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Abstract

USING LOW-DOSE RADIATION THERAPY TO PROPAGATE SYSTEMIC RESPONSE TO IN
SITU VACCINES: A STUDY OF METHODOLOGY, TECHNIQUE, AND EFFICACY

By
Peter Michael Carlson

Under the supervision of Professor Paul M. Sondel, M.D., Ph.D.
At the University of Wisconsin-Madison

Despite substantial improvement in clinical cancer care, disease progression still occurs.
In particular, disease recurrence at distant sites apart from the primary treated tumor remains
high, and is the most common cause of cancer-related mortality. /n situ vaccination is an
immunotherapeutic approach designed to use local treatments directed at a single disease site
and drive increased antigen processing with subsequent antigen-specific adaptive responses,
ideally capable of spreading to distant sites of disease. The Sondel lab has developed a
combination in situ vaccine approach consisting of 12Gy local external beam radiation (RT) and
intratumoral injections of the hu14.18-IL2 immunocytokine (IC, a fusion of a monoclonal
antibody and IL-2), which is directed against disialoganglioside GD2 (expressed in
neuroectodermally derived tumors including neuroblastoma, osteosarcoma, and melanoma).
This in situ vaccine approach can render up to 70% of mice bearing a single B78 melanoma
flank tumor disease-free, with tumor-specific systemic memory. However, this in situ vaccine is
insufficient to control distant, untreated tumors in models of multiple B78 implanted tumors. The
goal of this thesis was to characterize the efficacy of using low-dose radiation delivered to all
sites of disease in enabling a systemic antitumor response following RT/IC in situ vaccination.

To deliver radiation to all disease sites, both external beam RT and an injectable
molecular targeted radionuclide therapy (TRT) were investigated. The TRT agent, NM600, can

be conjugated to °°Y for therapeutic delivery of radiation dose to all disease sites. One powerful



method of assessing immune changes following combination RT/IC and TRT is flow cytometry
However, many shared resource cytometry facilities do not permit analysis of radioactive tissue
for safety and radioactive waste disposal concerns. Thus in order to proceed, a novel method,
permitting reliable and accurate analysis of radioactive tissue by flow cytometry, was required.
By evaluating a cryopreservation step at each of three separate points in the flow cytometry
workflow, | demonstrated that cryopreservation of dissociated tumor and spleen cells after
surface staining, fixation/permeabilization, and internal staining produces flow cytometry results
most concordant with non-cryopreserved samples. This technique was used to safely stain and
store radioactive dissociated tumor cells from mice treated with ®°°Y-NM600, and demonstrated
time- and dose- dependent alterations to the immune tumor microenvironment following
administration of TRT.

Multiple studies conducted by different scientists in our research group demonstrated a
high degree of variance in response among B78 tumors implanted into the flank and then
treated with RT/IC in situ vaccine. In the interest of improving reproducibility in our animal
model, characterization of this discrepancy in treatment outcome was required. By directly
comparing tumor-bearing mice implanted by different experimenters, | determined that tumors
implanted subcutaneously are localized deep to the panniculus carnosus muscle in the murine
skin, remain ‘fixed’ to the underlying tissue when the overlying skin is moved, and most
importantly do not respond well to RT/IC in situ vaccination. Conversely, tumors implanted
intradermally are localized superficial to the panniculus carnosus, are ‘mobile’ in phenotype
upon movement of the skin, and respond well to RT/IC in situ vaccination. Importantly, this
‘mobile’ vs ‘fixed’ phenotype could be used to predict treatment response without prior
knowledge of implantation technique, which demonstrates its use as a potential inclusion
criterion in future syngeneic implanted tumor experiments.

After controlling for implantation depth, | determined that RT/IC in situ vaccine delivered

to a primary B78 melanoma combined with 12Gy additional RT delivered to a secondary



vi

melanoma tumor resulted in greater control at both tumor locations compared to either RT/IC
alone or radiation alone. This improved response was demonstrated as greater overall survival,
greater proportion of mice clearing both tumors, and a slower rate of tumor growth. Combining
RT/IC in situ vaccine with *°Y-NM60 TRT also improved overall survival compared to RT/IC or
TRT alone. These data suggest that additional radiation to all disease sites is indeed capable of
improving response to RT/IC in situ vaccination at distant sites. Ongoing studies are using flow
cytometry and cytokine quantification to characterize the nature of the immune response to in

situ vaccination at distant tumors, with and without additional radiation.
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Chapter 1

Introduction and Background



1.1 Overview

This thesis represents the collective work of four years focused on studying the immune
effects of tumor-directed radiation, particularly in combination with an in situ vaccine in a
syngeneic GD2* melanoma model. It is based mainly on the observation that some tumors, both
clinically and preclinically, have a predominantly immunosuppressive microenvironment that
may limit the systemic effects of a local in situ vaccine. This thesis investigates the use of low-
dose radiation delivered to all such immunosuppressive tumor sites concurrent with
immunotherapy to facilitate a stronger antitumor immune response. This introduction chapter
covers a brief conceptual summary of how the immune system influences cancer development,
and how in situ vaccines can be used to re-direct effector immune responses against the tumor.
It next discusses the immunologic effects of radiation on the tumor microenvironment, and
introduces the concept of targeted radionuclide therapy as a vehicle for delivering
immunomodulatory doses of radiation. This chapter closes with a discussion of several
conceptual challenges in conducting immunophenotyping studies with radioactive tissues,
briefly outlines the syngeneic mouse model used in this work, and summarizes the hypotheses

and experimental approach used in the remaining chapters.

1.2 Cancer immunotherapy and in situ vaccines
1.2.1 The cancer immunoediting hypothesis

One of the most profound breakthroughs in our understanding of cancer biology has
been the illumination of the complex interplay between cancer and the immune system. It is
clear now that the immune system plays a role in surveilling almost all tissues and eliminates
the vast majority of neoplastic or aberrantly functioning cells long before they become clinically
identifiable [1]. Yet there is substantial clinical and preclinical evidence that the regulatory and
immunosuppressive capabilities of the immune system can at times favor tumor growth,

angiogenesis, and even metastatic spread [2,3]. One popular hypothesis for this seemingly



dichotomous role of the immune system posited by Schreiber and colleagues is the cancer
immunoediting hypothesis, which consists of the “three E’s”: Elimination, Equilibrium, and
Escape [4]. In the ‘Elimination’ phase, the immune system surveils all normal cells and can
identify and eliminate any neoplastic or dysregulated cells. As some of these cells continue to
accumulate genetic ‘hits’ and mutations, they eventually reach an ‘Equilibrium’ between
neoplastic uncontrolled cell division and immune-mediated elimination [4]. Eventually resistant
clones and subclones persist, and the tumor progresses into the ‘Escape’ phase, where the
immune system is largely unable to affect the tumor, and clinically identifiable cancer arises [4].
Almost all cancer that we consider in a clinical context (meaning it is either symptomatic, grossly
identifiable, or detected by various cancer screening methods) has already reached the
‘Escape’ phase. In this sense, the immune system has “edited” the tumor to be specifically
immune suppressive and/or evasive.

One of the goals of cancer immunotherapy is to reengage the immune system through
supraphysiologic intervention and tip the balance back in favor of immune-mediated cancer
‘Elimination’. Upon further investigation it has become clear that the three E’s are not a
sequence, but instead a continuum that may exist in different states in different regions of a
tumor, different locations in the body, and at different times throughout the disease course [5].
Some tumors have a high degree of lymphocytic infiltration upon biopsy (termed
immunologically “hot” tumors), while others appear mostly devoid of immune cells (termed “cold”
tumors) [6]. Though both hot and cold tumors clearly represent a failure of the endogenous
immune system to adequately control the tumor, it may be that the mechanism of tumor escape
is different in these two situations. In a “hot” tumor, there may be a predominance of
immunosuppressive mechanisms in the tumor microenvironment (TME) that prevents tumor-
specific effector CD4 and CD8 T cells from attacking the tumor. In contrast, the “cold” tumors
seem to have a lack of recognition by the effector T cell compartment to the tumor at all,

possibly due to a lack of antigen processing and recognition by professional antigen presenting



cells (APCs) or a deficiency in tumor antigens that can be readily recognized by endogenous T
cells [6,7]. This critical difference may explain why patients with “hot” tumors are more likely to

respond to checkpoint blockade immunotherapy compared to “cold” tumors [7].

1.2.2 In Situ vaccines as a means of engaging the immune system against an “escaped” tumor

An ideal cancer immunotherapy should be capable of overcoming a suppressive tumor
microenvironment and stimulating activation and recruitment of antitumor effector immune cells.
One technique being studied to this end is in situ vaccination [8]. This technique involves
treatments directed at a tumor in vivo such that the tumor antigens expressed by that tumor are
released, identified, processed by antigen presenting cells (APCs), and presented to naive T
cells, to sensitize them and enable them to then recognize and destroy other antigenically-
similar cancer cells. The approach capitalizes on the natural biological processes involved in
antigen recognition and presentation without the explicit characterization of the exact antigen or
antigens being targeted, even if those antigens are different between patients. In essence, a
particular tumor is then converted into a vaccine, where enhanced recognition and presentation
of antigenic targets stimulates and diversifies an anti-tumor T-cell response [8]. Ultimately an in
situ vaccine should be able to activate a systemic immune response capable of attacking not
only the treated, vaccine-converted tumor, but other distant sites of metastatic disease as well.
Thus a local, targeted, treatment drives a systemic antitumor response.

Several agents and approaches have been investigated as tools to drive in situ
vaccination, both clinically and preclinically. One of the first agents injected intratumorally for the
purpose of driving antitumor immunity was Bacillus Calmette-Guerin (BCG), a bacterial
pathogen that drives an inflammatory response at the injection site [9]. As the immune system
reacts against the BCG via activation of toll-like receptors (TLRs), some tumor cells are killed
simply as “bystanders,” yet their tumor-specific antigens are processed by APCs in the

inflammatory BCG-containing tumor microenvironment, and can potentially drive production of



antitumor responses as well as anti-BCG responses. This process is still used in the clinic for
treatment of superficial bladder cancer [10]. Other live bacterial strains, including Clostridium
novyi, have also been shown effective in generating CD8+ T cell responses in preclinical
models of renal, colon, and anaplastic squamous cell carcinoma models [11]. Similar to live
bacterial injections, viral strains including variants of the herpes simplex virus have been
engineered to target moieties on tumor cells. These have the dual effect of activating
“bystander” immune destruction of tumor cells while also directly lysing tumors and releasing
tumor associated antigens [12]. This has lead to the FDA approval in 2017 for the oncolytic virus
Talimogene laherparepvec (T-VEC) for the treatment of advanced melanoma [13].

The chief means of immune activation by intratumoral injection of live bacteria or
bacterial components is through recognition of pathogen associated molecular patterns
(PAMPS) by toll-like receptors (TLRs). Further study has identified specific molecular patterns
for several TLRs that lead to downstream immune activation. Imiquimod, a TLR 7 and 8 agonist,
has been used clinically against cutaneous cancers and warts to great effect [14]. TLR9
recognizes hypomethylated CG-enriched oligonucleotides (CpG) in prokaryotic DNA, and can
drive activation of macrophages and dendritic cells [15]. Intratumoral CpG has been shown
effective in combination with checkpoint blockade antibodies preclinically against lymphoma
[16], and in combination with radiation, tumor-targeted antibodies, and IL-2 in melanoma [17].
Other TLR agonist agents under active investigation include Poly-inosinic:polycytidylic acid
(poly-IC, a TLR3 agonist) and bacterial lipopolysaccharide (LPS, a TLR4 agonist) [18,19].

While pathogen-derived and TLR-targeted agents aim to drive in situ vaccination through
innate inflammatory processes leading to enhanced phagocytosis and antigen presentation,
these are often combined with agents directed at propagating an adaptive antitumor immune
response. Interleukin-12 (IL-12) is a potent cytokine released by APCs and other monocyte-
derived cells, which has a strong stimulatory effect on type 1 helper T cells. These T cells are

the chief source of interferon gamma (IFNy), which can drive proliferation and sustained



activation of cytotoxic T lymphocytes among others [20]. Systemic administration of IL-12 has
demonstrated substantial preclinical antitumor activity [21], but has been associated with
substantial toxicity in patients when used systemically [22]. Interleukin 2 (IL-2) has also been
explored, as it is required for T cell proliferation and activation, and is FDA-approved for
treatment of renal cell carcinoma and melanoma, though it is also associated with substantial
toxicity when given systemically [23]. Intratumoral administration of these potent yet toxic
cytokines (and others) present an opportunity to preserve antitumor effect while avoiding toxic
side effects. To that effect, intratumoral administration of IL-12, both by direct injection of
cytokine and by local transfection of cytokine-producing plasmid, has been shown to have
modest clinical effect [24]. Much more promising results have been obtained using intratumoral
injections of IL-2, with melanoma patients showing near universal response rates at injected
tumors, and some modest response at distant, untreated tumors [25].

The above examples demonstrate the wide variety of approaches under investigation,
targeting different and multiple steps in the immune response, to achieve antitumor effect. As
our understanding of cancer biology and immunology grow, so do the novel and hypothesis-
driven means of using that understanding to achieve greater antitumor efficacy. There are many
other approaches being investigated that show both clinical and preclinical promise, including
systemic immunotherapies such as immune checkpoint blockade, autologous Chimeric Antigen
Receptor (CAR) T cells, engineered plasmid-based vaccines, and many others [1]. There has
also been substantial progress made in combination immunotherapies, both local and systemic,
as well as combination with other cancer treatment modalities including radiation therapy,

chemotherapy, and surgical resection [26].

1.3 Rationale for Combining Radiation and Immunotherapy
Another means of driving in situ vaccination in some tumors is the use of tumor-directed

radiation. The interaction between radiation therapy and the immune response has been



described for nearly 100 years. In 1921, Murphy and colleagues demonstrated that radiated
mouse skin had an increased degree of lymphoid infiltration, and that attempting to engraft a
tumor into radiated skin was less successful compared to unirradiated skin [27]. In the 1970s,
Helen Stone and colleagues showed in murine models that the dose of radiation required to
eradicate an implanted flank tumor was twice as high in immune-deficient mice compared to
immune-competent mice [28]. These researchers and many others demonstrated that an intact
immune system contributes to the local killing of tumor cells following radiation.

The abscopal effect is a rare, but well documented, phenomenon in radiation oncology
whereby patients with metastatic disease may experience partial or complete responses at
distant, unirradiated tumor sites following radiation of a separate tumor location [29]. This
phenomenon is mediated by systemic activation of an anti-tumor immune response [30]. Thus,
the immune system has always been a critical component of radiation therapy, and radiation
has the potential to drive antitumor immunity.

Radiation elicits both immune stimulatory and immune suppressive effects, which can be
heterogenous and dynamic within both the tumor and the body. These can be categorized as: 1)
direct effects on tumor cells; and 2) effects on the tumor microenvironment including fibroblasts,
endothelial cells, and tumor-infiltrating immune cells. As a cumulative result of these influences,
focal external beam radiation can elicit an in situ tumor vaccination effect — converting a
patient’s own tumor into a nidus for presentation of tumor-specific antigens in a way that

stimulates and diversifies the patient’s anti-tumor T cell response [31,32].

1.3.1 Immunomodulatory Effects of Radiation on Tumor Cells

The tumor-killing effect of radiation is traditionally thought to result from the accumulation
of DNA damage in malignant cells leading to tumor cell death by mitotic catastrophe [33]. While
this process does occur, recent studies have also demonstrated that at least some tumor cells

undergo a form of controlled cell death termed Immunogenic Cell Death. While apoptosis,



autophagy, and necrosis exert limited inflammation in surrounding normal tissues, immunogenic
cell death involves strong inflammatory mechanisms [34—36]. In cells undergoing immunogenic
cell death following radiation therapy, calreticulin is translocated to the cell surface. Calreticulin
is a well-known endoplasmic reticulum chaperone protein that is upregulated during times of
stress, and is a potent activator of dendritic cell (DC) phagocytosis [37]. High Mobility Box
Group 1 (HMGBH1) protein is also released from the nuclear compartment of cells dying following
radiation and is released to the extracellular tumor microenvironment [38]. HMGBH1 is classified
as a Damage Associated Molecular Pattern (DAMP) and can activate innate immune cell
inflammatory response by binding Toll-Like Receptor (TLR) family members, including TLR2
and TLR4 [39,40]. Immunogenic cell death following radiation is also associated with the
extracellular release of ATP, which has been shown to activate the P2XR7 purinergic receptor
pathway and the DC inflammasome [41]. This leads to increased secretion of inflammatory
cytokines including IL-1B, TNF-a, and IL-12 [42], culminating in DC activation, enhanced
antigen processing and presentation, and CD8" T cell recruitment and activation [35].
Radiation is also known to have broad effects on those tumor cells receiving a sublethal
dose. For instance, doses of external beam radiation as low as 2-4 Gy have been shown to
increase expression of major histocompatibility complex class | (MHC-1) on the surface of
cancer cells both in vitro and in vivo. Formenti and colleagues demonstrated that 4 Gy of
radiation caused an increase in MHC-I expression through increased synthesis of the beta-2
microglobulin subunit in GL621 glioma cells [43]. Increased tumor cell MHC-I expression
renders these tumor cells more recognizable by tumor-specific CD8* T cells recruited and
activated as sequalae of immunogenic cell death. This effect has been observed in numerous
cancer cell lines including human lung adenocarcinoma, hepatocellular carcinoma, prostate
adenocarcinoma, melanoma, and others [44]. Interestingly, the dose of radiation required to
optimally induce MHC-I upregulation is different for different tumor cell lines, which emphasizes

the heterogeneity in tumor radiobiology and radiosensitivity. This radiation-induced effect on



MHC-I is also observed following treatment with alpha-emitting ?2Ra [45]. This has important
implications for targeted radionuclide-based platforms.

Tumor cells surviving radiation are also modified in their susceptibility to immune
response by increased expression of cell death pathway proteins including FAS [46], which is a
target of T cell killing. Radiation can also activate a type | interferon (IFN) response in surviving
cells. cGAS is a cytosolic sensor of DNA that, upon detection of cytosolic DNA (as during viral
infection), activates the Stimulator of Interferon Genes (STING) pathway, leading to
phosphorylation of IRF3/7, production of type | IFN, and upregulated expression of IFN-
stimulated genes (e.g. MX1, OAS2, OAS3) [47,48]. lonizing radiation elicits double-strand DNA
breaks that may result in chromosome fragments lacking a centromere, leading to formation of
micronuclei when such cells progress through mitosis [49,50]. The compromised nuclear
envelope of these micronuclei enables detection by cGAS and activation of a type | IFN

response that increases with radiation dose up to 8-12 Gy.

1.3.2 Immunomodulatory Effects of Radiation on the Tumor Microenvironment

Radiation also directly affects components of the tumor microenvironment, which has
both positive and negative influences on anti-tumor immunity. Radiation increases expression of
vascular and matrix adhesion proteins including VCAM1, ICAM1, and CD31, which facilitate
immune cell diapedesis and infiltration into the tumor [46]. Radiation further stimulates tumor
infiltration by and activation of immune cells through an immediate local release of inflammatory
cytokines. This includes reported effects on the production of IL-10, IL-12, IL-15, IL-17, IL-18,
Ifn-a, Ifn-y, Ifn-B and Tgf-B [51]. Radiation also modifies the tumor microenvironment at low
doses (1-4 Gy) through a rapid and direct cytotoxic effect on radiation-sensitive tumor-infiltrating
lymphocytic lineages. Doses of 0.5, 2, and 3 Gy trigger apoptosis in 10%, 50%, and 90% of
naive T lymphocytes within 2-8 hours of radiation therapy exposure, respectively [52]. Activated

T effector cells and immunosuppressive regulatory T cells (Trgs) may be slightly less sensitive to
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radiation therapy compared to naive T cells [53,54]. Nevertheless, both T effector cells and Tregs
are highly radiosensitive relative to most tumor cells [52,54]. Notably, compared to most other
cell types, which commonly exhibit reduced response to low dose rate radiation, lymphocytes
show little change in radiation therapy sensitivity with reduced dose rate[55]. This implies that
low dose, low dose-rate radiation delivered by a low dose-rate radionuclide could also modify
the lymphocytic infiltrate in the tumor microenvironment.

Conversely, radiation also triggers immunosuppressive effects in the tumor
microenvironment including delayed recruitment of suppressive immune lineages including Tregs,
M2-polarized macrophages, and myeloid-derived suppressor cells (MDSCs) [56,57]. Moreover,
negative feedback pathways may also be activated after radiation therapy with increased
expression of immunosuppressive ligands, including PD-L1 on tumor cells, and T cell
exhaustion markers including PD1, TIM3, and LAG-3 on tumor infiltrating lymphocytes
(TILs)[58]. Finally, large volume external beam radiation may irradiate a significant portion of the
blood pool and bone marrow, leading to radiation-induced systemic lymphopenia, which is

associated with reduced survival in cancer patients [59,60].

1.4 Combination RT and Immunocytokine synergize to create an in situ vaccine when

treating a single tumor

The Sondel and Morris labs have developed a combination immunotherapeutic
approach that capitalizes on the immunomodulation of local external beam radiation and the
tumor-targeting capacity of a tumor-specific immunocytokine (IC). This IC is a fusion protein
consisting of a tumor-specific monoclonal antibody genetically linked to two human IL2
molecules. Antitumor antibodies have been used as systemic monotherapy and in combination
with other treatments for a number of cancers [61]. Some mAbs can bind to and inhibit specific

targets such as growth factor receptors, thereby directly altering the function of the tumor cell
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[61]. However antibodies themselves are immune effector molecules, and a number of immune
cells have specific Fcy receptors that can bind the Fc portion of a tumor-bound antibody thereby
inducing antibody dependent cellular cytotoxicity (ADCC) [62]. The particular combination
approach pursued in this thesis utilizes a mAb against a disialoganglioside, GD2, which is
expressed on neuroblastoma, melanoma, and other neuroectodermally-derived tissues [62].
Sondel and others used a combination of anti-GD2 mAb, IL2, granulocyte-macrophage colony
stimulating factor (GMCSF), and cis-retinoic acid in children with neuroblastoma and
demonstrated improved event free survival and overall survival with the immunotherapy arm
compared to standard treatment [63]. This mAb is the backbone for the fusion protein hu14.18-
IL2, which has been shown to have greater effect against GD2+ tumors when given
systemically than the combination of hu14.18 and soluble IL2 [64]. At least part of the benefit of
such a fusion molecule-based approach is: 1) the close proximity of IL2 cytokines to effector
molecules interacting with the Fc region of the antibody; and 2) binding of IL2 to the IL2 receptor
on effector T and NK cells effectively brings the cell into contact with the tumor cell target bound
by the immunocytokine, thus expanding the population of immune cells capable of “recognizing”

the tumor target.

Morris and colleagues demonstrated that 12Gy of external beam RT synergized with
intratumoral injections of the hu14.18-IL2 immunocytokine (IC) to generate an in situ vaccine in
murine models of GD2* syngeneic melanoma [65]. After a series of optimization experiments,
they identified that delivering RT on treatment day 0 and intratumoral IC daily on treatment days
5 through 9 resulted in optimal antitumor effect. Whereas each treatment alone was unable to
cure mice, the combination of RT + IC resulted in complete responses in 70% of treated mice
under these conditions [65]. It was demonstrated using depletion studies that this vaccine effect
was dependent on T cells and NK cells, and resulted in a tumor-specific memory that prevented

engraftment of subsequent additional tumor of the same or antigenically related type [65]. This
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approach, referred as “RT+IC” or “RT/IC”, forms the foundation for the in situ vaccine effect that

is used throughout chapters 2, 3, and 4 of this thesis.

In this work, we explore the mechanisms by which some of the response induced with
this RT/IC in situ vaccine can still fail to generate an adequate anti-tumor immune response. In
a follow up study, the Morris group found that although systemic memory is generated following
this in situ vaccine, the response failed to clear large (~500mm?3), established tumors [65]. In
addition, this in situ vaccine was substantially less effective when treating mice bearing two
similar tumors in distinct locations [66]. Radiation and immunotherapy to a single tumor resulted
in tumor clearance, but the presence of a distant, untreated tumor prevented the generation of
an immune response at either tumor. This phenomenon was only observed when the two
tumors were of the same type: a treated B78 melanoma was cleared if the secondary tumor was
Panc02 pancreatic adenocarcinoma, but not if it was another B78 tumor. Likewise, a Panc02
primary was cleared if the secondary was B78, but not if it was Panc02 [66]. This suggests that
this tolerizing effect of a distant, untreated tumor is specific to the antigens of that tumor,
meaning it is likely an immune-mediated phenomenon. This concomitant immune tolerance
(CIT) is not fully understood, and appears to fluctuate in the magnitude of antagonism at the
treated primary tumor depending on size of tumor and treatment type. Though the mechanism
of CIT is not fully elucidated, T.eqs Seem to play a substantial role. Using the DEREG mouse
model which can induce depletion of Trg cells that transgenically express a diptheria toxin
receptor that is driven by the Treg-selective foxp3 promoter, it was demonstrated that
eliminating Trgs eliminates CIT and restores response to the RT+IC in situ vaccine [66].
Regardless of the anti-tumor effect at the primary tumor, no use of RT+IC in situ vaccine to the
primary tumor was able to clear a distant, untreated secondary B78 tumor [66]. See Appendix B

for more details on this work describing CIT.
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1.5 Rationale for using Targeted Radionuclide Therapy (TRT) in combination with

Immunotherapy

While focal external beam radiation consistently induces a local inflammatory response,
this alone rarely leads to a sustained and systemic anti-tumor immune response [29]. This may
reflect a negative impact of distant tumor sites on the priming and propagation of systemic anti-
tumor immunity from a focal in situ vaccine site, as we have observed in the case of CIT. While
focal external beam radiotherapy can dramatically alter the immune landscape in a targeted
tumor, it does not alter the landscape within all tumors. Immune suppressive cells and pathways
in these unaltered non-radiated tumors may quench the activation of effector immune cells
emerging from the in situ vaccination site or may circulate between tumor sites and reconstitute
a suppressive tumor microenvironment at the radiated site. Consequently, to engage radiation
in effectively priming and propagating anti-tumor immunity, it may be necessary to deliver
immunomodulatory radiation to the collective tumor microenvironment at all tumor sites. This
question forms the basis of this thesis work and will be tested in a mouse model of two
implanted tumors in Chapter 4.

In metastatic settings of multiple sites of disease, radiation therapy has historically been
reserved for palliative indications targeting symptomatic lesions. In patients with limited or
oligometastatic disease, recent studies demonstrate feasibility and a survival benefit from
delivering radiation to all tumor sites [67]. This supports a notion that metastatic disease may be
managed by delivering some form of radiation in combination with other therapies to all sites of
disease. Radiating all tumor sites using external beam radiation is often not possible in settings
of widely metastatic disease due to 1) normal tissue toxicity, and 2) radiating radiographically
occult tumor sites in this context would require whole body radiation resulting in systemic bone

marrow and immune suppression.
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Targeted Radionuclide Therapy (TRT) is a systemic form of radiation therapy that
combines a tumor-selective vector or mechanism with a therapeutic radioisotope. These vectors
can include antibodies, antibody fragments, peptides, lipids, and small molecules [68]. These
vectors, though they circulate systemically, selectively bind to a target structure while being
cleared from other non-specific targets. The end result is selective binding and retention of
these radioactive molecules in the target tissue (in this instance, the tumor), where the
radionuclides undergo radioactive decay, delivering ionizing radiation to the surrounding
environment while sparing other tissues. TRT has been used for nearly a century [69] and a
growing number of TRT agents are approved for the treatment of cancers [70,71]. As a
monotherapy TRTs generally have shown limited efficacy in most solid tumors [70]. In part, this
reflects difficulty in delivering high dose radiation to an entire tumor using TRT while sparing
other tissues in the body. Heterogeneity in targeting moiety expression, tumor vascular supply,
and cell radiosensitivity also contribute to a lack of effective response to TRT monotherapy in
clinical settings for many common solid tumors [72]. Combining TRT with immunotherapies may
overcome these limitations and, in turn, the delivery of radiation to all tumor microenvironments
may prime and propagate a more effective response to immunotherapies. This is largely due to
the previously discussed immunogenic alterations to the tumor microenvironment that derive
from sublethal doses of radiation; the combination of TRT and immunotherapy may require
much lower doses of TRT, which could avoid systemic toxicity issues previously encountered

with TRT monotherapy.

1.6 Translational development and testing of TRT in combination with immunotherapies
1.6.1 TRT in combination with immune checkpoint inhibitors

Immune checkpoint inhibitors are a class of therapeutic antibodies that modulate tumor
tolerance by recognizing and blocking specific inhibitory receptors on the surface of immune

cells and thereby enhancing T cell activation. Antibodies targeting checkpoint receptors have
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shown therapeutic benefit for a variety of tumor types. These include antibodies targeting
cytotoxic T-lymphocyte antigen-4 (CTLA-4) as well as programmed cell death-1 (PD-1) and its
ligand PD-L1 [73]. In the context of strong or prolonged TCR signaling, CTLA-4 expression is
up-regulated on T cells and competes with CD28 for binding of B7-1/2, resulting in inhibition of
further T cell activation [74]. By blocking the interaction of CTLA-4 and B7-1/2, anti-CTLA-4
antibodies can promote continued T cell activation. PD-1 is expressed on activated T cells as
well as B cells, NK cells, and monocytes. Its ligands, PD-L1 and PD-L2, are expressed on
antigen presenting cells, tumor cells, placenta, and cells in an inflammatory microenvironment.
Binding of PD-1 by its ligands results in inhibition of T cell activation. Importantly, tumor cell
expression of PD-L1 is correlated with diminished tumor-infiltrating lymphocytes and poor
clinical outcome for multiple cancer types [74]. Antibodies targeting PD-1 or PD-L1 have been
approved in the treatment of many different types of cancer.

Preclinical studies demonstrated the potential for TRT to augment response to immune
checkpoint inhibitors. The alkylphosphocholine analog NM600, which can chelate radiometals
and preferentially accumulates in malignant cells [75], has been used to deliver *°Y to the tumor
microenvironment in a variety of syngeneic murine tumor models and consistently augments
response to anti-PD-1 and anti-CTLA-4 [76]. This agent will be studied in further detail in
Chapter 4 and Appendices A and B. In other preclinical studies, a peptide-based TRT, '""Lu-
Arg-Gly-Asp ('""Lu-RGD), which targets a.3s integrin on activated angiogenic endothelial cells,
was found to be cooperative with anti-PD-L1 in controlling the growth and extending survival of
mice bearing syngeneic MC38 tumors [77]. A separate preclinical study demonstrated that a
small molecule TRT ("7Lu-LLP2A) targeting a4B1integrin (also called Very Late Antigen-4, VLA-
4), enhanced tumor response in B16-F10 melanoma tumors when combined with anti-PD-1,
anti-PD-L1, and anti-CTLA-4 antibodies [78]. Collectively, these preclinical studies demonstrate

the potential for TRT to enhance response to immune checkpoint inhibition.
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Several clinical trials are now testing the safety and efficacy of combining TRT and
immune checkpoint inhibition. Among these is a promising ongoing study evaluating the
combination of 3'I-metaiodobenzylguanidine (MIBG), nivolumab (anti-PD-1 antibody), and
dinutuximab (anti GD-2 antibody) in pediatric patients with neuroblastoma [79]. For men with
metastatic castrate-resistant prostate cancer (nCRPC), ?2°Ra (Xofigo), is approved for
treatment as monotherapy [80]. Radium is a calcium mimetic that naturally accumulates in the
bony metastatic tumor sites that typify mCRPC. At least two studies are now evaluating the
addition of an anti-PD-1 antibody to ???Ra in mCRPC [81,82]. Also in mCRPC, a small molecule
TRT targeting prostate-specific membrane antigen (""’Lu-PSMA) is being tested in combination

with anti-PD-1 antibody in a phase Ib/ll study evaluating safety and efficacy [83].

1.6.2 TRT in combination with in situ vaccines

In immunologically “cold” tumors that are poorly recognized by the immune system,
simply “taking the brakes off” of the immune response with immune checkpoint inhibitors is
generally ineffective. As discussed above, external beam radiation can elicit an in situ vaccine in
some tumors and may prime immune recognition of tumor antigens not recognized prior to
radiation [84,85]. In immunologically “cold” tumors, it may be advantageous to combine external
beam radiation and TRT to prime and propagate anti-tumor immunity, respectively. Combination
Internal and External RadioTherapy (CIERT) has been hypothesized as a strategy for
enhancing dose to tumors and improving treatment of patients with metastatic disease [86]. The
combination of TRT and external beam radiation therapy delivers radiation dose to a target
volume while affecting two different sets of off-target organs. External beam radiation therapy
tends to demonstrate toxicity in tissues neighboring the irradiated tissue, while TRT typically
affects distant organs that have off-target TRT uptake. These radiation modalities have been

studied in the context of maximizing dose to a target tumor, but have not been thoroughly
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explored as a combinatorial approach at much lower doses for enhancing response to
immunotherapy [87].

Oncolytic viruses are a class of immunotherapy with the capacity to deliver genetic
payloads to targeted tumor cells while also triggering apoptosis and lytic release of additional
virus particles [88]. By priming immune recognition of tumor antigens from lysed tumor cells,
oncolytic viruses may elicit an in situ vaccine effect. Preclinical studies have begun to evaluate
combinations of TRT and oncolytic virus. Sorensen and colleagues have engineered an
oncolytic herpesvirus to deliver the noradrenaline transporter (NAT), which selectively transports
MIBG into infected cells [89]. This oncolytic virus renders infected tumors susceptible to MIBG
while also stimulating an antitumor immune response. This combination has been shown
effective in controlling the growth of UWV and SK-MEL-3 xenograft tumor models [89]. Similarly,
Peerlinck and colleagues have engineered an adenoviral vector that delivers the Na/l importer
gene to colorectal carcinoma cells [90]. This importer promotes '3'l uptake into infected cancer
cells, and a combination of the Na/l adenovirus and a single dose of 'l is capable of shrinking

HCT116 tumor xenografts [90].

1.6.3 TRT in combination with other immunotherapies

DNA vaccines for cancer are designed to be taken up by antigen presenting cells, affect
synthesis of a tumor antigen encoded in the DNA, and present those protein fragments through
MHC-I-mediated pathways to T cells in the immune system [91]. In preclinical studies of
prostate cancer, Olsen and colleagues demonstrate that a DNA vaccine encoding the androgen
receptor ligand binding domain increases tumor infiltration by tumor-specific CD8* T cells and
controls growth of syngeneic prostate cancer in mice [92,93]. In a MyC-CaP murine prostate
tumor model, these investigators observed that TRT using **Y-NM600 increased T cell infiltrate
and that TRT combined with DNA vaccination controlled tumor growth to a greater degree than

either agent alone [94].



18

Sipuleucel-T is an autologous cellular therapy for the treatment of mMCRPC. This therapy
uses leukopheresis to isolate antigen presenting cells, which are incubated with GM-CSF and a
prostate cancer-specific antigen prostatic acid phosphatase (PAP). These cells are then
reinfused back into the patient with the goal of stimulating the patient’s T cells to target prostate
cancer cells [95]. In 2010 the FDA approved sipuleucel-T, after a phase Ill randomized trial
demonstrated a 4 month survival increase in patients with mCRPC [96]. A phase |l study is now
testing the combination of ?2°Ra with sipuleucel-T. That study recently completed accrual of 36
patients, half of whom received 6 courses of ?2Ra during treatment with sipuleucel-T [97]. The
primary endpoint for this study is degree of antitumor T cell proliferation and results are pending

as of this writing.

1.7 Challenges to consider during translational testing and development of combination
RT, TRT, and immunotherapeutic approaches

1.7.1 Performing advanced immunologic assays of radioactive tissues — challenges

facing flow-cytometry based approaches

Part of a rigorous and thorough evaluation of a novel cancer immunotherapy treatment
requires evaluation of the immune system itself. Though in vivo evidence of tumor regression
and survival benefit is the most effective gauge of treatment efficacy, understanding the
mechanisms of action is important to confirming cellular and molecular hypotheses, as well as
for hypothesis generation for adjustments to treatment regimens. Commonly used approaches
in the clinic include enumeration of immune cell subsets (lymphocytes, monocytes, neutrophils,
and others) in the blood through the use of flow cytometry [98]. Briefly, flow cytometry assays
take a population of single cells and draw them into a narrow stream of running fluid, such that
cells “flow” in a single-file line past a series of excitation lasers. Cells are often labeled prior to
running on the instrument using fluorophore-conjugated antibodies to specific targets. The

fluorescence intensity of that target/antibody/fluorophore complex is recorded for all cells in the
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population as they move past the detector, recording up to millions of cells in a single sample.
Depending on instrument configuration and capacity, these instruments can record anywhere
from four to 32 different colors, meaning multispectral/multidimensional analysis can then be
performed [99,100]. This is the basis for determining differences in populations of T cells, B
cells, NK cells, macrophages, dendritic cells, and many others in response to treatment.
Further, expression of markers of activation or exhaustion such as PD-1, CD69, CD25, and
others can be measured within populations of interest such as CD8+ T cells [101]. Applied on a
population level, flow cytometry has been established as a powerful tool for the interrogation of
different immune cell types, markers of activation, signaling pathway phosphorylation states,
transcription factors, cytokines, and others in complex populations of cells.

In considering preclinical and clinical studies with TRT, it is important to consider the novel
difficulties that are presented by the radioactive agent itself. As most TRT agents bind to or are
taken up by their target cancer cells, single cell suspensions derived from this tissue would also
contain the radioactive agent. This presents several safety and waste disposal concerns for use
in flow cytometric applications. First, after the cells pass through the detector apparatus, they
are flushed into a “waste” container, along with the sheathe or running buffer that was used
while running the cells single file. This results in a fairly large volume of liquid biohazard waste,
on the scale of liters per day in some shared resource flow cytometry facilities. Waste
containers containing radioactive cells would additionally need to be stored in shielded areas
until they decay to background levels before being disposed of. Combined with the risk of
damage to instrument electronics from high dose rate isotopes, surface contamination risk, and
danger to other researchers, almost all shared resource flow cytometry facilities in large
academic institutions ban the analysis of radioactive materials by policy.

Analysis of radioactive tissue for immune monitoring is typically limited to in vivo imaging or
histology-based approaches. In this approach, the radioactive tissue is harvested, formalin-fixed

or flash frozen, and stored under proper shielding until the samples have decayed to
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background levels. Then the samples are retrieved, and the histology processing workflow is
resumed. While this approach is helpful, and can provide valuable geographic and proximity-
based information, it does not provide population-level descriptions of the entire immune system
within the TME. Ideally a similar approach as used in histology could be applied to the single
cell suspension used for flow cytometry, namely introducing a storage step that could allow the
radioactive cells to decay to background levels before proceeding with the flow cytometry
staining and analysis workflow. However as the cells retrieved from a disaggregated tumor are
alive and metabolically active, one simply cannot wait until the radioactivity had decayed, as the
cells would no longer be viable, processes including autophagy and necrosis would destroy
many molecular targets of interest. Chapter 2 of this thesis explores alternate means of
addressing this problem, including introducing both fixation and cryopreservation steps into the

preparation workflow, and how these impact the resulting flow cytometry data.

