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KEYWORDS Abstract Despite over a decade of clinical trials combining inhibition of emerging checkpoints
LIGHT; with a PD-1/L1 inhibitor backbone, meaningful survival benefits have not been shown in PD-1/L1
HVEM; inhibitor resistant or refractory solid tumours, particularly tumours dominated by a myelosup-
LTBR; pressive microenvironment. Achieving durable anti-tumour immunity will therefore likely require
Acquired resistance; combination of adaptive and innate immune stimulation, myeloid repolarisation, enhanced APC
Myeloid therapy; activation and antigen processing/presentation, lifting of the CD47/SIRPa (Cluster
Checkpoint inhibition; of Differentiation 47/signal regulatory protein alpha) ‘do not eat me’ signal, provision of an apoptotic
Co-stimulation ‘pro-eat me’ or ‘find me’ signal, and blockade of immune checkpoints. The importance of effectively

targeting mLILRB2 and SIRPAyeloid cells to achieve improved response rates has recently been
emphasised, given myeloid cells are abundant in the tumour microenvironment of most solid tu-
mours. TNFSF14, or LIGHT, is a tumour necrosis superfamily ligand with a broad range of
adaptive and innate immune activities, including (1) myeloid cell activation through Lymphotoxin
Beta Receptor (LTPR), (2) T/NK (T cell and natural killer cell) induced anti-tumour immune
activity through Herpes virus entry mediator (HVEM), (3) potentiation of proinflammatory cyto-
kine/chemokine secretion through LTBR on tumour stromal cells, (4) direct induction of tumour cell
apoptosis in vitro, and (5) the reorganisation of lymphatic tissue architecture, including within the
tumour microenvironment (TME), by promoting high endothelial venule (HEV) formation and
induction of tertiary lymphoid structures. LTBR (Lymphotoxin beta receptor) and HVEM rank
highly amongst a range of costimulatory receptors in solid tumours, which raises interest in con-
sidering how LIGHT-mediated costimulation may be distinct from a growing list of im-
munotherapy targets which have failed to provide survival benefit as monotherapy or in
combination with PD-1 inhibitors, particularly in the checkpoint acquired resistant setting.
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1. Introduction

Over a decade has now passed since the landmark ap-
provals of anti-PD1/L1 antibodies, and despite many at-
tempts to combine other checkpoint targets with a PD-1/L1
backbone, most clinical studies examining checkpoint/
checkpoint combinations have failed to improve upon the
response to anti-PD1/L1 alone in any clinical setting [1].
This includes efforts that have focused on targeting com-
pensatory checkpoint pathways like TIM-3 (T-cell im-
munoglobulin and mucin-domain containing-3), TIGIT (T
cell immunoreceptor with Ig and ITIM domains), IDO
(Indoleamine-pyrrole 2,3-dioxygenase), NKG2A, CD73
(Cluster of Differentiation 73) and CD39 (Cluster of Dif-
ferentiation 39), which can be up-regulated on T, NK, and
other cell populations downstream of PD-1, and are asso-
ciated with the acquisition of an exhausted phenotype
[2-10]. An unfortunate and frustratingly common pattern
in immunotherapy drug development follows the treatment
paradigm of: identified lack of single-agent activity —
subsequent encouraging activity in combination with a PD-
1/L1 inhibitor in a single-arm study — ultimate lack of
benefit of the combination compared to the PD-1/L1 con-
trol arm in a randomised and controlled clinical trial. So
far, the only checkpoint combinations that have demon-
strated additive benefit are combinations of PD-1/L1 and
CTLA-4 inhibitors, or PD-1/L1 and LAG-3 inhibitors
[1,6,7]. The recurring hypothesis tested the most over this
decade of clinical experience has relied on the assumption
that checkpoint/checkpoint combinations would yield pro-
found response rates even in tumours which did not re-
spond to PD-1/L1 monotherapy. Unfortunately, the data
that has emerged thus far has proven this hypothesis to be
invalid.

