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Abstract

Val-boroPro, a compound first synthesized in the Bachovchin Lab at Tufts
University Sackler School of Graduate Biomedical Sciences as a dipeptidyl
aminopeptidase inhibitor, was found to stimulate the production of specific cytokines that
enhance the immune response to tumors in a variety of mouse models. However, in these
models, a criteria observed to mediate Val-boroPro’s efficacy was the immunogenicity of
the cancer cell line targeted for treatment. In non-antigenically visible cancers, Val-
boroPro failed to elicit the same level of anti-cancer activity, as with those cancers that
were known to be antigenically visible to the hosts immune system. This is feature that is
common across immuno-oncology agents, as only immunogenic cancers elicit the
recruitment of both the innate and the adaptive immune system. In contrast, those cancers
that are not antigenically visible only recruit an innate immune response, which
dramatically reduces their anti-cancer activity.

Doxorubicin is an approved chemotherapeutic agent that interferes with DNA
repair mechanisms, and causes cell death by necroptosis. Recent literature suggests that
Doxorubicin is one of several chemotherapeutic agents that is able to induce
immunogenic cell death of tumor cells. This inference followed the observation that
Doxorubicin has greater anti-cancer activity in immune competent animals than in
xenograft models. It is speculated that such a form of cell death might make the tumor
antigenically visible to the hosts immune system.

My masters’ thesis hypothesizes that Val-boroPro will synergize with compounds
such as doxorubicin that induce immunogenic cell death. To test this hypothesis, a

combination of Val-boroPro and Doxorubicin were administered to Balb/c mice



inoculated with syngeneic tumor model CT-26, which is a model for colon cancer, and
for which Doxorubicin induced immunogenic cell death has been previously observed.
The objective of my project was to determine if Val-boroPro immune enhancing activity
could be harnessed in non-antigenically visible cancers when it was given with

Doxorubicin.
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Chapter 1. Introduction

Immuno-oncology seeks to enhance the body’s existing, but generally ineffective
immune response to tumors [1]. Most often, 10 agents do not seek to generate a new
immune response, but instead, these agents work to optimize existing immune activity,
which has already been mounted by the host against the tumor [1].

In non-antigenically visible tumors, an anti-cancer immune response is carried out by
cells of the innate immune [1]. This innate immune response generally stalls the cancer
for some period of time while the cancer is in its initial stages [2]. However, it does not
provide significant benefit in containing cancer that is metastatic [1].

In antigenically visible tumors, a second immune response is present, which proceeds
through the adaptive immune system [1]. Antigenically visible cancers benefit
significantly from their generation of both an innate and an adaptive immune response
[1]. Similar, 10 agents benefit from cancers that generate a dual response to tumors, as
this affords these agents access to two pathways to optimize, and these agents are almost
ubiquitously more effective at treating cancers that generate antigenic stimulus than at
treating cancers that do not have an antigenic component [1].

1.1 History of Immunotherapy in Oncology

Cancer has long been speculated to be a disease of the immune system, in which
carcinogenic cells are permitted to survive and proliferate in the absence of an effective
immune response [1]. The role of the immune system in containing carcinomas was
substantiated with the proof-of-concept clinical trial utilizing anti-CTLA4 [1]. CTLA4 is

a protein receptor that functions as an immune checkpoint and works by downregulating



the response of cytotoxic T-cells. Anti-CTL4 therapy inhibits this checkpoint and blocks
the associated downregulation in cytotoxic T-cell function.

Since the validation of CTLA4 as a clinical target, immunotherapies have seen a
cascade of approvals for a variety of cancer types and targets. These include the approval
of nine different monoclonal antibodies, which target six cancer associated proteins,
including Her2, NEU, EGFR, VEGF, CD20, CD52, and CD33 [1]. Additionally,
allogeneic bone marrow transplant, which results in the recipient receiving allogeneic
donor lymphocytes, has been shown to be a highly effective method of treatment for
various forms of leukemia [1]. Other immunotherapies that have demonstrated efficacy
and received approval for oncologic targets include, CAR-t which is approved for the
treatment of certain types of lymphoma and acute lymphaoblastic leukemia, the
recombinant cytokine IL-2 which is approved for the treatment of metastatic renal cell
carcinoma and metastatic melanoma, and anti-PDL-1 which is approved for metastatic
non-small cell lung cancer and head and neck squamous cell carcinoma [1].

1.2 Immunotherapeutic Challenges & Requirements

For immunotherapy to be effective, the following critical immune functions must be
carried out. The first of these functions, and the origin of the anti-cancer immune
response is antigen presentation. Antigen presentation is dependent on the dendritic cells
present in the tumor microenvironment up-taking and recognizing tumor associated
epitopes as antigenic, and then proceeding to traffic these antigens to neighboring
lymphoid organs, in which the dendritic cells must present the antigen to the resident T-
cells [1]. Here the second critical step in mounting an anti-cancer immune response is

carried out. In these lymphoid tissues, T-cell priming and activation occurs [1]. The final



step required to enact an immune response against the tumor, is the successful infiltration
and recognition of tumor cells by the activated T-cells, which must overcome a highly
immunosuppressive tumor microenvironment in order to reach and act on their target [1].

1.3 Val-boroPro in the Context of Immunotherapeutic Challenges

Inherent in Mellman’s framework of the required immunological functions outlined
in figure 1.1, are many potential challenges that immunotherapy must overcome. One of
these challenges is the highly immunosuppressive tumor microenvironment, in which
antigens must be recognized and processed by dendritic cells, and through which
activated T-cells must infiltrate [1].

