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Chapter 1

General Introduction



The use of light in cancer immunotherapy

The development of treatment options for advanced cancer forms a major
challenge in medical oncology. The breakthrough of immunotherapy for cancer
has introduced promising new options, but nonetheless only a minority of cancer
patients show clinical benefit. This situation has inspired two avenues of research
to find solutions to this problem: mechanistic studies to decipher the working
mechanisms of immunotherapies and to investigate why many patients do not
respond, and translational studies developing combination treatments to achieve
clinical benefit in situations where immunotherapy alone is not sufficient. This
thesis explores both these avenues by investigating applications of visible light in
immunotherapy of cancer. The first aim of this thesis is to develop optical imaging
platforms for visualization of immune cells and immunotherapies, which can shed
light on the immunological events after administration of immunotherapy. The
second aim is to develop novel therapies combining light-based tumor destruction
and different types of immunotherapies. The following paragraphs will discuss how
the immune system can recognize and attack tumors, how immunotherapy aims to
boost immune attack of tumors, and how light-based technologies can be applied
in this context.



General Introduction

The immune system

The immune system comprises a set of cells and molecules that forms a defense
system against disease, and can be subdividedintoaninnate and an adaptiveimmune
system. The innate immune system is the only immune system in plants and insects,
and provides an immediate but non-specific layer of defense. Jawed vertebrates,
including humans and most animals used in biomedical research, have additionally
developed an adaptive immune system characterized by slower but target-specific
effector mechanisms, which moreover can establish memory to protect against
future challenges with the same pathogen (1). Despite their distinct evolutionary
origins, the innate and adaptive immune system collaborate in both the formation
and the regulation of immune responses. To ensure robust immune defense while
avoiding auto-immune disease, the adaptive immune system is trained to recognize
its targets based on the distinction between self and non-self, distinguishing the
body’s own tissue from invading pathogens. It has now become clear that cancer
cells can also be recognized by the adaptive immune system, as mutations in cancer
cells cause deviation from ‘self’, rendering them susceptible to immune attack. The
following paragraphs will discuss how cancer cells are recognized and attacked by
the adaptive immune system.

T cells

T cells, also called T lymphocytes, form the cellular effector arm of the adaptive
immune system. T cells are small lymphoid cells that are named after the thymus, a
lymphoid organ that trains developing T cells to distinguish foreign elements from
the body’s own healthy tissue in order to avoid auto-immunity. Target-specificity, a
core principle of the adaptive immune system, is mediated by the T cell receptor
(TCR) complex on the cell membrane of T cells that specifically recognizes a specific
peptide antigen in the context of MHC molecules on the surface of target cells. T
cells acquire their TCR by gene rearrangement processes in the thymus, and are
then exposed to positive and negative selection procedures that assure the deletion
of T cells expressing a TCR that either has insufficient affinity for MHC to serve as
functional T cells, or binds so strongly to MHC molecules presenting self-peptides
that auto-reactivity may occur. Traditionally, two T cell subsets are distinguished
based on the expression of either the CD4 or the CD8 co-receptor as part of the
TCR complex, which are known as CD4 T cells and CD8 T cells, respectively (2, 3).
Naive T cells express a TCR recognizing a specific peptide-MHC (pMHC) complex,
but cannot exert their effector functions until they are properly activated. T cell
activation is mediated by the same mechanisms as T cell target recognition,




involving TCR recognition of the specific pMHC complex, but only when this
pPMHC complex is presented by professional antigen-presenting cells (APCs) (4, 5).
Dendritic cells (DCs) are innate immune cells that are the most efficient professional
APCs capable of activating T cells. DCs can engulf extracellular material and present
epitopes in MHC class Il molecules to CD4 T cells, which do not directly engage
extracellular pathogens but aid the effector mechanisms of other immune cells,
including macrophages and antibody-producing B cells, mostly by cytokines or
cell-cell interactions. Because of their importance in helping other immune cells,
CD4 T cells are also called T-helper (T, ) cells. Several classes of CD4 T cells exist,
including T,1, T2, T,17 and the immunosuppressive subset of regulatory T cells
(Tregs), which are characterized by the expression of distinct transcription factors,
membrane markers and cytokines and are involved in shaping several different
types of immune responses. CD8 T cells on the other hand recognize epitope in
MHC class | molecules, which are loaded with peptides derived from intracellular
antigens. Importantly, DCs are able to cross antigens from the endocytosis pathway
to the MHC | pathway in a process called cross-presentation, allowing the activation
of CD8 T cells specific for extracellular antigens engulfed by DCs (6). DCs present
various extracellular and intracellular receptors that sense the tissue for signs of
infection (or more generally, danger) and only in that case present co-stimulatory
molecules on their membrane. Co-stimulation is crucial for proper T cell activation,
forming an additional layer of security against autoimmunity besides the deletion
of auto-reactive T cells during thymic selection, the presence of Tregs and the
expression of suppressive co-inhibitory molecules such as CTLA-4 and PD-1. This
means that a naive T cell can only be activated by a DC that has sensed danger
and has (cross-)presented non-self epitopes in the correct MHC class. These strict
requirements of T cell activation are necessary to guard the body from unrestrained
T cell responses that may lead to auto-immune disease.

Immune recognition of cancer

So far, the immune system has been described as a defense mechanisms against
pathogens, which throughout our evolutionary history have indeed posed a major
threat to our survival from early age on. In contrast, cancer is a disease that typically
becomes clinically apparent and relevant at higher age, suggesting that cancer has
played no role in the evolution of the immune system (7). However, research in the
last decades has confirmed century-old observations that the immune system is
nonetheless capable of recognizing and attacking cancer cells (8, 9). Tumors arise
from normal cells of the body in which genes regulating proliferation and survival
have become dysfunctional by mutations, leading to unrestrained proliferation.
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General Introduction

Fortunately, mutations do not only drive tumorigenesis but also facilitate immune
recognition, as mutated genes may give rise to new T cell epitopes (neo-epitopes)
in formerly self-proteins (10-12). As all nucleated cells of the body continuously
present peptides from intracellular proteins in MHC class |, mutations in cancer
cells may thus lead to recognition and attack by CD8 T cells. The aforementioned
process of antigen cross-presentation by DCs is required for successful activation of
tumor antigen-specific CD8 T cells, since healthy DCs themselves do not contain the
required intracellular mutated self-proteins for the classical MHC class | pathway.
Instead, DCs can take up cellular material from dying tumor cells and cross-present
tumor antigens to the MHC class | pathway, allowing the activation of tumor antigen-
specific CD8 T cells (13). It is now generally established that T cell immunity is the
primary immune effector system against tumors. Cancers with a higher mutation
rate, particularly those induced by exogenous mutagenic factors such as sunlight
(melanoma) and tobacco smoke (lung and bladder cancer), have been shown to
contain more T cell neo-epitopes and are indeed best recognized and infiltrated by
T cells (10). However, tumors still manage to escape initial recognition and clearance
by T cells and develop into clinically apparent cancer. Two prominent mechanisms
of immune evasion by tumors are down-regulation of tumor-antigen presentation
and suppression of T cell functionality by maintaining an immunosuppressive
tumor microenvironment (14-16). The hypothesis of immune-surveillance and
immune-editing tells the co-evolutionary story of the shared history of tumors and
the immune system: newly formed malignant cells are most often immediately
recognized by the surveilling immune system based on their non-self features,
whereas the few variants that possess or acquire evasion mechanisms are able to
escape immune attack and continue to grow and reshape the tumor. The success of
modern cancer immunotherapies is based on the induction and/or enhancement of
T cell responses against the tumor (17).

Cancer immunotherapy

Tumor elimination by T cellimmunity is especially challengingin the case of advanced
cancer,inwhichtumorshave successfullyevadedimmune clearance by preventingthe
induction or the functionality of T cell responses. Cancer immunotherapy comprises
various different strategies to increase the number and the effector function of
tumor-specific T cells, as these have the exclusive ability to recognize intracellular
mutations in malignant cells. Prominent forms of cancer immunotherapy include
the administration of exogenous tumor antigen (vaccination) and the blockade of
immunosuppressive molecules or activation of immune-stimulatory molecules by
administration of immunomodulatory antibodies.
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Therapeutic vaccination against cancer involves the administration of tumor
epitopes in the form of protein or peptide antigens, or of DCs pre-loaded with such
antigens (18). Antigen vaccines are typically administered together with adjuvants
to deliver danger signals to the DC, resulting in the expression of co-stimulatory
molecules and ensuring proper T cell activation. Alternative methods of vaccine
administration include antigen encapsulation into biodegradable nanoparticles,
which protect the antigen from premature degradation and may also enhance
delivery to DCs with the optional co-delivery of DC-activating signals (19-22). To
restrict MHC presentation to professional APCs only, the concept of synthetic long
peptide (SLP) vaccines was designed (23-26). SLP vaccines contain extra amino acid
sequences flanking the T cell epitope, rendering them too large to be directly bound
by MHC molecules. Instead, only DCs can take up the SLP and (cross-) present it into
MHC class | and Il molecules. It was shown that SLP vaccination is most efficient
when both CD8 and CD4 T cell epitopes are included in the vaccine (24). Moreover,
SLP vaccines lead to better antigen uptake, processing and presentation than full
protein vaccines (27). An SLP vaccine consisting of a set of overlapping peptides
covering the E6 and E7 oncoproteins of human papillomavirus 16 (HPV16) has
been successfully applied in patients with HPV16-induced pre-malignant lesions,
but it was not clinically effective against advanced HVP16-induced cancer (28-
30). Improved efficacy of SLP vaccination has been shown by combination with
conventional cancer therapies and by conjugating Toll-like receptor (TLR) ligands to
the peptide (31, 32). Importantly, therapeutic peptide vaccination is not limited to
cancer types involving widely shared antigens as in the case of HPV-induced cancer,
as shown by recent studies targeting neo-epitopes with individually designed
peptide vaccines (33-37).

Unlike SLP vaccination, immunomodulatory antibodies (IMAbs) in cancer
immunotherapy boost anti-tumor T cell immunity in a non-antigen-specific manner.
IMAbs are directed against molecules that regulate T cell activation and/or effector
function, and may be agonistic or blocking antibodies depending on the role of the
targeted molecule in the immune response (38, 39). All currently FDA-approved
IMAbs are blocking antibodies targeting the immune checkpoint molecules CTLA-
4 and the receptor-ligand pair PD-1 and PD-L1. CTLA-4 is expressed on T cells and
may regulate both T cell priming and effector function, and aid the suppressive
function of a CD4 T cell subset called regulatory T cells (Treg) (40-42). Impressive
results in metastatic melanoma patients treated with CTLA-4 blocking antibody
established the prominent position of immune checkpoint blockade as a form of
cancer immunotherapy (43). PD-1 is an inhibitory receptor expressed on activated
T cells which upon ligation by PD-L1 induces T cell apoptosis (44, 45). PD-L1 can be
expressed on various cell types including cancer cells and tumor-infiltrating myeloid
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immune cells (46). Blockade of the PD-1/PD-L1 axis by antibodies was clinically
effective in a range of cancer types including melanoma and non-small cell lung
cancer (NSCLC) (47-49). Combinations of PD-1 and CTLA-4 blocking antibodies were
shown to further improve clinical responses, supporting the hypothesis that tumors
may evade single IMAb treatment by applying alternative immunosuppressive
molecules (50-53). Agonistic IMADbs are currently in clinical trial following promising
pre-clinical results targeting the DC-activating molecule CD40 or T cell co-stimulatory
molecules such as CD137 (4-1BB), OX40, ICOS and CD27 (54, 55).

Optical imaging

Optical imaging has a wide range of applications in biomedical research, all
comprising the measurement of optical signals from cells, tissues or living animals.
Live in vivo optical imaging is of particular interest as a non-invasive strategy to
follow physiological or experimentally-induced processes in time within an individual
experimental animal. The source of the optical signals can be fluorescent molecules
which emit light after being excited by an external light source (fluorescence
imaging, FLI), or luciferase enzymes which produce light as a product of a chemical
reaction converting an administered substrate (bioluminescence imaging, BLI)
(Figure 1). These two forms of optical imaging each have their advantages and
disadvantages (56). For instance, FLI allows the administration of fluorescent
dyes into living animals, either as such or conjugated to experimental reagents,
after which the fate of the administered molecules can be tracked in real-time.
Fluorescent molecules do not intrinsically produce photons, but need to be excited
by an external light source, and then absorb the energy of the incoming photons
and subsequently emit photons of a slightly lower energy (i.e. higher wavelength),
which form the actual signal of fluorescence imaging. Since the source of optical
signals in whole-body imaging may be relatively deep, photons may be absorbed by
the tissue they have to pass during excitation and emission. As photons with higher
wavelength are less likely to be absorbed, the most commonly used fluorescent
dyes for in vivo FLI are near-infrared (NIR) dyes whose wavelength lies slightly
above the human visible spectrum. In BLI, photons are produced intrinsically by
luciferases, which therefore do not need external energy sources for excitation
(57, 58). The most commonly used luciferases have been isolated from animals
including the firefly (Photinus pyralis), which also produce the substrate to fuel the
light-producing reaction. Instead, biomedical BLI systems require the introduction
of the luciferase gene into cells or animals by transfection or transgenesis, and the
administration of substrate prior to imaging. Besides the extra technical effort, this
gives the advantage of placing luciferase gene expression under the control of a
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promoter of interest, enabling protein-specific and cell type-specific analysis by BLI.
The enzymatic reaction of luciferases requires ATP and oxygen, thus the context of
a living cell, allowing the use of BLI for cell viability assays. Moreover, luciferases
have a relatively photon quantum yield compared to fluorescent dyes, allowing the
detection of low amounts of cells. However, the higher quantum yield of luciferases
is counteracted by the fact that luciferases emit light within the human visible
spectrum, which is more prone to absorption by tissue than NIR fluorescent dyes.
The choice between FLI and BLI will therefore depend on the characteristics of the
experimental model in which they are to be applied.