Usually, preclinical studies guide which combinations of
checkpoint inhibitors and immune costimulators have the
potential to improve anti-tumour responses, however with
the exception of those targeting CD3 (Cluster
of Differentiation 3) or CD28 (Cluster of Differentiation
28), most others have failed to translate into meaningful
improvements in the clinic [11,12]. The largest class of
costimulatory receptors fall within the tumour necrosis su-
perfamily, which differs structurally from CD3 or CD28§
and most require clustering as trimers or higher-order
multimers of trimers for efficient downstream activation
[13-15]. Some have proposed two ‘categories’ of TNF re-
ceptors, where category I TNFR (including BAFFR (B-cell
activating factor receptor), DR3 (Death receptor 3), GITR
(Glucocorticoid-induced TNFR-related protein), LTBR
and TNFR1) signal following trimer formation, and cate-
gory II TNFR (including 41BB, CD40, OX40, and others)
which require hexamer formation for efficient signalling
[16]. As a result, bivalent antibodies, and monovalent bis-
pecific antibodies, have failed in a variety of clinical settings
to efficiently activate trimeric or hexameric TNF receptors
and multiple agents have been discontinued in early clinical
development due to (1) safety concerns, (2) atypical bell-

shaped dose/response profiles, and/or (3) lack of activity
[17]. High doses of agonist antibodies can saturate target
TNFRs and effector Fc (Fragment crystallizable) receptors
independently, thereby reducing effective TNFR (tumor
necrosis family receptor) clustering on target cells.

In the absence of ligand, a full-length TNFR exist in cell
membranes as a mixture of monomers and dimers, whereas
soluble TNFR exist primarily as monomers. Quantitative
high-resolution microscopy studies of cells with physiolo-
gical expression of TNFRI1 demonstrated that 66% of
TNFR1 molecules are present as monomers and 34% are
present as dimers [18]. Following stimulation with ligand,
the balance shifts to 13% TNFR1 monomers, 64% trimers,
and 23% higher-order oligomers. Dimerisation of TNFR
can occur primarily as a result of non-covalent, low-affinity,
interactions between pre-ligand assembly domains (PLAD),
which are typically in a low micromolar affinity range
[19-21]. Ligand-induced trimerisation of TNFR is likely
influenced by a variety of non-covalent interactions, in-
cluding the PLAD domains, but the quantum of signalling
transmitted by the cytoplasmic domains increases when li-
gand-induced avidity interactions lead to trimerisation,
hexamerisation, and potentially higher-order network for-
mation [22].

Fortunately, these learnings have increased our under-
standing of the immune microenvironment in the context of
cancer, and we now know with increasing precision the
types and effector potential of immune cells present in the
tumour microenvironment (TME) of human tumours, the
inhibitory and costimulatory receptors they express on their
cell surface, and the extent to which certain cells can be
awakened or repolarised under appropriate stimulation.
Certain immune cells, such as gamma delta T cells, are
associated with a highly favourable survival benefit, but are
rare [23]. Myeloid cells are amongst the most common
immune cells across tumour types but demonstrate a degree
of plasticity which complicates defining specific subsets,
which are generally associated with poor survival prognosis
[15,24-28]. The development of combination strategies that
target both the adaptive and innate immune systems will
likely require thoughtful efforts to identify and validate
synergistic activities. Here we present an analysis of the
tumour and immune microenvironments using publicly
available transcriptomic data and use it to identify abun-
dantly expressed co-regulators in the TME. This analysis
confirmed the high expression of many known checkpoint
and costimulatory genes, and also identified less understood
co-stimulatory pathways which could play key roles in T/
NK/myeloid-mediated anti-tumour immunity in the setting
of CPI (Check point inhibitor) resistance. We focus on
members of the LIGHT (homologous to lymphotoxin,
exhibits inducible expression and competes with HSV gly-
coprotein D for binding to herpesvirus entry mediator, a
receptor expressed on T lymphocytes)/Herpes virus entry
mediator (HVEM)/Lymphotoxin Beta Receptor (LTPR)
signalling axis and why they may represent compelling
therapeutic targets.
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Fig. 1. Immune cell enrichment across tumour types. (A) Tumour, T/NK, myeloid, and stromal cell gene signatures defined by xCell were used on
bulk RNA-seq from The Cancer Genome Atlas (TCGA) tumours to determine the enrichment scores of T, NK, and myeloid cells within tumours.
(B) 16 publicly available single-cell RNA sequencing (scRNA-seq) datasets across a range of tumour types were evaluated for the fraction of
tumour, T/NK, myeloid, and stomal cells based on the authors’ defined cell type labels, grouped into the higher-level cell type categories.

