


Figure 20. Localized delivery of NKTR-255 into tumors decreases tumor growth
and augments the immune cells found in melanoma tumors. A) WT mice bearing
B16-OVA tumors were treated with 60ng of NKTR-255 i.t. or no treatment on days 5, 7,
9, 11, 14, 16 and 18 post-tumor implantation. On day 19 tumors were harvested for

flow cytometry analysis. B) Growth curves for tumors treated with NKTR-255 (red) or
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PBS (black). Left panel- grouped tumor growth results. Right panels- Spider plots
indicating individual tumor growth. C) Numbers of CD8 T cells, CD4 T cells, NK cells
and CD11b+ cells in B16-OVA tumors treated as in A, normalized to tumor weight. D)
Numbers of Ly6Chi and Ly6G+ positive myeloid cells in B16-OVA tumors treated as in
A, normalized to tumor weight. n=3-5 mice/group. Error bars represent SEM, *p<0.05,

**p<0.01, with Student’s T-test.
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4.2.3 Combination therapy with intratumoral IL-15/IL-15R« agonists and immune

checkpoint inhibitors delays tumor growth and enhances mice survival

The new era for immunotherapeutic drugs began with the discovery of immune
checkpoints, receptors on the cell surface of lymphocytes, that serve as natural
regulatory mechanisms to ensure that immune responses are controlled and do not
cause autoimmunity. While the CTLA-4 and PD-1 proteins were discovered in 1987
and 1992, respectively, their roles as immune checkpoints were not appreciated at the
time (413, 414). In 1995 Jim Allison showed that engagement of CTLA-4, on the
surface of T cells, with B7 on other cells negatively regulated T-cell activation and the
use of an anti-CTLA-4 antibody enhanced T cell proliferation (415). Consequently,
Allison’s group also showed that systemic delivery of an anti-CTLA-4 antibody could
induce tumor regression and protection against a secondary tumor challenge (416).
Similar findings in multiple tumors models including melanomas and prostate cancers,
using anti-CTLA-4 monotherapy and combination therapy with other immunotherapy
strategies (417-424) provided strong preclinical evidence to move forward with testing
anti-CTLA-4 checkpoint blockade in human and non-human primates (425-430).
Positive clinical outcomes from clinical trials in patients with advanced melanoma led to
FDA approval of ipilimumab, a monoclonal antibody against CTLA-4, as an
immunotherapy drug for patients with inoperable and metastatic melanoma in 2011.
Since then tens of combination approaches using several immune checkpoint inhibitors
and therapies including targeted antibodies, radiotherapy, chemotherapy and other
immune based therapies have been tested and many approved for a variety of solid

tumors (356).
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As our understanding of the challenges faced by cytotoxic lymphocytes in the
TME becomes more thorough, it has become quite evident that combination therapy to
combat different mechanisms of immunosuppression in the TME will be necessary to
achieve long lasting and curative responses in most malignancies. Consequently, we
focused on investigating if combination therapy with immune checkpoint inhibitors and
localized IL-15 agonists could act in synergy to enhance anti-tumor immunity in a
poorly immunogenic melanoma tumor model. Hence, mice bearing palpable B16-OVA
tumors received systemic treatment with anti-CTLA-4 Ab in combination with
intratumoral rsiL-15c (Fig. 21A). Monotherapy with anti-CTLA-4 Ab did not control
tumor growth (Fig. 21B, blue lines), similar to previous findings by Allison’s group,
where this treatment was not capable of overcoming the tolerance mechanisms in
these poorly infiltrated and poorly immunogenic tumors (422). Nonetheless,
combination treatment with anti-CTLA-4Ab and rsIL-15c induced significant tumor
growth control of melanoma tumors (Fig. 21B, red lines). Moreover, the effects of
combination therapy extended to significantly improving mouse survival (Fig. 21C).
Taken together, these results suggest that local delivery of IL-15 agonists can act
synergistically with systemic immune checkpoint blockade to induce better tumor
growth control and increase survival in mice bearing poorly immunogenic tumors.
Future experiments should be performed to look specifically at the amount and
activation status of immune cells of tumors treated with combination therapy of anti-
CTLA-4 and rslL-15c, because it is possible that by treating with rsiL-15c directly into
tumors we have increased the infiltration of cytotoxic lymphocytes, such as CD8 T
cells, into tumors, thus turning these poorly-infiltrated tumors into T-cell-inflamed

tumors.
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Figure 21. Combination therapy with systemic anti-CTLA-4 and intratumor rsiL-