A. Fluorescence B. Bioluminescence

@ Excited state

\ Luciferase enzyme

Excitation Emission | Substrate s Products
> + light

Ground state +0,+ ATP + Mg2*

Figure 1. Optical imaging of fluorescent or bioluminescent molecules. (A) Fluorescence is the result of excitation of a
fluorescent molecule, causing its electrons to reach the higher-energy excited state, after which they return to ground
state, releasing the energy by the emission of light (emission) that can be measured by fluorescence imaging (FLI).
Many fluorescent molecules exist in nature, but they do not produce light without a light source to excite them. (B)
Bioluminescence is an enzymatic reaction of luciferase enzymes, fuelled by cellular ATP and co-factors, producing an
oxidized product and visible light, which can be measured by bioluminescence imaging (BLI). Several animals produce
luciferase enzymes that, as luciferase reactions are independent of external energy sources, can truly glow in the dark.

Photodynamic therapy

Besides measuring optical signals from biological samples, light can also be used to
induce changes in cells and tissues. It is commonly known that exposure to light can
directly influence the human body, such as skin pigmentation induced by the UV
waves of sunlight, and regulation of the circadian rhythm by light exposure to the
eyes. The ancient Indian and Chinese civilizations had already discovered that the
application of certain plant extracts to the skin caused dramatic reactions to the skin
following exposure to sunlight (59). In the early 20" century, the molecular basis of
this ‘photodynamic effect’ was established. The photosensitive molecules could be
isolated, but did not have any obvious effect on a protozoa culture unless exposed
to a dose of light that by itself was also harmless. Moreover, oxygen was shown
to be required for the photodynamic effect, and the mediators of the effect were
extremely short-lived. Although the potential medical applications were realized
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at the time, it took over 60 years until a cohort of patients with various types of
cancer was treated with Photodynamic Therapy (PDT) showing generally positive
results (60). Since then, several photosensitizers have been approved for a range
of diseases including both cancer and benign skin conditions. In PDT of cancer, a
photosensitizer is administered systemically or applied to the tumor topically,
typically followed by a pause of several hours to allow photosensitizer distribution
throughout the tumor, before the tumor is exposed to light. The light exposure
excites the photosensitizer, which reacts with available oxygen to form the oxygen
radicals that are the mediators of the cytotoxic effect of PDT (61). The resulting
cancer cell death will alleviate tumor burden, but may also provide the tumor
antigen and danger signals required to induce a tumor-specific T cell response (62,
63) (Figure 2). This motivates combination therapies of PDT and immunotherapy
to enable successful treatment of advanced tumors for which monotherapies are
insufficient.

1. Photosensitizer (PS) administration 2. Light exposure of target area 3. Tumor cell death
Light
tumor
PS i
fl. Anti-tumor
immune response?
Systemic distribution, increased Formation of reactive
accumulation in tumor tissue oxygen species

Figure 2. Photodynamic therapy of cancer involves several steps. Typical Photodynamic Therapy protocols
involve the following steps. Step 1: systemic administration of a photosensitizer (PS), when then distributes
through the body. Tumor cells may take up higher PS levels due to increased expression of lipid receptors
on the membrane. Step 2: the PS is selectively activated in the tumor by exposing the tumor to visible
light, which excites the PS and results in the formation of reactive oxygen species. Step 3: immediate
and local damage to the plasma membrane and organelle membranes leads to tumor cell death. Step 4:
massive tumor cell death may lead to the exposure of tumor (-associated) antigens and pro-inflammatory
molecules to the immune system, which can induce and/or enhance anti-tumor immune responses.

Outline of this thesis

This thesis shows several different ways of using light in cancer immunotherapy.
In chapter 2, we investigate combination therapy of PDT and therapeutic SLP
vaccination in two aggressive mouse tumor models using an experimental setup in
which neither monotherapy is able to eradicate the tumor. Besides following tumor
outgrowth as the primary outcome parameter, we analyze the ability of single and
combined therapy to induce CD8 T cell responses and the effect on distant identical
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tumors. In chapter 3, we assess the efficacy of PDT in highly mutated tumor models
that express several neo-epitopes that may be recognized by the immune system.
We test whether T cells are involved in the effect of PDT and whether distant tumors
are also affected. The effect of addition of CTLA-4 blocking antibody is investigated
as a potent combination strategy without the need to know the neo-epitope profile
of the individual tumor. In chapter 4, we test the feasibility of SLP vaccine tracking
after vaccination by live in vivo fluorescence imaging using peptides labeled with
a NIR fluorescent dye. We test whether NIR fluorescent dyes allow long-term
vaccine visualization of the vaccination site and the vaccine-draining lymph nodes,
and quantify the fluorescence signals at these sites to gather information on
vaccine kinetics. In chapter 5, we use a similar approach to follow a model protein
encapsulated in nanoparticles as a biodegradable delivery system for vaccines. Two
fluorescent dyes are applied to independently visualize the nanoparticle carriers
and the encapsulated protein vaccine, and the ability of encapsulated protein versus
soluble administration to induce vaccine-specific CD8 T cell activation is assessed.
In chapter 6, we show a T cell luciferase transgenic mouse that allows live in vivo
visualization of T cells by bioluminescence imaging. We developed a dual-luciferase
system where one luciferase is expressed constitutively and exclusively in T cells to
report on the location of all T cells, while another luciferase is only expressed upon
T cell activation to visualize T cell responses. Finally, chapter 7 provides a general
summary and discussion of the results reported in this thesis.
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Abstract

Purpose: The efficacy of immunotherapy against advanced cancer may be improved
by combination strategies. Photodynamic therapy (PDT) is a local tumor ablation
method based on localized activation of a photosensitizer, leading to oxygen
radical-induced tumor cell death. PDT can enhance antitumor immune responses
by release of antigen and danger signals, supporting combination protocols of PDT
with immunotherapy.

Experimental Design: We investigated the local and systemic immune effects of
PDT after treatment of established tumors. In two independent aggressive mouse
tumor models, TC-1 and RMA, we combined PDT with therapeutic vaccination
using synthetic long peptides (SLP) containing epitopes from tumor antigens.
Results: PDT of established tumors using the photosensitizer Bremachlorin resulted
in significant delay of tumor outgrowth. Combination treatment of PDT with
therapeutic SLP vaccination cured one third of mice. Importantly, all cured mice were
fully protected against subsequent tumor rechallenge, and combination treatment of
primarytumorsledtoeradicationofdistantsecondarytumors,indicatingtheinduction
of a systemic antitumor immune response. Indeed, PDT by itself induced a significant
CD8 T-cell response against the tumor, which was increased when combined with
SLP vaccination and essential for the therapeutic effect of combination therapy.
Conclusions: We show that immunotherapy can be efficiently combined with PDT
to eradicate established tumors, based on strong local tumor ablation and the
induction of a robust systemicimmune response. These results suggest combination
of active immunotherapy with tumor ablation by PDT as a feasible novel treatment
strategy for advanced cancer.

Translational relevance

Cancer immunotherapy has shown promising results although a significant
proportion of patients respond poorly or relapse at a later stage, therefore more
potent combination therapies are required. Tumor ablation by Photodynamic
Therapy (PDT) can strongly reduce tumor mass and induce the release of tumor
antigen and pro-inflammatory mediators, therefore being an attractive option
for combination with immunotherapy. In this preclinical study, we show that
tumor-specific immunotherapy by synthetic long peptide (SLP) vaccination can be
efficiently combined with PDT, leading to eradication of established tumors based
on strong local tumor ablation and the induction of a CD8 T cell response. PDT
and SLP vaccination are independently already applied in the clinic, allowing a swift
translation for potentially a large group of cancer patients.
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Introduction

A major challenge in medical oncology is the development of efficient treatment
options for advanced cancer, which currently are limited. The clinical situation of
advanced primary tumors with possible metastases asks for therapeutic protocols
thatcombine astronganti-tumor effect to eradicate knowntumorswith theinduction
of a systemic anti-tumor immune response to eliminate distant metastases. As the
immune system can strongly and specifically attack targets based on the principle
of antigen-specificity, cancer immunotherapy aims to employ these characteristics
of the immune system to attack and eradicate tumors.

A promising approach of cancer immunotherapy is therapeutic vaccination using
synthetic long peptides (SLP) covering T cell epitopes of tumor antigens (1-4).
Besides widely shared tumor antigens such as those expressed by virally induced
tumors, this approach can also be applied to individual patient-specific neo-
antigens (5, 6). Clinical studies using therapeutic SLP vaccination against cancer
are ongoing based on encouraging results in preclinical tumor models (7-9). For
instance, clinical Phase I/l studies using a set of overlapping peptides covering the
E6 and E7 oncoproteins of Human Papillomavirus 16 (HPV16) have been successful
in patients with HPV16-induced premalignant disease (10). This peptide vaccine
formulation induced HPV16-specific T cell responses in all 20 patients and resulted
in clinical responses in about 80% of patients and nearly 50% complete remissions
correlating with robust effector T cell immunity. However, thus far this vaccine
was not clinically effective against established HVP16+ cancer despite detectable
vaccine-induced T cell responses (11, 12). This is one of the examples illustrating that
successful treatment of advanced cancer requires combination protocols, as single-
treatment modalities are insufficiently effective. Therapies causing immunogenic
cell death are of particular interest for combination with immunotherapy, as the
reduction of tumor burden and the immunogenic effects can enhance the efficacy
of immunotherapy. Combinations of immunotherapy with conventional cancer
therapies like chemotherapy or radiotherapy are already under investigation. In
this study, we examine the use of Photodynamic Therapy (PDT), a tumor ablation
method that is widely clinically applied for various premalignant and malignant
lesions.

In PDT, an inactive light-sensitive molecule called photosensitizer is administered
and subsequently activated by irradiation of the target area with visible light of
a specific wavelength. The activated photosensitizer reacts with oxygen to form
reactive oxygen species (ROS), which induce tumor cell death and vascular shutdown
(13, 14). Besides direct cytotoxic effects on tumor cells, PDT has been shown to
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cause the release of antigen and immunogenic factors such as damage-associated
molecular patterns (DAMPs) from dying tumor cells (15-25). These immunological
effects make PDT an attractive option for combinations with immunotherapy in
the treatment of advanced tumors. Here, we use Bremachlorin, also known as
Radachlorin, a novel photosensitizer that benefits from improved pharmacokinetics
and high-wavelength irradiation reaching deeper tissue. Bremachlorin is currently
being tested in clinical trials for basal cell carcinoma (BCC) and non-small-cell lung
carcinoma (NSCLC) (26-31).

In this study, we investigated the combination of Bremachlorin-based PDT with
therapeutic peptide vaccination in two mouse models of highly aggressive
subcutaneous tumors. The tumor line TC-1 expresses the E6 and E7 oncoproteins
of Human Papillomavirus 16 (HPV16) as a model for human HPV16-induced
tumors, and has previously been shown to be sensitive for Bremachlorin-PDT (32,
33). RMA is an aggressive T cell lymphoma cell line induced by Rauscher murine
leukemia virus (34). We show that PDT strongly ablated established fast-growing
tumors, leading to a significantly longer survival and specific CD8+ T cell responses
against the tumor. Combining PDT with therapeutic peptide vaccination efficiently
eradicated established tumors, which was dependent on the presence of CD8 T
cells. Importantly, combination treatment of primary tumors led to subsequent
eradication of distant established secondary tumors and provided protection against
repeated tumor challenge. Therefore, this successful combination of PDT and
therapeutic vaccination, resulting in robust anti-tumor response and immunological
memory, suggests a novel therapeutic combination strategy for advanced cancer.

Materials and Methods

Mice and cell lines

Wildtype C57BL/6 mice were obtained from Charles River Laboratories (France).
Albino B6 mice (tyrosinase-deficient immunocompetent C57BL/6 mice) were
bred in the animal breeding facility of the Leiden University Medical Center, the
Netherlands. All experiments were approved by the animal experimental committee
of the University of Leiden. The TC-1 mouse tumor cell line (a gift from T.C. Wu, John
Hopkins University, Baltimore, MD) expressing HPV16 E6 and E7 oncoproteins was
generated as previously described (32). RMA is a mutagenized derivative of RBL-5, a
Rauscher Murine Leukemia Virus (MuLV)-induced T cell lymphoma line of C57BL/6
origin (34). Cell lines were assured to be free of rodent viruses and Mycoplasma by
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regular PCR analysis. Authentication of the cell lines was done by antigen-specific
T-cell recognition and the use of low passage number cells for all experiments.
TC-1 cells were cultured as previously described (35). RMA cells were cultured in
IMDM (Lonza) containing 8% Fetal Calf Serum (FCS, Greiner), 100 IU/mL penicillin/
streptomycin (Gibco), 2 mM glutamin (Gibco) and 25 uM 2-mercaptoethanol. For
tumor inoculation, 100,000 TC-1 or 1000 RMA tumor cells in 100 uL PBS were
injected subcutaneously in the right flank of the mice. For tumor rechallenge, the
identical injection was given in the left flank to distinguish possible outgrowth from
regrowth of the original tumor. For double-tumor experiments, an identical TC-1
inoculation was given in the left flank 3 days after primary tumor inoculation. Tumors
were measured 3 times per week with a caliper and the volume was calculated by
multiplying the tumor diameters in three dimensions. Survival curves are based on
the moment of sacrificing the mice upon reaching the maximally allowed tumor
volume of 2000 mm?3.