2. Assessing the TME

We have entered an era where the dissection of the tumour/
Immune microenvironments using next-generation sequen-
cing (NGS) is commonplace, and while much of this in-
formation has been generated at the transcriptomic
level—which can differ from corresponding protein
levels—RNA sequencing has nonetheless become a critical
tool for identifying novel mechanisms underlying cancer
therapy resistance to develop strategies to improve patient
responses. The Cancer Genome Atlas (TCGA) is one such
publicly available resource, and here we analysed bulk
RNA-seq data from patients across 33 different TCGA
tumour types and used xCell definitions for tumour, T/NK
(natural killer), myeloid, and stromal cells (Fig. 1A) [29].
The overall enrichment scores for these four populations
were rank ordered and clearly demonstrated that besides T
and NK cells—which are known to be abundant in various
solid tumours—that myeloid cells were also highly enriched
(Fig. 1A). It should be noted that xCell is not intended to

inform on cell type frequency and instead is simply a
scoring method to estimate cell type enrichment. To extend
this analysis, we assessed the relative frequency of tumour,
T/NK, myeloid, and stromal cells across 16 distinct publicly
available single-cell RNA sequencing (scRNA-seq) datasets
generated from breast, colon, endometrial, ovarian, pan-
creatic, gastric, liver, and lung cancers [30-40]. Using au-
thor-defined immune gene signatures, the relative
abundance of T/NK and myeloid cell populations was as-
sessed and found to be consistently high with that of the
TCGA analysis (Fig. 1B).

To better understand what other tumour/immune
regulators are abundant in the TME that may be tar-
getable, we performed transcriptomic analysis to assess
the expression of 39 checkpoint (CP) and 57 co-stimu-
latory (co-stim) genes in cancer. CP (check point) gene
expression was rank-ordered based on mean expression
across all TCGA tumour types or the 16 scRNA-seq
datasets presented in Fig. 1 (Fig. 2A-D). Interestingly,
TCGA ranking identified enrichment of myeloid or
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Fig. 2. Checkpoint (CP) and co-stimulatory (co-stim) gene expression in cancer. The expression of CP genes was rank-ordered from (A) bulk The
Cancer Genome Atlas (TCGA) RNA-seq and the single-cell RNA sequencing (scRNA-seq) datasets presented in Fig. 1, assessing CP expression
in (B) tumour cells, (C) T/NK cells, or (D) myeloid cells. The expression of co-stim genes was rank-ordered from (E) bulk TCGA RNA-seq or the
scRNA-seq datasets presented in Fig. 1, assessing co-stim expression on (F) T/NK cells or (G) myeloid cells. Genes are ranked according to the
mean expression across all samples within a heatmap. The column min/max are depicted for each gene and hierarchical clustering (one minus
Pearson correlation) was used to demonstrate the distances between tumour types. The top 10 expressed genes in each dataset are shown below the
heatmaps in a Venn diagram that displays the overlap in the identified genes between TCGA and scRNA-seq. TCGA is based on the log2 average
Transcripts per million (TPM) values of each gene across each patient within a tumour type. scRNA-seq represents the mean expression for each
gene of interest and cell type, normalised by the observed UMIs in a cell for a particular gene divided by the total UMIs for that cell (across all
genes), then multiplied by 10,000. Normalised counts were then transformed using log(x + 1) to put on a log scale, preserving zeros as zeros. For
each gene and cell type combination in each study, the mean of the transformed values across cells was calculated.

tumour-specific checkpoints, including CD47, Cluster
of Differentiation 276, B7 homolog 3 (CD276 (B7-H3)),
SIRPA, and Selectin P Ligand, P-selectin glycoprotein
ligand-1 (SELPLG (PSGL-1)), whereas T/NK check-
point genes were ranked much lower, including PDCD1
(PD-1), TIGIT, LAG3 (Lymphocyte-activation gene 3),
and CTLAA4 (cytotoxic T-lymphocyte-associated protein
4) (Fig. 2A). Single-cell RNA sequencing allowed for the
assessment of CP gene expression on isolated cell types,
including tumour, T/NK, and myeloid cell fractions
(Fig. 2B-D). There was a high overlap in the top ex-
pressed CP genes between TCGA and the tumour
fraction of the single-cell datasets, however scRNA-seq
more accurately defined CP genes that are specific to T/
NK (Cluster of Differentiation 96, T cell activation,
increased late expression (CD96 (TACTILE)), TIGIT,
killer cell lectin-like receptor subfamily D, member 1
(KLRDI), LAG3, CTLA4, and PDCD1) and myeloid
(TREM1 (Triggering receptor expressed on myeloid
cells 1), HAVCR2 (TIM-3), TREM2 (Triggering re-
ceptor expressed on myeloid cells 2), LILRB2 (Leuko-
cyte immunoglobulin-like receptor subfamily B member
2), and LILRBI1 (Leukocyte immunoglobulin-like re-
ceptor subfamily B member 1)) cells. The analysis of
bulk RNA-seq alone would not have resulted in the
identification of these targets; however, the integration
of bulk and scRNA-seq across tumours appeared to
refine these results. The analysis of immune co-stimu-
latory genes rank ordered by mean expression across
TCGA or scRNA-seq also demonstrated differences in
the top hits identified between platforms (Fig. 2E-QG).
These hits included targets that have been pursued
clinically, including CD27 (Cluster of Differentiation
27), TNFRSF18 (GITR), ICOS (Inducible T-cell costi-
mulator), TNFRSF4 (0X40), CD86, and CD40.
Interestingly, this analysis framework also identified less
appreciated tumour/immune co-regulators and may be
useful as an initial triage for identifying targets of interest,
particularly in patient populations where our mechanistic
understanding is lacking, due to the availability of data (e.g.
CPlI-acquired resistance following anti-PD(L)1 therapy).
For example, two of the most abundant co-stimulatory
genes identified through both TCGA and scRNA-seq were
TNFRSF14, also known as HVEM, and LTBR; which are
both activated by the same TNF-ligand known as LIGHT