1.7.2 Maximizing rigor and reproducibility in murine models of cancer and in situ vaccines

The continued development of preclinical models for studying the complex interaction
between the immune system and cancer is of paramount importance in maintaining
translatability of findings into clinical benefit. The laboratory mouse has been the mainstay of
cancer research both before and throughout the rise of cancer immunotherapy. Although
previous mouse studies of cytotoxic chemotherapies used human xenograft models in
immunocompromised mice, effective studies of cancer immunotherapy require an intact immune
system, and therefore cannot use this gold-standard approach [102]. To address this limitation,
several different approaches have been used to develop tumor models in immunocompetent
mice for studies of preclinical immunotherapy. Syngeneic models are the most commonly used,
and consist of a mouse-derived tumor (either spontaneously arising or carcinogen-driven) being

harvested and cultured as a tumor cell line that can then be injected to the same inbred
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laboratory strain such as C57BL/6 [102]. This approach carries the advantage of being relatively
easy to use and expand into large cohort sizes for robust statistical analyses. These tumors are
also species and strain-compatible with their host strain, meaning any resulting immune
response is attributed largely to its tumor-associated antigens. These tumor cell lines can also
be manipulated to express reporter genes, candidate antigen targets such as ovalbumin (OVA),
and other factors prior to implantation. The line does not however mimic the natural
developmental process of a tumor from its cancer stem cells; the injected inoculum is already
fairly undifferentiated and grows at a relatively fast rate compared to spontaneously arising

tumors [102].

To address the limitations of syngeneic approaches, genetically engineered mouse
models have been developed that use tissue-specific expression of oncogenes or enzymes
designed to eliminate tumor suppressor genes. These mouse lines undergo tissue-specific,
neoplastic transformation and have a more physiologically faithful tumor immune
microenvironment that develops alongside the tumor [103]. However these lines typically require
crossing of breeder pairs, and require noninvasive imaging modalities such as ultrasound or
MRI to monitor for tumor growth and treatment response. Together, these limitations result in
small sample sizes, with increased variability between subjects. A more novel class of murine
tumor models involve patient-derived xenografts transplanted in immunocompromised mice
along with human lymphoid tissue, to develop human tumors in mice that have components of
human immune systems. While this may be the most “faithful” recreation of the human TME and
modeling of human immune responses, these mice require access to patient tumor samples,
are resource- and labor- intensive to generate, and may result in substantial variability in

immunotherapeutic effect depending on variability in the donor tissues [102].

This thesis focuses on the use of the B78 syngeneic murine melanoma cell line. This

line was derived from the commonly studied B16-F10 melanoma line, and was transfected to
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express the human GD2 antigenic target of the hu14.18-IL2 immunocytokine. This work uses a
syngeneic approach to allow for adequate sample sizes in experiments, ease of use, and for
comparison to previously understood controls. Though there are models that may more faithfully
recreate the genomic instability and heterogeneity of human cancers, the relatively uniform
nature of the syngeneic approach, combined with the larger sample sizes, greatly increases our
ability to detect differences in effect between treatments. One important consideration in
syngeneic, implantable, tumor models is the surrounding tissue in which the tumor develops;
whenever possible an orthotopic implantation is preferred to more faithfully replicate the tissue
stromal architecture of the original tumor. For cutaneous melanoma models, implantation into
the skin, typically the flank, is preferred. The epidermal and dermal layers of skin contain unique
subsets of dendritic cells (DCs) including Langerhans cells, tissue resident T cells, and
macrophages [104,105]. By contrast the deeper tissue layers, which are often referred to as the
“subcutaneous” plane, have fewer resident DCs and macrophages, with different subtypes and
functions. Studies of human vaccines against pathogens have suggested that immunogenic
material injected in the intradermal space (ID, within the dermis between the epidermis and the
dermal adipose tissue) generate stronger immune responses compared to the same material
injected in the subcutaneous space (SC, the space between the dermal adipose tissue and
underlying muscular fascia) [106]. Studies involving more immunogenic syngeneic tumor lines,
like OVA-expressing variants of B16-F10, have demonstrated differences in engraftment rates
depending on the depth of tumor implantation [107]. Chapter 3 of this thesis further explores the
difference in growth rate and response to in situ vaccination of B78 tumors implanted at slightly

different depths, and highlight a critical need to control for this confounding factor.

1.8 Thesis Structure and Hypotheses
By engaging a patient’s immune system to attack cancer cells, immunotherapies have

the potential to cure even advanced or metastatic cancers. However, the response rate to
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immunotherapies remains low in most treated patients with solid tumors. Radiation not only
triggers an immunogenic form of tumor cell death but tumor cells surviving radiation commonly
exhibit phenotypic changes that increase susceptibility to immune detection and elimination. By
delivering radiation to all tumor sites while limiting dose to immune organs, including lymph
nodes, blood, spleen, and bone marrow, TRTs have the potential to increase the response rates
to immunotherapies and in this way may have a beneficial impact on the survival of cancer

patients. To that end, the core hypothesis of this body of work is that delivering an

immunomodulatory dose of radiation to all tumor sites can drive improved systemic antitumor

responses to in situ vaccination.

To adequately address this question, a novel approach to flow cytometric analysis had to
be developed. In Chapter 2, the impact of a fixation and cryopreservation step in the flow
cytometry sample preparation workflow on resulting outcomes is explored. This chapter
demonstrates a technique modification that permits safe, reliable storage of radioactive samples
for flow cytometry up to 30 days after tissue harvest, and that technique is used to describe
several immune modulations to the TME following treatment with the TRT agent *°Y-NM600.
Chapter 3 addresses an inconsistency in results following treatment of a single tumor with
RT+IC in situ vaccination and identifies a key difference in response based on the depth of
implantation of the syngeneic B78 tumor inoculum. Using these techniques, Chapter 4 explores
the use of both external beam radiation and *°Y-NM600 TRT in a model of two implanted B78
tumors given concurrently with RT+IC in situ vaccination and demonstrate clear in vivo benefit.
Chapter 5 summarizes these findings and their possible implications, discusses additional
questions raised by this work, and proposes further studies to characterize this promising in vivo

benefit of combining radiation with in situ vaccine immunotherapy.
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Chapter 2

Optimizing flow cytometric analysis of immune cells in samples
requiring cryopreservation from tumor-bearing mice
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Preface

This chapter pertains to a series of experiments that was conducted over a two year
period focused on developing a flow cytometry technique for analyzing radioactive tissue. In
combining molecular targeted radionuclide therapy (MTRT) with immunotherapy, we needed to
develop a technique that allows us to probe the immune system within these radioactive tumors.
Since shared resource flow cytometry facilities typically do not allow radioactive material in their
research spaces, | tackled the issue of developing an alternate means of storing these samples
until they decayed to background. These observations and techniques were implemented into
the research workflow for several other researchers in our group, which have been utilized in
several publications (see appendix B for manuscripts using this technique). The work described
in this chapter has been submitted for publication as a novel immunologic method and is under

review at the time of this writing.
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2.1 Abstract

Most shared resource flow cytometry facilities do not permit analysis of radioactive
samples. We are investigating low dose molecular targeted radionuclide therapy (MTRT) as an
immunomodulator in combination with in situ tumor vaccines (ISV), and need to analyze
samples from MTRT-treated mice using flow cytometry to characterize immunologic changes
within the tumor. Further, the sudden shutdown of core facilities in response to the COVID-19
pandemic in March of 2020 has created an unprecedented work stoppage. In these and other
research settings, a robust and reliable means of cryopreservation of immune samples is
required. We evaluated different fixation and cryopreservation protocols of disaggregated tumor
cells with the aim of identifying a protocol for subsequent flow cytometry of the thawed sample
which most accurately reflects the flow cytometric analysis of the tumor immune
microenvironment (TME) of a freshly disaggregated and analyzed sample. Cohorts of C57BL/6
mice bearing B78 melanoma tumors were evaluated using dual lymphoid and myeloid
immunophenotyping panels involving fixation and cryopreservation at three distinct points during
the workflow. Results demonstrate that freezing samples after all staining and fixation are
completed most accurately matches the results from non-cryopreserved equivalent samples.
We observed that cryopreservation of living, unfixed cells introduces a nonuniform alteration to
PD1 expression. We confirm the utility of our cryopreservation protocol by comparing tumors
treated with ISV, analyzing both freshly obtained and cryopreserved tumor samples,
demonstrating similar results. Lastly, we use this cryopreservation protocol with radioactive
specimens to demonstrate potentially beneficial effector cell changes to the TME following

administration of a novel MTRT in a dose- and time-dependent manner.
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2.2 Introduction

Continued preclinical and clinical progress in the field of tumor immunology hinges on
the ability to analyze accurately and reliably the immune tumor microenvironment (TME) before
and after treatment. Flow cytometry is a powerful tool for the interrogation of different immune
cell types, markers of activation, signaling pathway phosphorylation states, transcription factors,
cytokines, and others in complex populations of cells [99]. Effective, rigorous flow cytometric
analyses can be hindered by several barriers that disrupt experiment workflow. Unexpected
instrument breakdown, maintenance, or overcrowding of shared resource facilities can delay
analysis of samples after harvest, or delay planned harvest days, which may have detrimental
effects on time-sensitive experiments. An extreme example our working group encountered
beginning in March of 2020 is the sudden shutdown of our shared resource flow cytometry core
due to the global COVID-19 pandemic. There are also some instances where rapid (same-day)
acquisition of samples by flow cytometry is not logistically possible, for instance if samples are
collected at multiple sites and need to be transported to other buildings, institutions, or countries
for analysis in a central lab. Another critical example is that most shared resource facilities
prohibit analysis of radioactive samples for safety and radioactive-contamination reasons.
Dedicated cytometers for analysis of radioactive material are expensive and difficult to maintain,
and may not benefit from the expertise and efficiencies afforded by the shared resource facility
structure. In these instances, the ability to cryopreserve harvested samples for flow cytometric
analysis at a later time would be of great benefit.

While cryopreservation is a commonplace laboratory procedure with many different
applications and protocol variations, it is generally not recommended to cryopreserve samples
for analysis by flow cytometry [100,108-111]. It is known that cells undergoing cryopreservation
exhibit a stress response to the freezing process, which is one reason why many prefer flow

cytometry analyses be performed on freshly obtained cells [112]. One could consider avoiding
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the biological stress of cryopreservation by staining and fixing samples prior to freezing.
However fluorophore-conjugated antibodies, especially those using tandem-dye fluorophores,
are generally not considered stable through freeze/thaw cycles due to risk of degradation [113—
115]. Furthermore, fixed cells may have a substantial degree of crosslinked structural rigidity
[116]. While it has not been clearly demonstrated, and likely depends on the fixative used, there
is a risk that crystals formed during the cryopreservation process may damage these rigid cells
and reduce recovery of intact cells following cryopreservation. Several studies have described
the changes that can occur to detected frequencies of various immune populations in human
peripheral blood mononuclear cells (PBMCs) following cryopreservation, and concluded that
while possible, it is preferable to stain and analyze fresh cells without cryopreservation
[100,110,117,118]. Pinto and colleagues have demonstrated it is feasible to surface-stain and
fix human PBMCs prior to subsequent cryopreservation, and observed comparable immune cell
frequencies to those of freshly analyzed samples [119]. However, it is unclear how this
translates to immunophenotyping in the murine TME, and how the cryopreservation
methodology might influence detection of markers such as transcription factors that require cell
membrane permeabilization.

External beam radiation therapy (RT) is known to have direct tumor cell-killing effects
and is used in clinic to treat cancer patients [120]. Recently, much interest has arisen in the
effect of radiation on the immune system and the TME. Low to moderate doses of radiation (8-
12Gy) have been shown to elicit a type | interferon response through activation of the Stimulator
of Interferon Genes (STING) pathway [50,121]. Studies have also demonstrated a rise in MHC-I
concurrent with infiltrating CD4+ and CD8+ T cells, as well as increased proinflammatory
cytokines in the TME following 2-5 Gy doses of radiation [43,122,123]. Radiation can also have
a direct cytotoxic effect on certain immune cell lineages, especially lymphocytes, with almost
90% of lymphocytes driven to apoptosis within 8 hours of a 3Gy dose in one study [52]. This

may have the beneficial effect of temporarily clearing the tumor of suppressive lineages like
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CD4+ FOXP3+ T regulatory cells (Tregs) [53,124]. Taken together, low to moderate doses of
radiation have the potential to temporarily immunomodulate a suppressive TME into a more
favorable effector environment capable of responding to subsequent immunotherapy. This
principle was proven effective in demonstrating a synergy between 12Gy local RT and
intratumorally injected hu14.18-IL2 immunocytokine ([IC], an anti-disialoganglioside [GD2]
antibody fused to IL2) in treating GD2+ murine tumors [65]. This form of immunotherapy is one
of several strategies that aim to induce the generation of an in situ vaccine using the tumor’s
own antigens. This is driven by triggering targeted immunogenic cell death, antigen processing
and presentation; these can then induce recruitment and sensitization of antitumor effector cells
capable of recognizing multiple different antigens selectively expressed by the tumor [125].

In preclinical studies, we have begun to test treatment approaches using systemically
administered, molecular targeted radionuclide therapy (MTRT) to deliver low to moderate doses
of immunomodulatory RT to all tumor sites. This approach holds promise, at least in part,
because the efficacy of in situ vaccines may be suppressed in the setting of distant, non-
radiated metastases [66]. In this sense, systemic low dose MTRT may modulate the immune
susceptibility of the collective TME for all tumor sites in an individual with metastatic disease
and thereby facilitate greater systemic propagation of an in situ vaccine delivered at a single
tumor site [126]. Alkylphosphocholine (APCh) analogs can be used to deliver MTRT and have
been shown to be preferentially retained in over 50 different mammalian tumor types regardless
of anatomic location [75]. ®°Y-NM600 is an APCh analog that has been characterized in murine
and canine models, and can be used to safely deliver 2-5Gy to all tumor sites without causing
bone marrow suppression or systemic lymphopenia [127]. Though preclinical anti-tumor efficacy
has been demonstrated for the combination of MTRT and checkpoint blockade immunotherapy
[126], the mechanisms by which this form of low dose MTRT alters the TME to provide this
immunotherapeutic synergy has not been clearly described. Addressing these issues requires

careful flow cytometry analyses of serially obtained tumor samples from mice undergoing
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curative combination therapy with MTRT and immunotherapy. However, this form of flow
cytometry requires either a dedicated flow cytometer able to analyze radioactive samples, or the
ability to cryopreserve these samples long enough to allow radiation to decay to background
levels prior to analysis.

Here we address this methodological challenge by evaluating the impact of introducing a
cryopreservation step to our flow cytometry workflow for dissociated murine tumor and spleen
samples. Our goal was to determine what strategy/workflow for cryopreservation would give
flow cytometry results that most closely match those for freshly obtained and analyzed replicate
samples that were never cryopreserved. We demonstrate that timing of cryopreservation,
relative to surface staining, fixation, permeabilization, and internal target staining, has a strong
effect on immunophenotyping results. Our data show that freezing after all staining and fixation
is completed, rather than before or during these sequential steps, enables flow cytometry results
that are most concordant with the flow cytometric results obtained with freshly analyzed, non-
cryopreserved aliquots of these samples. We demonstrate that this protocol of freezing cells
after all staining is completed can be used to evaluate the impact of an in situ vaccine, and

describe the changes to the TME as a function of time and dose of radioactive **Y-NM600.

2.3 Materials and Methods:
2.3.1 Syngeneic tumor cell line

B78-D14 (B78) murine melanoma is a cell line derived from B16-F10 melanoma, as
previously described [128]. This cell line was generously provided by Ralph Reisfeld at the
Scripps Research Institute (La Jolla, CA). Cells were cultured in RPMI 1640 (Mediatech, Inc,
Manassas, VA) supplemented with 10% fetal bovine serum, 100U/mL penicillin, 100pg/mL
streptomycin, and 2mM L-glutamine. As previously described, B78 cells have been engineered
to express GD2- and GD3-synthase under the control of 400pg/mL G418 and 50ug/mL

hygromycin and were selected over three days in selection media prior to being frozen down as
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lab stock [129,130]. Cells were kept below 90% confluence and were used within 7 passages of
thaw from the common bank. Cells were confirmed mycoplasma negative by PCR within 6

months of use.

2.3.2 Animal studies and tumor models

Animals used in this study were housed and cared for using an approved protocol
reviewed by the University of Wisconsin-Madison Institutional Animal Care and Use Committee
(IACUC). Female, 6-8 week old C57BL/6 mice were ordered from Taconic Biosciences
(Rensselaer, NY) and allowed to acclimate in our animal facility for at least one week following
arrival. Tumors were engrafted by injecting 2x10° B78 cells in 100uL of sterile PBS intradermally
in the right flank using a 26g needle. Of note, the flank was shaved 24-48h prior to implantation
to ensure consistency of injection, and to ensure resolution of any irritation and inflammation
resulting from shaving. Tumors were monitored twice weekly and developed over 6 weeks.
Tumor volume was measured using calipers and approximated as (width? x length)/2. Mice
receiving MTRT or immunotherapy were randomized to begin treatment when tumor volumes

reached 90 — 180mm?.

2.3.3 External beam radiation, molecularly targeted radionuclide preparation and

administration

External beam RT was delivered using an X-RAD 320 system (Precision X-Ray Inc,
North Branford, CT). Mice were immobilized using custom lead jigs and surgical tape such that
only the dorsal right flank was exposed, with the rest of the mouse (including the contralateral
flank and spleen) shielded. Irradiation settings were beam strength 320Kv/12.5mA, beam
conditioning filter 2, platform height 36 cm, treatment duration 331 seconds, which has been
measured to reliably deliver 11 +/- 1 Gy to the tumor by thermoluminescent dosimetry (data not

shown). ®°YCl; was purchased from Perkin ElImer (Waltham, MA). The vehicle used for
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molecular targeted radionuclide therapy, 2-(trimethylammonio)ethyl(18-(4-(2-(4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetamido)phenyl)octadecyl) phosphate
(NM600), was kindly provided by Archeus Technologies (Madison, WI). The radiolabeling and
characterization of ®°Y-NM600 and its PET-detectible counterpart 8Y-NM600 has been
described elsewhere [127,131]. Briefly, 5-10mCi of *°YCl; was buffered in 0.1 M NaOAc (pH =
5.5.) and 10-15 nmol/mCi of NM600 was added to the mixture. The reaction was placed at 90°C
for 30 minutes under constant shaking at 500rpm. The reaction mixture was loaded into a
hydrophilic-lipophilic balance solid phase extraction cartridge (Waters), washed with 5 mL of
H20, and *°Y-NM600 was eluted in 2 mL of absolute ethanol. Nitrogen steam was used to
evaporate the eluate, and **Y-NM600 was reconstituted in normal saline containing 0.4% v/v
Tween 20 and sodium ascorbate (0.5% w/v). Mice receiving RT were radiated on treatment day
1, and mice receiving MTRT were injected with 50uCi or 250uCi of *®Y-NM600 preparation by

tail vein injection on treatment day 1.

2.3.4 Immunotherapy preparation and administration

Immunocytokine (IC, hu14.18-1L2) was provided in lyophilized form (4mg/vial) by
Apeiron Biologics (Vienna, Austria). It was reconstituted by adding 8mL of sterile PBS for a
working concentration of 0.5mg/mL. For mice being treated with RT+IC, 100uL of the 0.5mg/mL
IC solution was injected intratumorally (IT) daily on treatment days 6 through 10, for a total dose
of 250ug per mouse in five doses. Injections were through a 30G needle, and care was taken to
inject slowly when administering IC via IT injection. In addition, drug was not drawn up into the
syringe from the vial through the 30G needle when preparing IC, as to avoid shear-induced

denaturation of the immunocytokine.
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2.3.5 Tumor and spleen tissue harvest

At the time of harvest, mice were euthanized by CO; asphyxiation, and the tumor was
dissected out. The tumor was cut into ~5mm fragments, and added to gentleMACS C tubes
(Miltenyi Biotec, Bergish Gladbach, Germany) containing 2.5 mL of RPMI 1640 + 10% fetal
bovine serum, 100U/mL penicillin, 100ug/mL streptomycin, and 2mM L-glutamine. 100uL of
DNAse | solution in RPMI 1640 (2.5mg/mL, Sigma-Aldrich, St. Louis, MO) and 100uL
collagenase |V solution in RPMI 1640 (25mg/mL, Gibco, Life Technologies, Grand Island, NY)
were then added, and the samples were disaggregated using a GentleMACS octodissocator
(Miltenyi Biotec, Bergish Gladbach, Germany) using the preset dissociation protocol
“37C_m_TDK1” for mouse tumor dissociations. Sample dissociate was filtered through a 70um
cell strainer, washed with 10mL of cold PBS, and kept on ice until aliquoted into flow cytometry
tubes. Tumors analyzed for changes in immune microenvironment were dissociated individually.
For comparing different cryopreservation protocols, n=5 tumor bearing mice were harvested,
individually dissociated, strained, and pooled into one common reference population. When
required, spleens were dissected out and transferred into a sterile petri dish with 1 mL of ice-
cold sterile PBS. Spleens were physically ground on the plate into the PBS and transferred into
a 5 mL Eppendorf tube. Red blood cells in the spleen dissociate were lysed by adding 3mL of
1X RBC lysis buffer for 10min per the manufacturer’s instructions (Biolegend, San Diego, CA).
They were then filtered through a 70um cell strainer, and single cell suspensions from 5

separate spleens were combined to create a common reference population.

2.3.6 Flow Cytometry Antibodies

We optimized two antibody panels for analysis of myeloid and lymphoid immune cells.
See Table 2.1 for the complete list of antibodies, including fluorophore, clone, company, and
optimized volume of stock added per sample, and Table 2.2 for the two full immunophenotypes

used in separate panels, and Figure 2.1 for the corresponding gating strategy. These complete



35

antibody panels were used in the comparisons of cryopreservation techniques as seen in Figure
2.2 and 2.3. In Figures 2.4 and 2.5, single staining panels consisting of a combination of targets
from the lymphoid and myeloid panels were used for efficiency. See Tables 2.4 and 2.5 for

these antibody panels.

2.3.7 Sample preparation, staining, and cryopreservation

Single cell suspensions from either tumor or spleen were counted and 3x10° cells were
aliquoted to labeled flow tubes. Aliquoted samples were stained with 0.5uL GhostRed780 stock
(Tonbo Biosciences, San Diego, CA) in 50uL of PBS per sample, light protected at 4°C for 30
minutes. Samples were washed with flow buffer (PBS +2% FBS), then Fc blocked by adding
0.25pL of stock TruStain FcX™ Plus anti mouse CD16/32 antibody (BioLegend San Diego, CA)
in 50uL flow buffer per sample at room temperature, light protected, for 10 minutes. Samples
were then stained using 50uL of an antibody master mix (prepared up to 24h before) for the
corresponding surface markers, light protected at 4°C for 30 minutes. Master mix volumes were
calculated given a 50pL target addition volume, with optimal volumes of stock antibody (in Table
2.1, Table 2.4, and Table 2.5) added for each 50pL test. Total number of samples for
calculations was increased by 10% to account for loss during pipetting. After surface staining,
samples were again washed with flow buffer, then fixed and permeabilized using the
eBioscience FOXP3 fix/perm kit at room temperature, light protected for 30 minutes according
to manufacturer’s instructions (Thermo Fisher, Waltham, MA). Of note, samples were vortexed
immediately prior to and following addition of fixative to prevent formation of large cell
aggregates. After washing with 1x perm buffer from the fix/perm kit, samples were stained for
intracellular targets (e.g. FOXP3) by adding 50uL of perm buffer containing the optimal antibody

volume per sample and incubated (with light protection) at room temperature for 30 minutes. For
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consistency of staining and sample reproducibility, all samples were fixed, even if no
intracellular targets were in the antibody staining panel.

Modified preparation techniques were conducted according to the schematic outlined in
Figure 2.2 and discussed in the Results section. When cryopreservation was performed,
samples were washed and resuspended in 0.5mL FBS, then transferred to cryotubes containing
0.5mL of FBS + 20% DMSO (final concentration 1mL of FBS+10% DMSQO) and frozen in
isopropyl alcohol bath containers in a -80°C freezer in a custom wooden box with lead and
plexiglass lining. Radioactive samples were stored until 30 days post injection of activity, when
radioactivity is at background (approximately 11.25 half-lives for °°Y). Proper shielding was
confirmed via survey with Geiger counters calibrated by the University of Wisconsin Department
of Environment, Health, and Safety. Samples were thawed at 37°C and transferred into flow
cytometry tubes containing 3mL of flow buffer. Tubes were then pelleted and resuspended in

200uL of flow buffer.

2.3.8 Flow Cytometry

Previously radioactive samples were confirmed to be at background levels via survey
with a calibrated Geiger counter. Samples were acquired on an Attune™ NxT flow cytometer
(Thermo Fischer, Waltham, MA) with manufacturer provided acquisition software. This
instrument was maintained by the University of Wisconsin Carbone Cancer Center Flow
Cytometry Laboratory, which performs daily quality control checks and instrument calibration
using Attune™ Performance Tracking Beads (Thermo Fischer, cat 4449754). This cytometer
was equipped with the following excitation lasers: 488nm (BL), 561nm (YL), 405m (VL), and
633nm (RL). The cytometer was equipped with the following channel/bandpass filter
combinations: BL1 (530/30), BL2 (590/40), BL3 (695/40), YL1 (585/16), YL2 (620/15), YL3

(695/40), YL4 (780/60), VL1 (440/50), VL2 (512/25), VL3 (603/48), VL4 (710/50), RL1 (670/14),
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RL2 (720/30), and RL3 (780/60). Of note, staining panels that used BV711 used the 710/50 filter
on VL4, and staining panels that used BV785 required substituting the 710/50 filter on VL4 with
a 780/60 filter. To ensure validity of comparisons made on different days, Rainbow Fluorescent
beads (Spherotech, Inc. Lake Forest, IL) were acquired after the first day of sample acquisition,
and used to align voltages to calibrate equivalent fluorescence intensities on later analysis
dates. All flow cytometry experiments included Fluorescence Minus One controls used for
setting gates. Data were analyzed using the FCS Express 7 software (De Novo Software,

Pasadena, CA) platform.

2.3.9 Statistical Analysis

All data presenting results for analyses of identical replicate samples include the
individual sample values as well as mean +/- standard error of the mean (SEM), except where
otherwise noted. All significance tests were determined by p-values at the a=0.05 level.
Comparisons between the ‘Control’ staining technique to each cryopreservation technique were
done using two-sided two-sample t-tests. Each method was compared to the ‘Control’ staining
technique based on the mean difference from the ‘Control’ mean. Comparisons in Figure 2.5
were made using linear models assessing outcome association with cryopreservation method,
treatment, or preparation-treatment interaction. Comparisons in Figure 2.6 were made using
linear models to assess the effect of time, dose of treatment, and time-dose interaction on the
measured immune parameters. For both analyses, F-tests were conducted to evaluate
covariate significance. If the interaction term was determined insignificant, it was removed from
the model. If significance was found in treatment effect by F-tests, then pairwise differences
between treatment categories were reported. P-values were not corrected for multiple
comparisons. Statistical analyses were done using R and Prism (Graphpad Software, San

Diego, CA).
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2.4 Results
2.4.1 Optimization of antibody staining panels and gating strategy

After gating out debris and doublets using both forward scatter and side scatter area vs.
height, viable cells are identified in all staining panels by their low expression of fixable viability
dye, ghostRed780 (Figure 2.1A). In the live cell gate, tumor cells (GD2+) are distinguished from
hematopoietic derived (CD45+) cells. In the Lymphoid staining panel, live CD45+ cells are then
divided by expression of CD3 (Figure 2.1A). Within the CD3+ population, the identification of
NKT cells, CD4+ T cells, and CD8+ T cell subpopulations can be made. The CD3- population
then contains the NK cell and CD19+ B cell populations. In our hands, NK cells were best
identified by plotting NK1.1 against side scatter, though the population can be identified using
other parameters such as NK1.1 vs CD45 or CD3. Among CD4+ T cells, co-expression of CD25
and the transcription factor FOXP3 clearly identifies the T (Trg) cell subset [132,133]. An
exclusion gate then distinguishes the T.eg from the non-T.eg CD4+ T cells, which can include
both naive and effector helper T cells. Programmed Cell Death receptor 1 (PD1) was included in
the adaptive panel to quantify activation/exhaustion status of PD1-expressing immune cells
including T, B, and NK cells (Figure 2.1A, Figure 2.4) [134]. Similarly, CD103 was included in
this panel to identify tissue-resident lymphocytes, specifically CD8+ and CD4+ memory cell
populations [135,136].

In a separate panel focused on myeloid cells (Figure 2.1B), tumor and splenic tissues
were again gated to remove debris, isolate single cells, and isolate live CD45+ cells. Neutrophils
and/or myeloid-derived suppressor cells (MDSCs) are first identified by their co-expression of
CD11b and Ly-6G. Second, macrophages were identified from the Ly-6G negative population
based on co-expression of F4/80 and CD64 [137]. The use of a second macrophage identifier
like CD64 is critical for downstream differentiation of cDC2s, as some of these dendritic cells
also express F4/80, and removal of the more autofluorescent macrophage population helps to

eliminate contamination in other gates [138,139]. MHCII can then be used to further
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subcategorize the macrophages into the more active, MHCII"' , M1-like macrophages and more
anti-inflammatory, MHCII'®, M2-like macrophages. While this panel is certainly not enough to
fully delineate the phenotypes of these macrophage lineages, the panel can easily be adjusted,
by including markers such as CD206 and CD80/86, to more completely phenotype the
macrophage population [140] if desired. The neutrophil-negative, macrophage-negative
population is then subdivided based on expression of CD11b and Ly6C, and separates into four
distinct populations. Within the CD11b-Ly6C- population, the CD11c+MHCII+ double positive
cells are likely to be type 1 classical dendritic cells (cDC1s) based on their confirmatory co-
expression of CD103 and XCR1 [138,141]. Conversely, within the CD11b+Ly6C+ population,
the CD11c+MHCII+ double positive cells are likely to be type 2 classical dendritic cells (cDC2s)
based on their CD103- and XCR1-double negative status. The CD11b+ Ly6C- population that
expresses both CD11c and MHCII are largely monocyte-derived DCs (moDCs) based on their
confirmatory expression of F4/80 and absence of CD103 [142,143]. The CD11b-Ly6C+
population may consist of granulocyte precursors or could represent Ly6C+ T cells in the tumor
[144]. Further delineation of these populations could be achieved using a pooled lineage marker
for CD3, CD19, and NK1.1 and confirming populations to be lineage negative [138], although
this was not done here. Exact immunophenotypes for these above described populations are

outlined in Table 2.2.

2.4.2 Cryopreservation following staining and fixation is most concordant with freshly stained
samples.

After optimizing our comprehensive immunophenotyping panels, we sought to determine
how cryopreservation affects immunophenotyping outcome based on when in the staining
process cryopreservation is performed. Based on the literature [119,145-148], we identified
three points in the process of sample preparation and staining to test introduction of a

cryopreservation step (Figure 2.2A). The first point, labeled ‘Before’ in Figure 2.2A, freezes the
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cells after dissociation but before any staining. This minimizes handling time following harvest
and cryopreserves the cells in the ‘freshest’ possible state. Since freeze/thaw cycles are not
recommended for either fixed samples or for the integrity of fluorophore-labeled antibodies
[113—-115] the ‘Before’ method may minimize the impact of cryopreservation on the quality of
fixation and staining. The potential downside is that living cells experiencing a freeze/thaw cycle
may alter their metabolism, surface expression of various markers, and viability and therefore
become a confounding factor in subsequent analyses [119]. The second point, labeled ‘During’
in Figure 2.2A, freezes the cells after surface staining but prior to fixation and permeabilization.
Thus, any change in surface marker expression due to cryopreservation would not be reflected
in these samples. The cells are also still alive, meaning they are known to be able to survive
cryopreservation without substantial damage or rupture of the cells. The ‘During’ method does
freeze the fluorophore-labeled antibodies bound to the cells, which is a potential risk for signal
degradation especially in tandem dyes [113—115]. The third point, labeled ‘After’ in Figure 2.2A,
freezes the cells after all surface staining, fixation/permeabilization, and internal staining. This
method most accurately captures the ‘fresh’ state of the TME at the time of harvest for the entire
staining process, and avoids any expression changes that may be due to prolonged processing
time and the stress of the cryopreservation process. It does however carry the risk of damaging
the more rigid fixed cells as well as destroying the fluorophore labels through both fixation and
freezing in the process.

To compare these four staining techniques (termed ‘Control’, ‘Before’, ‘During’, and
‘After’ throughout this manuscript) across both lymphoid and myeloid panels common pools of
dissociated tumors and RBC-lysed spleens were made. We measured 27 distinct parameters
for both tumor (Figure 2.2B and Figure 2.4A-D) and spleen (Figure 2.3 and Figure 2.4E-H) cell
preparations and compared the performance of the 3 different cryopreservation protocols to the
“fresh” control and to each other. In order to test whether the different cryopreservation methods

had different effects on flow cytometry results, we compared the ‘Before’, ‘During’, and ‘After’
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conditions to each other using Kruskal-Wallis tests for differences in all 27 immune parameters
for both tumor and spleen cell preparations (Table 2.3). Significant (p<0.05) differences were
observed for all 27 parameters in the spleen samples, and in 25 out of 27 parameters in the
tumor samples, indicating that the cryopreservation protocol did impact most
immunophenotyping results.

To determine which of the three cryopreservation protocols most closely resembled the
non-cryopreserved control, we used a difference of means approach to determine the
cryopreservation method that was closest to the reference ‘Control’ method for all parameters.
Our results demonstrate that cryopreservation after all staining and fixation (the ‘After’ condition)
had the smallest difference of means compared to the ‘Control’ in 18 out of 27 parameters for
tumors and 17 out of 26 parameters for spleen. The ‘Before’ condition had the smallest
difference compared to the ‘Control’ in 6 out of 27 parameters for tumor and 2 out of 26
parameters for spleen, and the ‘During’ condition had the smallest difference compared to the
‘Control’ in 3 out of 27 parameters in the tumor and 7 out of 26 parameters in the spleen. In
addition, Student’s t-tests could not reject the null hypothesis of equivalence (p > 0.05) when
directly comparing the ‘After’ and ‘Control’ groups in 13 out of 27 parameters in the tumor and 5
out of 26 parameters in the spleen; in other words, for these parameters, these data could not
prove the ‘After’ and ‘Control’ groups were different, even though this does not prove they were
equivalent. While unable to statistically establish noninferiority or equivalence, these results do
support the conclusion that the ‘After’ cryopreservation protocol yielded results very similar to
the ‘Control’ method for these nonsignificant comparisons. Finally, the total number of cells
analyzed (recovered events) were similar among the cryopreservation protocols, however the
degree of live cell recovery was substantially lower in the ‘Before’ staining group compared to
the ‘Control’, ‘During’ or ‘After’ groups. Taken together, these results suggest that
cryopreservation after staining and fixation yields immunophenotyping results most concordant

with freshly stained and analyzed samples.
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It is known that PD1 is expressed on several immune cells, in particular T cells in
response to T cell receptor stimulation [101]. Thus it is used as a gauge of both T cell activation
and exhaustion, which is commonly evaluated in the context of the immune TME. In comparing
the degree of PD1 expression measured on CD8+ T cells and CD4+ non-Tg cells, a substantial
difference was observed based on staining method (Figure 2.4). Median Fluorescence Intensity
of PD1 on CD4+ non T4 cells was almost double in the ‘Before’ staining condition in both tumor
and spleen compared to the freshly stained control (Figure 2.4B and F). CD8+ T cells in the
spleen exhibited the same doubling effect using the ‘Before’ staining condition (Figure 2.4E).
However in the tumor, where resident T cells are known to be exhausted and have high
expression of PD1 [149], no such difference in PD1 expression was detected (Figure 2.4A). In
both CD19+ B cells (Figure 2.4D & H) and NK1.1+ NK cells (Figure 2.4C & C), the ‘Before’
staining condition resulted in increased PD1 expression in both the tumor and the spleen, again
by an almost twofold difference. These results suggest that the process of cryopreservation and
thawing can increase expression of PD1 on cells that are not already highly expressing PD1,
and that the ‘After’ cryopreservation method results in the least change to detected PD1 levels

compared to ‘Control’.

2.4.3 The ‘After’ cryopreservation technique yields similar conclusions as non-cryopreserved

samples when analyzing the immune effects of an in-situ tumor vaccine

It is known that immune cells can have different physical and biological properties
depending on their activation state. For example, activated lymphocytes are more resistant to
ionizing radiation and genotoxic anticancer drugs than naive lymphocytes [150]. To study the
potential for a differential impact on immunophenotyping results based on the activation state of
the immune TME, we compared the ‘Control’ and ‘After’ cryopreservation techniques (as

depicted in Figure 2.2A) by flow cytometry analyses for tumor samples from mice receiving a
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previously published in situ vaccine tumor immunotherapy regimen [65]. C57BL/6 mice bearing
~5wk syngeneic B78 flank melanoma tumors were treated with either PBS sham, 12Gy RT only,
or with 12Gy RT + intratumoral hu14.18-IL2 immunocytokine as previously described [65].
Tumors were harvested, dissociated, and processed according to either the ‘Control’ (fresh) or
‘After’ (cryopreserved) staining protocols (from Figure 2.2A) using a hybrid lymphoid/myeloid
flow cytometry staining panel (Table 2.4). Eight immune parameters were assessed using linear
regression models for association with treatment (PBS, RT, or RT+IC), preparation condition
(‘After’ or ‘Control’ protocol), or treatment-preparation interaction (Figure 2.5). No interaction
between treatment and preparation technique was detected for any of the immune parameters,
suggesting that the preparation technique used did not affect the impact of treatment. In
addition, no significant effect of preparation was detected in the model other than for NK cells,
which had a borderline p value of 0.046 (Figure 2.5D). This suggests that NK cell content is
slightly different in the cryopreserved preparation compared to fresh, but this difference does not
change with treatment. Our analyses, based on modeling of treatment effect, identified
significantly greater percentages for all seven distinct immune populations (CD45+ cells, CD4+
T cells, NK1.1+ NK cells, CD8+ T cells, CD4+CD25+ T cells, CD19+ B cells, and CD11b+
myeloid cells), expressed as a percentage of live cells, in the RT+IC immunotherapy group
compared to PBS control (Figure 2.5A,C,D,E,F,G,H). Though immunosuppressive Trg cells
were higher in the RT+IC group, the CD8/T.4 ratio was also substantially greater in the RT+IC
group as well (Figure 2.5B). Taken together, these data suggest that the ‘After’ cryopreservation
technique largely reflects the same flow cytometry results in the immunotherapy-treated TME as
obtained using the ‘Control’ technique, and allow for similar conclusions to be drawn about the

effect of an in situ vaccine.
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2.4.4 Use of the ‘After’ cryopreservation preparation technique enables demonstration of

alterations to the TME following *°Y-NM600 MTRT.

