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SUMMARY

Introduction: The immune system has the ability to specifically destroy tumor cells and to
form an immunological memory to prevent cancer recurrence based on the expression of

tumor antigens. This is evidenced by the fact that most tumors are infiltrated with CD8*
cytotoxic T lymphocytes (CTLs) that are generally referred to as tumor-infiltrating
lymphocytes (TILs). Recently developed therapies aim to induce an antitumor immune
response by providing the required stimuli to activate T-cells in an antigen specific way.
However, once these active immune cells reach the tumor, they encounter strong inhibitory
signals provided by the tumor and their supporting cells. Blocking these inhibitory
mechanisms is an interesting approach to maintain and to reinforce the antitumor immune
response. Therefore, we propose to target the inhibitory checkpoint ligand PD-L1 using
nanobodies (Nbs) as these are stable, soluble, have a high affinity and specificity, and show
an excellent tissue penetration, making them particularly suitable for tumor targeting.
Material and methods: After the production and characterization of Nbs against the
inhibitory receptor ligand PD-L1, we selected three of them based on their affinity and
specificity for recombinant PD-L1 protein and binding to both mouse and human PD-L1
expressing cells. We further evaluated whether purified PD-L1 specific Nbs can be used to
visualize PD-L1 in the tumor environment. Therefore, radiolabeled Nbs were injected in
tumor bearing mice and y-decay was analyzed using SPECT/CT. Next, we performed a
functional assay where PD-L1 expressing murine dendritic cells (DCs) or TC-1 tumor cells
were co-cultured with murine CD8" T-cells in presence or not of the selected anti-PD-L1
Nbs. The use of a blocking antibody (Ab) specific for PD-L1 served as a control. The
principle is based on the knowledge that blocking interaction of inhibitory ligand/receptor
couples during antigen presentation between DCs and antigen specific T-cells, can enhance
T-cell functionality. We thereby measured the cytokine production by T-cells after 48 hours of
co-culture using flow cytometry as this is representative for their functionality. Moreover, we
also measured the effect of PD-L1 blockade on the viability of TC-1 tumor cells and T-cells in
these co-cultures.

Results: The Nb characterization resulted in the selection of three Nbs specific for human
mouse PD-L1. Imaging assays demonstrated that the accumulation of Nb C3 in the tumor
environment correlates with the presence of PD-L1 on the tumor cells. Moreover, we showed
that the functionality of mouse CD8* T-cells co-cultured with DCs was significantly enhanced
when using an anti-PD-L1 Ab or the Nb C7. Similarly, the presence of a blocking Ab during
tumor cell-CD8" T-cell interactions does significantly affect the functionality of CD8" T-cells.
However, PD-L1 blockade seemed not to affect the viability of tumor cells nor CD8* T-cells.
Conclusion: Current findings suggest that Nbs, which specifically bind PD-L1 can be used
for imaging purposes. Additionally, Nb-mediated blockade of the inhibitory receptor ligand
PD-L1 resulted in enhanced functionality of T-cells co-cultured with DCs or TC-1 cells in an
in vitro functional assay. These preliminary findings warrant further research into the use of
Nbs as theranostics.
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INTRODUCTION

1. The function and dysfunction of the immune system in cancer

The immune system has the ability to specifically destroy tumor cells and to form an
immunological memory to prevent cancer recurrence based on the expression of tumor
antigensl. This is evidenced by the fact that most tumors are infiltrated with CD8* cytotoxic T
lymphocytes (CTLs) that are generally referred to as tumor-infiltrating lymphocytes (TILS).
These TILs when unhampered can kill tumor cells. This process was formerly known as
cancer immunosurveillance and is the first phase, the so-called elimination phase, in the
immunoediting that takes place as a consequence of bilateral communication between tumor
cells and host immune cells as illustrated in Figure 1A2,

Malignant progression is decided on during the equilibrium phase in which tumor cells that
are resistant to TILs are selected for. It has become clear that surviving tumor cells have the
ability to subvert normal immune regulation to their advantage. Tumor cells have developed
mechanisms that interfere in every stage of the tumor specific immune response. An immune
response starts with presentation of antigens by mature dendritic cells (DCs) to T-cells. In
the tumor environment the DC function is inhibited by factors like transforming growth factor-
B (TGF-B), interleukin (IL)-10, macrophage colony-stimulating factor (M-CSF), et cetera.
Consequently, the differentiation from immature to mature DCs is blocked. Immature DCs
express low levels of major histocompatibility complex (MHC) molecules, co-stimulatory
molecules like CD80 (B7.1) or CD86 (B7.2), and pro-inflammatory cytokines like IL-12, while
they express high levels of co-inhibitory molecules like programmed death-ligand 1 (PD-L1,
B7-H1, CD274), and immunosuppressive cytokines like TGF-B and IL-10. Immature DCs are
trapped in the tumor and induce anergy of effector T-cells, and expansion of regulatory T-

cells (Tregs)3. Homing of effector T-cells from lymph nodes, the site where they are
activated, to tumors is also impaired because tumor cells modulate the expression of T-cell
attracting chemokines?. In addition, endothelial cells that form the tumor vasculature are able
to block the extravasation and activity of effector T-cells*. Tumor cells further actively recruit
and mold immunosuppressive cells like Tregs5 and immature myeloid cells (referred to as
Mregs)G, including tumor-associated macrophages (TAMs)7 and myeloid-derived suppressor

cells (MDSCS)8. To recruit and promote these cell populations, tumor cells secrete
chemokines and factors like prostaglandin E2 (PGEZ2), vascular endothelial growth factor
(VEGF), IL-10, and TGF-B. Together, Tregs and Mregs actively quench effector T-cells
through inhibition of DC and T-cell activation. Mechanisms such as production of
suppressive cytokines like 1L-10 and TGF-B, production of reactive oxygen and nitrogen
species, and triggering of inhibitory receptors like programmed death-1 (PD-1, CD279) are
exploited for these purposes. Finally, tumors have developed direct mechanisms to prevail in
the event that functional effector T-cells do reach the tumor. For instance, tumors can down-

regulate MHC-I expression to avoid recognition by CTLs, express molecules like Fas ligand

(FasL, CD95) and PD-L1 to induce T-cell death or anergy in case recognition would occur®.

Once immunosuppressive cells and TIL resistant tumor clones take the overhand, TILs are
rendered inactive and as such we enter the escape phase of the immunoediting process
(FigurelB).
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Figure 1: Immunoediting is a process that consists of three phases: elimination, equilibrium and escape.
(A) During the elimination phase, the immune system is able to recognize and eliminate tumor cells using natural

killer (NK) cells, CD4* and CD8" T-cells. The equilibrium phase (not illustrated) is the phase during which tumor
cells, with a non-immunogenic phenotype, can escape immune destruction and are selected for further growth.
(B) The selected tumor cells will breach the host immune defenses during the escape phase by gaining genetic
and epigenetic changes. An example is the ability of tumor cells to secrete VEGF, which recruits tumor-
associated immature myeloid cells inducing an immunosuppressive network, leading to tumor progression.

This knowledge has instigated research into the design of immunotherapy approaches to
treat cancer. Much effort has been put in stimulation of de novo cancer specific CTLs,
showing CTL induction in most patientslo. However, the newly stimulated CTLs also
encounter inhibitory mechanisms at the tumor environment. Therefore, methods to enhance
and/or sustain their functionality in the tumor environment are receiving increasing attention.
These methods include among others the use of monoclonal antibodies (mAbs) blocking
inhibitory immune checkpoint pathways as well as methods to deplete or modulate
suppressive immune cells at the tumor environment as reviewed elsewhere!l. Both CTL
activating approaches as tumor environment modulating approaches have a substantial
impact on the treatment of patients with advanced, previously untreatable malignancies,
albeit often only in a subset of patients. It is expected that combinations of different cancer
immunotherapy approaches will transform cancer treatment, improving the prognosis for

many patients!?

2. Inhibitory immune checkpoint modulation, a breakthrough in cancer
immunotherapy

2.1. Background on inhibitory immune checkpoints

Three signals need to be provided by antigen-presenting cells, like DCs, to activate and
differentiate naive T-cells (Figure 2)13. The first signal is provided by functional recognition of
the peptide-MHC complex on the surface of DCs by the T-cell receptor (TCR) and its
associated proteins, expressed on the surface of T-cells. The second signal, is provided by
co-stimulatory surface molecules like CD80 and CD86, which are expressed on mature DCs
and which bind to co-stimulatory receptors, in this case CD28, which is expressed on T-cells.



Such co-stimulatory ligand-receptor pairs are also referred to as stimulatory immune
checkpoints. A third signal is provided by DCs under the form of cytokines and largely
dictates the type of immune response that will be generated. For example, the production of
interferon (IFN)-a/B or IL-12 as an answer to intracellular pathogens, promotes the
differentiation of CD4* T-cells into T helper 1 cells, which produce large amounts of IFN-y

and tumor necrosis factor-a (TNF-a), and which support the activation of CTLs!. without
the second and third signal, T-cells are unable to become activated, even when signal 1 is
provided. Signal 1 and 2 can only be provided by DCs when they encountered pathogen or
damage-associated molecular patterns, which bind pattern-recognition receptors and as
such induce DC maturation.
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Figure 2: Activation and differentiation of T-cells. Antigen-presenting cells like DCs can recognize damage- or
pathogen-associated molecular patterns through various pattern-recognition receptors. Consequently, DCs start
a maturation process characterized by up-regulation of MHC and co-stimulatory molecules, and secretion of
particular cytokines. The cytokine milieu dictates the differentiation of T-cells to a subset that is functionally
specialized to respond to the encountered pathogen. Upon differentiation, T-cells also produce cytokines, as such
providing feedback, amplifying and balancing the immune response to promote pathogen clearance. Sustained T-
cell immune responses from any of the T-cell subsets results in a range of immunopathologies from autoimmunity
to allergy and cancer. To avert exaggeration of the T-cell response, the immune system produces Tregs, a T-cell

subset that puts the brake on a variety of inflammatory processes. Moreover, once activated, T-cells also express

an array of inhibitory receptors (iRs), which also put a brake on the T-cell response14.

Activated T-cells will vigorously proliferate and differentiate into effector T-cells. Moreover,

these cells can create a positive feedback loop by stimulating the expression of co-

stimulatory proteins on antigen-presenting cells, hence amplifying the T-cell response14.

Importantly, T-cell responses are tightly regulated. After containment of the hazardous event,
for instance intruding pathogens, there are various processes brought in play to remove the
still active immune cells. These so-called extrinsic and intrinsic inhibitory signals, provided to



active immune cells in the termination phase, are essential to circumvent collateral damage,
unrestrained multiplication and even autoimmunity. Extrinsic inhibition is for example
maintained by Tregsl5. Involved in the intrinsic inhibition are inhibitory receptors (iRs) that

are expressed on activated T-cells. Together with their ligands, iRs form inhibitory immune
checkpoints. Figure 3 illustrates a number of different iRs expressed on T-cells.

Ligand on tumor cell/
profesional APC

. :galocnnO

Receptor on T cell |
CTL-A4 PD-1 LAG-3

Figure 3: iRs implicated in the control of T-cell responses. Activated T-cells express iRs that together with
their ligand form inhibitory immune checkpoints. Their expression is instigated to prevent sustained activation of
T-cells. The iRs shown in figure 3 are cytotoxic T-lymphocyte antigen-4 (CTLA-4), PD-1, T-cell immunoglobulin

domain and mucin domain-3 (TIM3) and lymphocyte-activation gene 3 (LAGS)lG.

The best-studied iRs in the context of cancer immunology are CTLA-4 (CD152) and PD-1,
which bind to CD80 (B7.1)/CD86 (B7.2) and PD-L1 (B7-H1)/PD-L2 (B7-DC) respectively.
Other receptors, involved in inhibition of the T-cell function during cancer development
include LAG3 (CD223) and TIM3 (CD336). As this thesis focuses on the inhibitory signals
mediated by the interaction between PD-L1 and PD-1, we will only briefly summarize how
triggering of CTLA-4, TIM3 or LAG3 affects antitumor immunity, while in the following section
we will provide a detailed description of the PD-1/PD-L1 pathway.