(tumor necrosis factor superfamily (TNFSF14)). LTBR is
highly expressed by both myeloid and stromal cells and is
reported to participate in a wide range of stimulatory
functions associated with anti-tumour activity. HVEM, the
other major receptor for LIGHT, is most commonly as-
sociated with expression on T and NK cells, but can also be
expressed on myeloid, B, endothelial, and some tumour
cells. HVEM can provide direct costimulatory signals to
lymphocytes and also competes with the co-inhibitory sig-
nals transmitted by BTLA (B- and T-lymphocyte at-
tenuator). In the following sections we will provide an
overview of what is known and highlight some of what is
left to be learned, about the spectrum of costimulatory
functions mediated by LIGHT.

3. TNF co-stimulatory ligand LIGHT

The LIGHT (homologous to Lymphotoxin, exhibits
Inducible expression and competes with Herpes Simplex
Virus glycoprotein D for Herpes Virus Entry Mediator,
a receptor expressed by T cells) signalling axis is com-
plex by design, as a mechanism to tightly control im-
mune activities. The observation that expression of
LIGHT in the thymus was associated with negative se-
lection of potentially autoreactive T cells provided an
important clue regarding the overall role of LIGHT in
immunity [41]. LIGHT potentiates a range of immune
activation signals through its receptors HVEM and
LTBR. HVEM and LTBR can be co-expressed on the
same cell and the ratio of HVEM to LTPR can result in
differential signalling outcomes, which makes assessing
the contribution of each receptor to the observed ac-
tivity a challenge. HVEM is a TNF co-stimulatory re-
ceptor that is broadly expressed on immune cells,
including effector T and NK cells. The importance of
HVEM in modulating immune function is highlighted
by the fact that herpes simplex virus evolved to bind
HVEM as an entry point into immune cells that would
otherwise be important for viral clearance, namely T
and NK cells [42]. HVEM is stimulated by LIGHT,
which is expressed by activated T cells and some an-
tigen-presenting cells (APC) (Fig. 2E-F), resulting in
NFxB/NIK mediated signalling, Thl cytokine produc-
tion, increased effector T cell function, and anti-tumour
immune responses (Fig. 3A). Similar to other TNF-
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Fig. 3. LIGHT (TNFSF14) Signalling Pathway. (A) Simplified view of LIGHT signalling, where binding to the Herpes virus entry
mediator (HVEM) receptor expressed on T and NK cells can induce NFkB/NIK signalling, activation, proliferation, and enhanced
effector function; and to Lymphotoxin Beta Receptor (LTPR) expressed on myeloid cells which activates target cells, enhances antigen
processing/presentation and the secretion of proinflammatory cytokines. LIGHT can also bind to the soluble decoy receptor DcR3 which
can competitively inhibit LIGHT binding to HVEM and LTBR. (B) HVEM can also interact with BTLA (inducing inhibitory signalling),
CD160 (potential for both stimulatory and inhibitory activities), and LTa3 (inducing T/NK cell activation). These signalling events can
further provide immune co-stimulation and/or inhibition and the remodelling of secondary lymphoid tissues. (C) Stromal cells in the
tumour microenvironment express LTPR, which can be activated by LTalp2 or LIGHT expressed on the surface of activated T cells or
with therapeutics that present an active LIGHT trimer. This binding induces the production of proinflammatory cytokines and che-
mokines that can serve as chemoattractants that facilitate high endothelial venules (HEV)/tertiary lymphoid structures (TLS) formation,
the normalisation of tumour vasculature, and the infiltration of tumour infiltrating lymphocytes (TIL) to induce anti-tumour responses.
(D) CPI-responsive tumours can be associated with functional signalling, T cell infiltration, and tumour antigen-driven anti-tumour
responses. CPI-resistant tumours evade the host immune system through various mechanisms. An increase in myeloid cells poised for
activation in the TME may result in anti-tumour activity and/or the re-sensitisation of resistant tumours to CPI in combination with

costimulation (figure created using BioRender).