Photosensitizer uptake and in vitro irradiation

In vitro Bremachlorin uptake by tumor cells was analyzed by incubating TC-1 tumor
cells with Bremachlorin at the dose and time as indicated, washing the cells in
PBS, and measuring the Bremachlorin fluorescence compared to control cells by
flow cytometry (BD Calibur, emission channel FL4). In vivo Bremachlorin uptake
by tumors was visualized using a Pearl Impulse imager (Li-cor). For photodynamic
treatment in vitro, TC-1 tumor cells were incubated with 1 pug/mL Bremachlorin
for 3 hours in 24 wells plates, then the cells were washed with PBS to remove all
free photosensitizer, and fresh medium was added. Irradiation of the whole well
followed immediately for 2 minutes at 116 mW/cm? (14 J/cm?) using a 662 nm
Milon Lakhta laser.

Photodynamic Therapy

Tumors were treated 9 days (TC-1) or 14 days (RMA) after inoculation, both at an
average tumor diameter of 5 mm. First, 20 mg/kg Bremachlorin photosensitizer
(RadaPharma International) was injected intravenously in the tail vein, followed
by irradiation of the tumor 6 hours later using a 662 nm Milon Lakhta laser. A
continuous irradiation protocol of 1000 seconds at 116 mW/cm? (116 J/cm?) was
used based on optimization experiments (data not shown). For irradiation, the
skin in the tumor area was shaved and the mice were anaesthetized by inhalation
of isoflurane and positioned horizontally on a heat mat. Precision irradiation of
the tumor was ensured by using a fiber fixed vertically above the mouse, and the
exposed area was precisely adjusted using a diaphragm.
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Serum analysis for HMGB1

Serum was obtained from blood samples taken 1 hour after PDT treatment, or at
the same time for untreated controls. The HMGB1 serum level was determined by a
sandwich ELISA kit (IBL International) following the manufacturers protocol.

Ex vivo lymph node analysis

TC-1 tumor-bearing animals received the standard PDT treatment as described
above, and were sacrificed after 6 days and the tumor-draining inguinal lymph
node was obtained, together with the contralateral inguinal lymph node. The lymph
nodes were incubated with 2.5 mg/mL Liberase TL (Roche) for 20 minutes at 37°C
and single-cell suspensions were made using 70 Um cell strainers (BD Biosciences).
The cells were then stained with fluorescently labeled antibodies against CD3g,
CD8a, CD11c and with 7-AAD and APC-labeled tetramer for flow cytometry analysis.

Flow cytometry
All flow cytometry analyses were performed by suspending cells in FACS buffer (PBS
with 0.5% BSA and 0.02% sodium azide) and analysis on a BD FACS Calibur. Antibodies
against CD3, CD8 or CD11c and the dyes Annexin V and 7-AAD were purchased from
BD, eBioscience and BioLegend. The APC-labelled H-2Db RAHYNIVTF tetramer was
own production.

Synthetic long peptide vaccination

The SLP vaccine for TC-1 (sequence GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR),
including both a CD4 and a CD8 epitope from the HPV16 E7 oncoprotein, was given
on day 7 and 21 after tumor inoculation by injecting 150 ug peptide subcutaneously
in the left flank of the mouse (35). The peptide was dissolved in a 100 pL PBS and
mixed 1:1 with Incomplete Freunds Adjuvant (IFA), which was then emulsified for 30
minutes on a vortex. The peptide vaccine for RMA tumors contains epitopes from
Rauscher Murine Leukemia Virus (MuLV) and existed of a single vaccination on day
14 containing 20 nmole of the Env-encoded CD4 epitope EPLTSLTPRCNTAWNRLKL
and 50 nmole of the Gag-encoded CD8 epitope CCLCLTVFL (36) complemented with
20 pg CpG (ODN 1826, Invivogen), in 100 pL PBS subcutaneously in the tail-base
region.

Systemic blood analysis for specific CD8 T cell response

The systemic tumor-specific CD8 T cell response was determined by taking venous
blood samples from the tail vein 8 days after peptide vaccination or on the same
day for non-vaccinated animals. After erythrocyte lysis of the blood samples, the
tumor-specific CD8 T cell response was determined by flow cytometry analysis
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after staining of the cells with CD3g, CD8[, and APC-conjugated tetramers for the
relevant peptide-MHC complex on the CD8 T cell.

CD8+ T cell depletion

Hybridoma cells producing depleting CD8 mAb (clone 2.43) were cultured in Protein-
Free Hybridoma Medium (Gibco), and mAbs were purified using a Protein G column.
To deplete CD8 T cells, mice received an intraperitoneal (i.p.) injection of 150 pg anti-
CD8 antibodies on day 8 after tumor inoculation, followed by periodical depletion
of 50 pg antibodies every 5 days until day 30 after tumor inoculation. All control
mice received in parallel similar amounts of isotype control rat immunoglobulin
G. The effective T-cell depletion was assured by flow cytometry analysis of blood
lymphocytes stained for cell surface expression of CD8.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.0 software.
Data are shown as the mean + SEM for each group, and comparison of groups was
performed by two-tailed Student’s t-test, with the exception of survival curves
which were compared using the LogRank Mantel-Cox test. Statistical differences
were considered significant at p < 0.05.

Results

Efficient photosensitizer uptake allows strong tumor ablation

For effective PDT, sufficient photosensitizer uptake by tumor cells is required to
ensureirradiation-induced cell death. Both TC-1and RMA tumor cells showed a dose-
dependent uptake after incubation with Bremachlorin (Supplementary Figure S1a).
Irradiation of Bremachlorin-treated TC-1 cells using visible light resulted in >98% cell
death based on Annexin V and 7-AAD analysis, which was completely dependent on
the presence of both the photosensitizer and the irradiation (Supplementary Figure
S1b). Photosensitizer uptake in established tumors was shown by intravenously
injecting mice bearing subcutaneous TC-1 or RMA tumors with Bremachlorin, which
after 6 hours accumulated in the tumor area (Supplementary Figure S2). To analyze
whether this photosensitizer accumulation is sufficient for photodynamic ablation,
growing TC-1 tumors with a diameter of 5 mm were irradiated with a focused laser
beam 6 hours after injection of Bremachlorin. After a clear inflammatory reaction
in the treated area in the first days after PDT, a strongly flattened tumor lesion
remained with a necrotic appearance. This resulted in a significant delay in tumor
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growth of at least 7 days, after which tumor outgrowth resumed with a growth rate
similar to untreated tumors (Figure 1a).

PDT induces an anti-tumor immune response

Asweaimedtouse Bremachlorin-based PDTin combination withimmunotherapy, we
analyzed theimmunological effects of PDTin our model. It has previously been shown
thatPDTcancontributetoanti-tumorimmuneresponsesthroughthereleaseof DAMPs
suchas HMGB1 (17, 18). Serum analysis of TC-1 tumor-bearing mice 1 hour after PDT
showed a significant increase in HMGB1 compared to untreated mice (Figure 1b).
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Figure 1. PDT strongly delays tumor outgrowth and induces an immune response against the tumor. (A) Tumor
outgrowth curves of subcutaneous TC-1 tumors in BL/6 mice treated with PDT on day 9 (arrow) after tumor
inoculation, compared to untreated control tumors. Pooled data of 2 independent experiments, n=10-12 mice.
(B) ELISA serum analysis for HMGB1 in 9 mice at 1 hour after PDT versus untreated control mice. Pooled data of
2 independent experiments, n=9 mice. (C) Flow cytometry analysis of TC-1 tumor-draining lymph nodes (dLN) or
contralateral non-draining lymph nodes (ndLN) of 4 mice at 6 days after PDT in comparison to untreated control
mice (Ctrl). Single-cell suspensions from lymph nodes were stained for CD3¢, CD8a, CD11c and the Db-RAHYNIVTF
Tetramer (Tm) for the tumor antigen-specific T cell receptor. Y-axes show absolute numbers of total CD8 T cells
(CD3+ CD8+), tumor-antigen specific CD8 T cells (CD3+ CD8+ Tm+) or CD11c+ cells. Statistical analysis by Student’s
T test, significance is indicated by asterisks: * p<0.05, ** p<0.01.
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Figure 2. Curative combination treatment of established TC-1 tumors by PDT and synthetic long peptide
vaccination. (A) Tumor outgrowth curves and (B) survival curves of TC-1 tumor-bearing mice treated with PDT,
peptide vaccination or combined treatment, compared to untreated control tumors. PDT was done on day 9 after
tumor inoculation (arrows), peptide was administered subcutaneously in IFA in the contralateral flank on day 7
and 21. Pooled data of 2 independent experiments, 10-16 mice. The fractions of mice that cleared the tumor are
indicated. Survival curve statistics by LogRank X2 test. Statistical significance is indicated by asterisks: *** p<0.001.
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To investigate the immunological consequences of the massive tumor cell death
induced by PDT, we analyzed the tumor-draining lymph nodes 6 days after PDT
treatment of TC-1 tumors and compared them to contralateral lymph nodes not
draining the irradiated tumor area. PDT induced a strong tumor antigen-specific CD8
T cell response in the tumor-draining lymph nodes, accompanied by a significant
increaseinthetotalnumberof CD8T cells whichwasnotincreasedinthe non-draining
nodes of the same animals (Figure 1c). Untreated tumor-bearing mice mounted
only a minimal CD8 T cell response against the tumor, quantitatively similar to non-
draining lymph nodes of PDT-treated mice. Strikingly, also the numbers of CD11c+
dendritic cells (DC) were strongly increased in the draining nodes of the PDT-treated
tumor, suggesting that the DC facilitate cross-presentation of tumor-associated
antigen to T cells in local lymphoid organs to stimulate anti-tumor responses.

Combination of PDT and therapeutic vaccination eradicates established tumors
Altogether, the strong tumor ablation and beneficial immunological effects
of Bremachlorin-PDT make it an attractive candidate for combination with
immunotherapy. As we have previously shown that the TC-1 tumor model is
susceptible to therapeutic synthetic long peptide (SLP) vaccination (7), we combined
Bremachlorin-PDT with SLP vaccination following the experimental setup depicted
in Supplementary Figure S3. Single treatments of PDT or peptide vaccination of
established TC-1 tumors each resulted in a significant delay in tumor outgrowth and
increased survival, but neither treatment was curative. However, when PDT was
combined with SLP vaccination, overall survival was strongly increased and over
one third of mice were cured (Figure 2).

Combination treatment protects against tumor rechallenge and eradicates
established secondary tumors

All mice cured from their TC-1 tumor after combination therapy of PDT and SLP
vaccination subsequently rejected TC-1 tumor cells injected at a distant location
two to three months after primary curative treatment, indicating the induction of
protective systemic immunity (Supplementary Figure S4a). To investigate whether
combination therapy can also eradicate existing established distant tumors, mice
were inoculated with TC-1 tumors in both flanks followed by combination therapy
where PDT was only applied on the primary tumor in the right flank, as depicted in
Supplementary Figure S4b. The outgrowth of secondary tumors was not delayed
by PDT of the contralateral primary tumor (Figure 3a). Mice treated by peptide
vaccination showed an initial regression of both primary and secondary tumors, but
none of the mice were cured from both tumors and all were eventually sacrificed
due to tumor outgrowth. In contrast, combination treatment of PDT and peptide
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vaccination caused definite cure from both primary and secondary tumors in almost
40% of mice, similar to the experimental model with a single TC-1 tumor. This can be
appreciated when comparing the long-term survival between peptide vaccination
and combination treatment from day 50 onwards (Figure 3b).
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Figure 3. Combination treatment of primary tumors leads to durable eradication of distant tumors. (A) Tumor
outgrowth curves of mice bearing established subcutaneous TC-1 tumors in both flanks, treated with systemic
peptide vaccination on day 8 followed by PDT of only the primary tumor in the right flank on day 9 (arrows).
Primary tumors (grey lines) were inoculated on day 0 in the right flank, secondary tumors (black lines) on day 3
in the left flank. The fractions of mice that cleared both tumors are indicated. (B) Corresponding survival curves,
statistical analysis by LogRank X2 test. Statistical significance is indicated by asterisks: * p<0.05.

Treatment-induced anti-tumor CD8 T cells are essential for therapeutic efficacy

As we found that PDT induces a local immune response in lymph nodes and that
combination therapy using local PDT is also able to cure distant secondary tumors,
we analyzed the systemic CD8 T cell response against the tumor. Using specific MHC
tetramer staining to identify tumor antigen-specific CD8 T cells, we could show that
SLP vaccination raised the levels of CD8+ T cells specific for the HVP16 E7 epitope
used for vaccination in circulating blood as we have reported previously (Figure
4a) (7). Importantly, also PDT significantly increased percentage of tumor antigen-
specific CD8+ T cells circulating in blood, supporting the immunogenic effects of
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PDT described earlier. Moreover, PDT even further increased the SLP-induced CD8 T
cell response, reflecting the efficacy of combination treatment in tumor control. To
analyze whether these tumor-specific CD8 T cells are responsible for the observed
tumor control, TC-1 tumor-bearing mice treated with PDT and SLP vaccination
were depleted of all CD8+ cells using an anti-CD8 antibody. Periodical screening
of systemic venous blood confirmed a persisting reduction in the number of CD8 T
cells of over 98% during the experiment (data not shown). In the absence of CD8
T cells, the curative effect of PDT and SLP combination treatment was abrogated,
suggesting a crucial role of CD8 T cells in this combination treatment protocol
(Figure 4b).
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Figure 4. The strong effect of combination treatment is dependent on a treatment-induced systemic CD8 T cell
response against the tumor. (A) Tetramer staining showing the percentage of CD8 T cells in tail vein blood that
is specific for the HPV16 E7 epitope expressed by TC-1 tumor cells, 8 days after treatment. (B) Survival curves
of TC-1 tumor-bearing mice treated with PDT and peptide vaccination during antibody-mediated depletion of
CD8 T cells. PDT was performed on day 9 after tumor inoculation, peptide was administered subcutaneously
in IFA in the contralateral flank on day 7 and 21. Depleting antibody was administered i.p. regularly from day
8 to day 45, resulting in >98% depletion of CD8+ cells in the blood within 24h after injection. Pooled data of
individual experiments with in total 16-24 mice per group. Statistical analysis of Figure A by Student’s T test and
of Figure B by LogRank X2 test. Statistical significance is indicated by asterisks: * p<0.05, ** p<0.01, *** p<0.001.