CTLA-4, a homologue of the co-stimulatory molecule CD28 is expressed on CD4* and CD8*

T-cells after activation while Tregs express it constitutively. This iR shows a high affinity for
CD80 and CD86 present on DCs leading to the inhibition of T-cell proliferation, cell cycle

progression, and IL-2 synthesis“. In contrast, interaction of CTLA-4 on Tregs to its ligands
is believed to enhance Treg activity*2.

LAG3 is an activation-induced cell surface protein expressed by T-cells, B cells, NK cells,
Tregs and plasmacytoid DCs. This CD4-like molecule down-regulates the proliferation and

activity of effector T-cells without hampering their viabilitylg. Importantly LAG3 on Tregs, as

well as on CD8" T-cells was shown to endow them with suppressive activity?®. The binding

partner of LAG3 is MHC-II, for which the expression is generally linked to antigen-presenting
cells like DCs. Binding of LAG3 to MHC-II on DCs inhibits their maturation and as such T-cell

activation®L. Importantly, MHC-II expression is not restricted to antigen-presenting cells, also

Tregs and melanoma cells can express MHC-11?2. These cells exploit this MHC-II expression

to interact with LAG3 on effector T-cells. Tregs, which acquire MHC-II via trochocytosis,
exploit MHC-II to suppress LAG3 expressing CTLs, while melanoma cells exploit this MHC-II
expression to protect themselves against LAG3 expressing CTLs.
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TIM3 is expressed on active CD4" and CD8" T-cells and interacts with galectin-9. This will
trigger the termination of immune responses and can even lead to T-cell death. Moreover,
TIM3 is a negative regulator of antitumor immune responses as it causes T-cell exhaustion

and stimulation of MDSCs?23.

Receptor Ligand(s) Modulation Proposed mode of action
Ipilimumab (Yervoy®, fully human anti-CTLA-4 Blockade of negative signals to CTLA-4 positive
CTLA-4 CD80 (B7.1) mADb, Bristol-Myers Squibb) > FDA and EMA effector T-cells.
(CD152) CD86 (B7.2)  approved. Blockade of Treg activity and even depletion of
Tremelimumab (fu@/ human anti-CTLA-4 mADb, CTLA-4 expressing Treg through antibody-
Pfizer, Medimmune) ~ FDA approved. dependenT-cellular cytotoxicity (ADCC).
Nivolumab (Opdivo®, fully human anti-PD-1 Blockade of negative feedback provided to PD-
PD-1 PD-L1 mAD, Bristol-Myers Squibb) ~ FDA and EMA 1 expressing effector T-cells.
(CD279) (CD274,B7-  approved. Depletion of PD-1 expressing Treg through
H1), PD-L2 Pembrolizumab (Keytruda, humanized anti-PD- ~ ADCC.
(CDh273, B7- 1 mAb, Merck) ~ FDA and EMA approved.
DC) MEDI0680 (APM-514, Medlmmune)
Pidilizumab (CT-011, humanized anti-PD-1
mADb, CurTech)
Anti-human TIM3 mAbs  in development Blockade of TIM3 enhances effector T-cell
TIM3 Gal9 (Tesaro). functionality.

(CD336) (Galetin 9) Blockade of TIM3 affects Treg functionality.
Blockade of TIM3 enhances the ability of tumor-
infiltrating DCs to sense danger.

Recombinant soluble LAG3-Ig fusion protein IMP321 acts as an immune adjuvant. anti-
LAG3 MHC-II (IMP321) in development (Prima Biomed). LAG3mAbs enhance effector T-cell
(CD223) Anti-LAG3 mAbs (IMP701, Novartis and BMS- functionality.

986016, Bristol-MyersSquibb)” N
development.

Table 1: Overview of strategies that are studied to interfere with inhibitory immune checkpoint pathways24 25,

A crucial aspect of the immunosuppressive tumor environment is the ability of tumors to
skew the balance between co-stimulation and co-inhibition towards co-inhibition, thus
dampening antitumor immune responses. This is effective against both spontaneous and de
novo induced antitumor immunity. Several strategies are being developed to neutralize the
effect of iRs as their ligands are co-opted by tumors to dampen antitumor immunity. So far,
much effort has been put in developing mAbs or soluble antigens as a tool to bind and
hamper the signaling of these iRs. A summary of these so-called immune checkpoint
modulators and their proposed mode of action is provided in Table 1.

It is fair to state that the early results obtained in melanoma patients using mAbs such as
ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) have reinvigorated the field of cancer
immunotherapy, and have changed the way cancer is treated today?® 27. Unleashing the
immune system to fight cancer has become an option for the treatment of various cancers
including lung, breast, bladder and renal cancers. As the list of iRs is growing, the number of
mAbs under development is growing and blocking of some of these iRs, such as LAG3 and
TIMS3, is being pursued in the clinic. The increasing clinical use of mAbs that block iRs has
revealed two main challenges: the challenge to predict which iR or combination thereof
should be targeted in a patient and the challenge to combine this iR modulation with other

therapies in patients that have tumors, which are poorly infiltrated with effector T-cells?2.

11



2.2. The PD-1/PD-L1 pathway

Programmed death-1 receptor (PD-1) is a member of the B7 receptor family. It was originally
identified as a gene that is highly expressed by cells undergoing programmed cell death,

hence its name?. PD-1 is up-regulated upon activation of T-cells, although it has been
shown on human T-cells that PD-1 can be up-regulated in the absence of TCR triggering
through the addition of cytokines30. Although PD-1 as an iR is mainly associated with T-
cells, its expression is not limited to activated T-cells. PD-1 is also expressed on activated B
cells and myeloid cells®232. Moreover high levels of PD-1 are present intracellularly in
Tregs. These are ready to be shuttled to the cell surface upon TCR stimulation33.

The ligands for PD-1 are B7-H1 (PD-L1) and B7-DC (PD-L2). Expression of PD-L1 can be

induced on different T-cell types, including monocytes, DCs, mast cells, T and B cells,
epithelial, endothelial and muscle cells. In contrast, the expression of PD-L2 is restricted to

DCs, macrophages and mast cells®#3%3%_ |t is also important to note that PD-L1 expression
has been reported on several human and mouse tumors®’. Similar to PD-1, PD-L1 can bind

to multiple surface markers. Besides its interaction with PD-1, it has been described that PD-
L1 can bind CD80 (B7.1). The interaction of PD-L1 with both PD-1 and CD80 reflects the
complexity of the signaling pathways that involve PD-L138:39,

It was shown that CD80 expressed on T-cells delivers an inhibitory signal to T-cells following
its ligation with PD-L1 in vitro38:40, Conversely, PD-L1 expressed on T-cells transduced an
inhibitory signal to T-cells after its interaction with CD80%8. So far, it has not been
demonstrated that similar T-cell-T-cell interactions occur in vivo. Moreover, it remains to be
clarified whether interaction of CD80 expressed on DCs and MDSCs, with B7-H1 on T-cells

would result in a similar inhibitory signal, although some studies allude to this situation™®.

Binding of PD-L1 to PD-1 is generally accepted to have an inhibitory outcome (Figure 4),
although contradictory results have been obtained in vitro showing both negative and

positive signaling of PD-L1 on T-cell proliferation and cytokine production42. Despite these
contradicting in vitro studies, stimulation of PD-1 by PD-L1 has been linked to several
immune repressing events in vivo, such as conversion of naive CD4" T-cells to Treg43 and
enhanced proliferation of Treg44. Moreover, stimulation of PD-1 on effector T-cells hampers
their cell functionality among others by inhibition of kinases involved in T-cell activation®?,
induction of cell death?® and modulation of the duration of T-cell-DC or T-cell-T-cell contact
by down-regulation of the TCR*®4647_ The net effect of this all is a reduced number of T-
cells, which in addition show a reduced capacity to secrete cytokines*84%. Tumor cells also
use the PD-1/PD-L1 pathway to evade antitumor immunity. Many human cancers aberrantly
express PD-L1, which is linked to so-called intrinsic and adaptive immune resistance.

Intrinsic resistance refers to the expression of PD-L1 caused by genetic alterations and
activation of several signaling pathways. Although not yet fully understood, recent studies

link PD-L1 expression on cancer cells to over expression of MYC®® and BRCA2%! mutations.
Adaptive resistance refers to the up-regulation of PD-L1 on tumor cells as a consequence of

an inflammatory environment®?. Indeed, activated CD4* T helper 1 cells, CD8" T-cells and
NK cells produce high amounts of IFN-y, and as such induce up-regulation of PD-L1.
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Cancer cells that express PD-L1 are protected from cell death as PD-L1 provides anti-
apoptotic stimuli®3 and as they become refractory to CTL mediated killing®#°°. Moreover,
interaction between PD-L1 expressed on tumor cells and PD-1 expressed on effector T-cells

directly induces T-cell apoptosis56. Therefore, it is not surprising that expression of PD-L1 is

a poor prognostic factor in several cancer types, including ovarian cancer®’°8, renal

cancer®?, pancreatic cancer®®, hepatocellular cancer®! and breast cancer®2-63.

CD8+
effector
T cell

Cancer cell

Dendritic cell

Figure 4: The PD-1/PD-L1 interaction between DCs and T-cells, DCs and Tregs, and finally between tumor
cells and T-cells. The net effect after interaction of T-cells with DCs is the inhibition of effector T-cells and the
stimulation of Tregs. Additionally, interaction between effector T-cells and cancer cells via the PD-1/PD-L1
pathway will lead to the inhibition of these effector T-cells hence protecting the cancer cells from being destroyed.

2.3. Cancer immunotherapy with PD-1/PD-L1 blockade

Different mAbs that disrupt the PD-1/PD-L1 axis are evaluated in a clinical setting. These
can be categorized into mAbs that target PD-1 or PD-L1. Promising PD-1 targeting mAbs
include nivolumab (Bristol-Myers Squibb); pembrolizumab (Merck) and pidilizumab
(CureTech), while promising PD-L1 targeting mAbs include MPDL3280A (Genentech) and
BMS-936559 (Bristol-Myers Squibb) (Table 2).

Anti-PD-1 mAbs have shown highly durable response rates with acceptable toxicity in large
phase | studies for treatment of patients with melanoma, non small cell lung cancer, renal
cell carcinoma and other solid tumors?” 84, As a consequence anti-PD-1 mAbs have been
tested in phase Il clinical trials, mainly for the treatment of melanoma patients. In some of
these studies, patients already received prior treatment like treatment with ipilimumab (anti-
CTLA-4 mADs). Despite the failure of ipilimumab and the advanced stage of the disease,
treatment with nivolumab or pembrolizumab resulted in impressive survival results, albeit
with occasional reports of high-grade treatment-related adverse events® 6. Consequently,
both PD-1 targeting mAbs were FDA approved. Also pidilizumab, which has been mainly

evaluated for treatment of patients with hematologic malignancies has delivered on its

promise®”’.
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Target Drug information Clinical response rate Phase Patients
PD-1 Nivolumab 12.8% in treatment-refractory metastatic melanoma, castrate-resistant prostate cancer, RCC, 1 39
Humanized IgG4a NSCLC, or CRC
Bristol-Myers Squibb 28% in advanced melanoma, 18% in NSCLC, 27% in RCC 1 296
40% in melanoma treated with nivolumab + ipilimumab, 20% in nivolumab followed by 1 86
ipilimumab
87% in relapsed or refractory Hodgkin"s lymphoma 1 23
14.5% in refractory NSCLC 2 117
31.7% in advanced melanoma progressed after anti-CTLA-4 3 405
40% in previously untreated melanoma without BRAF mutation 3 418
17% in previously treated advanced NSCLC 2 129
29% in previously treated advanced RCC 2 34
20% in advanced squamous-cell NSCLC 3 272
57.6% (nivolumab+ipilimumab), 19% (ipilimumab), 43.7% (nivolumab) in stage IlI/IV 3 945
melanoma
~ PD-1 | Pembrolizumab ~ 38%in melanoma 1 135
Humanized IgG4k 26% in ipilimumab-refractory advanced melanoma 1 173
Merck 63% versus 0% in stage IV NSCLC patients with high and low nonsynonymous mutation 1 29
burden
19.4% in advanced NSCLC 1 495
40% and 0% in mismatch repair—deficient/proficient CRC 2 41
33% (pembrolizumab) and 11.9% (ipilimumab) in advanced melanoma 3 834
~ PD-1 | Pidilizumab ~ 51% in diffuse large B cell ymphoma (after HSCT) 2 66
Humanized IgG1 66% in relapsed follicular lymphoma 2 32
CureTech
""" PD-L1  MPDL3280A  21% in advanced incurable cancer NSCLC, SCLC, melanoma, RCC, CRC, gastric cancer, 1 277
Fc-modified human head and neck squamous cell carcinoma, breast cancer, ovarian, pancreatic cancer, uterine
IgG1b cancer, sarcoma, pancreaticoduodenal cancer
Genentech/Roche 52% in metastatic bladder cancer 68
""" PD-L1  BMS-936559 17.3% in melanoma, 11.7% in RCC, 10.2% in NSCLC, 5.9% in ovarian cancer 1 207

Fully human lgG4a
Bristol-Myers Squibb

Table 2: Clinical trials using mAbs that block the PD-1/PD-L1 axis (adapted from68).
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Targeting PD-L1 has been studied as a second option to interrupt negative signaling towards
T-cells. This approach could potentially be more interesting as PD-L1 provides negative
signals to T-cells by interacting with PD-1 as well as CD80. PD-L1 targeting mAbs would
prevent both of these interactions, while PD-1 targeting mAbs would only prevent the PD-1
mediated negative signaling. On the other hand targeting of PD-1 prevents its interaction
with PD-L2, and as such abrogates PD-L2/PD-1 mediated negative signaling to T-cells, while
potentially allowing PD-L2 to interact with a second receptor to convey co-stimulatory signals

36,69 Thus different biological effects can be expected when using anti-PD-1 or anti-PD-L1
targeting mADbs.

