimmu.2021.736670
https://doi.org/10.1158/0008-5472.CAN-11-0431
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.1200/JCO.2008.19.6147
https://doi.org/10.1126/science.1129139
https://doi.org/10.1158/1078-0432.CCR-14-2926
https://doi.org/10.1158/1078-0432.CCR-14-2926
https://doi.org/10.1038/s41379-018-0019-5
https://doi.org/10.1038/s41379-018-0019-5
https://doi.org/10.1016/j.ccell.2022.01.002
https://doi.org/10.1038/ncomms8114
https://doi.org/10.1172/jci118406
https://doi.org/10.1136/jitc-2020-000693
https://doi.org/10.1038/nri3298


9T cell activation drives useful tumour HEV, 2023, Vol. 2, No. 1

18. Colbeck EJ, Jones E, Hindley JP, Smart K, Schulz R, Browne M, 
et al. Treg depletion licenses T cell-driven HEV neogenesis and 
promotes tumor destruction. Cancer Immunol Res 2017, 5, 1005–
15. doi:10.1158/2326-6066.CIR-17-0131.

19. Hindley JP, Jones E, Smart K, Bridgeman H, Lauder SN, Ondondo 
B, et al. T-cell trafficking facilitated by high endothelial venules is 
required for tumor control after regulatory T-cell depletion. Cancer 
Res 2012, 72, 5473–82. doi:10.1158/0008-5472.CAN-12-1912.

20. Guerin MV, Finisguerra V, Van den Eynde BJ, Bercovici N, 
Trautmann A. Preclinical murine tumor models: a structural and 
functional perspective. Elife 2020, 9, e50740.

21. Milutinovic S, Abe J, Jones E, Kelch I, Smart K, Lauder SN, et al. 
3-dimensional imaging reveals immune-driven tumour-associated 
high endothelial venules as a key correlate of tumour rejection fol-
lowing depletion of regulatory T cells. Cancer Res Commun 2022, 
2 , CRC-21-0123. doi:10.1158/2767-9764.CRC-21-0123.

22. Bento DC, Jones E, Junaid S, Tull J, Williams GT, Godkin A, 
et al. High endothelial venules are rare in colorectal cancers 
but accumulate in extra-tumoral areas with disease progres-
sion. Oncoimmunology 2015, 4, e974374. doi:10.4161/21624
02x.2014.974374.

23. Pfuderer PL, Ballhausen A, Seidler F, Stark H-J, Grabe N, Frayling 
IM, et al. High endothelial venules are associated with microsatellite 
instability, hereditary background and immune evasion in co-
lorectal cancer. Br J Cancer 2019, 121, 395–404. doi:10.1038/
s41416-019-0514-6.

24. Di Caro G, Bergomas F, Grizzi F, Doni A, Bianchi P, Malesci A, et 
al. Occurrence of tertiary lymphoid tissue is associated with T-cell 
infiltration and predicts better prognosis in early-stage colorectal 
cancers. Clin Cancer Res 2014, 20, 2147–58. doi:10.1158/1078-
0432.CCR-13-2590.

25. Schrama D, Voigt H, Eggert AO, Xiang R, Zhou H, Schumacher 
TNM, et al. Immunological tumor destruction in a murine mela-
noma model by targeted LTalpha independent of secondary lym-
phoid tissue. Cancer Immunol Immunother 2008, 57, 85–95. 
doi:10.1007/s00262-007-0352-x.

26. Milutinovic S, Abe J, Godkin A, Stein JV, Gallimore A. The dual 
role of high endothelial venules in cancer progression versus immu-
nity. Trends Cancer 2020, 7, 214–25 .

27. von Andrian UH. Intravital microscopy of the peripheral lymph 
node microcirculation in mice. Microcirculation 1996, 3, 287–300. 
doi:10.3109/10739689609148303.

28. Veerman K, Tardiveau C, Martins F, Coudert J, Girard J-P. Single-
cell analysis reveals heterogeneity of high endothelial venules 
and different regulation of genes controlling lymphocyte entry to 
lymph nodes. Cell Rep 2019, 26, 3116–3131.e5. doi:10.1016/j.
celrep.2019.02.042.