Val-boroPro addresses the issues of the immunosuppressive tumor microenvironment
by enhancing immune activation and infiltration into the tumor stroma [2]. This is
demonstrated by the preclinical assay work done with the compound by the private
company, Point Therapeutics. Point Therapeutics preclinical assay work with Val-
boroPro revealed that across a wide variety of cancer models, Val-boroPro stimulated
tumor-specific T-cell immunity and resulted in the recruitment and trafficking of innate
effector cells such as neutrophils, macrophages, and natural Killer cells into the tumor
stroma [21].

1.4 Challenges Val-boroPro Monotherapy Fails to Address

In addition to the obstacle of an immunosuppressive tumor microenvironment,
immunotherapy mandates the presence of a detectable antigen in order to catalyze the
desired anti-cancer immune cascade [1]. Thus, it is unsurprising that VVal-boroPro is much
more effective at treating antigenically visible cancers than at treating immunogenically

silent cancer models [9,16].



The efficacy of Xaa-boroPro compounds, and their dependence on the immunogenicity of
the cancer model to stimulate anti-cancer activity, was discovered during preclinical
mouse work done with the MB49 bladder carcinoma mouse cell [9]. The MB49 cancer
cell line expresses the HY male minor histocompatibility antigen complex [16]. In female
mice bearing HY-expressing MB49 tumors, Val-boroPro was shown to produce tumor
regression and rejection in all of the treated mice [9]. A major part of the antitumor effect
in this model appears to result from the ability of VVal-boroPro to enhance the T cell
response against HY antigen epitopes, as the MB49 tumor response was greatly reduced
in male tumor-bearing mice, which are naturally tolerant to the HY antigen complex [9].

Further confirmation of this finding came when Balb/c mice were inoculated with
the non-syngeneic M3-9-M mouse cancer cell line, which is a model for embryonal
rhabdomyosarcoma [8]. Additionally, female Balb/c mice were again inoculated with the
HY-expressing MB49 urothelial carcinoma line. Both the M3-9-M and the MB49
inoculated mice were subsequently treated with closely related Val-boroPro analog,
tbutyl-Gly-boroPro [17]. Following treatment, a dramatic divergence in tumor remission
and rejection was observed when comparing the tbutyl-Gly-boroPro treated mouse cohort
against the control cohort of mice, which were administered saline [17]. As depicted in
figure 1.1 with data generated by the Bachovchin lab, the mice receiving tbutyl-Gly-
boroPro treatment experienced a remarkable rate of tumor resolution, where as those
mice treated with saline alone, ubiquitously continued to experience growth and the

progression of their carcinomas.
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Conversely, when Balb/c mouse cohorts were inoculated with the syngeneic
mouse cancer cell line MCA/76-9, which models rhabdomyosarcoma and does not
express HY-antigens, and those inoculated mice were subsequently treated with tbutyl-
Gly-boroPro or saline, treatment resulted in a far less dramatic divergence in efficacy.
Data from MCA/76-9 inoculated mice continued to favor tbutyl-Gly-boroPro treatment
over saline with respect to stalling the progression in tumor size, but those mice
inoculated with MCA/76-9 rhabdomyosarcoma and treated with tbutyl-Gly-boroPro did
not experience the tumor regression or rejection observed with non-syngeneic mouse
cancer models MB49 and M3-9-M [8, 17].

These results suggest that the antitumor effect of Xaa-boroPro compounds is
governed, at least in part, by the intrinsic immunogenicity of the tumor and the strength
of the antigenic stimulus it provides to T cells in vivo. It follows that combination therapy
with Val-boroPro and an agent that can boost tumor immunogenicity might provide a
feasible approach to improving the response of tumors that are refractory to treatment

with Val-boroPro by itself.



1.5 CT-26 Tumor Cell Line in the Context of Immunotherapy

CT-26 is a syngeneic mouse cancer cell line that is used as a model for colon cancer.
As an antigenically silent cancer, it is unsurprising that Balb/c mice inoculated with the
CT-26 cancer cell line and treated with Val-boroPro experienced a similarly stalling in
tumor progression and a similar failure to generate tumor regression and rejection, as is
seen figure 1.1 with the non-synergic mouse cancer cell line MCA/76-9 treated with
tbutyl-Gly-boroPro. This results because in the face of a syngeneic model, antigen cannot
be detected by resident dendritic cells in the tumor microenvironment, and therefore an
adaptive immune response cannot be generated [1]. Thus, the critical effector cytotoxic
T-cells are not activated and primed, and any anti-cancer activity resulting from treatment
with Xaa-boroPro compounds in syngeneic models can be solely attributed to the
increased response and stimulation of the innate immune system within the tumor
microenvironment [1, 21].

Depicted in figure 1.2 with data generated by the Bachovchin lab, is efficacy data
regarding Val-boroPro as a treatment to combat Balb/c derived CT-26 mouse colon
cancer in Balb/c mice. As is illustrated by these data, as the doses of Val-boroPro
administered increases, there is a corresponding delay in tumor progression, however,

none of the mice treated with Val-boroPro responded with tumor regression or rejection.
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Figure 1.2. Val-boroPro Efficacy in CT-26 Mice

Recent work combining Doxorubicin and immune checkpoint inhibitors, anti-CTLA4
and anti-PD-1, in Balb/c mice inoculated with the syngeneic mouse cancer cell line CT-
26, demonstrated a remarkable increase in anti-cancer response rates, when compared to
those CT-26 inoculated mice receiving an immune checkpoint inhibitor alone [22]. Of
those mice treated with anti-PD-1 monotherapy, 0 out of 10 of the treated mice achieved
the complete resolution of their tumor [22]. However, of those mice treated with anti-PD-
1 and Doxorubicin combination therapy, 8 of the 10 mice completely recovered from
their CT-26 tumor burden [22]. Similarly, those mice treated with anti-CTLA-4 and
Doxorubicin combination therapy, faired significantly better than those mice treated with
anti-CTLA-4 monotherapy [22]. As a monotherapy, anti-CTLA-4 was able to induce
complete regression in 2 out of 10 CT-26 tumor challenged mice. As a combination
therapy with Doxorubicin, anti-CTLA-4 induced the complete regression and the

recovery of 9 out of 10 tumor challenged mice [22]. Additionally, of those mice receiving



both Doxorubicin and a checkpoint inhibitor, a higher degree of efficacy was observed in
immunocompetent mice than in immune incompetent mice [22]. This suggests that the
use of Doxorubicin resulted in the generation or enhancement of an adaptive immune
response.

