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ABSTRACT

Molecules that downregulate the immune response are key during cancer treatment because
they pose a mechanism to avoid immunotherapy, also called immune checkpoints. In that regard,
the PD-1/PD-L1 pathway has been thoroughly studied to deepen our understanding of the
function of these immune checkpoint molecules. This signalling pathway involves the interaction
of programmed cell death (PD-1), which is a surface protein found mainly in T and B cells, and
programmed cell death ligand 1 (PD-L1) found in antigen-presenting cells. However, there is clear
evidence demonstrating the overexpression of PD-L1 in some cancer cells, and when this protein
interacts with PD-1, it leads to T-cell inactivation and thus helps cancer cells escape clearance by

the immune system.

In this literature review, the knowledge around the components of the PD-1/PD-L1 pathway and
how these mediate immune evasion in the tumour microenvironment will be summarized. Given
the importance of this signalling pathway, the potential for developing cancer therapeutics
targeting this biological process started to grow. The predominant PD-1/PD-L1 inhibitors in the
market are monoclonal antibodies, but there are other peptides and non-peptide molecules in
research that seem promising in terms of their effectiveness and produce few immune adverse
effects. To test the activity of such inhibitors, an array of assays can be used to characterize the
molecules in different contexts, from a physicochemical to a cellular and organ level. Despite the
favourable results, not all patients respond to PD-1/PD-L1 inhibitors and the reason for that,
although not fully understood, is still an ongoing challenge. Overall, the complexity of the
immune regulation mediated by PD-1 and PD-L1 is not completely unveiled but is an active area

of cancer immunotherapy research.



INTRODUCTION
An effective immune response, in any context (i.e., infectious diseases, cancer, etc.), requires the

cooperation of cells and active molecules from the innate and adaptive immune system. Overall,
the stages in a defensive reaction can be summarised as (i) recognition, (ii) processing, and (iii)
reaction (Kim & Cho, 2022). The first step typically involves T cell antigen-mediated activation
through peptide-MHC engagement in antigen-presenting cells (APCs) with T cell receptor (TCR).
This stimulus is reinforced by positive costimulatory signals such as interactions between CD28
on T cells and CD80 (also known as B7.1) and/or CD86 (also known as B7.2) on APCs. On the
counterpart, the T cell inhibitory signal can be promoted by cytotoxic T lymphocyte antigen 4
(CTLA-4; also known as CD152) which directly competes with CD28 for the ligands CD80 and CD86
(Kim & Cho, 2022; Sharpe & Pauken, 2018) (see Figure 1).

The immune system must find a balance between protecting the body from pathogenic agents
while sparing healthy cells and maintaining self-tolerance. Thus, multiple checks on immune
responses are set during lymphocyte development in central lymphoid organs (central tolerance)
and the periphery (peripheral tolerance) (Sharpe & Pauken, 2018). Another way to interpret
these processes is by picturing them as “brakes” to “slow down” overactive immune responses,
especially against self-antigens to prevent autoimmunity. This is achieved through a class of
negative immune modulatory molecules (called immune checkpoints) that halt T cell effector
functions (Ganesan et al., 2019). During the last decade, the potential of immune checkpoints as
therapeutic targets has shaped cancer immunotherapy and the progress in the field has been
exponential (Upadhaya et al., 2022). In particular, the PD-1/PD-L1 signalling pathway has proved
a popular target for the development of immune checkpoint inhibitors, the reasons for this will

be discussed below.
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Figure 1. The main function of cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed cell death
protein 1 (PD-1): receptors and ligands involved in T cell stimulation or inhibition through antigen-
presenting cells. Figure from Heng, 2011.

PD-1/PDL-1 PATHWAY
As mentioned above for the CTLA-4 signalling pathway, there are other molecules considered

immune checkpoints (the difference will be discussed below). For instance, programmed cell
death protein 1 (PD-1, also known as PDCD1 or CD279) is considered an immune checkpoint
molecule because it counters positive signals mediated by the TCR and CD28, by engaging its
ligands (PD-L1 and PD-L2) promoting tyrosine phosphorylation of the PD-1 cytoplasmic domain
and recruitment of phosphatases (Figure 2B) (Freeman, 2008). As seen in Figure 1, distinct types
of immune cells bear PD-1 or PD-L1/PD-L2. However, these ligands are also found on the surface
of some cancer cell types, preventing their clearance by the immune system (Furuse et al., 2020;

Xing et al., 2018; Xue et al., 2019).

Overall, the PD-1/PD-L1 pathway is involved not only in regulating initial T cell activation but also
plays a role in T cell tolerance and fine-tuning of T cell fate and functions (Sharpe & Pauken,

2018). As expected, if one of the components in the PD-1/PD-L1 interaction is suppressed or



deficient, autoimmunity problems arise as proven by knock-out mice experiments. In the case of
PD-1-deficient mice, the developed autoimmune disease depended on the genetic nature of the
mice (Ghosh et al., 2021). Additionally, upon PD-1 silencing T cells’ anti-tumour function becomes
impaired by inhibiting their proliferation activity and differentiation of T cells (Wei et al., 2019).
However, there is also some evidence showing that with the CRISPR-Cas9 novel technique, the
activity of knocking out PD-1 in cytotoxic T lymphocytes proved to increase cytokines secretion

and enhanced cancerous cell death (Zhao et al., 2017).