15c controls tumor growth and increases survival in mice with melanoma

tumors. A) Mice bearing B16-OVA tumors were treated with anti-CTLA-4 Ab or

polyclonal hamster IgG i.p. on days 5,8,11,14 and 18 post-tumor implantation. Tumors

were treated with i.t rslL-15¢c complexes or PBS on days 8, 11 and 14 post-

126



implantation. Tumor growth and mouse survival were measured. B) Tumor growth
curves for mice treated as in A. Left panel- Grouped tumor growth results. Right
panels- Spider-plots showing individual tumor growth. C) Kaplan-Meier analysis
showing survival of mice from B. n=5 mice/group. Error bars represent SEM, *p<0.05,

**p<0.01, with Student’s T-test or Log-rank Test.
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4.3 Summary

The immunosuppressive nature of the TME and the physical and biochemical
barriers cytotoxic lymphocytes encounter to infiltrate, survive and execute their anti-
tumor functions present big challenges for immune based therapeutics. Clinical
evidence points to a positive relationship between the amount of infiltrating cytotoxic
lymphocytes found in patient tumors and their responses to immune checkpoint
blockade agents (360, 431, 432). Tumor classification based on T cell infiltration can
stratify tumors in two main types: T-cell inflamed and non-T cell inflamed tumors. On
one end of the spectrum, non-T cell inflamed tumors can have low levels or completely
lack the presence of T cells and these “cold” tumors are less likely to respond to
therapy with immune checkpoint inhibitors. On the other hand, there are “hot” tumors or
T cell inflamed tumors that have abundant tumor infiltrating T cells and patients with
these types of tumors have better clinical outcomes using immune checkpoint
inhibitors. As the number of TILs correlates with better responses to immunotherapy
agents, an important strategy to improve the efficacy and applicability of immune
checkpoint blockade therapy and other immune based therapies is to find avenues to

increase the infiltration and total numbers of lymphocytes in tumors.

In chapter 3 of this dissertation | demonstrated that expression of IL-15 in the
TME can regulate the number of CD8 and NK TILs found in tumors likely due to its
ability to promote infiltration of these lymphocytes into tumors. Based on those findings
| investigated if local upregulation of IL-15 in tumors, by intratumoral delivery of IL-15
agonists, could positively affect anti-tumor responses by CD8 T cells and other TILs. As
systemic treatment with IL-15 and its agonists could enhance anti-tumor responses in

multiple solid tumor models, | used an intratumoral approach to deliver IL-15 agonists
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to tumors. | also studied the effects of combination therapy with intratumoral IL-15

agonists and immune checkpoint inhibitors.

Delivery of rslL-15c into tumors increased the amount of CD4, CD8 and NK TILs
found in tumors and induced tumor growth control on melanoma tumors. Moreover,
intratumoral delivery of a polymer-conjugated human IL-15 protein, NKTR-255, that
shows improved bioavailability and half-life over recombinant IL-15, also induced
significant tumor growth control and increased the immune cell infiltrates in melanoma
tumors. These findings suggest that local increases in IL-15 levels in tumors are
sufficient to improve the amount of TILs found in poorly infiltrated melanoma tumors,
and that localized strategies to deliver IL-15 agonists or other agents that upregulate IL-

15 production into tumors should be further explored for their potential benefits.

. Typically, preclinical studies using checkpoint inhibitors in poorly immunogenic
tumors, like B16 melanomas, rely on the concurrent administration of cancer cell
vaccines that express GM-CSF or Flt3-ligand to enhance the efficacy of checkpoint
inhibitors (422, 433-436). These combination approaches using multiple checkpoint
inhibitors and cancer vaccines are thought to increase the anti-tumor T cell immunity by
enhancing T cell infiltration, increasing the inflammatory state of the tumors by
upregulating cytokines like IFN-y, and enhancing the activation of CD8 T cells in tumors
(434). Taking a similar approach to enhance T cell immunity, | showed that combination
treatment with anti-CTLA-4 and local rsIL-15c induced significant tumor growth control
when compared to either monotherapy. Furthermore, the combination approach
significantly improved survival of mice bearing B16 tumors. The results from these
experiments support my hypothesis that increasing levels of IL-15 locally in the TME

can potentially convert poorly infiltrated tumors into T cell inflamed tumors that can
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benefit from systemic immune checkpoint inhibitor therapy or other combinations of