From these data, it is reasonable to assume that administering Doxorubicin in
conjunction with Val-boroPro in Balb/c mice inoculated with the CT-26 mouse cancer
cell line, will result in a more effective anti-cancer immune response than that which
could be mounted from Val-boroPro alone, as these data suggest that Doxorubicin is, in
effect, turning a non-antigenically visible cancer into a cancer that can be recognized by
the adaptive immune system by increasing the cancers antigenic stimulus. Additionally,
the mechanism of Val-boroPro is similar to that of a checkpoint inhibitor with respect to
its anti-cancer activity. Thus, it is hypothesized that administering Doxorubicin in
addition to Val-boroPro in a syngeneic cancer model, such as the CT-26 model, will
provide the dendritic cells in the tumor microenvironment with recognizable tumor-
associated antigens, and that the addition of Doxorubicin will therefore facilitate the
activation of the adaptive immune system, and will result in the generation of T-cell
associated anti-cancer immunity.

1.6 Xaa-boroPro’s and the discovery of the DASH Family

Val-boroPro (VbP) was first synthesized in the 1990s at Tufts University’s Sackler
School of Graduate Biomedical Sciences in the Bachovchin Lab. Its intended purpose at
the time of its synthesis was to investigate the biological function of DPP4. Inhibition of
DPP4 by Val-boroPro was found to have anti-diabetic effects, and DPP4 was later

validated as a clinical target for antidiabetic therapy.



In addition to its antidiabetic effect, preclinical work with Val-boroPro was found to
induce anticancer activity across a variety of mouse models [7]. This anticancer activity
was not observed with inhibitors specific for DPP4 [2]. The anticancer activity stimulated
by treatment with Val-boroPro was first identified following the discovery of DPP4
independent hematopoietic activity via the upregulation of hematopoietic growth factors
[2]. DPP4’s independence raised the need to reassess the pharmacological targets of Val-
boroPro, leading to the realization that DPP4 is a member of subfamily of related serine
proteases referred to as the DASH family of DPP4 structural activity homologs.

DASH family proteins are classified and clustered on the basis of gene sequence
irrespective of their enzymatic activity. Generally, references to the DASH family
exclude those enzymes that lack enzymatic activity, as those enzymatically inactive
DASH family members are not interesting as therapeutic targets. The DASH family
proteases are DPP2 (also called DPP7), DPP4, DPP8, DPP9, FAP, and PREP, and any
reference made to the DASH family will be exclusive to these proteolytic DASH family
members. Figure 1.3 is a summary of the DASH family members, and their respective

biological activities.

Y

>3 3
7 opPull

PREP

i \
DPPII, DPP7, QPP

DPPIV, CD26

FAP, seprase PREP, POP

+ Glucose homeostasis (46)

- Collagen metabolism (41)
. T cell activation (164, 165)
+ MERS-Cov receptor (52)

- Tissue remodeling (47)

- Key regulator in tumor
growth and metastasis
“a7)

Figure 1.3.

- Largely unknown
function

- Survival factor in

Ewing’s sarcoma (71)

DPP9, DPRP2

- Largely unknown function

- Peptide turnover (73)

- Macrophage activation
82)

- Survival factor in Ewing’s

sarcoma (71)

- Apoptosis of G,
lymphocytes (92-94)
* T..» differentiation (211)

PRCP, Lysosomal
Pro-X
carboxypeptidase

- Renin-angiotensin
system (88)

- Body weight control
(89)

DASH Family Overview

- Protein turnover and
sssss tion (96)

+ Neutrophil chemotaxis
(116)

- a-Synuclein
aggregation (129)



Within the DASH family, DPP2, DPP4, DPP8, DPP9, FAP and PREP share remarkably
similar active sites and substrate specificity, and each of these enzymes is an inhibitory
target of VVal-boroPro with varying degrees of affinity.

1.7 DASH Substrate Specificity

DASH Serine proteases are members of the d/B-hydrolase family and each possess a
Serine nucleophile and a catalytic triad [4]. These DASH family enzymes are defined by
the primary sequence of the amino acids that make up their cleavage motifs, which are
ordered Serine, Aspartic Acid, Histidine [5]. The configuration of these amino acids
within the folded tertiary structure of the active site is varied between DASH family
members [5].

Among the DASH family of enzymes, DPP2, DPP4, DPP8, DPP9, and FAP share
an exopeptidase activity that cleaves dipeptides from the amino-terminus of peptides after
proline. Thus, each of these enzymes recognize Val-boroPro as a transition state analog.
Additionally, within the DASH family, FAP and PREP exhibit endopeptidase activities

that are proline dependent [5].

DASH Family Proteases

NH,-Xaa-Pro-Xaa-Xaa-Gly-Pro-Xaa-Xaa---
Figure 1.4. DASH Family Specificity
The known implications of Proline-cleaving enzymes have given rise to the proline

checkpoint hypothesis [4]. The proline checkpoint hypothesis speculates that enzymes

10



which cleave after proline may serve in a regulatory capacity. The function of DPP4 in
regulation of glucose metabolism via its proteolytic inactivation of GLP-1 provides the
prototypical example of the proline checkpoint hypothesis [4]. Val-boroPro’s suspected
anticancer mechanism aligns with this hypothesis with respect to the governance of the
immune system.