Efficient PDT-vaccination combination in virally-induced lymphoma tumors

Next, we applied PDT and peptide vaccination in another aggressive tumor system,
the RMA lymphoma model for which we have previously described efficient
prophylactic peptide vaccination, which prevented tumor outgrowth through the
effects of both CD4 and CD8 T cells (36). Previous attempts in our group to treat
established RMA tumors by therapeutic peptide vaccination have never been
successful. Here, we show that combination of Bremachlorin-PDT and therapeutic
peptide vaccination in mice bearing subcutaneous RMA tumors resulted in
significantly prolonged survival compared to either single treatment alone, similar
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to our observations in the TC-1 model (Figure 5). All mice cured of their primary
tumor were able to reject RMA tumor cells upon rechallenge at a distant location
over two months after treatment (data not shown), suggesting that also in this
model PDT and peptide vaccination induced systemic immunity against the tumor.
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Figure 5. Therapeutic treatment of murine leukemia virus-induced lymphoma by PDT and tumor-specific peptide
vaccination. (A) Tumor outgrowth curves and (B) survival curves of RMA tumor-bearing mice treated with PDT,
peptide vaccination, or combined therapy, compared to untreated control tumors. PDT was given on day 14 after
tumor inoculation, the peptide vaccine was mixed with CpG and administered subcutaneously in the tail-base in
PBS on day 12. The fractions of mice that cleared the tumor are indicated. Survival curve statistics by LogRank X2
test. Statistical significance is indicated by asterisks: * p<0.05, ** p<0.01, *** p<0.001.
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Discussion

In this study we suggest a novel therapeutic combination strategy for advanced
metastatic cancer, consisting of PDT-mediated tumor ablation and tumor-specific
peptide vaccination. In two independent aggressive tumor models we show that
ablation of established tumors using Bremachlorin-PDT strongly reduces tumor
burden and at the same time induces anti-tumor T cell responses, which was
significantly enhanced when combined with therapeutic long peptide vaccination.
Importantly, the systemic anti-tumor CD8 T cell response induced by combination
treatment was essential for the therapeutic effect, and likely provided long-term
protection since all cured mice did not develop a tumor after renewed injection
of tumor cells at a different body site. The relevance of the systemic immune
response was emphasized by the eradication of distant secondary tumors after
combination therapy of primary tumors. Our combination protocol therefore meets
the requirements of an efficient treatment strategy for advanced cancer that we
discussed earlier: a strong anti-tumor effect to eradicate known tumors, and a
lasting systemic immune response to identify possible metastatic tumor sites.

PDT, like other tumor ablation therapies, aims to strongly affect tumor cells while
minimizing damage to healthy tissue. The non-toxic nature of the two individual
components of PDT, the photosensitizer and the irradiation with visible light, allows
precise restriction of the photodynamic effect to the target region. Pharmacokinetic
optimization of photosensitizers has been aimed at a better accumulation in tumors
and a faster clearance from other tissues. This has led to new generations of
photosensitizers, which moreover are optimized for the use of higher wavelength
irradiation light. This increases the effect range of PDT, as a higher wavelength of
light penetrates deeper through tissue. The use of flexible interstitial optical fibers
allows both precision irradiation of complexly localized tumors and the treatment
of bulky tumor masses (13).

Several animal tumor models expressing known tumor antigens are available to
study the immunological effects of PDT on an antigen-specific level; however, many
concern artificially introduced model antigens such as chicken ovalbumin which
have no clinical relevance (19). To overcome this limitation, a recent study used a
murine mastocytoma tumor expressing P1A, the mouse homolog of human MAGE
cancer/testis antigens, and showed antigen-specific immune responses against this
clinically relevant tumor antigen and corresponding effects on tumor growth (37).
In this study, we used two mouse tumor models expressing known epitopes from
oncogenic viruses as a model for HPV- or Leukemia Virus-induced cancer in humans,
and showed successful combination treatment of these tumors by PDT and peptide
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vaccination. These tumor models expressing viral epitopes are of clinically relevance
to a large group of cancer patients as around 15% to 20% of human cancer is
estimated to be virally induced (38, 39). Importantly, the application of combination
therapy using PDT and SLP vaccination may theoretically be extended to virtually
any type of cancer, as was illustrated by recent studies identifying neo-epitopes in
mouse tumors and subsequent successful vaccination with long peptides containing
these tumor-specific neo-epitopes (5, 6).

Our findings in the TC-1 mouse model for HPV16-induced human tumors are of
particular interest as PDT is currently already clinically studied in the treatment
of HPV16-induced gynecological lesions (40-42). These studies used topical
administration of the second-generation photosensitizer 5-ALA, and reported
inefficient photosensitizer distribution through the target tissue leading to
incomplete responses. The use of novel photosensitizers such as Bremachlorin may
help to resolve this issue. Combination treatments of PDT and immunotherapy to
improve the therapeutic effect are being investigated preclinically and clinically
using non-specific immunostimulatory agents (43-45). However, tumor-specific
immunotherapy such as therapeutic peptide vaccination with HPV antigens may be
preferred to ensure a stronger and target-specific effect. Alternatively, to overcome
the tumor-mediated immune suppression, T cell checkpoint blocking antibodies
form an attractive therapeutic option for combination with PDT in order to boost
the anti-tumor T cell response and relieve the immune system from suppression (46,
47). Taken together, this successful combination of systemic immunotherapy and
local tumor ablation, which are independently already clinically applied, proposes
an attractive clinical treatment strategy for advanced cancer.
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Figure S1. Efficient photosensitizer uptake enables specific killing following laser irradiation. (A) Flow cytometry
of Bremachlorin fluorescence on TC-1 tumor cells incubated with different concentrations of Bremachlorin for 3
hours at 37°C. (B) Flow cytometry plots showing Annexin V and 7-AAD staining of TC-1 tumor cells 16 hours after
in vitro PDT treatment. Cells were incubated with 1 pg/mL Bremachlorin for 3 hours, which had shown to give high
cellular uptake, and irradiated for 2 minutes. Control samples were untreated cells, photosensitizer-only or irradia-
tion-only cells. Representative plots of 3 experiments.
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Figure S2. Bremachlorin photosensitizer accumulates in tumors. In vivo imaging of Bremachlorin fluorescence
6 hours after injection of 20 mg/kg Bremachlorin in Albino B6 mice bearing subcutaneous TC-1 or RMA tumors.
Bremachlorin fluorescence in the 700 nm emission filter is represented by the red color, the tumor is indicated by
a white ‘T". Representative pictures from 4 mice per tumor model.
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Figure S3. Graphical overview of the experimental setup in the TC-1 tumor model. The setup of the experiments
using the TC-1 tumor model (single-tumor setting) is shown on a timescale starting with tumor inoculation at day 0.
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Figure S4. TC-1 tumor rechallenge and metastasis model. (A) Tumor outgrowth and survival curves after TC-1
tumor challenge in mice cured from their TC-1 tumor by combination therapy of PDT and peptide vaccination, com-
pared to naive control mice. Pooled data from 3 independent experiments, 13-18 mice per group. Survival curve
statistics by LogRank X2 test, statistical significance *** = p<0.001. (B) The experimental setup of the TC-1 metas-
tasis model is shown on a timescale starting with inoculation of the primary tumor at day 0. Mice were inoculated
with TC-1 tumor cells in both flanks followed by systemic peptide vaccination and PDT of only the primary tumor.
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Abstract

Photodynamic Therapy (PDT) is a clinically applied tumor ablation method that
reduces tumor burden and may induce T cell responses, forming an attractive
therapeutic option for mutated tumors. In this study, we applied PDT in two
mouse tumor models and assessed its effect on outgrowth of PDT-treated and
distant untreated tumors. PDT of established tumors resulted in complete tumor
eradication in the majority of mice, which were then protected against tumor re-
challenge. Correspondingly, the therapeutic effect was abrogated upon systemic
depletion of CD8 T cells, indicating PDT-induced tumor antigen cross-presentation
and T cell activation. In a double-tumor model, PDT of primary tumors induced
enhanced infiltration of untreated distant tumors by CD8 T cells, which significantly
delayed their outgrowth. Combination therapy of PDT and CTLA-4 blocking
antibodies significantly improved therapeutic efficacy and survival of double-
tumor-bearing mice. These results show that local tumor ablation by PDT induces
CD8 T cell responses crucial for systemic tumor eradication, which can be further
enhanced by combination with immune checkpoint blockade. This combination of
two clinically applied therapies may be a novel treatment strategy for advanced
cancer without previous knowledge of tumor-specific antigens.
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Introduction

Clinically apparent cancers often evade immune eradication and progress despite
the presence of anti-tumor T cell responses (1). Immune evasion of tumors can be
achieved through the formation of immunosuppressive tumor microenvironment
including chronic exposure of T cells to cognate antigen. Based on the expression
of immune checkpoint molecules such as PD-1 and CTLA-4 on functionally impaired
tumor-infiltrating T cells, preclinical and clinical studies using PD-1 or CTLA-4 blocking
antibodies have shown impressive results (2). However, there is considerable
variation in individual responsiveness to immune checkpoint blockade, as some
patients show durable tumor regression while others fail to respond to therapy
(3-5). Combination strategies may improve clinical outcome, either by blocking
multiple immune checkpoints or by combining immunotherapy with tumor-ablating
therapies such as chemotherapy, radiotherapy or Photodynamic Therapy (PDT)
(6,7). PDT is an attractive approach due to its strongly localized and non-mutagenic
nature of tumor cell killing, minimizing adverse effects of therapy (8). PDT of cancer
consists of localized activation of a light-sensitive photosensitizer by exposure of
the tumor to visible light. Besides merely reducing tumor burden, the resulting
massive tumor cell death triggers strong acute inflammation involving the influx of
neutrophils and macrophages (9). Moreover, dying tumor cells can serve as source
of tumor antigen and immunogenic factors able to induce or enhance tumor-specific
T cell responses, which may strongly enhance the therapeutic effect (10,11). In a
previous study, we showed that combination of PDT and specific peptide vaccination
induced CD8 T cell responses against tumor antigens resulting in the clearance of
both treated and distant untreated tumors (12). Therefore, the curative potential
PDT may be superior in immunogenic tumor models in which tumor-specific T cells
are present but unable to clear the tumor, mimicking a common clinical situation.
In this study, we apply Bremachlorin-based PDT to MC38 and CT26 tumors, two
mutated mouse tumors syngeneic to the C57BL/6 and BALB/c mouse strains,
respectively. PDT treatment of established tumors resulted in complete tumor
clearance dependent on CD8 T cells, which could also control outgrowth of distant
untreated tumors. In a double-tumor setting, PDT of primary tumors combined with
systemic CTLA-4 blockade significantly reduced the tumor burden in both MC38 and
CT26 tumor models. Our findings show the immunogenic and curative potential of
PDT in mutated tumors, and a potent combination treatment for advanced cancer.
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Materials and Methods

Mice and tumor cell lines

C57BL/6 mice were obtained from Harlan Laboratories - ENVIGO (The Netherlands)
and BALB/c mice were purchased from Charles River (France) and housed under
specified pathogen-free conditions in the animal facility of the Leiden University
Medical Center. All animal experimentations were approved by and according
to guidelines of Dutch Animal Ethical committee. MC38 and CT26 cells (kindly
provided by Mario Colombo) were cultured as described elsewhere (13). Cell lines
were mycoplasma and MAP-tested before the start of experiments. For tumor
inoculation, 500,000 tumor cells in 100 pL PBS were injected subcutaneously in
the right flank or both flanks of the mice. In double-tumor experiments, the largest
tumor on day 8 was designated primary tumor. Tumor volume was measured 3
times per week by caliper and calculated as length*width*height. Survival curves
are based on the moment of sacrificing the mice upon reaching the maximally
allowed tumor volume of 2000 mm3.

Photodynamic Therapy

Tumors were treated 8 days after inoculation, both at an average tumor diameter of
5 mm. Photodynamic Therapy was performed as described previously (12). In short,
20 mg/kg Bremachlorin photosensitizer (RadaPharma International) was injected
intravenously, followed after 6 hours by irradiation of the tumor for 1000 seconds at
116 mW/cm? (total energy 116 J/cm?) using a 662 nm Milon Lakhta laser.

Anti-CTLA-4 antibody treatment

Antagonistic CTLA-4 blocking antibody (clone 9D9, BioXCell) was administered
intraperitoneally on days 7, 10 and 14 after tumor inoculation, using 200 ug
dissolved in 200 uL PBS per treatment.

T cell depletion

Depleting CD8 antibody (clone 2.43) and depleting CD4 antibody (clone GK1.5)
were produced in-house using hybridomas. To deplete T cells, mice received an
intraperitoneal injection of 50 ug depleting antibodies the day before treatment,
followed by additional injections of 50 pg antibody when periodical screening
showed return of the targeted T cell population in systemic blood. All control mice
received in parallel similar amounts of isotype control rat immunoglobulin G.