PROGRAMMED CELL DEATH 1 (PD-1)
PD-1 was first described in 1992 as it is expressed while inducing apoptosis in T-cell hybridoma

(Ishida et al., 1992). Following that, several studies tried to unveil its role in the immune response.
Now it is known that PD-1 belongs to the CD28/CTLA-4 family of co-receptors characterized by
an immunoglobulin (lg) variable-type (V-type) amino-terminal extracellular domain, a
transmembrane region, and a cytoplasmic tail with an immunoreceptor tyrosine-based inhibitory
motif and an immunoreceptor tyrosine-based switch motif (Figure 2A) (Pascolutti et al., 2016).
PD-1is expressed in T cells, B cells, Natural Killer T (NKT) cells, some myeloid and APC populations,
and innate lymphoid cells (ILC) progenitors. PD-1 expression is regulated by transcription factors
like the nuclear factor of activated T cells (NFAT) and forkhead box protein O1 (FOXO1) upon
stimulation with cytokines and factors that stimulate B-cell receptor (BCR) or TCR signalling (e. g.
Concanavalin A, phorbol 12-myristate-13-acetate (PMA)/ionomycin, and anti-IgM antibody) (Qin
et al., 2019; Sharpe & Pauken, 2018).
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Figure 2. PD-1 and PD-L1 modelled protein interaction. (A) Protein structures of PD-L1 and PD-1 are
both transmembrane proteins with four (lg variable-like —IgV—, Ig constant-like —IgC—, transmembrane
and cytoplasmic) and three (IgV, 1gC, transmembrane and cytoplasmic) domains, respectively. (B) These
proteins interact with each other through their conserved IgV. Protein loops at the end of IgV in PD-
1/PD-L1 are depicted as forming a surface that is like the antigen-binding surface of antibodies and T-
cell receptors based on the crystal structures. Since structures are modelled on crystal determinations,
it is noteworthy, the difference in the angle of the interaction and the stoichiometry between CTLA-
4/B7-1, as compared to PD-1/PD-L1. Additionally, the mechanism of the inhibitory signal produced by
PD-1/PD-L1 interaction is presented in brief. Figure adapted from: Akinleye & Rasool, 2019; Freeman,
2008.

PD-1 is expressed in T cells during its activation, but recently, evidence about the expression of

PD-1 on some cancer cells has been published, particularly for liver cancer, Non-Small Lung



Cancer (NSCLC), and melanoma cells (Takeuchi et al., 2022). It has been suggested that intrinsic
PD-1 in melanoma cells has a protumour effect independently of adaptive immunity through the
activation of effectors of the mammalian target of rapamycin (mTOR) signalling pathway
downstream of the melanoma-PD-1 receptor (Kleffel et al., 2015). Conversely, the research of
Wang and colleagues (2020) showed that intrinsic PD-1 suppresses tumour growth in the absence
of adaptive immunity through inhibition of the AKT and ERK1/2 signalling pathways in NSCLC.
Based on the above evidence, tumour cell-intrinsic PD-1 might act as an antagonist depending
on different tumour types and/or selective signalling pathways. Nonetheless, the precise
molecular and cellular mechanisms that mediate this “paradox” of the PD-1 axis blockade are yet

to be determined (Wang et al., 2020).

PROGRAMMED CELL DEATH 1 LIGAND 1 (PD-L1)
Two ligands have been described for PD-1, called programmed cell death 1 ligand 1 (PD-L1 also

known as CD274 and B7-H1) and programmed cell death 1 ligand 2 (PD-L2 also known as CD273
and B7-DC). As PD-1, its ligands are also transmembrane proteins considered 'coinhibitory’
receptors that regulate effector T cell function (Sharpe & Pauken, 2018). Both ligands are type 1
transmembrane glycoproteins that contain IgC and IgV domains (Figure 2A) (Ghosh et al., 2021;
Pascolutti et al., 2016). However, their biological functions and expression patterns differ. While
PD-L1 is widely expressed in both hematopoietic cells (including T cells, B cells, Dendritic cells
(DC), and other myeloid cells) and non-hematopoietic cells (including vascular endothelial cells
and pancreatic islets); PD-L2 expression is restricted to activated macrophages and DC cells

(Pascolutti et al., 2016; Q. Wang et al., 2021).

PD-L1 has been studied for its expression in several cancerous cells associated with evasion from
immune attacks. For example, PD-L1 overexpression has been found in breast cancer, lung
cancer, bladder cancer, gastric cancer, lymphoma, glioblastoma and melanoma (Ganesan et al.,
2019; X. Wang et al.,, 2016). Consistently, a high expression of PD-L1 in tumours is strongly
associated with poor prognosis in several different cancers (Furuse et al., 2020; Sakuishi et al.,
2010; Xue et al., 2019). Genetic aberration, gene duplication, transcription control, and post-

transcriptional modulation are the main sources for PD-L1 up-regulation (Ghosh et al., 2021).
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Cancer immune evasion in general is thought to be mediated by PD-L1, although PD-L2 may also
play a role in some cases (Pascolutti et al., 2016). Regarding the difference in effector functions,
it has been shown that PD-L2 can interact with other membrane receptors such as repulsive
guidance molecule family member 2 (RGM-2) in lung macrophages to maintain respiratory
tolerance (Xiao et al., 2014). In addition, PD-L1 and PD-L2 can interact with B7-1 (CD-80), typically
a CD28 and CTLA-4 ligand, on activated T-cells to produce the inhibitory immune signal (Ghosh
et al., 2021).