To demonstrate the use of the ‘After’ cryopreservation protocol in analyzing radioactive
tissue and to explore the time- and dose-dependent effects of *°Y-NM600 MTRT on the immune
TME, we conducted a time course study in C57BL/6 mice bearing ~5 week syngeneic B78 flank
tumors (Figure 2.6). On treatment day 0, mice were given a tail vein injection of either PBS
control, 50uCi of °°Y-NM600, or 250uCi of **Y-NM600. Tumors were harvested weekly on
treatment days 1, 7, 14, and 21 following injection, dissociated, and stained for analysis
according to the ‘After’ cryopreservation protocol using a hybrid innate/adaptive staining panel
(Table 2.5). Immune parameters were assessed using linear regression models for association
with time following injection, dose of treatment (PBS, 50uCi, or 250uCi), or time-dose
interaction. Results demonstrate significant (p<0.05) effect of time for all parameters, and
significant time-dose interaction for all parameters except for NK cell content (Figure 2.6B), the
fraction of NK cells expressing CD11b (Figure 2.6C), and Neutrophil/MDSC content (Figure
2.6E). This demonstrates that MTRT had a time-and dose-dependent effect on most immune
populations.

The 50uCi dose resulted in increased infiltration of CD11b" myeloid cells on Days 1 and
7 (Figure 2.6D), and a mildly decreased infiltration of CD19* B cells on Day 7 compared to PBS
(Figure 2.6F). The 50uCi dose also briefly increased the CD8+ T cell: Treg cell ratio on day 1
(Figure 2.6G) due to a decrease in Trgcontent (Figure 2.61). The larger 250uCi dose resulted in
a sustained decreased in CD45" cells (Figure 2.6A), NK cells (Figure 2.6B), CD19 B cells
(Figure 2.6F), and Tg cells (Figure 2.61) compared to both the PBS control and the 50uCi dose
on days 7, 14, and 21. The higher dose also resulted in a relative increase in CD11b" myeloid
cells on day 1, but a relative decrease on Day 14 compared to PBS control (Figure 2.6D). In

addition to substantially decreased Teq cells, the higher MTRT dose also resulted in a decrease
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in CD8+ T cells on days 7 and 21 compared to control (Figure 2.6H), however the CD8 T
cell:Treg ratio was significantly greater on days 7, 14, and 21 in the higher dose group compared
to either PBS control or the lower 50uCi dose group (Figure 2.6G). Lastly, although total NK
cells were decreased in the higher dose group on days 7, 14 and 21 (Figure 2.6B), the fraction
of NK cells expressing CD11b was higher in the 250uCi dose group compared to PBS control
for days 1, 7, and 14 (Figure 2.6C). Together, these data demonstrate the changes in the
immune TME following systemic administration of *°Y-NM600 as a function of both MTRT dose
and time, with prominent, MTRT dose dependent, long-lasting decreases of several immune

populations, that are now able to be analyzed using the ‘After’ cryopreservation protocol.

2.5 Discussion

In this study we describe a cryopreservation and immunophenotyping approach for
analyzing dissociated cell preparations from murine spleens and tumors that must be
cryopreserved prior to flow cytometry analyses. We used two panels of phenotyping mAbs to
evaluate the impact of three separate cryopreservation strategies that differed by when the
cryopreservation step is performed in the staining/processing sequence. We compared
cryopreservation done ‘Before,” ‘During,” and ‘After’ staining/processing (Figure 2.2A). Our data
show that cryopreserving samples after all surface staining, fixation/permeabilization, and
internal staining has been performed (the ‘After’ protocol) resulted in the least impact of
cryopreservation on immunophenotyping results, when compared in parallel to analyses of
freshly obtained (non-cryopreserved) spleen and tumor cell preparations. This cryopreservation
approach was then compared head-to-head with a no-cryopreservation protocol for tumors in
mice receiving combination immunotherapy; analyses of the fresh and the cryopreserved tumor
samples demonstrated the same TME phenotype changes in response to an in situ vaccine.

Lastly, this flow cytometry approach was used to characterize time- and dose-dependent
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changes to the TME following *°Y-NM600 injection in radioactive tissues requiring
cryopreservation (in order to allow the radioactivity to decay to baseline levels to enable

analysis using our core facility’s flow cytometer).

Cryopreservation of PBMCs is a common practice for multicenter studies to reduce
variability and delays in processing and has been used heavily in the clinical study of HIV
treatments [151]. One study found that cryopreservation of PBMCs prior to staining did not
substantially change the frequency of detected CD4 and CD8 T cell subsets, but did notice
changes in markers of activation including CD62L and CCRS5 [110]. Another study concluded
that cryopreservation of human PBMCs had a relatively small impact on detected frequencies of
terminally differentiated CD4+ and CD8+ T cells [152]. However other more recent studies have
described a drop in detected T and NK subsets following cryopreservation and staining
[153,154]. This is consistent with our study, which shows that the frequency of NK1.1+, CD3+,
CD4+, and CD8+ T cells are substantially reduced with the ‘Before’ and ‘During’
cryopreservation methods; but these decreased frequencies are substantially less (or not)
evident with the ‘After’ cryopreservation method (Figure 2.2B and Figure 2.3). We also observed
a significant decrease in CD19+ B cell frequency in both tumor and spleen, particularly following
the ‘Before’ method, which is consistent with published observations with cryopreserved PBMCs
in humans [118]. This decrease in B cells was substantially less evident when using the ‘After’

cryopreservation method (Figure 2.2B and Figure 2.3).

Studies of human T cells, defined by surface marker expression of CD4, CD25, and
lack of CD127, suggest a decrease in the frequency of detectable T4 cells following
cryopreservation of PBMCs [146,155]. However van Pul and colleagues detected a relative
increase in the number of CD4+ CD25+ cells in cryopreserved breast sentinel lymph node
dissociate [117]. This latter result is consistent with our observation that the relative number of

CD4+CD25+ FOXP3+ cells is substantially higher in the ‘Before’ and ‘During’ cryopreservation
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methods for both spleen and tumor, but not for the ‘After’ cryopreservation method (Figure 2.2B
and Figure 2.3). One possible explanation for the differences reported for human PBMC and
solid tissue Tregs [100,117,146] may be that PBMCs from liquid tissue and splenocytes extracted
from solid tissue may react to cryopreservation differently. It is also important to note that our
method for defining Tregs includes the intracellular transcription factor FOXP3 in addition to
surface markers. Nevertheless, van Pul and colleagues speculate that the cryopreservation
process may stress these populations such that regulatory immunosuppressive processes are
activated. Indeed, we observed that lymphocytes (CD4, CD8, NK and B cells) analyzed with the
‘Before’ method had higher expression of PD1 compared to control (Figure 2.4). This pattern is
observed in tumor and splenic CD4+ T cells, B cells, and NK cells, and also in splenic (but not
tumor) CD8+ T cells. However in the tumor, which has high baseline expression of PD1 on
tumor infiltrating CD8+ T cells, no further increase over control was seen for PD1 levels using
the ‘Before’ cryopreservation method. This suggests that cryopreservation prior to staining may
nonuniformly alter PD1 expression depending on its baseline expression and may bias resulting
conclusions. As most multicenter clinical trials use a version of the ‘Before’ cryopreservation
method, studying the potential magnitude of this bias on other markers of activation and

exhaustion may prove to be helpful.

The above described changes in T cell, NK cell, B cell frequencies and PD1 expression
following cryopreservation highlight the significant stress that cells can be subjected to during
the cryopreservation and thawing process. Though there are multiple published protocols which
propose methods of mitigating the impact of cryopreservation on surface marker expression,
including resting the cells in culture conditions prior to staining [133], it is likely that any protocol
that subjects live, metabolically active cells to cryopreservation prior to staining risks
nonuniformly altering an immune population and biasing conclusions. In particular,

cryopreserving live cells and then thawing those cells that remained viable through the
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cryopreservation process, might cause an increase in stress related markers (like PD1) that
would be apparent when the anti-PD1 staining is done after both the freezing and thawing. Our
study demonstrates that, contrary to some of our initial assumptions, staining and fixing an
immune cell population prior to cryopreservation reliably produces flow cytometry results most
concordant with the flow cytometry analyses of non-cryopreserved samples, which avoids the
risk of such nonuniform biases. This principle has been demonstrated in ex vivo stimulated
splenocytes by Alice, Zebertavage and colleagues, in which splenocytes were surface stained,
fixed, frozen for 4 hours, then stained for internal markers in a study of IFNy production
[156,157]. We hypothesize that the “stress” of cryopreservation would be less likely to change
the amount of stress molecules on the cells detected by fluorescent mAbs when the antibodies
have been applied and the cells have been fixed prior to the cryopreservation, as is the case for

the ‘After method used here.

Our data re-demonstrate evidence of enhanced immune cell activation following
combination RT+IC. In a previous study by Morris and colleagues, immunohistochemical
analysis was used to demonstrate increased concentration of both CD8+ T cells and NK cells in
B78 melanoma tumors treated with combined RT+IC compared to either alone [65]. Our results
confirm these prior findings of increased infiltrates of CD8+ T cells and NK cells. With these
observations we extend the characterization of the immune infiltrate following RT+IC in situ
vaccine by demonstrating increased CD45+ cells, CD4+ T cells, CD19+ B cells, CD11b+
myeloid cells, and an increased CD8/T g ratio. We also observe an increase in CD4+CD25+
FOXP3+ Tg cells, which could limit the efficacy of treatment, although the enhanced CD8/Teq
ratio supports a predominantly antitumor effector response. Importantly, comparing the effect of
the cryopreservation technique (‘Control’ vs ‘After’) in the linear models demonstrated no
difference in outcome based on technique, save for a borderline significant effect in NK cells.

However, as there was insignificant interaction between treatment effect and preparation effect,
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it is likely that this difference would not affect comparisons between a treatment group and
control group. Importantly, the lack of significant treatment-preparation interaction in most
parameters implies that cryopreservation does not affect activated immune cells differently than
inactive ones. Thus, our ‘After’ cryopreservation technique can be used to interrogate changes

to the immune TME following immunotherapy.

Our cryopreservation protocol was also used to evaluate samples from mice treated with
%0Y-NM600 MTRT, that required 25+ days of lead-shielded storage to enable sufficient half-lives
of the Y to expire to allow the radioactivity of the mouse tissues to decay to background levels.
This allowed us to do the flow cytometry analyses of these samples, which were no longer
radioactive, using our cancer center’s shared core service flow cytometry equipment (which
does not allow analyses of any radioactive samples). This analysis successfully demonstrated
phenotypic changes to the cells in the TME in a time- and dose-dependent manner following
administration of ®®Y-NM600. The analysis did detect a time-dependent effect in most cell
populations for all treatment groups, including the PBS untreated control (data in Figure 2.6,
statistical analysis not shown). These time-dependent alterations in the immune TME of these
untreated tumors may be explained by the constantly changing size of the tumors over time.
Tumor size at the time of treatment is known to have an impact on efficacy of immunotherapies
in similar preclinical settings [64]. Thus it is reasonable to expect some variation in immune
populations in the control PBS tumors that are growing over time. However, the model results
additionally demonstrated that the effect of dose changes with time for almost all of the
measured parameters (as indicated by significant treatment-time interaction by F-tests), which
confirms that, in addition to baseline time-dependent changes without treatment, the MTRT

agent does cause alterations to the immune TME in a dose-dependent manner.

The use of the ‘After’ cryopreservation protocol has allowed for more detailed analysis of

dose effect in the immune TME than has been previously described. Compared to untreated
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controls on the same day post-treatment, the 50uCi dose did not alter most immune populations
substantially, save for CD11b" myeloid cells and Twgs 0N post injection day 1 (Figure 2.6). This
caused a small but statistically significant increase in the CD8/Treg ratio relative to the
untreated control tumor. More substantial phenotypic changes were demonstrated with the
higher 250 pCi dose, including a decrease in the number of CD45" immune cells, NK cells, B
cells, and Treg cells on days 7, 14, and 21 following injection compared to control. In addition to
these decreases in cell numbers for some parameters, there is evidence that the proportions of
certain immune populations were also altered following the higher dose. For instance, the
fraction of NK cells expressing CD11b, which are considered “mature” NK cells, rose in the
250uCi group following treatment [158]. In addition, although CD8+ T cells were decreased on
days 7 and 21, Trg cells were more substantially decreased on all post-treatment days, resulting
in greater CD8/T g ratios in the 250uCi group on days 7, 14, and 21. These observations may
indicate different radiosensitivities in different immune populations (for example Tregs vs. CD8+ T
cells). Importantly, these changes observed at 250uCi were generally not observed at 50uCi,
which emphasizes the dose-dependent nature of MTRT. Additionally, changes following a 50uCi
injection were not detected after Day 7, but the changes from the 250uCi injection lasted longer,
in some cases through Day 21. This timing effect may be important in future studies when
considering combining MTRT with other immunotherapies. Further investigation of the kinetic
changes, dose response, and sensitivity of tumor type to MTRT are warranted to follow up on
these findings. Clearly, there is a complex dynamic in the tumor in response to MTRT, and our

‘After’ cryopreservation technique provides opportunity to study these effects in detail.

This cryopreservation strategy may also be helpful in the several other situations where
flow cytometric analyses need to be performed at a delayed time, requiring cryopreservation of
samples. Many immune flow cytometric analyses in animal models receiving cancer

immunotherapy require analyses on samples from randomized groups of mice collected over
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several weeks; time is needed implant tumors, allow them to grow to treatment size, administer
treatment, and then wait until the predetermined time points post-treatment to harvest and
analyze the tissues. During this window when mice are “committed” to the experiment, a loss in
access to flow cytometers would result in a lost experiment. The ability to stain and
cryopreserve the tumor samples for prolonged periods is a critical reserve option to preserve the
experiment. In our institution’s case, the University of Wisconsin Carbone Cancer Center Flow
Cytometry lab was abruptly shut down for a 14 day quarantine following a positive contact with a
COVID-19 patient. Using this cryopreservation method, experiments requiring flow cytometry
were able to be stained and cryopreserved until the lab was properly disinfected, institutional
policies could be drafted and followed, and adequate PPE was available to use safely, enabling

completion of the planned flow cytometry analyses.
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Table 2.1: Flow Cytometry Panels used to evaluate different cryopreservation protocols.

Volume per

Target Fluorophore Company (Cat.) Clone Test (uL)
CD25 BB515 BD Biosciences (564424) PC61 1.5
CD103 PE BioLegend (121406) 2E7 1.5
NK1.1 PE-CF594 BD Biosciences (562864) PK136 1.2
T:’ CD19 PE-Cy5 BioLegend (115510) 6D5 0.5
& FOXP3 PE-Cy7 Invitrogen (25-5773-82) FJK-16s 1.4
=) PD-1 V450 Tonbo (75-9981-U100) RMP1-30 1.2
2 CD45 BV510 BioLegend (103137) 30-F11 1
g' CD3 BV605 BioLegend (100351) 145-2C11 1.2
> CD4 BV785 BioLegend (100453) GK1.5 1
GD2 APC BioLegend (357306) 14G2a 1
CD8 APC-R700 BD Biosciences (564983) 53-6.7 1
Live/Dead | GhostRed 780 Tonbo (13-0865-T100) - 0.5uL
CD45 FITC Tonbo (35-0451-U500) 30-F11 1
CD103 PE BioLegend (121406) 2E7 1.5
MHCII PE-Dazzle594 BioLegend (107648) M5/114.15.2 1.2
< F4/80 PE-Cy5 Invitrogen (15-4801-82) BM8 1
S CD64 PE-Cy7 BioLegend (139314) X54-5/7.1 1.2
% CD11b V450 BD Biosciences (560455) M1/70 1.5
S XCR1 BV510 BioLegend (148218) ZET 3
g Ly6C BV605 BD Biosciences (563011) AL-21 2
= CD24 BV711 BD Biosciences (563450) M1/69 1.2
CD11c APC BioLegend (117310) N418 1.2
Ly6G AF700 BD Biosciences (561236) 1A8 1.2
Live/Dead | GhostRed 780 Tonbo (13-0865-T100) - 0.5uL
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Table 2.2: Gating Immunophenotypes used in comparing staining protocols. All samples were

gated on all cells, followed by single cells identified by both forward and side scatter area vs

height, and live cells by viability dye exclusion.

Population Gating Phenotype (after Cells/Single/Live) |
_  CD45+ CD45+
2  TumorCells CD45- /GD2+
& TNKT Cells CD45+/CD3+/NK1.1+
T CD8+T Cells CD45+/CD3+/NK1.1-/CD8+
2 "CD4+ T Cells CD45+/CD3+/NK1.1-/CD4+
g' Treg Cells CD45+/CD3+/NK1.1-/CD4+/CD25+/foxp3+
> B Cells CD45+/CD3-/CD19+
NK Cells CD45+/CD3-/NK1.1+
Neutrophils CD45+/CD11b+/Ly6G+
Macrophages CD45+/Ly6G-/F4/80+CD64+
_ Mi-Like CDA45+/Ly6G-/F4/80+CD64+/MHCIIM
o Macrgphages
g M2like CD45+/Ly6G-/F4/80+CD64+MHCII®
- Macrgphages
2 f'g%ss"ca' YPe  CDA5+/Ly6G-/F4/80-CD64-/CD11b-/Ly6C-/CD11c+MHCII+/CD103+/XCR1+
)
= g'gsg’s'ca' YPe  CD45+/Ly6G-/F4/80-CDB4-/CD11b+/Ly6C+CD11c+/MHCII+/CD103-/XCR1-
Monocyte-

derived DCs

CDA45+/Ly6G-/F4/80-CD64-/CD11b+/Ly6C-/CD11¢c+/MHCII+/F4/80+/CD103-
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Table 2.3: Statistical differences between staining methods are detected in almost all
parameters. The performance of both lymphoid and myeloid staining panels in tumor and spleen
were compared to each other by testing for differences within the 3 cryopreservation protocols
(excluding the non-cryopreserved ‘Control’ group) using Kruskal-Wallis tests. Note that GD2
was not tested for in splenic tissue, as it is a tumor-specific marker. Significant differences were
detected within the three cryopreservation protocols for all parameters except for cDC1 percent

of Live cells in the tumor, and cDC2 percent of live cells in the tumor.

Total Events <0.001 0.018
Total Live Events <0.001 <0.001
GD2 (% of Live) - <0.001
CDA45 (% of Live) <0.001 <0.001
CD19 (% of Live) <0.001 <0.001
NK1.1 (% of Live) <0.001 <0.001
CD3 (% of Live) <0.001 <0.001
NKT (% of Live) <0.001 0.002
CD8 (% of Live) <0.001 <0.001
CD4 (% of Live) <0.001 <0.001
Tregs (% of CD4) <0.001 <0.001
Non-Tregs (% of CD4) <0.001 <0.001

CD4+PD1+ (% of non-Tregs) <0.001 <0.001
CD4+CD103+ (% of non-Tregs) <0.001 0.010

CD8+PD1+ (% of CD8) <0.001 <0.001
CD8+CD103+ (% of CD8) <0.001 <0.001
Neutrophils/MDSCs (% of Live) 0.011  <0.001
Macrophages (% of Live) 0.006  0.002
M1-like (% of Macrophages) 0.004 <0.001
M2-like (% of Macrophages) 0.005 <0.001
cDC1 (% of Live) 0.001 0.363
cDC2 (% of Live) <0.001  0.558
Monocyte-Derived DCs (% of <0.001 0.007
Live)

CD4+ non-Tregs PD1 MFI <0.001 <0.001
CD8+ PD1 MFI <0.001  0.003
NK1.1 + PD1 MFI <0.001 <0.001

CD19+ PD1 MFI <0.001 <0.001
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Table 2.4: Staining panel used in the comparison of ‘Control’ vs. ‘After’ protocols on tumors
treated with EBRT+IC immunotherapy (Figure 2.5). Note that although Ly6G and Helios are

included in the staining panel, comparison to Fluorescence Minus One controls demonstrated

failure to stain for these markers.

Target

Fluorophore

Company (Cat.)

Clone

Volume per Test

(uL)

BD Biosciences
CD25 BB515 (564424) PC61 1.5
Ly6G PE BioLegend (127608) 1A8 1
BD Biosciences
NK1.1 PE-CF594 (562864) PK136 1.2
CcD19 PE-Cy5 BioLegend (115510) 6D5 0.5
Invitrogen (25-5773- FJK-
FOXP3 PE-Cy7 82) 16s 1.4
BD Biosciences
CD11b V450 (560455) M1/70 1.5
CD45 BV510 BioLegend (103137) 30-F11 1
CD4 BV785 BioLegend (100453) GK1.5 1
Helios APC BioLegend (137221) 22F6 1
BD Biosciences
CD8 APC-R700 (564983) 53-6.7 1
Live/Dead th;zt(?ed Tonbo (13-0865-T100) | - 0.5uL
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Table 2.5: Staining panel for time course evaluation of the impact of **Y-NM600 on tumor immune

infiltrates (Figure 2.6).

Target Fluorophore Company (Cat.) Clone Volume per Test
(bL)
BD Biosciences
CD25 BB515 (564424) PC61 1.5
MHCI PE BioLegend (114608) 28-8-6 1.5
BD Biosciences
NK1.1 PE-CF594 (562864) PK136 1.2
CD19 PE-Cy5 BioLegend (115510) 6D5 0.5
FOXP3 | PECy7 | MWO9SLIEOTTS purtes 14
PD-1 V450 Tonbo (75-9981-U100) | RMP1-30 1.2
BD Biosciences
CD11b V450 (560455) M1/70 1.5
BD Biosciences
Ly6G BV605 (563005) 1A8 1
CD4 BV785 BioLegend (100453) GK1.5 1
GD2 APC BioLegend (357306) 14G2a 1
BD Biosciences
CD8 APC-R700 (564983) 53-6.7 1
Live/Dead th;zt(?ed Tonbo (13-0865-T100) ; 0.5uL
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Figure 2.1: Representative gating strategy for evaluation of 25 immune parameters in
dissociated tumor or splenic tissue. Tumors or spleens from C57BL/6 mice were harvested and
dissociated as outlined in materials and methods. The gating strategy outlined in (A) shows the
lymphoid immune panel used to identify the following populations from a sample after excluding
debris and gating on single cells: total live cells; GD2+ tumor cells; CD45+; CD3+; CD4+; Treg
Cells; T helper cells; CD8+; CD19+; NK; and NKT cell populations. Populations of T, B, and NK
cells were also evaluated for expression of the CD103 memory marker and PD1
activation/exhaustion marker [the representative gating strategy presented here shows PD1 and
CD103 evaluation for the T cell subsets (CD8+, CD4+ Ty, CD4+ non-Treg) only]. The gating
strategy outlined in (B) shows the myeloid immune panel used to identify the following
populations in a sample (after excluding debris and gating on single cells as in A): total live
cells; CD45+; Neutrophils/MDSCs; Macrophages; type 1 classical dendritic cells (cDC1); type 2
classical dendritic cells (cDC2); and monocyte-derived dendritic cells (Mo-DCs). Macrophages
were also subcategorized into M1-like and M2-like based on high or low expression of MHCII,
respectively. Gates were set using corresponding Fluorescence Minus One controls. All assay
replicates were pooled for this representative gating strategy for visualization of rare

populations.
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Figure 2.2: Comparison of sample staining and cryopreservation techniques across
comprehensive immunophenotyping panels. A) As described in the text, tumor and spleen
samples were dissociated and resuspended. These single-cell suspensions are stained with
fixable viability dye, Fc Blocked, surface target stained, fixed and permeabilized, internal target
stained, and analyzed, with a wash and pelleting step in between each. Results of these
analyses on freshly obtained, never cryopreserved samples are shown in black (‘Control’). For
replicate samples, 3 separate times in this workflow of staining-fixation-permeabilization-staining
were tested for cryopreservation. These included cryopreservation prior to all staining (‘Before’,
red); after surface staining but before fixation (‘During’, green); or after all fixation and staining
(‘After, blue). B) Five C57BL/6 mice bearing B78 syngeneic melanoma tumors had tumors
(shown here) and spleens (shown in Figure 2.3) harvested as described in materials and
methods and pooled to create a homogenous starting population of tumor or spleen dissociates.
Each population was analyzed using the lymphoid and myeloid phenotyping panels described in
Figure 2.1 and Tables 2.1 and 2.2, using each of the four cryopreservation protocols: ‘Control
‘(not cryopreserved), or cryopreserved ‘Before’, ‘During’ or ‘After’. The 23 separate graphs show
the mean and 95% confidence interval of n=7 assay replicates in each parameter listed above
each graph for each cryopreservation protocol in the dissociated tumor cell preparations. Filled
red, green or blue symbols indicate a significant (p < 0.05) difference on a t test when compared
to the ‘Control’(black) protocol, and open red, green or blue symbols indicate nonsignificant (p >

0.05) differences when compared to the ‘Control’ protocol.
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Figure 2.3: Comparison of 24 immune parameters across myeloid and lymphoid panels in
pooled spleen samples. B) Five C57BL/6 mice bearing B78 syngeneic melanoma tumors had
spleens harvested and RBC lysed as described in materials and methods and pooled to create
a homogenous starting population of splenic samples. Each population was analyzed using the
lymphoid and myeloid phenotyping panels described in Figure 3.1 and Tables 2.1 and 2.2, using
each of the four cryopreservation protocols (Control, Before, During, After) described in Figure
3.2. The analyses of the tumor cell preparations are shown in Figure 3.2B and the spleen cell
preparations are shown here. The 24 graphs show the mean and 95% confidence interval of
n=7 assay replicates in each parameter, listed above each graph, for each cryopreservation
protocol in spleen samples. Note that GD2 was not tested for in splenic tissue, as it is a tumor-
specific marker. Filled red, green or blue symbols indicate a significant (p < 0.05) difference on
a t test when compared to the ‘Control’ (black) protocol, and open red, green or blue symbols

indicate nonsignificant (p > 0.05) differences compared to the control.
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Figure 2.4: Sequence of cryopreservation nonuniformly alters PD1 expression in T cells, B
cells, and NK cells. Five C57BL/6 mice bearing B78 syngeneic melanoma tumors had tumors
and spleens harvested as described in materials and methods and pooled to create a
homogenous starting population of both tumor and spleen dissociated cells. Each population
was analyzed using the lymphoid and myeloid phenotyping panels described in Figure 2.1 and
Tables 2.1 and 2.2, using each of the four cryopreservation protocols (Control, Before, During,
After). Median Fluorescence Intensity (MFI) of PD1 staining was measured for CD8+ T cells (A
and E), CD4+ helper (gated as CD4+, non-Teg) T cells (B and F), NK1.1+ NK cells (C and G) ,
and CD19+ B cells (D and H) in both tumor (A through D) and spleen (E through H) samples.
Statistical Comparisons were made using two-sample t-tests, comparing each staining condition
to the non-frozen control method. * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns =

not significant.
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Figure 2.5: Comparison of ‘Control’ and ‘After’ preparation methods for flow cytometric
analyses of immune cells in the TME following immunotherapy with RT and IT-IC. C57BL/6
mice bearing ~5wk syngeneic B78 melanoma flank tumors were treated using a previously
published in situ vaccine consisting of 12Gy external beam radiation (RT) on treatment day 1,
followed by 5 daily intratumoral injections of 50ug hu14.18-IL2 immunocytokine (IC) on
treatment days 6-10. Staining method is indicated by the ‘Cryopreservation’ row with ( - ) for
‘Control’, and (+) for the ‘After’ protocol. Staining was done using a hybrid lymphoid/myeloid
panel of antibodies. Immune populations are expressed as a percentage relative to all single,
live cells in the sample, save for panel B, which depicts the CD8+ T cell : Treq cell ratio. Data are
presented with individual mouse tumors as data points, with bars representing mean +/- SEM
for each treatment and staining condition combination. Statistical comparisons were made using
linear models assessing preparation protocol, treatment effect, and interaction. All parameters
were determined to have an insignificant interaction on F-test. P-values corresponding to
‘Control’ vs. ‘After’ preparation protocol differences are presented in the bottom left of each
corresponding graph. Pairwise differences between PBS, RT and RT+IC treatment groups
derived from the linear model are indicated as * = p<0.05, ** = p <0.01, *** = p<0.001, **** =p

<0.0001. Data are representative of two independent biological replicates.
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Figure 2.6: Use of the ‘After’ cryopreservation method to analyze radioactive tumor samples
over time following MTRT. Mice bearing ~5-week B78 syngeneic melanoma tumors were
treated with tail vein injections of either PBS control, 50uCi, or 250uCi of *°Y-NM600 MTRT.
N=4 tumors per group were harvested on days 1,7,14, and 21 post injection, dissociated, and
stained using a hybrid lymphoid/myeloid panel using the ‘After’ cryopreservation protocol
described in Figure 3.2. After 30 days stored behind lead shielding at -80C, samples were
confirmed to be at background radioactivity, thawed and analyzed by flow cytometry. The above
immune parameters were calculated and presented as a percentage of cells of interest relative
to all single, live cells save for panel C, which depicts the percentage of NK cells that are
CD11b+, and panel G, which depicts the CD8 T cell: T4 cell ratio. Due to the very low frequency
of CD19+ B cells, panel F presents data as natural log transformed. These data shown here are
representative of two independent experiments. Data were analyzed using linear models to
assess effects of time, treatment condition, and time-treatment interaction on the above immune
parameters. F-statistics for time-dose interaction are presented as p values in the bottom left
corner of each graph. Pairwise analyses from the models were conducted within each time point
only, and are depicted as * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns = not

significant. No corrections for multiple comparisons were conducted.
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Chapter 3

Depth of tumor implantation affects response to in situ vaccination in
a syngeneic murine melanoma model
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Preface

This chapter presents work conducted over the past three years directed at troubleshooting
inconsistencies in our animal model for in situ vaccines. Most researchers developing a new
technique or learning a technique in a lab tend to face a “learning curve” in replicating data and
gaining the skills necessary to conduct the intended research. | initially faced substantial
difficulty in replicating the response rates to the RT+IC in situ vaccine in our B78 melanoma
model, and eventually worked with other researchers in the lab to clearly demonstrate that
something about my implantation technique was resulting in drastically different results. While |
did correct my technique and substantially improved my response rates, | also further
characterized the impact of this difference in implantation depth on the response to in situ
vaccination and identified a simple, effective, physical exam finding to incorporate as an
“inclusion criteria” before starting experiments that improves experimental consistency. |
encountered the initial troubleshooting issue within my experiments and designed and
conducted all of the experiments contained in this chapter. | created these figures and drafted

the body of this text. These data were recently submitted as a manuscript for publication.
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3.1 Abstract

An important component of all research using animal models is ensuring rigor and
reproducibility. This study was prompted after two experimenters performing virtually identical
studies were noted to obtain different results when syngeneic B78 murine melanoma cells were
implanted into the skin overlying the flank and treated with an in situ vaccine (ISV). Although
both experimenters thought they were using identical technique, we determined that one was
implanting the tumors intradermally (ID) and the other was implanting them subcutaneously
(SC). Though the baseline in vivo immunogenicity of tumors can depend on depth of their
implantation, the response to ISV as a function of tumor location, particularly in immunologically
“cold” tumors, has not been thoroughly investigated. The goal of this study was to evaluate the
difference in growth kinetics and response to ISV between identically sized melanoma tumors
following ID vs. SC implantation. We injected C57BL/6 mice with syngeneic B78 melanoma cells
in the flank region. Half these mice were injected ID, and half were injected SC. When tumors
reached 190-230mm?3, they were grouped into a ‘wave’ and treated with our previously
published ISV regimen (12Gy local external beam radiation and intratumoral injections of
hu14.18-IL2 immunocytokine). Physical examination demonstrated that ID-implanted tumors
were mobile upon palpation, while SC-implanted tumors became fixed to the underlying fascia.
Histologic examination identified a critical fascial layer, the panniculus carnosus, which
separated ID and SC tumors. SC tumors reached the target tumor volume significantly faster
compared to ID tumors. The majority of ID tumors exhibited either partial or complete response
to our ISV protocol, whereas the majority of SC tumors did not. Further, the ‘mobile’ or ‘fixed’
phenotype of tumors predicted response to ISV, regardless of intended implantation depth. We
demonstrate that the physical ‘fixed’ vs. ‘mobile’ characterization of the tumors may be one
method of ensuring implanted tumors are in the same tissue plane prior to initiation of treatment.

Moreover, after controlling for strain of mouse, type, size, and growth rate of tumor, we
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demonstrate that small differences in the depth of tumor implantation still have a dramatic effect

on response to immunotherapy.

3.2 Introduction

Cancer immunotherapy has been widely accepted as a powerful tool for treating cancer.
Translational research investigations, largely conducted using animal models, have been
instrumental in the progression and development of successful immunotherapies. Despite many
such studies identifying successful pre-clinical results in animal models, many of these
promising immunotherapies fail during translation to clinical use [159]. This pattern is not limited
to cancer immunotherapies, but has been observed in cancer research as a whole; strong
animal model preclinical data often does not translate to comparable results when evaluated in
humans, and as such has been implicated in what many have termed the ‘reproducibility crisis’

in cancer research [160].

Scientific investigations conducted in an effective and reproducible manner are the
mainstay of basic, translational, and clinical biomedical research. The National Institutes of
Health (NIH) continues to implement new guidelines in an effort to improve rigor and
reproducibility in scientific research, with the goal of enhancing scientific integrity and
transparency in reported results [161]. In syngeneic implantable models for tumor
immunotherapy, great care is taken to control confounding factors. Subtle variances within
these systems can lead to aberrant and differing responses, despite holding constant as many
factors as possible. Variations in diet, animal housing temperature, and even vendor source can
affect the response to immunotherapy [162—164]. Sivan and colleagues recently showed that
C57BI/6 mice respond differently to anti-PD1 immunotherapy if purchased from Jackson
Laboratories vs. Taconic Farms due to differences in the gut microbiome [162]. Other stressors,

such as the frequency of handling the mice, can affect treatment outcome [165,166]. These
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factors, and other potentially unknown factors, can result in key differences in the tumor-immune
microenvironment (TME), and thus can influence response to immunotherapy. It is also known
that murine tumor immunology experiments can be plagued by high variability, which can make
statistical evaluation difficult and hamper the ability to extend and build upon the published

results of other investigators [103,167].

Previous work in vaccine development has demonstrated that different cutaneous tissue
planes can influence the degree of immunogenicity and immune response [168,169]. The
epidermal and dermal layers play a role in pathogen surveillance and elimination, with unique
subsets of dendritic cells (DCs), tissue resident T cells, macrophages and others [104,105]. By
contrast, the deeper tissue layers have fewer resident DCs and macrophages. In studying the
immunogenic EL4-OVA transfected tumor line, Joncker and colleagues demonstrated that a
tumor cell inoculum injected intradermally (ID) failed to develop into a tumor, while the same
tumor inoculum injected subcutaneously (SC) grew into a progressive and lethal tumor [170].
The difference in response was due to a difference in the kinetics of DC migration and tumor-
specific T cell activation, which occurred in both tumor instances, but only controlled the tumor
in the ID space. Since tumor-reactive effectors are present in tumors implanted in both planes, a
tumor-directed immunotherapy regimen may be sufficient to drive antitumor effector response
regardless of tumor implantation depth. Yet the effects of depth of tumor implantation in the skin
on response to immunotherapy have not been thoroughly investigated in syngeneic murine

models, which are commonly used for preclinical and translational cancer research.

We have previously demonstrated that external beam radiation (RT) strongly synergizes
with intratumoral injections of hu14.18-IL2 immunocytokine ([IC], an anti-disialoganglioside
[GD2] antibody fused to IL2) to achieve tumor control in the implantable GD2-positive B78
syngeneic melanoma model [65]. Mice rendered disease-free are capable of rejecting

challenges with the antigenically related, GD2-negative B16 melanoma line, which
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demonstrates the ability of RT+IC immunotherapy to act as an in situ vaccine. (ISV). Yet our
group noted substantial inter-experimenter variability in tumor response rates to ISV. This study

investigates the influence of tumor implantation depth on response to this ISV immunotherapy.

3.3 Materials and Methods

3.3.1  Syngeneic tumor cell line

B78-D14 (B78) murine melanoma is a cell line derived from B16-F10 melanoma, as
previously described [128]. This cell line was generously provided by Ralph Reisfeld at the
Scripps Research Institute (La Jolla, CA). Cells were cultured in RPMI 1640 (Mediatech, Inc,
Manassas, VA) supplemented with 10% fetal bovine serum, 100U/mL penicillin, 100pg/mL

streptomycin, 2mM L-glutamine, 400pg/mL G418 and 50ug/mL hygromycin [129,130].

3.3.2 Animals and tumor models

Animals were housed and cared for using a protocol approved by the University of
Wisconsin-Madison Institutional Animal Care and Use Committee. Female, 6-8 week old
C57BL/6 mice from Taconic Biosciences (Rensselaer, NY) were allowed to acclimate in our
facility for at least one week prior to innoculation with 2x108 B78 cells in 100uL PBS. All tumors
were injected in a suspension of sterile PBS in a 1mL disposable syringe loaded with a sterile
polystyrene bead and tipped with a 30G needle. For tumors intentionally implanted ID, the
beveled tip of the needle was inserted face up at a <10 degree angle, and advanced no more
than 2-3mm into the tissue parallel to the skin while lifting the needle to create a tenting effect.
This resulted in a well-demarcated wheal (or bubble) and could be felt as pressure-resistance
during injection. For tumors intentionally implanted SC, the needle was inserted at a ~20 degree
angle, and advanced 5-7mm into the tissue while remaining superficial to the flank musculature.

This created a less clearly observable wheal, and did not have strong resistance or pressure



76

during suspension administration. Tumor volume [(width? x length)/2] was measured twice
weekly using calipers. Mice were randomized into treatment groups when tumors reached 190-
230mm?3and assigned to a ‘wave.’ Mice with tumors that grew larger than 230mm? were not
included in the study. One to two mice per wave were randomly assigned to receive PBS control

treatment.

3.3.3 Tumor Treatments

External beam radiation therapy (RT) was delivered using an X-RAD 320 system
(Precision X-Ray Inc, North Branford, CT). Mice were immobilized using custom lead jigs and
surgical tape such that only the dorsal right flank was exposed, with the rest of the mouse
(including the contralateral flank and spleen) shielded. Irradiation settings were beam strength
320Kv/12.5mA, beam conditioning filter 2, platform height 36 cm, treatment duration 331
seconds, which has been measured to reliably deliver 11 +/- 1 Gy to the tumor by

thermoluminescent dosimetry (data not shown).

Immunocytokine (IC, hu14.18-I1L2) was provided in lyophilized form (4mg/vial) by
Apeiron Biologics (Vienna, Austria). It was reconstituted by adding 8mL of sterile PBS for a
working concentration of 0.5mg/mL. For mice being treated with RT+IC, 100uL of the 0.5mg/mL
IC solution was injected intratumorally (IT) daily on treatment days 6 through 10, for a total dose
of 250ug per mouse in five doses. Injections were through a 30G needle, and care was taken to
inject slowly and not draw drug up into the syringe through the needle, as to avoid shear-

induced denaturation of the immunocytokine (Figure 3.1A).
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3.3.4 Tissue harvest, preparation, and histological analysis

Tumors were dissected en bloc to preserve anatomical relation to surrounding tissues.
Specimens were fixed in 10% Neutral Buffered Formalin for 48 hours. Samples were were
paraffin processed, sectioned into 5um slices, and stained with hematoxylin and eosin. Sections
were visualized under a SCOPE.A1 microscope (Zeiss), and images were captured using an

AxioCam HR camera (Zeiss).