receptors, LIGHT-dependent costimulation of lym-
phocytes can function through both T cell receptor
(TCR)-dependent and -independent mechanisms [15].
LIGHT’s interactions with LTPR can occur on a range
of cell types, as LTPR is expressed on myeloid cells,
stromal cells in the TME, and on many tumour cells.
Ligation of LIGHT and LTPR can both directly and
indirectly contribute to myeloid cell activation, en-
hanced antigen processing/presentation, and the induc-
tion of both adaptive and innate immune cytokines,
including CCL19 (Chemokine (C-C motif) ligand 19),
CCL21 (Chemokine (C-C motif) ligand 21), CXCL9
(Chemokine (C-X-C motif) ligand 9), CXCL8 (Che-
mokine (C-X-C motif) ligand 8), CXCL10 (Chemokine
(C-X-C motif) ligand 10), and CXCL13 (Chemokine (C-
X-C motif) ligand 13) (Fig. 3A) [15,43-47]. Consistently,
LTPR has been associated with the differentiation and
activation of follicular dendritic cells and lymphoid
tissue organisation, and LTBR knockout mice fail to
develop lymph nodes [48.,49].

LIGHT is primarily upregulated transiently on acti-
vated T cells, but constitutive expression of LIGHT on
T cells in LIGHT-transgenic mice resulted in peripheral
autoimmunity, the induction of tissue destruction, and a
reduction in thymic size, suggesting that mechanisms
evolved to restrict LIGHT-mediated costimulation as a
safeguard against autoimmune disease. The appearance
of a decoy receptor, DcR3 (Decoy receptor 3), in hu-
mans was a relatively recent evolutionary event, which
may have proven beneficial as an additional protection
against LIGHT (as well as FasL. and TL1A (TNF-like
ligand 1A)) in the context of inflammatory disease
[50-52]. BTLA belongs to the CD28 immunoglobulin
superfamily and is a checkpoint receptor that has been
shown to interact with HVEM either in cis or trans, to
attenuate activation signals and facilitate immune
memory formation (Fig. 3B) [53]. BTLA interactions
with HVEM can block the ability of LIGHT to stimu-
late HVEM; however, BTLA is generally considered a
weak checkpoint and trimeric LIGHT preferentially

binds to HVEM through a non-competitive mechanism
[54]. CD160 (Cluster of Differentiation 160) can also
interact with HVEM and has been associated with both
immune stimulatory and inhibitory activities [55,56].
Soluble LTa3 (Lymphotoxin(LT)a3) and T cell-ex-
pressed LTalp2 (Lymphotoxin(LT)alp2) can provide
immune co-stimulation via HVEM and LTpR, respec-
tively (Fig. 3B-C) [57].

Immature and abnormal vasculature is a common
feature within tumours, resulting from the combined
effects of rapid proliferation of tumour cells, in-
flammation and cytokine production within the tumour
microenvironment, and localised tissue hypoxia. These
effects result in an intratumoral vascular endothelium
which can lack key selectins and integrins to support
transendothelial migration of lymphocytes, and nor-
malisation of vasculature within the TME is thought to
be a mechanism associated with positive anti-tumour
responses [58,59]. LTBR engagement on tumour stromal
cells and the resulting secretion of cytokines and che-
mokines, contributes to these vascular responses
through the formation of HEV and TLS, which can
indirectly function as a chemoattractant to promote
immune cell infiltration into the TME (Fig. 3C) [60-62].
Myeloid cells also appear to be critical for vasculature
restructuring as the loss of F4/80+ macrophages limited
TLS formation, and like LTPR knockout, prevented
lymph node formation [49]. Recently, LTBR’s role in
HEV/TLS formation was shown to mediate infiltration
of CD4/CD8 T and NK cells into the TME, which was
enhanced in the presence of anti-VEGFR2 (vascular
endothelial growth factor receptor 2), anti-PDL1 and an
LTPR agonist antibody [63]. LIGHT/LTPR mediated
remodelling or normalisation of the tumour vasculature
and the associated increased infiltration of cytolytic T
cells, enhanced the therapeutic activity of checkpoint
inhibitor therapies that directly targeted those TIL.
Along these lines, an LTPR agonist antibody was re-
cently shown to increase the frequency and maturation
of tumour-associated HEVs, resulting in an increase in
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the ratio of stem-like CD8+ T cells to exhausted T cells,
and improved anti-tumour efficacy in combination with
CPI therapy [64].