PD-1/PD-L1 MEDIATED MECHANISM OF TUMOUR EVASION
To kill tumour cells during cancer, T cell activation involves recognition of tumour antigens

presented by major histocompatibility complexes (MHCs) on APCs and further proliferation.
However, excessive activation of T cells can impose severe organ damage. Hence, immune
checkpoints like PD-1 and its ligand PD-L1 are also needed to avert self-damage. Nonetheless,
this mechanism has been exploited by tumour cells to resist the apoptosis induced by immune
cells (Lei et al., 2020). PD-L1 and PD-1 suppress anti-tumour immunity and promote tumour
progression by inducing T-cell apoptosis (Ostrand-Rosenberg et al., 2014). This mechanism has
been validated in primary gastric adenocarcinoma models, where CD3+ T cells stimulated cancer
cells to up-regulate PD-L1 by an IFN-y-dependent mechanism upon PD-1/PD-L1 interaction,
which was associated with an increase in CD3+T cells apoptosis (Chiu et al., 2018). In addition,
other cancer cells have demonstrated the same pattern, and the administration of blocking

agents has reversed the phenomenon (Dong et al., 2002; Shi et al., 2011).

Inhibition of the effector function of T cells has also been proposed as one of the central
mechanisms for tumour surveillance. Upon binding of PD-1 and PD-L1, there is inhibition of
tumour infiltrating CD4+/CD8+ T cells (CD4+/CD8+ TlLs), the quantity of cytokines such as Tumour
Necrosis Factor (TNF), Interferon-gamma (IFN-y) and Interleukin-2 (IL-2) decreases and cancer
cells can escape the immunoreaction (Liu et al., 2021). This is supported by the transcriptomic
studies of Shimizu and colleagues (2020) showing that PD-1 preferentially inhibits the
upregulation of genes related to the effector function of T cells such as cytokine production,

which in turn depends on the TCR signal strength (Shimizu et al., 2020). In summary, the PD-
9



1/PD-L1 signal transduction pathway strengthens the tumour’s cellular immune tolerance

through different mechanisms.

At the receptor level, attenuation of T cell activation has been described as phosphorylation of
the intracellular tyrosines of PD-1 upon binding between PD-1 and either PD-L1 or PD-L2. This tag
is recognized by Src homology-2 (SH2) domain-containing protein tyrosine phosphatase 2 (SHP-
2) and the homologous Src homology-2 (SH2) domain-containing protein tyrosine phosphatase 1
(SHP-1) which promote dephosphorylation of both TCR and other costimulatory signalling
components (Marasco et al., 2020). Similarly, with TCR signalling SHP-2 and SHP-1 can promote
downstream inhibitory signaling (see Figure 3) (Freeman, 2008; Q. Wang et al.,, 2021).
Consequently, not only the cytokine production decreases but a depletion of T cell proliferation
is also seen (Q. Wang et al., 2021). Positive feedback enhances T cell inhibition upon TCR
signalling by increasing the PD-1 expression on the T cell surface, overall blunting the antitumour
function of T cells (Lei et al., 2020). Additionally, PD-L1 expression on tumour cells is upregulated
by the release of IFN-y from CD8+ T cells, which in turn is stimulated by repeated antigen

presentation (Chen et al., 2019).
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Figure 3. PD-1 signalling pathway. Upon PD-1/PD-L1 interaction, the recruited Src-family kinases, Lck
and Fyn phosphorylate ITIM and ITSM tyrosines of the cytoplasmic tail of PD-1 (pPD-1). This
phosphorylation is further recognized by SHP-2 and SHP-1 to dephosphorylate costimulatory signalling
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components such as ZAP70, SLP-76, protein kinase C (PKC-8), phosphatidylinositol-3-kinase (P13K), and
the Ras signalling pathway. Figure adapted from: Q. Wang et al., 2021.

T CELL EXHAUSTION
Although PD-1 expression is thoroughly controlled, as exhibited by the limited expression in naive

T-cells (Ghosh et al., 2021), during persistent antigen stimulation, like in chronic diseases and
cancer, PD-1 expression is maintained leading to a progressive loss of T-cell functions, also known
as T cell exhaustion (Simon & Labarriere, 2018; Q. Wang et al., 2021). In general, cytotoxicity,
proliferation, and cytokine secretion in response to antigen stimulation are the main activities
compromised in exhausted T cells (Sakuishi et al., 2010). However, PD-1 expression is not always
associated with an exhausted phenotype and reversal of T cell exhaustion is not always reached
when either blocking PD-1/PD-L1 interaction or through genetic ablation of PD-1. Therefore,
evidence suggest that PD-1 might not be the dominant driver of T cell exhaustion (He & Xu, 2020;
Sakuishi et al., 2010).