3.3.5 Statistical Analysis

The data are presented as mean +/- standard error of the mean (SEM), except where
noted. Time to treatment size and overall survival analyses was performed using either the
Kaplan-Meier method with comparisons using a log-rank test or by Cox proportional hazards
modeling. Comparisons of tumor volume at treatment day 33 were done using a one-way
ANOVA with multiple comparisons conducted by the Sidak method. Comparison of growth rates
between ID and SC tumors treated with ISV was done using linear mixed effects models of log-
transformed data to estimate slopes. Statistical analyses were conducted using R and

Graphpad Prism Software (San Diego, CA).

3.4 Results

3.4.1 Experimenters conducting the same experiment obtained disparate results associated

with different tumor implantation depths

We noticed that the efficacy of ISV varied in some experiments, especially when
comparing the efficacy obtained by different experimenters. To test the difference in
implantation technique as a possible reasons for this variability, two cohorts of five C57BL/6

mice were implanted with B78 tumor cells, one by experimenter-A and another by experimenter-
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B. Both experimenters injected tumors consistent with their understanding of a “subcutaneous”
injection. Once each cohort reached ~150mm? average, they were treated by experimenter-A
using our ISV regimen [65]. Four out of five tumors implanted by experimenter-B became tumor-

free, while only 1 out of 5 mice implanted by experimenter-A became tumor-free (Figure 3.1B).

Tumors implanted by experimenter-B also took ~1 week longer to reach ~150mm?.
Examination of untreated tumors implanted by both experimenters revealed that tumors
implanted by experimenter-A had a ‘fixed’ phenotype, where lateral displacement of the skin
over the tumor did not result in tumor displacement. There was no apparent tumor connection to
the skin, as it would move over the tumor (Figures 3.1C, 3.1D). In contrast, tumors implanted by
experimenter-B had a ‘mobile’ phenotype, where lateral displacement of the skin resulted in
displacement of the tumor as well. These tumors appeared connected to, and moved freely

with, the skin (Figures 3.11,3.1J).

Histologic analysis confirmed that these ‘fixed’ and ‘mobile’ tumors occupied different
tissue planes within the skin compartment. ‘Fixed’ tumors were deep to the thin layer of dermal
striated muscle called the Panniculus Carnosus (PC), which is present in most mammals and
separates the true skin compartment from underlying fascial layers (Figure 3.1E,
3.1F)[171,172]. In contrast, ‘mobile’ tumors were either completely superficial to or
invading/involved with the PC; they could be seen invading true skin compartment structures
including the dermal white adipose tissue, dermis, and lymphatics (Figure 3.1K, 3.1L). Several
smaller, mononuclear cells (possibly infiltrating lymphocytes) could be observed in the periphery
of the ‘mobile’ tumor, but not in the ‘fixed’ tumor (Figure 3.1N). Together, these observations
demonstrate that despite a desire to implant tumors similarly, different experimenters with
substantial mouse-handling experience can implant tumors at different depths in the skin, which

may impact treatment outcome and contribute to increased variability.
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3.4.2 Response rates to ISV are higher in ID vs. SC tumors

It is known that the starting size of a tumor has an impact on treatment response to in
situ vaccination, with larger tumors less likely to respond [64]. Indeed, mice implanted by
experimenter B (which were largely ID) took one week longer to reach treatment size than those
implanted by experimenter A. By extension, one may also consider that faster growing tumors
may be less likely to respond to treatment than slow growing tumors. To explore the effect of
tumor implantation depth on response to ISV while controlling for tumor size, a staggered-
treatment approach was used. A cohort of mice was injected with B78 cells to intentionally be
ID/mobile, while a second cohort was injected with the same number of cells to be intentionally
SC/fixed. When tumors reached 210 +/- 20mm?3, they were grouped into a ‘treatment wave’ and

treated with the same ISV (Figure 3.1A), with 1-2 untreated control mice per wave.

In total, there were ten distinct treatment ‘waves’, which started treatment between 15
and 47 days following implantation (Figure 3.2). Tumors intentionally implanted SC grew faster,
reaching treatment size in a median of 22 days post implantation, while those intentionally
implanted ID took a median of 36 days to reach treatment size (Figure 3.2A). Consistent with
Figure 3.1B, ID-implanted tumors responded to ISV better than SC-implanted tumors (Figure
3.2B, Table 3.1). Median survival for treated ID-implanted tumors was significantly longer than
the median survival for treated SC-implanted tumors (Figure 3.2B and Table 3.1). Both SC- and
ID-implanted tumors had a prolonged survival following treatment compared to untreated
controls (Figure 3.2B, Table 3.1). Eleven out of 22 (50%) ID-implanted mice demonstrated a
complete response to ISV and stayed disease-free, compared to 0/24 SC-implanted mice
(Figure 3.2C, 3.2D). Direct comparison of tumor volumes on post-treatment day 33
demonstrated significant differences between all treated and untreated groups, with significantly
lower average tumor volume in the ID-treated compared to the SC-treated groups (Figure 3.2E).

In addition, linear mixed effects modeling predicted a growth factor of 0.42 [0.37 to 0.48] every
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30 days for ID implanted treated tumors, while SC implanted treated tumors grew by a factor of
3.07 [2.64 to 3.53] every 30 days (p<0.0001 on difference in growth rates). This means that
while ID implanted tumors on average shrank over time in response to treatment, SC implanted
tumors on average grew over time. Lastly, response to ISV as measured by overall survival did
not depend on the rate of tumor growth before treatment for both ID (p=0.877) and SC

(p=0.340) implanted tumors. (Figure 3.2F, Figure 3.3, and Figure 3.4).

3.4.3 ‘Mobile’ vs. ‘Fixed’ tumor status is associated with treatment outcome

As a means of noninvasively confirming tumor implantation depth, the ‘fixed’ or ‘mobile’
status of each tumor was evaluated in a blind fashion. At each time point, tumors were
designated as entirely ‘fixed’, entirely ‘mobile’, or ‘intermediate’ if they had qualities of both, such
as a bilobed or partially mobile phenotype (Figure 3.5). Results were largely consistent with the
intended injection depth; all but four ID-implanted mice developed predominantly ‘mobile’
tumors (two were ‘fixed’ and two were ‘intermediate’), and all but three SC-implanted mice
developed ‘fixed’ tumors (three were ‘intermediate’). A heat map was generated to track
physical-exam status of the tumors over time. After ranking all mice based on the tumor volume
at treatment day 60, a clear clustering phenomenon was observed (Figure 3.5). All mice
rendered disease free had a predominantly ‘mobile’ phenotype; all mice that died from tumor
burden had predominantly ‘fixed’ or ‘intermediate’ phenotype. In general, mice with the smallest
day 60 tumor volumes were ‘mobile,” those with the largest tumor volumes were ‘fixed,” and
most ‘intermediate’ phenotypes had an intermediate day 60 tumor volume. In addition, those
tumors intended to be ID, but with ‘fixed’ phenotypes, behaved similarly to the other ‘fixed’
tumors. This implies a strong association between the response to ISV and depth of tumor
implantation; the physical ‘fixed’ or ‘mobile’ status appeared more closely associated with

treatment outcome than the original ‘intended’ treatment group.
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3.5 Discussion

Our findings highlight the need for detailed documentation of experimental methods and
procedures, and expand published studies indicating that tumor depth can influence antitumor
immune response[169,170]. Not only did B78 tumors grow at different rates in the ID vs. SC
space, they also had significant differences in response to RT+IC in situ vaccination (Figure
3.2). As reported by Joncker et al, OVA-antigen-laden dermal dendritic cells (DDCs) were
detected in the draining lymph node of EL4-OVA tumors as early as two days post-inoculation
for ID-implanted tumors, but took 8 days for detection in SC-implanted tumors [170].
Nevertheless, tumor antigen-specific T cells were detected for both ID and SC tumors,
suggesting that the endogenous response in the SC space, while present, was insufficient to
control the tumor before it developed a suppressive microenvironment [170]. Our results here
expand on this past work by including ISV therapy and the more immunologically “cold” B78
melanoma model, which grows readily, escaping immune destruction even in the ID space. In
this model system, potent RT+IC ISV can cure some mice of ID tumors, but can only slow the

progressive growth of SC tumors (Figures 3.2B, 3.2D).

There are several possible explanations for why the same tumor, capable of recognition
by the immune system, yielded different responses to RT+IC in situ vaccination. We identified
that the mobile, ID-implanted tumors were either associated with or above the PC, while deeper,
fixed, SC-implanted tumors were entirely below the PC plane. The ID space is known to contain
a higher density of antigen-presenting cells (APC), specifically DDCs, with specialized blind-
ended lymphatics connected to a superficial lymphatic plexus, whereas the SC space contains
mostly monocytes and macrophages, with lymphatic vessels connecting to a deep lymphatic
plexus [105,173]. It is also possible that the PC itself may form a physical barrier that can
prevent communication between these two spaces [171]. This difference in lymphatic

architecture, combined with differences in APC populations, likely explains why Joncker and
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colleagues observed differential kinetics of DC mobilization upon tumor challenge in these two
spaces [170]. Further, SC tumors may be able to capitalize on different vascular architecture to
more readily drive angiogenesis from vessels feeding the underlying musculature, which could
explain the faster growth rate of SC tumors. Lastly, the PC itself has been hypothesized to play
a role in wound healing and inflammation [171]. As ID-implanted tumors are invading
(‘wounding’) the PC in some fashion, factors released from the PC may enhance immune
recognition of the tumor. Clinically, tumors that have greater immune infiltrates at diagnosis
seem to have a higher rate of response to immunotherapy [174]. This is likely consistent with
both our and Joncker’s observations, given the greater potential tumor immune cell infiltrate in
some ID vs. SC tumors (Figure 3.2N), though further characterization to define exact differences

in tumor immune cell infiltrate, both before and after immunotherapy, will be required [170].

Though the PC is a integral organ structure in many mammals including rodents, dogs,
cats, horses, and pigs, [171] it is largely absent in humans. Vestigial remnants of this superficial
cutaneous musculature in humans are phylogenetically described to include the occipitofrontalis
muscles of the scalp, the platysma in the anterior part of the neck, the palmaris brevis muscle of
the hand, and Langer’s axillary arch in the axilla [171]. As such, distinguishing between the
dermal and subcutaneous layers in humans is more difficult, but still critically important. In a
phase 2 study of 51 patients with metastatic melanoma, Weide and colleagues injected all
palpable lesions with intratumoral IL-2 three times weekly and evaluated clinical response [175].
The authors noted that the depth of the injected tumor affected the outcome of treatment. In
patients with stage Ill disease, 97.9% of dermally located lesions experienced a complete local
response, whereas 90.3% of subcutaneous lesions experienced a complete local response. In
the more advanced stage |V patients, that difference widened even further, with 56.7% of
intradermal lesions responding to treatment compared to 34.4% of subcutaneous lesions. The

authors noted that the size of subcutaneous lesions were slightly larger than the intradermal
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lesions, which mirrors our preclinical findings here as well. This observation provides a clinical
correlate for our preclinical observations that the tissue plane harbors a different baseline
immune activity, and that the intradermal space may provide a better immune environment for

responding to tumor-targeted immunotherapy.

We identified that slight differences in depth of tumor implantation (~300 um, Figure
3.1E, 3.1K) can create substantial differences in response to immunotherapy. This phenomenon
may be relevant not only for immunotherapy, but for other therapies known to have
immunologically active components such as RT or chemotherapy [123]. Detailed and rigorous
documentation of experimental procedures is essential. The NIH has asked researchers to be
more transparent and explicit with their methodologic descriptions [176]. Based on our
experience, it is likely that in mouse experiments “subcutaneous” is sometimes used as a
common term to describe either SC or ID implantation. Subtle differences in experimental
methodology, such as tumor implantation depth, can substantially affect the reproducibility of
published studies. Researchers rely heavily on published work to generate new hypotheses for
testing. This study documents the importance of accurately and rigorously describing the
method and location of tumor implantation. Using histologic and physical observations, we
delineate between deeper, ‘fixed’ tumors and more superficial, ‘mobile’ tumors, and propose
incorporating this physical exam finding as additional criterion for conducting consistent,
reproducible implantable tumor immunotherapy experiments. Grouping tumors in this fashion
controls for yet another confounding factor, and reduces variability of subsequent experiments,

allowing for improved comparisons between different immunotherapy approaches.
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Table 3.1: Time-to-Event comparisons corresponding to figure 3.2.
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Comparator Comparator Correspondin A B
P Parameter P SP 9 median median P-value
A B Figure
CEV O CEVD)
time to ;
ID (all) treatment SC (all) Figure 2A 36 22 <0.0001
Time to .
ID (treated) death/sacrifice SC (treated) Figure 2B 100.5 61 <0.0001
Time to .
ID (treated) death/sacrifice ID (untreated) Figure 2B 100.5 38 <0.0001
Time to .
SC (treated) death/sacrifice SC (untreated) Figure 2B 61 25 <0.0001
ID (untreated) Uit 60 SC (untreated) Figure 2B 38 25 0.0104

death/sacrifice
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Figure 3.1: Different results obtained from two different researchers conducting the same
experiment. A) Schema of in situ vaccine treatment approach, as described in the Methods
section. B) Average +/- SEM tumor volume of n=5 mice implanted with tumors by either
experimenter-A (blue) or experimenter-B (red), and treated using the in situ vaccine described in
A. Both groups were treated and measured identically by experimenter-B. Vertical dotted lines
represent the day that treatment began (when tumors reached 190-230 mm?) for the mice
implanted by experimenter-A (blue) or by experimenter-B (red). C&D) Physical examination of
tumors implanted by experimenter-A reveals a distinct ‘Fixed’ phenotype of the tumors in
response to lateral displacement of the overlying skin. Note in C the short distance (blue bar)
between the experimenters finger and the left margin of the tumor; in contrast note in D how the
lateral leftward movement (white arrow) of the overlying skin increases the distance from the
finger to the left margin of the tumor (blue bar), indicating that the tumor is not attached to the
skin. E-H) Histologic examination by H&E staining of ‘Fixed’ tumors demonstrates the tumors
reside deep to the cutaneous proper, which is delineated by the panniculus carnosus. 1&J)
Physical examination of tumors implanted by experimenter-B reveals a distinct ‘Mobile’
phenotype of the tumors in response to lateral displacement of the overlying skin. Note in | the
short distance (red bar) between the experimenters finger and the left margin of the tumor does
not increase in J with lateral leftward movement (white arrow shown in J) of the skin that is
attached to the ‘Mobile’ tumor. K-N) Histologic examination shows that ‘Mobile’ tumors are
either superficial to or invading the PC (seen in K), and reside in the true skin compartment.
Further, qualitative assessment identifies distinct monoculear cells, likely infiltrating
lymphocytes, invading the ‘Mobile’ tumor (N, marked by arrows). PC = panniculus carnosus, Ep

= Epidermis, De = Dermis, SA = Subcutaneous Adipose.
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Figure 3.2: Intradermal tumors are more likely to respond to immunotherapy than
subcutaneous tumors. Female, C57BL/6 mice were injected on the same day in the right flank
intentionally aiming for either intradermal (ID, red) or subcutaneous (SC, blue) placement of the
tumor. Mice were monitored weekly, and when tumors reached treatment size (190-230mm3),
they were collected into a treatment group and treated with either PBS control, or our previously
published in situ vaccine as described in the Methods. A) Time to event analysis representing
the time from tumor implantation to reaching treatment size. B) Survival analysis representing
the time from initiation of treatment (either PBS control or RT+IC ISV) to death or tumor meeting
size criteria for sacrifice. Statistical comparisons for A and B were conducted using log-rank
comparisons, with resulting p-values presented in Table 1. C) Tumor volumes (mm?3) were
measured twice weekly for all untreated tumors. D) Tumor measurements for all treated tumors
were also measured weekly. E) Tumor volume at day 33 following treatment initiation for both
treated and control mice. Data are presented as points representing individual values, and
horizontal bars representing the mean +/- SEM tumor volume for each treatment group. Black
dots represent tumors on mice that died before treatment day 33, with their last value carried
forward and shown here. Statistical analysis was conducted by one-way ANOVA with multiple
comparisons using the Sidak method. F) Tumor volume at day 33 of treatment for mice bearing
ID or SC tumors, divided into treatment waves (defined by the day post tumor-implant of
treatment initiation). Ten different waves are included:waves at D15, 19 and 22 for the SC
tumors, a wave at D 27 for both SC and ID tumors, and waves at D 31, 33, 36, 40, 43 and 47 for
the ID tumors. Shown here are only those waves that have 2 or more mice. A single additional
wave (not shown here but included in Supplemental Figures 1 and 2) included a single ID
mouse starting treatment on D 22. Data are presented as points representing individual tumor
volumes, with horizontal bars representing the mean +/- SEM tumor volume for each treatment

group. * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns = not significant.
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Figure 3.3: Controlling for growth rate, identically sized ID tumors are more likely to
respond to RT + IC in situ vaccination. Female, C57BL/6 mice were injected on the same
day intentionally aiming for either Intradermal (ID) or Subcutaneous (SC) placement of the
tumor. Mice were monitored weekly, and whenever tumors reached treatment size (190-
230mm?3), they were collected into a treatment group and treated with either PBS control, or our
previously published in situ vaccine (12Gy external beam radiation on treatment day 1 followed
by intratumoral hu14.18-IL2 immunocytokine on treatment days 6-10). A) Frequency histogram
of the number of mice reaching treatment size for each of the ‘treatment waves’ reached during
the course of the experiment. Blue-green bars correspond to the SC waves and red-purple-
brown bars correspond to ID waves. B) Overlap in time to treatment size between ID and SC
implanted tumors occurred for multiple SC and ID mice only on post-implant day 27, in which
n=3 mice of both ID-implanted (pink) and SC-implanted (green) groups reached the 190-
230mm?3 treatment window. Shown is the average +/- SEM tumor volume following ISV
treatment starting on post-implant day 27, to enable comparison of treatment outcome for ID
and SC tumors when all treated tumors have the same tumor size and growth rate at the time

treatment is initiated.
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Figure 3.4: Controlling for starting size, ID tumors are more likely to respond to RT + IC
in situ vaccination. Female, C57BL/6 mice were injected on the same day intentionally aiming
for either Intradermal (ID) or Subcutaneous (SC) placement of the tumor. Mice were monitored
weekly, and whenever tumors reached treatment size (190-230mm?), they were collected into a
treatment group and treated with either PBS control or our previously published in situ vaccine
(12Gy external beam radiation on treatment day 1 followed by intratumoral hu14.18-IL2
immunocytokine on treatment days 6-10). For A and B, the Average +/- SEM tumor volume is
plotted for each individual wave, for the SC tumors (in A, shades of blue) and the ID tumors (in
B, shades of red) to enable comparison of treatment outcome for 190-230mm? tumors.
Although numbers are small, there are no significant differences between the 4 waves shown in
A, and there are no significant differences between any of the 8 waves plotted in B as
determined by Cox proportional hazards modeling, for both ID (p=0.877) and SC (p=0.340)
implanted tumors. This indicates that in this setting, the initial growth rate of the tumor is not
influencing response to treatment. C) Tumor volumes for each individual mouse in the 4 waves
of treatment for SQ mice. D) Tumor volumes for each individual mouse in the 8 waves of

treatment for ID mice.
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Figure 3.5: Mobile/Fixed status predicts response to RT+IC in situ vaccine. Female
C57BL/6 mice used in the experiment described in Figure 2 were evaluated by physical exam
at each measurement time point. Each row in the figure above represents an individual mouse,
and each column represents the measurement time point in days post tumor implantation. Mice
with mobile tumors (as described in Figure 1 and in the results section) were coded Red, and
mice with fixed tumors (Figure 1 and the results section) were coded Blue. Mice with mixed or
intermediate physical exam findings (as described in the results section) were coded Purple.
Mice that were sacrificed due to tumor burden have an ‘X’ in their cells starting at the time of
sacrifice, and mice that were rendered Disease Free by treatment have a ‘DF’ in their cell,
starting at the time tumor was no longer detected. Mice were then ranked in the far-right
column based on their tumor volume at treatment-day 60, and listed as dead if they had died or
been sacrificed prior to day 60. The “intended injection” column on the left indicates which

depth of tumor was intended upon implantation (light gray for ID, dark gray for SC).
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Figure 3.5
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Chapter 4

Radiation to all sites of tumor permits greater systemic antitumor
response to in situ vaccination
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Preface

This work is the culmination of a series of related studies | have been working on over the four
year course of my PhD work. Exploring the ability of radiation to further propagate, or improve
the impact of, local immunotherapy was the overall objective of my PhD since joining the lab of
Dr. Sondel, under the co-mentorship of Dr. Morris. In generating and replicating the various
findings and mouse models for this project, | encountered difficulty in replicating previously
identified results, which led to the finding concerning tumor implantation depth and mobility,
presented in Chapter 3. After optimizing this approach and model generation technique, | was
able to confidently generate the models and findings discussed here in this chapter. This work
demonstrates that radiating both sites of disease in a mouse with two tumors, but delivering
immunotherapy to only one, improves responses at both sites. | also lay the groundwork in this
chapter for using an alternate means of delivering this radiation in molecular targeted
radionuclide therapy. This work, combined with the immunologic mechanism studies contained
in Appendix A of this thesis, will form the basis for a manuscript in preparation for submission by

early 2021.



98

4.1 Abstract

Effective antitumor effects of external beam radiation therapy RT is known to require
intact immune responses. Our group has previously reported that a low dose (12Gy) single
fraction of RT combined with intratumoral injections of the anti-GD2 hu14.18-I1L2
immunocytokine (IC) synergize to generate an effective in situ vaccine (ISV) against syngeneic
GD2-positive murine tumors. While this ISV is effective in eradicating single tumors, it fails to
generate an abscopal response against (and in some cases is even inhibited by) established
distant, untreated tumors. Given the immune-stimulatory capacity of radiation, we hypothesized
that additional, low-dose radiation to all sites of disease would augment systemic antitumor
response to ISV and result in abscopal effects following local in situ vaccination. In a murine
model consisting of a larger right ‘primary’ flank tumor and a smaller left ‘secondary’ flank tumor,
we conducted a titration of external beam RT dose to the secondary tumor in the setting of
RT+IC in situ vaccine to the primary tumor. Our results demonstrate that abscopal effects of
local ISV can be achieved using as little as 2-6Gy of external beam radiation, with maximal
abscopal effects with a 12Gy dose. Confirmatory studies demonstrated improved overall
survival and a greater proportion of mice rendered disease-free in mice treated with RT+IC
+12Gy RT to the secondary compared to either RT+IC ISV alone or 12Gy radiation only to both
tumors. In addition, linear mixed effects modeling estimated a slower average growth rate for
both the primary and secondary tumors in mice treated with ISV and 12Gy to the secondary
compared to either ISV alone, or 12Gy radiation alone. As means of potentially delivering
radiation to all sites of disease, both known and occult, we used a novel alkylphosphocholine
analog, NM600, as a theranostic targeted radionuclide therapy (TRT) by conjugating either &Y
or %Y. We demonstrate that injected activities of this TRT agent as high as 100uCi do not
interfere with the antitumor effect of RT+IC in situ vaccination. Similar to the case with external
beam, combination TRT with RT+IC ISV resulted in improved overall survival compared to

either ISV alone or TRT alone, and trended to demonstrate reduced growth rates as well. This
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work demonstrates a novel use for low dose external beam radiation, and possibly for TRT — not
as a direct antitumor killing agent, but as an immune adjuvant capable of improving the efficacy

of cancer immunotherapy in the metastatic or occult disease setting.

4.2 Introduction

Immunotherapy has been recently recognized as an effective means of treating many
different types of cancer, both clinically and preclinically. The use of checkpoint blockade,
tumor-targeting antibodies, activating cytokines including IL-2, and autologous cell therapies
including Chimeric Antigen Receptor (CAR)-T cells have been demonstrated to be effective and
are FDA approved for several different cancers [1,4,32,177]. These breakthroughs have been
direct results of advances in our understanding of cancer biology, immune biology, and the
complex regulatory interplay between them. One means of immunotherapy under active study is
in situ vaccination. This is an immunotherapeutic technique that aims to utilize the unique
antigenic targets in a tumor as the source of immune recognition and activation [32,178]. In
essence, in situ vaccines are local treatments that garner a systemic immune response. This is
ideal in the setting of metastatic and micrometastatic disease, as the immune system is capable
of surveilling and identifying such microscopic disease following activation.

It is now understood that the immune system is intimately associated with the
development of almost all cancerous lesions [179]. The immunoediting hypothesis posits that
immune cells are capable of recognizing tumor-specific antigens and directing cytotoxic
effectors towards such targets. Thereby creating a selective pressure within a neoplastic
population and ‘editing’ the tumor to be resistant to immune-mediated destruction. The result of
these processes is tumor ‘escape,” whereby clinically identifiable tumors develop and spread
relatively unhindered by the immune system [4]. The specific mechanism of escape can vary

and is likely a unique mixture of modalities for each patient, depending on a multitude of factors.
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Extensive study of clinical tumor biopsies at diagnosis has suggested that tumors can present
with a variable amount of immune infiltration [7]. Those patients with extensive lymphocytic
infiltrate at diagnosis are referred to as immunologically “hot,” and may represent a fully intact
antigen presentation and activation pathway, which is hindered in the tumor by
immunosuppressive processes including T regulatory cells (Tregs), M2 macrophages, and
myeloid-derived suppressor cells [3,122]. By contrast, those tumors with little to no immune
infiltrate at diagnosis are referred to immunologically “cold” tumors. These tumors may be the
result of very little immune activation, interruption of the normal antigen recognition and
presentation cycle, or failure of activated T cells to identify tumor targets [6]. This dynamic
between “cold” and “hot” tumors is fluid, and can change within a single tumor, between tumors
in the same patient, and over time.

Our group has developed an in situ vaccine approach consisting of local external beam
radiation therapy (RT) combined with an intratumoral (IT) injection of the hu14.18-IL2
immunocytokine (IC) [65]. This IC is an anti-disialoganslioside (GD2, expressed on
neuoectodermally-derived tumors such as melanoma) monoclonal antibody fused to two IL-2
cytokines. The combination of 12Gy RT followed by IT-IC has been shown to improve survival in
mice bearing B78 syngeneic melanoma tumors, and can render up to 70% of mice bearing a
single small B78 melanoma disease-free [65]. Further, mice rendered disease-free by this
combination approach reject further challenges from implanted B78s, as well as related GD2-
negative melanoma lines. We thus demonstrated that this response requires T cells and results
in antigen-specific memory, consistent with an in situ vaccine.

Though there have been numerous clinical studies combining RT with immunotherapy,
few have resulted in strong clinical outcomes [180]. Though the explanation is likely complex,
one possible contributing factor may be the overall tumor immune environment. Many preclinical
models are tested on a single tumor which is typically immunologically “hot” such as a tumor

transfected to express the strong OVA target antigen , the CT-26 colon cancer, the EL4
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lymphoma, or other functionally immunogenic mouse tumors [169]. Though promising, these do
not necessarily replicate clinical cancer presentation, which often includes multiple sites of
disease, both known (metastases) and occult (microscopic disease) and can present with either
“hot” or “cold” tumors. As most immune cells can circulate between secondary lymphoid
structures and sites of inflammation, these multiple sites of disease may fundamentally affect
the entire tumor immune landscape. Indeed, our group has previously published that this same
RT+IC in situ vaccine, capable of clearing ~70% of tumors in mice with a single localized tumor
(a one-tumor model), is only capable of clearing ~10% or fewer treated tumors in a mouse with
two distinct, anatomically separate, sites of the same cancer (two-tumor model) [66]. The
presence of a distant, untreated tumor provides a tumor-specific antagonism of the vaccine
effect, a phenomenon we have termed Concomitant Immune Tolerance (CIT) [66]. In addition,
the RT/IC immunotherapy given to the first tumor had little effect at the secondary tumor.
Clinically, some locally targeted treatments including surgical resection and high-dose RT have
been highly effective in controlling a primary tumor. Most recurrences of cancer occur at distant
sites away from the primary tumor, and development of resistant and recurring clones are the
main cause of death among cancer patients. Understanding how in situ vaccines may be able to
drive systemic antitumor effects is important in translating such treatments into the clinic.
Growing evidence suggests that RT used at low to moderate doses can affect the
immune tumor microenvironment (TME). RT is known to trigger immunogenic cell death in some
tumor cells, characterized by translocation of calreticulin to the cell surface and subsequent DC
activation [34,35,181]. Doses as low as 4Gy have also been shown to increase the tumor cell
expression of both MHCI and interferon [43]. Lastly, low dose RT may also have a direct
cytotoxic effect on immune cells within the tumor, including tumor-resident suppressive lineages
such as Tregs [35]. Together, these changes have been shown to drive the tumor into a more
immune active state, making a “cold” TME more “hot.” In some models, RT itself can also drive

increased antigen presentation and T cell diversification in what is very likely an in situ vaccine
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effect. Clinically this can present in rare cases as immune-mediated attack of distant tumors
outside of the radiation field, termed the “abscopal effect” [182—184]. Yet, in the setting of
multiple “cold” tumors, it is not known how conversion of a single tumor to “hot” status, via
locally delivered in situ vaccination, may affect the systemic anti-tumor response at distant
tumors, which may remain largely “cold”. We hypothesized that systemic response to RT+IC
delivered to a single site, measured at a distant tumor not receiving in situ vaccination, would be
augmented by delivering RT to all sites of disease.

There is growing interest in using RT to treat multiple sites of disease, particularly in the
oligometastatic setting [185,186]. However it is nearly impossible to use external beam RT to
deliver a potentially immunomodulatory dose of radiation to all sites of disease, especially in the
setting of micrometastases. To do so would require radiating large potions of the body, which
would be associated with substantial toxicity and marrow/immune-system suppression, which
may interfere with subsequent immunotherapy. Our lab has therefore been exploring the use of
molecularly targeted radionuclide therapy (TRT) as an alternate means of delivering low dose
radiation to all disease sites. This class of radiation treatment uses a molecular vector
conjugated to a radionuclide injected systemically, but trafficked or targeted selectively to
tumors [187]. Once in the tumor, the energy deposited by radioactive decay delivers the
therapeutic dose to the tumor microenvironment, while sparing the surrounding tissue. Our
group has been exploring the use of alkylphosphocholine analogs as a vector for delivering the
beta-emitter °°Y. Alkylphosphocholines are known to be abundant in nearly every type of tumor,
and we have previously published a high degree of uptake and retention of these conjugated
agents [75,188]. The particular *°Y labelled alkylphosphocholine molecule we have studied,
termed *°Y-NM®600, is capable of delivering 2-5Gy of radiation to all sites of disease in murine
models of multiple tumors, and has been shown to have immune modulating effects on the TME

[76,127,131]. We hypothesized that systemic *°Y-NM600, delivered prior to RT+IC in situ
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vaccination, would permit greater systemic control of distant tumors compared to RT+IC
immunotherapy alone.

In this chapter, we explore using additional radiation to distant tumor sites in order to
further expand a systemic immune response to RT+IC in situ vaccination given to a single site.
In order to harness the in situ vaccine capabilities of RT+IC to enable attack of distant,
metastatic disease, we explored the use of engaging further immune-stimulation via the use of
“distant” radiation, both with external beam RT or molecular TRT in combination with RT+IC. We
present the results of our analyses of tumor growth rates in models of mice bearing multiple
tumors, that demonstrate improved survival in mice receiving additional RT or TRT prior to

immunotherapy.

4.3 Materials and methods
4.3.1 Syngeneic tumor cell lines

B78-D14 (B78) murine melanoma is a cell line derived from B16-F10 melanoma, as
previously described[128]. This cell line was generously provided by Ralph Reisfeld at the
Scripps Research Institute. Panc02 murine pancreatic adenocarcinoma cells were obtained
from ATCC. B78 and Panc02 Cells were cultured in RPMI 1640 (Mediatech, Inc, Manassas, VA)
supplemented with 10% fetal bovine serum, 100U/mL penicillin, 100pug/mL streptomycin, and
2mM L-glutamine. As previously described, B78 cells are engineered to express GD2- and
GD3-synthase under the control of 400ug/mL G418 and 50ug/mL hygromycin and were
selected over three days in selection media prior to being frozen down as lab stock. Cells were
kept below 90% confluence and were used within 7 passages of thaw from the common bank.

Cells were confirmed mycoplasma negative by PCR within 6 months of use.
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4.3.2 Animal studies and tumor models

Animals used in this study were housed and cared for using an approved protocol
reviewed by the University of Wisconsin-Madison Institutional Animal Care and Use Committee
(IACUC). Female, 6-8 week old C57BL/6 mice were ordered from Taconic Biosciences
(Rensselaer, NY) and allowed to acclimate in our animal facility for at least one week following
arrival. Tumors were engrafted by injecting 2x108 cells (either B78 or Panc02) in 100uL
intradermally in the right flank using a 26g needle. Secondary tumors were injected similarly,
with 2x10° B78 cells, 10-14 days after the primary tumor in the contralateral (left) flank, again
intradermally. Of note, the flank was shaved with electronic clippers 24-48 hours prior to tumor
implantation to ensure consistency of injection, and to limit potential impact from any irritation
and inflammation resulting from shaving. Tumors were monitored twice weekly and were
allowed to develop over 4-6 weeks. For all mouse studies, mice that did not have a palpable
secondary tumor were excluded.Tumor volume for all experiments was measured using calipers
and approximated as (width? x length)/2. Some of the experiments were performed prior to the
findings presented in Chapter 3 regarding the difference between ID and SC implantation
effects on the efficacy of RT + IT-IC. In those studies, our retrospective assessment is that the

tumors were implanted SC rather than ID.

4.3.3 External beam radiation and molecularly targeted radiation preparation and
administration
External beam radiation was delivered using an X-RAD 320 system (Precision X-Ray
Inc, North Branford, CT). Mice were immobilized using custom lead jigs and surgical tape such
that only the dorsal right flank is exposed, with the rest of the mouse (including the contralateral
flank and spleen) shielded. Irradiation settings were beam strength 320Kv/12.5mA, beam
conditioning filter 2, platform height 36 cm, treatment duration 331 seconds, which has been

measured to reliably deliver 11 +/- 1 Gy to the tumor by thermoluminescent dosimetry (data not
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shown). To deliver external beam radiation dose to the secondary tumor on the left flank, at the
same time that the primary (right flank) tumor is irradiated, lead shields were left off of the
mouse’s left flank during the radiation of the right flank. Once the scheduled dose (2, 6 or 12
Gy) was delivered to the secondary tumor, it was re-shielded, so that the remaining dose (if any
was scheduled, up to 12Gy) could be delivered to the primary tumor.

%Y Cl; was purchased from Perkin Elmer (Waltham, MA). The alkylphosphocholine
molecule used for molecular targeted radionuclide therapy, 2-(trimethylammonio)ethyl(18-(4-(2-
(4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetamido)phenyl)octadecyl)
phosphate (NM600), was kindly provided by Archeus Technologies (Madison, WI). The
radiolabeling and characterization of ®*Y-NM600, and its PET-detectible counterpart 8Y-NM600,
has been described elsewhere [127,131]. Briefly, 5-10mCi of *°YCl; was buffered in 0.1 M
NaOAc (pH = 5.5.) and 10-15 nmol/mCi of NM600 was added to the mixture. The reaction was
placed at 90°C for 30 minutes under constant shaking at 500rpm. The reaction mixture was
loaded into an HLB (hydrophilic lipophilic balance) solid phase extraction (Waters) cartridge,
washed with 5 mL of H,0O, and *°Y-NM600 was eluted in 2 mL of absolute ethanol. Nitrogen
stream was used to evaporate the eluate, and *°Y-NM600 was reconstituted in normal saline
containing 0.4% v/v Tween 20 and sodium ascorbate (0.5% w/v). Mice receiving EBRT were
radiated on treatment day 1, and mice receiving TRT were injected with 100uCi of **Y-NM600
preparation by tail vein injection on treatment day 1. An injected activity of 100uCi, which
corresponds to a dose of approximately 4Gy at the secondary tumor, was chosen as it was the
highest activity previously demonstrated not to limit (via immunosuppression) efficacy of RT+IC

in situ vaccination in a one-tumor B78 model (data not shown).

4.3.4 Immunotherapy preparation and administration
Immunocytokine (IC, hu14.18-I1L2) was provided in lyophilized form (4mg/vial) by

Apeiron Biologics (Vienna, Austria). It was reconstituted by adding 8mL of sterile PBS for a
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working concentration of 0.5mg/mL. For mice being treated with EBRT+IC, 100uL of the
0.5mg/mL IC solution was injected intratumorally (IT) daily on treatment days 6 through 10, for a
total dose of 250ug per mouse. Injections were through a 30G needle, and care was taken to
inject slowly and not draw drug up through the needle, to avoid shear-induced denaturation of

the immunocytokine.

4.3.5 Cause of death and immune memory analyses

Mice were evaluated twice weekly, using calipers, to measure both primary and
secondary tumors. If the mouse required euthanization due to tumor dimensions exceeding our
predetermined threshold (measuring > 20mm in any dimension), the tumor location (either
primary or secondary) was recorded. Furthermore, if the mouse was still alive at the completion
of the study, the larger tumor of the two tumors (presumably the tumor that would be
responsible for killing the mouse) was also recorded. In addition mice that required
euthanization due to ulcer formation or extensive dermatitis, as determined by veterinary
recommendation, were recorded, as well as mice that were disease-free at the time of
experiment completion. Disease free mice were rechallenged by injecting an inoculum of 2x108
B78 cells intradermally above the right shoulder 30 days after confirmation of disease-free
status. After 30 days post-rechallenge, any palpable tumor at the injection site was assigned a
“rejection failure” and recorded. Following B78 rechallenge, 2x106 Panc02 murine pancreatic
adenocarcinoma cells were injected ID above the left shoulder and monitored for another 30

days, with rechallenge success or failure noted accordingly.

