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SUMMARY

Immune checkpoint blockade therapies fail to induce responses in majority of cancer patients; so
how to increase the objective response rate becomes an urgent challenge. Here we demonstrate
that sufficient T cell infiltration in tumor tissues is a prerequisite for response to PD-L1 blockade.
Targeting tumors with tumor necrosis factor superfamily member LIGHT activates lymphotoxin
beta receptor signaling, leading to the production of chemokines that recruit massive numbers of T
cells. Furthermore, targeting non-T cell-inflamed tumor tissues by antibody-guided LIGHT creates
a T cell-inflamed microenvironment and overcomes tumor resistance to checkpoint blockade. Our
data indicates that targeting LIGHT might be a potent strategy to increase the responses to
checkpoint blockades and other immunotherapies in non-T cell-inflamed tumors.
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INTRODUCTION

The Programmed Cell Death Protein 1 (also known as CD279 and PD-1) and its ligand PD-1
Ligand (PD-L1) signaling pathway is a critical immune checkpoint that functions normally
to protect against autoimmunity (Keir et al., 2008; Nishimura et al., 2001). Increasing
evidence has suggested that PD-1 signaling is also an important mechanism utilized by
tumors to escape antitumor immune responses (Dong et al., 2002; lwai et al., 2002; Shin and
Ribas, 2015). Recent clinical trials with anti-PD-1 and PD-L1 monoclonal antibodies have
shown unprecedented durable responses in some patients with a variety of cancers (Brahmer
et al., 2012; Topalian et al., 2012). Unfortunately, only a minority of total treated patients
respond to the current immunotherapy treatment. Thus, it has become a top priority to
identify the factors that determine the responsiveness to checkpoint blockade, and to develop
strategies that could potentially increase the patient response rates (Sznol and Chen, 2013).

Some recent retrospective clinical studies have shown correlations between tumor PD-L1
expression and response to PD-1/PD-L1 checkpoint blockade therapy (Herbst et al., 2014;
Topalian et al., 2012). In contrast, other studies have also suggested that the presence of
tumor-infiltrating lymphocytes (TILs) is an important biomarker for predicting responses to
PD-L1 blockade therapy (Tumeh et al., 2014). Interestingly, the presence of TILs has been
previously shown to correlate with better patient outcomes during various antitumor
therapies in multitude of cancers (Galon et al., 2006; Hwang et al., 2012; Mahmoud et al.,
2011). However, it is commonly known that the tumor microenvironment often inhibits
activated T cells from entering tumor tissues or prevents effective T cell priming for tumor
control through various pathways (Gajewski et al., 2013). By using only clinical samples
and data, it is hard to dissect the relative contribution of PD-L1 and TILs for responsiveness
to PD-L1 blockade; thus, proper mouse tumor models are needed for conclusive mechanism
studies.
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Our lab has previously shown that upregulation of LIGHT (stands for “homologous to
lymphotoxin, exhibits inducible expression and competes with HSV glycoprotein D for
binding to herpesvirus entry mediator, a receptor expressed on T lymphocytes”) in
peripheral tissues results in T cell activation and migration into non-lymphoid tissues and
the formation of lymphoid-like structures, which can lead to rapid T cell-mediated tissue
destruction (Lee et al., 2006). LIGHT, also known as Tumor Necrosis Factor Superfamily
member 14 (TNFSF14), is one of the costimulatory molecules that can regulate T-cell
activation (Wang et al., 2009). LIGHT is predominantly expressed on immune cells,
especially on the surface of immature Dendritic Cells (DCs) and activated T cells. Forced
expression of LIGHT in tumor cells promotes the formation of lymphoid-like structures for
direct T-cell sequestration and activation, leading to tumor regression (Yu et al., 2004; Yu et
al., 2007). Furthermore, adoptive transfer of LIGHT-expressing mesenchymal stem cells can
enhance T cell infiltration and efficiently control tumors (Zou et al., 2012).

LIGHT is a ligand protein that can bind to two different receptors, HerpesVirus Entry
Mediator (HVEM), which is also known as tumor necrosis factor receptor superfamily
member 14 and is encoded by TNFRSF14, and Lymphotoxin beta Receptor (LTBR), which
is encoded by LTBR. The binding of LIGHT to HVEM delivers a co-stimulatory signal to T
cells (Wang et al., 2009). In addition, LIGHT can bind to LTBR, which is commonly
expressed on non-lymphoid cells, and is critical for the formation of secondary and tertiary
lymphoid structures (Fu and Chaplin, 1999; Ware, 2005). LTBR plays a pivotal role in the
formation of lymph nodes (LNs) and in the organization of distinct T-cell and B-cell zones
in secondary lymphoid organs. Signaling via LTPR regulates the expression of various
chemokines and adhesion molecules which control the migration and positioning of DCs
and lymphocytes in the spleen (Cyster, 1999). Over-expression of lymphotoxin in non-
lymphoid tissues is sufficient to promote functional lymphoid neogenesis (Ruddle, 1999).
These activities indicate that activating LIGHT signaling might be an attractive approach to
increase lymphocyte infiltration in tumor tissues. Based on these studies, we sought to test
whether targeting LIGHT into tumor tissues could increase TIL numbers, and whether it
could synergize with current checkpoint blockade therapies.