1.8 Val-boroPro’s Anticancer Mechanism of Action

The current understanding of the anticancer mechanism of action of Val-boroPro
comes from both in vivo studies in tumor models and in vitro studies in cell culture
systems.
In vivo, Val-boroPro induces specific T-cell anticancer immunity and T-cell-independent
anticancer activity via the stimulation of cytokine and chemokine production in Balb/c
mice inoculated with MM46T fibrosarcoma cells, as measured by mRNA expression. [7,
8]

The induction of these cytokines and chemokines revealed IL-1p signaling to be a
critical feature of the anticancer immune response triggered by Val-boroPro [8]. In vivo,
this was demonstrated by KO mice that lacked a type-1 IL-1 receptor, and failure to
release these critical cytokine and chemokines [20]. Thus, the IL-1p pathway was
elucidated as the critical pathway responsible for Val-boroPro’s induction of cytokine
and chemokine production in vivo.

To isolate the cellular site responsible for IL-1f induction, in vitro work was
performed utilizing the THP-1 human monocyte cell line [21]. In vitro, it was shown that
the THP-1 cells respond to proinflammatory signals derived from bacteria with the

release of IL-1B [21]. Additionally, the induction of IL-1f production by THP-1 cells was
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shown to be significantly stimulated by treatment with Val-boroPro [21]. These results
suggest the monocyte is the cell responsible for IL-1p induction by Val-boroPro [21].
After identifying the cellular site of IL-1B induction, Val-boroPro’s anticancer
dependence on an intact IL-1pB pathway was again confirmed, this time in vitro.

In vitro work in a human monocyte co-culture system demonstrated the either the
addition of an IL-1-receptor-blocking antibody, or the addition of the IL-1R antagonist,
resulted in a reduced level of mature IL-1B released into monocyte culture supernatants
as measured by Eliza [21]. The significance of IL-1 receptor signaling in the induction of
IL-1P was also confirmed in vitro by western blot, which captured the levels of pro-IL-1p
released by monocytes harvested from the same set of cultures [21]. It was found that co-
stimulation with Val-boroPro resulted in a dramatic increase in intracellular pro-1L-1
levels. This was attenuated when the IL-1 receptor antagonist, Kineret, or an anti-I1L-1
receptor antibody was introduced to the cellular culture system [21].

Table 1.1. Xaa-boroPro IC50 Values for DASH Family Members

| f 1N
iy’ N ""H-// i ‘l\,_\_‘_/
g b /‘\_l/ { - 1 . ‘/\T (
o B : [ 5 B
] Bges HO =
Val-boroPro Glu-boroPro Ala-boroPro
1C50, nM
DPPIV DPPR DPPY PREP DPP I FAP
Val-
boroPro 1.0 4.0 2.0 L 21 17
 Glu-
boroPro 1.0 20.0 13 140 12 4.0
T Ala-
boroPro 5.0 4.0 2.0 440 2.0 130

Advances in knowledge of Val-boroPro’s molecular target(s) and its molecular

mechanism for the induction of IL-1R began with an investigation of the Val-boroPro in

12



cellular culture systems to test and eliminate all of the potential inhibitory target(s)
responsible for its anticancer activity [21]. In a purified enzyme system, IC50’s for Val-
boroPro and its closely related analogs, Glu-boroPro and Ala-boroPro were obtained for
DPP2, DPP4, DPP8, DPP9, FAP and PREP [21]. These values are given in table 1.1 [21].

To determine the molecular site of IL-1R induction, FAP and DPP4 were
eliminated from the list of potential anticancer inhibitory targets of VVal-boroPro, as the
induction of IL-1p is controlled by macrophages and monocytes, thus, Val-boroPro’s
target was presumed to be born on a cell of the monocyte/macrophage lineage [21].
Exploration of DPP2 by the Bachovchin lab in cellular culture systems showed its
isolated inhibition stimulated the induction of IL-17, but not the induction of IL-1R, and it
was therefore dismissed as the inhibitory target responsible for Val-boroPro’s anticancer
activity.

To eliminate DPP8 and DPP9 inhibition as the source of I1L-1R induction,
derivatives of isoindoline were used to inhibit DPP8 and DPP9, as isoindolin derivatives
are selective and potent inhibitors of DPP 8 and 9[21]. When isoindoline derivatives were
added to cultures of PMA-differentiated THP-1 cells in the presence Val-boroPro, it
resulted in the induction of IL-1, as was determined by ELISA of culture supernatants
[21].

Later, the activation of IL-1R induction resulting from treatment with Val-boroPro,
was shown to proceed via the activation of caspase-1 [21]. This was discovered as THP-1
cells incubated with the isoindoline derivative and assayed for caspase-1 activity,
observed a dose- and time-dependent increase in caspase-1 activity following treatment

with Val-boroPro [21]. The time course of caspase-1 activation emulated that of IL-1p
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secretion [21]. From this in vitro work, it was elucidated that in cells of the monocyte or
macrophage linage, the inhibition of DPP8, DPP9, or both, is responsible for the IL-13
induction that follows treatment with Val-boroPro [21]. As “the inhibition of DPP 8 [and
DPP]9 appears to trigger the conversion of the inactive caspase-1.... into the active form
responsible for processing pro-IL-1p into mature, biologically active IL-1B [21].

1.9 Expanded mechanistic Understanding of Val-boroPro Anticancer Mechanism
Recent work has expanded upon the mechanistic understanding of IL-1p induction by
Val-boroPro. The use of CRISPR gene editing by the Dan Bachovchin lab has elucidated
that upon its inhibition in macrophages, DPP8 and DPP9 set off an intracellular cascade
that results in pyroptosis [12,13]. Pyroptosis induced by Val-boroPro has been shown to
proceed through the monocyte/macrophages’s NLRP1 inflammasome (CARDS in
humans), Caspase 1, and Gasdermin D [12,13]. These results have been confirmed by
Zhong et al [14] and de Vasconcelos et al [15].