Tagging recombinant LIGHT with a vasculature
targeting peptide (VITP) was shown to preferentially
localise LIGHT to the tumour vasculature through the
upregulation of adhesion molecules like ICAM-1
(Intercellular Adhesion Molecule 1) and VCAM-I
(Vascular cell adhesion protein 1), which enhanced TLS
formation, vasculature normalisation, and anti-tumour
responses in orthotopic and metastatic preclinical tu-
mour models [45,62]. Another preclinical approach at
localising LIGHT to the TME included the adeno-as-
sociated viral (AAV) delivery of LIGHT intratumorally.
This was successful in multiple preclinical models in
controlling tumour growth and increasing the ratio of
effector to regulatory T cells in the TME [65,66]. We
developed a TIGIT-Fc-LIGHT bispecific fusion protein
that was shown to stimulate T, NK, and myeloid cells in
human PBMC (Peripheral blood monobuclear cells)
cultures and in mice, which induced anti-tumour im-
munity in preclinical models of checkpoint inhibitor
responsive and resistant tumours [15]. The in vitro en-
gagement of tumour-expressed LTBR by recombinant
LIGHT has also been shown to directly induce tumour
cell apoptosis, and this activity appeared to occur in the
absence of HVEM through FAS-associated death do-
main protein (FADD)/Caspase-8 activation, when co-
treated with TNF-a [67-69].

It should be noted that direct versus indirect effects
of HVEM/LTBR stimulation through LIGHT are
challenging to separate in mixed PBMC cultures and in
vivo systems, although some attempts have been made
over the years to isolate the LIGHT/LT@R-specific role
in myeloid cells. For example, macrophages stimulated
ex vivo with LIGHT-VTP and adoptively transferred
into tumour-bearing mice stimulated intratumoural
TLS and expression of CCL21 and TNFa, suggesting
that direct LIGHT/LTPR interactions altered the func-
tion of macrophages in a manner which influenced in
vivo function [60]. In another study, LIGHT was shown
to regulate the magnitude of CD40L (Cluster of Differ-
entiation 40 ligand) activity on peripheral blood-derived
dendritic cell maturation and the associated secretion
IL-12 (interleukin 12), IL-6 (interleukin 6), and TNF«a
(Tumor necrosis factor alpha), compared to the activity
of CD40L alone [70]. LTPR was also shown to play a
role in dendritic cell homoeostasis, where CDIllc
(Cluster of Differentiation 11c¢) DCs (dendritic cell) ac-
cumulating around newly formed HEVs were dependent
upon LTPR, as LTa, LTP, or LTPR deficient animals
demonstrated reduced DC numbers and reduced for-
mation of HEVs [71].

The anti-tumour activities of LIGHT discussed thus
far suggest that therapeutically targeting the LIGHT
signalling axis, has the potential to provide broad
immune co-stimulatory activities that could promote

anti-tumour responses. Despite this, clinical efforts to
develop LTBR agonists in oncology or antagonists in
autoimmunity have not advanced and strategies to
target HVEM or BTLA remain in early development
[15,43,72]. Modest monotherapy activity was reported
with the BTLA-blocking antibody icatolimab, with
one confirmed PR and six SD (standard deviation) out
of 19 evaluable patients. [73]. Icatolimab is now being
pursued in advanced solid tumours in combination with
anti-PD1 (anti-Programmed cell death protein 1 re-
ceptor) [74]. We have shown that a dual checkpoint
blocking/immune stimulating bispecific fusion protein
consisting of TIGIT-Fc-LIGHT blocked all poliovirus
receptor (PVR)-ligand checkpoint molecules and pro-
vided broad immune co-stimulation via LIGHT, that
controlled the growth of aggressive CPI-acquired re-
sistance tumours. The observed anti-tumour immune
responses were achieved through the combined activa-
tion of cytolytic T/NK cells, and also through LIGHT’s
activation of myeloid cells via LTBR, and the upregu-
lation of MHC class Il (Major histocompatibility
complex class II), CD80 (Cluster of Differentiation 80),
and CD86 (Cluster of Differentiation 86) on these cells,
along with the induction of both adaptive and innate
immune cytokines, including IL-2, TARC, MDC,
MCP-1, MIP-2, and IL-12p70 [15]. The on-target
pharmacodynamic activity of TIGIT-Fc-LIGHT trans-
lated to similar immune cell-activating and cytokine-
inducing activities in non-human primate studies.
However, maximum anti-tumour activity of TIGIT-Fc-
LIGHT still required combination with anti-PD1 or
anti-PDL1 [15]. Together, these findings highlight the
importance of combination strategies that maximise the
activation of both the adaptive and innate immune
systems. In addition, further preclinical model and
biomarker development efforts are needed to better in-
form on combination strategies that have the potential
to (1) provide therapeutic benefit to patients with CPI-
resistant tumours and/or (2) re-sensitise a resistant tu-
mour to conventional checkpoint blockade.