Higher T cell infiltration, but not PD-L1 level, is associated with responsiveness to
checkpoint blockade

The mechanistic studies about whether and how TILs or PD-L1 are required for a positive
response to checkpoint blockades has not been completely elucidated due to the lack of
proper experimental models. To understand why some PD-L1* tumors do not respond to
PD-L1 blockade while other tumors do respond, we compared a series of well-established
mouse tumor lines for their PD-L1 expression and responsiveness to anti-PD-L1 treatment
(Table S1). Interestingly, the implanted tumor lines, such as MC38 and Ag104Ld, represent
distinct models mirroring what have been observed in the clinic; specifically, MC38 and
Ag104Ld both have similarly high levels of PD-L1 expression while having different
responsiveness to anti-PD-L1 therapy (Figure 1A-1C, Table S1). When stimulated by IFN-
v, they both upregulated PD-L1 to similar levels, indicating there was no intrinsic defects in
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PD-L1 expression upon stimulation in both cell lines (Figure 1A). Mice bearing MC38
tumors were able to control their tumor burdens effectively with anti-PD-L1 treatment
(Figure 1B). In contrast, mice bearing Ag104Ld tumors treated with the same anti-PD-L1
did not respond to treatment and the tumor burdens were not controlled (Figure 1C). Both ex
vivo MC38 and Ag104Ld tumors expressed similar levels of PD-L1, as analyzed by flow
cytometry (Figure 1D). In addition, there was no significant difference of PD-L1 expression
in TILs (Figure SLA-S1C). These data suggest that factors other than PD-L1 expression
inside the tumor environment might be essential for responsiveness to PD-L1 blockade
therapy.

To determine whether MC38 and Ag104Ld might have different tumor microenvironments
that could contribute to the differences in response to checkpoint blockade therapy, we
decided to examine the tumors and look for the presence of TILs. To compare the levels of
lymphocyte infiltration, tumor tissues were collected and analyzed by flow cytometry.
Interestingly, MC38 tumors have much more (up to 5 fold) T cells (CD45*CD3™) than
Ag104Ld tumors. Among the tumor-infiltrating T cells, the percentage of CD8* T cells is
also higher in MC38 (Figure 1E). Specifically, there is approximately 7~10 fold more CD8*
T cells in MC38 over Ag104Ld. These data raise the possibility that more CD8" T cells
inside MC38 tumors, not seen in Ag104Ld tumors, leads to its responsiveness to anti-PD-
L1. To address the role of TILs for checkpoint blockade responsiveness, we sought two
strategies to test: 1) whether a reduction of TILs in MC38 will diminish its response to PD-
L1 blockade, and 2) whether an increase in TILs in Ag104Ld will induce its response to PD-
L1 blockade.

To address whether higher number of TILs in MC38 is responsible for its responsiveness to
PD-L1 blockade, we utilize FTY720 to block new lymphocyte infiltration. FTY720 is a
small molecule analogue of Sphingosine 1-Phosphate (S1P). FTY720 treatment induces the
internalization and degradation of S1P Receptor, thereby preventing lymphocyte egress from
the lymph nodes (Thompson et al., 2010). After a single injection of FTY720, there was
~90% reduction in peripheral T cells (Figure S1D). Circulating T cell numbers gradually
recovered after four days post injection. The concentration of FTY720 used does not induce
cell death in vitro (Figure SLIE-S1H). To test whether a higher number of TILs is required
for the response to PD-L1 blockade, mice were treated with FTY720 after MC38 tumor
inoculation. After tumors were established, mice were treated with anti-PD-L1. Strikingly,
the antitumor effects of anti-PD-L1 were completely abrogated in the presence of FTY720
(Figure 1F). Those data suggest that a significant number of TILs is a prerequisite for the
response to PD-L1 blockade.

Generation and selection of human LIGHT mutants that bind to mouse receptors with
higher affinities

To test our hypothesis that increased TILs in non-T cell-inflamed tumors, such as Ag104Ld,
are able to induce response to PD-L1 blockade, we sought to target LIGHT signaling to
increase infiltration. Initial attempts to produce recombinant LIGHT protein to target tumor
tissues were not successful since recombinant mouse LIGHT (mLIGHT) is not stable and
tends to aggregate (data not shown, and (Del Rio et al., 2010)). On the other hand, human
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LIGHT (hLIGHT) is more stable but fails to bind mouse receptors, so it cannot be used in
experimental mouse models. To verify the absence of cross-species binding, we performed
binding experiments using a yeast-displayed version of wild-type (WT) hLIGHT that
showed undetectable binding to mouse LTPR and HVEM (mLTBR and mHVEM), with
positive binding to human LTPR and HVEM (hLTBR and hHVEM) (Figure 2A). To better
evaluate the therapeutic efficacy of hLIGHT construct in experimental model systems, we
engineered a LIGHT protein that has the capabilities of binding and activating both human
and mouse receptors. HMLIGHT (human LIGHT mutant that can effectively bind both
human and mouse receptors) was selected from a random error mutagenesis library of
hLIGHT using yeast surface display. Engineered mutants of hLIGHT that had increased
surface expression (indicative of protein stability) and binding to both mouse and human
receptors were isolated (Figure 2A). Several of these mutants have been identified. One of
them has been chosen for further studies due to its remarkable thermal stability (LTBR
binding above 80 °C, Figure 2B) and, similarly higher binding affinities to both mouse and
human receptors in the yeast display system. Sequencing results showed the presence of 4
point mutations between hmLIGHT and WT hLIGHT (Figure 2C). This stable and higher
affinity hmLIGHT may have an increased therapeutic efficacy in immunocompetent host,
with the additional benefit of being suitable for both mouse and human experimental model
systems.