4.3.6 Statistical Analysis
All data presenting replicates include the individual values as well as mean +/- standard
error of the mean (SEM) except where otherwise noted. Differences in tumor growth rates were

assessed using linear mixed effects models. Growth rates were estimated from the model as a
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ratio of change every 21 days. Models predicted tumor volume based on treatment group, days
since treatment started, an interaction between treatment and time, and a random intercept per
mouse. The statistics of interest were the interaction between treatment and time, which
represented the ratio between one treatment’s estimated 21-day growth rate (expressed as an
estimated average fold change in volume every 21 days, applied across the entire growth curve)
and the average rate of another treatment. These estimates along with 95% confidence
intervals and Kenward-Rogers p-values were calculated and are presented in Tables 4.1, 4.2,
4.4, and 4.5. Tumor volumes for some analyses were transformed with the natural log function
to correct patterns in residuals and to account for the exponential growth of tumors. Zero-valued
measurements were imputed as 4 mm? (the smallest recordable tumor volume using calipers) in
order to be defined under the transformation. Statistical analysis was conducted using R version
4.0.2; the Ime4 package was used for fitting mixed models and Kenward-Rogers p-values were
estimated from the ImerTest package. Significance was assessed at the alpha = 0.05 level and
no corrections were made to account for inflated type 1 error rate of multiple hypotheses. Note
that although tumors grow exponentially in the early phases of their growth (before they are
limited by outgrowing their vascular supply [189], the impact of treatment can cause tumors to
either fully or temporarily deviate from exponential growth. This is often observed in treated
primary tumors, which experience a period of “response” during treatment days 10-30, and a
period of “growth” after treatment day 30. Linear mixed effects modeling can handle this
deviation effect in its estimation of growth rates, but does not truly describe the growth rate of
the tumor in its entirety. As such, the estimated growth rate of all tumors within a treatment
group is somewhat arbitrary, and does not describe the “true” degree of response to treatment.
These systems for more accurately modeling tumor growth kinetics, particularly once kinetics
are altered in response to treatment, are an area of active research and debate within the field
of biostatics, and is beyond the scope of this thesis [190-192]. However the ratio of growth

rates between treatment groups is a valid means of comparing these relative, yet arbitrary,
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growth rates between groups, and is the basis for the use of this modeling approach to describe
the impact of treatment.

Simple comparison between tumor volumes on a particular day post-treatment were
conducted using a two-tailed t test. Treatment days chosen to analyze in Figures 1, 2, and 5
were based on the latest recorded treatment day for which all members of a treatment cohort
are alive (excluding the PBS no treatment control groups). Mice that died in the PBS group prior
to the chosen day for analysis were included as last value carried forward, and are represented
by an ‘X’ in the figures. Comparisons of proportions of mice dying from primary tumor burden or

proportions of mice rendered disease free were made using chi-square tests.

4.4 Results
4.4.1 External beam radiation to a distant tumor can improve control following in situ

vaccination to primary tumor

To determine the effect of additional radiation delivered to a secondary tumor in the
setting of RT+IC immunotherapy, and to determine the impact of dose in this respect, a titration
of RT dose to a secondary tumor alongside RT+IC in situ vaccination to a primary tumor was
conducted (Figure 4.1). Mice were implanted intradermally with B78 murine melanoma cells in
the right flank, followed by a second injection in the left flank two weeks later. After
approximately 2 more weeks, these mice then had a right flank “primary” tumor ~150mm? in
size, and a smaller left flank “secondary” tumor ~50mm? in size. These references to “primary”
as the right flank tumor and “secondary” as the left flank tumor will remain throughout this
chapter. Mice were then randomized to receive either PBS (no treatment control), 12Gy of RT to
both tumors (12Gy/12Gy radiation control), or in situ vaccine (12Gy of RT+IC) at the primary
tumor combined with either 0, 2, 6, or 12Gy RT to the secondary tumor (Figure 4.1). Results
demonstrated that while 12Gy radiation to both tumors did slow tumor growth at both primary

and secondary sites, the combination of radiation to the second tumor together with RT/IC to the
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primary was more effective at slowing tumor growth. Primary tumors treated with RT/IC
immunotherapy all grew at a reduced rate compared to either the PBS control or the 12Gy/12Gy
radiation only control (Figure 4.1A-G, Table 4.1) and had smaller average tumor volume on
treatment day 60, compared to last-value-carried forward PBS controls (Figure 4.1H).

At the secondary tumor, RT/IC immunotherapy delivered to the primary was able to slow
growth of the secondary tumor, compared to the PBS control (Figure 4.1, Table 4.2), which
does suggest that RT/IC immunotherapy itself has some degree of systemic effect. The addition
of RT to the secondary tumor concurrent with RT/IC to the primary did improve control of the
secondary tumor, in what trended to be a dose-dependent manner. Average secondary tumor
volume measured at treatment day 60 (Figure 1H) in the RT/IC + 12Gy group was lower than
the 12Gy+12Gy radiation alone group (p = 0.0214), and trended lower when compared to the
RT/IC alone group (p=0.0625). No difference was detected in comparing the RT/IC + 2Gy
groups and RT/IC + 6Gy groups at the secondary tumor to that of RT/IC alone. When evaluating
estimated growth rates of the secondary tumor from mixed effects modeling of log-transformed
data, all three RT doses at the secondary tumor added to the RT/IC at the primary caused a
significantly slower growth rate than RT/IC alone, with a difference in growth rates that tended to
increase with RT dose (Table 4.2). These data suggest that radiation in the form of external
beam RT delivered to a secondary tumor combines with an in situ vaccine to slow the growth of

the secondary tumor.

4.4.2 External beam radiation delivered to a secondary tumor, concurrent with in situ
vaccination to primary tumor, improves overall survival, reduces tumor growth rates, and
induces immune memory
To test the effect of RT combined with in situ vaccine on overall survival and to more

robustly characterize its impact on tumor growth rates, a series of larger studies were

conducted. C57BL/6 mice were implanted in both flanks with B78 tumor cells, with a 14-day
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delay in implanting the secondary flank tumor, as described for Figure 4.1. Only mice with a
palpable secondary tumor were included in randomization and treatment. Mice were treated
with either PBS (no treatment control), 12Gy of RT to both tumors (radiation only control),
RT+IC to the primary tumor only, or RT+IC to the primary with 12Gy RT concurrently delivered
to the secondary (Figure 4.2). All RT was delivered on treatment day 0, and all IC was injected
intratumorally on treatment days 5-10 (Figure 4.2A). A RT dose of 12Gy to the secondary tumor
was selected due to its greater potential impact on overall survival as determined by the
radiation dose titration effects on tumor growth in the previous experiment (Figure 4.1). This
experiment was repeated independently three times. Results demonstrated that all three
treatment interventions extended overall survival compared to the no treatment PBS control
(comparison p values of <0.0001 each for log rank test comparing PBS to 12Gy+12Gy, RT/IC,
and RT/IC+12Gy individually, Table 4.3). In addition, survival was improved for RT/IC +12Gy
compared to RT/IC alone (median survival 125 vs.85 days, p = 0.0025), as well as RT/IC +
12Gy compared to 12Gy+12Gy RT only (median survival 125 vs. 97 days, p = 0.0052) (Figure
4.2B, Table 4.3).

For all three experimental replicates, the cause of death or likely cause of death was
evaluated for each mouse at the completion of the experiment (Figure 4.2C). Eleven out of 16
mice (68.8%) in the PBS control group died from their primary tumor, as did 12/16 mice (75%)
of mice treated with 12Gy RT only to both tumors. This proportion shifted in the RT/IC treated
group, where only 5/26 (19.2%, p = 0.001 compared to PBS) mice died from their primary
tumor, and 17/26 (65.4%) died from secondary tumor burden. Four out of 26 mice (15.4%)
treated with RT/IC in situ vaccine were disease-free. In the group treated with both RT/IC +
12Gy, 8/26 (30.8%) mice were disease-free, 9/26 (34.6%) mice died from primary tumor burden,
and 6/26 (23.1%) mice died from secondary tumor burden. In addition, 3/26 (11.5%) RT/IC +
12Gy mice were recommended for euthanasia by veterinary staff due to ulceration/inflammation

at the tumor site, which was thought to be self-inflicted by the mice. Though the degree of
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ulcerataion led to to a recommendation for euthanasia prior to assessment of disease-free
status, there was no detectable tumor burden at either the primary or secondary flank at the
time of euthanasia. This means that in total 11/26 (42.3%) mice treated with RT/IC+12Gy were
cleared of their tumors as a result of treatment, which is significantly more than the 4/26 (15.4%)
mice that cleared their tumors following RT/IC only (p = 0.032).

To test for tumor antigen-specific memory, mice rendered disease-free by treatment
were rechallenged with a second inoculum of B78 tumor cells in the upper shoulder region at
least 30 days after being declared disease free. Of the eight disease-free mice in the RT/IC
+12Gy group, all 8 (100%) failed to develop a tumor at the rechallenge injection site. Three out
of four (75%) disease free mice in the RT/IC group rejected a rechallenge tumor, and zero out of
1 (0%) disease free mice in the 12Gy + 12Gy group rejected the rechallenge tumor. To confirm
that this rejection of the rechallenge with a B78 tumor is tumor-specific, these same 13 disease-
free mice were also challenged with an unrelated panc02 syngeneic pancreatic cancer cell line
in the contralateral shoulder. All 13 disease free mice, across all 3 treatment groups, failed to
reject the challenge and developed palpable tumors at the site of injection. Taken together,
these data suggest that the combination of in situ vaccination and 12Gy radiation to distant
tumors may result in a greater proportion of disease-free mice than in situ vaccine alone, and
that any mice rendered disease-free by in situ vaccination retain a tumor-reactive immune
memory after clearance of their disease burden, that appears tumor-specific.

To further characterize the effect of radiation and in situ vaccine combination on the
growth rate of both primary and secondary tumors, tumor volume and growth rates were
analyzed (Figure 4.2E). Average treatment day 54 primary tumor volume in the RT/IC + 12Gy
group was smaller than the 12Gy + 12Gy group (p <0.0001), and trended smaller compared to
the RT/IC group (p = 0.062). Average treatment day 54 secondary tumor volume in the RT/IC +
12Gy group was smaller than in the 12Gy + 12Gy group (p=0.0005), and was smaller than in

the RT/IC group (p < 0.0001). Individual tumor volumes for mice in one representative
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experiment is presented in Figure 4.3 A-D. In addition, linear mixed effects modeling was
conducted on log-transformed individual tumor growth curves over the lifetime of the experiment
(Figure 4.3E, Tables 4.4 and 4.5). By comparing growth rates of the modeled data, it was
estimated that primary tumors in the RT/IC group grew 1.344 (1.186 to 1.53) times faster than
the RT/IC + 12Gy group (Table 4.4). This result is consistent with our prior demonstration of
CIT, where an un-irradiated distant tumor can hinder the effect of RT/IC on the primary tumor
[66]. For secondary tumors, those in the RT/IC group grew 1.605 (1.453 to 1.776) times faster
than the RT/IC + 12Gy group. Further, comparing the RT/IC +12Gy group to the 12Gy + 12Gy
radiation only group yielded similar results; both primary and secondary tumors in the RT/IC +
12Gy group grew at a slower rate than the radiation only control group (Tables 4.4 and 4.5). In
total these data suggest that external beam radiation delivered to all sites of disease improves

response to locally delivered in situ vaccine, at both primary and distant tumors.

4.4.3 Molecular Targeted Radionuclide Therapy (TRT) combined with in situ vaccine improves

overall survival

In order to be able to deliver radiation dose to all sites of disease, both known and
occult, a different modality beyond external beam RT is required. A systemically administered
molecular targeted radionuclide therapy (TRT), that selectively binds to cancer cells on a
molecular level, can circulate to all tissues of the body, and theoretically deliver RT dose to all
sites of disease. In order to determine if we could apply the same findings from combination
external beam RT and in situ vaccine to combination TRT and in situ vaccine, we used the beta
particle-emitting TRT agent ®*Y-NM600. One key difference between radiation dose delivered by
external beam RT and dose delivered by targeted radionuclide therapy is the dose rate; external
beam delivers energy at a very high rate, while the TRT agent delivers the energy over a
prolonged period of time as the radionuclide decays. In addition, the external beam RT delivers

a similar dose to all tissue in the radiation field, and extremely lower doses of radiation to distant
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areas outside of the radiation field. In contrast, TRT delivers radiation systemically to all tissues
of the body, where it is retained selectively by tumor and cleared more rapidly by non-tumor
tissue; thereby resulting in radiation delivery to all tumor sites, with lower-dose radiation to non-
tumor tissue. Because antitumor immune effector cells themselves are sensitive to radiation,
and would be exposed to some low dose radiation with the systemically administered TRT, we
conducted a dose-titration of TRT combined with RT+IC in situ vaccine in a one-tumor mouse
model to determine the dose of TRT that may be sufficiently immunosuppressive to interfere
with generation of an antitumor immune response. C57BL/6 mice bearing a single ~150mm?
flank tumor were randomized to receive RT+IC in situ vaccine plus 0, 25, 50, or 100uCi of Y-
NM600 (Figure 4.4). If there were no immunologic effect of the RT+IC component of this
therapy on tumor growth, we would expect the tumors to be affected purely by the radiation
dose delivered by the RT and the TRT, so the negative control group (no immunotherapeutic
effect) for this experiment was 12Gy RT plus 100uCi of °°Y-NM600. Results of two independent
experiments pooled together demonstrate a significantly reduced tumor volume in all groups
treated with combined RT+IC and TRT at 0, 25 and 50 uCi of ®®Y-NM600 injected activity, and a
trend towards reduced tumor volume in the group treated with RT+ IC and 100uCi of *°Y-NM600
compared to the radiation-only control. No side effects of radiation toxicity including weightl loss,
hair loss, or ulceration were observed at any of the TRT injected activities. These data suggest
that there is still an immune effect being generated in response to in situ vaccination capable of
further controlling tumor growth beyond the effect of radiation alone, up to an injected activity as
high as 100uCi.

To determine if systemically administered *°Y-NM600 can provide benefit in controlling
multiple tumors when combined with in situ vaccination, C57BL/6 mice were implanted ID with a
primary B78 tumor, and a B78 secondary tumor 14 days after the primary, as described in the
materials and methods section (Figure 4.5A). Mice were randomized to either PBS control,

100uCi of TRT only, RT/IC in situ vaccine to the primary tumor, or RT/IC + 100uCi TRT. The
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PBS and RT/IC groups were shared with the previous set of experiments described in Figures
4.2 and 4.3, which were conducted concurrently with the TRT studies shown in Figures 4.5 and
4.6. Mice receiving TRT were injected with 100uCi of ®°Y-NM600 by tail vein injection on
treatment day 0, the same day they were treated with 12Gy external beam RT to the primary
tumor. Immunocytokine was delivered intratumorally on treatment days 5-9 (Figure 4.5A).
Results demonstrate that the combination of RT/IC + TRT resulted in significantly increased
overall survival compared to RT/IC immunotherapy alone (median 112 vs 85 days, p = 0.025)
(Figure 5B, Table 4.6). Mice treated with TRT alone did not have improved survival compared to
PBS (median 56 vs 60 days, p = 0.1839). Analysis of the cause of death revealed that 14/16
(87.5%) mice in the TRT only group died from primary tumor burden, while only 6/25 (24%,
p<0.0001 compared to TRT only) mice in the RT/IC + TRT group died from primary tumor
burden. Four out of 25 (16%) mice in the RT/IC + TRT group became disease free. Of these
four disease free mice, all of them rejected subsequent rechallenge with an additional B78
tumor inoculum, but developed tumors in response to the unrelated panc02 challenge (data not
shown), which suggests a tumor-specific memory response.

Analysis of tumor volumes on treatment day 34 (Figure 4.5E) indicate that primary
tumors treated with RT/IC + TRT were smaller than those treated with TRT only (p<0.0001). No
difference was detected between primary tumors treated with RT/IC + TRT compared to those
treated with RT/IC only. Secondary tumors in mice treated with RT/IC+TRT had a lower day 34
treatment volume than those in mice treated with TRT alone (p=0.0043) and those treated with
RT/IC alone (p=0.0106). Individual tumor volumes for mice in one representative experiment is
presented in Figure 4.6 A-D. Linear mixed effects-based modeling of average tumor growth rate
was conducted on log-transformed tumor volumes and used to compare growth rates between
treated groups (Figure 4.6E, Tables 4.7 and 4.8). Primary tumors treated with RT/IC grew 1.352
(1.191 to 1.562) times faster than those treated with RT/IC + TRT (Table 4.7). Secondary

tumors treated with RT/IC grew at the same average rate as those treated with RT/IC+TRT
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(0.907 to 1.111, Table 4.8). Tumors treated with TRT alone showed substantially faster growth
than RT/IC + TRT at both the primary (3.329, 2.299 to 4.763) and secondary (1.706, 1.316 to

2.188) tumors (Tables 4.7 and 4.8).

4.5 Discussion

In this chapter we demonstrate the utility of radiation to both sites of disease prior to in
situ vaccination with RT + IC in controlling the growth of both tumors in mice with 2 distinct sites
of B78 melanoma. We demonstrate that a range of external beam doses to a secondary tumor,
shows a trend towards a dose-dependent effect in improving response following RT+IC in situ
vaccination; the greatest effect identified appeared to be with a 12Gy dose, which was the
highest dose tested (Figure 4.1). Further characterizing the in vivo effect of this regimen, we
demonstrate improved survival with combination RT+IC to the primary and 12Gy RT to the
secondary tumor compared to either RT+IC alone, or 12Gy RT only to both tumors (Figure
4.2B). We also explored delivering this radiation to both sites of disease using a systemically
injected molecular targeted radionuclide therapy, **Y-NM600. We demonstrate that an injected
activity as high as 100uCi given five days prior does not interfere with the antitumor effect of
RT+IC in situ vaccination, and is safe to use in our regimen (Figure 4.4). Lastly, we demonstrate
in vivo effect of combining 100uCi *°Y-NM600 with in situ vaccine, with increased overall

survival compared to RT+IC in situ vaccine alone (Figure 4.5B).

Cancer care has made significant progress in the last several decades in terms of
surgical, medical, and radiologic treatment of disease. Surgical resection followed by radiation
to the resection margin has reduced the rate of local recurrence in many cancer types
dramatically [1]. It is now our understanding that the majority of fatal cancer cases are a result of

disease at a location other than the primary tumor, typically what is termed either
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oligometastatic (few numbers of additional lesions) or metastatic disease [193]. Though
chemotherapy has made substantial contribution to controlling microscopic disease, resistance
often develops [194]. Immunotherapy holds great promise in treating these distant lesions; this
has been particularly evident with the recent use of immune checkpoint blockade in the setting
of inflamed, immunogenically “hot” cancers. Despite the success of such treatments, a clear
dichotomy in response between “hot” and “cold” cancer patients has developed when
checkpoint blockade is used as the sole immunotherapeutic strategy [195]. While
supraphysiologic activation of immune effectors can be sufficient to achieve strong antitumor
response in “hot” tumors, these effectors either may fail to be generated, or fail to find
adequately hospitable environments in “cold” tumors [ref]. Our effort now is directed towards
converting “cold” tumors to “hot” tumors, which may in turn make them more responsive to

immunotherapy.

There is growing evidence now that radiation can have immunologic effects that can
prime the TME to be more responsive to immunotherapy. In cells undergoing immunogenic cell
death following radiation therapy, calreticulin is translocated to the cell surface. Calreticulin is a
chaperone protein that is upregulated during times of stress, and is a potent activator of
dendritic cell (DC) phagocytosis [37]. Also released during immunogenic cell death is High
Mobility Box Group 1 (HMGB1), is classified as a Damage Associated Molecular Pattern
(DAMP) and can activate innate immune cell inflammatory response by binding Toll-Like
Receptor (TLR) family members, including TLR2 and TLR4 [39,40]. These processes can
culminate in DC activation and migration, enhanced antigen processing, and increased
presentation/activation of antigen-specific effector T cells [35]. Some studies have also
demonstrated an increase in expression of MHCI on tumor cells surviving low doses (1-4Gy) of
external beam radiation , as well as increased expression of inflammatory adhesion proteins

including VCAM1, ICAM1, and CD31 [43], [46]. Demaria and colleagues have also
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demonstrated that double stranded DNA breaks induced by radiation can be detected in the
cytosol and activate expression of type 1 interferon in the tumor cells themselves, which have
potent inflammatory effects [50]. Lastly, radiation can have a direct cytotoxic effect on immune
cells in the radiation field, including Tregs, Which can serve to eliminate any long-standing
immunosuppressive or regulatory populations in the “cold” tumor microenvironment [35]. Taken
together, radiation may be “resetting” the immune tumor microenvironment to a state before it
had escaped from the immune system. Though in traditionally “cold” tumors this is likely not
enough to drive sustained immune activation before becoming suppressed again, RT may be
able to create a window of opportunity for which an in situ vaccine or other systemically

activating immunotherapy can drive effective infiltration into this temporarily “hot” TME.

Our results with local in situ vaccination in the setting of multiple “cold” B78 tumors
highlight the challenge faced by an activated immune system to overcome a suppressive tumor
microenvironment. Our studies demonstrate that the addition of RT at the secondary tumor
improves the disease course with a reduction in secondary tumor growth at day 60 in
comparison to RT+IC at the primary site alone (Figure 4.1). In our follow up confirmatory
experiments, the RT+IC plus 12Gy group demonstrated significantly reduced average tumor
volume on treatment day 54, as well as a significantly reduced estimated average growth rate at
the secondary tumor compared to either in situ vaccination or radiation only (Table 4.2, last two
rows). This suggests that although RT+IC in situ vaccination does slow the growth of the
secondary tumor compared to the no treatment control, a substantially greater degree of control
is achieved when adding 12Gy RT to the secondary. Importantly, secondary tumors in mice that
received 12Gy to the secondary and in situ vaccination also had lower average day 54 tumor
volume than mice receiving only radiation. This suggests that the systemic effect of RT+IC
immunotherapy (on the distant tumor) is at least additive in achieving antitumor effect and

slowing/reversing tumor growth. This is supported by our clear demonstration of improved
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overall survival, with significant extension of lifespan in mice receiving RT+IC plus 12Gy of RT
at the secondary in comparison to either RT+IC only at the primary site, or 12Gy radiation to

both tumors alone (Figure 4.2B).

Looking into the cause of death amongst these groups provided some insight into
potential mechanisms through which this lifespan extension was conferred. While the majority of
mice that died in the RT+IC only group died due to secondary tumor burden, those mice that
died in the RT+IC + 12Gy to the secondary group died equally between primary tumor,
secondary tumor, or inflammation/dermatitis (Figure 4.2C). This suggests that while there is
likely a similar effect of RT+IC alone versus RT+IC plus 12Gy to the secondary tumor on
primary tumor growth, the addition of the 12Gy to the secondary site provided a benefit to at
least some of the mice that would have died as a result of uncontrolled growth of the secondary
tumor. Thus in this chapter we have demonstrated that there is likely an in vivo benefit to
radiation at both sites of disease in conjunction with in situ vaccination of this B78 melanoma.
Further testing is needed to see if this may apply preclinically in other settings. The clinical
implication is that provision of radiation at an immunomodulatory dose (like 12 Gy or potentially
lower) to all sites of disease, if feasible, may help immunotherapies that work (in part) through
an in situ vaccine effect, to better control local and distant disease. If provision of radiation to all
disease sites is proven to be clinically beneficial when combined with immunotherapy, an
important challenge will be how RT can be delivered to all sites of disease without causing
substantial radiation-toxicity or functionally meaningful systemic immune suppresion. While
external beam radiation would not be used to treat all disease sites in widely metastatic cases
for fear of this widespread local toxicity and systemic immunesuppression, there is growing
interest in aggressively treating all known lesions in cases of oligometastatic cancer (cancer
limited to 5 or fewer metastases). The results of a randomized phase Il trial of stereotactic

ablative radiotherapy to all disease sites vs standard of care in 99 oligometastatic patients in
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Europe demonstrated improvement in median survival (41 months vs 28 months) in the group
receiving treatment to all tumors [196]. In this setting, one could consider adding local in situ
vaccination to one of these sites in order to further drive antitumor effect. Though prone to off
target effects, it is technically and financially easier to radiate all sites of disease as opposed to
intratumorally injecting all sites of disease; by this logic the combination of RT to all sites and in
situ vaccine to a single site holds immediate translatable clinical potential. We have presented in
vivo evidence that radiating additional sites of disease can turn “cold” tumors “hot,” and permit a
stronger systemic antitumor immune response. Though external beam radiation may be useful
combined with immunotherapy in the setting of multiple macroscopic lesions, it is not feasible to
radiate every micrometastatic site using such an approach in patients with a large number of
measureable tumor sites or with disseminated metastases. Systemically administered,
molecularly targeted radionuclide therapy presents an alternative approach to deliver radiation
to all sites of disease and therefore create an immune-susceptible TME. This principle has been
demonstrated with ®°Y-NM600 in combination with dual anti-PD1 and anti-CTLA4 checkpoint
blockade [197], but not with a locally administered in situ vaccine. The use of a modular
molecular compound like NM600 is that the agent can be chelated to a number of radiometals,
which can have varying half-lives, decay particle types, path lengths, and positron emissions
[198,199]. In the setting of NM600, conjugation of Y instead of *°Y results in a PET-detectable
compound that has the exact chemical and pharmacokinetic properties of the *°Y agent. This
allows for PET/CT based imaging of a patient over time to predict, in a patient-specific manner,
the uptake, distribution, and dose delivered to target and off-target tissues for *°°Y-NM600. Thus
this agent is a theranostic, possessing both diagnostic and therapeutic properties [75,200]. This
approach has been used effectively as a single-agent therapy against the more radiosensitive
EL4 lymphoma line where it is capable of tumor eradiation and facilitates generation of immune

memory [131].
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Similar to external beam RT, in this chapter, the use of TRT combined with
immunotherapy improved overall survival compared to immunotherapy alone (Figure 4.5).The
impact of this TRT dose was somewhat less than that of 12Gy external beam RT, however.
Though a difference in treatment day 36 volume was detected, the linear mixed effects model
was unable to detect a statistically different growth rate in secondary tumors in mice treated with
RT+IC alone or RT+IC and TRT combined, and there was no difference in the number of
disease-free mice resulting between these two groups. This may be due to a difference in
overall dose delivered to the tumor; while the external beam delivered 12Gy, the TRT only
delivered 3-5Gy, as it was the highest dose we knew we could administer without interfering
(via immune-suppression) with the in situ vaccine (Figure 4.4). Interestingly, the rate of growth
was significantly lower at the primary tumor in mice treated with RT/IC + 100uCi of *°Y-NM600
TRT compared to mice treated with RT/IC alone. This is consistent with the equivalent effect
observed in the case of 12Gy external beam delivered to the secondary tumor, though it should
be noted that more sophisticated means of statistically modeling tumor growth will likely be
required to confirm this added effect on the growth rate of the primary tumor. Any added effect
may be due to the extra accumulation of dose in the primary tumor resulting from greater tumor
cell kill prior to immunotherapy. A second possibility for the improved primary tumor response
could be that radiation of the secondary TME is able to have a distant immunologic effect at the
primary TME. Elimination of Trgs, increased activation of cytokine-producing effector cells,
increased migration both to and from the tumor bed may result in a stronger circulating
antitumor immune response, that in turn is able to positively impact the primary tumor as well.
This would be consistent with overcoming a CIT-like response at the primary by delivering
radiation to the secondary, and could support the use of radiation to prime all sites of disease

prior to immunotherapy [66].
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One of the major questions that still remains are the mechanisms by which immune-
activating treatment at one tumor site can have additional impact on other sites of disease. In
the RT+IC alone group, treatment of the primary tumor did result in slower secondary tumor
growth compared to mice that received no treatment, which suggests some degree of a
systemic response in mice treated with immunotherapy; immune cells generated by the in situ
vaccine do slow the growth of this otherwise “untreated” tumor. This was further supported by
our findings that treatment of the secondary site with 12Gy trended towards improvement in
response at the primary tumor evidenced by reduced growth rate at both sites of disease
(Figure 2). However, this improvement in response was inadequate to control the established
“cold” B78 secondary tumor in most mice. The addition of 12Gy RT to the secondary tumor may
have allowed for the systemic immune response generated by the in situ vaccine to eliminate a

greater proportion of tumor cells, thus slowing growth or even curing some mice.

To help address these mechanistic questions, we have begun to characterize changes
in immune cell populations in the TME of mice with 2 B78 tumors receiving the regimens shown
in this chapter through flow cytometry analyses/ We are using the novel staining and
preparation technique outlined in chapter 2 of this thesis. Through this technique and
development of reliable and robust staining panels, we have developed means of querying both
the adaptive and innate arms of the immune system, as well as markers of immune activation,
in both primary and secondary tumors as well as in the tumor-draining lymph nodes. To
supplement these data, we are also conducting direct measurement of cytokine production in
tumor lysates and correlating them with our flow cytometric data. A detailed presentation and
analysis of these preliminary flow-cytometry and cytokine-production data is included in
Appendix A of this thesis. Ongoing and future studies will also assess the role of these immune
populations through in vivo depletion analyses aimed at CD8 T cells, CD4 T cells, NK cells, and

others. Future analyses may also include evaluation of the degree of activation / functional role
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of these populations using gPCR to amplify effector molecules such as interferon gamma, IL-2,

perforin, and Granzyme B.
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Table 4.1: Primary tumor growth rates for mice and treatments depicted in Figure 1. Tumor
volumes were log-transformed, and linear mixed-effects modeling was conducted to estimate a
proportional growth rate every 21 days, integrated over all time points for each tumor. The
average (designated “Estimate”) and 95% confidence interval (Cl) of these growth rates are
presented here. By comparing the average growth rates to each other, inferences (supported by
Kenward-Rogers p values) can be made about the rate of growth on average of one treatment
group compared to another. Estimates for these ratios represent the proportion of change from
one group compared to the other over a 21 day period. The Kenward-Rogers p value is
presented as a comparison to a null hypothesis of zero tumor volume change over time or no
proportional difference between two groups compared as a ratio (both of which would

correspond to an Estimate value of 1).

Parameter Estimate 95% CI p-value Conclusion |
Growth rate of PBS 3786 | 2751105460 | <0.001 | |UmMOrson average grew
over time
Growth rate of 12Gy+12Gy | 2.306 | 1.894102.798 | <0.001 | |umors ey 29¢ 9
Growth rate RT/IC 0.648 | 0.538100.789 | <0001 | Tumors on average shrank
over time
No change detected, but
Growth rate RT/IC+2Gy 0.842 0.698 to 1.014 0.068 trending to shrink slightly on
average
Growth rate RT/IC+6Gy T | OGET@ED | oary | WSS eh EEEEE SIS
over time
No change detected, but
Growth rate RT/IC+12Gy 0.848 0.698 to 1.017 0.080 trending to shrink on
average
. PBS tumors grew faster
Ratio of (PBS) to (RT/IC) 5.840 3.722 to 8.780 <0.001 than RT/IC tumors
Ratio of (RT/IC) to RT/IC tumors grew slower
(12Gy+12Gy) 0.281 0.216 to 0.371 <0.001 than 12Gy+12Gy tumors
No statistical difference in
Ratio of (RT/IC) to growth rate but RT/IC +
(RT/IC+12Gy) 0.765 0.581 to 0.996 0.051 12Gy shows a trend
towards slower growth
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Table 4.2: Secondary tumor growth rates, for mice and treatments depicted in Figure 4.1.
Tumor volumes were log-transformed, and linear mixed-effects modeling was conducted to
estimate a proportional growth rate every 21 days, integrated over all time points for each
tumor. The average and 95% confidence interval of these growth rates are then reported. By
comparing the average growth rates to each other, inferences (supported by Kenward-Rogers p
values) can be made about the rate of growth on average of one treatment group compared to
another. Estimates for these ratios represent the proportion of change from one group
compared to the other over a 21 day period. The Kenward-Rogers p value is presented as a
comparison to a null hypothesis of zero tumor volume change over time or no proportional
difference between two groups compared as a ratio (both of which would correspond to an

estimate of 1).

Parameter Estimate 95% CI p-value Conclusion
Growth rate PBS 5437 | 4110t07.270 | <0001 | umorson average grew
over time
Growth rate 12Gy+12Gy 2.431 21141t02.843 | <0001 | |umorson average grew
over time
Growth rate RT/IC 2.706 2344103133 | <0001 | |Umorsonaverage grew
over time
Growth rate RT/IC+2Gy 2.031 1796102.332 | <0.001 | 'umorsonaverage grew
over time
Growth rate RT/IC+6Gy 1.871 1.626 to 2.211 <0.001 Tumors on average grew
over time
Growth rate RT/IC+12Gy 1.230 1.074 to 1.429 0.003 | 'umors onaverage grew
over time
. RT/IC tumors grew
Ratio of (PBS) to (RT/IC) 2.009 1.493 to 2.721 0.008 slower than PBS tumors
. RT/IC + 2Gy tumors grew
Ratio of (RT/IC) to 1332 | 1.081t01593 | 0.008 slower than RT/IC
(RT/IC+2Gy) t
umors
. RT/IC + 6Gy tumors grew
Ratio of (RT/IC) to 1446 | 1473t01.761 | 0.001 slower than RT/IC
(RT/IC+6Gy) t
umors
. RT/IC +12 Gytumors
Ratio of (RT/IC) to
(RT/IC+12Gy) 2.200 1.809 to 2.677 <0.001 grew slo:fver than RT/IC
umors
. RT/IC +12Gy tumors
Ratio of (RT/IC +12Gy) to 0.506 0.411to 0.619 <0.001 grew slower than 12Gy +
(12Gy + 12Gy) o
y tumors
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Table 4.3: survival analyses for mice treated with PBS, radiation only, in situ vaccine only, or
combination radiation and in situ vaccine. These analyses correspond to the survival curve

depicted in Figure 2B. Groups were compared using the Log-Rank test, with corresponding P-

values reported here.

Comparator A Parameter ComparatorB A median B median P-value
(days) (days)

RT/IC Time to PBS 85 56 <0.0001
death/sacrifice

12Gy + 12Gy Time to PBS 97 56 <0.0001
death/sacrifice

RT/IC + 12Gy Time to PBS 125 56 <0.0001
death/sacrifice

RT/IC + 12Gy Time to RT/IC 125 85 0.0025
death/sacrifice

RT/IC + 12Gy Time to 12Gy + 12Gy 125 97 0.0052
death/sacrifice
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Table 4.4: Primary tumor growth rates corresponding to Figure 4.3. Tumor volumes were log-

transformed, and linear mixed-effects modeling was conducted to estimate a proportional

growth rate every 21 days, integrated over all time points for each tumor. The estimated mean

growth rates, 95% confidence intervals, and Kenward-Rogers p-values are then reported.

Growth rate p-values are calculated under the null hypothesis that the growth rate is 1 or 100%,

that the tumor does not change over time. Treatments are compared by estimating the ratio of

growth rates between two treatments. Treatment difference p-values are calculated under the

null hypothesis that this ratio is 1, that the growth rates of the two treatments are the same.

Parameter Estimate 95% CI p-value Conclusion
Growth rate PBS 3527 | 2.478105.022 | <0.001 | 'UMOrs on average grew
over time
Growth rate 12Gy+12Gy | 1.548 | 121110 1.988 | <0.001 | 'umors onaverage grew
over time
Growth rate RT/IC 1407 | 1.283t01.571 | <0.001 | |UmMors on average grew
over time
Growth rate RT/IC+12Gy | 1.047 | 0.960t0 1.127 | 0.263 | 'umors on average did
not change over time
Ratio of (RT/IC) to (RT/IC RT/IC + 12Gy grew
+ 12Gy) 1.344 | 1.186to 1.523 | <0.001 i o
Ratio of (12Gy+12Gy) to RT/IC + 12Gy grew
(RT/IC+12Gy) 1479 1114710 1.868 | 0.002 | | \\ver than 12Gy+12Gy
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Table 4.5: Secondary tumor growth rates corresponding to Figure 4.3. Tumor volumes were
log-transformed, and linear mixed-effects modeling was conducted to estimate a proportional
growth rate every 21 days, integrated over all time points for each tumor. The estimated mean
growth rates, 95% confidence intervals, and Kenward-Rogers p-values are then reported.
Growth rate p-values are calculated under the null hypothesis that the growth rate is 1 or 100%,
that the tumor does not change over time. Treatments are compared by estimating the ratio of
growth rates between two treatments. Treatment difference p-values are calculated under the

null hypothesis that this ratio is 1, that the growth rates of the two treatments are the same.

Parameter Estimate 95% CI p-value Conclusion

Growth rate PBS 5.200 418410 6.776 | <0.001 | Tumors on average
grew over time
Growth rate 12Gy+12Gy 1.927 1.597 t0 2.306 | <0.001 | Tumors on average
grew over time
Growth rate RT/IC 2.428 2.253 t0 2.642 | <0.001 | Tumors on average
grew over time
Growth rate RT/IC+12Gy 1.513 1.423t0 1.610 | <0.001 | Tumors on average
grew over time

Ratio of (RT/IC) to (RT/IC + | 1.605 1.45310 1.776 | <0.001 | RT/IC + 12Gy tumors

12Gy) grew slower than RT/IC
Ratio of (12Gy+12Gy) to 1.274 1.052 to 1.515 | 0.008 RT/IC + 12Gy tumors
(RT/IC+12Gy) grew slower than 12Gy

+ 12Gy




Table 4.6: survival analyses for mice treated with PBS, TRT only, in situ vaccine only, or
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combination TRT and in situ vaccine. These analyses correspond to the survival curve depicted

in Figure 5B. Note that thes experiments were conducted concurrently with the experiments

depicted in Figure 2, and the PBs and RT/IC groups are re-presented here for comparison.

Groups were compared using the Log-Rank test, with corresponding P-values reported here.

Comparator A Parameter Comparator B A median B median P-value
(days) (days)

RT/IC Time to PBS 85 56 <0.0001
death/sacrifice

TRT (100uCi) Time to PBS 60 56 0.1839
death/sacrifice

RT/IC + TRT Time to PBS 112 56 <0.0001
death/sacrifice

RT/IC + TRT Time to RT/IC 112 85 0.0458
death/sacrifice

RT/IC + TRT Time to TRT (100uCi) 112 60 <0.0001

death/sacrifice
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Table 4.7: Primary tumor growth rates corresponding to Figure 4.6. Tumor volumes were log-

transformed, and linear mixed-effects modeling was conducted to estimate growth rates for

each treatment using the data presented in Figure 4.6. The model estimates a proportional

growth rate every 21 days, integrated over all time points for each tumor. The estimated mean

growth rates, 95% confidence intervals, and Kenward-Rogers p-values are then reported.

Growth rate p-values are calculated under the null hypothesis that the growth rate is 1 or 100%,

that the tumor does not change over time. Treatments are compared by estimating the ratio of

growth rates between two treatments. Treatment difference p-values are calculated under the

null hypothesis that this ratio is 1, that the growth rates of the two treatments are the same.

Parameter Estimate 95% CI p-value Conclusion |
Growth rate PBS 3527 | 2.478105.022 | <0.001 | 'umorson average grew
over time
Growth rate TRT 3.463 | 2.497t04.970 | <0001 | |umorson average grew
over time
Growth rate RT/IC 1407 | 1.283t01.571 | <0.001 | 'Umorsonaverage grew
over time
Growth rate RT/IC+TRT | 1.040 | 0.954t01.138 | 0.363 | 'umors onaverage did not
change over time
Ratio of (RT/IC) to RT/IC tumors grew faster
(RT/IC + TRT) 1352 | 1.191t01.562 | <0.001 et
Ratio of (TRT) to (RT/IC 3329 229910 4.763 | <0.001 TRT tumors grew faster

+ TRT)

than RT/IC + TRT
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Table 4.8: Secondary tumor growth rates corresponding to Figure 4.6. Tumor volumes were
log-transformed, and linear mixed-effects modeling was conducted to estimate growth rates for
each treatment using the data presented in Figure 4.6. The model estimates a proportional
growth rate every 21 days, integrated over all time points for each tumor. The estimated mean
growth rates, 95% confidence intervals, and Kenward-Rogers p-values are then reported.
Growth rate p-values are calculated under the null hypothesis that the growth rate is 1 or 100%,
that the tumor does not change over time. Treatments are compared by estimating the ratio of
growth rates between two treatments. Treatment difference p-values are calculated under the

null hypothesis that this ratio is 1, that the growth rates of the two treatments are the same.