Anti-PD-L1 mAbs, including BMS-956559 and MPDL3280A have been evaluated in phase |
clinical trials in a variety of indications like bladder cancer, head and neck cancer and
gastrointestinal malignancies®® 0. while BMS-956559 is no longer under clinical
development’!, other anti-PD-L1 mAbs like MPDL3280A (Roche)’?, MEDI4736

(Medimmune/AstraZeneca)’® and MSB0010718C (EMD Serono)’4 have been successfully
developed and tested in phase | clinical trials. Further development of these mAbs is
ongoing.

Although different biological effects were expected when using PD-1 or PD-L1 targeting
mADbs, it seems that both achieve comparable levels of clinical response. Also treatment-
related toxicities are comparable for both anti-PD-1 and anti-PD-L1 treatments. One mild
side effect, i.e. fatigue, is frequently observed. More severe side effects include inflammatory
pneumonitis or interstitial nephritis, however, reports on these immune-related adverse
events are not as frequent as reports on severe adverse events when using anti-CTLA-4

mAbs®8, Nonetheless, the treatment related adverse events caution us that blockade of

inhibitory immune checkpoints should preferentially be performed locally, i.e. at the tumor
environment.

3. Tumor stratification, an essential aspect for treatment assignment

3.1. PD-1 and PD-L1 as biomarkers to predict responses to PD-1/PD-L1 blockade
Treatment with antagonistic mAbs to block the PD-1 signaling axis has shown encouraging
results across different indications. Nonetheless, a substantial number of patients does not
respond well. Because of this and as mAb therapy comes at a considerable cost, there is a
need to accurately predict which patients will benefit from this treatment. A number of
correlative studies utilizing invasive biopsy in conjunction with immunohistochemistry (IHC)
suggest that PD-1 expression on TILs could serve as a predictive marker’®. Similarly, it has
been investigated whether PD-L1 expression in the tumor environment can serve as a
biomarker. Indeed, across multiple cancer types, there is a strong positive correlation
between pre-treatment PD-L1 expression (irrespective of its expression on tumor cells or
infiltrating immune cells) and therapeutic response to PD-1/PD-L1 pathway inhibition®% 72,
Nonetheless, patients showing PD-1 or PD-L1 expression can fail anti-PD-1 or anti-PD-L1
mADb therapy76, while patients that show no PD-L1 expression were reported to benefit from

anti-PD-L1 mAb therapy®* 77. This can be explained by the high heterogeneity of tumors.
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Both the expression of PD-1 and PD-L1 are highly heterogeneous within both the primary
tumor and distant metastases. Moreover, the expression of PD-1 and PD-L1 are likely to
change in time. Consequently, a static picture of a biopsy is not ideal to predict the therapy
outcome. Moreover, the IHC technique has the additional limitations that it does not provide
information about the PD-1/PD-L1 expression in metastatic lesions, and that it can only be
performed on tumors that are accessible for biopsy. Therefore, there is a compelling need to
develop a non-invasive imaging strategy to determine the presence of immune checkpoints
in cancer patients before as well as during the course of their treatment.

3.2. Monoclonal antibodies as radiotracers to image PD-1 or PD-L1 in tumors

Monoclonal Abs specific for PD-L1 and PD-1 have been studied for imaging purposes.
Herein, the mAbs are radiolabeled and SPECT/CT imaging is performed to visualize
accumulation of the mAbs at the tumor region. So far, imaging of PD-L1 expression has
been performed in syngeneic and xenograft animal models using an engineered PD-1
derived fragment, or a mouse anti-human, a hamster anti-mouse (Figure 5) and more
recently a fully humanized anti-PD-L1 mAb’® 78 79 These studies show the feasibility of
non-invasive PD-L1 imaging in vivo. Similarly, the expression of mouse PD-1 using a

radiolabeled hamster anti-mouse mAb was recently shown®.

SPECT IHC

PD-L1
expression

Figure 5: Here, the PD-L1 expression on breast cancer xenograft SK-Br-3 is analyzed using SPECT scan with

radiolabeled Abs (left) or IHC (right)78. Note that analyzing PD-L1 using SPECT provides more information about
the dispersed expression of it. The color code going from green (low expression of PD-L1) towards red (high
expression of PD-L1) is more descriptive than the brown dots, seen with IHC. Moreover, IHC will not detect much
PD-L1 expression thus considering the patient as non responder to anti-PD-L1 therapy, when by chance a biopsy
is taken in the ,green” zone of the tumor .
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RESEARCH OBJECTIVES

Immune checkpoint blockade has emerged as a new paradigm in cancer immunotherapy.
Although there is cause for optimism, there are still several aspects that merit further
attention in order to bring immune checkpoint blockade into the standard of care cancer
therapies.

1. There is a growing list of receptor-ligand couples that can potentially be exploited in
cancer therapy25, which brings forth the challenge to determine which immune
checkpoint pathways dominate in a particular tumor, as this is critical to choose the
best-suited inhibitor or combinations thereof.

2. Systemic administration of high doses of mAbs entails the risk of immune-related
adverse events due to off-target events. It was shown in a mouse model of colon cancer

that peritumoral delivery of anti-CTLA-4 mADs at low doses results in tumor rejection

with minimal toxicity81. However mAbs have low tissue penetrating capacitiesSz.
Therefore, it remains to be determined whether mAbs can be delivered at therapeutic

doses without side effects.
3. The use of mAbs for therapy purposes is associated with a high cost (e.g. the cost of a
short-course, 4-dose Ipilimumab or Pembrolizumab regimen is about €90.00083).

Thus there is a need to develop novel tools for imaging and to design an effective therapy.

We propose to generate nanobodies (Nbs) against immune checkpoint molecules. Nbs, also
called single-domain variable fragments of heavy chain-only antibodies have a prolate shape
of approximately 2.5 nm in diameter and 4.2 nm in length, and a 12-15 kDa size (Figure 6).
They are stable, soluble and have a high specificity and affinity®®. Furthermore, Nbs
efficiently enter tissues where they rapidly and specifically bind their antigens. Unbound Nbs
are rapidly cleared through renal elimination. These traits make them ideal candidates for

tumor targeting®?.

mAb
" o\ -150 k()a’ P .-;;::ga N_ar;:gc;y Figure 6: Schematic overview of different antibody
= \ 4 , : formats. From left to right; the conventional Ab, the
o 4 nmy heavy chain only Ab (HcAb) obtained from Camelidae
* l é.ﬁm and finally the variable domain of the heavy chain
. (VHH) or Nb.
B.5 nm

In this thesis, we hypothesize that Nbs specific for inhibitory immune checkpoint molecules
could be used as a diagnostic for detection of dominant immune checkpoint pathways in the
tumor (= tumor stratification), and that delivery of Nbs to the tumor could block immune
checkpoint signaling (= cancer therapy).
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Rationale for using Nbs for tumor stratification and therapy: The ICMI lab has extensively
studied Nbs for imaging of cancer markers like HER285 86 epithelial growth factor

receptor87, carcinoembryonic antigen88 and paraprotein in breast, lung, colon cancer and
multiple myeloma respectively. These endeavors have resulted in a first in-human clinical
trial at the UZ Brussel to evaluate the safety of radio-labeled anti-HER2 Nbs for PET-imaging
in healthy volunteers and breast cancer patients®®. Moreover, Nbs were used to visualize
macrophage mannose receptor (MMR) expressing tumor-associated macrophages (TAMS)
within the tumor nest89, which proves that Nbs are a sensitive tool that can be used to
visualize markers present on cancer-associated immune cells. In addition, the LMCT
recently showed that Nbs specific for MMR can be used to bind TAM resembling in vitro
generated macrophages as well as macrophages in vivo (unpublished data). These findings,
suggest that delivery of Nbs that block immune checkpoint pathways in the tumor is feasible.

In this thesis we focus on Nbs specific for PD-L1 to deliver a proof-of-concept on the use of
Nbs for tumor stratification and therapy, hence as theranostics. We chose for PD-L1
because:

1. PD-L1 is highly expressed in the tumor environment both on tumor cells as a variety of
tumor-infiltrating immune cells.

2. PD-L1 provides negative signals to effector T-cells by interacting with PD-1 as well as
CD80. Antagonistic Nbs that bind PD-L1 could prevent both of these interactions and as
such tackle two inhibitory signaling pathways.

3. PD-L1 has shown promise as a biomarker, predictive for the therapy response to anti-
PD-1 and anti-PD-L1 therapy.

The specific objectives of this thesis can be summarized as follows:

1. To fully characterize the library of PD-L1 specific Nbs that is available at ICMI, and
select Nbs that show high affinity for human or mouse PD-L1.

2. To evaluate whether purified PD-L1 specific Nbs can be used to visualize PD-L1 in the
tumor environment (TC-1 mouse model).

3. To evaluate whether the selected high affinity PD-L1 specific Nbs have the ability to
block binding of PD-L1 to PD-1 and if so, whether this blockade during antigen
presentation by mouse DCs or TC-1 tumor cells enhances the viability and functionality
of effector T-cells.

When successful, Nb-mediated tumor stratification would facilitate the decision-making on
whether a patient is eligible for PD-L1 targeted treatment. Moreover, Nbs could be used to
follow up the expression of PD-L1 in the tumor microenvironment during the treatment with
Nbs that block immune checkpoint signaling. As such we can adjust the treatment regimen
according to the PD-L1 expression in the patients" tumor.
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MATERIALS & METHODS

1. Mice

Female 6-12 weeks old C57BL/6 and OT-I mice were purchased from Charles River. OT-I
mice carry a transgenic CD8" TCR specific for the MHC-I restricted ovalbumin (OVA)
peptide SIINFEKL. Mice deficient in PD-L1 expression (PD—Ll"') were a kind gift from Adrian

Liston (KUL). Animals were handled according to the institutional guidelines. Experiments
were approved by the Ethical Committee for use of laboratory animals of the VUB.

2.  Cell lines, dendritic cells and T-cells

TC Wu (Johns Hopkins University, Baltimore, MD) kindly provided the mouse lung epithelial
cell line TC-1, which were cultured in RPMI medium, consisting of Roswell Park Memorial
Institute 1640 medium (Sigma-Aldrich) supplemented with 10% FCI serum (Harlan), 2
mmol/L L-glutamine (L-Glu; Sigma-Aldrich), 100 U/mL penicillin, 100 pg/mL streptomycin
(PS; Sigma-Aldrich), 1 mmol/L sodium pyruvate and non-essential amino acids (Sigma-
Aldrich).

Human embryonal kidney (HEK) 293T-cells were purchased from the American Type Culture
Collection (ATCC) and were cultured in DMEM medium, consisting of Dulbecco®s modified

Eagle“s medium (Sigma-Aldrich) supplemented with 10% FBS (Harlan), L-Glu and PS.