Production and characterization of antibody-LIGHT fusion protein in vitro

To confirm the functionality of the sequence isolated from the yeast display system,
hmLIGHT was cloned to produce recombinant protein. First, we confirmed that hmLIGHT
was capable of binding to both human and mouse receptors in ELISA assays with great
sensitivity (Figure 3A). Second, we were able to demonstrate activation of signaling since
stimulation of human T cells by hmLIGHT induced the production of IFN-v in a dose-
dependent manner (data not shown). HmLIGHT also induced the production of IFN-y in
mouse splenocytes (Figure 3B) and IL-6 in Mouse Embryonic Fibroblast (MEF) cells
(Figure 3C), while hLIGHT only showed limited activity.

Given the limitations of a therapeutic that requires local delivery to patients, and that
systemic injections of immune cytokine can often lead to dose-dependent side effects, we
wanted to develop a system that can provide targeted delivery of LIGHT (Yang et al., 2014).
To study the mechanism of targeted LIGHT delivery, we took advantage of the inherent
specificities of antibody fusion proteins. We generated an anti-EGFR-hmLIGHT fusion
protein (Ab-LIGHT) to specifically target hmLIGHT to EGFR-expressing tumor tissues. In
order to avoid aggregations, three units of hmLIGHT (3xhmLIGHT) were linked together
by polypeptide linkers, and then fused to the N-terminal of antibody 1gG Fc (Figure 3D).
The resulting anti-EGFR-hmLIGHT fusion protein could specifically bind to both EGFR
and mLTPR/mHVEM (Figure 3E and S2A-S2B). In vitro activities of the fusion protein
were further confirmed by its ability to induce IFN-y production in mouse splenocytes
(Figure 3F). This stimulation could be abrogated by recombinant mHVEM-Ig. Furthermore,
the fusion protein can specifically target to EGFR-positive tumor tissues when delivered
systemically (Figure S2C). Together, these data suggest hmLIGHT’s functional capabilities
to bind and specifically activate LIGHT receptors in vitro.
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Targeted delivery of LIGHT eradicates established tumors

To test the activity of hmLIGHT in targeting tumors in vivo, mice bearing established
EGFR-expressing tumors were treated with anti-EGFR-hmLIGHT or control antibody.
Ag104Ld is a highly progressive tumor model that is resistant to most immunotherapies
through unknown mechanisms (Chen et al., 1994; Melero et al., 1997; Ward et al., 1989;
Wick et al., 1997; Yu et al., 2005). We hypothesized that the lack of sufficient TILs makes
Ag104Ld less responsive to most immunotherapies. Strikingly, anti-EGFR-hmLIGHT
induced complete regression in established EGFR-expressing Ag104Ld tumors, while
control antibody or anti-PD-L1 alone has no effect on tumor growth (Figure 4A and Figure
1C). No significant side effect was observed, as we didn’t see significant changes in either
body weights or serum inflammatory cytokines (data not shown). The anti-tumor effects of
anti-EGFR-hmLIGHT depend on EGFR-expression on tumor cells, as EGFR-negative
tumor fails to response to the treatment (data not shown). To test whether LIGHT-mediated
antitumor responses result in prolonged protective T cell immunity, mice that underwent
complete tumor regression after anti-EGFR-hmLIGHT treatment were rechallenged with a
lethal dose of Ag104Ld-EGFR cells. All the mice rejected rechallenged tumor (Figure 4B).
Therefore, LIGHT is able to mediate rejection of a highly progressive tumor that is
traditionally thought to be resistant to immunotherapies. In addition, LIGHT allows for the
generation of memory cells that can mediate protection.

When tumor cells are initially transplanted into immunocompetent hosts, massive tumor cell
necrosis leads to inflammation within the first few days (Dirkx et al., 2006). Therefore, it is
possible that this initial inflammation might artificially increase the priming and recruiting
of TILs. To avoid these extra priming and infiltrations, we set up a mouse tumor model
without such priming of TILs. In this model, Rag1™~ mice were challenged with MC38-
EGFR cells to allow the growth of tumor without T cell infiltration and priming. After
tumors were established, WT splenocytes were transferred before immunotherapy treatment.
Significantly, anti-EGFR-hmLIGHT showed superior antitumor effects over antibody
control (Figure 4C).

One advantage of hmLIGHT is that it can be suitable for both human and mouse
experimental models. To test the efficacy of anti-EGFR-hmLIGHT for controlling human
tumor, and for possible future clinical implications, we developed a xenograft model using
immune-reconstituted mice (Lee et al., 2009; Yang et al., 2013). Ragl™~ mice were
inoculated with human A431 tumor cells that were previously established from an
epidermoid carcinoma patient. After tumors were established, two million lymph node (LN)
cells (~50% T cells) from Ovalbumin-specific class I-restricted T Cell Receptor (OT-1 TCR)
transgenic mice were adoptively transferred. T cells from OT-1 mice have ~2% non-OT-1 T
cells, some of which have the potential to recognize antigens from human tumors. A few
hundreds of potential specific T cells is comparable to the number of tumor-reactive T cells
observed in human patients. Furthermore, among the transferred T cells, ~98% of them are
OT-1 specific T cells, which can prevent the homeostatic proliferation of tumor-reactive T
cells. Without T cell transfer, A431 tumors grew aggressively. In the presence of T cells,
anti-EGFR-hmLIGHT treatment induced much better antitumor effects compared to anti-
EGFR control (Figure 4D). The same LIGHT treatment cannot control tumor growth in the
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absence of LN cells, indicating LIGHT-mediated antitumor effects are T cell-dependent.
Taken together, these data showed that LIGHT is able to control tumor growth in different
mouse and xenograft human tumor models, and to provide long-term immunological
memory.