immune based therapeutics (Fig. 22).
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Figure 22. Intratumoral IL-15 agonists synergize with immune checkpoint
blockade to enhance therapeutic responses in poorly immunogenic tumors.
Poorly immunogenic and tumors that have low numbers of tumor infiltrating T cells are
also known as cold tumors. In our model, cold tumors produce low levels of IL-15 and
using intratumoral delivery of IL-15 agonists the immune cell infiltrate and T cell
infiltrate in these cold tumors increases, turning these tumors into hot tumors.
Combination therapy with immune checkpoint inhibitors, specifically anti-CTLA-4
therapy, and IL-15 agonists led to better tumor growth control and increased survival in

mice.
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promoting trafficking and infiltration of TILs into tumors. IL-15 has been shown to play
a direct role in promotion of T cell infiltration into inflamed tissues. In vitro IL-15 can act
as a chemoattractant of T cells and NK cells (267, 268) and in vivo can promote CD8 T
cell infiltration to sites of infection and inflammation (266, 272, 412). Although IL-15 can
induce infiltration of CD8 T cells to inflamed tissues, it remains to be clearly defined
whether IL-15 is critical for their migration and infiltration into the TME. In pilot
experiments, not shown in this dissertation, using naive and activated antigen-specific
CD8 T cells | tried examining antigen-specific CD8 T cell infiltration into tumors upon IL-
15 blockade; however, several experimental difficulties with this model led me to
conclude that other approaches should be used to measure the potential role of TME-

derived IL-15 on TIL trafficking.

Some suggestions to directly measure the role of TME-derived IL-15 in
promoting TIL infiltration include the use of intravital time-lapse two-photon imaging to
directly observe the trafficking of transferred antigen-specific cytotoxic lymphocytes
expressing recombinant fluorescent proteins. For example, intravital two photon
imaging has been used to visualize GFP expressing OT-I T cells trafficking into OVA-
expressing EL4 thymoma tumors in a model of adoptive cell therapy (445). Another
approach would be to directly look at TIL infiltration using immunohistochemistry or
immunofluorescence of tumor samples treated with IL-15 antibody blockade or in
tumors where IL-15 could be conditionally knocked-out using Cre-recombinase
inducible systems. Futhermore, IL-15 has been shown to enhance the expression of
LFA-1 on T cells and NK cells and promotes transendothelial migration of T cells in
mouse models of rheumatoid arthritis (264, 268). Moreover the interaction of LFA-1 on
cytotoxic lymphocytes and its ligand ICAM-1 on the cell surface of tumor cells is
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required for tumor-cell killing by these lymphocytes (446). Thus examining the
expression of this integrin on TILs from IL-15 depleted tumors would serve as another

strategy to investigate if IL-15 directly enhances TIL infiltration into tumors.

IL-15 can also promote migration and infiltration of T cells via other indirect
mechanisms that include the upregulation of chemokines and chemokine receptors in
myeloid cells and cytotoxic lymphocytes, respectively (447). Of interest are the IFN-y-
inducible chemokines CXCL9 and CXCL10 produced by APCs. These chemokines,
produced by Batf3+ DCs are key in mediating infiltration and recruitment of CXCR3+
CDS8 T cells into tumors (53, 54, 448-451). Recently, a study using heterodimeric IL-15
as a systemic therapy in MC-38 tumors showed that this IL-15 agonist can upregulate
the expression of chemokines CXCL9 and CXCL10 by myeloid cells in the TME,
including DCs and macrophages, in part due to increased IFN-y production by TILs
(452-454). Furthermore, IL-15 can increase the expression of the receptor for these

chemokines, CXCR3, on CD8 T cells (455).

Accordingly, investigating if intratumoral treatment with IL-15 agonists can also
enhance the infiltration of TILs into poorly infiltrated tumors would be an important next
step to further elucidate how IL-15 therapeutics directly or indirectly enhance anti-tumor
immune responses. Several experimental approaches could be used including
measuring the levels of chemokines in the tumor using multiplex or ELISA for specific
chemokines. Furthermore, expression of chemokine receptors on TILs could be
measured using flow cytometry and gene expression profiling techniques could be
used to examine upregulated and downregulated genes. Demonstrating that increased
IL-15 levels in tumors could enhance infiltration of T cells into tumors could provide

strong and direct evidence that IL-15 can potentially convert cold tumors into T-cell
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inflamed tumors. This in turn could lead to better combination strategies with other
immune-based therapies to ensure that more patients with different tumor types can
obtain long term benefits from immunotherapy. As an example, several IL-15 agonists
are already undergoing clinical trials in combination with immune checkpoint blockade
for PD-1 (NCT03520686, (345)), as IL-15 can induce the upregulation of PD-1 and PD-
L1 on T cells and (340, 344). Therefore, as | showed that the use of IL-15 and its
agonists as intratumoral agents increased the immune infiltrate in tumors and can act
cooperatively when used in combination with checkpoint inhibitors against CTLA-4,
then the next possible step could be to combine intratumoral IL-15 agonists with other

checkpoint inhibitors and possibly with other therapies including adoptive cell therapies.