Parameter Estimate 95% CI p-value Conclusion
Growth rate PBS 5200 | 4184106.776 | <0001 | !umorson average grew
over time
Growth rate TRT 4116 | 3347105216 | <0001 | !umorsonaverage grew
over time
Growth rate RT/IC 2428 | 2253102642 | <0001 | Tumorson average grew
over time
Growth rate Tumors on average grew
RT/IC+TRT 2.412 2.268 to 2.574 <0.001 over time
Ratio of (RT/IC) to No difference in growth
(RT/IC + TRT) 1.007 0.907 to 1.111 0.895 rates between groups
Ratio of (TRT) to TRT tumors grew faster
(RT/C + TRT) 1.706 1.316 t0 2.188 <0.001 than RT/IC + TRT
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Figure 4.1: Titration of external beam dose to secondary tumor combined with RT/IC
immunotherapy. Female C57BL/6 mice were implanted with B78 syngeneic melanoma in the
ID space in the R flank, with a secondary B78 tumor implanted in the L flank 2 weeks later.
Primary tumors were on average ~100mm? while secondary tumors were on average ~50mm>.
On day 0 (when radiation was given). Mice were treated with PBS control (orange), 12Gy RT to
both primary and secondary (black), and 12Gy RT+IC to the primary with either 0Gy (blue), 2Gy
(green), 6Gy (red), or 12Gy (purple) of RT to the secondary tumor. Treatment group
nomenclature is indicated as (12Gy RT dose to primary + IC to primary /RT dose to secondary).
Tumor volumes were measured twice weekly. Mice with no palpable secondary tumor on
treatment day O were excluded from analysis. A) Average +/- SEM tumor volume for both
primary (right side) and secondary (left side) tumors. B-G) Individual tumor growth curves for
each of the mice in the treatment groups as described. H) Primary (right) and Secondary (left)
tumor volume on day 60 post-treatment. Data points represent individual mice, and the bars
depict the average +/- SEM. Statistical comparisons were conducted as two student’s t tests
comparing 12/0 + IC to 12/12 + IC, and 12/12 RT only and 12/12 + IC. P-values for other
comparisons are not shown. Data presented here are representative of two independently

conducted experiments. * = p<0.05; **= p<0.01; ns = not significant.
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Figure 4.2: 12Gy RT to both primary and secondary tumor allows for better control
induced by subsequent IT-IC immunotherapy. A) schema of mouse multiple tumor model
setup and subsequent in situ vaccination approach. C57BL/6 mice were implanted intradermally
with B78 melanoma approximately 4 weeks prior to treatment at the right flank, and
approximately 2 weeks prior to treatment on the left flank. Mice were then treated with radiation
to either the primary only or the primary and secondary tumors on treatment day 0, and given
IT-IC immunotherapy on treatment days 5-9. B) overall survival of animals pooled over three
separate experiments following treatment. Animals either died from their tumor burden or
reached a predetermined size of tumor to require euthanasia. C) Breakdown of the cause of
death for all animals treated over the course of the three individual experiments. Mice that were
sacrificed due to either primary tumor burden, secondary tumor burden, or due to inflammation
or dermatitis are indicated. Mice that were still alive at the conclusion of the experiment were
labeled as disease-free if no palpable tumor was detectable. Mice that were still alive with
tumors were considered, for this analysis, as dying from either the primary or secondary tumor,
depending on which tumor was larger at the conclusion of the experiment. D) Average +/- SEM
tumor volume from a representative experiment. Primary tumors are on the right side, and
secondary tumors are on the left. Average growth curves terminate on the day post-treatment
where the first member of that treatment cohort died. See Figure 3 for individual tumor growth
curves corresponding to this experiment. E) Individual tumor volumes on treatment day 54
(when the first mouse in the RT/IC group was euthanized) for the experiment shown in Fig. 2D.
Tumor volumes corresponding to 2 mice mice in the PBS group sacrificed prior to treatment day
54, with last value carried forward for analysis, are represented by an ‘X’. * = p<0.05, ** = p

<0.01, ** = p<0.001, **** = p <0.0001, ns = not significant.
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Figure 4.3: Individual tumor volumes corresponding to the experimental comparison in
Figure 4.2D and 4.2E. A-D) Primary individual tumors are indicated on the right, and secondary
individual tumors are indicated on the left of each combined graph. E) average +/- SEM primary
and secondary tumor volume, graphed in a log.-transformed space. Linear mixed-effects
modeling was conducted to estimate the slope and subsequent growth rate of tumors in each of

these treatment groups.
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Figure 4.4: Injected activities of ®°Y-NM600 up to 100uCi do not interfere with the in vivo
antitumor effect of RT+IC in situ vaccination. Female C57BL/6 mice were implanted with
B78 murine melanoma cells as described in the materials and methods section to create a
single flank tumor. Retrospective assessment of these studies are that these tumors were
implanted SC. When tumors reached ~150mm?, the mice were injected intravenously with either
0, 25, 50, or 100uCi of *°Y-NM600 TRT via tail vein and radiated with 12Gy external beam
radiation on treatment day 0. Intratumoral IC was given on treatment days 5-9. Depicted here
are two independent replicate experiments. A) Tumor volume on treatment day 39, pooled for
both experiments. Data points are individual tumors, with bars representing mean +/- SEM
tumor volume. B) and C) depict average +/- SEM tumor volume for each treatment group over
time in the 2 separate replicate experiments. Statistical analysis was conducted as a one-way
ANOVA with multiple comparisons to the RT+100uCi radiation-only control using Tukey’s

method. * = p<0.05; ** = p< 0.01.
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Figure 4.5: Systemically delivered °*Y-NM600 combined with local RT/IC in situ
vaccination improves overall survival, and may allow for better tumor control compared
to in situ vaccination alone.C57BL/6 mice were implanted ID with primary B78 syngeneic
murine melanoma tumors in the right flank, followed by secondary tumors in the left flank 14
days later. Mice were randomized to receive either PBS control, 100uCi of **Y-NM600 TRT,
RT/IC in situ vaccine to the primary tumor, or the combination of RT/IC + TRT. Of note, the PBS
and RT/IC groups were shared with the experiment depicted in Figures 2 and 3. A) schema of
this mouse multiple tumor model setup and subsequent in situ vaccination and radiation
approach. B) overall survival of animals pooled over three separate experiments. Animals either
died from their tumor burden or reached a predetermined size of tumor to require euthanasia. C)
Mice that were sacrificed due to either primary tumor burden, secondary tumor burden, or due
to inflammation or dermatitis are indicated. Mice that were still alive at the conclusion of the
experiment were labeled as disease-free if no palpable tumor was detectable. Mice that were
still alive with tumors were considered as dying from either the primary or secondary tumor,
depending on which tumor was larger at the conclusion of the experiment. D) Average +/- SEM
tumor volume from a representative experiment for each treatment group. Primary tumors are
on the right side, and secondary tumors are on the left. Average growth curves terminate on the
day post-treatment where the first member of that treatment cohort died. See Figure 6 for
individual tumor growth curves corresponding to this experiment. E) Individual tumor volumes
on treatment day 36 (when the first mouse in the TRT group was euthanized). Brackets indicate
p values corresponding to students independent two-tailed t test between indicated groups. * =

p<0.05, ** = p <0.01, ns = not significant.
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Figure 4.6: Individual tumor graphs corresponding to Figure 4.5. Note that the PBS (A) and
RT/IC only (C) groups are represented here as shared comparator groups from Figures 2 and 3.
A-D) Primary individual tumors are indicated on the right, and secondary individual tumors are
indicated on the left of each combined graph. E) average +/- SEM primary and secondary tumor
volume, graphed in a logo-transformed space. Linear mixed-effects modeling was conducted to

estimate the slope and subsequent growth rate of tumors in each of these treatment group.
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Chapter 5

Summary and Future Directions
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5.1 Overview

In this chapter | summarize the major conclusions from chapters 2-4. | will then discuss the
major implications of these findings, and the important scientific questions that arise as a result.
Finally, | will present some possible means of addressing these questions, including some

preliminary results that | report in the Appendix.

5.2 Summary of Thesis Findings
5.2.1 A novel method of sample preparation involving fixation and cryopreservation can be

used to query immune populations in radioactive tissue

The major goal of this thesis was to determine if the immune modulatory properties of
low to moderate dose radiation could improve systemic response to in situ vaccination. This
includes both external beam radiation and *°Y-NM600 TRT as a means of delivering this
immunomodulatory radiation. However, in order to interrogate immune changes in response to
%Y-NM600, we required a means of analyzing radioactive tissue by flow cytometry. The flow
cytometry core at our institution, like many others, does permit analysis of radioactive samples.
To this end | developed a method of labeling and storing disaggregated tumor tissue for up to
30 days, until decay to radioactive background. | investigated introducing a cryopreservation
step at three distinct points in the flow cytometry sample preparation workflow and evaluated
differences in comprehensive immunophenotyping results compared to the same non-
cryopreserved samples. | determined that cryopreservation can alter living, unfixed cells in their
expression of the exhaustion marker PD-1 in a nonuniform manner (Figure 2.4). However, |
found that in both tumor and splenic dissociate, cryopreservation after all sample preparation
(including fixation and permeabilization for internal target staining) adequately preserves
downstream fluorescent signal intensity, cell integrity, and relative population proportions to

allow for analyses of experimental radioactive tissues (Figures 2.2 and 2.3).
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| next evaluated the efficacy of our cryopreservation technique compared to the non-
cryopreservation gold standard technique, in identifying immunologic changes that occur in a
B78 tumor following treatment with 12Gy RT alone versus RT+IC in situ vaccine. First, we
confirmed, using linear models, that there is no difference in sample outcome based on these 2
preparation techniques (Figure 2.5). Both methods identified several previously unreported
alterations to the immune TME following the two experimental treatments, including increased
NK cells, CD4*CD25"FOXP3* Treq cells, and CD19+ B cells following radiation treatment.
Furthermore, treatment with RT+IC additionally increased the number of CD45" cells, CD4* T
cells, CD8" T cells, and the resulting CD8/T g4 ratio. Lastly, we use our cryopreservation
technique to demonstrate efficacy in flow cytometric evaluation of radioactive B78 melanoma
tissue treated with ®°Y-NM600 (Figure 2.6). By studying two different ®°Y-NM600 dose levels,
over four distinct time points, we uncovered significant time- and dose- effects on resulting
immune populations. These included an influx of CD11b+ myeloid cells, increased CD8+/T reg
ratio, decreased Tq cells, and an increase in the fraction of NK cells expressing CD11b, most
of which appeared to peak around 14 days post-injection. In summary, | developed a technique
that permits the cryopreservation, storage, and later analysis by flow cytometry of radioactive
tissue, that has been used throughout this thesis (Appendices A and B) and adopted
successfully by other researchers in our working group to enable analyses of radioactive tumor
tissue. In summary, this novel technique for cryopreservation and storage of samples for
analysis by flow cytometry preserves the immune populations for analysis, which enables

analysis of radioactive tissue where it was not possible previously.

5.2.2 Depth of implantation in syngeneic murine tumor models impacts response to local in
situ vaccine immunotherapy
The core immunotherapy studied in this thesis is the combination of 12Gy local external

beam RT on treatment day 0 and intratumoral injections of the hu14.18-IL2 immunocytokine on
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treatment days 5-9 [65]. During the course of preparing mice for experimentation, | encountered
inconsistencies between my treatment outcomes compared to other researchers. Despite a high
level of scientific rigor in controlling outside factors, my mice were developing tumors at a much
faster rate, and on average were not responding to RT+IC in situ vaccine as compared to mice
with tumors injected concurrently by another researcher (Figure 3.1). After thorough physical
examination, it was determined that different tumor cell implantation-injection techniques
resulted in tumors that occupied different tissue planes within the mouse flank — one group had
more superficial intradermal (ID) tumors, while another had deeper, subcutaneous (SC) tumors.
Notably, these tumors had different physical properties. ID tumors were either attached or
superficial to the panniculus carnosus, (a thin layer of striated muscle that separates the true
skin compartment from the deeper tissue layers), and would therefore move with the skin
structures when manipulated by physical exam (‘mobile’). In contrast, SC tumors were deep to
the panniculus carnosus, and would remain ‘fixed’ to the underlying flank musculature, allowing
the cutaneous layers to slide over the tumor when manipulated by physical exam (Figure 3.1).
In two independent experiments where we tightly controlled tumor size at the start of treatment
by staggering treatment start into ‘waves,’ we clearly demonstrated that: 1) ID tumors develop
slower than SC tumors; and 2) ID tumors are more likely to respond to RT+IC in situ vaccination
compared to SC tumors, with both slower growth rate overall and significantly improved overall
survival (Figure 3.2). Lastly, we demonstrated that, blind to the intended tumor injection depth,
the simple physical exam status of ‘fixed’ or ‘mobile’ is very strongly associated with treatment
outcome (Figure 3.5). This suggests that studies involving syngeneic implanted tumors would
benefit from an extra ‘inclusion criteria’ of either all mobile or all fixed phenotypes to improve
within-group variability and enable stronger comparisons between different treatment
approaches. By outlining this difference in response as a function of tumor implantation

technique, | added to our technical understanding of our mouse models, and introduced a
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simple yet effective means of reducing the variability in response for future studies using flank-

implanted B78 melanoma models.

5.2.3 Radiation delivered to all sites of disease combined with in situ vaccination controls

systemic disease burden better than either treatment alone

Though previous models have demonstrated the significant effect of RT/IC in situ
vaccination on outcomes in models of a single flank GD2* tumor, this effect is largely limited to
the treated tumor in mice with multiple tumors. In some instances other tumors appear minimally
affected, or even seem to inhibit response at the treated tumor itself [66]. My primary goal was
to explore this phenomenon, specifically by exploring the utility of using additional radiation to
augment systemic antitumor immunity. In our two-tumor model of ID-implanted B78 melanomas
(one ~150mm? at the ‘primary’ right flank, and a smaller ~50mm? tumor at the ‘secondary’ left
flank), | delivered RT+IC in situ vaccine to the primary tumor in combination with a range of
0,2,6, and 12 Gy additional RT to the secondary tumor. Here | demonstrated that 2,6, and 12Gy
doses of secondary tumor radiation result in smaller secondary tumor volumes and slower
secondary tumor growth rates compared to RT/IC to the primary site alone The magnitude of
this secondary tumor response also appeared to be dose-dependent although statistical
significance between doses was not achieved.. Importantly, the secondary tumor in the RT/IC +
12Gy secondary radiation grew slower than the radiation only control (12Gy to both tumors),
which suggests a systemic antitumor effect is induced by the RT/IC to the primary, enabling a
greater effect at the secondary tumor beyond the effect of radiation alone. | confirmed this
finding in a larger study which demonstrated a significant improvement in overall survival in
mice treated with RT/IC + 12Gy radiation to the secondary tumor compared to RT/IC alone or
radiation alone controls. Further, RT/IC + 12Gy secondary tumor radiation increased the
proportion of mice that cleared all initial disease burden and showed that they were then able to

reject a subsequent B78 re-challenge. Linear mixed effects modeling of growth rate
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demonstrated that both primary and secondary tumors in the RT/IC + 12Gy secondary radiation
group grew slower than those receiving either RT/IC alone, or radiation alone. This has
implications regarding the systemic nature of the antitumor immune response, as the in situ
vaccine was capable of affecting the secondary tumor, but simultaneously radiation to the
secondary tumor was also able to influence the efficacy of in situ vaccine at the primary tumor.
Lastly, | investigated the use of *°Y-NM600 TRT as a means of delivering the additional
radiation to supplement the in situ vaccine effect of RT+IC. | first titrated the level of injected
activity of ®°Y-NM600 concurrent with RT/IC, and determined that injected activities up to
100pCi *°Y-NM600 do not interfere with, or limit, the generation of an antitumor immune
response in mice bearing a single B78 tumor. In larger studies on mice bearing multiple B78
tumors, mice treated with 100uCi of *°Y-NM600 combined with RT/IC to the primary had
significantly improved survival compared to RT/IC alone or TRT alone. There was also a trend
towards reduced growth rates in both the primary and secondary tumors in the RT/IC + TRT
group. Taken together these data suggest that low dose levels of radiation which are insufficient
to eliminate a tumor on its own, are able to expand the antitumor effect of local in situ
vaccination, by using external beam radiation to all sites of disease. These data also
demonstrate a survival improvement when combining in situ vaccine with ®*Y-NM600 TRT in

mice with multiple tumors.

5.3 Implications and Future Directions

5.3.1 Expanding the use of post-staining cryopreservation and characterization of PD1

alterations following cryopreservation of live cells

The new method | described in Chapter 2 expands the scope of what can reliably and
reasonably be studied using shared resource flow cytometry facilities to include radioactive

material. As interest in the effects of TRTs both on the immune system and on the tumor cells
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themselves (evidence of DNA damage, IFN production within tumor cells, GH2Ax foci analyses
of DNA breakage, Ki-67 based evaluation of proliferation, etc.) expand, this technique may
prove useful for many other experimental questions [201,202]. Though purchase of dedicated
cytometers for radioactive-only material is one means of avoiding the cryopreservation step,
there would still be safety concerns and liquid waste concerns to consider. The use of this newly
developed technique would obviate these considerations, and make it possible to safely
leverage the expertise of shared resource cytometry equipment and staff.

Continuing work on this approach should focus on further understanding the impact of
both fixation and cryopreservation on both the cells and antibody-fluorophore complexes, as
well as expanding the generalizability of this technique. As | demonstrate in Chapter 2, the
immune infiltrate of tumor tissue is substantially different than that of splenic tissue, both in
relative proportion of certain populations and in activation state of cells such as CD8* T cells.
This principle has been well documented in the literature as well [203,204]. To expand the
applicable scope of this technique, future studies should evaluate the impact of our
cryopreservation technique compared to non-cryopreserved standard technique in lymph nodes,
skin, lung, brain, liver, and cardiac tissues, as each of these are known to have different tissue
stromal properties [203]. This technique should be expanded to different tumor types as well, as
these environments can vary in their degree of vascularity, extracellular matrix density, oxygen
content, pH, and other variables that may influence the manner in which cells tolerate the stress
of cryopreservation [205]. A similar study to what was used in Chapter 2 could be employed to
evaluate these tissues by using pooled disaggregates of each of these tumor types, and
preparing immune staining panels in each of these cryopreservation approaches. | would
hypothesize that this approach will result in similar proportions of immune cells with the
cryopreservation technique as with the ‘fresh’ analytes, however cell types that have very low
frequencies (such as dendritic cells or gamma-delta T cells) may be more affected by this

technique.
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In the work presented here, antibodies directed against 20 different targets using 13
different fluorophore dyes were used and demonstrated relatively little change in integrity
following fixation and cryopreservation. However there are hundreds, if not thousands, of
molecules that can be targeted using fluorophore-conjugated antibodies and should be
investigated prior to use in this type of approach. We additionally demonstrated that the
fluorophore dyes remained largely intact for up to 30 days in storage at -80C. Future
experiments should fully define the impact of cryopreservation duration on these signals, to
understand how long cells can remain stored in this fashion as this will have implications
regarding future experimental planning, or use with radionuclides with much longer decay half-
lives. It stands to reason that fluorophores may eventually lose their fluorescence over time, but
relative comparisons in staining intensity of a population of cells may still be possible. To
confirm this trend, and characterize the “maximum” duration of cryopreservation to consider in
such an approach, a staggered time study can be conducted, where a large population of
pooled tumor and tissue samples can be stained en masse, separated into smaller aliquots, and
frozen according to the protocol. Samples would then be thawed and analyzed at regular
intervals over the course of several months and even years.

One other useful observation that resulted from this study was that the detected PD1
staining was substantially different depending on the preparation technique used. The ‘Before’
technique, which cryopreserves the sample before any staining or fixation, resulted in a near
doubling of the PD1 intensity of CD4+ T cells, NK cells, and B cells in the spleen and tumor;
however, the degree of PD1 intensity of CD8+ T cells, which is much higher at baseline in the
tumor, remained largely the same. This means that this cryopreservation technique introduced a
bias into the results — namely that low-PD1 expressing cells increased their PD1 expression due
to this cryopreservation ‘Before’ approach. In contrast, this cryopreservation “Before” approach
did not cause a detectible increase in the cells that already had high-PD1 expression. For

example, if an experiment used the ‘Before’ cryopreservation technique to compare PD1 levels
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between samples that did or did not receive immunotherapy treatment, the extra bias of
augmenting PD1 expression on PD1-low cells, induced by the ‘Before’ cryopreservation
technique may influence the analysis and result in a misleading conclusion. This observation
may be consequential, as many multicenter clinical trials that take PBMC or tumor samples for
analysis by flow typically cryopreserve cells for storage and shipping to a central lab prior to
staining, similar to the ‘Before’ technique used here. If this bias does indeed translate into
differences in results, this could have implications for future design and execution of clinical
studies, particularly in cancer immunology. Future studies should clarify this differential effect
and confirm if cryopreservation of living cells does result in altered expression of exhaustion
markers. First, to account for potentially increased autofluorescence contributing to this
enhanced PD1 signal detection, these findings should be confirmed using a different antibody-
fluorophore combination. Simultaneously, other markers of T cell activation and exhaustion
including CD69, LAG-3, Tim3 — and the transcription factor EOMES should be evaluated to
confirm the observed phenotype [206]. These expression changes might also be evaluated
using PCR-based analyses to see if overall levels of RNA for these markers are affected by

cryopreservation, as appears to be the case for their protein expression.

5.3.2 Mechanistic characterization of difference in response to in situ vaccination based on

tumor depth — opportunity to model clinical heterogeneity in response.

The results detailed in Chapter 3 emphasize how a small difference in tumor
implantation depth in a syngeneic tumor model can have a dramatic impact on the resulting
response to immunotherapy. While maintaining a consistent injection depth and technique
requires substantial expertise and practice, this chapter identified a simple ‘fixed’ vs ‘mobile’
physical exam finding that can help to ensure tumors selected for study are consistently the

same depth. Despite demonstration of a substantial difference in in vivo outcome to treatment,
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the mechanism behind such a difference remains elusive, and requires future study. Based on
the in vivo effect, we can clearly see that something is contributing to a greater antitumor effect
in ID tumors than in SC tumors. However, when comparing SC treated tumors to SC untreated
tumors, there is still a reduction in tumor growth rate and a greater median survival. This shows
that there is some effect of RT+IC in situ vaccination in SC tumors as well, just not sustained or
activated enough to prevent the growth of the tumor. Based on my observations, | hypothesize
that the difference in response to RT+IC between ID and SC tumors might be explained by
either of these 2 processes: 1) treatment generates a stronger antitumor response in ID vs SC
tumors, 2) SC tumors have a stronger immunosuppressive environment compared to ID

tumors.

To test options 1 and 2, a combination of flow cytometry and immunohistochemistry can
be used to phenotype the amount and activation state of both effector and suppressor immune
populations. To query the immunosuppressive capacity of the tumor microenvironment,
CD4"CD25"FOXP3* Tregs, CD11b*Ly6G*TGF-B* Myeloid-derived suppressor cells (MDSCs),
and F4/80*CD206" M2 macrophages can be quantified using flow cytometry staining [138].
Staining targets on histological frozen sections can be used to confirm these findings. To query
the degree of immune activation following treatment in both ID and SC tumors, populations of
CD8" and CD4* T cells, as well as NK cells can be quantified along with their expression of
activation markers such as CD25, CD69, CD44, CD62L, CD103, CD107a, and others [207].
Finally, doppler ultrasound can be used to measure blood flow to the tumor stroma prior to
harvesting the tumor [208]. After harvest, intensity of Ki-67 staining can estimate the rate of
proliferation and cell division within the tumor which, combined with information about the
degree of blood flow to the tumor, can provide a strong estimate of the rate of cell division within

these GD2* tumors [209]. The results of these three experimental approaches together should
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provide mechanistic insight into how ID tumors are more susceptible to RT+IC in situ

vaccination.

The B78 syngeneic murine melanoma model is a unique tumor model in that it rarely
metastasizes or invades nearby tissue structures in our hands (data not shown). As a result it
can model the “ideal” tumor microenvironment for a purely ID or a purely SC tumor very
effectively. However it is not known how the difference in tumor depth can affect response to
treatment in a tumor that has both ID and SC components, as is the case in invasive tumor
models, or tumors seeded along the needle injection tract. To study both this effect, and the
generalizability of our findings, future experiments could consider testing other tumor models
that express the GD2 immunocytokine target and are known to have varying degrees of
immunogenicity, such as GD2-transfected B16 melanoma, GD2-transfected panc02 pancreatic
adenocarcinoma, NSX2 neuroblastoma, and 9464D neuroblastoma . Finally, influence of tumor
depth on response should be studied in models of multiple tumors. In the case of clinical
metastatic melanoma, various loci of disease can be found throughout the body, including both
the intradermal and subcutaneous compartments (although it is harder to clearly delineate ID or
SC in humans, which lack the panniculus carnosus muscle). In a clinical study of intratumoral
IL-2 (which is a component of the immunocytokine used in this thesis), deeper subcutaneous
tumors responded less strongly than more superficial tumors [25]. This does suggest that
differential immune reactivity can persist in the setting of multiple disease sites, and should be

studied in models of two ID, two SC, and one ID tumor / one SC tumor settings.

The difference in response to RT+IC immunotherapy based on tissue depth presents an
intriguing opportunity for modeling a cancer immunotherapeutic phenomenon in clinic. Part of
the distinction in describing immune “hot” tumors vs. immune “cold” tumors both clinically and
preclinically is based on their ability to respond to immunotherapy — “hot” tumors are more likely

to respond to checkpoint blockade, while “cold” tumors are not [7]. Substantial resources have
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been devoted to trying to predict the “hot” responders and the “cold” non-responders in patients,
in an attempt: 1) to identify immune biomarkers of response; and 2) to identify patients and
mechanisms that may benefit from combinatorial approaches to treatment. Murine models of
this phenomenon have been difficult to reliably produce, and involve either patient-derived
xenografts and biopsies from responders or nonresponders, or retrospectively assigning mice
as being “responder” or “nonresponder” after determining if the mouse did in fact respond [210].
The experiments described in this thesis have unintentionally recreated this same observation;
a population of genetically identical mice, with (mostly) genetically identical tumors of the same
size, treated with the same treatment conditions, produced a subset of “responders” and a
subset of “nonresponders” in a predictable manner. Though some ID treated mice end up
“nonresponders” and some SC treated mice experience partial response, on a population level
ID implanted B78 tumors appear to be more immunologically “hot” responders, and SC
implanted B78 tumors appear to be more immunologically “cold” nonresponders. Using these
two different implantation techniques, this model would allow for study of different
immunotherapies and immunotherapy combinations in the setting of known responding or
nonresponding mice, while still controlling for the type of tumor, and type of immune response

mounted against the tumor.

5.3.3 Mechanistic characterization of the means by which irradiated tumors are more

susceptible to response from a distant in situ vaccine

The results described in chapter 4 imply a role for immunotherapy in combination with
radiation delivered to all sites of disease in improving overall survival and response to multiple
tumors. Using external beam radiation to treat all identifiable disease sites in the setting of
oligometastatic cancer is becoming more popular among radiation oncologists. In this setting,

local delivery of in situ vaccine immunotherapy may significantly improve overall response.
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Future experimentation for this project could focus on two main questions; 1) What immunologic
effector mechanisms are being engaged at the primary and secondary tumor in the setting of in
situ vaccination with and without secondary tumor radiation? And 2) What additional treatment
approaches can be used to further augment antitumor effect and expand the efficacy of this

approach?

To further define the immunologic mechanisms being activated by RT+IC, future
experiments will utilize several cellular and molecular assays to explore the cells which are
functionally active, in both the primary and secondary tumors. In a previously published study,
Morris and colleagues have demonstrated that depletion of T cells eliminates the antitumor
effect of RT+IC in a model of single B78 tumors [65]. Further, characterization of tumors treated
with RT+IC in Chapter two by flow cytometry demonstrated enhanced CD45+ cells, CD4+ T
cells, NK cells, CD8+ T cells, Trgs, and CD11b+ cells in tumors 14 days after treatment with
RT+IC compared to PBS alone. This implies that enhanced effector cells including CD4+ helper
T cells and CD8+ cytotoxic T lymphocytes are recruited to the tumor. We will continue this
phenotypic characterization of the tumor infiltrating cells in tumors responding to this
immunotherapy by expanding the number of phenotypic targets interrogated using combination
comprehensive innate and adaptive panels, which can identify neutrophils / MDSCs,
macrophages, subtypes of classical and monocyte-derived dendritic cells, NKT cells, as well as
tissue-resident memory lymphocytes. These panels have already been used to generate
preliminary data in primary and secondary tumors treated with RT+IC, with and without 12Gy

radiation to the secondary tumor these preliminary results are summarized in Appendix A.

After identifying the major immune cell types that are altered in response to treatment,
particularly those changes identified in the secondary tumor, antibody-based depletion studies
can confirm the necessity of these cell types for treatment effect. Our recent preliminary data,

not presented in this thesis, suggest that B78 has minimal expression of the classic CD8+ T cell
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receptor target MHCI, and instead has substantial expression of the CD4+ T cell target MHCII.
Elucidating the exact degree of contribution between CD8+ and CD4+ T cells may shed further
light on the mechanism of tumor destruction in this system. While CD8* T cells affect tumor
killing via direct cytolysis and release of perforin and granzyme B, CD4+ T cells can Kkill directly
via MHCII recognition and also via recruitment of other effector cell types including
macrophages, neutrophils, and B cells to mediate phagocytosis. Using bead-based assay kits
and a tissue homogenization system, direct measurement of cytokine proteins in primary
tumors, secondary tumors, and tumor draining lymph nodes is possible, and may aid in
characterizing changes in the immune landscape in response to treatment [211]. For example, a
tumor rich in Granulocyte Colony Stimulating Factor (G-CSF), Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF), and Macrophage Inflammatory Protein (MIP1a and MIP13),
combined with flow cytometric evidence of increased CD4+ helper T cells, macrophages, and
monocytes would support an overall immune TME driven by CD4+ recognition of tumor MHCII,
and recruitment of innate phagocytes to affect tumor killing [212]. In contrast, a tumor rich in IL2,
IFNy, RANTES, TNFa, IL-12, and IL-33 combined with flow cytometric evidence of increased
CD8" T cells, increased CD8"/T g ratio, and increased expression of the high-affinity IL-2
receptor CD25 and granule release marker CD107a on the surface of CD8" T cells and NK cells
supports an immune TME dominated by recruitment of directly cytotoxic T lymphocytes and NK

cells [213].

In reality, one or both of these mechanisms may be engaged in response to treatment,
and both may be required for effective antitumor response. To further characterize the nature of
the T cell response in this system, T Cell Receptor sequencing (TCRseq) can also be used. By
sequencing the variety and copy number of each unique TCR mRNA sequence that arises as a
result of VDJ recombination, one can reasonably estimate the number of T cell clones, and the

size of each clonal population [211]. In addition, by comparing pre- and post-treatment samples
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one can determine if the clones arising as a result of treatment were pre-existing (a dormant
memory population) or if they arose de novo as a result of enhanced antigen processing and
presentation. In the setting of two treated tumors, one can also determine which clones that
dominate in the primary treated tumor are also found in the distant, secondary tumor and if

those clones are enriched following additional secondary tumor radiation.

One of the interesting observations in these data is that in the model of two B78 tumors
where RT+IC in situ vaccine is delivered to the primary with no treatment to the secondary, the
secondary tumors grow slower than the ‘no treatment’ control tumors. This implies that the in
situ vaccine, delivered at the distant primary site, is able to generate a systemic antitumor
immune response that does infiltrate the secondary tumor, but is for some reason unable to
induce substantial shrinkage. This suggests that either 1) the immune response is not strong
enough to destroy a sufficient number of tumor cells at the secondary site, or 2) the
microenvironment at the secondary tumor is largely immunosuppressive such that any activated
immune cells entering the TME would be inhibited. It may be that radiating the secondary tumor
is a means of altering the TME to be less suppressive and more accessible to the systemic
antitumor effectors generated by the in situ vaccine. However, combination treatments with
other immunotherapies could also be considered to strengthen the magnitude of the immune
response. Dual checkpoint blockade using monoclonal antibodies against CTLA-4 and PD-1
have been used successfully in both preclinical and clinical settings to enhance pre-existing
antitumor immune responses [84]. Morris and colleagues have demonstrated that
intraperitoneal (IP) injections of anti-CTLA4 combined with RT+IC in situ vaccine have shown
enhanced efficacy against larger B78 primary tumors (~500m?), which in situ vaccine alone was
unable to control [65]. In addition, manuscripts published by Morris, Sondel, and colleagues
have demonstrated that RT+IC combined with anti-CTLA4 has improved immunologic effect

against distant flank tumors, implanted brain tumors, and involves generation of humoral
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memory immune responses (Appendix B). Adding anti-CTLA4 to the regimen consisting of
RT+IC in situ vaccine at a primary tumor and 12Gy RT at a secondary tumor is expected to

improve response rates even further, including rates of complete response.

5.3.4 Expanding our understanding of immunomodulatory TRT in combination with

immunotherapy

Our results in chapter 4 demonstrating a survival improvement in mice bearing two B78
tumors treated with RT+IC and *°Y-NM600 TRT compared to RT/IC alone suggest a benefit in
combining low dose TRT with RT+IC immunotherapy. As is also the case with additional
external beam radiation augmenting immune response, future studies will focus on describing
the specific immunologic effects of TRT on the TME, and how they combine with RT+IC
systemic effects. To this end the flow cytometry preparation technique outlined in Chapter 2 will
be helpful in characterizing the radioactive TME. The data presented in Figure 2.6 outlining the
changes to the TME over time following injection with *Y-NM600 already suggest some
immune-favorable effects, including a decrease in suppressive T.q content with subsequent
increase in the CD8/T g ratio, and an influx of CD11b* myeloid cells. However there are also
changes to the TME that may not be as helpful, such as a decrease in CD8* T cell and NK cell
content at the higher injected activity level of 250uCi. Further characterization of the immune
content, as described above in section 5.3.2, will also be helpful in characterizing the nature of
the immune response triggered by TRT. This includes expanded innate and adaptive flow
cytometry staining panels, measurement of cytokine content in the tumor, and TCRseq-based
analysis of clonal T cell populations. Some of these studies are currently underway as of the
time of this writing, and some interesting, yet preliminary, findings are presented in Appendix A.
Importantly, conducting an evaluation of the immune changes occurring due to external beam

radiation or TRT to the secondary will allow for comparison of the effects of different radiation
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modalities on the immune system. One example already identified in chapter 2, is that in one set
of experiments, external beam RT alone appeared to increase the T.eg content at 14 days post
treatment (Figure 2.5), but 50uCi of ®Y-NM600 did not raise the Trg level, and 250uCi of Y-
NMG600 decreased the Trg level substantially compared to the untreated control (Figure 2.6).
Repeating this study in a two tumor model, specifically controlling for dose and tumor size, is
required to confidently characterize these differences. However these and other findings may
shed light on different mechanisms of immune modulation between high dose rate, short
treatment-duration external beam radiation and low dose rate, high treatment duration TRT. An
understanding of these differences, and how these differences may change over time, is critical

in designing optimal combination radioimmunotherapy treatments.

The potential benefit of using TRT over external beam RT is the potential to deliver
targeted dose to sites that could not be irradiated using external beam RT, either due to risk to
surrounding tissue, or an inability to locate the disease. This “micrometastatic” disease is a
substantial cause of relapse and mortality in cancer patients [194]. To test the ability of TRT
combined with RT/IC to improve response against such micrometastatic disease, mouse
models seeding disseminated metastases could be used. Future studies could use tail vein
injections of luciferase-transfected B78 melanoma cells in addition to a primary flank tumor.
These cells, once in the bloodstream, will settle in end-organ tissues such as the lungs, and
develop into metastatic disease. By injecting luciferin substrate into the mouse, the luciferase-
expressing disease would then luminesce, which can be detected by sensitive in vivo imaging
systems [214]. Thus, distant metastatic disease burden could be monitored, and relative
treatment response to RT+IC in situ vaccine vs. RT+IC plus TRT could be compared. Similar
approaches could be taken with spontaneously metastasizing models such as NSX2

neuroblastoma, which would avoid systemic injection and more accurately model physiologic
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disease spread. Modeling this disease condition would expand the use of low dose radiation to

all disease sites into scenarios where external beam RT is not possible.

Of note, there are several logistic and dosimetry challenges that must be addressed to
better understand combination TRT immunotherapy approaches. These include determining
best practices for radiation safety, measurement of dose using combination PET/CT detectable
and therapeutic isotopes and measuring pharmacodynamic and pharmacokinetic changes in the
TRT vehicle as a function of tumor type, and tumor burden. In addition, physically larger animal
studies are required to more accurately assess the ratio of dose delivered to the target tissue to
dose delivered to adjacent structures. For example, the path length of a *°Y beta particle
emission is approximately 1cm. This distance encompasses a large fraction of a mouse body,
yet only a small fraction of the human body. Because path length is fixed and cannot scale with
the size of the model animal, larger animal models should be studied to more accurately
represent potential off target effects. These studies and several others are currently underway
as part of a collaborative effort among the Sondel, Morris, Weichert, Bednarz, and Vail

laboratories.
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Cellular and molecular characterization of tumors treated with RT + IC
in situ vaccine with and without additional radiation
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A.1 Overview

This appendix contains additional work in progress that is relevant to the work presented
in Chapter 4 of this thesis. As described in Chapter 4, RT+IC in situ vaccine plus 12Gy external
beam RT resulted in slower growth rates at both the primary and secondary tumors compared
to either treatment alone. In addition, ®°Y-NM600 given along with RT+IC in situ vaccine
extended survival, but did not substantially impact tumor growth rates, compared to either
treatment alone. As mentioned in Chapter 5 of this thesis, additional studies are required to
determine the extent and nature of the immune response in these settings, both at the treated
primary and the radiated secondary tumors. In this appendix, data acquired by flow cytometry
will be presented that characterizes changes to the immune tumor microenvironment (TME).
Data will also be presented quantifying the cytokine content in tumor homogenates. In addition,
data will be presented quantifying the relationship between tumor volume or tumor number and
uptake of the *°Y-NM600 TRT agent, which was used to confirm previous dosimetry findings. It
should be noted that these data are preliminary and are under further investigation in

preparation for inclusion in a manuscript along with data presented in Chapter 4 of this thesis.