LIGHT-mediated antitumor immunity depends on LTBR signaling

LIGHT has two receptors, LTPR and HVEM. To further elucidate the essential contributions
of LTPR and HVEM signaling in LIGHT-mediated antitumor immunity, tumor-bearing
Ragl™/~;Ltbr™/~ and Rag1l~/~;Tnfrsf14~/~ mice reconstituted with T cells were treated with
anti-EGFR-hmLIGHT. Anti-EGFR-hmLIGHT fusion protein failed to control tumor growth
in Ragl~/~;Ltbr~~ mice (Figure 5A). In contrast, anti-EGFR-hmLIGHT could control
tumors in Rag1~~; Tnfrsf14~~ mice as effectively as in Ragl™~ mice (Figure 5B and 4C).
Similar to Ltbr~~ mice, Ragl™~;Ltbr™/~ mice have multiple immune abnormalities,
including lack of secondary lymphoid structures (Zhu et al., 2010). To exclude the
possibility that developmental defects dampen antitumor immune responses, WT mice
bearing Ag104Ld-EGFR tumors were pretreated with LTBR-1g before LIGHT treatment.
The antitumor activities of anti-EGFR-hmLIGHT were completely abrogated in the
presence of LTBR-Ig (Figure 5C). Consistently, depleting CD8* T cells also eliminated the
effects. We also determined that both MC38 and Ag104Ld tumors express similar level of
LTBR (Figure S3). Together, these results suggest that LIGHT-mediated antitumor
immunity mainly depends on LTPBR signaling and T cells.

Activation of LTPBR signaling in non-lymphoid tissues promotes functional lymphoid
neogenesis (Ruddle, 1999). To find out whether anti-EGFR-hmLIGHT activated LTPR to
increase TILs, tumor tissues were collected and analyzed after fusion protein treatment.
There was 300~500% increase of CD8* T cells in tumor tissues treated with anti-EGFR-
hmLIGHT as both CD3* and CD8™ cells were significantly increased (Figure 5D). Tumor
histology showed higher number of CD3* and CD8* cells after anti-EGFR-hmLIGHT
treatment (Figure 5E). The increase in antigen-specific CD8" T cells indicated that a
sufficient number of CTLs might play important roles in the rejection of tumors. To track
tumor antigen-specific T cell responses, we generated an Ag104Ld-EGFR-SIY tumor cell
line using the SIY peptide to mimic mutated antigens. Twelve days after the last anti-EGFR-
hmLIGHT treatment, splenocytes from tumor-bearing mice were collected, and an IFN-y
ELISPOT assay was performed in the presence or absence of SIY peptides. The number of
SIY-specific T cells dramatically increased after anti-EGFR-hmLIGHT treatment (Figure
5F). Inflammatory cytokine profile analysis showed that there were significant increases in
the levels of IFN-y, TNF-qa, and IL-12 (Figure 5G). Taken together, these data suggest that
LIGHT can, not only increase TILs, but also induce tumor-specific T cell responses for
tumor control.

LTPR signaling induces IKKa-dependent expression of lymphoid tissues chemokines and
adhesion molecules, which are able to recruit lymphocytes (Dejardin et al., 2002). To
compare the chemokine expression profiles after LIGHT treatment, RNA was isolated from
tumor tissues and the expression levels of chemokines were analyzed by RT2 Profiler PCR
array. Interestingly, most of the chemokines associated with T cell trafficking were
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significantly upregulated after anti-EGFR-hmLIGHT treatment (Figure 5H, and Table S2)
(Bromley et al., 2008). To further confirm anti-EGFR-hmLIGHT-mediated tumor rejection
is through activating LTPR signaling, real-time PCR was performed. The level of CCL21
was increased ~6 fold after anti-EGFR-hmLIGHT treatment (Figure 51). CCL21 is a ligand
for CCRY7. It is important for the homing of T cells to both lymphoid and nonlymphoid
tissues (Lo et al., 2003). Other LTBR-regulated chemokines, including CXCL13 and
GlyCAM-1, were also upregulated. Collectively, these data suggest that LIGHT enhances
the recruitment of lymphocytes into tumor tissues through LTPR activation, and can induce
tumor-specific T cell responses for tumor control and rejection.

LIGHT overcomes tumor resistance to anti-PD-L1 by increasing T cell infiltration

When tumors became larger, the antitumor effects of LIGHT gradually reduce. One
possibility that could explain why LIGHT treatment does not work on large tumors is due to
the fact that LIGHT increases the level of IFN-y (Figure 5G), which can also promote PD-
L1 upregulation as part of the adaptive resistance mechanism (Blank et al., 2004). We
hypothesized that LIGHT might trigger inhibitory signals as a negative feedback
mechanism, which in turn can dampen the initial antitumor effects on large tumors. To test
this notion, tumor-bearing mice were treated with anti-EGFR-hmLIGHT and CD45™ cells
from tumors were analyzed for PD-L1 expression. Indeed, LIGHT treatment significantly
increased the expression level of PD-L1 (Figure 6A). When Ag104Ld-EGFR tumors
reached the size > 120 mm3, anti-EGFR-hmLIGHT alone has limited effects on tumor
growth (Figure 6B). Impressively, additional PD-L1 blockade following LIGHT completely
eradicated tumors, while PD-L1 blockade or LIGHT treatment alone failed to control
tumors. The same synergistic effect was also observed in MC38-EGFR tumors (Figure 6C).
Together, these data suggest that a proper combination treatment that dampens PD-L1
inhibition while increasing new T cell infiltration can overcome checkpoint blockade
resistance, thus resulting in better tumor control than either treatment alone.