Pyroptosis induced by Val-boroPro and its analogs have consistently
demonstrated more profound anticancer in immunogenic cancer models [17]. This
observation reconciles with assay work done by Point Therapeutics, which found that
following Val-boroPro induced pyroptosis in macrophages and monocytes, there is a
release of IL-18 and 1L-18. Both of these cytokines have been implicated in the activation
of T-cell dependent immune responses, leading to the hypothesis that the induction of IL-
113 and IL-18 in macrophages drives the antitumor T-cell response produced by Val-

boroPro in tumor-challenged mice [21].
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This aligns with data generated by Point Therapeutics, which found that Val-boroPro’s
anticancer activity was significantly weakened in mice that were deficient in the T cell

receptor [21].
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Figure 1.5. Val-boroPro T-cell Dependence

As shown in figure 1.5, which was generated by Point Therapeutics, in tumor-
challenged mice, Val-boroPro activates a T-cell mediated responses against a number of
non-syngeneic tumors [21]. In the absence of an activated T cell response, the antitumor
activity generated by Val-boroPro is greatly diminished [21]. The results of these
experiments imply that effective T cell engagement is an essential components of the
tumor regression and rejection observed with Val-boroPro, and this data confirms the
adaptive immune system as a critical component of the anticancer immune response
generated from treatment with Val-boroPro, and Val-boroPro’s reliance on the presence

of a detectable antigen in order for its full anticancer activity to be harnessed.
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1.10 Val-boroPro’s Clinical History

In 2004, Val-boroPro received fast track designation as an early immune-oncology
agent. It filed INDs for a variety of indications, but discontinued its programs for soft
tissue sarcoma, rhadomyosarcoma, hepatic tumors, neuroblastoma, osteosarcoma, brain
cancer, germ cell and embryonal neoplasms, Ewing’s sarcoma, and Wilm’s tumor
following phase 1 of clinical trials. VVal-boroPro progressed to phase 2 clinical trials as a
single agent therapy for metastatic melanoma, phase 2 clinical trials as a combination
therapy for pancreatic cancer, chronic lymphocytic leukemia and metastatic melanoma,
and it progressed to phase 3 clinical trial as a combination therapeutic agent for non-small
cell lung cancer. In total, during its time as a clinical candidate, Val-boroPro was
administered to more than 500 human patients ranging from Phase 1 to phase 3 clinical
trials.

Table 1.2 VVal-boroPro Clinical Indications

IND PHASE ! PHASE 2 PHASE 3
Soft Tissue Sarcoma

Rhadomyosarcoma

Hepatic Tumors

Neuroblastoma

Osteosarcoma

Brain Cancer

Germ Cell &
Embryonal Neoplasms

Ewing's Sarcoma

Wilm's Tumor

Chronic Lymphocytic L nia

Metastatic Melanoma

Pancreatic Cancer

Non-small cell lung cancer )

Examination of the clinical programs with Val-boroPro that advanced beyond phase

one reveals that none of the combination therapeutic discourses coupled Val-boroPro
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treatment with an agent thought to be immunogenic or to have any beneficial
immunologic activity. Instead, it is believed that the agents which were given in
combination trials with Val-boroPro, would have immunosuppressive effects [1] which
likely handicapped, not enhanced the effects of VVal-boroPro.

Table 1.3. Val-boroPro Phase 2 and 3 Clinical Programs

— Preclinical ~ Phase | Phase 2 Phase 3

TALABOSTAT
NSCLC

w/docelaxel

NSCLC

wipemetrexed

Metastatic Melanoma
wiciEplatin
Metastatic Melanoma
single-agent

CLL

wirituximab

Pancreatic Cancer
w/gemcitablne

In 2007, Val-boroPro failed to generate efficacy data to meet the standards required
to obtain clinical approval. Additionally, its toxicity data resulted in it being placed on FDA
clinical hold. These toxicities resulted in an non efficacious concentration of Val-boroPro
being administered throughout the aforementioned trials.

1.11 Elucidating the Mechanism of Val-boroPro Toxicities

Following its phase 3 clinical failure, much exploration has been done to determine
the etiology of Val-boroPro induced toxicities, which was discovered to be its induction of
an eicosanoid storm. Subsequently, efforts turned to methods to mitigate the eicosanoid
induced toxicities.

In 2018 the FDA lifted its clinical hold on Val-boroPro, and it is now being tested
in phase 1 clinical trials for pancreatic cancer as a combination therapy with a PDL-1.

Val-boroPro was permitted to reenter clinical trials due to the hypothesis that co-therapy



with an anti-PDL-1 will allow for a lower dose of Val-boroPro to be administered, as it
will work synergistically with Val-boroPro’s mechanism of action to generate a more
efficacious immune response at a nontoxic concentration.

In addition to the promise of increased efficacy from a combination therapy, the
exploration of the mechanism of Val-boroPro’s underlying toxicity revealed PGE.
induction to a critical step in the generation of the eicosanoid storm. Thus, through the
use of COX inhibitors to suppress PGE., the Bachovchin lab has been effective at
offsetting the previously dose constraining toxicities experienced with Val-boroPro and
has prevented hypovolemia and edema in both mouse and rat models. This should allow
for a dose higher than that administer during the failed phase 3 trial to be safely
administered to human patients.

1.12 Experimental Rationale & Doxorubicin as an Immunogenic

Chemotherapeutic Agent

The current therapeutic concept of boosting endogenous immunity to produce
clinically relevant tumor response is based on the finding that many tumors appear to
stimulate a T-cell-mediated immune response against tumor antigens, but the response is
insufficient to provide clinical benefit due to the many immunosuppressive protections
implemented by the tumor to hinder the immune system in providing a clinically relevant
tumor response [1].