Flow cytometry

Ex vivo tumor analysis was performed as described elsewhere (13). In short, single-
cell suspensions of harvested tumors were stained with cell-surface markers,
measured on a LSRII cytometer (BD) analyzed with FlowlJo software (Tree Star).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.0 software.
Data are shown as the mean + SEM for each group, and comparison of groups was
performed by two-tailed Student’s t-test or Mann-Whitney U test depending on
normality of data distribution. Survival curves were compared using the LogRank
Mantel-Cox test. Statistical differences were considered significant at p < 0.05.

Results

Curative tumor ablation by Photodynamic Therapy (PDT) depends on CD8 T cells
We applied PDT using the photosensitizer Bremachlorin to C57BL/6 mice bearing
established subcutaneous MC38 tumors and followed tumor outgrowth. Strikingly,
whereas tumors in untreated mice grew out progressively, a single PDT treatment
caused strong and durable tumor regression in all mice (Figure 1a, solid lines). As
we previously observed in less immunogenic models that PDT was only curative
when combined with specific induction of anti-tumor CD8 T cells, we analyzed
whether the clearance of MC38 tumors by PDT monotherapy was mediated by CD8
T cells by injecting antibodies depleting CD8 T cells systemically (12). In the absence
of CD8 T cells, initial tumor regression upon PDT remained intact but tumors
eventually grew out. This suggests that tumor ablation by PDT works independently
of CD8 T cells, whereas CD8 T cells are crucial in subsequent tumor clearance
and prevention of tumor regrowth (Figure 1a and Supplementary Figure S1).
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Figure 1. Curative tumor ablation by Photodynamic Therapy depends on CD8 T cells. Tumor outgrowth curves
(A) and survival curves (B) of mice bearing subcutaneous MC38 tumors treated by Photodynamic Therapy (PDT) in
the presence or absence of CD8 T cells, plus corresponding control groups. PDT was given on day 8 by injection of
Bremachlorin photosensitizer followed after 6 hours by tumor illumination. CD8 T cells were depleted by antibodies
injected periodically from day 7 until mice were sacrificed or tumor-free. Survival is defined by the time until tumor
size reached the maximally allowed volume of 2000 mm? according to local legislation. Survival differences were
statistically significant by Log-Rank test: Untreated vs PDT p<0.0001, PDT vs PDT+aCD8 p<0.0001, Untreated vs aCD8
p<0.001, Untreated vs PDT+aCD8 p<0.0001. Pooled data of 2 independent experiments, 13-15 mice per group.
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Consequently, PDT treatment cured the majority of mice bearing MC38 tumors
resulting in significantly improved long-term survival, which was fully abrogated
when CD8T cells were depleted (Figure 1b). Interestingly, untreated tumors also grew
out faster in the absence of CD8 T cells, suggesting that growth control of untreated
tumors is mediated by CD8 T cells. Instead, depletion of CD4 T cells resulted in
slower growth of untreated tumors and enhanced clearance of PDT-treated tumors,
suggesting a suppressive role of CD4+ regulatory T cells (Supplementary Figure S1).
All cured mice were protected against developing new tumors when new MC38
tumor cells were injected in the contralateral flank long after tumor clearance,
suggesting the formation of immunological memory (Supplementary Figure S2). In
summary, a single PDT treatment can fully eradicate established tumors involving
CD8 T cell responses.
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Figure 2. Local PDT induces systemic T cell responses inhibiting distant tumor growth. Primary (A) and secondary
(B) tumor outgrowth curves and (C) survival curves of double MC38 tumor-bearing mice in which the primary
tumor was left untreated or PDT-treated in the presence or absence of CD8 T cells. PDT was given on day 8 by
injection of Bremachlorin photosensitizer followed after 6 hours by tumor illumination. CD8 T cells were depleted
by antibodies injected periodically from day 7 until mice were sacrificed or tumor-free. Survival is defined by the
time until tumor size reached the maximally allowed volume of 2,000 mm? according to local legislation. Statistical
significance of differences in secondary tumor volume (B) of untreated vs. PDT-treated mice was determined by t
test (days 10 and 15) or Mann—Whitney U test (days 13 and 17). Statistical significance of survival differences (C)
was determined by the log-rank test. N.s., not significant; * p<0.05 and *** p<0.0001. Pooled data of 6 independent
experiments, 48-57 mice per group.

Local PDT induces systemic T cell responses inhibiting distant tumor growth

The induction of CD8 T cell responses and their involvement in tumor clearance
suggests that T cells may circulate systemically and target untreated tumors growing
at distant sites. We inoculated mice with MC38 tumor cells in both flanks and treated
the largest tumor with PDT, following the outgrowth of both tumors in time. Also in
the double tumor setting, PDT-treated tumors regressed and were cleared (Figure
2a). Moreover, untreated tumors grew significantly slower if the contralateral
tumor received PDT treatment, an effect that was completely abrogated when CD8
T cells were systemically depleted (Figure 2b). Individual tumor outgrowth curves
are shown in Supplementary Figure S3a-d. Altogether, local PDT caused clearance of
treated tumors and delayed the growth of distant tumors, dramatically prolonging
survival of double tumor-bearing mice (Figure 2c). Analysis of distant tumors 6

days after PDT of contralateral primary tumors showed an increased infiltration
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of activated CD8 T cells compared to untreated mice, suggesting that CD8 T cells
directly mediate the abscopal effect of local PDT (Supplementary Figure S3e,f).
Together, these data indicate that local curative PDT triggers a CD8 T cell-dependent

effect on untreated distant tumors.
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Figure 3. Efficient treatment of local and distant tumors by combined local PDT and systemic CTLA-4 blockade.
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both therapies, or were left untreated. Mann—Whitney U test (MC38 model) and t test (CT26 model) were used to
determine statistical significance of differences in total tumor burden of mice receiving PDT+aCTLA-4 combination
therapy compared with PDT or aCTLA-4 monotherapy. * p<0.05 and ** p<0.01. Pooled data of 2 independent
experiments, 14-16 mice per group.

Efficient treatment of local and
local PDT and systemic CTLA-4 blockade
As local PDT treatment slowed down the growth of distant tumors via CD8 T cells
but did not fully clear them, we analyzed whether enhancing the PDT-induced
CD8 T cell response by immune checkpoint blockade would enable double tumor
eradication. Therefore, we treated double MC38 tumor-bearing mice with PDT of
one tumor and provided systemic CTLA-4 blockade during the treatment phase.
Whereas local PDT again affected the treated primary tumor much more strongly

than the untreated secondary tumor, systemic CTLA-4 blockade caused a much

distant tumors by combined
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more pronounced growth delay of the smaller secondary tumors (Figure 3a,b).
Combination treatment with PDT and CTLA-4 blockade combined the strong
respective effects of each treatment on both tumors, and significantly reduced total
tumor burden compared to either monotherapy (Figure 3c). Next, we also analyzed
combination of PDT and CTLA-4 blockade in the more aggressively growing CT26
tumor model in BALB/c mice. Both PDT and CTLA-4 monotherapies were less
efficient in delaying the growth of primary or secondary CT26 tumors compared
to their effects on MC38 tumors. However, combination treatment significantly
reduced CT26 tumor burden compared to either single treatment (Figure 3d-f).
A comparison of the effects of each treatment on primary and secondary MC38
or CT26 tumors is provided in Supplementary Figure 4. This treatment strategy
provides efficient combination of local tumor-destructive therapy with systemic
immunomodulation in two independent tumor models.

Long-term survival after combined PDT and CTLA-4 blockade depends on CD8 T cells
Both PDT and CTLA-4 blockade as monotherapies significantly reduced MC38 tumor
burden and increased survival time of double MC38 tumor-bearing mice (Figure
43). The significantly lower tumor burden after combined treatment by PDT and
CTLA-4 blockade resulted in a significantly further extended survival of all mice and
clearance of both tumors in 20% of the mice (Figure 4a). A depletion experiment
of CD8 T cells showed that the enhanced efficacy of combined PDT and CTLA-4
blockade is dependent on the systemic presence of CD8 T cells, as the combined
treatment effect is fully lost in the absence of CD8 T cells, reducing survival to the
level of untreated mice (Figure 4b).
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Figure 4. Long-term survival after combined PDT and CTLA-4 blockade depends on CD8 T cells. Long-term
survival after combined PDT and CTLA-4 blockade depends on CD8 T cells. (A) Survival curves of double MC38
tumor—bearing mice receiving either PDT of primary tumors on day 8, systemic CTLA-4 blocking antibody on days
7+10+14, both therapies, or left untreated. (B) Survival curves of double MC38 tumor—bearing mice left untreated
or receiving PDTpaCTLA-4 combination therapy with or without CD8 T-cell depletion on day 7. Survival is defined
by the time until tumor size reached the maximally allowed volume of 2,000 mm? according to local legislation.
The log-rank test was used to determine significance. ** p<0.01 and *** p<0.001. Pooled data of 2 independent
experiments, 14-16 mice per group.
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Discussion

In this study, we show that Photodynamic Therapy (PDT) of mouse colon carcinoma
tumors mediated strong tumor ablation and eradication by CD8 T cells, which also
delayed distant tumor growth. This provides evidence that local tumor ablation can
lead to systemically active T cell responses, likely by enhanced cross-presentation
of tumor antigens by local dendritic cells and the immunostimulatory effects of
PDT-induced cell death (10). Our data add to a growing body of evidence that local
tumor destruction can delay the growth of identical tumors growing in other sites
of the body, and stress the induction of systemic immune responses as the crucial
mechanism. These tumor-specific systemic effects of local therapy, also known as
the abscopal effect, have been described in several localized ablation therapies
(14,15). The advent of modern immunomodulatory antibodies has triggered a range
of protocols combining local tumor ablation with immune checkpoint blockade
(16-18). A study combining local radiotherapy with immunomodulatory antibodies
indicated that the enhanced therapeutic efficacy was mediated by tumor antigen
cross-presentation by dendritic cells to CD8 T cells (19). Recent studies reported
enhanced systemic efficacy of PDT combined with immune checkpoint blockade
using experimental setups involving surgical resection of PDT-treated tumors or
advanced nanocarrier systems (20-22). Here, we combined local PDT with systemic
CTLA-4 blockade in two independent tumor models to improve the therapeutic
outcome in double tumor-bearing mice. The efficacy of immunomodulatory
antibodies such as CTLA-4 blockade is often largely determined by tumor size at the
start of treatment. In our double-tumor models, CTLA-4 blockade indeed affected
smaller secondary tumors more strongly than the bigger primary tumors, while PDT
obviously affected the PDT-treated tumor more strongly. The increased efficacy of
combination therapy in our double-tumor experiments may therefore be explained
by the combining the strengths of each individual treatment. In addition, CTLA4
blockade has been shown to specifically deplete tumor-infiltrating regulatory T
cells in several tumor models, including MC38 and CT26, favoring the subsequent
expansion of intratumoral effector CD8 T cells (23,24). In a preclinical study using
depletion of regulatory T cells by low-dose cyclophosphamide in the context of PDT
treatment, increased anti-tumor immune responses were observed (25). These
findings, suggesting a suppressive role of regulatory T cells that dampen the PDT-
induced T cell response, may further explain the superior efficacy of combined PDT
and CTLA4 blockade as described in this study. We have previously reported on
combination therapy of PDT and specific peptide vaccination, in which PDT-induced
T cell responses were further enhanced by peptide vaccination, allowing eradication
of local and distant tumors (12). Combinations of PDT with specificimmunotherapy
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allow efficient treatment of tumors of which the antigenic profile is known, such
as Human Papillomavirus (HPV)-induced gynecological and head/neck tumors
expressing known HPV antigens. Here, we introduce combination therapy of PDT and
CTLA-4 blockade as a more broadly applicable therapeutic option without the need
to have identified the antigens expressed by the tumor. Photodynamic therapy is
already clinically applied in the treatment of various tumors including HPV-induced
cancer, skin tumors and gastrointestinal malignancies. CTLA-4 blockade has been
approved for use in melanoma and undergoes clinical trials for several other types
of human cancer, based on promising results in preclinical studies. Combinations
of PDT and CTLA-4 blockade can therefore be smoothly introduced into clinical
practice and may be applied to a wide variety of human cancer types.
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Supplementary Figure S1. Curative tumor ablation by Photodynamic Therapy depends on CD8 T cells. Tumor
outgrowth curves of individual mice bearing subcutaneous MC38 tumors treated by Photodynamic Therapy (PDT)
in the presence of T cells or with CD8 or CD4 T cell depletion (aCD8, aCD4). PDT was given on day 8 by injection
of Bremachlorin photosensitizer followed after 6 hours by tumor illumination. T cells were depleted by antibodies
injection on day 7 to assure complete absence of T cells until mice were sacrificed or tumor-free. The number of
cured mice is indicated by fractions.
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Supplementary Figure S2. Mice cured by PDT are protected against tumor rechallenge. Tumor outgrowth curves
of untreated and PDT-treated MC38 tumor-bearing mice. PDT-cured mice (8 out of 13) and naive control mice

were injected with new MC38 tumor cells on day 80 and tumor outgrowth was monitored. All 8 mice remained
tumor-free.
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Supplementary Figure S3. Local PDT inhibits distant tumor growth. (A-D) Outgrowth curves of primary and
secondary tumors of individual double MC38 tumor-bearing mice receiving PDT or left untreated. PDT was given
on day 8 by injection of Bremachlorin photosensitizer followed after 6 hours by primary tumor illumination. Group
average tumor volume of secondary tumors is indicated by the red line. Pooled data of 6 independent experiments,
48-57 mice per group. (E) Ex vivo analysis of secondary tumors by flow cytometry, showing percentage of total CD3+
tumor-infiltrating lymphocytes (TILs) or CD8 T cells from total CD45+ cells in the tumor. Asterisks indicate statistically
significant differences (p<0.05) between untreated and PDT-treated mice. (F) Tumor-infiltrating CD8 T cells have an
activated phenotype. Representative flow cytometry plot showing 4-1BB and CD69 activation marker expression.
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Supplementary Figure S4. Responses of primary and secondary tumors to therapy. Group average tumor
outgrowth curves of primary and secondary MC38 tumors (upper graphs) or CT26 tumors (lower graphs). Mice
received PDT of primary tumors on day 8, systemic CTLA4-blocking antibody on days 7, 10 and 14, both therapies,
or were left untreated. Pooled data of 2 independent experiments, 14-16 mice per group.
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Abstract