Consequently, regarding the PD-1/PD-L1 pathway, context is everything because factors such as
T cell differentiation state, antigen burden, inflammation levels, metabolic state, and location,
amongst others can impact the effector activity of PD-1 engagement (Kumar & Chamoto, 2021;
Sharpe & Pauken, 2018; C. Wang et al., 2011). In addition to PD-1, other coinhibitory receptors,
such as TIM3 and LAG3, contribute to T cell exhaustion (He & Xu, 2020). For instance, the research
of Sakuishi and colleagues (2010) showed that in the tumour microenvironment (TME), PD-
1+TIM3+ T cells show higher levels of exhaustion than PD-1+ TIM3- T cells in mice bearing solid
tumours. Furthermore, a reduction in tumour growth by targeting TIM3 and PD-1 pathways using
antibodies against TIM3 and PD-1 at the same time proved to be more effective than targeting
just PD-1 pathway (Sakuishi et al., 2010). In conclusion, PD-1 and other extracellular receptors
might function synergistically to induce and reinforce T cell exhaustion during long-term antigen

exposure (He & Xu, 2020).
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PD-1/PDL-1 PATHWAY COMPARED TO CTLA-4
As the knowledge around PD-1/PD-L1 pathway developed, the relevance on cancer

immunotherapy was evident. Currently, several checkpoint inhibitors which block CTLA-4, PD-1
or PD-L1 have been proposed as cancer drugs (Lin et al., 2020; J. Liu et al., 2021; Zheng et al.,
2019). Despite all being categorized as “immune checkpoints” it is worth mentioning that at a
cellular level, they work different. PD-1/PD-L1 major physiological function appears to contribute
to the negative feedback control of tissue inflammation and prevent the spread of inflammation
(Francisco et al., 2010; Han, 2015). On the other hand, the leading role of CTLA-4 is to regulate T-
cell responses to self-antigens (Han, 2015). Overall, those roles have been validated by research
using mice lines with gene knockouts (KO). While both CTLA-4 KO and PD-1 KO mice are prone to
autoimmune diseases, only CTLA-4 KO mice spontaneously develop massively infiltrating T cells
to normal organs within weeks (Chambers et al., 1997; Nishimura et al., 1999). Regarding tumour
immunology, another difference between CTLA-4 and PD-1 is that at preliminary stages CTLA-4
regulates T-cell response in the lymph nodes, while PD-1 limits T-cell activity in the TME at later

stages of tumour growth (Dermani et al., 2019; Krummel & Allison, 1995).

IMMUNE CHECKPOINT THERAPEUTICS: PD-1/PD-L1 PATHWAY INHIBITORS
As mentioned before, during chronic infections and cancer, high and sustained expression of PD-

1 and its ligands is common (Lee et al., 2015). The essential role of PD-1/PD-L1 in promoting a
negative immune response was seized by Tasuku Honjo and James Allison to propose a line of
research in cancer therapy through the blockade of this interaction, such achievement merited
the Nobel Prize in 2018 (Huang & Chang, 2019). Nonetheless, before that, in 2011, Ipilimumab,
the first antibody blocking an immune checkpoint (CTLA-4) was authorized. Since then, the
development of other immune checkpoint inhibitors (ICl) flourished as exemplified by the launch
of monoclonal antibodies targeting PD-1 (Pembrolizumab and Nivolumab) and PD-L1
(Atezolizumab and Durvalumab) a few years later. Overall, the cancer treatment breakthrough in
the last decade has been driven largely by T cell targeted immunomodulators blocking the

immune checkpoints CTLA-4 and PD-1 or PD-L1 (Robert, 2020).
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Currently, therapies targeting PD-1/PD-L1 pathway (also called anti-PD therapy) are an active
area of research either to treat cancer or viral infections (Sharpe & Pauken, 2018). Essentially,
immunotherapy against the interaction between PD-1 and PD-L1 reinvigorates T cells, previously
inactive due to the PD-1/PD-L1 signalling inhibition. Particularly for cancer, PD-1/PD-L1 blockade
significantly enhanced antitumour effects in different solid tumours including melanoma, NSCLC,
urothelial carcinoma, renal cell carcinoma, head and neck squamous cell carcinoma, and
microsatellite instability—high colorectal cancer (Ai et al., 2020; Dermani et al., 2019; Guzik et al.,
2019; Lei et al., 2020). On the other hand, although effective as exhibited by a durable anti-
tumour activity, anti-CTLA-4 therapy tend to produce immune-related adverse events (IAEs)
upon administration for different cancers. In that regard, PD-1/PD-L1 inhibitors outperform
classical anti-CTLA-4 antibody therapy proving to be promising immunotherapeutic agents that
can achieve satisfactory efficacy for different tumour types, different drug combinations and

different treatment regimens and routes (Han, 2015; J. Liu et al., 2021).

Interestingly, anti-PD-1 drugs have been approved for the highly mutated cancers linked to a
mismatch DNA repair deficiency (microsatellite instability) representing an unprecedent case for
cancer treatment based not on the tumour type but on a biological oncologic mechanism. The
evidence behind that decision suggests that highly mutated tumours have the potential of
producing multiple neoantigens which seems favourable for ICl therapy response (Twomey &
Zhang, 2021). This, in combination with the low reactivity of immune non-infiltration tumours to
ICl therapy, led to the hypothesis that antigen recognition and migration of T cells to the tumour
are key factors influencing response to IClI (Kim & Cho, 2022). However, as any other
immunotherapy, inhibiting the PD-1/PD-L1 pathway can produce IAEs exhibited as immune-
mediated inflammation of diverse organs or tissues due to the alteration of the physiological

brake of immune activation (Robert, 2020).