Mouse bone marrow-derived DCs were generated as described in Breckpot et al%.

Mouse CD8" OT-I cells were obtained from the spleen of OT-l mice. To that end, spleens
were isolated and reduced to single cell suspensions, after which CD8* cells were selected
using magnetically activated cell sorting with CD8a™ T-cell Isolation Kit (MiltenyiBiotec).

3. Production and characterization of lentiviral vectors

The packaging plasmid pCMVARS8.9 and the VSV.G encoding plasmid pMD.G were a gift
from D. Trono (University of Geneva). The transfer plasmid encoding PD-L1, pHR"-huPD-L1,

was previously described*®. The plasmid pHR"-mPD-1, which encodes mouse PD-1, was
generated as described for pHR*-huPD-L1%°. Similarly, the plasmid pHR"-mPD-L1, which
encodes mouse PD-L1, was generated as described for pHR"-huPD-L1%°. The transfer
plasmid encoding short hairpin RNA against mouse PD-L1 was kindly provided by Dr. David
Escors (Pamplona, Spain) %%. The mouse CD274 sgRNA CRISPR/Cas9 All-in-One lentiviral
transfer vector was purchased from Applied Biological Materials Inc. The production of
lentiviral vectors and their characterization by flow cytometry was performed as described 92,

4. Transduction of cells with lentiviral vectors
Transduction of HEK293T and TC-1 cells was carried out at a multiplicity of infection (MOI)
of 10, using the protocol previously described to transduce human DCs%.

5.  Generation of nanobodies

The generation of Nbs specific for human and/or mouse PD-L1 was outsourced to the
Nanobody Service Facility of the VIB. Briefly, alpaca®s (Vicugna pacos) were immunized 6
times at a weekly interval using 100 ug recombinant human PD-L1-Fc, alternated with
recombinant mouse PD-L1-Fc (R&D system, 156-B7 and 1019-B7 respectively).
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Subsequently, peripheral blood lymphocyte mRNA was converted to cDNA, from which Nb-
coding sequences were amplified and ligated in the pHEN4 phagemid vector. Using M13K07
helper phages, the Nb library was expressed on phages. Specific Nb-phages were enriched
by several rounds of selection on microtiter plates (Nunc) ) coated with recombinant human
or mouse PD-L1-Fc. Individual colonies were screened in ELISA for antigen recognition,
after which specific binders were sequenced. Forty-two Nbs specific for human and/or
mouse PD-L1 were isolated from three different immune Nb phage-display libraries.

6. Selection of nanobodies using surface Plasmon resonance and flow cytometry
To further select potentially interesting Nbs, E.coli WK6 cells were transformed with Nb-
coding pHEN4 plasmids and cultured in 10 mL Luria-Bertani broth (LB) containing 100
pg/mL Ampicillin (Fermentas) for 6 hours at 37°C. Nb-expression was induced over night
with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) while shaking at 200 rpm and 28°C.
Subsequently, cultures were centrifuged for 10 minutes at 1643xg and 4°C, after which the
bacterial pellet was frozen at -80°C. One day later, 2 mL phosphate buffered saline (PBS,
Sigma-Aldrich) was added to the thawed bacterial pellets and pellets were stirred for 30
minutes at 4°C. Periplasmic proteins extracted by osmotic shock, were collected by
centrifugation for 20 minutes at 730xg and 4°C, followed by 0.22 um filtration (Millipore).
These periplasmic proteins were used for analysis via surface Plasmon resonance (SPR) on
the Biacore2000 device. To that end, mPD-L1His or huPD-L1His (Sino Biological Inc.,
50010-MO8H and 10084-HO8H) were immobilized on a CM5 sensor chip. This sensor chip
was pre-treated for 7 minutes with 400 nM 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide
(EDC) and 100 mM N-hydroxy-succinimide (NHS). The mPD-L1His and huPD-L1His were
diluted in 10 mM sodium acetate (pH 5.0) and injected to reach response units (RUs) of
701.3 and 882.0 respectively. Next, the free ester surface was blocked by injection of 1 M
ethanolamine-HCI. All samples, including samples containing mPD-1 or huPD-1 (R&D
Systems), were run at a flow rate of 10 uL per minute. In another channel (e.g. Fcl) an
identical procedure was followed but without the ligand. This channel was used as a
reference to calculate background response units (RUs). Each ligand-analyte interaction was
expressed as a relative RUs, defined as RU (Fc2)-RU(Fcl). The periplasmic extracts were
further used in flow cytometry to evaluate their binding to human and/or mouse PD-L1
expressed on HEK293T-cells.

7. Large scale production, purification and quality control of nanobodies

Genes of selected Nbs, were recloned into the vector pHENG6 to encode a C-terminal Hisg
tag. Also Nb BCII10 and R3B23, specific for B-lactamase and 5T2 multiple myeloma cells
respectively, were produced as these are used throughout the study as negative controls.
The plasmid constructs were transformed into E. coli WK6 cells and stored as glycerol
stocks. Glycerol stocks were thawed and inoculated on LB/ampicillin agar plates to obtain
single colonies. Single colonies were picked and cultured overnight at 37°C in a 50 mL
falcon tube containing 15 mL LB medium. At an optic density of 0.6-0.9 at 600 nm, bacteria
were transferred to shaker flasks containing 2 L Terrific Broth (TB) supplemented with 0.1%
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glucose and ampicillin. These were grown until an optic density of 0.6 to 0.9 was reached.
Nb expression was then induced with 1 mM IPTG for 16 hours at 28 °C. After pelleting the
cells, the periplasmic proteins were extracted by osmotic shock as described above.
Nanobodies were purified from periplasmic extracts using immobilized metal affinity
chromatography (IMAC) followed by size exclusion chromatography (SEC). The extracts
were admixed with His-select resin (2 mL per extract obtained from 2 L cultures) and shaked
for 1 hour at 200 rpm and room temperature. This mixture was loaded on a PD10 column
and allowed to empty by gravitational flow. Collected beads were washed with 20-50 mL
PBS and the bound Nb was eluted with 10 mL 0.5 M imidazole. Eluted fractions were
collected and Nb concentrations were determined using in NanoDrop. The AKTA Explorer,
equipped with a SuperdexHiload 75 ug 16/600column was used for further SEC purification.
Fractions containing Nbs, obtained after IMAC were centrifuged to clear aggregates and
contaminants. Buffers were freshly prepared, filtered, and degassed prior to running the
column. During the run at 2 mL per minute, absorbance at 280 nm and conductivity were
monitored. The Nbs were eluted approximately after 100 mL was run. The fractions
containing Nbs were pooled and the Nb concentration was measured by NanoDrop. Protein
purity was assayed by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing condition followed by staining with Coomassie Blue. Purified
Nbs were run at different concentrations over immobilized mouse and human PD-L1 on a
CMS5 chip. The RUs representing Nb/PD-L1 interactions were recorded in real-time to give a
sensorgram, allowing calculation of the association (Ka) and dissociation rate constant (Kd)
using the Biacore2000 software. Finally, endotoxins were measured in the LAL (Limulus
amebocyte lysate) assay. The latter was performed as recommended by the manufacturer

(PierceT'VI LAL Chromogenic Endotoxin Quantification Kit, Thermofisher).

8.  Labeling of nanobodies with %™Tc
9mTc was used to label the Hisg tail of the Nbs. [**™"Tc(H.0)3(CO)s]* was synthesized by

adding 1 mL of eluate (0.74-3.7 GBq) from a ®M>-9mT¢ generator (Drytec: GE Healthcare) to
an Isolink kit (Mallinckrodt Medical BV). This mix was boiled for 20 minutes. After

neutralization with 1 M HCI, the [**™Tc(H20)3(C0O)3]* was added to the 1 mg/mL Nb solution
and incubated for 90 minutes at 52°C. The 2°™Tc-Nb solution was purified on a NAP-5

column (GE Healthcare) pre-equilibrated with PBS to remove unbound [99mTc(H20)3(CO)3]+
and finally filtered through a 0.22 um filter (Millipore) to remove aggregates. The labeling
efficiency was determined both directly after labeling and after purifications by instant thin-
layer chromatography with 100% acetone as the mobile phase.

9. Pinhole SPECT/micro-CT Imaging

Mice were anesthetized 10-15 minutes prior to imaging with a mixture consisting of 18.75
mg/kg ketamine hydrochloride (Ketamine 1000; CEVA) and 0.5 mg/kg medetomidine
hydrochloride (Domitor; Pfizer). Micro-CT imaging was followed by pinhole SPECT on
separate systems. Micro-CT was performed using a dual-source CT scanner (Skyscan 1178;
Skyscan) with 60 kV and 615 mA at a resolution of 83 ym. The total body scan time was 2
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minutes. Images were reconstructed using filtered back projection (NRecon; Skyscan).
Subsequently, total body pinhole SPECT was performed once at 60 minutes after injection of
99MT¢ labeled Nbs using a dual-head y-camera (e.cam180; Siemens Medical Solutions),
mounted with 2 multipinhole collimators (three 1.5 mm pinholes in each collimator, 200 mm
focal length, and 80 mm radius of rotation). Images were acquired over 360° in 64
projections of 10 seconds into 128x128 matrices, resulting in a total imaging time of 14
minutes per animal. The SPECT images were reconstructed using an iterative reconstruction
algorithm (ordered-subset expectation maximization) modified for the 3-pinhole geometry
and automatically reoriented for fusion with CT images based on six 57Co landmarks.
Images were further analyzed using AMIDE (Medical Image Data Examiner software). After
imaging, mice were sacrificed and all organs (including tumors when applicable) were
isolated to measure radioactivity using a gamma counter.

10. Generation of single cell suspensions from isolated tumors

Mice were killed by neck dislocation after which tumors were excised. Single cell
suspensions were prepared from these tumors using the GentleMACS single cell isolation
protocol (Miltenyi Biotec).

11. Functional assays
We performed several in vitro functional assays to analyze whether Nbs are antagonists.

11.1. Antigen-presentation assay using dendritic cells

Mouse DCs were pulsed for 1 hour with 5 pg/mL of the peptide SIINFEKL (R&D Systems).
Pulsing was performed in RPMI1640 medium in the absence of supplements. Thereafter, 2 x
104 peptide-pulsed DCs resuspended in 50 pL RPMI medium were plated per well in a 96
well plate. Subsequently, we added 50 pL RPMI medium containing 10 pg anti-PD-L1 mAbs
(BioXCell, 10F.9G2), isotype matched control mAbs (BioXCell, LTF2), the selected Nbs or a
control Nbs (R3B23 or BCII10). After this step, we sorted CD8" OT-I spleen cells and added
2 x 10° T-cells to each well (in 100 pL. RPMI medium). In addition, we plated 2 x 10° T-cells

in 200 uL RPMI medium, which we did not stimulate as well as 2 x 10° T-cells in 200 uL
RPMI medium containing a 1/200 dilution of anti-CD3/anti-CD28 Ab coated beads. Each
condition was set up in triplicate. One day after the start of the co-culture, the supernatant
was replaced with 200 uL RPMI medium containing a protein transport inhibitor (BD Golgi
plug/stop™). Sixteen hours later, the cells were analyzed in flow cytometry for the production
of IFN-y and TNF-a.

11.2. Antigen-presentation assay using tumor cells

Similar to the co-cultures described above, we set up co-cultures using tumor cells as
antigen-presenting cells. Briefly, CD8" OT-I spleen cells were co-cultured with SIINFEKL-
pulsed PD-L1 positive TC-1 or PD-L1 negative TC-1 cells, either in the presence or absence
of mAbs and Nbs. We evaluated (i) the viability of the tumor cells and OT-I cells, and (ii) the
activation of the OT-I cells (production of IFN-y and TNF-a) in flow cytometry.

22



12. Flow cytometry

12.1. Surface staining

Cells were washed twice with FACS buffer, i.e. PBS containing 1% bovine serum albumin
(Sigma-Aldrich) and 0.1% NaN3 (Sigma-Aldrich). Next, the cells were incubated for 30
minutes at 4 °C with the required Abs diluted in FACS buffer to the desired concentration.
The surplus of Abs was removed using an excess FACS buffer and centrifugation at 3000
rpm for 3 minutes in the petalfuge. Cells were acquired on the LSRFortessa and analyzed
with FACSDiva (Becton Dickinson) or Flow Jo (Treestar inc.) software. The tables below

show the Ab panels used throughout the different experiments.