Since our data showed that LIGHT is efficient in recruiting TILs, we wonder whether
LIGHT is able to rescue the responsiveness to checkpoint blockade in non-T cell-inflamed
tumor. To test this hypothesis, MC38-EGFR tumor bearing mice were treated with FTY720
to block lymphocyte trafficking until four days before treatment. Mice were then treated
with either anti-EGFR-hmLIGHT or anti-PD-L1 alone, or together (Figure 6D).
Interestingly, although mice were only treated with FTY720 for the first few days, the
antitumor effect of anti-PD-L1 was still completely lost. Strikingly, targeting tumor with
LIGHT restored its ability to respond to anti-PD-L1 for tumor burden control (Figure 6D).
Flow cytometry analysis showed that there was a significant reduction of TILs after FTY720
blockade (Figure 6E). Anti-EGFR-hmLIGHT treatment increased the number of TILs to a
level comparable to control mice. Interestingly, LIGHT also increased the level of PD-L1.
This observation could explain why LIGHT alone was not sufficient for tumor control while
PD-L1 blockade with LIGHT allowed for synergistic responses (Figure 6F). Taken together,
these data indicate that significant lymphocyte infiltration is critical for tumor
responsiveness to checkpoint blockade immunotherapy. They also show that activation of
LTBR signaling by LIGHT is able to overcome resistance to checkpoint blockade by
increasing enough lymphocyte infiltration to the tumor tissues.
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DISCUSSION

Immune checkpoint blockade is one of the most remarkable progresses in recent cancer
therapy; however, objective responses are only achieved in a small portion of patients. Both
PD-L1 expression and the presence of TILs have been implicated to correlate with responses
to PD-L1 blockade (Herbst et al., 2014; Topalian et al., 2015; Topalian et al., 2012; Tumeh
et al., 2014). Furthermore, the relative contribution of PD-L1 on tumor cells and non-tumor
cells, such as DCs, remains to be determined (Curiel et al., 2003; Herbst et al., 2014). In the
current study, we showed that sufficient T cell infiltration, and not PD-L1 expression, is
essential for tumor responses to checkpoint blockade. Specifically, a PD-L1* tumor with an
insufficient number of TILs is unresponsive to anti-PD-L1 immunotherapy. In contrast, a
PD-L1* tumor with sufficient number of TILs can be well controlled by the same
immunotherapy. Furthermore, prevention of T cells from entering the tumor
microenvironment can transform a checkpoint blockade responsive tumor into an
unresponsive tumor. Unfortunately, increasing TILs within established tumor has been very
difficult. In order to develop approaches to effectively increase TILs, we produced an Ab-
LIGHT fusion protein to specifically target LIGHT to tumor tissues. In three different tumor
models, we were able to show that Ab-LIGHT therapy can control established tumors. We
found that Ab-LIGHT activates LTBR signaling to induce the production of chemokines and
adhesion molecules in tumor tissues. These chemokines attract lymphocyte to the local
tumor tissues, thus resulting in control and rejection of tumors. Therefore, we have
developed a strategy to overcome tumor resistance to checkpoint blockade by increasing
lymphocyte infiltration.

In order to increase the response rate to checkpoint blockade, several combination therapies
have been developed (Ai and Curran, 2015). Among them, the combination with anti-PD-1
and anti-Cytotoxic T Lymphocyte-associated Antigen-4 (CTLA-4) has shown the best
improvement in clinical trials (Hammers et al., 2014; Postow et al., 2015; Wolchok et al.,
2013). CTLA-4 blockade induces the expansion of tumor infiltrating T cells inside the tumor
tissue, which is critical for the efficacy of combination therapy (Cha et al., 2014). However,
anti-CTLA-4 might only expand T cells already present inside tumors. The antitumor effects
are completely abrogated when initial lymphocyte infiltration is blocked. Specifically,
blocking lymphocyte trafficking at a later time point has no effects on the synergy (Spranger
et al., 2014). In significant contrast, LIGHT increases TILs by recruiting naive T cells from
the periphery (Yu et al., 2004). Spontaneous tumor infiltrating T cells in established tumors
are usually exhausted or anergic due to the inhibitory microenvironment, and they are
difficult to be re-activated (Crespo et al., 2013). By contrast, newly recruited T cells have
less chance to be suppressed, and might be easier to be activated. Furthermore, recruiting
naive T cells from periphery by LIGHT gives us the potential to maximize the effects of
checkpoint blockade therapies in treating tumors without pre-existing lymphocyte
infiltrations.

The presence of spontaneous TILs correlates with better prognosis, especially for tumor
immunotherapies (Woo et al., 2015). Recently, consistent with our observations, two
exceptional studies have shown that both mouse and human tumor cells can program to
suppress chemokine productions that can limit immune infiltrates leading to resistance to
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PD-1 blockade therapies (Peng et al., 2015; Spranger et al., 2015). Unfortunately, limited
approaches are available to increase lymphocyte infiltration without severe side effects.
Interferons (IFN) have been considered as such candidates, and our lab has shown that an
antibody-I1FN-p fusion protein can synergize with PD-L1 blockade in B16 tumor model
(Yang et al., 2014). However, increased TILs were only observed in some tumor models but
not the others, probably due to the multiple effects downstream of IFNs (unpublished
observations). B-raf inhibitors represent another candidate that could increase TILs (Wilmott
et al., 2012). But these drugs only work on B-raf mutated tumors, and side effects usually
occur during treatment, both of which limit their applications (Boussemart et al., 2013).
Some viral vectors, such as adenovirus, have been shown to enhance lymphocyte infiltration
and improve efficacy of adoptive T cell therapy (Tahtinen et al., 2015). Previous studies in
our lab have used adenovirus expressing LIGHT for tumor immunotherapy (Lee et al., 2009;
Yu et al., 2007). However, those therapies usually require intratumoral injection of the virus,
which is not feasible for the majority of patients. Furthermore, safety is another concern for
using viral vectors (Pesonen et al., 2010). Recently, Rosa et al. have demonstrated that
inhibition of dipeptidylpeptidase 4 (DPP4) preserves active chemokine CXCL10, which can
lead to increased lymphocyte infiltration to tumor tissues (da Silva et al., 2015). However,
combination therapy with DPP4 inhibitor and checkpoint blockade only had a marginal
improvement when compare to checkpoint blockade alone (da Silva et al., 2015). Their
study implies that targeting a single chemokine may not be sufficient to recruit enough
lymphocytes for complete tumor control. In fact, when comparing chemokine profiles in
MC38 and Ag104Ld tumors, we found that several chemokines related to T cell trafficking,
besides CXCL10, were significantly higher in MC38 (data not shown). In contrast to
targeting one specific chemokine, LIGHT activates LTPR signaling in tumor tissues, which
induces the expression of multiple chemokines and adhesion molecules for effective T cell
recruitment to the tumor tissue (Figure 5H and 5I). The induction of multiple chemokines
makes LIGHT more efficient for lymphocyte recruitment and activation.