Information on the fate of vaccines after in vivo administration may help optimize
vaccination strategies. Optical imaging is a non-invasive visualization method
capable of locating and quantifying light-producing molecules in vivo, which can be
applied for vaccine visualization. We conjugated synthetic peptide vaccines to the
near-infrared (NIR) fluorescent dye NIRD1. Using a NIRD1-labeled peptide of the
OVA model antigen, we showed the feasibility of visualizing vaccines at the injection
site and local lymph nodes. Distinct kinetics of different vaccine formulations were
well-identified by live NIR fluorescence imaging. Small-droplet Montanide water-
in-oil emulsions prepared by a syringe extrusion (SE) method showed remarkably
slower vaccine kinetics than Vortex-prepared emulsions with larger droplets, which
was visualized at the injection site and in draining lymph nodes. Differential vaccine
drainage to lymph nodes was reflected in the ability to prime vaccine-specific CD8 T
cells in local vaccine-draining lymph nodes, whereas systemic T cell levels were not
significantly different. In conclusion, we have developed a NIR fluorescence imaging
protocol for visualization of the fate of vaccines, which can be used to optimize
vaccination strategies for several applications such as infectious disease and cancer.
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Introduction

Immunotherapy of cancer aims to induce or enhance immune responses against
tumors. Immune recognition can involve a variety of immune cells, but CD8 T cells
are crucial immune cells capable of inducing tumor cell death through the delivery
of cytotoxic T cell effector molecules. T cells recognize peptide epitopes presented
in MHC molecules on the surface of target cells, and recent literature has shown T
cell recognition of tumor cells driven by neo-epitopes in mutated cellular proteins
(1-3). Indeed, highly mutated types of human cancer such as melanoma and lung
cancer show higher numbers of neo-epitopes, correlating with a stronger immune
recognition and in particular with the presence of T cells inside the tumor (4-6).
Immunotherapy with immunomodulatory antibodies enhancing existing T cell
responses has shown promising clinical results in patients with highly mutated
and T cell-infiltrated tumors (7-9). Therapeutic vaccination is a form of cancer
immunotherapy aiming to induce T cell responses by providing an exogenous
source of tumor-specific antigen. The delivery of minimal peptide epitopes of tumor
antigens results in direct binding to MHC molecules on any nucleated cell, resulting
in T cell anergy due to antigen presentation in the absence of co-stimulatory
signals. To restrict vaccine antigen presentation to professional APCs capable of
priming functional T cells, the concept of synthetic long peptide (SLP) vaccines was
established, which require antigen processing by professional APCs to create the
MHC-binding epitope (10,11). Preclinical studies indicated that SLP vaccination
may not only be applied in virally induced cancer by vaccinating with viral epitopes
widely shared among individuals, both also by using individual unique neo-epitopes
as a therapeutic peptide vaccine (12—14). Clinical application of SLP vaccination
using a series of overlapping peptides covering the E6 and E7 oncoproteins of
human papillomavirus 16 (HPV16) has shown promising results in patients with
pre-malignant HPV16-induced gynecological lesions, but failed to induce strong
responses in patients with established HPV16+ tumors despite the presence of
vaccine-induced T cell responses (15—17). Mouse studies combining SLP vaccination
with chemotherapy or photodynamic therapy have suggested combination therapy
to improve the limited efficacy of SLP vaccination against advanced cancer (18,19).
In addition, the efficacy of SLP vaccination as such may be improved, for example
in terms of peptide formulation and routing. For instance, the fate of the vaccine
peptides after injection is currently largely unknown, which could be addressed
by live vaccine visualization techniques. Near-infrared (NIR) fluorescent dyes are
very suitable for in vivo optical imaging studies due to their high excitation and
emission wavelength, enhancing tissue penetration of the fluorescence signal (20—
23). The widely used and clinically approved NIR dye Indocyanine Green (ICG) has
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good optical properties as a standalone dye but is less suitable for conjugation to
biomolecules (24,25). In this preclinical study, we labeled a model SLP vaccine with
the novel NIR fluorescent dye NIRD1 to establish a fluorescence-based imaging
platform for live SLP visualization and quantification. We visualized the vaccine
at the injection site and draining lymph nodes and correlated vaccine kinetics to
functionality. In conclusion, this study shows that NIR fluorescence imaging of
vaccines is feasible and provides detailed information on vaccine kinetics, which
can be used to optimize therapeutic vaccination strategies.

Materials and Methods

Mice and cell lines

Wildtype C57BL/6 mice and BALB/c nude mice were obtained from Charles River
Laboratories (France). Albino B6 mice (tyrosinase-deficient immunocompetent
C57BL/6 mice) and OT-I mice (OVA,__ .., (SIINFEKL)-specific T cell receptor-transgenic
mice of C57BL/6 background) were bred in the animal breeding facility of the Leiden
University Medical Center, the Netherlands. All experiments were approved by the
animal ethical committee of Leiden University. D1 is a dendritic cell line and B3Z is
a T cell hybridoma expressing beta-galactosidase upon presentation of its cognate
antigen SIINFEKL, both are of C57BL/6 background and were used as described
elsewhere (26). Cells were assured to be free of rodent viruses and Mycoplasma by
PCR analysis.

Synthetic long peptide vaccines

For vaccine tracking experiments, the near-infrared (NIR) fluorescent dye NIRD1 was
conjugated to synthetic long peptides using an aminohexanoid acid (Ahx) linker. This
NIRD1-Ahx construct, amounting to approximately 1 kDa, was used to label the OVA
SLP (DEVSGLEQLESIINFEKLAAAAAK). The purity of NIR-SLP conjugate preparations
was visualized by Odyssey Imager (LI-COR) after tricine gel electrophoresis as
described elsewhere (27). For in vivo vaccine tracking experiments, the NIR-
SLP was injected subcutaneously in the tail-base of the mice in a volume of 100
uL, formulated in PBS or in Montanide emulsions consisting of a 1:1 ratio of a
vaccine-containing PBS fraction and the mineral oil Montanide ISA 51 (Seppic).
Vortex emulsions were prepared by vortexing the mixture for 30 minutes at room
temperature. Syringe Extrusion emulsions were prepared by syringe extrusion of
the PBS-Montanide mixture using two 1 mL syringes (Codan) connected to a three-
way stopcock (Braun Discofix C3), using a protocol of 40 slow passages through
the stopcock in 20 seconds followed by 160 passages at full speed. Dosing and
formulation are indicated in the Figures legends.
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NIR Fluorescence imaging

For live in vivo imaging, vaccinated mice were anaesthetized by isoflurane inhalation
on the indicated time points. NIR fluorescent signals were measured by IVIS
Spectrum (PerkinElmer) using excitation for 2 seconds at 745 nm and measuring
the emission in the 840 nm filter, with Field Of View C and medium binning.
Accompanying Livinglmage software (Caliper Life Sciences) was used for data
analysis. Signal quantification in specific regions of interest (ROI) was performed
by using fixed-size ROIs throughout the experiments. Figures show the fluorescent
signal as the Total Radiant Efficiency (TRE), expressed in (photons/second)/(uW/
cm?) or as a percentage of the TRE at the start of the experiment.

Adoptive T cell transfer and T cell flow cytometry

For adoptive transfer of OVA SLP-specific OT-1 CD8 T cells, the spleen of OT-I mice
was harvested and mashed on 70 um cell strainers (BD Biosciences) to create
single-cell suspensions, followed by erythrocyte lysis and CD8 T cell isolation
using a negative magnetic selection kit (BD). Adoptive transfer consisted of 1*10°
purified CD8 OT-I cells injected intravenously in 200 pL PBS in the tail vein. On
indicated time points after transfer, the spleen and/or lymph nodes of recipient
mice were harvested, mashed and deprived of erythrocytes, stained for CD3¢g, CD8f3
and the OT-I congenic marker CD90.1, and analyzed by flow cytometry (BD LSR-
I1). To visualize OT-I proliferation, OT-I cells were labeled with the fluorescent dye
carboxyfluorescein succinimidyl ester (CFSE) that is distributed among daughter
cells upon cellular proliferation, reducing the fluorescence intensity per cell, which
can be visualized by flow cytometry. To measure the HPV SLP-induced endogenous
CD8 T cell response, venous blood samples were taken from the tail vein 8 days
after vaccination. After erythrocyte lysis of the blood samples, the tumor-specific
CD8 T cell response was determined by flow cytometry analysis after staining of
the cells with fluorescently labeled antibodies against CD3¢, CD8f, and with 7-AAD
and APC-conjugated tetramers (own production) binding the H-2Db RAHYNIVTF
complex on the CD8 T cell.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 7.0 software.
Data are shown as the mean + SEM for each group, and comparison of groups was
performed by two-tailed Student’s t-test. Statistical differences were considered
significant at p < 0.05.
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Results and Discussion

Subcutaneously injected peptide vaccines drain to lymph nodes

In order to track the fate of antigen vaccines after vaccination, we used the
near-infrared (NIR) fluorescent dye NIRD1 to label a model SLP of the chicken
ovalbumin (OVA) CD8 T cell epitope SIINFEKL, creating conjugated NIR-OVASLP. To
validate NIR fluorescence as a measure of vaccine presence, we tested whether
no unbound NIRD1 dye was present in the conjugate preparation. Using tricine gel
electrophoresis to distinguish small size differences between proteins, we show
that the NIR-OVASLP conjugate (approximately 3.5 kDa) does not contain any free
NIRD1 dye (approximately 1 kDa including the Ahx linker) (Figure 1a). Subcutaneous
injection in the flank is a common vaccination route in mice, which drains primarily
to the inguinal lymph node in that flank. The proximity of injection site and draining
lymph node likely hampers their distinction by optical imaging. As an alternative
injection site, we injected NIR-OVASLP subcutaneously in the tail-base of a BALB/c
nude mouse. This mouse strain is immunodeficient, but ideal for optical imaging
due to the complete absence of hair and pigment. Within minutes after injection in
the tail-base, lymph drainage towards the inguinal lymph node was clearly visible
by live NIR fluorescence imaging (Figure 1b). The signal beyond the inguinal lymph
node suggests further lymph transport by efferent vessels towards the axillary lymph
node, as has been described before (28). We therefore injected B6 mice with NIR-
OVASLP in the central tail-base and harvested inguinal and axillary lymph nodes from
both flanks 90 minutes after injection, and quantified the NIR fluorescence signal.
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Figure 1. Inguinal and axillary lymph nodes drain the tail-base vaccination site. (A) Tricine gel electrophoresis
of indicated amounts of NIRD1-labeled OVA24 SLP or free unbound NIRD1 dye, showing that the NIRD1-OVASLP
conjugate does not contain unbound NIRD1 dye. The smallest three bands of a standard protein ladder are shown
in the top. (B) NIR Fluorescence image of a BALB/c nude mouse 5 minutes after subcutaneous injection of NIR-
OVASLP in the tail-base (not visible), and the drainage by the inguinal lymph node. (C) Measurement of NIR
fluorescence in the left (L) and right (R) inguinal and axillary lymph nodes harvested from C57BL/6 mice 90 minutes
after injection of NIR-OVASLP s.c. in the tail-base. Y-axis show the mean and SEM of the total radiant efficiency
expressed in (photons/second) / (WW/cm?). Lymph nodes from non-injected control mice are included as controls.
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Injection in the tail-base results in vaccine accumulation primarily in the inguinal
lymph nodes, whereas axillary lymph nodes showed lower fluorescence (Figure 1c).
In summary, using a protocol of subcutaneous injection in the tail-base, we visualize
drainage of SLP vaccines via lymphatic vessels to lymph nodes.