Certain chemotherapeutic agents have the capacity to increase tumor
immunogenicity and thereby increase T-cell priming against tumor antigens. Such agents

are referred to as immunogenic chemotherapy [18]. Immunogenic chemotherapy is
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defined operationally as chemotherapeutic agents that not only kill tumor cells but are
more effective in immunocompetent than in immunodeficient mice [18].

The components of immunogenic tumor cell death that stimulate the maturation of
dendritic cells into mature-antigen presenting cells that process tumor antigens and more
efficiently prime tumor antigen-specific T cells, including cytotoxic CD8+ T cells is
summarized below.

In cancer cells undergoing immunogenic cell death, calreticulin (CRT) translocates to
the cell surface, and ATP and high mobility group box 1 (HMGBL1) protein are released
into the tumor microenvironment. Cognate interactions between these molecules and
receptors present on the surface of immature dendritic cells signal their recruitment to the
tumor microenvironment, and the engulfment of tumor antigens and their presentation to
T cells [18].

1.13 Chapter 1 notes

The tables and figures provided throughout chapter 1 of this master’s thesis were
primarily generated by the Bachovchin lab and the companies that were predicated on its
intellectual property, Arisaph Pharmaceuticals and Point Therapeutics. These figures and
tables and their origins are referenced in the text immediately surrounding them, and
include figures 1.1, 1.2, 1.3, 1.4, 1.5, and tables 1.1 and 1.3. No figures or tables were

taken from published work.
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Chapter 2. Materials and Methods

2.1 Animals

Balb/c female mice were purchased from Charles River Laboratories in Willimington,
MA and arrived at the DLAM facility at 7 weeks of age. Mice were feed a diet of
standard mouse chow (Telkad) and were given continual access to clean drinking water,
which was augmented with Acetaminophen on an ongoing basis when mice presented
with tumor necrosis and/or ulceration. Mice were housed in cages of 5 mice per cage and
were kept in the DLAM facility at Tufts University Sackler School of Graduate
Biomedical Sciences. All animal experiments were done in compliance with institutional
guidelines for animal care and were approved by the institutional Animal Care and Use
Committee.

2.2 Tumor Cell Line and in vitro Culture

Mouse colon cancer cells cultured from chemically induced tumors in Balb/c mice
(CT-26) were purchased from American Type Culture Collection, in Manassas, VA.
CT26 cells were cultured in RPMI1640 medium, which was supplemented with 10% heat
inactivated FBS purchased from Atlanta Biologicals, in Lawrenceville, GA, and 1% Pen-
Strep purchased from Mediatech in Manassas, VA. CT26 cells were stored at 37° C in an
incubator of 5% CO2 to provide a humidified atmosphere. Cells were sub-cultured three
times per week.

2.3 Therapeutic Agents and Formulation

Therapeutic agent Val-boroPro, L-valinyl-L-boroproline, USAN talabostat, was
synthesized in the Bachovchin lab at Tufts University Sackler School of Graduate

Biomedical Sciences as a crystalline solid by Jack Lai and Wegen Wu and was found to
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have a purity level of >98% as measured by HPLC. The ID-lot number for this compound

was 2054-14.
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Figure 2.1. Val-boroPro

Val-boroPro’s synthesis was carried out in accordance with the synthetic scheme
and methods outlined in USPTO patent US4935493A “Protease Inhibitors.” The material
provided from this synthesis was weighed and dissolved at the appropriate concentration
in pH 2 water (0.01 N HCI). The concentration was 0.1 mg/ml. This dosing solution of
Val-boroPro was prepared in aliquots of 10 X 5 ml was stored frozen at -20°C until used.

Doxorubicin was obtained through DLAM from the Tufts Medical Center
Pharmacy, which procured the injectable formulation of Doxorubicin, Doxorubicin
Hydrochloride Injection, from Fresenius Kabi as a USP grade compound with
Doxorubicin concentration of 2mg per mL. Doxorubicin Hydrochloride was stored at

4°C until used.
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Figure 2.2. Doxorubicin

On the day of injection, the doxorubicin was diluted to 2 uM (0.001088 mg/ml) as
follows: 0.01 mL of 2 mg/mL Doxorubicin added to 0.174 mL sterile phosphate buffered
saline (PBS). Then 0.15 mL of the first dilution was added to 1.35 mL sterile PBS for a
total dilution of 1840x. 0.05 mL of 2 uM Doxorubicin was injected into the tumor.
Diluted doxorubicin was used on the same day as the dilution.

2.4 Tumor Inoculation and Protocol

One hundred Balb/c mice were inoculated with Balb/c derived CT26 cells colon
cancer cells eight days after arriving at the DLAM facility. Each Balb/c mouse was
inoculated subcutaneously at the right shoulder with 1x10: CT26 cells/mouse suspended
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in .2 ml of PBS. Following inoculation, mice were monitored 3 times per week, where
their tumor size and body weights were taken and recorded.
2.4.1 Group Assignments

Of the 100 mice inoculated with CT26 cells, 40 mice with the highest degree of
homogeneity across tumors and body weights were selected to participate in treatment.
Mice were then grouped in cohorts of 10 mice per cohort according to the animal’s body
weight and tumor volume. This was done to best achieve consistency across treatment
groups. Mouse groupings are depicted below in table 2.1, along with each mouse’s tumor
volume at the time of its grouping in table 2.2. Mouse cohorts will be referenced by their
letter assignments. Mouse cohort A represents the group of mice that received oral PO
treatment by Val-boroPro alone. Mouse cohort B represents the group of mice that
received both oral PO treatment by Val-boroPro and intertumoral injections of
Doxorubicin. Mouse cohort C represents the group of mice that received only
intertumoral injections of Doxorubicin, and mouse cohort D represents the vehicle

cohort, which received neither treatment with Val-boroPro nor Doxorubicin.