LTPR signaling plays an important role in the organization of lymphocytes during lymphoid
neogenesis (Ruddle, 1999), so it is an attractive target for modulating lymphocyte
infiltration. Previous attempts have been made to activate LTPR signaling through agonist
antibodies for tumor immunotherapy (Lukashev et al., 2006). However, the effects were
marginal, possibly due to wide expression of LTBR, which makes it hard to specifically
activate signaling in tumor tissues. Another approach to activate LTPR signaling is through
engagement with LIGHT. Our lab has tried to produce recombinant mLIGHT protein, but it
is characteristically unstable and tends to aggregate (data not shown, and (Del Rio et al.,
2010)). Human LIGHT is more stable but does not cross-react with mouse receptors. In the
past, such human molecules can only be evaluated in xenograft models, which lack the
adaptive immune system. However, given the roles of LIGHT on adaptive immunity, it is
important to evaluate LIGHT in immunocompetent hosts. By combining yeast surface
display system and random error mutagenesis, we were able to engineer human LIGHT
(hmLIGHT) to bind to both human and mouse receptors while remaining stable. We further
showed that hmLIGHT is able to induce tumor regression in both mouse and human tumor
models (Figure 4). Our study provides the proof-of-concept for the development of LIGHT
for tumor immunotherapy.
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Overall, our study proposes several interesting mechanisms that can be used to further
cancer immunotherapy. First, our data suggest that a significant T cell-inflamed tumor
microenvironment is critical for positive responses to checkpoint blockade. Blocking
lymphocyte infiltration will abrogate the responsiveness in an originally anti-PD-L1
responding tumor. Second, we show that targeting LIGHT can induce antitumor immunity
in both mouse and human tumor models by increasing lymphocyte infiltration. These data
suggest that LIGHT, either alone or together with other immunotherapies, might be an
effective strategy for cancer therapy. Third, in tumors resistant to checkpoint blockade
therapy due to a lack of lymphocyte infiltration, we prove that additional LIGHT treatment
can promote the efficacy of checkpoint blockade therapies. In other words, our study
indicates that unresponsiveness to checkpoint blockade can be due to a lack of sufficient
lymphocyte infiltration; and LIGHT could be used to increase the response rates to
checkpoint blockades, and other immunotherapies, in commonly found non-T cell-inflamed
tumors.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6J, B6C3F1, Ragl™, and OT-1 CD8* TCR-Transgenic mice were purchased from
Jackson Laboratory. Ltor~~ and Tnfrsf14~/~ mice were kindly provided by Dr. K. Pfeffer
(Heinrich-Heine-Universitat Dusseldorf, Dusseldorf, Gemany). Ltbr~~ and Tnfrsf14~/~ mice
were crossed to Rag1 ™/~ mice to obtain Ragl~/~;Ltbr”~ and Ragl™~;Tnfrsf14~/~ mice. All
mice were maintained under specific pathogen-free conditions at the University of Chicago.
Animal experiment protocols were consistent with National Institutes of Health guideline.
All studies were approved by the Animal Care and Use Committee of the University of
Chicago.

In vitro evolution of human LIGHT

Engineered hLIGHT with increased affinities to both human and mouse receptors was
selected using yeast surface display as previously described (Boder and Wittrup, 1997).
Briefly, WT hLIGHT gene was inserted into the T7/pCT302 yeast display vector. The
construct was used as template for error-prone PCR. Mutagenized PCR product and digested
vector were co-electroporated into EBY 100 yeast to generate libraries. The resulting library
was cultured and induced for surface LIGHT expression. It was then stained by mouse/
human LTBR-Ig/HVEM-Ig, followed by PE-conjugated goat anti-human IgG (Jackson
Immu). Yeast clones with higher receptor binding affinities and species cross-reactivity
were selected by alternating rounds of selection by flow cytometric sorting. Thermal
stability was assessed by incubating yeast for 30 min at 37 °C or 80 °C, followed by mLTBR-
Ig staining.