There are many anti-PD-1/PD-L1 potential therapies relying on the physical blockade of the
interaction between PD-1 and PD-L1 in research, they involve the use of antibodies and small
molecules, either of peptide nature or not, which employ different mechanisms of action

(summarised in Figure 4) (Liu et al., 2021). In the following pages, this review will focus on
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reporting the information available about the characteristics and mechanism of action of those

therapeutics.

a) Antibodies b)M

acrocyclic ) Biphenyl-based d) CA-170
small-molecules

peptides

PD-L1 degradation
Figure 4. Mechanisms of PD-1/PD-L1 blockade attributed to different classes of molecules targeting the
extracellular domain of PD-L1. Mechanisms such as antagonism of anti-PD-L1 antibody (a), macrocyclic
peptides (b), small-molecule-induced PD-L1 dimerization and degradation (c), and formation of a
defective ternary complex between CA-170, PD-1, and PD-L1 (d). Figure from Surmiak et al., 2021.

MONOCLONAL ANTIBODIES
Anti-PD antibodies have become some of the most widely prescribed anticancer therapies and

function by binding to either PD-1 or PD-L1 (Figure 4a) (Robert, 2020). In general, monoclonal
antibodies (mAb), at the right doses, can significantly reduce the solid tumour size, as well as
inhibit advanced tumours and metastases, thereby improving the overall survival in patients
(Brahmer et al., 2012; Horn et al., 2018; Rizvi et al., 2015). In general, adverse effects of these
therapeutics include but are not limited to fatigue/weakness, nausea, cough, dyspnoea,
decreased appetite and infection and even infusion-related reactions (Ai et al., 2020; Brahmer et
al., 2012). Table 1 summarizes the mAb approved by the FDA (Food and Drug Administration) to
treat distinct types of cancers and their mechanism of action. The therapeutics available either
target PD-1 or PD-L1 by binding to different antigenic epitopes. In general, mAb have ICsg values

around 0.2 nM when studied with biochemical methods such as homogenous time-resolved
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fluorescence (HTRF) assays (Surmiak et al., 2021). Because of their high specificity and affinity for

their targets, mAb have been a central therapeutic method for decades (Costa & Vale, 2022).

Despite that, multiple alternatives to the use of mAb are sought by researchers because mAb are
expensive, complex to produce, and difficult to store and transport (Liu et al., 2021). Although
PD-1/PD-L1 antibodies have shown activity in more than 20 tumour types, only a subset of
patients will respond to their treatment (Raghavan et al., 2021). Common mechanisms for drug
resistance of different PD-1 or PD-L1 inhibitors will be reviewed later, but to exemplify one of the
reasons for the failure of anti-PD-1/PD-L1 therapeutics in cancer it is relevant the activity of
macrophages in the TME. Evidence suggests that macrophages in the TME capture and remove
the PD-1 antibody bound on CD8* T cells through FcyRIIB/Ill interactions making the PD-1
available to interact with its ligan and then allow tumour growth (Kim & Cho, 2022; Raghavan et

al., 2021).
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Table 1. Monoclonal antibodies approved by the FDA to treat several types of cancers.

Target |Therapeutic agent Class Treatment Mechanism of action Reference
Nivolumab (MDX- |Human IgG4 |Melanoma Blocks the interaction between the PD-1 receptor and|(Ai et al., 2020; Dermani et al., 2019; Twomey
1106 or BMS- NSCLC its two known ligands by binding to the PD-1 receptor,)& Zhang, 2021)
936558 or Head and neck thereby releasing the immune response inhibition
OPDIVO) cancer mediated by PD-1 pathway, including anti-tumour
Renal-cell carcinoma |[immune response.
Pembrolizumab Humanized |Melanoma Blocks the PD-1/PD-L1 pathway by binding to the PD-(Ai et al., 2020; Dermani et al., 2019; Ghosh et
(MK3475 or eG4 Breast cancer 1 receptor, leading to a physiological shift to immunejal., 2021; Twomey & Zhang, 2021)
KEYTRUDA) NSCLC reactivity and anti-tumour effect.
Cemiplimab Human 1gG4 [Metastatic cutaneous [Binds to PD-1 receptor and blocks its interaction with|(Ai et al., 2020; Ghosh et al., 2021; Twomey &
PD-1 squamous cell PD-L1, thus, Cemiplimab up-regulates cytotoxic T cellsZhang, 2021)
carcinoma and enhances the antitumor activity of the immune
system.
Dostarlimab (TSR- |Humanized |Recurrent or Binds to PD-1 on T cells and blocks interactions with|(Costa & Vale, 2022)
042 or Jemperli) |lgG4 advanced its ligands PD-L1 and PD-L2, activating immune
endometrial cancer |responses.
Mismatch repair
deficient
Retifanlimab Humanized [Metastatic or Binds to PD-1 and prevents the interaction between|(Rao et al., 2022)
(POD1UM-201 or |igG4k recurrent locally PD-1 and its ligands, aiming to sustain/restore T-cell
ZYNYZ) advanced Merkel Cell lantitumor function.
Carcinoma
Atezolizumab Human Urothelial carcinoma [By specifically binding to PD-L1, Atezolizumab blocks|(Ai et al., 2020; Dermani et al., 2019; Ghosh et
(MPDL-3280A or |IgG1 the interaction of PD-L1 with PD-1 and CD80 receptorsfal., 2021; Twomey & Zhang, 2021)
TECENTRIQ) (B7-1). However, PD-1 can still interact with its
alternative ligand, PD-L2, while eliminating the
inhibitory effect on cytotoxic T cells.
Durvalumab Humanized [Urothelial carcinoma By binding with PD-L1 blocks the binding with PD-1 or|(Ai et al., 2020; Dermani et al., 2019; Ghosh et
PD-L1 ((MEDI4736) lgG1 NSCLC CD80 so that T cells can recognize and kill tumour cells.fal., 2021; Twomey & Zhang, 2021)
Avelumab Humanized |Ovarian cancer Inhibits PD-1/PD-L1 interactions while maintaining the|(Ai et al., 2020; Dermani et al., 2019; Ghosh et
(MSB0010718C) |(IgG1 Breast cancer integrity of the PD-1/PD-L2 pathway. On top offal., 2021; Twomey & Zhang, 2021)