Table 2.1 Mouse Groupings Mean Weight and Tumor VVolume

Group A (Val-boroPro only) Group C (Doxorubicin Only)
* Mouse Mean body Weight = 18.8kg * Mouse Mean body Weight = 18.6kg
= Mouse Mean Tumor Size = 82.23mm? * Mouse Mean Tumor Size = 91.20mm>
Group B (Combination) Group D (Vehicle)

Mouse Mean body Weight = 18.8kg

Mouse Mean body Weight = 18.5kg

Mouse Mean Tumor Size = 97.36mm?

Mouse Mean Tumor Size = 76.84mm?
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2.4.2 Tumor Measurements
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Table 2.2. Individual Mouse Tumor Volumes at the Time of Grouping

Dox

Vol Grp Mean

166.658

74.52

167 .8B75

140.4

E6.4
1513 51.19055

24.5

48

34.3

18

Wehicle

Wol Grp Mean
105.875
20.75
160.2
162.6625
56
126
151.4235
59.094
28.512
33.075

o7.3502

Tumor measurements were taken beginning the day after inoculation. Tumor

volumes were measured using digital calipers and measurements were recorded three

times within each seven-day period, on Monday, Wednesday, and Friday. When mouse

cohorts contained mice bearing an average tumor size of approximately 80-100mm:, mice

began on their respective course of treatment. Tumors volumes were quantified using

Volume = (Width- x Length)/2.

Following treatment, cages were labeled identically with a hidden key that

corresponded to a cage numbering system assigned by DLAM. This allowed for tumor

measurements to be taken blind to the knowledge of the treatment each mouse received.

The mouse tumor measurement and body weight schedule used for this experiment is

given bellow.
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Table 2.3. Tumor Measurement Schedule
Measurement Schedule

M T W Th F Sa Su
Innoculate BW Tual BW/Twal
Bw/Tval Bw/Tval B Tal
B/ Tyal Bw/Tval B/ Tval
B fTwal BW Tual BW Twal

Throughout this experiment, animals were dosed with their respective treatment
over a 4-week period. During this time, body weights were used to track the health of the
animal. Any animal participating in this experiment who experienced a body weight
decrease to 85% of its starting weight was euthanized, per the animal care and welfare
requirements set forth by IACUC. Tumor volumes were monitored with calipers 3 times
per week to determine the effect of treatment on tumor growth rate, and as well as to
monitor IACUC humane endpoint guidelines. Any mouse bearing a tumor size
equivalent to 1,500 mms in volume, or that reached 2 cm in any one dimension, was
scheduled for euthanasia. Additional IACUC euthanasia criteria (humane endpoints)
which was monitored for throughout the study were tumor ulcerations greater than 5 mm
and/or infected ulcers, prolonged labored breathing or respiratory distress observed by
DLAM staff during cage changes and mouse feeding, significant abdominal distention
(ascites) observed by DLAM staff, or a compromised ability to eat or drink and/or an
absence of or abnormal fecal or urine output, lethargy or reluctance to move, abnormal

gait, paresis or paralysis as observed by DLAM staff.
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2.4.3 Drug Doses and Schedule of Administration

Once tumors had reached a volume of approximately 80-100mm:, mice were

grouped to begin their respective courses of treatment.

Table 2.4. Group Treatment Schedules

Group A (Val-boroPro only)
1 IT injection, 50 ul, PBS given 10 days
following inoculation with CT26 cells when
tumors reached 40-50mm?
2™ IT injection, 50 ul, PBS given 17 days
following inoculation with CT26 cells
20 pg PO Val-boroPro QDx5 beginning 9
days following inoculation with CT26 cells
and given 5 days per week

Group B (Combination)
1% IT injection of 50 uL, 2 uM Doxorubicin
given 10 days following inoculation with
CT26 cells when tumors reached 40-50mm?
2™ IT injection, 50 ul, 2 uM Doxorubicin
given 17 days following inoculation with
CT26 cells
20 pg PO Val-boroPro QDx5 beginning 9
days following inoculation with CT26 cells
and given 5 days per week

Group C {Doxorubicin Only)
1% IT injection of 50 ulL, 2 uM Doxorubicin
given 10 days following inoculation with CT26
cells when tumors reached 40-50mm?
2" [T injection, 50 uL, 2 uM Doxorubicin given
17 days following inoculation with CT26 cells
0.2 ml of PO pH 2.0 water QDx5 beginning 9
days following inoculation with CT26 cells and
given 5 days per week

Group D (Vehicle)
1% IT injection, 50 ul, PBS given 10 days
following inoculation with CT26 cells when
tumors reached 40-50mm?
2" IT injection, 50 ulL, PBS given 17 days
following inoculation with CT26 cells
0.2 ml of PO pH 2.0 water QDx5 beginning 9
days following inoculation with CT26 cells
and given 5 days per week

Mouse groups A and B received treatment of 20 pg by gavage Val-boroPro
beginning 9 days after their inoculation with CT26 cells. This treatment was given 5 days
per week at the same time each day. Mouse groups C and D received 20 ug by gavage of
pH 2.0 water beginning 9 days after their inoculation with CT26 cells. This treatment was
given 5 days per week at the same time each day.

On days 10 and 17 post inoculation with CT26 cells, all cohort groups (A, B, C
and D) were anesthetized using 3-5% inhalable isoflurane. While anesthetized, groups B
and C received intertumoral injections of 50 uL, 2 uM Doxorubicin, while groups A and
D received intertumoral injections of 50 uL, PBS.

A schedule of inoculation and treatment for the animals involved in this study is
given in table 2.5.
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Table 2.5. Inoculation and Dosing Schedule

- nolustonandDosingSchedule
B A e
| s | yyms | yepw | ywpow | ywans | yopes |y |
IR A N I R S
S mewme

A
| ympos | ympos | v | vavas | oyyas |y |y |
L
| yyms | ysms | oo | oo | yyas | s | e |
oW W W
| yups | yupos | yupns | ywsos | oyjspow |yt | yups |
- |/ [/ | | |

2.5 Statistical Analysis

Mean tumor volumes, mean mouse body weights and standard error of the mean were
calculated. Statistical significance between control and different treatment groups was
determined by ANOVA using Graft Pad Prism software.