Panel used for analysis of human or mouse PD-L1 expression on lentivirally modified HEK293T

and TC-1 cells.

Marker Fluorochrome Clone Manufacturer
huPD-L1 APC 29E.2A3 Biolegend
moPD-L1 APC 10F.9G2 Biolegend

Panel used to analyze expression of PD-1 and PD-L1 on single cell suspensions of isolated tumors

Marker Fluorochrome Clone Manufacturer
CD45 V450 30-F11 BioLegend
CD4 AF 700 RM4-5 BD

CD8 APC-H7 53-6.7 BD

PD-L1 APC 10F.9G2 BioLegend
PD-1 PE RMP1-30 BioLegend

functional assays

Panel used to analyze expression of PD-1, PD-L1 and CD80 on OT-I cells or DC destined for in vitro

OT-I T-cells

Marker Fluorochrome Clone Manufacturer
CD3 Percp Cy5.5 154-2C11 BD

CD8 FITC 53-6.7 BD

PD-1 PE RMP1-30 BioLegend
PD-L1 APC 10F.9G2 BioLegend
CD80 Bv421 16-10A1 BD
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DCs

Marker Fluorochrome Clone Manufacturer
CDl1l1c APC HL3 BD

CD80 Bv421 16-10A1 BD

PD-L1 PE 10F.9G2 BioLegend

12.2. Analysis of nanobody binding to PD-L1

In order to evaluate binding of the purified PD-L1 Nbs we performed flow cytometry on
human and mouse PD-L1 expressing HEK293T-cells. The His-tagged Nbs that bind to the
PD-L1 protein on the surface of the cells can be detected by adding a commercially available
anti-histidin Ab, which in turn can be detected using a PE labeled anti-mouse IgG Ab.

Panel used to analyze binding of Nbs to human or mouse PD-L1 expressing HEK293T-cells.

Marker Fluorochrome Clone Manufacturer
Anti-His / AD1.1.10 ABDSerotec
Anti-mouse IgG PE A51 BD

12.3. Intracellular staining

Mouse OT-I T-cells co-cultured for 48 hours with SIINFEKL pulsed DCs or TC-1 cells were
first stained with Abs specific for CD3 and CD8 as described in 12.1. After the surface
staining, the intracellular staining for IFN-y and TNF-a was performed according to the
manufacturer’s instructions (BD biosciences). Living cells were discriminated from dead cells
by performing a Zombie Yellow™ staining.

Panel used to analyze the production of IFN-y and TNF-a by OT-I cells co-cultured with antigen
presenting cells during the in vitro functional assay

Marker Fluorochrome Clone Manufacturer

Zombie Yellow™ BV605 / BioLegend

CD3 Percp Cy5.5 154-2C11 BD

CD8 APC-H7 53-6.7 BD

TNF-a FITC MP6-XT22 BD

IFN-y PeCy7 XMG 1.2 BioLegend
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12.4. Cell viability analysis

To analyze the viability of OT-I cells and TC-1 cells that were co-cultured, cells were first
stained with an anti-CD45 Ab to discriminate OT-l cells (CD45") from TC-1 cells (CD45").
Subsequently, the cells were incubated with Annexin-V and 7-aminoactinomycin D (7-AAD).

Panel used to analyze the viability of OT-I and TC-1 cells after their co-culture in the in vitro
functional assay

Marker Fluorochrome || Clone Manufacturer

CD45 BV605 30-F11 BioLegend

Annexin-V PE / BD

DNA 7-AAD / BD

13. Statistical analysis

Where appropriate, a one-way ANOVA was performed with post-hoc Bonferroni correction.
Differences were considered significant at p < 0.05. Statistical significance is indicated in the

figures as * (p < 0.05), ** (p < 0.01) or *** (p < 0.001).
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RESULTS

1. In vitro characterization of anti-PD-L1 nanobodies reveals C3, C7, E4 as potential
cross-reactive nanobodies.

Forty-two anti-PD-L1 Nbs, belonging to 13 sequence families and coming from three
different libraries, were available for evaluation. For these 42 Nbs, crude periplasmic
extracts were generated and used as a source of Nbs for (i) ELISA screening (recognition of
immobilized recombinant mouse and/or human PD-L1); (ii) affinity measurements on
immobilized mouse and human PD-L1 antigens using SPR on the Biacore2000 instrument
and (iii) flow cytometry to measure their binding on mouse and/or human PD-L1 expressed
on cells. The results of these assays are summarized in table 3.

Flow cytometry (MFI)

ELISA (OD-value) Biacore (affinity) Human Mouse
Name Code Mouse Human No Ag Mouse Human PD-L1+ PD-L1- PD-L1+ PD-L1-
R2LL26 Al 2.5794 0.0945  0.0968 no 23nM 10174 699 116 129
R2L125 B1 0.897 0.2141 0.195 123nM 6nM 716 688 -56 -45
R2LL51 C1 3.6802 0.4291  0.1554 327pM  143nM 14251 1254 1101 215
R2LL82 c2 3.743 0.4727  0.1838 ND ND ND ND ND ND
R2LL67 c3 3.7828 1.3394  0.1525 140pM 32nM 3315 272 431 36
R2LL2 c4 3.7723 0.8755  0.1812 187pM  342nM 10792 348 581 43
R2LL68 C5 3.6962 0.8694  0.1243 ND ND ND ND ND ND
R2LL12 C6 3.7024 0.6344  0.1532 289 pM 94nM 7528 691 770 208
R2LL50 c7 3.7739 11077  0.3419 3.1nM 27nM 25555 2300 275 -4
R2LL83 cs8 3.7573 11562  0.1777 ND ND ND ND ND ND
R2LL37 c9 3.6941 0.7949  0.1238 22nM 44nM 5050 515 461 234
R2LL28 C10 3.7161 0.6557 0.2129 6.7nM 141nM 20856 572 452 98
R2LL35 Cl1  3.8662 0.5572  0.2175 12nM 246nM 27267 577 378 105
R2LL33 C12 3.5804 0.4049 0.0917 11.4nM 181nM 19746 1116 348 -46
R2LL46 C13 3.5369 1.0144 0.1249 33nM 162nM 26347 2671 36 -8
R2LL18 Cl4  3.6701 0.7512  0.0911 1.8nM 71nM 8650 1350 96 91
R2LL20 Cl5  3.6368 0.4461  0.1504 6.5nM 335nM 13530 684 27 -51
R2LL34 C16  3.6768 0.5203  0.1853 15nM 520nM 15277 411 202 142
R2LL66 D1 3.6391 2.8148  2.4878 12nM 291 nM 3054 506 196 -72
R2L166 El 3.6391 2.8148  2.4878 2.3nM 12nM 4944 681 135 -29
R2L97 E2 2.9933 1.0964 0.5687 5.6 nM 94nM 1301 34 283 119
R2L113 E3 3.9717 3.0705  1.7095 ND ND 1893 429 -46 -62
R2L164 E4 3.9304 3.0665 1.0478 ND ND 5110 259 69 64
R2L37 E5 2.8355 0.1141  0.0989 14 nM 54nM 1704 454 37 -7
R2L155 E6 2.4418 0.6909  0.3211 6.9nM  217nM 2348 500 -54 -20
R2LL10 F1 3.6697 0.4092  0.2388 ND ND ND ND ND ND
R2L14 Gl 3.5102 0.3395  0.1831 4.4nM 50nM 2795 616 120 -5
R2L54 G2 4 23125  1.4331 55nM  158nM 1936 423 341 43
R2L60 G3 3.7986 1.6653 0.77 50nM  907nM 1543 699 55 -46
R2L62 G4 3.892 1.3798  0.7293 6.2nM 74nM 822 305 227 88
R2L270 G5 3.9486 3.5717  2.5806 3.9nM 16nM 3357 336 289 -29
R2L10 G6 4 3.7483 2.912 5.0nM 21nM 5902 8522 -47 21
R2L106 G7 1.0341 0.3335  0.2443 3.4nM 129nM 2870 159 319 141
R2LL23 H1 3.7375 0.8713 0.6773 ND ND ND ND ND ND
R2LL40 11 3.5587 0.2076  0.2332 67nM 322nM 3697 2309 28 -35
CD274cl6 J1 ND ND ND 0 271nM 1426 480 -55 -63
CD274cl3 K1 ND ND ND no 5.7nM 24201 284 158 -86
CD274cl4 K2 ND ND ND no 3.9nM 19997 383 -37 -72
CD274cl17 K3 ND ND ND no 3.5nM 21607 374 -56 -94
ThamM1 L1 2.307 ND 0.899 15nM 34nM ND ND ND ND
ThamH1 M1 ND 5.975 0.254 13nM 17nM ND ND ND ND

Table 3: Summary of the in vitro results using periplasmic extracts containing anti-PD-L1 Nbs (n = 1).
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Taking into account all parameters, 3 Nbs with different amino acid sequences were selected for their recognition of human PD-L1 as well as
mouse PD-L1 (C3, C7 and E4). Their amino acid sequence is shown in Figure 7.

1 10 20 30 40 50 60 70 80 90 100 110 120

|********‘*********‘****** ***‘****‘k*** *‘*******‘k*‘***** ****‘***** ****I**‘k******l*********‘*********“k*** *****|*l234567654321****** **l********

<-———- FR1-IMGT --------- > <CDR1-IMGT-> <- FR2-IMGT----- > <CDR2IMGT> <-----------= FR3 —IMGT------nmmmmmmmm > <——-—---- CDR3 -IMGT ----> <FR4-IMGT->
C3  QVQLOESGG-GLVQTGGSLRLSCAAS GSTV---- SSSM MAWWRQTPGNQRELVAL VASG-- NNTN YV-DSVK-GRETVSRDNAKNTMYLQMNSLKPEDTAVYYC RILSV-----------====-= NGIWY WGQGTQVTVSS
C7  QVQLOESGG-GSVQAGESLTLSCTAS GSSL---- SHKS VGWWRQTPGNQRELVAL VASG-- NNTN YV-DSVK-GRETVSRDNAKNTMYLQMNSLKPEDTAVYYC RILSV------=---=====-= NGIWY WGQGTQVTVSS
E4  QVQLQESGG-GLVHPGGSLRLSCATS GSIF----STIS MGWYRQAPGKQRELVAL VFRG--- GST VYADSVK-GRETISGDIAKSTVYLQMDSLKPEDTAVYYC NAKPT-------===--==--= GTAQY WGQGTQVTVSS

Figure 7: Amino acid sequence alignment of the four selected Nbs. The Nb sequence includes three complementarity-determining regions (CDR 1, 2, 3; indicated in red) and
four framework regions (FR1-4, indicated in black). FRs are relatively conserved but CDRs vary widely among Nbs.

For large-scale production and purification of the four selected Nbs (available in pHEN4 phagemids), their genetic sequence was cloned in the
pHENG6 vector, a dedicated plasmid for Nb expression. During this cloning step, a C-terminal hexahistidine-tag is incorporated in the Nb
sequence. Cloning and subsequent quality control of the obtained pHENG6 vectors by PCR and DNA sequencing was performed at the Cellular
and Molecular Immunology laboratory (CMIM). We continued with the expression and purification of the selected Nbs. Hereto, large cultures of
E. coli WKE6 cells, transformed with the different pHENG6 plasmids, were grown over night. Expression of the Nbs was induced and periplasmic
extracts generated. Purification of Nbs was done by IMAC and SEC. The Nb yield and purity were determined using the Nanodrop and SDS-
PAGE followed by Coomassie blue staining as well as LAL test, respectively. As shown in Table 4, all four Nbs could be produced with an
acceptable yield and endotoxin content. On the SDS-PAGE stained with Coomassie blue, we observed single bands around 15kD,
corresponding to the theoretical molecular weight of Nbs. Moreover, there was no evidence of protein contaminants (Figure 8). Finally, the LAL
assay showed that the preparations of purified Nbs contained only low levels of endotoxins (Table 4).

Biacore (affinity)

Code Name Concentration Endotoxins (EU/mI). Mouse Human
C3 R2LL67 0,44 mg/ml <50 EU/mI 0.5nM 170 nM
Cc7 R2LL50 1,10 mg/ml <50 EU/mI 17 nM 75 nM
E4 R2L164 1,12 mg/ml 67 EU/mI 4 nM 47 nM

Table 4: Summary of the yield, presence of endotoxins and affinity of purified anti-PD-L1 Nbs (n = 1).
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Figure 8: Representative reducing SDS-PAGE for the four purified Nbs. For each Nb, 5 pg was loaded. The
result shows a single band corresponding to the typical size of a Nb (n = 1).