29. van de Pavert SA, Mebius RE. Development of secondary lymphoid 
organs in relation to lymphatic vasculature. Adv Anat Embryol 
Cell Biol 2014, 214, 81–91. doi:10.1007/978-3-7091-1646-3_7.

30. Moussion C, Girard J-P. Dendritic cells control lymphocyte 
entry to lymph nodes through high endothelial venules. Nature 
2011;479:542–546. doi:10.1038/nature10540.

31. Drayton DL, Bonizzi G, Ying X, Liao S, Karin M, Ruddle NH. 
IκB kinase complex α kinase activity controls chemokine and high 
endothelial venule gene expression in lymph nodes and nasal-
associated lymphoid tissue. J Immunol 2004, 173, 6161 LP–6168.

32. Onder L, Danuser R, Scandella E, Firner S, Chai Q, Hehlgans T, et 
al. Endothelial cell-specific lymphotoxin-beta receptor signaling is 
critical for lymph node and high endothelial venule formation. J 
Exp Med 2013, 210, 465–73. doi:10.1084/jem.20121462.

33. Lukashev M, LePage D, Wilson C, Bailly V, Garber E, Lukashin 
A, et al. Targeting the lymphotoxin-beta receptor with agonist 
antibodies as a potential cancer therapy. Cancer Res 2006, 66, 
9617–24. doi:10.1158/0008-5472.CAN-06-0217.

34. Browning JL, Allaire N, Ngam-Ek A, Notidis E, Hunt J, Perrin S, et 
al. Lymphotoxin-beta receptor signaling is required for the homeo-
static control of HEV differentiation and function. Immunity 2005, 
23, 539–50. doi:10.1016/j.immuni.2005.10.002.

35. Allen E, Jabouille A, Rivera LB, Lodewijckx I, Missiaen R, Steri V, 
et al. Combined antiangiogenic and anti-PD-L1 therapy stimulates 
tumor immunity through HEV formation. Sci Transl Med 2017, 9, 
385 .

36. Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, 
et al. Defining CD8+ T cells that provide the proliferative burst 
after PD-1 therapy. Nature 2016, 537, 417–21. doi:10.1038/na-
ture19330.

37. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, 
et al. Subsets of exhausted CD8(+) T cells differentially mediate 
tumor control and respond to checkpoint blockade. Nat Immunol 
2019, 20, 326–336.

38. Ott PA, Hu-Lieskovan S, Chmielowski B, Govindan R, Naing A, 
Bhardwaj N, et al. A Phase Ib trial of personalized neoantigen 
therapy plus anti-PD-1 in patients with advanced melanoma, non-
small cell lung cancer, or bladder cancer. Cell 2020, 183, 347–362.
e24. doi:10.1016/j.cell.2020.08.053.

39. Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA, 
Calderon-Copete S, Pais Ferreira D, et al. Intratumoral Tcf1(+)
PD-1(+)CD8(+) T cells with stem-like properties promote tumor 
control in response to vaccination and checkpoint blockade im-
munotherapy. Immunity 2019, 50, 195–211.e10. doi:10.1016/j.
immuni.2018.12.021.

40. Wang Y, Zhu M, Miller M, Fu Y-X. Immunoregulation by tumor 
necrosis factor superfamily member LIGHT. Immunol Rev 2009, 
229, 232–43. doi:10.1111/j.1600-065X.2009.00762.x.

41. Brulois K, Rajaraman A, Szade A, Nordling S, Bogoslowski A, 
Dermadi D, et al. A molecular map of murine lymph node blood 
vascular endothelium at single cell resolution. Nat Commun 2020, 
11, 3798. doi:10.1038/s41467-020-17291-5.

42. He B, Jabouille A, Steri V, Johansson-Percival A, Michael IP, 
Kotamraju VR, et al. Vascular targeting of LIGHT normalizes 
blood vessels in primary brain cancer and induces intratumoural 
high endothelial venules. J Pathol 2018, 245, 209–21. doi:10.1002/
path.5080.