Tumor growth and treatments

1x10% MC38 or Ag104Ld cells were subcutaneously injected into the right flank of mice.
Mice were treated intraperitoneally with 200 g anti-PD-L1 (10F.9G2) on day 7 and 10.
Tumor volumes were measured twice weekly and calculated as (LengthxWidthxHeight/2).
To block lymphocyte trafficking, mice were injected intravenously with 25 ug FTY720 on
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day 1 after tumor inoculation. Five microgram of FTY720 was given every day to maintain
blockade. In some experiments, FTY720 was given on day 1 to 3 after tumor inoculation.
For LIGHT treatment, 2x10% Ag104Ld-EGFR cells were inoculated subcutaneously into
mice. Twenty-five microgram of anti-EGFR-hmLIGHT or anti-EGFR was injected
intratumorally (or intravenously when specified) at indicated time points. Mouse LTPR-Ig
(100 pg/mouse) was administrated on day 4, 7, and 11. To deplete CD8 T cells, mice were
injected intraperitoneally with 200 g anti-CD8 (YTS 169.4.2) on day 7 and 11. For
immune-reconstituted models, Rag1~'~ mice were inoculated subcutaneously with 1x108
MC38-EGFR or A431 cells. After tumors established, mice were adoptively transferred with
5x108 WT splenocytes or 2x108 OT-1 LN cells before treated with anti-EGFR-hmLIGHT.

Statistical Analysis

Mean values were compared using an unpaired Student’s two-tailed t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

PD-1/PD-L1 blockade can produce positive responses in cancer patients. Most studies
aiming to increase response rates to immune checkpoint blockade focus on combining
PD-1/PD-L1 blockade with other checkpoints therapies for T cell activation. However,
we demonstrate that increasing tumor infiltrating T cells in unresponsive tumors can also
promote responses to checkpoint blockade, and conversely, inhibiting T cell infiltration
in responsive tumors can diminish the efficacy. We generated an antibody-guided LIGHT
fusion protein that is able to create a T cell-inflamed tumor microenvironment. We
further demonstrate that antibody-LIGHT is able to overcome tumor resistance to
checkpoint blockade by increasing T cell infiltration. Our study has created a strategy
that could potentially increase the response rates to checkpoint blockades in cancer
patients.

Cancer Cell. Author manuscript; available in PMC 2017 March 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tang et al.

Page 17

HIGHLIGHTS
Sufficient T cell infiltration is essential for response to PD-L1 blockade

Targeting tumors with LIGHT creates a T cell-inflamed tumor
microenvironment

LIGHT overcomes tumor resistance to checkpoint blockade by increasing TILs

This study provides a strategy to increase response rate to checkpoint blockade
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Figure 1. Significant lymphocyte infiltration is associated with responsiveness to PD-L1 blockade
(A) MC38 and Ag104Ld cells were treated with or without 500 U/ml IFN-vy for 24 hr then

stained with anti-PD-L1. The expression levels of PD-L1 were measured by flow cytometry.
Mean fluorescent intensities (MFIs) of PD-L1 staining were compared. (B) WT B6 mice
were inoculated subcutaneously with 1x10% MC38 cells on day 0. On day 7 and 10, mice
were treated with 200 pg anti-PD-L1 or control Immunoglobulin G (1gG). Tumor growth
was measured and compared twice weekly. (C) B6C3F1 mice were injected subcutaneously
with 1x108 Ag104Ld cells and treated with 200 pg anti-PD-L1 or control IgG on day 7 and
10. (D) Tumor tissues were collected 7 days after inoculation. PD-L1 expression levels in
CD45™ cells were measured by flow cytometry. FMO, Fluorescence Minus One. (E) Tumor
tissues were collected as in (D). Percentages of CD3* among CD45* cells (upper panel) and
CD8" among CD3* cells (lower panel) were analyzed by flow cytometry. (F) WT B6 mice
were injected subcutaneously with 1x10% MC38 cells on day 0 and treated with FTY720
from day 1. On day 7 and 10, mice were treated with 200 pg anti-PD-L1 or control IgG.
Tumor growth was measured and compared twice weekly. Data indicate mean + SEM and
are representative of two (A, B, F) or three (C, D, E) independent experiments. **p < 0.01.
See also Figure S1 and Table S1.
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Figure 2. Engineered LIGHT has increased stability and binding affinities to both human and
mouse receptors

(A) Flow cytometry histograms of yeast-displayed mLIGHT, hLIGHT, and hmLIGHT
clones. All clones were stained with the indicated ligands and analyzed by flow cytometry.
(B) Flow cytometry histograms from thermal denaturation experiments using yeast-
displayed hLIGHT and hmLIGHT. Samples were heated at indicated temperatures for 30
minutes and stained with mLTBR. (C) Amino acid sequence alignment of hLIGHT,
mLIGHT, and hmLIGHT. Residues highlighted by black indicate the differences between
hmLIGHT and hLIGHT. Differences between mLIGHT and hLIGHT are highlighted by

grey.
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Figure 3. In vitro characterization of hmLIGHT fusion protein
(A) Binding between recombinant hmLIGHT and human/mouse LTPR/HVEM were

measured by ELISA. (B) Splenocytes from Ragl~~ mice were stimulated with 25, 5, or 1
nM of hLIGHT or hmLIGHT for 48 hr. IFN-vy levels in culture supernatants were measured
by Cytometric Bead Array (CBA). (C) MEF cells were stimulated with hLIGHT or
hmLIGHT for 24 hr. IL-6 levels were measured by CBA. (D) Schematic representation
shows anti-EGFR-hmLIGHT fusion protein construction. (E) B16-EGFR cells were
incubated with anti-EGFR-hmLIGHT, followed by mLTBR or mHVEM staining. A control
antibody-hmLIGHT fusion protein was used as negative control. (F) Splenocytes from
Rag1~/~ mice were pretreated with or without mHVEM-Ig fusion protein before treated
with 25, 5, or 1 nM anti-EGFR-hmLIGHT for 48 hr. IFN-y levels were measured by CBA.
Data indicate mean £ SEM and are representative of at least two independent experiments.
Conc., Concentration. See also Figure S2.
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Figure 4. LIGHT delivered to tumor eradicates established tumors
(A) B6C3F1 mice were inoculated subcutaneously with 2x108 Ag104Ld-EGFR cells and

