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ABSTRACT

Toll-like receptor (TLR) agonists are potent immunostimulatory agents that have demonstrated great
potential for cancer immunotherapy. We have genetically-engineered tumor-specific T cells to deliver and
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secrete the TLR5 ligand (TLR5L) flagellin to the tumor site to provide costimulation for antitumor immune
activity. We found that TLR5L-secreting T cells offered a therapeutic benefit by altering several aspects
including augmenting T cell effector function and expansion as well as reshaping the tumor
microenvironment toward one that enhances antitumor T cell responses.

The field of cancer immunotherapy is rapidly evolving, result-
ing in the generation of novel approaches to stimulate antican-
cer immune responses. TLRs are pattern recognition receptors
that play a critical role in activating the immune system. Due to
their potent immunostimulatory capabilities, several TLR ago-
nists are approved for the treatment of various malignancies
with many others currently under clinical investigation." The
majority of studies regarding the role of TLR agonists as
immune adjuvants focus on their ability to stimulate innate
immune cells, such as dendritic cells, which in turn activate
antitumor T cell responses. However, of particular interest to
our group has been the ability of TLR agonists to directly costi-
mulate cytotoxic T cell responses.

Studies from several groups have demonstrated that TLR
engagement on activated T cells increases their cytolytic func-
tion, proliferation, survival, and is associated with enhanced
antitumor activity.>> However, the costimulatory effects on T
cells depend on concurrent TLR and T cell receptor stimula-
tion. To ensure that sufficient levels of TLR agonists reach the
tumor site, TLR agonists need to be administered systemically
at high doses, which can result in the excessive release of pro-
inflammatory factors. Although intratumoral injection can
enhance efficacy, this approach may not be feasible in patients
with disseminated metastatic disease. Furthermore, TLRs can
be expressed on many different cell types, including tumor
cells, and TLR stimulation under certain conditions can lead to
pro-tumorigenic effects.* The pleotropic effects of TLR stimula-
tion on T cells and cancer cells was recently summarized.”

We tested the hypothesis that tumor-reactive T cells engi-
neered to secrete the TLR5L flagellin would serve as a con-
tinuous source of T cell costimulation within the tumor and
augment antitumor activity.® Flagellin was chosen because it
is one of the only protein TLRLs that can be encoded by

DNAs; most other TLR agonists are nucleic acids or molecu-
lar compounds that cannot be encoded on a gene vector. T
cells engineered to secrete the TLR5L increased T cell prolif-
eration, survival, and cytotoxicity of tumor cells in human
and murine in vitro models (Fig. 1A and B). TLR5L-secret-
ing T cells delayed tumor growth in mice and improved sur-
vival relative to mice treated with control T cells. Increased
antitumor activity in xenogeneic models was associated with
elevated levels of several cytokines and chemokines (i.e.,
CX3CL1 and CCL22). Interestingly, TLR5 engagement on
human melanoma cells also induced various chemokines,
such as CCL2 and CXCL1-3, which we presume further
prompted the influx of tumor-reactive T cells and antigen
presenting cells (APC) (Fig. 1C). Importantly, the therapeu-
tic benefits of T cell-guided delivery of TLR5L extended
beyond the local stimulation of T cells. Intratumoral delivery
of the TLR5L by T cells reshaped the tumor environment
toward one that reinvigorated antitumor immune responses.
Mice treated with TLR5L-producing T cells were character-
ized by a reduction in the number of T cells expressing
exhaustion markers as well as increased MHC I expression
on tumor cells. Unexpectedly, we found that TLR5L also
reduced the number of CD11b"Gr1"¢" splenic and tumor
myeloid-derived suppressor cells (MDSCs) (Fig. 1D). More-
over, cells from the tumors of mice treated with TLR5L-pro-
ducing T cells demonstrated an increase in the expression of
MHC I, MHC II, and CD86, a phenotype associated with a
more mature and less suppressive cell types. The reduction
of CD11b"Gr1™&" cells was linked to reduced CXCL5 levels
in the serum, a factor known to be involved in the genera-
tion and migration of MDSCs. These studies highlight for
the first time the use of tumor-reactive T cells as delivery
vehicles to provide a continuous source of a TLR agonist to
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Figure 1. TLR5L-secreting T cells costimulate T cell responses and alter the tumor microenvironment. (A) Tumor reactive T cells migrate to the tumor where they secrete
TLR5L, leading to increased T cell proliferation and survival. (B) TLR5-stimulated T cells exhibit increased tumor cell lysis. This process releases tumor antigens, making
them available for uptake and presentation by APC. TLR5 engagement on APCs further potentiates their ability to cross-present antigen (C). Tumor cells themselves also
respond to TLR5 engagement, releasing various cytokines and chemokines. The production of cytokines and chemokines by TLR-stimulated T cells and tumor cells results
in the recruitment and activation of (C) APC and endogenous T cells to the tumor, which propagate antitumor immune responses (D). (E) TLR5L-secreting T cells reduce
the number of CD11b™Gr1"9" MDSCs in tumor-bearing mice. Furthermore, intratumoral delivery of TLR5L by T cells results in the induction of MHC I, MHC Il, and CD86
on CD11b*Gr1"9" cells, a phenotype associated with a more mature and less T cell suppressive cell types. Whether the changes in MDSC numbers or phenotype occur
via TLR5 engagement or occur as a result of other factors induced by TLR5L are unknown.

reshape the tumor environment and enhance antitumor
responses.

The use of TLR5 agonists in cancer immunotherapy has also
been emphasized by other groups. Leigh et al. developed an
optimized TLR5 agonist, CBLB502, for the treatment of lym-
phoma in pre-clinical models.” They demonstrated that the
antitumor effects were mediated by natural killer (NK) and
CD8™ T cells and were dependent on perforin. In their model,
the TLR5L acted upon CD11b* CD11c* APC which stimulated
T cell antitumor immunity. Garaude et al. reported that tumor
cells engineered to express flagellin functioned as a potent vac-
cine capable of controlling EL4 thymoma and B16 melanoma
tumors in mice.® In addition to signaling through TLRS5,
Garaude demonstrated that flagellin contributed to antitumor
responses by activating another class of pattern recognition
receptors, NOD-like receptors (NLRs). While we attribute the
antitumor activity of TLR5L to stimulating TLR5 on various
cell types, we consider that the costimulatory effects of TLR5L
may also involve engagement of NLRs on APC.

Exploiting the tumor-trafficking capabilities of T cells to
selectively deliver drugs to tumors is a promising approach for
localizing drugs to tumor sites. In addition to TLR agonists, T
cells could be engineered to express a wide array of immune
mediators to reshape the tumor microenvironment. Recent
advances would allow for tighter control of gene expression by
genetically engineering proteins under the control of T cell acti-
vation-specific promoters, such as NFAT.” Clinical applications
could include the engineering of T cells to co-express both the
TLRL (or other immune modulator) along with tumor-specific
T cell receptors, chimeric antigen receptors, or in combination

with systemic immunotherapies such as immune checkpoint
blockade. These studies, along with other recently published
data, support the development of T cells as delivery vehicles to
boost antitumor immune responses.
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