NSCLC

enhancing immune activation, due to its inherent F¢
domain, Avelumab can induce NK-mediated antibody-

dependent cytotoxicity (ADCC) in vitro.
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SMALL MOLECULES
Pharmacokinetic limitations of mAb therapies, such as poor drug diffusion and intravenous

administration (lack of oral bioavailability), have led scientist to develop other cancer drugs.
Additionally, moving towards small molecule inhibitors generally improves oral bioavailability
and tumour penetration, which can result in a higher response rate (Ryman & Meibohm, 2017).
Finally, manufacturing costs tend to be less expensive, and it is likely that small molecules are
more stable (Ai et al., 2020). Inhibitors of the PD-1/PD-L1 pathway come in different formats but
in general aim to reduce the drug half-life to fit flexible treatment schemes, thereby avoiding
immune adverse effects. Nevertheless, so far, no small molecule inhibitor has achieved the same
inhibitory activity of the PD-1/PD-L1 axis as mAb have (X. Wu et al., 2021). In the subsequent

sections information on various non-antibody PD-1/PD-L1 ICI will be discussed.

PEPTIDES
Immune checkpoint peptides and peptidomimetics have been called the “binding bridge”

between antibodies and small-molecular inhibitors. Particularly, the first multipeptide human
PD-1 (hPD-1) inhibitor, AUNP-12, set ground for further macromolecules. AUNP-12 is a 29-amino
acid branching peptide that proved reduction in tumour cell growth and metastasis with an
animal model, and only a few adverse reactions were observed (Guzik et al., 2019; C. Liu et al.,
2021). On the other hand, macrocyclic peptides, similarly to antibodies, can restore the function
of T cells by directly binding to PD-L1 (Figure 4b) (Magiera-Mularz et al., 2017). Overall,
macrocyclic peptides have also produced promising PD-1/PD-L1 pathway inhibition results as
seen from ICso (half-maximal inhibitory concentration) values around 10 nM from homogenous
time-resolved fluorescence (HTRF) assay and ECsp (half-maximal effective concentration)
between 300-500 nM from Immune Checkpoint Blockade (ICB) assays (J. Liu et al., 2021; Surmiak
etal.,, 2021; X. Wu et al., 2021).

The case of inhibitor CA-170 is interesting for several reasons, one of them is that CA-170 does
not produce obvious adverse reactions at high concentration at which mAb normally do but
activate T cells in a comparable way. Additionally, its structure has not been disclosed despite

advancing to clinic-stage research. CA-170 is presumed to be a class of 1,2,4-oxadiazole or 1,3,4-
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oxadiazole, and the substituted side chain in such compounds is an amino acid residue base. It is
a dual inhibitor of oral anti-V-domain immunoglobulin suppressor of T cell activation (VISTA) and
PD-L1 (Surmiak et al.,, 2021; Q. Wu et al.,, 2021). Preclinical data indicated that CA-170 could
significantly increase the proliferation and activation of T cells in the TME in an
immunocompetent mouse tumour model (Sasikumar et al., 2021). Despite the controversial data
suggesting that CA-170 did not bind to PD-L1 but still had a positive effect on T cell activation
(Musielak et al., 2019), it has been shown that even though CA-170 binds to PD-L1 in the cellular
context, there is no dissociation of the PD-1:PD-L1 complex, instead a defective ternary complex

has been proposed as the mechanism of action of CA-170 (Figure 4d) (Sasikumar et al., 2021).

Other strategies include inhibiting the sustained, tonic, intracellular PD-1 signalling that
continues to mediate T cell suppression even after immune checkpoint blockade therapy
targeting PD-1. Fernandez and colleagues (2020) developed a hetero-bispecific diabody that
binds to the CD45 and PD-1 extracellular domains to compel cis-ligation and favour the
dephosphorylation of tyrosine residues in thePD-1 cytoplasmic tail. Impairing this segment of the
signalling cascade reduced tumour burden in vivo in murine models of small cell lung cancer and
colon adenocarcinoma, but it might pose a critical threat to immune homeostasis (Fernandes et

al., 2020).