A.2 Materials and Methods
Study Design
This appendix contains data and analyses derived from two experiments:

1) In one experiment, mice bearing multiple equally sized B78 tumors, and mice bearing a
single B78 tumor with a range of volumes were injected with *°Y-NM600, and tissues
were harvested to measure ex vivo drug uptake and distribution. Some of the mice
injected in that study were instead injected with 8Y-NM600, and serially imaged using
PET/CT for dosimetry studies. The purpose of the study was to characterize how uptake

of the TRT agent changed as a function of tumor burden.
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2) In the second experiment, mice bearing a ~150mm? B78 primary tumor in the right flank
and a ~150mm? tumor in the left flank were generated. N=10 mice each were assigned
to receive PBS, 12Gy RT to both tumors, 100uCi of *°°Y-NM600, RT/IC to the primary
tumor, RT/IC to the primary plus 100uCi of **Y-NM600, or RT/IC to the primary plus
12Gy RT to the secondary tumor. 14 days after treatment, N=5 mice per group were
randomly selected for analysis by flow cytometry, and the other 5 mice per group were
used for cytokine analysis. The purpose of the study was to characterize changes to the
TME in response to RT/IC at the primary and secondary tumors, and characterize how
those changes are affected by 1) additional external beam RT and 2) additional TRT.
The analysis of these groups is divided into two parts, one focusing on the effect of
external beam RT combined with RT/IC, and one focusing on the effect of TRT

combined with RT/IC.

These studies will be described in further detail below. Some of the methods presented in
this appendix are sourced from the manuscript “Low-dose targeted radionuclide therapy renders
immunologically “cold” tumors responsive to immune checkpoint blockade” by R. Patel et al,
found in Appendix B of this thesis. Other components of these methods are sourced from

chapters 2-4 of this thesis.

Syngeneic tumor cell line
B78-D14 (B78) murine melanoma is a cell line derived from B16-F10 melanoma, as
previously described. This cell line was generously provided by Ralph Reisfeld at the Scripps

Research Institute. Cells were cultured in RPMI 1640 (Mediatech, Inc, Manassas, VA)
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supplemented with 10% fetal bovine serum, 100U/mL penicillin, 100ug/mL streptomycin, and

2mM L-glutamine as described this thesis.

Animal studies and tumor models

Animals used in this study were housed and cared for using an approved protocol
reviewed by the University of Wisconsin-Madison Institutional Animal Care and Use Committee
(IACUC). Female, 6-8 week old C57BL/6 mice were ordered from Taconic Biosciences
(Rensselaer, NY) and allowed to acclimate in our animal facility for at least one week following
arrival. Tumors were engrafted by injecting 2x10° B78 cells in 100uL intradermally in the flank
using a 26g needle. Mice bearing two tumors had a second tumor implanted in the left flank.
Mice bearing four tumors had a right and left flank ,and a right and left shoulder injection. To
generate tumors with a range of volumes, tumors were implanted 6, 4, and 2 weeks before the
initiation of treatment. Tumor volume for all experiments was measured using calipers and

approximated as (width? x length)/2.

External beam radiation and molecularly targeted radiation preparation and administration

External beam radiation was delivered using an X-RAD 320 system (Precision X-Ray
Inc, North Branford, CT). Mice were immobilized using custom lead jigs and surgical tape such
that only the dorsal right flank is exposed, with the rest of the mouse (including the contralateral
flank and spleen) shielded. To deliver external beam radiation dose to the secondary tumor on
the left flank, at the same time that the primary (right flank) tumor is irradiated, lead shields were
left off of the mouse’s left flank during the radiation.

%Y Cl; was purchased from Perkin Elmer (Waltham, MA). The alkylphosphocholine
molecule used for molecular targeted radionuclide therapy, NM600, was kindly provided by
Archeus Technologies (Madison, WI). ®*Y-NM600 and its counterpart, 8Y-NM600 were

prepared as previously described (see appendix B2 for detailed methodology and [127]). Mice
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receiving EBRT were radiated on treatment day 0, and mice receiving TRT were injected with
100uCi of °Y-NM600 preparation by tail vein injection on treatment day 0. Mice receiving #Y-

NMG600 for imaging studies were given 250uCi by tail vein injection.

Immunotherapy preparation and administration

Immunocytokine (IC, hu14.18-1L2) was provided in lyophilized form (4mg/vial) by
Apeiron Biologics (Vienna, Austria). It was reconstituted by adding 8mL of sterile PBS for a
working concentration of 0.5mg/mL. For mice being treated with RT+IC, 100uL of the 0.5mg/mL
IC solution was injected intratumorally (IT) daily on treatment days 6 through 10, for a total dose

of 250ug per mouse, as described in Chapters 2-4.

Imaging and bio-distribution.

Mice bearing B78 tumors for imaging were scanned using serial CT (80 kVp; 1000 mAs;
220 angles) and 80 million coincidence events static PET scans (time window: 3.432 ns; energy
window: 350-650 keV) were acquired with an Inveon microPET/microCT scanner (Siemens
Medical Solutions, Knoxville, TN) at 3, 24, 48, and 72 hours post injection of #8Y-NM600. Static
PET scans were reconstructed using a three-dimensional ordered subset expectation
maximization (OSEM3D) algorithm. CT images were employed for attenuation correction,
anatomical referencing, and to generate density maps for the dosimetry estimations. Region-of-
interest analysis of the PET images was performed to determine the magnitude and kinetics
of 8Y-NM600 uptake in the tumor and normal tissues of interest. Quantitative data were
expressed as percent injected activity per gram of tissue (%IA/g; mean + SD). For mice
harvested for ex vivo biodistribution, mice were euthanized by CO, asphyxiation. Tumors and

normal tissue specimens were collected, wet-weighed, radioactivity counted in an automated -
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counter, and the %IA/g (mean + SD) corresponding to each tissue was calculated with decay

correction.

Tumor Dosimetry Calculations.

Subject-specific tumor dosimetry for °°Y-NM600 TRT was estimated using the
Radiopharmaceutical Assessment Platform for Internal Dosimetry (RAPID) [215]. The
theranostic dosimetry approach in this work utilized serial 8Y-NM600 microPET/CT imaging to
estimate the biodistribution of °*Y-NM600 over time, correcting for the different rates of
radioactive decay. PET and CT volumes at each time point were used to define the source and
geometry distributions, respectively, in Monte Carlo (Geant4 v9.6) simulations. Contours for
tumor and organs of interest were delineated on the anatomic CT images and used to quantify
the in vivo pharmacokinetics of NM600 as well as characterize the spatial distribution of
absorbed dose imparted by *°Y-NM600 TRT. The cumulative absorbed dose in each region of
interest was calculated by integrating the mean absorbed dose rate at each timepoint using a
hybrid trapezoidal-exponential model of the time-dose-rate curves. The processing of PET/CT
image volumes and generation of 3D cumulative absorbed dose distributions (0.42 x 0.42 x 0.42
mm) in the RAPID (Radiopharmaceutical Assessment Platform for Internal Dosimetry) software

package were previously described in detail [200].

Flow Cytometry

At the time of harvest, mice were euthanized by CO- asphyxiation, and the tumor was
dissected out. The tumor was cut into ~5mm fragments, and added to gentleMACS C tubes
(Miltenyi Biotec, Bergish Gladbach, Germany) containing 2.5 mL of RPMI 1640 with 5ug/mL

brefeldin A (Biolegend, cat 420601). 100uL of DNAse | solution in RPMI 1640 (2.5mg/mL,
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Sigma-Aldrich, St. Louis, MO) and 100uL collagenase 1V solution in RPMI 1640 (25mg/mL,
Gibco, Life Technologies, Grand Island, NY) were then added, and the samples were
disaggregated using a GentleMACS octodissocator (Miltenyi Biotec, Bergish Gladbach,
Germany) using the preset dissociation protocol “37C_m_TDK1” for mouse tumor dissociations.
Sample dissociate was filtered through a 70um cell strainer, washed with 10mL of cold PBS,
and stained according to the novel flow cytometry protocol described in Chapter 2 of this thesis.
Staining was conducted in two panels; the antibodies for each panel are detailed in Table A.1 of
this appendix. Samples remained in -80°C storage behind radioactive shielding until 30 days
past treatment injection.

Samples were acquired on an Attune™ NxT flow cytometer (Thermo Fischer, Waltham,
MA) with manufacturer provided acquisition software. This cytometer was equipped with the
following excitation lasers: 488nm (BL), 561nm (YL), 405m (VL), and 633nm (RL). The
cytometer was equipped with the following channel/bandpass filter combinations: BL1 (530/30),
BL2 (590/40), BL3 (695/40), YL1 (585/16), YL2 (620/15), YL3 (695/40), YL4 (780/60), VL1
(440/50), VL2 (512/25), VL3 (603/48), VL4 (710/50), RL1 (670/14), RL2 (720/30), and RL3
(780/60). Of note, staining panels that used BV711 used the 710/50 filter on VL4, and staining
panels that used BV785 required substituting the 710/50 filter on VL4 with a 780/60 filter. All
flow cytometry experiments included Fluorescence Minus One controls used for setting gates.
Data were analyzed using the FCS Express 7 software (De Novo Software, Pasadena, CA)

platform.

Cytokine Multiplex Immunoassay.

Tumors were harvested, weighed, and 5 yl/mg of Cell Lysis Buffer with PMSF (Cell
Signaling Technology) and Halt™ Phosphatase Inhibitor Cocktail (Thermo Scientific)

was added to the tumor lysate. Tumors were frozen at -80°C until decay to background
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(30 days post-injection). The tumors were homogenized using a Bead Mill Homogenizer
(Bead Ruptor Elite, Omni International Cat # 19-040E). A multiplex immunoassay was
used to determine the concentration of 32 cytokines and chemokines in the tumor
lysates (MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, Millipore)
following the manufacturer’s instructions. The multiplex plate was read on the MAGPIX
System (Millipore) and the protein concentrations were interpolated from curves
constructed from the protein standards and their respective median fluorescence

intensity (MFI) readings (Milliplex Analyst, Millipore).

A.3 Results

Immunophenotyping changes in tumors treated by combination RT/IC and external beam RT

To characterize the changes to the TME following treatment with RT/IC and additional
RT to a secondary tumor in models of two-tumor mice, a comprehensive pair of
immunophenotyping panels was conducted on mice bearing two equally sized B78 tumors
treated with PBS, 12Gy RT to both tumors, RT/IC to the primary tumor only, and RT/IC to the
primary plus 12Gy RT to the secondary tumor. Tumors were harvested on treatment day 14 for
analysis. Results demonstrate increased infiltration of CD45* haematopoietically-derived
immune cells in both the primary and secondary tumors following treatment with either RT/IC or
RT/IC + 12Gy RT (Figure A.1A). CD45+ infiltration was also trending higher in secondary
tumors receiving RT/IC + 12Gy RT compared to RT/IC secondaries, and was statistically higher
than the RT alone group. CD8" cytotoxic T lymphocytes and CD4+ non-Teg cells were higher in
the primary tumor in the RT/IC + 12Gy group compared to PBS (Figure A.1B and A1.C).
Secondary tumors treated with RT/IC + 12Gy had higher CD8+ infiltration compared to all three
other groups, but no significant change was detected for CD4* non-Tq4 cells in secondary

tumors. Trg content was substantially affected by both radiation and in situ vaccination (Figure



184

A1.D). Both primary and secondary tumors treated with 12Gy RT only had increased Treg
content compared to PBS. Primary Tumors treated with RT/IC (regardless of RT dose to the
secondary tumor) had a substantially lower T.eq content compared to The RT alone group (12Gy
+ 12Gy). RT delivered to the secondary tumor in the setting of RT/IC delivered to the primary
tumor resulted in increased Ty content (compared to PBS), but not as increased as the RT
alone group. The increase in CD8+ and CD4+ T cell content combined with the decrease in Treg
content resulted in substantially increased CD8:Tq (Figure A.1E) and CD4 effector : CD4 Treq
(Figure A1.F) ratios in the RT/IC and the RT/IC + 12Gy groups in the primary and secondary
tumors compared to RT only and PBS control groups, though the treated primary tumors
experienced a substantially greater increase in these ratios compared to secondary tumors. No
difference in NK cell content was detected among primary tumors, though secondary tumors in
mice treated with RT/IC had a substantially greater NK cell content compared to all other groups
(Figure A1.H). NKT cells were increased in the primary and secondary tumors of mice treated
with RT/IC + 12Gy compared to RT alone or PBS controls (Figure A1.1). This increase was also

detected in the secondary tumors of mice treated with RT/IC alone.

Changes in innate immune cells were also detected in the TME following treatment.
Neutrophil/MDSC content was increased in the primary tumors of mice treated with RT/IC,
though only secondary tumors in mice treated with RT/IC alone had greater neutrophil/MDSC
content (Figure A2.A). The primary and secondary tumors in mice treated with RT/IC + 12Gy
had increased macrophage content compared to the RT/IC group (Figure A.2B). After excluding
neutrophils and macrophages, cells can be divided into CD11b*Ly6C* “classical” monocytes and
DC precursors, and CD11b*Ly6C “nonclassical” monocytes and DC precursors [216].
Infiltration of the CD11b*Ly6C"* classical monocyte family of innate cells was increased in
primary tumors treated with RT/IC + 12Gy compared to the PBS, RT only, and RT/IC only

groups. Infiltration in the secondary tumors was increased in the RT/IC only group, and to a
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lesser extent the RT/IC + 12Gy group when compared to the PBS group (Figure A.2C). The
CD11b*Ly6C" nonclassical monocyte family was decreased compared to the PBS group in
primary tumors in the RT/IC only and RT/IC + 12Gy groups. No substantial change in the
secondary tumors was noted save for a slight (but statistically significant) decreased infiltration
in the RT/IC +12Gy group compared to RT only, but not compared to PBS (Figure A.2D). Both
classical type 1 and 2 dendritic cells had no apparent change in primary tumors, and treatment
may slightly decrease infiltration in secondary tumors for mice treated with RT/IC or
RT/IC+12Gy (Figure A.2E and A.2F). Infiltration of monocyte derived DCs is lower in primary
tumors treated with RT/IC or RT/IC +12Gy compared to PBS, and lower in secondary tumors

treated with RT/IC or RT/IC +12Gy compared to RT alone (Figure A2.G).

Activation of lymphocytes and NK cells in tumors treated by combination RT/IC and external

beam RT

Expression of the high affinity IL2 receptor CD25, the exhaustion marker PD1, and the
effector cytokine IFNy were measured as part of the adaptive flow cytometry panel (Figure A.3).
Among CD8* T cells, primary tumors treated with both RT/IC and RT/IC + 12Gy had higher
expression of CD25 compared to either PBS or RT alone, and no differences were detected
among secondary tumors (Figure A.3A). Higher expression of CD25 in primary tumors, but not
in secondary tumors, was also observed in NK cells, (Figure A.3G) and NKT cells (Figure A3.)
for the RT/IC + 12Gy group vs. the PBS and RT alone groups. CD4" non-T. cells had a
slightly larger expression of CD25 in primary tumors treated with RT/IC + 12Gy compared to
PBS, and no detectable difference compared to PBS in secondary tumors (Figure A3.D). CD8*
T cells also had higher expression of IFNy in primary tumors treated with RT/IC + 12Gy
compared to PBS and RT alone. No change in IFNy expression among CD8" T cells in

secondary tumors was detected compared to PBS alone (Figure A3.C). This pattern was also



186

observed in NK cells (Figure A3.H) and NKT cells (Figure A3.J). In CD4* non-Trg cells, primary
tumors treated with RT/IC and RT/IC + 12Gy had greater expression of IFNy compared to either
PBS or RT only controls, and no difference was detected among secondary tumors (Figure
A.3F). Among CD8* T cells in the primary and secondary tumor, all conditions had lower PD1
expression compared to PBS. Primary tumors in mice treated with RT/IC and RT/IC + 12Gy had
even lower PD1 expression that RT alone (Figure A.3B). Secondary tumors in mice treated with
RT/IC only had the lowest PD1 expression, and secondary tumors in mice treated with RT/IC +
12Gy had no change in PD1 expression compared to RT alone, though still lower than the PBS
control. Among CD4" T.eqs PD1 expression was lower in all 3 groups of treated primary tumors
compared to PBS control, and was lower than PBS in secondary tumors in the groups receiving

RT/IC and RT/IC + 12Gy (Figure A3.E).

To characterize the degree of maturity among lymphocytes in both primary and
secondary tumors, the fraction of lymphocytes expressing PD1 and CD103 were determined.
PD1 is increased on exhausted T cells in response to chronic antigen exposure [134]. CD103 is
expressed on tissue resident memory lymphocytes, which differentiate from activated effector
lymphocytes over time in the target tissue [217]. Among CD4" non-T.g lymphocytes, distribution
of PD1+ and CD103+ cells shifted in response to treatment (Figure A.4). The fraction of CD4*
non-Tq cells expressing both CD103 and PD1 in the RT/IC and in the RT/IC + 12Gy groups
was substantially decreased in both the primary and secondary tumors compared to PBS, and
also decreased in the primary group compared to RT alone (Figure A4.D). Secondary tumors
treated with RT/IC + 12Gy did not experience as large of a decrease in proportion of
PD1+/CD103+ cells compared to RT/IC alone. This decrease for the RT/IC and RT/IC + 12Gy
groups in Figure A4.D was accompanied by a subsequent increase in the PD1 negative, CD103

negative population in both primary and secondary tumors (Figure A4.E). Again, secondary
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tumors treated with RT/IC + 12Gy did not experience as large of an increase in proportion

compared to RT/IC alone.

Detection of cytokines in tumors treated by combination RT/IC and external beam RT

To more fully characterize the nature of the immune response following treatment,
primary tumors treated with PBS, RT only, RT/IC to the primary, and RT/IC to the primary plus
12Gy to the secondary were harvested, homogenized, and analyzed by a multiplex bead kit for
expression of 32 different cytokines and chemokines (Figure A.5). Any cytokines or chemokines
for which the coefficient of variance (CV) in concentration for all samples was less than 10%
were excluded from analysis, resulting in 19 different parameters for which there was
substantial change in response to treatment effect. Figure A.5 presents these cytokines for both
primary and secondary tumors in detail. These results are presented in 4 separate panels
separated by the broad function of the cytokines or chemokines in the panels: 1)Pan-Activating,
2) NK cell and CD8* T cell focused, 3) IFNy, T helper cell focused, and 4)
Macrophage/Monocyte/Neutrophil focused. Cytokines of note include IFNy, which is increased
in primary and secondary tumors in the RT/IC and RT/IC + 12Gy groups compared to PBS and
RT only controls. Other cytokines including IL-5 and IL-4 also seem to follow this pattern,
although the differences were less significant for IL-4. Expression of the pan-activating
cytokines IL-1B and TNFa were increased in primary, but not secondary, tumors in the RT/IC
and RT/IC + 12Gy groups. Some cytokines that activate innate phagocytes and monocytes,
including G-CSF, GM-CSF, and M-CSF, all demonstrated increased expression in primary
tumors in the RT/IC and RT/IC + 12Gy groups. In many of the innate-focused cytokines
including GM-CSF, KC, MIP1a, and MIP 1, RT alone increased expression as well as RT/IC

and RT/IC + 12Gy.
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Taken together, these flow cytometry and cytokine data suggest that treatment with
RT/IC in situ vaccine, with and without additional RT to the secondary tumor, results in
substantial alterations to the tumor immune microenvironment, both in adaptive and innate
effector arms. These changes broadly include increased lymphocyte content, increased
lymphocyte effector : Treq Suppressor ratios, increased NKT cell content, increased neutrophils,
and increased monocyte precursors in primary tumors treated with both RT/IC and RT/IC +
12Gy. These increases in primary tumors also translate somewhat to secondary tumors, but to
a much lower degree. These tumor infiltrating lymphocytes tend to have higher CD25
expression, higher IFNy expression, and lower PD1 expression in primary tumors treated with
both RT/IC and RT/IC + 12Gy, but only decreased PD1 expression in the secondary tumors. T
cells appeared to shift from a PD1+CD103+ to a PD1-CD103- phenotype in both primary and
secondary tumors treated with both RT/IC and RT/IC + 12Gy. These changes are accompanied
by substantially increased cytokine and chemokine expression across several cell types,
including cytokines known to be pan-activating, as well as having predominant effects on NK

cells, CD8" T cells, CD4+ T cells, and macrophages/monocytes/neutrophils.

9Y-NM600 TRT uptake is consistent regardless of tumor volume or number, and can deliver

immunomodulatory doses to all tumor environments

In order to be used to modulate the collective TME and improve response to
immunotherapy, the TRT agent under consideration in this thesis, NM600, must be able to
distribute comparable doses of radiation to all sites of disease. Because the agent is retained by
tumor cells preferentially over non-tumor tissue, it stands to reason that larger tumors, with more
tumor cells, can retain and concentrate more TRT agent. If the tumor had one large tumor and
several smaller tumors, the large tumor may act as a “sink” and absorb TRT agent such that

much less is available to the smaller distant tumors. Therefore, we used 2Y-NM600 serial
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PET/CT scans and *°Y-NM600 ex vivo dosimetry to investigate whether uptake of TRT agent
changed as a function of 1) tumor volume and 2) tumor number. Mice bearing either one, two,
or four ~100mm? B78 tumors (5 mice per group) were generated, as described in the materials
and methods section. Concurrently, using a staggered injection approach, mice bearing a single
B78 tumor with target volumes of 50, 100, 300, and 500mm? (5 mice per group) were
generated. All mice were injected with 100uCl of *®Y-NM600 by tail vein injection. After 48
hours, tumors and tissue were harvested, weighed, and residual radioactivity was counted using
a beta counter. After correcting for decay, the uptake of TRT agent was calculated as the
percent of the injected dose per gram of tissue (%ID/g). Results demonstrated that there was no
change in NM600 uptake at 48 hours between the individual tumors in one-tumor, two-tumor,
and four-tumor bearing mice (Figure A.6H). Results also indicated that uptake was relatively
consistent as a function of tumor volume, at approximately 6% ID/g with the exception of the
smallest tumors (~50mm?) which did appear to have an increased uptake at around 12% ID/g
(Figure A.61). Regardless of tumor volume, there was no relationship between tumor uptake and
uptake in non-tumor tissues including the blood and the spleen (Figure A.6J and A.6K) this
suggests that drug was not being diverted from other pool sources, and that there is adequate
distribution of drug to achieve similar uptake regardless of disease burden (and perhaps even
higher uptake in very small tumors, potentially reflecting greater blood perfusion in all tumor

tissue for smaller tumors).

To measure the kinetics of drug uptake and dose distribution over time, serial PET/CT
scans were obtained after injection of 250uClI 8Y-NM600 into five mice with ~150mm?3 primary
and ~50mm?3 secondary tumor volumes as described in the materials and methods section.
Using monte carlo based simulations, the uptake of drug and absorbed dose delivered to each
tumor was calculated at 3, 24, 48, and 72 hours post-injection. Results demonstrate that uptake

in both the primary and secondary tumor peaks around 24-48 hours post injection, and that the
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smaller secondary tumor had a slightly higher uptake than the primary, though not statistically
significant (Figure A.6G). Estimation of dose delivered to the tumor as a function of injected
activity also demonstrate no difference between the ~150mm? primary tumors and the ~50mm?
secondary tumors (Figure A.6F). Taken together, this experiment suggests that it is possible to
use NM600 to deliver TRT to mice bearing multiple tumors, and that the degree of tumor burden

does not substantially alter the uptake or dosimetry of NM600.

Immunophenotyping changes in tumors treated by combination RT/IC and *°Y-NM600 TRT

To characterize the changes to the TME following treatment with RT/IC and TRT to a
secondary tumor in models of two tumor mice, a comprehensive pair of immunophenotyping
panels was conducted (Figures A.7 and A.8). Concurrent with the previously described
experiment, mice treated with 100uCi of **Y-NM600 only, and mice treated with RT/IC to the
primary tumor and 100uCi of ®°Y-NM600 were included in the experiment, with the PBS and
RT/IC only groups shared between these two analyses. As such, the results corresponding to
the RT/IC group will not be repeated here, except for in comparison to the RT/IC + TRT group.
Results from this initial analysis suggest higher CD45+ immune cells in the TRT, RT/IC, and
RT/IC + TRT groups compared to PBS control in both primary and secondary tumors, though
only the RT/IC treated tumors among the primary tumors reached statistical significance (Figure
A.7A) and only the RT/IC and RT/IC +TRT groups were significant in the secondary tumors.
There was a slight increase in CD8+ T cells in the secondary tumors treated with RT/IC plus
TRT (Figure A.7B). Primary tumors treated with RT/IC + TRT had the same decrease in Treg
infiltration compared to PBS as RT/IC, and no changes were detected in T content among
secondary tumors, including the TRT only control (Figure A.7D). The CD8+ T cell : Trq cell ratio
was increased in both primary and secondary tumors in the RT/IC + TRT group compared to the

PBS and TRT only groups, and was no different than the RT/IC alone group (Figure A.7E). This
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same pattern (in Figure A.7E) was observed in the primary tumors for the CD4+ effector T cell :
Treg cell ratio; this CD4+ effector T cell : Treq cell ratio in secondary tumors is elevated only for
the RT/IC alone group compared to PBS and TRT alone (Figure A7.F). Like the RT/IC alone
group, NK cells were increased in the secondary tumor of mice treated with RT/IC + TRT
compared to PBS or TRT alone while no difference was detected among primary tumors for NK
cells (Figure A.7H). Both primary and secondary tumors had increased infiltration of NKT cells in

mice treated with RT/IC + TRT, when compared to PBS or TRT alone (Figure A.71).

Changes in innate immune cells were also detected in the TME following treatment.
Neutrophil/MDSC content was increased in the primary tumors of mice treated with RT/IC +
TRT, though only secondary tumors in mice treated with RT/IC alone had greater
neutrophil/MDSC content (Figure A8.A). Primary tumors treated with TRT only had significantly
greater macrophage infiltration compared to all other groups at the primary tumor (Figure A.8B).
Primary tumors treated with RT/IC + TRT had greater infiltration of CD11b*Ly6C" classical
monocyte family cells compared to either PBS or TRT alone, and had greater infiltration
compared to PBS alone in the secondary tumors (Figure A.8C). Primary tumors treated with
RT/IC + TRT had lower infiltration of CD11b*Ly6C" nonclassical monocyte family cells compared
to TRT alone, and had no difference in infiltration compared to other groups at the secondary
tumor (Figure A.8D). Both primary and secondary tumors had decreased infiltrate of type 1
classical dendritic cells in the RT/IC + TRT group compared to PBS or TRT alone (Figure A.8E).
No substantial changes were detected in infiltration levels of type 2 classical dendritic cells
(Figure A8/F). Infiltration of monocyte derived DCs was lower in primary tumors treated with
RT/IC or RT/IC +TRT compared to PBS alone, and no changes were detected among

secondary tumors (Figure A8.G).
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Activation of lymphocytes and NK cells in tumors treated by combination RT/IC and external

beam RT

Expression of the high affinity IL2 receptor CD25, the exhaustion marker PD1, and the
effector cytokine IFNy was measured as part of the adaptive flow cytometry panel (Figure A.9).
Among CD8" T cells, primary tumors treated with both RT/IC and RT/IC + TRT had higher
expression of CD25 compared to either PBS or TRT alone, and secondary tumors from mice
treated with RT/IC + TRT had slightly increased CD25 expression compared to PBS and TRT
alone (Figure A.9A). This pattern was also observed for NK cells in primary tumors (Figure
A.9G) and for NKT cells in primary tumors (Figure A9.1), but no changes were detected for
CD25 expression in either cell population among secondary tumors. CD4* non-Tg cells had
greater expression of CD25 in primary tumors treated with RT/IC + TRT compared to all
treatment groups including RT/IC alone, and had increased expression in secondary tumors in
the RT/IC + TRT group compared to RT/IC alone (Figure A.9D). CD8" T cells also had higher
expression of IFNy in primary tumors treated with RT/IC + TRT compared to PBS and RT alone
and RT/IC alone. No change in IFNy expression among CD8* T cells in secondary tumors was
detected for any treatment group (Figure A9.C). This pattern was also observed in NK cells
(Figure A3.H) and NKT cells (Figure A9.J). In CD4" non-Tq cells, primary tumors treated with
RT/IC and RT/IC + 12Gy had greater expression of IFNy compared to either PBS or TRT only
controls, secondary tumors treated with RT/IC + TRT had greater expression compared to PBS
controls (Figure A9.F). Among CD8" T cells in the primary and secondary tumor, all 3 treatment
groups had lower PD1 expression compared to PBS only. Primary and secondary tumors in the
RT/IC and RT/IC + TRT group had lower PD1 expression still compared to TRT alone (Figure
A.9B). Among CD4* non-T.egs PD1 expression was lower in all primary and secondary tumors
compared to PBS control, but no difference was detected between RT/IC alone, TRT alone, or

RT/IC + TRT groups (Figure A3.E).
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To characterize the degree of maturity among lymphocytes in both primary and
secondary tumors, the fraction of lymphocytes expressing PD1 and CD103 were determined, as
described for Figure A.4 (Figure A.10). The fraction of CD4" non-Tg cells expressing both
CD103 and PD1 was substantially decreased for primary tumors in the RT/IC + TRT group
compared to PBS and TRT alone, and for the secondary tumors compared to PBS (Figure
A10.D). The fraction of CD4* non-Tq cells expressing CD103 but not PD1 was substantially
decreased for primary and secondary tumors in the RT/IC + TRT group compared to PBS and

TRT alone compared to PBS (Figure A10.F).

Detection of cytokines in tumors treated by combination RT/IC and external beam RT

To more fully characterize the nature of the immune response following treatment,
primary tumors treated with PBS, TRT only, RT/IC to the primary, and RT/IC to the primary plus
TRT were analyzed for expression of 32 different cytokines and chemokines as in Figure A.5
Figure A.10 presents these cytokine data for both primary and secondary tumors in detail,
separated by broad function of the cytokine or chemokine: 1) Pan-Activating, 2) NK cell and
CD8* T cell focused, 3) IFNy and T helper cell focused, and 4)
Macrophage/Monocyte/Neutrophil focused). Cytokines of note include IL-5 and IL-4, which are
increased in primary and secondary tumors in the RT/IC and RT/IC + TRT groups compared to
PBS and TRT only controls. Expression of the pan-activating cytokine TNFa was increased in
primary and secondary tumors in the RT/IC + TRT group. A fair number of cytokines that
activate innate phagocytes and monocytes including G-CSF, GM-CSF, and M-CSF all
demonstrated increased expression in primary tumors in the RT/IC and RT/IC + TRT groups. No
change was detected among any measured cytokine levels in response to TRT alone compared

to PBS control.
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A.4 Discussion, Hypotheses, and future directions

The data presented in this appendix will be incorporated with the findings presented in
Chapter 4 of this thesis for submission following additional studies. It should be emphasized that
these data are preliminary and warrant repeating before proceeding to additional study.
However this appendix does demonstrate the potential utility of flow cytometry and multiplex
cytokine quantification in gaining insight into many different immune populations within the
tumor, even those which are radioactive. The studies presented here measure a large number
of immune parameters, both by flow cytometry and by cytokine multiplex analyses. As such, a
unifying and consistent simple hypothesis or theory behind mechanism of action of combination
RT/IC in situ vaccine and radiation to distant tumors is unlikely. Further planned analyses of
these data, including tSNE analyses of pooled data in flow cytometry and clustering analyses of
the cytokine data, are currently being investigated. As changes in individual immune populations
or cytokines are detailed in the results and figures sections, they will not be restated here; rather
patterns in general will be outlined, including potential hypotheses and future directions to

explore these concepts.

RT/IC in situ vaccination alters the immune TME to favor antitumor effector responses

The data presented here suggest profound alterations in the tumor microenvironment at
day 14 after treatment with RT/IC in situ vaccine. Some of these changes including the
increased infiltration of CD45" cells, CD8" T cells, CD4" T cells, and CD8 : T4 ratio compared
to PBS controls has been demonstrated in prior work, including Chapter 2 of this thesis [65].
These data are repeated here in this study, and expand on those findings by further describing
enhanced CD4 effector : Tq ratio, trends toward increased NKT cell infiltration, as well as
increased neutrophils and decreased monocyte-derived DCs in primary tumors treated with

RT/IC. These data additionally expand on known quantitative changes in T cell subsets by
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characterizing their activation status, noting increased CD25 and IFNy expression in all T cell
subpopulations evaluated, as well as in both NK and NKT cells. Further, increased levels of the
cytokines IFNy, RANTES (CCL5), TNFa and IL-6 all support a general program of lymphocyte
activation in tumors treated with RT/IC in situ vaccine.

Recently, the B78 melanoma cell line has been demonstrated to express the CD4* T
cell — recognized ligand MHCII (preliminary data not shown). In addition to activation of directly
cytotoxic NK, NKT, and CD8" T cells, the data presented here also suggest activation of CD4*
helper T cells, as evidenced by increased number, activation state, and CD4" effector : Treg ratio.
Importantly, there is also evidence of increased effector cytokine activity deriving from these T
helper cells. This includes increased neutrophil and macrophage infiltrate, and increased
detection of numerous cytokines directed towards macrophages and other phagocytes. Taken
together, this characterization suggests that in addition to driving increased direct cytotoxic
activity, CD4+ T helper cells may be recruiting phagocytes and other innate effectors to the
TME to aid in tumor elimination. Future studies should include direct depletion of each of these
effector immune cell lineages during treatment, to establish the degree of contribution of these
components to the RT/IC in situ vaccine response.

This study additionally characterizes the degree to which these immune changes
initiated at the in situ vaccine site (the primary tumor) circulate systemically to affect the
secondary tumor, which in the case of the RT/IC only group, is not directly treated or altered
(other than the low level of IC that may reach distant sites after a primary tumor receives IT-IC.
One of the patterns noted across these data are that changes induced by RT/IC in the primary
tumor can also be seen (or trends to be seen) in the secondary tumor, but to a much attenuated
degree. This is especially true in the CD8 : Treg and CD4 : T, ratios, the decrease in PD1
expression on CD8 and CD4 T lymphocytes, neutrophil recruitment, as well as in measured
content of some (but not all) cytokines. This suggests that the in situ vaccine does generate a

systemic response that is capable of circulating to other tumor environments, yet is not as
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effective in those environments. This could be due to the activating activity of the IL-2
component of the immunocytokine in the RT/IC treated primary tumors, or could be due to
persistent immunosuppressive mechanisms in the distant secondary tumors. Further

experimentation will be needed to better delineate this mechanism of action.

Additional RT delivered to the secondary tumor combined with RT/IC to the primary tumor
results in some favorable immune changes, but largely results in similar changes to those
induced by RT/IC itself

Comparison of the RT/IC alone group to the RT/IC plus 12Gy to the secondary group
results in very few detected differences. For the most part, changes in both the primary and
secondary tumor when 12Gy to the secondary are added to the RT/IC are the same as seen in
the RT/IC alone group. Notable exceptions include CD8* T cells, which had the same degree of
infiltrate in the primary tumor, but much greater infiltration in the secondary tumor, in the RT/IC
+ 12Gy group compared to RT/IC alone. This may be due to the known effect of RT to induce
MHCI upregulation in irradiated tissue [184]. Though the RT/IC in situ vaccine generated
antitumor CD8* T cells, the lack of MHCI expression in the secondary tumor may have
prevented the tumor-specific CD8" T cells from binding and remaining in the secondary TME.
Increased MHCI expression following the 12Gy RT to the secondary may have then permitted
the RT/IC generated CD8" T cells at the primary tumor to accumulate in the secondary tumor
and affect tissue destruction. Future experiments will explore this hypothesis by directly
measuring MHCI expression in the tumor by flow cytometry and by gqRT-PCR. Another
exception is the greater infiltrate of macrophages in both the primary and secondary tumors
from mice treated with RT/IC + 12Gy compared to mice treated with RT/IC alone. These could
be in response to increased tumor inflammatory cell death and subsequent recruitment to clear
cell debris, or perhaps due to increased functional secretion of cytokines including G-CSF, GM-

CSF, and M-CSF, all of which were detected in primary tumors treated with RT/IC + 12Gy.
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Infiltrating lymphocytes may be derived from distant, clonally expanded subsets, as opposed to
tissue — resident populations

In a typical antitumor immune response involving lymphocyte populations, effector cells
can be derived from several locations, including lymph nodes, splenic germinal centers, and
tissue resident memory populations [217]. Understanding the source of the effector cells can
help determine the type of antigen that is driving response to treatment. For example, a
response largely derived from a lymph node following treatment may suggest that novel tumor-
specific antigens are being recognized after treatment, driven by increased antigen processing
and presentation. Conversely, detection of increased numbers cells derived from tumor-resident
immune populations (like tissue-resident memory T cells) may point to reactivation and
expansion of lymphocyte clones that were already antigen-sensitized, and were for some
reason dormant or exhausted prior to treatment. Distinguishing between these two types of
response can aid in characterizing the mechanism of action of the RT/IC in situ vaccine; namely
increased release and recognition of tumor antigens, or reactivation / expansion of preexisting
clones. These data demonstrate that both the CD8* and CD4* T cell populations in the tumor
following treatment have decreased expression of the exhaustion marker PD1, which is known
to be elevated among lymphocytes resident in a tumor for a long period of time [213]. In
addition, the CD4* T helper population shifted away from a PD1+ CD103+ population that may
represent tissue resident memory cells, towards a PD1-CD103- population, which may
represent recent infiltrates into the tissue. These data suggest that the lymphocyte populations
within the tumor favor an origin from distant circulation, as they do not have the resident
memory marker CD103+ [217]. To more completely characterize this distinction, TCRseq could
be used to enumerate the specific clonal populations before and after treatment in the primary

and secondary tumors. Initial efforts towards this are being pursued.
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9Y-NM600 combined with RT/IC has many of the same changes as RT/IC alone, yet may favor
increased lymphocyte activation

The addition of TRT to the RT/IC in situ vaccine again produced largely the same
changes to the immune TME and detected cytokines as RT/IC alone, and many of the same
changes discussed above for 12Gy external beam RT to the secondary. Though there was not
as profound of an increase in lymphocyte infiltrate in the RT/IC + TRT group, both the CD8:Teq
and CD4 effector : Trg ratios were increased in the primary tumor, and the CD8:Teg was also
increased in the secondary tumors, although still to a lesser degree. Unlike in the case with
external beam radiation, TRT did not increase the infiltrate of CD8+ T cells or macrophages in
either the primary or secondary tumors beyond that of RT/IC alone. However unlike with
external beam RT, the primary tumors in mice treated with RT/IC + TRT had greater CD25 MFI
and IFNy expression in CD8+ T cells, and greater CD25 expression in CD4+ effector T cells
compared to primary tumors treated with RT/IC alone. This may indicate a greater degree of
immune activation in these lymphocytes, possibly as a result of the combined radiation effect of
external beam and TRT within the primary tumor. However this may be counterbalanced by the
fewer number of lymphocytes in general detected as a result of RT/IC + TRT treatment. Further
studies will be needed to fully determine the degree of activation of these cells, and the
functional significance of these expression changes.