2.6 Chapter 2 notes

None of the figures or tables contained in chapter 2 were generated by an external party.

All tables and figures contained in this chapter are the work of the thesis author.
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Chapter 3. Results
3.1 Tumor Size
The effect of Doxorubicin and Val-boroPro co-therapy on tumor size was compared
against the effect of Val-boroPro or Doxorubicin monotherapy, and against those mice
that received no therapeutic treatment. Shown in figure 3.1 are graphical divergences in
tumor size by treatment group with day 0 representing the day mice were inoculated with

CT26 cells.
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Figure 3.1. Aggregated Tumor Volumes by Treatment

As is seen in figure 3.1, combination treatment with Val-boroPro and

Doxorubicin, mice appeared optically to have a slightly better prognosis than those mice
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in other cohorts, however this optical divergence is not seen until 23 days after tumor
inoculation and was not found to be statistically significant as the majority of mouse
participants in each cohort had perished by this time. Figure 3.2 is a breakdown of each
individual treatment cohort depicting the trend in individual mouse tumor burdens and

the data corresponding to each mouse’s tumor volume.
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Figure 3.2 Mouse Tumor Volumes Broken Out by Group
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Table 3.1 Tumor Volumes by Mouse
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In the table 3.1, red boxes indicate the death of the mouse, either by euthanasia after
reaching a human end point, or by natural causes.

P-values were calculated by ANOVA to determine the statistical significance of
variations in tumor volume across treatment cohorts. Variations between cohorts A, B, C
with respect to tumor volume were found to be statistically insignificant. All treated
mouse cohorts had statistically significant variations in tumor volume when compared to

the untreated vehicle cohort. Measurements were tested for statistical significance at days
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10, 13, 15 and 17, with day 0 representing the day of inoculation with CT26 cells. After

day 17, not enough mice remained in each cohort to generate meaningful statistics with

respect to the relative efficacy of each treatment.
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Figure 3.3. Statistical Comparison of Tumor Volume
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3.2 Body weights

Mouse body weights by treatment groups did not diverge optically across treatment
groups until 15 days following tumor inoculation. Beginning at day 15, the untreated
vehicle group maintained a higher body weight than those groups receiving a therapeutic
treatment, but body weights remained consistent across treatment groups irrespective of
which therapeutic treatment regimen the mice were administered. Figure 3.4 is a graphical
depiction of body weights aggregated by treatment group and a raw data corresponding to

each mouse body weight over time.
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Figure 3.4 Mouse Body Weights by Group
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Table 3.2 Mouse Body Weights
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3.3 Survival Time

With respect to survival time and life expectancy following CT26 inoculation, there

was a significantly improved prognosis for those mice receiving a therapeutic treatment

regime as compared to the vehicle cohort. However, there was not a significant

divergence in survival time between treatment cohorts, with group A experiencing an

average survival time of 19.1 days following tumor inoculation, group C surviving an
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average of 20.8 days following tumor inoculation and groups C and D surviving an
average number of 21.6 days and 15.4, respectively.

Optically, mouse survival data tended to favor the combined treatment cohort, group B.
However, the degree of difference in survival time was not found to be statistically
meaningful when compared to other treated cohorts. Figure 3.5 is a survival curve and the

corresponding data regarding survival time, cause of death.
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Figure 3.5. Mouse Survival Curve
3.4 Chapter 3 notes

None of the tables or figures displayed in chapter 3 of this thesis were the creation of
an external party. All tables and figures in this chapter were exclusively the work of the

author of this thesis.
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Chapter 4. Discussion

Despite the lack of increased efficacy seen with Val-boroPro and Doxorubicin
combination therapy in this study, there is reason to believe that modifications to the
study’s design could yield more efficacious results for this therapy.

In most preclinical cancer models in which Val-boroPro is administered to animals
as a form anticancer therapy, dosing begins before tumors are of a measurable size. In
this study, however, treatment was delayed until tumors were of a considerable volume,
as this was necessary for intertumoral doxorubicin administration. CT26 is known to be a
fast growing tumor cell line, and therefore, delaying treatment until tumors were of a
sizable mass may have placed unrealistic expectations on the immune system.
Doxorubicin was administered intratumorally instead of systemically for ease of
administration and to concentrate the effects of Doxorubicin within the tumor
microenvironment, which sought to emulate the effects of prodrug technology developed
by the Bachovchin lab to deliver Doxorubicin locally.

The Bachovchin lab designed a pro-drug which releases Doxorubicin through FAP,
an enzyme expressed on malignant fibroblasts within the tumor stroma. Imaging studies
conjugating this FAP releasing technology to a dye have shown that the dye was released
only in the tumor microenvironment of tumor bearing animals despite being given via a
systemic route of administration (oral). Conjugating this technology to Doxorubicin is
expected to result in Doxorubicin’s activity being concentrated within the tumor
microenvironment. This transitively will allow for a higher dose of Doxorubicin to be
administered with a reduced risk of toxicity [24]. For future studies, this prodrug might

be given in place of intertumoral doxorubicin injections, which therefore would allow for
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treatment to begin before tumors were palpable.

Additionally, future experiments should focus on the timing of treatment with Val-
boroPro, as it is critical to synergize Val-boroPro dosing with Doxorubicin administration.
This is due to the mechanism of both drugs, which suggest that perhaps increasing the time
between chemotherapy and the start of VbP administration could optimize T cell priming
and avoid any immunosuppressive effects of the chemotherapy on the activation of tumor

immunity by VbP.
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