4. LIGHT/HVEM/LTpR signalling axis in CPI-
resistant tumours

While much of the data commonly mined to identify
targets of interest preceded the widespread clinical use
of anti-PD1, anti-PDL1, or anti-CTLA4 treatment, and/
or when patient response data was not available or as-
sociated with treatment outcomes (e.g. TCGA), a
growing body of data currently being generated allows
for the assessment of mechanisms that drive resistance
to CPI therapy where these mechanisms can be directly
correlated with patient response. The development of
new preclinical models has also advanced over the last
several years and our confidence that these models more
accurately mimic resistance mechanisms observed in
human disease is growing, as preclinical and clinical
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phenotypes of disease yield similar results. For example,
the transcriptomic analysis of a murine tumour condi-
tioned to develop anti-PD1 therapy resistance, revealed
an unexpected hyperactivation in genes associated with
interferon responsiveness, Jak/Stat signalling, and an-
tigen processing/presentation pathways; however, the
hyperactivation of these genes did not translate into
increased protein levels, but instead defects in protein
translation and trafficking pathways. Interestingly, this
transcriptional phenotype was shared with that of
NSCLC (non-small cell lung cancer) patients that in-
itially responded to CPI therapy but later developed
CPI-acquired resistance [75].

To assess the abundance of HVEM, LTBR, and
other CPl/co-stim genes in CPl-resistant patients, we
analysed publicly available scRNA-seq data on
CD45+ leucocytes isolated from melanoma tumour
biopsies in 32 patients that contributed to 30 sequenced
lesions classified as ‘non-responders’ and 17 sequenced
lesions characterised as ‘responders’ to anti-PDI1, anti-
CTLAA4, or anti-PD1+anti-CTLA4 therapy [76]. UMAP
(Uniform Manifold Approximation and Projection)
demonstrated the cell type-specific expression of LTBR,
HVEM (tumor necrosis factor receptor superfamily
(TNFRSF14)), and LIGHT (TNFSF14) (Fig. 4A).
LTBR expression was exclusive to myeloid cells and the
magnitude of expression was greater in non-responding
patients. HVEM was expressed at high levels across a
range of cell types, including T, NK, and myeloid cells,
and the expression of HVEM was also observed to be
higher in non-responding patients. Interestingly,
LIGHT was seen in T/NK cells, however, at low levels
in both responding and non-responding patients
(Fig. 4A-B). To assess whether other CP/co-stim genes
were differentially expressed between responders and
non-responders, genes associated with myeloid activa-
tion were compared between responders and non-re-
sponders on combined populations of monocytes,
macrophages, and dendritic cells; referred to as Mo-
MacDc. The pattern of expression of CD40 (Cluster
of Differentiation 40), CD80, CD86, and CXCL10 was
similar to that of LTBR and TNFRSF14, and higher
expression was observed in non-responder MoMacDc
as compared to responder populations (Fig. 4B). To
assess more broadly, genes that were found to sig-
nificantly differ between responding and non-re-
sponding groups with an adjusted p-value <0.05 in at
least one of the following cell populations—T cells, B
cells, monocytes, NK cells, macrophages, and DC
(dendritic cells)}—were identified and plotted in a
heatmap that depicts the log, fold-change in responders
versus non-responders (Fig. 4C). At a high-level, these
results demonstrated that very few T/NK CP or co-stim
genes were appreciably different in expression between
responders and non-responders (Fig. 4C; note the col-
ours pink and white correspond to modest changes in
expression). The primary cell type in which responding

patients expressed higher levels of CP/co-stim genes
than non-responding patients were B cells, and con-
sistently, B/plasma cell presence in the TME has pre-
viously been reported to serve as a positive prognostic
marker for response to CPI therapy [77,78].