We already performed kinetic Biacore analyses using crude periplasmic extracts with
estimated Nb concentrations (Table 3). These analyses were repeated with the purified Nbs,
confirming that Nb C3, C7 and E4, show a high affinity for the mouse PD-L1 protein, while
their affinity for human PD-L1 is lower (Table 4). Moreover, the purified Nbs were used in
flow cytometry (1 pg/sample), confirming binding to human PD-L1 (C3, C7, E4) and mouse
PD-L1 (C3, C7, E4) expressed on lentivirally modified HEK293T-cells (Figure 9).
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Figure 9: Representative flow cytometry results, showing staining of non-modified HEK293T-cells (grey line), or
HEK?293T-cells lentivirally modified to express mouse PD-L1 (moPD-L1, red line) or human PD-L1 (huPD-L1,
blue line) with mAbs specific for mouse or human PD-L1, or Nb C3, C7, E4 (n = 3).

In the remainder of the project Nbs C3, C7 and E4 were further evaluated for their
applicability for imaging and therapy purposes.

2. Imaging assays suggest that Nbs, which specifically bind mouse PD-L1 can be
used for imaging purposes

2.1. Nbs C3, C7 and E4 can be efficiently labeled with 2°MTc

To study the applicability of Nbs C3, C7 and E4 for SPECT/CT imaging, we first evaluated
whether the Nbs can be efficiently labeled with 99mTc, a radioactive label that is detectable
by the gamma camera. The labeling was performed using standard protocols and is based
on the complexation of 9*™Tc-tricarbonyl with the hexahistidine-tag present within the Nbs.
Non-complexed 99MT¢ was removed by gel filtration and possible aggregates present within
the eluted 2°MTc-Nb preparation were removed by filtration. The radiochemical purity was

assessed by iTLC measurements. The radiochemical purity should be >98% to ensure at
least 1 mCi injection into mice. This was the case for all three selected Nbs (Figure 10).
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Figure 10: Radiochemical purity of the selected Nbs specifically recognizing mouse PD-L1 (n = 1).

2.2. Biodistribution analyses of Nbs C3, C7 and E4 in wild type versus PD-L17" mice show
specificity and a different distribution pattern

To address the biodistribution and specificity of the Nbs C3, C7 and E4 in vivo, we injected
wild type C57BL/6 mice and PD-L17" mice intravenously with 10 ug of the labeled Nbs (1
mCi). SPECT/CT scanning was performed one hour later on anesthetized mice. The images
were reconstructed and visualized using AMIDE software. Eighty minutes after the
SPECT/CT scan, mice were euthanized, organs isolated, weighed, and accumulated
radioactivity was measured in a gamma counter.

The results of the SPECT/CT scanning showed that signals are detected in the kidneys and
bladder of both wild type and PD-L17" mice. This is explained by the fact that Nbs are
excreted in the urine. Besides signals in kidneys and bladder, Nbs C3, C7 and E4, gave
relatively high signals in organs out of the renal system in wild type mice (Figure 11).

g 10% w/cc

1l

;- L 0% ID/CC .
) wild type  PD-L17- wild type PD-L1-/ wild type  PD-L1+-
Figure 11: Results of SPECT/CT scans to determine the biodistribution of 99MTc Nb C3, C7 or E4 injected in
wild type (left) or PD-L17- (right) C57BL/6 mice (n = 1, number of mice per condition = 3).

To determine the anatomical location of these signals, we performed gamma counting on
isolated organs. Nbs C3 showed relative high radioactivity in thymus, heart, lungs, liver,
spleen, intestines, lymph nodes and brown adipose tissue of wild type mice as well as in the

liver of PD-L17" mice (Figure 12). A similar anatomical distribution was observed for Nb E4
(Figure 13), albeit with lower signals as for Nb C3. In contrast, Nb C7 predominantly gave
high signals in the liver and spleen of both wild type and PD-L17" mice (Figure 14).
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Figure 12: Gamma counting of isolated organs from C57BL/6 wild type and PD-L17" mice injected with 99Mme.
Nb C3 (n = 1, number of mice per condition = 3).
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Figure 13: Gamma counting of isolated organs from C57BL/6 wild type and PD-L17" mice injected with 99Mm .
Nb C7 (n = 1, number of mice per condition = 3).
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Figure 14: Gamma counting of isolated organs from C57BL/6 wild type and PD-L17" mice injected with 99Mme.
Nb E4 (n = 1, number of mice per condition = 3).
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2.3. Nb C3 accumulates in the tumor environment

Since Nb C3 gave the predicted biodistribution and highest radioactive signals in C57BL/6
wild type mice, we next addressed whether this Nb can be used for visualization of PD-L1
expressed on tumor cells or tumor-infiltrating immune cells. Therefore, we first generated a
PD-L1 deficient mouse tumor cell line. Hereto, we transduced TC-1 lung epithelial cells that
express the oncogene E7 of HPV, with lentiviral vectors that harbor a short hairpin RNA
targeting mouse PD-L1. This cell line was referred to as TC-1-shPD-L1. In addition, we
generated a TC-1 cell line that was highly positive for PD-L1 by modification with lentiviral
vectors encoding mouse PD-L1. This cell line was referred to as TC-1-mPD-L1. Expression
of PD-L1 on wild type TC-1 cells, TC-1-shPD-L1 and TC-1-mPD-L1 cells was evaluated by
flow cytometry (Figure 15).

IC antibody anti-PD-L1 antibody
i 2% *f 67%
R
Figure 15: Expression of PD-L1 on TC-1, TC-1-mPD-L1, TC-1-
% 2% _—tz' shPD-L1 was evaluated in flow cytometry. The flow cytometry
é_v graphs are representative for 5 independent experiments (n = 5).
d w E The left panel shows the cells stained with isotype matched control

" e A 5 8 M A (IC) Abs. The right panel shows the cells stained with anti-PD-L1

Abs.
%, 14 14%

171-adys-1-01

moPD-L1

Subsequently, the TC-1, TC-1-mPD-L1 and TC-1-shPD-L1 cells were transplanted
subcutaneously in C57BL/6 wild type mice. Tumor growth was followed up every other day,
showing a delayed outgrowth of TC-1-shPD-L1 tumors (Figure 16A). Since TC-1-shPD-L1
tumors remained small and in some mice even regressed, we used day 15 tumors to
evaluate expression of PD-L1 on immune cells versus tumor cells, and to subsequently
evaluate whether Nb C3 can accumulate in PD-L1 expressing tumors. Moreover, infiltration

of CD8" T-cells in these tumors and their expression of PD-1 was evaluated. Flow cytometry

showed that all tumors were infiltrated with a comparable percentage of CD8" T-cells and
that these expressed similar high levels of PD-1 (data not shown). We further observed high
expression of PD-L1 on TC-1-shPD-L1 tumor cells and on the immune cells that infiltrated
these tumors, while the expression of PD-L1 was lower and comparable in TC-1 and TC-1-
mPD-L1 tumors (Figure 16B). The high level of PD-L1 in mice transplanted with TC-1-shPD-
L1 was confirmed in the SPECT/CT images and subsequent gamma counting of isolated

tumors of mice injected with °®™Tc-Nb C3 (Figure 16C-D).
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Figure 16: TC-1, TC-1-mPD-L1 or TC-1-shPD-L1 cells were injected on the back at the tail base of C57BL/6

ution of the tumor size is shown as mean + SEM
(n= 1, number of mice per condition = 5). (B) Mice were killed on day 12 and tumors were isolated, after which

expression of PD-L1 on tumor cells (CD45") and tumor-infiltrating immune cells (CD45+) was evaluated in flow
cytometry (n = 1, number of mice per condition = 5). (C) Result of a representative SPECT/CT scan to determine
ng TC-1-mPD-L1 (left) or TC-1-shPD-L1 (right)
of the gamma counting of isolated organs from
C57BL/6 mice bearing TC-1-mPD-L1 (white bar) or TC-1-shPD-L1 (black bar) tumors and injected with 99MTc-Nb

mice. (A) Tumor growth was evaluated every other day. The evol

biodistribution of 9°™Tc-Nb C3 injected in C57BL/6 mice beari
tumors (n = 1, number of mice per condition = 6), (D) Results

C3 (n = 1, number of mice per condition = 6).
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To avoid expression of PD-L1 on TC-1 tumor cells in vivo, we decided to take an alternative
approach. TC-1 cells were transduced with lentiviral vectors that harbor CRISPR/Cas9,
targeting DNA encoding mouse PD-L1. Down-regulation of PD-L1 on these TC-1 cells,

referred to as TC-1-PD-L17", was demonstrated in vitro by flow cytometry. Moreover, TC-1-

PD-L17" cells were treated with IFN-y to evaluate whether the expression of PD-L1 was
abrogated even in the presence of a strong trigger (Figure 17).
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Figure 17: Expression of PD-L1 on TC-1 and TC-1-PD-L17" treated or not with IFN-y was evaluated in flow
cytometry. The flow cytometry graphs are representative for one independent experiment (n = 1). The upper

panel shows TC-1 cells, while the lower panel shows TC-1-PD-L17" cells.

Subsequently, the TC-1 and TC-1-PD-L17" cells were transplanted subcutaneously in
C57BL/6 wild type or PD-L17* mice. Tumor growth was followed up every other day,
showing palpable tumors in all conditions on day 7. We observed that TC-1-PD-L17" tumors

rapidly regressed after day 7 irrespective of their growth in C57BL/6 wild type or PD-L17"
mice (Figure 18A). To evaluate whether this could be due to an adaptive immune response,
we challenged these mice with TC-1 cells, showing lack of tumor growth, while inoculation of
TC-1 cells in naive mice resulted in tumor growth (data not shown). We also observed that
growth of PD-L1 expressing TC-1 tumors was significantly delayed in C57BL/6 PD-L17"mice
when compared to their growth in wild type mice (Figure 18A). To evaluate whether the
differences in growth can be correlated to differences in the tumor environment, we isolated
TC-1 tumors from C57BL/6 wild type and PD-L17'mice on day 22, and evaluated the
expression of PD-L1 on the tumor cells and tumor-infiltrating immune cells in flow cytometry.
In the C57BL/6 wild type mice, we observed that PD-L1 expression was high on tumor-
infiltrating immune cells and low on tumor cells, while in the PD-L17" mice an opposite
pattern was observed (Figure 18B).
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Figure 18: TC-1 and TC-1-PD-L17" cells were injected on the back at the tail base of C57BL/6 wild type or PD-

L17" mice. (A) Tumor growth was evaluated every other day. The evolution of the tumor size is shown as mean +
SEM (n= 1, number of mice per condition = 3). (B) Mice bearing TC-1 tumors were killed on day 22 and tumors

were isolated, after which expression of PD-L1 on tumor cells (CD45") and tumor-infiltrating immune cells
(CD45+) was evaluated in flow cytometry (n = 1, number of mice per condition = 2).

These data suggest that absence of PD-L1 on tumor cells allows the immune system to
counter tumor growth (Figure 18A). Moreover, tumor cells up-regulate PD-L1 to compensate
for the absence of PD-L1 on immune cells (= adaptive resistance) (Figure 18B).
Consequently, we did not obtain the conditions desired for imaging, i.e. a condition in which

(i) we do not observe PD-L1 expression, (i) only immune cells express PD-L1, (iii) only
tumor cells express PD-L1 or (iv) both immune cells and tumor cells express PD-L1. To
obtain such conditions, we will next evaluate tumor growth in immunodeficient mice and

mice depleted of CD8" T-cells.
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Provided that tumors grow, we will allow restoration of the CD8* T-cell population after which
we will characterize expression of PD-L1 on tumor cells versus immune cells. In the
assumption that we obtain the required conditions, we will subsequently grow tumors in

CD8™" T-cell depleted mice and use these for imaging.