treated with 25 pg control 1gG, anti-EGFR or anti-EGFR-hmLIGHT on day 7, 9, 11, and 13.
Tumor growth was measured and compared twice weekly. (B) Two weeks after tumor
eradication, mice treated with anti-EGFR-hmLIGHT from (A) were rechallenged with
1x107 Ag104Ld-EGFR cells. (C) Ragl™~ mice were inoculated subcutaneously with 1x10°
MC38-EGFR cells, and 5x10% WT splenocytes were adoptively transferred on day 11. Mice
were treated with 25 pg of control IgG, anti-EGFR, or anti-EGFR-hmLIGHT on day 12, 14,
16, and 18. (D) Rag1~'~ mice were injected subcutaneously with 1x108 A431 cells. OT-1
lymph node (LN) cells (2x108) were adoptively transferred on day 13. Twenty-five
microgram of control 1gG, anti-EGFR, or anti-EGFR-hmLIGHT (Ab-homotrimer LIGHT
from Abbvie) was administered intravenously daily from day 14 to 18. *p < 0.05, **p <
0.01. Data indicate mean + SEM. One representative result of a total of three (A and D) or
two (B and C) independent experiments is shown.
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Figure 5. LIGHT-mediated antitumor immunity depends on LTBR-signaling
(A) Ragl™~;Ltbr™~ or (B) Ragl™~;Tnfrsf14~~ mice were inoculated subcutaneously with

1x10% MC38-EGFR cells. Five million splenocytes were adoptively transferred on day 11.
Mice were treated with 25 pg of anti-EGFR or anti-EGFR-hmLIGHT on day 12, 14, 16, and
18. Tumor growth was measured and compared twice weekly. (C) B6C3F1 mice were
inoculated subcutaneously with 2x108 Ag104Ld-EGFR cells and treated with 25 ug anti-
EGFR or anti-EGFR-hmLIGHT on day 7, 9, 11, and 13. LTBR-1g (100 pg/mouse) was
administrated on day 4, 7, and 11. For CD8" T cell depletion, mice were treated with 200 pg
anti-CD8 on day 7 and 11. Tumor growth was measured and compared twice weekly. (D-I)
B6C3F1 mice were inoculated subcutaneously with 2x108 Ag104Ld-EGFR cells and treated
with 25 pg anti-EGFR or anti-EGFR-hmLIGHT on day 7, 9, 11, and 13. Tumor tissues were
analyzed on day 25. (D) Percentages of CD3* among CD45™ cells (left) and CD8* among
CD3* cells (right) were analyzed by flow cytometry. (E) Frozen sections of the indicated
tumor tissues were stained with hematoxylin and anti-CD3 or anti-CD8. Scale bar, 100 um.
(F) Splenocytes were collected and an IFN-y ELISPOT assay was performed with or without
SIY peptide restimulation. (G) Inflammatory cytokine levels in homogenates from tumor
tissues were measured by CBA. (H) RNA was isolated from tumor tissues treated with anti-
EGFR or anti-EGFR-hmLIGHT. Relative expression levels of chemokines in pooled
samples were measured by RT2 PCR Profiler and calculated as (anti-EGFR-hmLIGHT/anti-
EGFR). (I) Expressions of CCL21a, CCL21b, CXCL19, and GlyCAM-1 in individual
sample were measured by quantitative RT-PCR. Shown is the representative of two
independent experiments (A, B, C, E, F) or the pool of two independent experiments (D, G,

GlyCAM-1 (fold change)

CCL21b (fold change)
CXCL13 (fold change)

CCL21a (fold changj:)
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1). Data indicate mean £ SEM. *p < 0.05, **p < 0.01. N.S., not significant. See also Figure
S3 and Table S2.
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Figure 6. LIGHT overcomes tumor resistance to checkpoint blockade
(A) B6C3F1 mice were treated as in Figure 5D. PD-L1 expression in CD45™ cells were

compared by flow cytometry. (B) BEC3F1 mice were inoculated subcutaneously with 2x10°
Ag104Ld-EGFR cells and treated with 25 pg anti-EGFR or anti-EGFR-hmLIGHT on day
14, 16, 18, and 20. A PD-L1 blocking antibody (200 pg/mouse) was administered on day 14,
and 18. Tumor growth was measured and compared twice weekly. (C) WT B6 mice were
injected subcutaneously with 2x10% MC38-EGFR cells and treated with 25 pg of anti-EGFR
or anti-EGFR-hmLIGHT on days 7 and 9. Anti-PD-L1 (100 pg/mouse) was administered on
day 7. Tumor growth was measured and compared twice weekly. (D) WT B6 mice were
inoculated subcutaneously with 2x10% MC38-EGFR cells and treated with FTY720 from
day 1 to 3. Twenty-five microgram of anti-EGFR or anti-EGFR-hmLIGHT was
administered on day 7, 9, 11, and 13. For PD-L1 blockade, mice were treated with 200 g
anti-PD-L1 on day 7 and 11. (E) Mice were treated as in (D). Two days after last treatment,
tumor tissues were collected and tumor infiltrating leukocytes (CD3* among CD45* cells)
were measured by flow cytometry. (F) MFIs of PD-L1 staining in CD45~ cells were
compared. Data are representative of three (A, D) or two (B) independent experiments, or
the pool of two independent experiments (C, E, F). Data indicate mean + SEM. *p < 0.05.
**p < 0.01. N.S., not significant.
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