NON-PEPTIDE INHIBITORS
The disclosure of the Bristol-Myers Squibb (BMS) inhibitors provided a favourable starting point

for the development of other non-peptide small molecule inhibitors (J. Liu et al., 2021). BMS
inhibitors are grouped into the biphenyl-based small molecules group because they share a core
group including a biphenyl moiety or a 2,3-dihydro-1,4-benzodioxine substituted phenyl moiety.
The core group is linked to a central aryl group via a benzyl ether bond, and on the other extreme
the compounds possess a tail group, which may form polar interactions with the PD-L1 protein
to further stabilize it into a homodimer. The hydrophobic pocket formed by dimeric PD-L1, where
the inhibitor resides upon interaction, is of great interest for drug discovery due to its degree of

flexibility, in terms of the inhibitor binding site (X. Wu et al., 2021).
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As introduced above, the proposed mechanism for suppressing the activation of PD-1 by
biphenyl-based compounds is PD-L1 dimerization (J. Liu et al., 2021). While some compounds
reduce the availability of PD-L1 in the cell surface by internalising and degrading PD-L1 (Figure
4c) (Lai et al., 2022; T. Wang et al., 2022), other compounds have shown a different mechanism
in which newly synthesised PD-L1 molecules are retained and dimerized in the endoplasmic
reticulum, aside from dimerization happening in cell surface (Chai et al., 2022). In terms of
biochemical activity, HTRF results show that BMS inhibitors display a wide range of inhibition of
the PD-1/PD-L1 interaction. Based on the former technique, the 1Cso has been reported for BMS-
8 (146 nM), BMS-202 (18 nM), BMS-200 (80 nM), BMS-1166 (1.4 nM) and BMS-1001 (2.25 nM)
(Lin et al., 2020; Surmiak et al., 2021).

As part of the research line, the biological activity of BMS inhibitors has been studied with
metabolic activity assay in modified Jurkat T cells. The results demonstrated that BMS-1166 and
BMS-1001 displayed low toxicity with ECso values of 40.5 and 33.4 uM, respectively (Skalniak et
al., 2017). Conversely, Surmiak and colleagues (2021) reported an ECsg value of 1574 nM for BMS-
1166 using the same cell-based assay. Nonetheless, differences in the employed parameters to
calculate the ECso could account for a certain degree of variability (Surmiak et al., 2021). As
opposed to BMS-1166 and BMS-1001, compounds BMS-8 and BMS-200 were more toxic; which
points out the relevance of cell toxicity assays during inhibitor development (Skalniak et al.,
2017). Finally, even though small inhibitors targeting immune checkpoints have proven potential
for cancer immunotherapy, efficacy and safety remains a concern for clinical testing in large

numbers of cancer patients (Lai et al., 2022).

COMBINATION THERAPIES
Looking for a synergistic effect and to overcome resistance to anti-PD therapy, combination

therapies led to a series of clinical trials. Particularly, dual blockade of CTLA-4 and PD-1 showed
to increase the overall survival of patients. Nevertheless, this approach turned out to produce
severe systemic toxicity (Chae et al., 2018). At least until 2020, the anti-PD therapy clinical trial
landscape seemed broad and bright; with around 80% of three thousand clinical trials involving

combination therapy. Anti-PD therapy has been combined with 253 distinct drug-target groups

19



including immuno-oncology therapies (e.g., CTLA-4, oncolytic viruses, cancer vaccines, other
immune inhibitory molecules), targeted therapies (e.g., VEGF), chemotherapy and radiotherapy
(Vesely et al., 2022). Rather than choosing a mix of immune components that inhibit cancer
progression, careful and informed decisions are a priority. For instance, while localized radiation
can enhance the activity of anti-PD therapy by inducing inflammation, for patients with significant
infiltration in the tumour this is contraindicated since this may impair ongoing immune responses

(Han, 2015).

ANTI-PD-1 CANCER IMMUNOTHERAPY RESISTANCE
Unfortunately, the percentage of patients experiencing a long-term and sustained positive effect

varies between 10-30% upon PD-1/PD-L1 inhibitors treatment (J. Liu et al., 2021). Raghavan and
colleagues have summarized into three paths for tumour immunity escape after the PD-1 or PD-
L1 blockade. First, the inherent low immunogenicity of the tumour should be considered.
Secondly, due to impaired T-cell trafficking and retention of T cells in the tumour, immune
response might be truncated (also known as T cell exclusion in Figure 5). Finally, inhibitory factors

expressed in the TME could prevent T-cell activation (Raghavan et al., 2021).

As seen in Figure 5, the low immunogenicity of some tumours can be explained by defects in
antigen-presenting and impairment of the interferon signalling pathway. Low levels of PD-L1
and/or disperse expression patterns in tumour tissues (i.e., an expression often only adjacent to
the IFN-y-producing TILs) directly promotes resistance to the therapy (Vesely et al., 2022).
Additionally, it is plausible that a high and sustained cancer-antigen exposition could revert the
effector functions of reinvigorated T cells after PD-1 blockade since this has been observed in a
model of chronic lymphocytic choriomeningitis virus infection. In this model, even upon antigen
clearance, cells failed to become T memory cells (Pauken et al., 2016). In addition to this, other
coinhibitory signals in TME can boost the resistance mechanism (Figure 5). For instance,
overexpression of receptors such as LAG-3, VISTA/PD-1H and TIM-3 has been associated with

resistance to anti-PD-1 therapy (Hernandez-Martinez et al., 2018).
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Figure 5. Mechanisms of immune-mediated resistance to anti-PD therapy. T cells are
represented in blue whilst cancer cells are colored red. In the center, the expected effective
antitumor immune response by a T cell, during anti-PD therapy, is depicted. Diagrams on the
outer layer show mechanisms through which cancer cells evade immune attack. Figure
adapted from Vesely et al., 2022.