3. In vitro functional assays suggest that Nbs C3, C7 and E4, which specifically bind
mouse PD-L1 are antagonists

3.1. Competition studies using the Biacore instruments show that Nbs C3, C7 and E4 can

interrupt the PD-1/PD-L1 interaction, therefore can be considered blocking Nbs

To address whether the purified Nbs are able to block the natural binding between PD-L1
and its receptor PD-1, and as such could have therapeutic potential, competition studies
were performed on the Biacore instruments by Nick Devoogdt. In this assay mPD-1Fc was
immobilized, after which binding of mPD-L1Fc (at 25 nM concentration, which is the
measured Kd value of the mPD-1Fc/mPD-L1Fc-interaction) mixed with variable
concentrations of Nbs (C3, C7 and E4) was monitored. As the Nb concentration increases (0
to 400 nM), the RU representing binding between PD-1 and PD-L1 decreases, signifying
inhibition of the PD-1/PD-L1 interaction. This inhibition was quantified by calculating the

inhibitory concentration 50% (ICsg), in other words the Nb concentration at which PD-1/PD-

L1 interaction is inhibited by a half. The lower ICso means the better inhibitor. All tested Nbs
inhibited PD-1/PD-L1 interactions in this assay, albeit with different efficiencies (Table 5).

C3 C7 E4

ICs0 144 109 114
R-square 0.998 0.989 0.996
Table 5: The ICs0 and R-square were calculated based on the sensograms.

3.2. The presence of the blocking anti-PD-L1 mAb or the blocking anti-PD-L1 Nb C7 during
antigen-presentation significantly enhances the stimulation of CD8" T-cells

In order to analyze the effect of PD-L1/PD-1 interaction on the activation of T-cells during

antigen presentation, we optimized a functional assay during which we co-cultured

SIINFEKL pulsed mouse DCs, generated from bone marrow, with transgenic OT-I CD8" T-
cells which carry a TCR that recognizes the SIINFEKL peptide in the context of H2-KP.
Moreover, to evaluate if blockade of the PD-1/PD-L1 pathway could counteract its effect on

T-cell activation we cultured the cells in the presence of blocking Nbs or mAbs specifically
recognizing PD-L1. Flow cytometry was used to evaluate the expression of PD-L1 and CD80

on DCs and to evaluate the expression of PD-1, PD-L1 and CD80 on CD8" T-cells prior and
after the co-culture as well as on CD8" T-cells that were stimulated with anti-CD3/anti-CD28
Ab coated beads. The DCs expressed both CD80 and PD-L1 (Figure 19A). Only a small
percentage of the CD8" T-cells before (Figure 19B) and after co-culture (data not shown)

with DCs expressed CD80, PD-L1 and PD-1, while these markers were up-regulated upon
stimulation with the anti-CD3/anti-CD28 Ab coated beads (Figure 19B). After 48 hours of co-

culture, we evaluated the production of TNF-a and IFN-y by the CD8" T-cells in flow
cytometry. Despite the low expression of CD80, PD-L1 and PD-1 on the CD8" T-cells,
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we observed that the presence of blocking anti-PD-L1 mAbs or the anti-PD-L1 Nb C7 during
antigen presentation significantly enhances the cytokine production by CD8* T-cells
compared to their controls, thus improving their functionality.

A

T

v -

i rapratira

Figure 19: Phenotype of the DCs and CD8" OT-I cells used in the functional assay. Flow cytometry was

performed to evaluate the phenotype of DCs and CcD8"* OT-I cells before the start of the co-culture. DCs were
stained with Abs specific for CD11c, CD80 and PD-L1, while T-cells were stained with Abs specific for CD3, CDS8,
CD80, PD-L1 and PD-1. The graphs in A represent the gating strategy used to evaluate the expression of CD80
and PD-L1 on CD11c" cells. The graphs in B represent the gating strategy used to evaluate the expression of

CD80, PD-L1 and PD-1 on CD3* and CD8" T-cells. The upper panel shows the phenotype of unstimulated cells,
while the lower panel shows the phenotype of T-cells stimulated with anti-CD3/anti-CD28 Ab coated beads (n =
4).

A
f L L g % '1 T How 0%
ol o e 't :r 2 e i
# | 1e | ol 18] T
> Lg ' » ) » } ‘ ._ ‘ 4 = | G
gk I g g o ot it g Vi it 2 5 s -
i | " i it ] + » T
e . P : = . 1 5% _'1 :w. e 1%
= o | 2 2 a v $ g = °
ol o o | ] . ™ -
a]; 4: ’ 5[: ’ g’: Y. 4 §’ oy '4 To|”
A A N X .“.‘. S S ¢ S i S - o2 o - S AL e T AR £ '".-2".-'
W = ]
FSC-H FSC-A SSC-A Zomby Yellow cD3 IFN-y
B 2 @
3 60 S 60
o o * I
£ * £ P
§ 40 - 5 40 .
8 2
a 32 - preiy a o o
220 220
: |
'§ " nho CIRL C7 E4 C3

[] TNF-a B IFN-y ] TNF-a/IFN-y

Figure 20: The production of cytokines by cD8* OT-I cells is significantly enhanced in the presence of
mAb or Nb C7. (A) Flow cytometry was performed to evaluate the production of TNF-a and IFN-y.
Representative FACS plots showing the gating strategy are depicted (n = 3). (B) The graphs summarize the
results of 3 independent experiments (n = 3).

36



3.3. The presence of the blocking mAbs or blocking Nbs during tumor cell-CD8" T-cell

interactions does not significantly affect the viability of tumor cells or CD8* T-cells
In order to evaluate the influence of PD-1/PD-L1 interaction on the viability of tumor cells
and tumor specific T-cells, we co-cultured CD8" OT-I cells, which were either stimulated or
not with anti-CD3/anti-CD28 Ab coated beads with TC-1-mPD-L1 or TC-1-PD-L17" cells,
which were either pulsed or not with SIINFEKL. Additionally, we also evaluated if the effect
of PD-1/PD-L1 interaction on the viability of cells could be counteracted using anti-PD-L1

Nbs C3, C7 and E4 or anti-PD-L1 mAbs. Prior to the co-culture, flow cytometry was
performed to analyze the expression of CD80 and PD-L1 on the TC-1 cells, showing

absence of PD-L1 on TC-1-PD-L17" but not on TC-1-mPD-L1 cells, while both cell types

expressed high levels of CD80 (Figure 21). The phenotype of the CD8"* T-cells is shown in
Figure 19B.
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Figure 21: PD-L1 and CD80 expression on TC-1-PD-L17" and TC-1-
mPD-L1 cells. The upper panel shows the cells stained with anti-PD-
L1 Abs, while the lower panel shows the cells stained with anti-CD80
Abs.
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After 18 hours of co-culture, we stained the cells with an anti-CD45 Ab to discriminate
immune cells (CD45") from tumor cells (CD45"), after which we performed an Annexin-V and
7-AAD staining to evaluate the percentage of dead cells in these cell populations (Figure
22A). For the analysis, the percentage of dead cells was normalized to the percentage of
cell death observed when T-cells or tumor cells were cultured separately. Furthermore, the
effect of TCR triggering was taken into account in the analysis by comparing the percentage
of cell death in cultures with SIINFEKL pulsed versus unpulsed cells. We observed that the
viability of unstimulated T-cells (low expression of CD80, PD-L1 and PD-1) or stimulated T-
cells (high expression of CD80, PD-L1 and PD-1) was not affected by the presence of PD-L1
on the TC-1 cells (Figure 22B). We did observe that the viability of activated T-cells in the
co-cultures was significantly lower than the viability of unstimulated cells irrespective of the
presence or absence of PD-L1 on the TC-1 cells (Figure 22B). We further observed that the
tumor cell viability was lower in the co-cultures with activated T-cells than in cultures with

unstimulated T-cells both for the TC-1-mPD-L1 as the TC-1-PD-L17" cells (Figure 22B). The

inclusion of anti-PD-L1 blocking mAbs or Nbs did not significantly affect the viability of the T-
cells or tumor cells (Figure 22B).
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Figure 22: Viability of the tumor cells and CD8" T-cells. Flow cytometry was performed to evaluate the
viability of T-cells and TC-1 cells, when co-cultured for 24 hours in the precence or not of anti-PD-L1 Nbs or
mAbs . (A) Gating strategy of the flow cytometry analysis. (B) Graphs summarizing the results of 5 (upper panel)
and 2 (lower panel) independent experiments. Herein -/-, -/+, +/- and +/+ signify the results of co-cultures

between unstimulated T-cells and TC-l—PD-Ll'/' cells, unstimulated T-cells and TC-1-mPD-L1 cells, stimulated
T-cells and TC-l-PD-Ll'/' cells and stimulated T-cells and TC-1-mPD-L1 cells.

3.4. The presence of the blocking anti-PD-L1 mAbs during tumor cell-CD8* T-cell
interactions significantly enhances the functionality of the CD8" T-cells

Using the same cells from the functional assay described above, we evaluated if PD-1/PD-
L1 interaction could affect the functionality of stimulated or unstimulated CD8" OT-I cells
when cultured for 48 hours with PD-L1" or PD-L1* TC-1 cells. Flow cytometry was used to
measure the production of TNF-a and IFN-y by the T-cells. To our surprise we observed that
the presence of mAbs in the co-culture of unstimulated T-cells (low expression of CD80, PD-
L1 and PD-1) with TC-1-PD-L17" convincingly enhanced the production of cytokines by
these T-cells (Figure 23A), while the presence of mAbs only marginally affected the cytokine
production in the co-culture of stimulated T-cells (high expression of CD80, PD-L1 and PD-
1) with TC-1 cells (PD-L1") (Figure 23B). Moreover, addition of blocking Nbs C3, C7 or E4
had no impact on cytokine production (Figure 23A and B).
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Figure 23: The functionality of unstimulated CD8" T-cells is enhanced in the presence of blocking anti-

PD-L1 mAbs. CD8" OT-I cells, which were either stimulated or not with anti-CD3/anti-CD28 Ab coated beads
were co-cultured with antigen-presenting TC-1-mPD-L1 or TC-1-PD-L17- respectively. Two days after the start of
the co-culture, we evaluated the production of TNF-a and IFN-y by the T-cells in flow cytometry. The same gating
strategy as shown in figure 20A was used. The graphs in (A) and (B) summarize the results of the co-cultures
between (A) unstimulated CD8* OT-I cells and TC-1-PD-L17" cells and (B) stimulated CD8" OT-I cells and TC-1

(PD-L1%) cells (n = 2).
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DISCUSSION

Immune checkpoint blockade using mAbs has been recently accepted as a successful
strategy in cancer immunotherapy. The most broadly studied immune checkpoint pathways
are the CTLA-4/B7 and PD-1/PD-L1 pathways, which are proven to play a role in dampening
antitumor T-cell activity in cancer patients. Importantly, blockade of inhibitory signals
provided by the PD-1/PD-L1 pathway has shown to enhance T-cell activity accompanied
with significantly less toxicity and adverse events compared to blockade of the CTLA-4/B7
pathway. Additionally, compared to many other treatments, the blockade of PD-1/PD-L1
signaling has shown to induce prolonged off-treatment therapeutic responses. Immune
checkpoint blockade has thus been considered by many to be a disruptive innovation,
meaning that this modern therapy will eventually predominate the existing market and value
network. However, this is not a strict definition because, in truth, immune checkpoint
blockade is far from taking over the entire ,market® of patients with cancer. This can be
explained by the fact that currently only a subset of patients shows beneficial responses
during clinical trials, usually around 30%. Moreover, in more than half of the patients,
treatment is associated with toxic adverse events without any benefits. Similarly, other

immunotherapies, like adoptive T-cell transfer and DC vaccination, show promising results in
93,94

only a subset of cancer patients Therefore, combining different cancer
immunotherapies may increase their individual benefit. Consequently, there is a strong need
to further invest in research to ensure a better overall outcome.

During this thesis, we aimed to improve current immune checkpoint blockade therapy by using
Nbs, specific for the inhibitory ligand PD-L1. We evaluated the theranostic value of the Nbs by
screening them for both tumor stratification and therapy. We believe that it is of utmost
importance to identify patients that are eligible for treatment with PD-1/PD-L1 targeting drugs.
Moreover, we believe that mAbs, which are currently evaluated to image PD-1 or PD-L1

expression might not be the best tool for these purposes, as they can be immunogenic and show
sub-optimal targeting and pharmacokinetic propertiessz. In contrast, Nbs are non-immunogenic,
show good targeting and pharmacokinetic traits and are relatively easy to radiolabel, which make
them an attractive candidate for imaging of immune checkpoints in the tumor environment®.
Moreover, Nbs might be a better candidate for therapy purposes as well, since they can more
easily penetrate tumor tissue when compared to mAbs, and if desired we can enhance the Nbs
avidity for its target by linking two identical
Nbs into an ,antibody-like" bivalent format®.