What was striking here, was that the largest fold-
change in CP/co-stim gene expression was observed on
myeloid cells, where the expression of several myeloid
checkpoints and co-stims were higher in non-responding
patients as compared to responding patients (Fig. 4C;
blue colour indicates higher expression in non-re-
sponders). This included LILRB2 and SIRPA on mac-
rophages and monocytes, and LILRBI, LTBR,
HAVCR2 (TIM-3), SELPLG (PSGL-1), TNFRSF14
(HVEM), CD40, CD80, CD86, and CXCL10 on mac-
rophages, monocytes, and dendritic cells (Fig. 4B-C).
The myeloid receptors TREM1 and TREM?2 were also
highly expressed on monocytes and macrophages;
however, they were not differentially expressed between
responders and non-responders (data not shown).

Overall survival clearly differentiated between re-
sponders and non-responders, with CPI-responding
patients demonstrating a clear survival advantage
(Fig. 4D). When the median values of either all CP or
co-stim genes were used to bifurcate patients into high-
and low-expressing populations, the level of CP/co-stim
gene expression on T/NK cells did not predict differ-
ences in overall survival. Interestingly, CP/co-stim ex-
pression on myeloid cells (MoMacDc) did delineate
overall survival between groups with high-expressing
patients faring worse than CP/co-stim low patients, with
a mortality rate of ~50% by 600 d (Fig. 4D). Patients in
the high CP expression group were the same as the high
co-stim expression group, therefore the Kaplan-Meir
graphs are identical.

Together, these results suggest that the expression of
CP and co-stim markers like LTBR and HVEM on non-
responder myeloid cells could be predictive of response
to CPIs and might present an opportunity to target these
abundant receptors/ligands to convert non-responders
into responders, particularly if their expression in CPI
resistant patients correlates with the expression of other
myeloid activation markers. This analysis does not
provide any evidence of causality, or whether the in-
creased expression of LTBR and HVEM corresponds to
tonic activation or absence of downstream signalling
from LTBR or HVEM; however, previous studies have
suggested a negative feedback where LIGHT engage-
ment resulted in the downregulation of HVEM [79]. This
suggests that the high expression of HVEM in the TME
is an indicator that costimulation through LIGHT is not
present, and that the provision of a LIGHT activation
signal could tip the balance back to reinitiate an adaptive
anti-tumour immune response (Fig. 3D). Given the wide
use of anti-PD1/L1 and anti-CTLA4 checkpoint in-
hibitor antibodies across many tumour types, CP ac-
quired resistance is a growing medical problem and
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Fig. 4. The evaluation of CP and co-stim gene expression in checkpoint inhibitor responder and non-responder melanoma patients.
Melanoma single-cell RNA sequencing (scRNA-seq) (GSE120575) from CD45+ leucocytes isolated from dissociated metastatic biopsy
samples in 47 tumours from patients treated with anti-PD1, anti-CTLA4, or anti-PD1+ anti-CTLA4 was analysed. Cells were pruned if
the gene count was above the 3*median absolute deviation (MAD) or below 250, if the unique molecular identifier (UMI) count was
above 3*MAD or below 500, if the percentage of mitochondrial genes was above 3*MAD, contained an estimated contamination of
ambient RNA >50% per DecontX, or was assessed as a doublet as having a hybrid doublet score >1. Expression data were scaled and
clustered using the Louvain algorithm, and cell types were annotated using SingleR and the human primary cell atlas as a reference.
RECIST (Response evaluation criteria in solid tumors) criteria were used to stratify patients as ‘Responders’ (complete or partial re-
sponses) and ‘Non-Responders’ (stable or progressive disease). Differential expression by response was performed using a Wilcoxon test
for each cell type individually. (A) UMAP plot of immune cell populations (left) and the tissue-specific expression of TNFRSF14, LTBR,
and LIGHT (right). (B) Expression of genes of interest between responders and non-responders in monocytes, macrophages, and den-
dritic cells (MoMacDc) with associated p-values. Horizontal lines indicate median expression levels. (C) Log, fold-change values in
expression at significant CP and co-stim genes in at least one of the cell types assessed (adjusted p-value <0.05) between responders and
non-responders. Fold-change was calculated using summations of TPM expression values for each cell type of responders and non-
responders. Black boxes indicate values that were not available (N/A) due to lack of power. (D) Overall survival was plotted based on
responders/non-responders and CP or co-stim high/low gene expression on T/NK cells and MoMacDc if the total sum of the CP or co-
stim gene counts was greater than the median of the entire cohort.

identifying targets and strategies to re-sensitise tumours
and immune systems to CPI therapy such as these, could
be transformative.
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