Fluorescence imaging of peptide vaccine kinetics

Our results show that the NIR-OVASLP construct can be visualized in draining lymph
nodes by live imaging. Next, we analyzed whether NIRD1-labeling is sufficiently
sensitive to visualize differential vaccine kinetics. We formulated the labeled vaccine
in PBS, which is drained from the injection site rapidly, or in water-in-oil formulations
using the mineral oil Montanide, which is used as a sustained-release formulation.
Whereas clinical use of Montanide applies syringe extrusion as an emulsification
method, preclinical studies most commonly mix the water and oil phase by vortex,
which in general produces less stable emulsions with larger droplets (29,30). After
subcutaneous injection of NIR-OVASLP in the tail-base of immunocompetent Albino
B6 mice, NIR fluorescence imaging clearly identified the presence of the vaccine
at the injection site (Figure 2a). To assess whether this NIR fluorescence-based
vaccine tracking can be used to identify the kinetics of an administered vaccine, we
formulated the NIR-OVASLP in three different ways: soluble peptide in saline (PBS),
or 50/50 water-in-oil emulsions of the mineral oil Montanide emulsified either by
Vortex or by Syringe Extrusion (SE). In order to follow the presence of the vaccine at
the injection site and lymph nodes in time, we performed repeated measurements
and quantified the NIR fluorescence signal in these areas of interest. The three
formulations showed a clearly distinguishable pattern of clearance of the vaccine
at the injection site, as shown by the drop in the fluorescent signal (Figure 2b).
Corresponding with the expected pharmacokinetics of the different formulations,
soluble SLP in PBS showed the fastest drop in fluorescent signal at the injection site.
Interestingly, the SE formulation of Montanide-SLP showed a longer presence of
peptide at the injection site than the exact same Montanide-SLP mixture prepared
by Vortex. The NIR signal of Vortex-prepared emulsions at the injection site showed
a two-phased pattern of a fast immediate drop followed by gradual decrease,
consistent with heterogeneity in emulsion droplet size. Moreover, measurement
of the flanks of the mice showed a clear NIR fluorescence signal in the vaccine-
draining inguinal lymph nodes in the earliest days after injection (Figure 2c,d).
The highest signal was found for the PBS free-peptide formulation, while the SE-
formulated peptide was nearly undetectable in lymph nodes, and Vortex-formulated
peptide showing an intermediate profile. Hence, a faster drop in fluorescence
signal in the vaccination site corresponded with a higher signal in the lymph nodes,
suggesting that our NIR fluorescence imaging protocol successfully quantified SLP
drainage from the vaccination site to lymph nodes. In summary, these data show
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the feasibility of SLP tracking by using NIR-labeled peptides. This imaging protocol
allowed vaccine quantification at the injection site and visualization of lymph
drainage, with sufficient sensitivity to distinguish vaccine formulations with distinct
kinetics. Brewer et al. used MRI of iron-labeled Montanide to show that the oil
remains at the injection site while the peptide epitope content encapsulated in
liposomes gradually disappeared (31). Although the peptide length and formulation
are different, this confirms the gradual release of peptide from Montanide depots
as we visualized by NIR fluorescence imaging, a considerably less laborious and
more subject-friendly technique compared to MRI (32).
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Figure 2. Visualization of peptide vaccine kinetics by fluorescence imaging. Examples of NIR-OVASLP fluorescence
at the tail-base injection site (A) and the vaccine-draining inguinal lymph node (C) after injection in PBS.
Quantification of vaccine fluorescence at the injection site (B) and vaccine-draining inguinal lymph nodes (D) of
NIR-OVASLP formulated in PBS or in Montanide emulsions prepared by Vortex or Syringe Extrusion, as indicated.
Fixed-size region of interest were used to quantify fluorescence, expressed as Total Radiant Efficiency in (photons/
second) / (LW/cm?). The Y-axis shows the fluorescence signal either as a percentage of the starting signal after
injection (B) or in absolute numbers (D).
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SLP labeling does not hamper vaccine functionality

The validity of vaccine tracking using conjugated NIR dyes depends on the degree to
which the presence of the dye affects the functional properties of the SLP vaccine.
For instance, fluorescent and radioactive labeling of proteins and antibodies can
significantly hamper the functional activity of the molecule of interest (33—35).
To analyze whether NIRD1 conjugation hampered the immunogenicity of the SLP,
we incubated D1 dendritic cells with labeled or unlabeled OVASLP and added the
OVA-specific CD8 T cell hybridoma B3Z. T cell receptor (TCR) signaling in B3Z cells
results in expression of the beta-galactosidase reporter as a measure of antigen
presentation by dendritic cells and of vaccine functionality as such. The presence of
NIRD1 on the OVASLP results in equal antigen processing and presentation as the
unlabeled OVASLP (Figure 3a).
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Figure 3. SLP labeling does not hamper vaccine functionality. (A) In vitro antigen presentation assay using OVA-
specific B3Z CD8 T cell reporter cells. NIRD1-labeled or unlabeled OVA SLP was added to D1 dendritic cells and
incubated overnight, followed by addition of B3Z cells. Presentation of the SIINFEKL epitope of OVA by dendritic
cells to B3Z cells induces T cell receptor downstream signaling resulting in beta-galactosidase production, which
enables a colorimetric assay as a measure of antigen presentation. Addition of SIINFEKL minimal epitope was
used as positive control, non-incubated dendritic cells as negative control. (B) Proliferation of OT-I CD8 T cells
incubated 4 days with single-cell suspensions of inguinal or axillary lymph nodes isolated from mice 90 minutes
after vaccination with NIR-OVASLP in PBS the tail-base. The Y-axis shows the OT-I cell count normalized per 100
beads. Addition of SIINFEKL minimal epitope to a mixture of lymph node cells was used as positive control, OT-I
cells not incubated with any lymph node cells or peptide served as negative control. (C) Visualization of OT-I cell
proliferation from Figure 3B by showing CFSE fluorescence. Prior to incubation, OT-I cells were labeled with CFSE,
which is distributed between daughter cells during proliferation, reducing CFSE fluorescence intensity per cell.
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Thesuperiorresult of the minimal peptide epitope SIINFEKL shows that B3Z activation
functions in the absence of co-stimulatory signals. To assure NIR-OVASLP vaccine
functionality in vivo, we mashed the tail-base vaccine-draining lymph nodes from
Figure 1c and incubated them 4 days with OT-I cells, which are SIINFEKL-specific CD8
T cells isolated from a TCR-transgenic mouse. OT-I cells were pre-labeled with CFSE,
a dye that is divided among daughter cells during proliferation and thereby allows
visualization of T cell proliferation by the intensity of CFSE fluorescence in flow
cytometry. OT-I cells incubated with vaccine-draining lymph nodes accumulated to
much higher numbers than OT-I cells incubated with lymph nodes of naive mice,
or without lymph nodes (Figure 3b). FACS measurement of CFSE fluorescence
confirmed that OT-I cells had massively proliferated after vaccination, as shown by
the presence of cells with reduced CFSE fluorescence (horizontal axis) as a result
of dilution by proliferation (Figure 3c). These results indicate that the conjugated
NIRD1 dye leaves SLP functionality fully intact in vitro and in vivo, which validates
correlation studies between SLP imaging and vaccine functionality.

Differential vaccine kinetics reflect local but not systemic T cell responses

To assess whether the varying vaccine kinetics were reflected in the ability to induce
systemic T cell responses, we vaccinated mice with NIR-OVASLP formulated in PBS
or in Montanide emulsions prepared by either Vortex or SE. On day 0, 3 or 14 after
vaccination, mice received an adoptive transfer of vaccine-specific T cell receptor-
transgenic OT-1 CD8 T cells. Three days after T cell transfer, vaccine-draining
lymph nodes and spleens were harvested to analyze the expansion of OT-I T cells
as a measure of vaccine-induced T cell priming. Both formulations of Montanide
emulsions induced strong vaccine-specific T cell proliferation in vaccine-draining
lymph nodes and in the spleen (Figure 4). The higher SLP accumulation in lymph
nodes draining Vortex emulsions, as compared to SE emulsions, was reflected in
slightly stronger local T cell proliferation in lymph nodes, whereas differences in the
spleen were not statistically significant. As expected, the non-adjuvanted peptide
vaccine in PBS induced poor T cell proliferation due to the absence of T cell co-
stimulation, despite the high levels of SLP in the lymph nodes after vaccination. This
finding underscores the well-established important role of Montanide emulsions
as vaccine adjuvants (11, 36). In conclusion, local differences in the presence of
vaccine at the vaccination site and vaccine-draining lymph nodes are not necessarily
reflected in the magnitude of systemic T cell responses. A previous study comparing
different emulsions of a minimal peptide epitope vaccine in IFA, showed slightly lower
T cell responses induced by Vortex-prepared vaccines when compared to Syringe
Extrusion (37). We share their advice that vaccine emulsion protocols should be
standardized to avoid large variability and undesired artefacts such as the inclusion
of air bubbles in the emulsion, which favors the use of the Syringe Extrusion protocol.
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Figure 4. Differential vaccine kinetics reflect local but not systemic T cell responses. Expansion of vaccine-specific
OT-I cells in vaccine-draining inguinal lymph nodes (A) and spleens (B) of mice 3 days after adoptive intravenous
transfer of 1 million OT-1 CD8 T cells. On day 0, 3 or 14 before OT-I transfer, mice were vaccinated in the tail-base
with OVASLP formulated in PBS or in Montanide emulsions prepared by either Vortex or Syringe Extrusion (SE).
Untreated naive mice served as negative controls. The expansion of OT-I cells was quantified by flow cytometry
and is presented as OT-I T cells as a percentage of total CD8 T cells. Statistically significant differences (p<0.05) by
Student’s t-test are indicated by asterisks (SLP-Vortex vs SLP-SE).

In summary, we show the feasibility of live NIR fluorescence SLP visualization and
guantification at the injection site and in draining lymph nodes, and correlate
vaccine kinetics to functionality in terms of T cell. We show that vaccine tracking
can identify differences between vaccine formulations with varying kinetics. This
does not exclude that besides the formulation, the characteristics of the peptide
itself also influence vaccine kinetics (38). This issue can be addressed by comparing
peptides with different lengths and physicochemical properties. Our NIRD1-based
live fluorescence imaging platform serves as a useful tool to investigate fundamental
and applied scientific questions in the field of vaccinology.
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Abstract

Particulate antigen delivery systems aimed at the induction of antigen-
specific T cells form a promising approach in immunotherapy to replace
pharmacokinetically unfavorable soluble antigen formulations. In this study, we
developed a delivery system using the model protein antigen ovalbumin (OVA)
encapsulated in nanoparticles based on the hydrophilic polyester poly(lactide-co-
hydroxymethylglycolic acid) (pLHMGA). Spherical nanoparticles with size 300-400
nm were prepared and characterized and showed a strong ability to deliver antigen
to dendritic cells for cross-presentation to antigen-specific T cells in vitro. Using
near-infrared (NIR) fluorescent dyes covalently linked to both the nanoparticle and
the encapsulated OVA antigen, we tracked the fate of this formulation in mice.
We observed that the antigen and the nanoparticles are efficiently co-transported
from the injection site to the draining lymph nodes, in a more gradual and durable
manner than soluble OVA protein. OVA-loaded pLHMGA nanoparticles efficiently
induced antigen cross-presentation to OVA-specific CD8 T cells in the lymph nodes,
superior to soluble OVA vaccination. Together, these data show the potential of
pLHMGA nanoparticles as attractive antigen delivery vehicles.
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Introduction

Immunotherapy aims at the induction or enhancement of cellular immune
responses against the target of interest, and has the advantage of a high efficacy
and less side effects based on antigen-specificity (1). One of the challenging aspects
in the development of effective strategies for immunotherapy is to secure efficient
antigen presentation by dendritic cells (DCs) in a targeted and sustained manner to
subsequently result in activation of antigen-specific T cells (2). Dendritic cells are
professional antigen-presenting cells (APCs) and have a pivotal role in the initiation
and orchestration of T cellimmune responses (3-6). Immature DCs constantly engulf
and process soluble and particulate antigens, as well as necrotic and apoptotic cells
via various mechanisms (7). Upon maturation, DCs migrate to draining lymph nodes
and present the processed protein antigens in the form of linear peptide epitopes
to CD4 and CD8 T cells through major histocompatibility complex (MHC) class | and
class Il molecules to initiate a proper immune response against the antigens (6,8,9).
The crucial role of DCs in adaptive immunity makes them an important target for
the development of antigen vaccines. The weak immunogenicity of soluble protein
antigens has led to the development of carrier systems that aim for DC targeting
and intracellular antigen delivery (2,10-17). Particulate delivery systems have
several advantages such as protection of antigen against enzymatic degradation and
enhanced uptake by DCs, the possibility of co-delivery of antigen and adjuvants to
DCs, and the possibility of introducing targeting ligands on the surface of the particle
as well as prolonged antigen delivery for sustained antigen-presentation by DCs
(2,3,7,15,18-22). Especially biodegradable polymeric nanoparticles (NPs) have been
used extensively as antigen delivery vehicles (3,15,19,23). In particular, particles
based on poly(lactic-coglycolic acid) (pLGA), a biodegradable polyester, have been
widely investigated for diverse pharmaceutical applications including protein and
antigen delivery (24-29). Several studies have shown the efficacy of antigen-loaded
pLGA particulate systems in the induction of immune responses both in vitro and
in animal models (18,30,31). pLGA particles are far more efficient in generating
long-lasting CD8 T cell immunity than soluble antigen and antigen in incomplete
Freund’s adjuvant (IFA) (32). Nevertheless, pLGA systems have several drawbacks
as peptide/protein-releasing formulations. Upon degradation, acidification inside
the particles results in aggregation and denaturation of the loaded peptide/protein
(33). Moreover, peptide/protein encapsulated in pLGA are prone to chemical
modifications such as acylation (34,35). Altogether these drawbacks lead to
incomplete release (36) of the content from the particles and possible undesired
immunogenicity and other adverse reactions (37). To overcome pLGA pitfalls,
functionalized polyesters such as poly(lactic-co-glycolic-hydroxymethyl glycolic
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acid) (pLGHMGA) and poly(lactic-co-hydroxymethyl glycolic acid) (pLHMGA) have
been developed. These polymers are more hydrophilic than pLGA and therefore
degrade faster, do not show a pH drop inside the degrading particles (38) and
cause much lower acylation. Moreover, they show complete and faster release in
comparison to pLGA particles (39-41). The fate of vaccines after administration has
been investigated in several in vivo imaging studies (42-46). Fluorescence imaging
has received considerable attention during the past few years because of its
advantages such as the ease of translation from in vitro imaging studies and being
non-invasive, fast and cost-effective (47-51). Several in vivo near-infrared (NIR)
fluorescent dyes have been developed with excitation/emission maxima between
700 and 900 nm to minimize tissue absorbance and light scattering, resulting in
increased depth of penetration, low fluorescence background, and high intensity
signals (45). These dyes can be modified or conjugated to antigens or NPs/polymers
(50). A considerable number of vaccine tracking studies with NIR fluorescent dyes
focuses on tracking of DCs rather than the vaccine. Moreover, the fluorescent dye
is often encapsulated in the particles which brings the risk of dye leakage from the
particles (46,52), or is attached to other contrast agents such as superparamagnetic
iron oxide particles (53,54). The use of NIR fluorescent dyes coupled both to the
antigen of interest and to the delivery system may therefore be preferred. In this
study, we evaluate the feasibility of polymeric pLHMGA nanoparticles as a protein
antigen delivery system. The particulate antigen showed a superior ability to induce
antigen cross-presentation to antigen-specific T cells compared to soluble antigen,
both in vitro and in vivo. Using NIR dyes covalently linked to both the nanoparticle
and the model protein antigen, we visualized the delivery system and its content in
real-time, showing gradual relocation from the injection site to the draining lymph
nodes. This shows the potential of pLHMGA nanoparticles as an efficient antigen
delivery system for the induction of antigen-specific cellular immune responses and
suggests its experimental application in cancer research.