Based on the findings in this dissertation, | propose the use of intratumoral
treatment strategies to increase the levels of IL-15 in the TME to aid in the conversion of
non-T cell inflamed or cold tumors into T-cell inflamed or hot tumors. While intratumoral
delivery of immune based therapies circumvents the issues faced with systemic delivery
in regard to dose-limiting toxicities, this delivery system has several disadvantages that
must be considered when designing combination therapies. The first obvious
disadvantage would be the difficulty of accessing many types of solid tumors as most
clinical trials performed to date using intratumoral therapies have been conducted in
easily accessible lesions like skin and breast cancers. However, recent developments in
radiologic and diagnostic imaging techniques are now thought to bypass the issue of
accessibility as long as primary lesions or metastatic lesions can be localized using any

of these new imaging and diagnostic modalities (401, 456, 457).

Another practical disadvantage for intratumoral agents includes the possibility of

requiring multiple doses delivered to the tumor site for generation of sustained systemic
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immunity (401). Therefore, developing strategies that deliver these therapeutic agents
into the tumors and maintain them localized to the tumor site, limiting their diffusion to
the systemic circulation, are necessary to reduce the need for repetitive dosing and the
potential to generate systemic toxicities (456). Several approaches have been developed
to deliver immmunotherapeutic agents like cytokines, such as IL-2 and IL-15, and immune
checkpoint inhibitors to tumors and ensure slow release of the drug and limit the
dissemination to the circulation. These approaches are based on conjugating these
drugs to nanoparticles, liposomes and biodegradable polymers (456, 458-460). In short,
intratumoral delivery of IL-2 encapsulated in microspheres of gelatin and chondroitin
sulfate had a slower continuous in vivo release for 21 days and induced protective
immunity in mouse models of brain and liver metastasis (458). IL-15 agonists have been
delivered to the peritumoral space using alginate matrices and this led to tumor growth
control of B16 melanoma tumors and infiltration of leukocytes into the tumor (461).
Immune checkpoint blockade antibodies against CTLA-4 have been injected into tumors
in water and oil emulsions leading to slower release of the antibody while maintaining
tumor eradication without autoimmune adverse effects observed with systemic therapy
(460). Lastly, Wang et al developed degradable microneedle patches, which can be
applied to the skin, that release dextran nanoparticles conjugated to anti-PD-1 mAb that
release the drug upon encounter of an acidic environment and this enhanced survival of
mice in a melanoma tumor model (462). Consequently, the use of one or more of these
approaches could be applied when considering the use of IL-15 agonists or other agents

that can upregulate IL-15 in the TME as intratumoral therapies.

One last aspect to consider in the studies performed in this dissertation is the fact
that we only used transplantable subcutaneous mouse tumor models. Subcutaneous
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mouse tumor models provide important advantages including highly reproducible and
rapid growth of tumors and easy tumor growth monitoring by visual inspection and
manual measurements (463). However, since they arise from a clonal population of cells
that have been cultivated, they may lack the heterogeneity observed in naturally
developing tumors and since they are implanted in tissues different from their tissues of
origin they fail to receive the adequate cues that can lead to development of a different
inflammatory tumor microenvironment (464). Nevertheless, these mouse models have
been widely used for the study of cancer immunotherapy drugs, including immune
checkpoint inhibitors, and their results have been validated in clinical trials and thus
continue to serve as important models for immuno-oncology research. A different
approach that could have been taken was using orthotopic tumor models where
syngeneic mouse tumor cells are implanted into the organ or tissues of the same
histologic type as the tumor cells (463). While these orthotopic tumors develop in the
organs or tissues of origin, they still present some disadvantages because they are
derived from cultured cell lines that lack the genetic heterogeneity that is found in human
tumors. Other mouse tumor models that could be used to circumvent the limitations of
transplantable tumor models are genetically engineered mouse models in which tissue-
specific overexpression of oncogenes or deletion of tumor suppressor genes can lead to
spontaneous development of tumors. It would be interesting to perform studies using
these different types of mouse tumor models in experiments using local IL-15 therapies
to elucidate how the tumor microenvironment and the development of mutations over

time affect the response to these therapeutics.
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