It should be noted that direct comparisons of the effect of ®Y-NM600 and external beam
RT are difficult to make in this experimental design, and warrants further study. Not only is the
dose rate different between these two modalities, but the total dose delivered (12Gy for RT and
4-6 Gy for a 100uCi injection of ®®Y-NM600) to the tumors are different as well. It is however
promising that in vivo antitumor effect does not appear hindered by the use of TRT (as
discussed in Chapter 4), and the tumor immune changes induced by RT/IC as examined in this

appendix also do not appear to be substantially hindered by the addition of TRT. Future studies
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comparing the different immune effects of RT and TRT are underway, with some such
comparisons noted in the manuscript authored by Patel et al in Appendix B.

The findings of the ex vivo biodistribution and PET/CT dosimetry experiment support
previous findings that NM600 uptake can be estimated for B78 melanoma to be approximately
3-6 %ID/g [127]. The lack of change in uptake as a function of tumor burden is also promising,
as it indicates that the TRT agent can behave in a predictable manner in settings of multiple
tumors, and tumors with different sizes. The trend for increased uptake with the very small
tumors (less than 50mm?3) is very promising, and may be explained by differences in blood flow
between smaller and larger tumors. The ischemic, hypoxic core of a larger tumor is less
vascularized, and may be less able to take up TRT agent [218]. Therefore, the smaller tumors
may be able to absorb more agent per unit volume, because they have less ischemic, dead
tissue in their core. However the path length of °°Y beta emissions is fixed to a maximum range
of 1cm, meaning that the distribution of dose from a point source like a small tumor is a fixed
sphere extending out to a radius of 1cm. The relative proportion of that sphere that is tumor vs.
non tumor surrounding tissue decreases as the size of the tumor decreases, meaning a larger
fraction of the radiation is deposited outside of the tumor itself [127]. Thus, despite reduced
efficiency in delivering dose to smaller tumors, the increased uptake may at least partially
compensate for this effect, and may explain why the estimated absorbed dose per injected
activity is relatively similar between larger ~150mm?3 tumors and smaller ~50mm? tumors in
these data. Future experiments are planned to confirm this observation using other tumor
models, including tail vein-injected tumors that can seed multiple lung metastases. In addition,
investigations using particle emissions of smaller path length such as "’Lu or even the alpha-

emitting 22°Ac could further increase efficiency in delivering radiation to smaller tumors.
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Table A.1: Antibodies used for flow cytometric analyses depicted in this appendix. Note that

these antibodies are clustered into a lymphoid panel and a myeloid panel due to channel

limitations of the cytometry instruments.

Target Fluorophore Company (Cat.) Clone Volume per
Test (pL)
CD25 BB515 BD Biosciences (564424) PC61 1.5
IFNy PE BioLegend (505808) XMG1.2 1.2
_ NK1.1 PE-CF594 BD Biosciences (562864) PK136 1.2
o CD103 BV605 BioLegend (121433) 2E7 1.2
& FOXP3 PE-Cy7 Invitrogen (25-5773-82) FJK-16s 1.4
o PD-1 V450 Tonbo (75-9981-U100) RMP1-30 1.2
2 CD45 BV510 BioLegend (103137) 30-F11 1
g' CD3 PE-Cy5 BioLegend (100310) 145-2C11 1
> CD4 BV785 BioLegend (100453) GK1.5 1
CD19 APC BioLegend (115512) 6D5 0.5
CD8 APC-R700 BD Biosciences (564983) 53-6.7 1
Live/Dead | GhostRed 780 Tonbo (13-0865-T100) - 0.5uL
CD45 FITC Tonbo (35-0451-U500) 30-F11 1
CD103 PE BioLegend (121406) 2E7 1.5
MHCII PE-Dazzle594 BioLegend (107648) M5/114.15.2 1.2
i F4/80 PE-Cy5 Invitrogen (15-4801-82) BM8 1
5 CD64 PE-Cy7 BioLegend (139314) X54-5/7.1 1.2
% CD11b V450 BD Biosciences (560455) M1/70 1.5
S XCR1 BV510 BioLegend (148218) ZET 3
g Ly6C BV605 BD Biosciences (563011) AL-21 2
= CD24 BV711 BD Biosciences (563450) M1/69 1.2
CD11c APC BioLegend (117310) N418 1.2
Ly6G AF700 BD Biosciences (561236) 1A8 1.2
Live/Dead | GhostRed 780 Tonbo (13-0865-T100) - 0.5uL
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Table A.2: Gating phenotypes used in defining immune populations in this appendix. All
phenotypes are first gated on cells, single cells, and live cells as depicted in Figures A.1 and

A2.

Population Gating Phenotype (after Cells/Single/Live)

5 _CD45+ CD45+
S NKT Cells CD45+/CD3+/NK1.1+
O CD8+ T Cells CD45+/CD3+/NK1.1-/CD8+
S "CD4+T Cells _ CD45+/CD3+/NK1.1-/CD4+
S Treg Cells CD45+/CD3+/NK1.1-/CD4+/CD25+/foxp3+
€ BCells CD45+/CD3-/CD19+
= "NK Cells CD45+/CD3-/NK1.1+
Neutrophils CD45+/CD11b+/Ly6G+
Macrophages  CD45+/Ly6G-/F4/80+CD64+
Classical
]’TO’?"Cyte CD45+/Ly6G-/F4/80-CD64-/CD11b+/Ly6C+
amily and
) precursors
E Nonclassical
o ]’TO’?"Cyte CD45+/Ly6G-/F4/80-CD64-/CD11b+Ly6C-
o family and
E precursors
= f'gzss'ca' YPe  CD45+/Ly6G-/F4/80-CD64-/CD11b-/Ly6C-/CD11c+MHCII+/CD103+/XCR1+
g'gséss'ca' YPe  CDAB+/LyBG-/F4/80-CD64-/CD11b+/Ly6C+CD11c+MHCII+/CD103-/XCRA-
(';"Of‘ocyte' CD45+/Ly6G-/F4/80-CD64-/CD11b+/Ly6C-/CD11c+/MHCII+/F4/80+/CD103-
erived DCs
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Figure A.1: Adaptive immunophenotyping of primary and secondary tumors in mice
treated with in situ vaccine combined with radiation to distant tumors. Female C57BL/6
mice were implanted ID with B78 tumors on the right and left flanks simultaneously. After 4
weeks, mice were treated with either PBS (black), 12Gy external beam radiation (RT, red) to
both primary and secondary tumors, 12Gy RT and intratumoral immunocytokine (IC) to the
primary tumor only (blue), or RT+IC to the primary tumor and 12Gy RT to the secondary tumor
(purple). RT was given on treatment day 0, and IC was given on treatment days 5-9. On
treatment day 14, tumors were harvested and dissociated as described in the materials and
methods section. Aliquots of tumors were stained using the adaptive and innate antibody panels
outlined in Table A.1, according to the novel cryopreservation protocol described in Chapter 2 of
this thesis. Cells were gated according to expression of the markers outlined in Table A.2.
Immune populations are expressed as a percentage of all live, single cells, except where
otherwise noted. In each population pair of graphs depicted, results corresponding to the right
flank primary tumor are on the right, and results corresponding to the left flank secondary tumor
are on the left. Statistical analyses were conducted using one-way ANOVA, with multiple
comparisons using Fischer’s least significant difference tests. No corrections were made to
account for multiple comparisons. * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns =

not significant.



Figure A.1

A CD45+ Secondary

100 -
1

g 80 0057

5

S 60

=

H

8 404

3

& 20
o_

CD3+CD4+ (non-Tregs)
C Secondary

30

20

Percent of Live

2
5 40
¢
204
L]
(]
o, (]
0_
o Ry © 3
& & & °
N o
o &8

G CD4+CD8+ Secondary

3504 I . 1
"
3.0 [ —
[y L)
2 2.54
-
'S 2.0
- [ ]
S 1.54
4
S 1.0
0.5 e
..
0.0-
N
& x»:\ro & x'&(’
& &

CDA45+ Primary
1001 * =
o
80 LS ]

CD3+CD4+ (non-Tregs)

Primary
307 ——
L]
20
o0
L]
10
. i
oL
& & & 2
x
o
\'1'04‘ Q‘.\\\
CD8/Treg Primary
80_ [%
1
kk -
60— [ﬁ.
hd ]
40
o/®
20
o
0_
3 ©
& & o
N o
X &

359
.
3.0
2.5+
2.0
1.5 .
L]
1.0
0.5 .
0.0~
] A
& L & 00*
A o
Y &

B CD3+CD8+ Secondary
60— Kdkk

'
(=)
1

Percent of Live
N
T

12+
(]
Z
-4 8-
k3 H
=
S 4 H
[ L[]
o ee |° ° |' |
I L] I I I
0 T T T
o ©
& & & @
*x o
o« &
CD4 Effector / Treg ratio
F Secondary
100 *
[
28 607
s
& 40
204
LJ

&

x
o «
v Q‘.\\

RS
0‘{'\\,"‘”0

H NK % of Live - Secondary

124  ——
—
1
[ L]
Z
4 84
-
(<]
-
c
Q
o
o_
N o
o qf\\\
I CD3+NK1.1+ Secondary
84
[ —
g 6 . °
-
k]
£ 47 1
Q
o
& 2-
3 °
0_
N © N
& &

CD3+CD8+ Primary

CD4 Effector / Treg ratio

Primary
100 .
1
*kk =
80 |
60 .
40
20
L)
o_
3 ©
& & & o
Y o
g &
NK % of Live - Primary
12+ ns
8_
4_

)
x < x N

5 ¥
o« Q§\

CD3+NK1.1+ Primary
8_

1

203



204

Figure A.2: Innate immunophenotyping of primary and secondary tumors in mice treated
with in situ vaccine combined with radiation to distant tumors. Female C57BL/6 mice were
implanted ID with B78 tumors on the right and left flanks simultaneously. After 4 weeks, mice
were treated with either PBS (black), 12Gy external beam radiation (RT, red) to both primary
and secondary tumors, 12Gy RT and intratumoral immunocytokine (IC) to the primary tumor
only (blue), or RT+IC to the primary tumor and 12Gy RT to the secondary tumor (purple). RT
was given on treatment day 0, and IC was given on treatment days 5-9. On treatment day 14,
tumors were harvested and dissociated as described in the materials and methods section.
Aliquots of tumors were stained using the adaptive and innate antibody panels outlined in Table
A.1, according to the novel cryopreservation protocol described in Chapter 2 of this thesis. Cells
were gated according to expression of the markers outlined in Table A.2. Immune populations
are expressed as a percentage of all live, single cells, except where otherwise noted. In each
population pair of graphs depicted, results corresponding to the right flank primary tumor are on
the right, and results corresponding to the left flank secondary tumor are on the left. Statistical
analyses were conducted using one-way ANOVA, with multiple comparisons using Fischer’s
least significant difference tests. No corrections were made to account for multiple comparisons.

* = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns = not significant.
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Figure A.3: Expression of activation markers on T cells and NK cells in tumors isolated
from mice treated with in situ vaccine combined with radiation to distant tumors. Female
C57BL/6 mice were implanted ID with B78 tumors on the right and left flanks simultaneously.
After 4 weeks, mice were treated with either PBS (black), 12Gy external beam radiation (RT,
red) to both primary and secondary tumors, 12Gy RT and intratumoral immunocytokine (IC) to
the primary tumor only (blue), or RT+IC to the primary tumor and 12Gy RT to the secondary
tumor (purple). RT was given on treatment day 0, and IC was given on treatment days 5-9. On
treatment day 14, tumors were harvested and dissociated as described in the materials and
methods section. Aliquots of tumors were stained using the adaptive and innate antibody panels
outlined in Table A.1, according to the novel cryopreservation protocol described in Chapter 2 of
this thesis. Cells were gated according to expression of the markers outlined in Table A.2.
Expression of activation markers CD25, the activation / exhaustion marker PD1, and the effector
cytokine IFNy on T cells, NK cells, and NKT cells are shown here. Data are expressed as
median fluorescence intensity (MFI) unless otherwise noted. In each population pair of graphs
depicted, results corresponding to the right flank primary tumor are on the right, and results
corresponding to the left flank secondary tumor are on the left. Statistical analyses were
conducted using one-way ANOVA, with multiple comparisons using Fischer’s least significant
difference tests. No corrections were made to account for multiple comparisons. * = p<0.05, ** =

p <0.01, *** = p<0.001, *** = p <0.0001, ns = not significant.
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Figure A.4: PD1 and CD103 status in CD4+ non-T,.gs among tumors treated with RT/IC
with or without 12Gy RT to the secondary tumor. Female C57BL/6 mice were implanted 1D
with B78 tumors on the right and left flanks simultaneously. After 4 weeks, mice were treated
with either PBS (black), 12Gy external beam radiation (RT, red) to both primary and secondary
tumors, 12Gy RT and intratumoral immunocytokine (IC) to the primary tumor only (blue), or
RT+IC to the primary tumor and 12Gy RT to the secondary tumor (purple). RT was given on
treatment day 0, and IC was given on treatment days 5-9. On treatment day 14, tumors were
harvested and dissociated as described in the materials and methods section. Aliquots of
tumors were stained using the adaptive and innate antibody panels outlined in Table A.1,
according to the novel cryopreservation protocol described in Chapter 2 of this thesis. Cells
were gated according to expression of the markers outlined in Table A.2. Depicted here is PD1
and CD103 expression on CD4+ T cells, after gating out CD25+FOXP3+ Tq cells. A-B)
representative dot plots outlining the four quadrants of expression status for PD1 and CD103 in
PBS control (A) and RT/IC + 12Gy (B) primary tumors. C-F) Percentage of CD4+ non-Tiegs in
each of the four quadrants depicted in A and B. Statistical analyses were conducted using one-
way ANOVA, with multiple comparisons using. Fischer’s least significant difference tests. No
corrections were made to account for multiple comparisons. * = p<0.05, ** = p <0.01, *** =

p<0.001, **** = p <0.0001, ns = not significant.
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Figure A.5:Cytokine profile in primary and secondary tumors treated with RT+IC and
external beam radiation. Female C57BL/6 mice were implanted ID with B78 tumors on the
right and left flanks simultaneously. After 4 weeks, mice were treated with either PBS (black),
12Gy external beam radiation (RT, red) to both primary and secondary tumors, 12Gy RT and
intratumoral immunocytokine (IC) to the primary tumor only (blue), or RT+IC to the primary
tumor and 12Gy RT to the secondary tumor (purple). RT was given on treatment day 0, and IC
was given on treatment days 5-9. On treatment day 14, tumors were harvested and flash frozen
in liquid nitrogen. After storage for 30 days, tissues were homogenized and analyzed using the
MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel as described in the
materials and methods section. Cytokine content is presented in pg/mL unless otherwise noted.
Statistical analyses were conducted using one-way ANOVA, with multiple comparisons using
Fischer’s least significant difference tests. No corrections were made to account for multiple

comparisons. * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns = not significant.
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Figure A.6: Pharmacokinetic and dosimetry characterization of 286Y*°Y-NM600 in B78
melanoma. A) molecular structure of ®®Y-NM600. B) whole body isosurface reconstruction of
representative C57BI/6 mice bearing a ~150mm? primary and a ~50mm? secondary B78
melanoma tumors 48h after injection of 250uCi of 8Y-NM600. Maximum intensity projections of
detected PET signal superimposed on CT images are presented in the coronal (C) and axial (D
and E) planes in representative slices. F) Using a monte carlo based simulation of contoured
tissue volumes, the estimated dose (in Gy) delivered to the primary and secondary tumor was
calculated and integrated over infinite time, and expressed as a function of injected activity (in
Megabecquerel, MBq) of ®Y-NM600. G) Estimated uptake of NM600 drug, expressed as
percent injected dose (ID) per gram of tissue, depicted for both primary and secondary tumors
over time. H) In a second parallel group, n=5 mice each were implanted with one, two, or four
B78 tumors and allowed to develop over 4 weeks. They were injected with 200uCi *Y-NM600,
and 48 hours later the tumors were harvested and radioactivity was counted using a beta
counter. After decay-correction, the uptake of drug at 48 hours (expressed %ID/g) was
calculated for each of the tumor conditions. Individual tumor data points are shown, with the bar
representing mean uptake. 1-K) Mice bearing a single B78 tumor with a range of volumes from
50 to 600mm? were all injected on the same day with 200uCi **Y-NM600. 48 hours after
injection, animals were euthanized and tumor, spleen, and blood was harvested and residual
activity counted on a beta counter. After decay-correction, the uptake of drug at 48 hours
(expressed %ID/g) was calculated for each tissue type. Colors correspond to the intended tumor
volume at the time of injection (either 50, 100, 300, or 500mm?3). (I) depicts the relationship
between harvest tumor volume and uptake of ®*Y-NM600 for each tumor measured. (J) and (K)
depict the relationship between calculated uptake of *°Y-NM600 in the tumor vs uptake in the

blood (J) and spleen (K) of the same mouse from which the tumor was harvested.
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Figure A.7: Adaptive immunophenotyping of primary and secondary tumors in mice
treated with in situ vaccine combined with *°Y-NM600 TRT. Female C57BL/6 mice were
implanted ID with B78 tumors on the right and left flanks simultaneously. After 4 weeks, mice
were treated with either PBS (black), 100uCi of *°Y-NM600 by tail vein injection (green), 12Gy
RT and intratumoral immunocytokine (IC) to the primary tumor only (blue), or RT+IC to the
primary tumor and 100uCi of ®°Y-NM600 (orange). RT and TRT was given on treatment day 0,
and IC was given on treatment days 5-9. On treatment day 14, tumors were harvested and
dissociated as described in the materials and methods section. Aliquots of tumors were stained
using the adaptive and innate antibody panels outlined in Table A.1, according to the novel
cryopreservation protocol described in Chapter 2 of this thesis. Cells were gated according to
expression of the markers outlined in Table A.2. Immune populations are expressed as a
percentage of all live, single cells, except where otherwise noted. In each population pair of
graphs depicted, results corresponding to the right flank primary tumor are on the right, and
results corresponding to the left flank secondary tumor are on the left. Statistical analyses were
conducted using one-way ANOVA, with multiple comparisons using Fischer’s least significant
difference tests. No corrections were made to account for multiple comparisons. Note that these
data were collected as part of the same experiment outlined in Figures A.1-A.5, and share

common PBS and RT/IC groups, which are presented again here.
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Figure A.8: Innate immunophenotyping of primary and secondary tumors in mice treated
with in situ vaccine combined with °°Y-NM600 TRT. Female C57BL/6 mice were implanted
ID with B78 tumors on the right and left flanks simultaneously. After 4 weeks, mice were treated
with either PBS (black), 100uCi of °*Y-NM600 by tail vein injection (green), 12Gy RT and
intratumoral immunocytokine (IC) to the primary tumor only (blue), or RT+IC to the primary
tumor and 100uCi of °°Y-NM600 (orange). RT and TRT was given on treatment day 0, and IC
was given on treatment days 5-9. On treatment day 14, tumors were harvested and dissociated
as described in the materials and methods section. Aliquots of tumors were stained using the
adaptive and innate antibody panels outlined in Table A.1, according to the novel
cryopreservation protocol described in Chapter 2 of this thesis. Cells were gated according to
expression of the markers outlined in Table A.2. Immune populations are expressed as a
percentage of all live, single cells, except where otherwise noted. In each population pair of
graphs depicted, results corresponding to the right flank primary tumor are on the right, and
results corresponding to the left flank secondary tumor are on the left. Statistical analyses were
conducted using one-way ANOVA, with multiple comparisons using Fischer’s least significant
difference tests. No corrections were made to account for multiple comparisons. Note that these
data were collected as part of the same experiment outlined in Figures A.1-A.5, and share
common PBS and RT/IC groups, which are presented again here. * = p<0.05, ** = p <0.01, *** =

p<0.001, **** = p <0.0001, ns = not significant.
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Figure A.9: Expression of activation markers on T cells and NK cells in tumors isolated
from mice treated with RT/IC in situ vaccine and *°Y-NM600 TRT. Female C57BL/6 mice
were implanted ID with B78 tumors on the right and left flanks simultaneously. After 4 weeks,
mice were treated with either PBS (black), 100uCi of ®°Y-NM®600 by tail vein injection (green),
12Gy RT and intratumoral immunocytokine (IC) to the primary tumor only (blue), or RT+IC to the
primary tumor and 100uCi of ®Y-NM600 (orange). RT and TRT was given on treatment day 0,
and IC was given on treatment days 5-9. On treatment day 14, tumors were harvested and
dissociated as described in the materials and methods section. Aliquots of tumors were stained
using the adaptive and innate antibody panels outlined in Table A.1, according to the novel
cryopreservation protocol described in Chapter 2 of this thesis. Cells were gated according to
expression of the markers outlined in Table A.2. Expression of activation markers CD25, the
activation / exhaustion marker PD1, and the effector cytokine IFNy. Within the adaptive immune
populations previously identified are outline here. Data is expressed as median fluorescence
intensity (MFI) unless otherwise noted. In each population pair of graphs depicted, results
corresponding to the right flank primary tumor are on the right, and results corresponding to the
left flank secondary tumor are on the left. Statistical analyses were conducted using one-way
ANOVA, with multiple comparisons using Fischer’s least significant difference tests. No
corrections were made to account for multiple comparisons. Note that these data were collected
as part of the same experiment outlined in Figures A.1-A.5, and share common PBS and RT/IC
groups, which are presented again here. * = p<0.05, ** = p <0.01, *** = p<0.001, **** =p

<0.0001, ns = not significant.
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Figure A.10: PD1 and CD103 status in CD4+ non-T,egs in tumors isolated from mice
treated with RT/IC in situ vaccine and *°Y-NM600 TRT. Female C57BL/6 mice were
implanted ID with B78 tumors on the right and left flanks simultaneously. After 4 weeks, mice
were treated with either PBS (black), 100uCi of *°Y-NM600 by tail vein injection (green), 12Gy
RT and intratumoral immunocytokine (IC) to the primary tumor only (blue), or RT+IC to the
primary tumor and 100uCi of ®°Y-NM600 (orange). RT and TRT was given on treatment day 0,
and IC was given on treatment days 5-9. On treatment day 14, tumors were harvested and
dissociated as described in the materials and methods section. Aliquots of tumors were stained
using the adaptive and innate antibody panels outlined in Table A.1, according to the novel
cryopreservation protocol described in Chapter 2 of this thesis. Cells were gated according to
expression of the markers outlined in Table A.2. Depicted here is PD1 and CD103 expression
on CD4+ T cells, after gating out CD25+FOXP3+ Teq cells. A-B) representative dot plots
outlining the four quadrants of expression status for PD1 and CD103 in PBS control (A) and
RT/IC + 12Gy (B) primary tumors. C-F) Percentage of CD4+ non-Tgs in each of the four
quadrants depicted in A and B Statistical analyses were conducted using one-way ANOVA, with
multiple comparisons using. Fischer’s least significant difference tests. No corrections were
made to account for multiple comparisons. Note that these data were collected as part of the
same experiment outlined in Figures A.1-A.5, and share common PBS and RT/IC groups, which
are presented again here. * = p<0.05, ** = p <0.01, *** = p<0.001, **** = p <0.0001, ns = not

significant.
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Figure A.11: Cytokine profile in primary and secondary tumors treated with RT/IC in situ
vaccine and °Y-NM600 TRT. Female C57BL/6 mice were implanted ID with B78 tumors on the
right and left flanks simultaneously. After 4 weeks, mice were treated with either PBS (black),
100uCi of ®®Y-NM600 by tail vein injection (green), 12Gy RT and intratumoral immunocytokine
(IC) to the primary tumor only (blue), or RT+IC to the primary tumor and 100uCi of *°Y-NM600
(orange). RT and TRT was given on treatment day 0, and IC was given on treatment days 5-9.
On treatment day 14, tumors were harvested and flash frozen in liquid nitrogen. After storage for
30 days, tissues were homogenized and analyzed using the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel as described in the materials and methods section.
Cytokine content is presented in pg/mL unless otherwise noted. Statistical analyses were
conducted using one-way ANOVA, with multiple comparisons using Fischer’s least significant
difference tests. No corrections were made to account for multiple comparisons. Note that these
data were collected as part of the same experiment outlined in Figures A.1-A.5, and share
common PBS and RT/IC groups, which are presented again here. * = p<0.05, ** = p <0.01, *** =

p<0.001, *** = p <0.0001, ns = not significant.
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Appendix B

Collaborative work resulting in co-authorship conducted during
PhD work
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Overview

This thesis appendix outlines the work submitted by other members of the Sondel and
Morris research groups to which | was a contributing author. This effort resulted in five
manuscripts published in various journals, and one manuscript that has been submitted for
review. Each subsection of this appendix will begin with a brief introduction to the main findings
of the paper, as well as a description of my specific contributions to the work. For all published
papers, the published PDF version of the manuscript has been provided for referral and reading.

The following papers will be discussed individually in the respective sections below:

B.1 Zachary S. Morris, Emily I. Guy, Lauryn R. Werner, Peter M. Carlson, Clinton M. Heinze,
Jasdeep S. Kler, Sara M. Busche, Abigail A. Jaquish, Raghava N. Sriramaneni, Lakeesha L.
Carmchael, Hans Loibner, Stephen D. Gilles, Alan K. Korman, Amy K. Erbe, Jacquelyn A.
Hank, Alexander L. Rakhmilevich, Paul M. Harari, Paul M. Sondel. “Tumor-Specific Inhibition
of In Situ Vaccination by Distant Untreated Tumor Sites” Cancer Immunol Res July 1

2018 (6) (7) 825-834; DOI: 10.1158/2326-6066.CIR-17-0353

B.2 Ravi B. Patel, Reinier Hernandez, Peter Carlson, Joe Grudinski, Amber M. Bates, Justin
C. Jagodinsky, Amy Erbe, lan R. Marsh, lan Arthur, Eduardo Aluicio-Sarduy, Alexander L.
Rakhmilevich, David Vail, Johnathan W. Engle, Trang Le, KyungMann Kim, Bryan Bednarz,
Paul M. Sondel, Jamey Weichert, Zachary S. Morris. “Low-dose targeted radionuclide
therapy renders immunologically “cold” tumors responsive to immune checkpoint blockade”
Science Translational Medicine, submitted.

B.3 Ravi B. Patel, Mingzhou Ye, Peter M. Carlson, Abigail Jaquish, Luke Zangl, Ben Ma,
Yuyuan Wang, lan Arthur, Ruosen Xie, Ryan J. Brown, Xing Wang, Raghava Sriramaneni,
KyungMann Kim, Shaogin Gong, Zachary S. Morris. “Development of an In Situ Cancer
Vaccine via Combinational Radiation and Bacterial-Membrane-Coated Nanoparticles” Adv
Mater. 2019;31(43):1902626. doi:10.1002/adma.201902626

B.4 Julie Voeller, Amy K. Erbe, Jacob Slowinski, Kayla Rasmussen, Peter M. Carlson, Anna
Hoefges, Sabrina VandenHeuvel, Ashley Stuckwisch, Xing Wang, Stephen D. Gilles, Ravi
B. Patel, Alvin Farrel, Jo Lynne Rokita, John Maris, Jacquelyn A. Hank, Zachary S. Morris,
Alexander L Rakhmilevich, and Paul M. Sondel. “Combined innate and adaptive
immunotherapy overcomes resistance of immunologically cold syngeneic murine
neuroblastoma to checkpoint inhibition”. J Immunother Cancer. 2019;7(1):344.
doi:10.1186/s40425-019-0823-6

B.5 Claire C. Baniel, Clinton M. Heinze, Anna Hoefges, Elizabeth G. Sumiec, Jacquelyn A.
Hank, Peter M. Carlson, Won Jong Jin, Ravi B. Patel, Raghava N. Sriramaneni, Stephen D.
Gillies, Amy K. Erbe, Ciara N. Schwarz, Alexander A. Pieper, Alexander L. Rakhmilevich,
Paul M. Sondel, Zachary S. Morris. “Combination In Situ Vaccine Plus Checkpoint Blockade
Induces Memory Humoral Response”. Int J Radiat Oncol 2019;105:35127.
doi:10.1016/j.ijrobp.2019.06.107
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B.6 Paul A. Clark, Raghava N. Sriramaneni, Wonjong Jin, Justin C. Jagodinsky, Abigail
Jauish' Bryce Anderson, Johnathan A. Lubin, Amber M. Bates, Clinton Heinze, Emily I. Guy,
Jasdeep Kler, Kelsey A. Klar, Peter Carlson, John S. Kuo, Zachary S. Morris. “In situ
vaccination at a peripheral tumor site augments response against melanoma brain
metastases”. J Immunother cancer 2020;8:1-15. doi:10.1136/jitc-2020-000809
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B.1 — Impact of distant, untreated tumors on the generation of in situ vaccines

This manuscript, authored by thesis committee member and co-mentor Dr. Zachary
Morris et al, is an evaluation of RT+IC in situ vaccine in the setting of multiple tumors. Here we
investigate a specific phenomenon that appeared using models of B78 melanoma and GD2-
transfected panoc02 pancreatic adenocarcinoma in which mice with one such tumor would
respond to RT+IC immunotherapy, but the response would be antagonized by the presence of a
distant, untreated tumor. The effect was shown to be tumor specific, meaning that if both tumors
were identical, this antagonistic effect was observed, but response at the treated primary
remained intact if the second tumor was not related to the first. Using 12Gy RT delivered to the
secondary, we demonstrated restoration of RT+IC effect at the primary tumor. We also
demonstrated that systemic depletion of Tegs using either the transgenic DEREG platform (in
which every FOXP3 expressing cell is killed following administration of diptheria toxin) or
administration the Ty depleting anti-CTLA4 antibody also restored antitumor effect of RT+IC in
situ vaccination, which supports a tumor-antigen specific phenomenon we eventually termed
“Concomitant Immune Tolerance.” My role in this work was in the execution and analysis of the
mouse in vivo experiments, including the depletion of Tegs in the DEREG model and the harvest
and analysis of tissue samples by histology for foxp3* staining. This paper was published in the

journal Cancer Immunology Research.
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B.2 — The use of °*Y-NM600 to augment response to systemic checkpoint blockade

This manuscript, lead by Dr. Ravi Patel, studies a related use of the **Y-NM600 TRT
agent in B78 models. Instead of utilizing RT+IC in situ vaccine, this work demonstrates synergy
between TRT and systemically administered anti-CTLA4 checkpoint blockade. We used the 8¢Y-
NM600 PET detectable isotope variant of NM600 to model TRT update over time in the B78
tumor compared to other organs, and used Monte Carlo simulation algorithms to predict the
dose that would be delivered to the tumor over time as a function of injected *°Y-NM600 activity.
This manuscript demonstrates that *°Y-NM600 synergizes with systemic checkpoint blockade to
render over half of treated mice disease-free, with minimal toxicity and sustained tumor-specific
memory, in B78 melanoma, 4T1 breast cancer, and NSX2 neuroblastoma tumor models. We
then examined the mechanism of immune activation in response to this low dose TRT. Using
the novel tumor preparation and cryopreservation method outlined in Chapter 2 of this thesis,
we conducted a time course experiment using tumors harvested from mice receiving either
external beam RT or a 50uCi dose of TRT; the flow cytometry data demonstrated modest
increases in CD11b+ myeloid cells, NK cells, and the CD8/T 4 ratio following both external
beam RT and TRT. Using the same cryopreservation and flow cytometry technique, we also
demonstrated strong immune responses following treatment with combined TRT and anti-
CTLA4 checkpoint blockade including increased CD3+ T cells, CD8+ cytotoxic T lymphocytes,
and gamma delta T cells. The CD8+ cytotoxic T lymphocytes that were in the tumor also had
higher expression of the tissue resident memory marker CD103, and lower expression of the
exhaustion marker PD1. Cytokine analysis also demonstrated greater production of a panel of
immune activating cytokines, and TCR sequencing indicated a sustained clonal expansion of T
cells following the combination of TRT and checkpoint blockade compared to either alone. This
paper also demonstrates feasibility of using TRT in combination with local immunotherapeutic
effects, by combining systemic TRT, systemic anti-CTLA4, and locally delivered external beam

RT to one tumor in a model of two B78 tumors and demonstrates antitumor effect at both
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locations. Lastly, the manuscript demonstrates feasibility of using this TRT agent in larger
animal models by presenting representative images and dosimetry for use in a canine model.

| contributed to this work by helping the lead author generate mouse models, including
treatment and measurement of treatment effect. | also harvested and conducted the flow
cytometry experiments presented here using the novel preparation/cryopreservation technique |
developed, including the data analysis and some figure generation. The results of this study
have implications for combining TRT, immune checkpoint blockade, and RT+IC in situ
vaccination. As of the time of this writing, this manuscript is under review at the journal Science,

Translational Medicine.

Peter Carlson PhD Dissertation Appendix B 229



B.3 — The use of bioengineered nanoparticles to deliver immune adjuvant components
for in situ vaccination

This manuscript, written by co-first authors Drs. Ravi Patel and Mingzhou Ye, is the
result of a collaboration between Dr. Shaoqin Gong and co-mentor and Thesis Committee
member Dr. Zachary Morris. In this work, we use an engineering nanoparticle as a vehicle for
enhancing dendritic cell (DC) activation within the tumor microenvironment following local
radiation treatment. The nanoparticle consisted of a PC7A core which was loaded to contain the
TLR agonist CpG, as well as an outer coating of bacterial membrane and imide groups.
Together, this complex was injected into a B78 tumor following radiation, and was hypothesized
to increase uptake of neoantigens and tumor fragments, and directly simulate DCs to then
process those antigens and drive in situ vaccine generation. Using flow cytometry, we
demonstrated increased uptake of tumor antigens onto the particles themselves, which in turn
led to upregulation of DC activation markers CD80, CD86, and CD40 on dendritic cells.
Additional flow cytometry demonstrated that the combination of bacterial membrane-coated
nanoparticle (BNP) and 12Gy RT increased expression of T cell activation markers including
CD25 and 41BB in both CD4+ and CD8+ T cells. Lastly, we demonstrate in vivo efficacy of
combination RT and BNP in B78 melanoma and NSX2 neuroblastoma models with improved
overall survival and disease-free mice in the BNP+RT group compared to either alone.
Importantly, over 50% of mice rendered disease-free by the BNP+RT treatment rejected a
subsequent tumor rechallenge, which supports the hypothesis that this combination treatment
can indeed generate an in situ vaccine. My work on this project consisted of harvesting,
staining, and acquiring the flow cytometry components of this manuscript. This included
assisting in data analysis and figure generation. This manuscript was published in 2019 in the

journal Advanced Materials.

Peter Carlson PhD Dissertation Appendix B 230



B.4 — Using both innate and adaptive activating agents to generate in situ vaccines in a
model of immunologically cold neuroblastoma

This manuscript, written by Dr. Julie Voeller, describes attempts to expand the efficacy
of RT+IC in situ vaccination in a syngeneic mouse models of neuroblastoma. She demonstrated
that the GD2-transfected 9464D-GD2 line had a very low tumor mutation burden, and was not
responsive to RT+IC in situ vaccination, while the NSX2 line had higher tumor mutation burden
and was responsive to RT+IC in situ vaccination. Next, she demonstrated that addition of anti-
CTLA4 checkpoint blockade still did not affect response to RT+IC in 9464D-GD2 tumors, which
strongly suggested that this could be used to model high-risk clinical neuroblastoma. In this
highly resistant line, it was demonstrated that the addition of the TLR agonist CpG and CD40
agonist antibody to the RT+IC + checkpoint blockade regimen was sufficient to generate
antitumor immune response and render mice disease-free. Subsequent rechallenges did result
in outgrowth of tumor, but at a slower rate compared to naive control mice, which suggests
immune memory response consistent with an in situ vaccine effect. Using flow cytometry it was
demonstrated that tumors from mice treated with RT+IC, checkpoint blockade, CpG, and CD40
agonist antibody had substantially greater CD4+ and CD8+ T cells, Macrophages, and
monocytes, and much lower Trg4 cells compared to untreated controls. My role in this work was
in assisting in the design of the flow cytometry panels, as well as assisting in the harvest,
acquisition, analysis, and subsequent figure generation of these flow cytometry data. This work

was published in 2019 in the Journal for Inmunotherapy of Cancer.
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B.5 — Measuring the humoral immune response to RT+IC in situ vaccination

This manuscript, written by Dr. Claire Baniel, focuses on expanding our understanding of
the immune mechanisms of response to in situ vaccination. The magnitude of B cell response,
specifically the generation of antitumor antibodies, was characterized in mice bearing a B78
tumor treated with RT+IC and systemic anti-CTLA4 checkpoint blockade. Serum was collected
at various time points to monitor for the generation of antitumor antibodies, which was quantified
by using flow cytometry. The parent B78 cells were incubated in harvested serum, and stained
with a fluorescent secondary antibody specific to mouse IgG. Using this approach, we
demonstrated that tumor-specific IgG could be detected in mice rendered disease free by
treatment. Comparing the kinetics of antibody generation to the tumor volume in response to
treatment revealed that serum antibody levels peaked at approximately the same time that
tumors would respond to treatment and undergo their greatest degree of shrinkage. Pre-
incubating tumor cells in the serum from disease-free mice did not affect engraftment rates in
naive mice, which suggests that the antibodies may not have a strong antitumor effect, but
could be used as a biomarker for response. In this work | helped establish the mouse models
which we monitored for serum response, including conducting the facial vein bleeds and
isolating the sera for storage. | was also involved in the experimental designs for this study, and
assisted authors Claire Baniel and Clinton Heinze in conducting the flow cytometry studies. This

work was published in 2020 in the journal Frontiers in Immunology.
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B.6 — Measuring propagation of in situ vaccine to brain metastases

This manuscript, written by Dr. Paul Clark, studies the effect of local in situ vaccine
directed at a flank tumor to control implanted brain metastases in the B78 melanoma model.
Using mice rendered disease-free by RT+IC in situ vaccine and systemic anti-CTLA4
checkpoint blockade, they challenged mice with additional B78 cells in both the left flank and in
the brain. They showed that 11 of 12 mice rejected rechallenge in the brain, which does suggest
that systemic immune responses to the in situ vaccine were capable of attacking the inoculum
of tumor cells in the brain. They next used a model of pre-existing implanted B78 metastases,
and treated a primary tumor with the same immunotherapy, and demonstrated increased
survival compared to mice receiving checkpoint blockade alone. When comparing the
magnitude of immune response at a flank ‘distant’ tumor and a brain ‘distant’ tumor following in
situ vaccination plus checkpoint blockade, similar levels of checkpoint receptor expression,
MHCI expression, and cytokine production were found. However treatment was able to clear the
flank ‘distant’ tumor, but did not clear (albeit it slowed) the brain tumor. Using both flow
cytometry and immunohistochemical staining, it was demonstrated that the flank ‘distant’ tumor
had a higher degree of CD8" T cell infiltrate and a higher CD8 / T.¢q ratio compared to the brain
‘distant’ tumor. The work presented in this paper demonstrated that some degree of immune
response does propagate to intracranial metastases, but additional immunotherapies beyond
what is needed to control extracranial metastases may be needed. My role in this work was in
helping with the design of the flow cytometry panel, and in helping with tissue harvest, sample
preparation, acquisition, and data analysis for the flow cytometry experiments. This work was

published in 2019 in the Journal for Inmunotherapy of Cancer.
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