Materials and Methods

Materials

Ovalbumin Low Endo™ (OVA, batch X2N13844) was purchased from Worthington,
USA. IRDye800CW and IRDye680RD N-hydroxysuccinimide ester (NHS ester)
were purchased from  LI-COR Biosciences, USA. Alexa647-labeled ovalbumin
was obtained from Molecular probes, The Netherlands. 5-Hexyn-1-ol, polyvinyl
alcohol (PVA; Mw 30000-70000; 88% hydrolyzed), palladium on carbon (Pd/C; 10
% wt. loading dry support), tin(ll) 2-ethylhexanoate (SnOct,), copper(l) acetate,
dimethyl sulfoxide (DMSO) and tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)

74



Nanoparticle vaccine tracking

amine (TBTA) were obtained from Sigma-Aldrich, USA. Benzyl alcohol, sodium
dihydrogen phosphate (NaH,PO,) and disodium hydrogen phosphate (Na,HPO,)
were obtained from Merck, Germany. D,|-Lactide was from Purac, the Netherlands.
N,N-dimethylformamide (DMF), chloroform, dichloromethane (DCM), n-propanol,
methanol, tetrahydrofuran (THF) and toluene were from Biosolve, the Netherlands.
Sodium azide (NaN,, 99%), sodium hydroxide (NaOH) and sodium dodecyl sulfate
20% (SDS) were purchased from Fluka, the Netherlands. Bicinchoninic acid assay
(Micro BCA) reagents were obtained from Thermo Scientific (USA). Pyrogen-free
water was purchased from Carl Roth (Germany). Phosphate buffered saline (1.8
mM NaH_PO,, 8.7 mM Na,HPO,, 163.9 mM Na*, 140.3 mM CI) (PBS) was obtained
from B Braun, Germany. Toluene and DMF were dried on 3A molecular sieves
prior to use. Chemicals were used as received without further purification, unless
otherwise stated. Azide-functionalized water-soluble near-infrared fluorescent dye
10 (azide-NIR10) was prepared as described elsewhere (55). (Experimental details
are provided in supporting information).

Synthesis of copolymers of 3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-
dione with d,l-lactide (pLHMGA).
3S-(benzyloxymethyl)-6S-methyl-1,4-dioxane-2,5-dione (benzyloxymethylmethyl-
glycolide) (BMMG) was synthesized as described before (56). A copolymer of
d,I-lactide and BMMG (50:50 molar ratio) was synthesized via ring opening
polymeriztion at 130 °C using benzyl alcohol as initiator with a 100/1 monomer-
to-initiator molar ratio and stannous octoate (SnOct,) as catalyst (Figure 1) (39,56).
In a typical procedure, vacuum dried monomers (BMMG (2840 mg, 11.35 mmol)
and d,l-lactide (1630 mg, 11.35 mmol)) were introduced into a dry schlenk tube
under a nitrogen atmosphere. Next, benzyl alcohol (24.5 mg, 0.226 mmol; 223.1 uL
from a 109.8 mg/mL stock solution in toluene) and Sn(Oct), (45.9 mg, 0.113 mmol;
409.8 pL from a 112 mg/mL stock solution in toluene) were added. Toluene was
evaporated under vacuum for 2 hours, the tube was closed and immersed into a
preheated 130°C oil bath for 16 hours while stirring. Next, the obtained polymer
was dissolved in 10 mL chloroform and subsequently precipitated in 500 ml cold
methanol to remove the unreacted monomers and to precipitate the polymer, which
was collected by filtration and vacuum dried to yield 4.5 g (90%) poly (d,I-lactic-co-
benzyloxymethylglycolic acid) (pLBMGA). Subsequently, pLBMGA was dissolved in
500 mL THF, and 5 g of 10 % w/w Pd/C catalyst was added. The flask was filled with
hydrogen in three consecutive steps of subsequent evacuation and refilling with
H, and the reaction mixture was stirred for 16 hours under a H, pressure. Next,
Pd/C was removed using a glass filter and THF was removed by evaporation. The
obtained polymer was then dissolved in 5 mL chloroform and precipitated in 200
mL n-propanol and vacuum dried after filtration to yield 3 g of pLHMGA (84%).
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Synthesis of hexyn-poly(d,l lactide)(hexyn-pDLLA) to couple to azide-NIR10 via
click chemistry

Hexyn-pDLLA was synthesized via ring opening polymerization similar to the method
described in section 2.2.1. Briefly, vacuum dried d,| lactide (396 mg, 2.75 mmol)
was transferred into a dry schlenk tube under a nitrogen atmosphere. Next, the
initiator, 5-hexyn-1-ol (monomer-to-initiator ratio was 70 to 1, 3.85, 0.039 mmol;
75.5 plL from a 51 mg/mL stock solution in toluene and Sn(Oct), (7.9 mg, 0.020
mmol; 71.2 uL from a 112 mg/mL stock solution in toluene) were introduced into
the schlenk tube. The tube was evacuated for 2 h, sealed, and immersed in an oil
bath thermostated at 130 °C. The polymerization was performed for 16 hours and
the formed polymer was purified by dissolution in chloroform and precipitation
in n-propanol followed by filtration and vacuum drying to yield 370 mg of hexyn-
pDLLA (Yield: 92 %).

Conjugation of azide-NIR10 to hexyn-pDLLA by click chemistry

Conjugation of the azide-NIR10 to hexyn-pDLLA was performed using copper
catalyzed azide-alkyne cycloaddition (57-60). In a typical procedure, 30.4 mg hexyn-
pDLLA (1.84 pmole) and 2 mg azide-NIR10 (1.84 umole) were transferred into a
vial. Then copper () acetate (0.2 mole per mole of polymer) and TBTA (0.05 mole
per mole of polymer) were added to the vial from their stock solution in dried
DMF and the volume was adjusted with DMF to 250 pL. The system was flushed
with nitrogen for 20 minutes and the reaction was performed at 40 °C overnight.
The obtained conjugate (NIR10-pDLLA) was purified by precipitation in water. The
obtained precipitate was washed with water and freeze dried at -50 °C and 0.7 mbar
overnight (Chris Alpha 1-2 freeze-drier, Germany). The conjugation efficiency was
calculated using GPC analysis by dividing the area under the chromatogram of the
conjugated polymer using UV detection by the area under the curve of reaction
mixture (Yield: 76%).

Polymer characterization

NMR Spectroscopy: A Gemini 300 MHz spectrometer (Varian Associates Inc.,
USA) was used to conduct H-NMR measurements at 298 K. Chemical shifts
are reported in ppm with reference to the solvent peak (6) 7.26 ppm for CDCL..
Gel Permeation Chromatography (GPC): Molecular weight and molecular weight
distribution (polydispersity index (PDI); weight average molecular weight/
number average molecular weight) of the synthesized pLHMGA was measured
by using a Waters Alliance system (Waters, USA) with a Waters 2695 separating
module equipped with Waters 2414 refractive index detector. Fifty uL of 5 mg/
mL sample was injected onto two PL-gel 5 um mixed-D columns fitted with a
guard column (Polymer Laboratories, M = range 0.2-400 kDa). Polystyrene
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standards were used to calibrate the columns and AR grade THF was used as
eluent at a flow rate of 1 mL/min and a run time of 30 minutes. For hexyn-pDLLA
and NIR10-pDLLA, DMF containing LiCl 10 mM was used as eluent and a Waters
2478 UV detector was connected to the system and the UV absorbance of the
dye was measured at 700 nm. Polyethylene glycol (PEG) standards were used to
calibrate the column. The flow rate was set at 0.7 mL/min with a run time of 40
minutes. The results were analyzed using Empower software v. 2 (Waters, USA).
Differential Scanning Calorimetry (DSC): The thermal properties of the polymers
were established by using differential scanning calorimetry (Discovery DSC, TA
instrument, USA). Two to five mg of polymer sample was loaded into an aluminum
pan which was subsequently heated from room temperature to 120 °C, with a
heating rate of 5 °C/min, followed by cooling down to -50 °C. Thereafter, the sample
was heated to 120 °C with a temperature modulation of +1 °C and a ramping rate of
2 °C/min. The glass transition temperature (Tg) was recorded as the midpoint of the
heat capacity change in the second heating run.

Labeling OVA with NIR fluorescent dyes

OVA was labeled with either IRDye800CW (IR800) or IRDye680RD (IR680) by coupling
the NHS ester of the dyes to the protein. In a typical procedure, 20 mg of OVA was
dissolved in 1 mL PBS (B Braun, Germany) pH 7.4 and the pH was adjusted to 8.5
by adding 0.1 mL of K.HPO, 1 M pH 9. The IRDye680RD NHS ester was dissolved
in DMSO (4 mg/mL) and 0.25 mL of the stock solution containing 1 mg of the dye
was added to the OVA solution at a 2:1 molar ratio. The reaction was carried out
at room temperature for two hours. The unreacted dye was subsequently removed
with pyrogen-free water by using Zeba™ spin desalting columns equilibrated with
pyrogen-free water in two consecutive steps and IR680-OVA was collected after
freeze drying (yield: 85%). IR8OOCW was conjugated and purified by using the same
procedure with a dye/OVA feed molar ratio of 1.7 to 1 (yield: 79%).

Characterization of labeled-OVA

IR680-0OVA was characterized by GPC using a Waters UPLC Acquity system equipped
with a fluorescence detector. Two channels were used: channel 1 for detection of the
protein (excitation at 280 nm and emission at 340 nm) and channel 2 for detection
of the IR680 signal (excitation at 672 nm and emission at 694 nm). Seven and a half
pL of IR6E80-OVA (10 pg/mL in PBS) was injected onto a BEH450 SEC 2.5 um column
(Waters, USA). PBS was used as elution buffer and the flow rate was set at 0.25 mL/
min. To calculate the dye/OVA molar ratio, the UV spectrum of the freeze-dried
labeled OVA was recorded (Shimadzu 2450, Japan) and the absorbance values at
280 nm (A,,)) and 672 nm (A_,,) were used to calculate the degree of conjugation
according to the following formula: (Dye/OVA) = (A,,,/eDye) / ((A,,,— 0.07*A_,)/
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€OVA)). Dye/OVA is the molar ratio of IR680 to OVA and the molar extinction
coefficient of IR680 (eDve) is 165,000 M cm™ (according to the manufacturer) and
the molar extinction coefficient of OVA (g ,) is 30590 M~ cm™ (61). IR800-OVA was
characterized similarly by using the corresponding wavelengths suitable for IR800.

Preparation of nanoparticles

OVA loaded nanoparticles (NPs) were prepared by using a double emulsion solvent
evaporation method essentially as described before (62). In brief, 50 pL of 30 mg/
mL OVA solution in pyrogen-free water was emulsified by sonication (30 s, 20
W-ultrasonic homogenizer (Labsonic P, B. Braun Biotech, Germany) in a solution of
50 mg of pLHMGA in 1 mL of DCM to obtain a water -in-oil emulsion (Wl/O). Next,
2 mL of PVA 1% w/v solution in pyrogen-free water (filtered through a 0.2 um filter)
was added to this first emulsion and a water-in-oil-in-water emulsion was formed
by a second round of sonication for 30 seconds. The double emulsion (Wl/O/WZ)
was then added dropwise to 25 mL of PVA 0.3% w/v in pyrogen-free water at 40
°C while stirring for rapid removal of DCM. After 1 hour, the particles were collected
by centrifugation for 30 min at 20,000 g, washed with PBS and consecutively with
water, resuspended in pyrogen-free water, and freeze-dried overnight. Dual labeled
NPs containing NIR10-labeled pLHMGA and IR680-OVA were prepared using the
same method by addition of 4 mg of NIR10-pDLLA to 50 mg of pLHMGA and using
IR680-OVA (20 mg/ml) as internal water phase. For preparation of empty NPs, NPs
loaded with  IR800-OVA or Alexa647-OVA, 50 ul pyrogen-free, 50 ul of 20 mg/mL
IR800-OVA or Alexab647-OVA was used as internal water phase.

Nanoparticle characterization: Size and morphology analysis

Dynamic light scattering: The size of NPs was measured with dynamic light
scattering (DLS) on an ALV CGS-3 system (Malvern Instruments, Malvern,
UK) equipped with a JDS Uniphase 22 mW He—Ne laser operating at 632.8
nm, an optical fiber-based detector, and a digital LV/LSE-5003 correlator.
Freeze dried NPs were suspended in deionized water (Rl = 1.332 and viscosity
0.8898 cP) and measurements were done at 25 °C at an angle of 90°.

Transmission electron microscopy (TEM): The size and morphology of NPs were
analyzed by using transmission electron microscopy (TEM, FEl Tecnai T10). A droplet
of nanoparticle suspension in water was placed on a carbon coated copper grid and
the sample was stained with 2% uranyl acetate. NPs were 