43. Ware CF. Network communications: lymphotoxins, LIGHT, 
and TNF. Annu Rev Immunol 2005, 23, 787–819. doi:10.1146/
annurev.immunol.23.021704.115719.

44. Tang H, Wang Y, Chlewicki LK, Zhang Y, Guo J, Liang W, et 
al. Facilitating T cell infiltration in tumor microenvironment 
overcomes resistance to PD-L1 blockade. Cancer Cell 2016, 29, 
285–96. doi:10.1016/j.ccell.2016.02.004.

45. Yu P, Lee Y, Liu W, Chin RK, Wang J, Wang Y, et al. Priming of 
naive T cells inside tumors leads to eradication of established 
tumors. Nat Immunol. United States; 2004;5:141–9. 

46. Johansson-Percival A, He B, Li Z-J, Kjellen A, Russell K, Li J, et al. 
De novo induction of intratumoral lymphoid structures and vessel 
normalization enhances immunotherapy in resistant tumors. Nat 
Immunol 2017, 18, 1207–17. doi:10.1038/ni.3836.

47. He B, Johansson-Percival A, Backhouse J, Li J, Lee GYF, Hamzah 
J, et al. Remodeling of metastatic vasculature reduces lung coloni-
zation and sensitizes overt metastases to immunotherapy. Cell Rep 
2020, 30, 714–724.e5. doi:10.1016/j.celrep.2019.12.013.

48. Johansson-Percival A, Li Z-J, Lakhiani DD, He B, Wang X, Hamzah 
J, et al. Intratumoral LIGHT restores pericyte contractile properties 
and vessel integrity. Cell Rep 2015, 13, 2687–98. doi:10.1016/j.
celrep.2015.12.004.

49. Mondor I, Jorquera A, Sene C, Adriouch S, Adams RH, Zhou 
B, et al. Clonal Proliferation and stochastic pruning orchestrate 
lymph node vasculature remodeling. Immunity 2016, 45, 877–88. 
doi:10.1016/j.immuni.2016.09.017.

D
ow

nloaded from
 https://academ

ic.oup.com
/discovim

m
unology/article/2/1/kyad006/7140509 by guest on 07 June 2023

https://doi.org/10.1158/2326-6066.CIR-17-0131
https://doi.org/10.1158/0008-5472.CAN-12-1912
https://doi.org/10.1158/2767-9764.CRC-21-0123
https://doi.org/10.4161/2162402x.2014.974374
https://doi.org/10.4161/2162402x.2014.974374
https://doi.org/10.1038/s41416-019-0514-6
https://doi.org/10.1038/s41416-019-0514-6
https://doi.org/10.1158/1078-0432.CCR-13-2590
https://doi.org/10.1158/1078-0432.CCR-13-2590
https://doi.org/10.1007/s00262-007-0352-x
https://doi.org/10.3109/10739689609148303
https://doi.org/10.1016/j.celrep.2019.02.042
https://doi.org/10.1016/j.celrep.2019.02.042
https://doi.org/10.1007/978-3-7091-1646-3_7
https://doi.org/10.1038/nature10540
https://doi.org/10.1084/jem.20121462
https://doi.org/10.1158/0008-5472.CAN-06-0217
https://doi.org/10.1016/j.immuni.2005.10.002
https://doi.org/10.1038/nature19330
https://doi.org/10.1038/nature19330
https://doi.org/10.1016/j.cell.2020.08.053
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1111/j.1600-065X.2009.00762.x
https://doi.org/10.1038/s41467-020-17291-5
https://doi.org/10.1002/path.5080
https://doi.org/10.1002/path.5080
https://doi.org/10.1146/annurev.immunol.23.021704.115719
https://doi.org/10.1146/annurev.immunol.23.021704.115719
https://doi.org/10.1016/j.ccell.2016.02.004
https://doi.org/10.1038/ni.3836
https://doi.org/10.1016/j.celrep.2019.12.013
https://doi.org/10.1016/j.celrep.2015.12.004
https://doi.org/10.1016/j.celrep.2015.12.004
https://doi.org/10.1016/j.immuni.2016.09.017