In this study, we focused on Nbs specific for PD-L1. Even though mAbs against PD-1 are at
the centre of attention in the clinic, we decided to work with the ligand PD-L1 because of its
critical role in tumor progression. Overexpression of PD-L1 is a potent facilitator for tumor
growth and metastasis®’. Our observations indeed showed that expression of PD-L1 on
tumor cells and/or immune cells is a critical factor that determines tumor progression, since
TC-1-PD-L17 cells did not grow in wild type or PD-L17" mice and as TC-1 cells showed a
reduced growth in PD-L17" mice (Figure 18A). Not surprisingly, PD-L1 has shown promise

as a biomarker, predictive for the therapy response to anti-PD-1 and anti-PD-L1 therapy98.
Another reason why we preferred to target PD-L1 is because it provides negative signals to
among others effector T cells by interacting with PD-1 as well as CD80. Antagonistic agents
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targeted to PD-L1 could prevent both of these interactions and as such tackle two inhibitory
signaling pathways. Our experiments indeed suggest that blocking of CD80-mediated
negative signaling is relevant, since we observed that mAbs targeting PD-L1 enhanced the
activity of T cells both in the DC-T cell (Figure 20B) as tumor cell-T cell co-cultures (Figure
23), even if the T cells are negative for PD-1. Interestingly, we observed that these T cells do
express low levels of CD80 and PD-L1. These data suggest that PD-L1 in these assays
triggers negative signaling via a PD-1 independent, most likely CD80 pathway. These
observations indicate that targeting PD-L1 instead of PD-1 might be a more promising
strategy for future cancer immunotherapies.

We evaluated 42 Nbs, directed against the inhibitory receptor ligand PD-L1, that were
available at the CMIM lab. We selected and characterized 3 different Nbs (C3, C7 and E4)
that show high specificity and affinity for the mouse PD-L1 protein, and moreover bind to
human PD-L1, albeit with a lower affinity. In order to analyze the applicability of Nbs C3, C7
and E4 for imaging, we started with evaluating the biodistribution of these purified Nbs that
were radiolabeled and systemically injected in either wild type or PD-L17- C57BL/6 mice. For
all Nbs there is typically a high uptake in kidneys and bladder because of their renal
elimination. Moreover, we observed that Nb E4 and C3, showed the expected
biodistribution. However, there is a prominent presence of background signal in the liver in
PD-L17" mice for all 3 Nbs, which at this point cannot be explained (Figure 11-14). As the
PD-L17" mice were genotyped before their use, we can conclude that the signal observed in
PD-L17 mice is not PD-L1 specific.

In order to evaluate the accumulation of the selected Nbs in the tumor environment, we
inoculated wild type mice with TC-1 tumor cells that were lentivirally modified to either up- or
down-regulate expression of PD-L1. Down-regulation of PD-L1 was accomplished at least in
vitro using RNA interference (Figure 15). Surprisingly, after imaging of these mice using the
radiolabeled Nb C3, we observed a higher uptake of the Nb at tumor site in mice inoculated
with TC-1-shPD-L1 cells compared to mice inoculated with TC-1-mPD-L1 cells (Figure 15C-
D). These results were confirmed after analyzing the expression of PD-L1 on isolated tumor
cells and tumor-infiltrating immune cells using flow cytometry (Figure 15B). This observation
can be explained by the fact that infiltration of the TC-1-shPD-L1 tumors with T cells can
induce the production of PD-L1-inducing cytokines like for example IFN-y. This might have
triggered continuous and high transcription of the PD-L1 gene, resulting in an “overload” of
PD-L1 mRNA. It is plausible that the expression of ShRNA to target these transcripts to the
RISC complex for degradation was insufficient to eliminate all PD-L1 mRNA molecules,
hence resulting in expression of PD-L1. Initial infiltration of TC-1-shPD-L1 tumors with IFN-y
producing T cells would moreover explain the slower growth of these tumors in vivo when
compared to TC-1 tumors (Figure 15A). Additionally, an equilibrium phase could be reached
later on as a consequence of what may be considered as adaptive immune resistance.

Previous studies already suggested that infiltrating immune cells indeed have the capacity to
produce factors driving the expression of PD-L1 as a negative feedback mechanism>?2.

Interestingly, we observed that PD-L1 expression was also higher on immune cells residing
in TC-1-shPD-L1 isolated tumors compared to TC-1-mPD-L1 tumors, suggesting that
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immune cells could compensate for the initial lack of PD-L1 on tumor cells. The PD-L1
expression observed on both tumor and tumor residing immune cells can improve their
immune suppressive activity and capacity to evade eradication by an anticancer immune
response. This brings forth the importance of immunomodulatory molecules expressed by
cells in the tumor microenvironment. Taken together, these findings help to explain why the
inoculated TC-1-shPD-L1 tumor cells were able to express high levels of PD-L1, whereas
prior to inoculation the expression of PD-L1 could be efficiently blocked by RNA interference.
Importantly, from these experiments we can conclude that Nb C3 specifically accumulates in
sites with PD-L1 expression, and that the signals obtained seem to reveal the level of PD-L1
expression.

Because of the inadequate capacity of ShRNA to block PD-L1 expression on TC-1 cells in
vivo, we decided to use the CRSIPR/Cas9 gene editing technology. The delivery of Cas9
protein and appropriate guide RNA (targeting PD-L1) will lead to the excision of PD-L1 in the
cell's genome, making it impossible for the cell to express PD-L1. The many advantages
linked to the use of this tool has led to the AAAS"s award for scientific breakthrough in

201529, We first analyzed the efficiency of 3 different guide RNA molecules to knock out the
expression of PD-L1 in TC-1 cells. Only one guide RNA was able to reduce the expression
of PD-L1 below the detection limit. The resulting cells are further referred to as TC-1-PD-L17"
(Figure 17). Next, we inoculated the TC-1-PD-L17" cells, and TC-1 cells in wild type or PD-
L1~ c57BL/6 mice to follow up tumor growth over time. Surprisingly, after the observation of

a palpable tumor at day 7, all mice inoculated with TC-1-PD-L17" cells showed tumor
regression (Figure 18A). These observations suggest that the complete absence of PD-L1
on tumor cells, even after the exposure to PD-L1 inducing cytokines, had a tremendous
effect on the growth of these cells compared to the growth of PD-L1 positive tumor cells.
Moreover, we re-inoculated TC-1 cells into these tumor-free mice and couldn*t observe
tumor growth, suggesting that a tumor specific adaptive immune response was generated
upon inoculation of TC-1-PD-L17" tumor cells, which was able to protect the mice against a
re-challenge with TC-1 cells. Although these findings are interesting from an immunological
point of view, it poses a hurdle for our imaging purposes. In future, we will grow TC-1 and
TC-1-PD-L17" tumors in immunodeficient mice, evaluating their growth in the absence of
immune cells. Provided that tumors grow, we will use this system for imaging. Moreover, to
obtain the conditions desired for imaging, i.e. a condition in which (i) we do not observe PD-
L1 expression, (i) only immune cells express PD-L1, (iii) only tumor cells express PD-L1 or
(iv) both immune cells and tumor cells express PD-L1, we will also evaluate tumor growth in
mice depleted of CD8" T cells (using mAbs). If TC-1-PD-L17" tumors grow after depletion of

CD8" T cells, we have a proof that CD8" T cells hamper the growth of these tumors.
Moreover, when tumors have a reasonable size for imaging, we can allow restoration of the
CD8" T cell population by no longer using depleting mAbs, after which we can evaluate the
expression of PD-L1 on tumor cells versus immune cells. In the assumption that we obtain
the required conditions, we can proceed with our imaging studies.

Next to the imaging studies, we evaluated whether the purified Nbs are able to block the
natural binding of PD-L1 to its receptor PD-1, and as such address the therapeutic potential.
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Competition studies on the Biacore instruments were previously performed and suggested a
good blocking capacity of Nb C3, C7 and E4. Therefore, we set up different functional
assays for the evaluation of these Nbs. As PD-L1 on tumor cells is described to protect them
from T-cell mediated killing, and as PD-1 on T cells has been linked to their removal by cell
death induction?®, we evaluated the viability of tumor cells and T cells co-cultured under
various conditions (Figure 22B). We observed that the viability of TC-1 tumor cells was lower
in co-cultures with CD8" T cells, activated with anti-CD3/anti-CD28 Ab coated beads
resulting in the up-regulation of PD-1, albeit irrespective of PD-L1 expression. However, this
also resulted in a lower viability of the T cells themselves. The viability of tumor cells in co-
cultures with unstimulated, therefore PD-1" T cells, was significantly higher. Again the
expression of PD-L1 on tumor cells did not affect the cell viability of tumor cells or T cells.
This observation suggests that when T cells are not properly stimulated, they are unable to
efficiently eradicate tumor cells. Moreover, in this assay there is no evidence for a protection
of tumor cells or reduction of T-cell viability upon PD-1/PD-L1 interaction. Not surprisingly,
PD-L1 blockade did not influence the viability of CD8" T cells nor TC-1 tumor cells. However,
during the functional assays we did observe that PD-L1 blockade mediated by a mAb could
enhance the stimulation of CD8" T cells during antigen presentation by both DCs (Figure 20)

and tumor cells (Figure 23). Conversely, in the DC-T cell co-culture, the CD8" T cells did not
express PD-1, which puts us in doubt whether the PD-1/PD-L1 pathway is truly the one we
were targeting here. A second binding partner of PD-L1 is CD80 and its interaction has
previously been shown to have a functional significance32. Signals through PD-L1 and CD80
are inhibitory, decrease T-cell proliferation and block cytokine production. This compels a
revised view of the interaction between molecules within the B7/CD28 family in the
regulation of T-cell activity. Interestingly, during co-culture assays using tumor cells, we
observed a convincingly enhanced functionality of unstimulated, therefore PD-1" T cells in

co-culture with TC1-PDL1”" tumor cells when using a mAb against PD-L1. Surprisingly, we
observed high expression levels of CD80 on tumor cells and a certain level of PD-L1 on T
cells. It is likely that these proteins could have interacted during the co-culture and
downstream influenced the functionality of the CD8" T cells in accordance with the literature
described above. Little is known about the capacity of the anti-PD-L1 mAb to block binding of
PD-L1 to CD80. This is surely interesting to investigate in the future. Moreover, it would be
worthwhile to use the functional assays described in this thesis to evaluate the effect of anti-
CD80 and anti-PD-1 mAbs, as this will shed light on potential mechanisms of negative
signaling. Finally, when stimulated PD-1* T cells were co-cultured with TC-1-mPD-L1 (PD-

L1™) cells we only observed a small increase in their functionality, suggesting that the mAbs
used in this study are not potent enough to block the negative signals provided by interaction
between PD-1 and PD-L1.

The blockade of PD-L1 using Nbs was shown to enhance the functionality of T cells when in
co-culture with DCs but not with TC-1 tumor cells (Figure 20B). This might be explained by
the fact that DCs are professional antigen-presenting cells that can provide a number of co-
stimulatory signals (e.g. CD86, OX40L, 4-1BBL, etc) and stimulatory cytokines (e.g. 1L-12),
next to the negative signals triggered by PD-L1, while tumor cells are less likely to express
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the co-stimulatory molecules. Moreover, it might be that the monovalent format of the Nbs is
not optimal to block the PD-L1/PD-1 pathway efficiently. Therefore, we suggest in future
evaluating the use of multivalent Nbs, which consists of two or more Nbs linked to each
other. As a consequence of multiple antigen-binding units, we can expect that multivalent
Nbs will have a higher avidity to PD-L1. As such we can potentially increase their therapeutic
window.

In conclusion, our current findings suggest that Nbs, which specifically bind PD-L1 can be
used for imaging purposes. Additionally, Nb-mediated blockade of the inhibitory receptor
ligand PD-L1 resulted in enhanced functionality of T cells co-cultured with DCs. These
preliminary findings warrant further research into the use of Nbs as theranostics.
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