In addition, several articles have highlighted the segregation between microbiomes from
responders and non-responders to anti-PD therapy in different cancer cells (Najafi et al., 2022;
Routy et al.,, 2018) and an improvement in the responsiveness to anti-PD therapy has been
reported after faecal microbiota transplant (Davar et al., 2021). Therefore, further research on
the mechanisms by which microbiota regulates the resistance to therapy is needed. Broadening
the landscape for tumour immunotherapy resistance, epigenetics has drawn researchers'
attention. Rather than global epigenetic modifications driving resistance to anti-PD therapy, it is
likely that specific epigenetic modifications are responsible (Vesely et al., 2022). For instance, it
has been shown that exhausted T cells from a viral infection, which can relate to T cells in the
TME, display an epigenetic profile different from that of active T cells or memory T cells (Pauken
et al., 2016). In addition, T-cell differentiation and immune signalling-protein expression have

been associated with epigenetic regulatory mechanisms (Vesely et al., 2022).
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The complexity of cancer becomes evident by the fact that TMEs of advanced cancers are very
heterogeneous. Heterogeneity in the resistance mechanisms of tumours encompasses variability
between individuals and across time (Vesely et al., 2022). However, some strategies have been
proposed to avert the resistance to anti-PD therapy. For instance, by administrating FcR-blocking
antibodies (targeting TME macrophages) in combination with PD-1 mAb to tumour-bearing mice,
complete tumour regression was achieved (Raghavan et al., 2021). Nonetheless, with the current
technology progress shifts towards a holistic view of the TME. For example, Ciccolini and
colleagues (2020) worked on an immune algorithm aiming to predict anti-PD-1/PD-L1 primary
and adaptive resistance to classify patients before ICl treatment (Ciccolini et al., 2020). On the
other hand, imaging strategies such as the multiplexed ion beam imaging by time-of-flight (MIBI-
TOF) allowed Keren and colleagues (2018) to quantify in situ protein functional networks
(including PD-1 and PD-L1) to describe tumour organization. Overall, through these advanced
technologies, patients may eventually receive more effective and targeted cancer treatments

(Keren et al., 2018).

IMMUNE CHECKPOINT BLOCKADE ASSAYS
The performance of the variety of ICl mentioned above can be tested through different assays

that aim to decipher the molecule properties at various levels. Common methods employed by
PD-1/PD-L1 pathway inhibitors are condensed in Figure 6. During this review, only a couple of
them will be addressed following the author's interest. Biochemical and physicochemical
analyses are useful for assessing small molecule binding profiles and for the optimization of
multiple screening of potential inhibitors. On the other hand, in vitro cell-based assays and in vivo
tumour xenograft models give information on the functional properties of the tested molecules
(C. Liu et al., 2021). Nonetheless, each method requires acknowledging its limitations and
controlling as many factors as possible. For instance, when defining the right model for the in
vivo evaluation of the bioactivity of an anti-PD-1/PD-L1 drug prospect, it must be considered the
interspecies specificity towards the molecular target, since the mouse and human PD-L1
analogues differ in their druggability profiles, despite the similarity in the structure and sequence

(Surmiak et al., 2021).
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Figure 6. The screening workflow of PD-1/PD-L1 inhibitors. The characterization of PD-1/PD-L1
inhibitors can be achieved through a series of assays including binding affinity assay, blockage
ability assay, cell-based functional assay, and xenograft model assay. Figure adapted from C.
Liu et al., 2021.

BIOCHEMICAL ASSAYS
HTRF is a popular technique for the initial screening of putative hits against PD-1/PD-L1 systems.

Essentially, it measures fluorescent intensity resulting from fluorescence resonance energy
transfer (FRET) when two fluorophore-labelled proteins are in proximity (<8-9 nm). The presence
of binding agents interfering with the interaction of a protein complex (PD-1 and PD-L1 in this
case) results in the loss of fluorescence (Guzik et al., 2019; Surmiak et al., 2021). The resultant
parameter that describes the compound potency, ICsg, is highly dependent on both the target
protein and ligand concentration as well as the process environment. Therefore, there is a
general trend to move towards other, more accurate and comparable, parameters to determine
the affinity of the potential inhibitors, such as apparent Ki or inhibitory constant. Additionally,
with this technique, no conclusions about the compound’s mechanism of action can be

established (Surmiak et al., 2021).

Furthermore, a better understanding of the complexity inside and around the cells upon PD-
1/PD-L1 inhibitor treatment can be achieved by other types of assays. Because of post-
translational modifications of the receptors such as glycosylation, molecular crowding effect,
compound solubility problems (due to compound hydrophobicity), along with unspecific toxicity
(due to limited tolerance to DMSO), the concentrations required for inhibitor-bioactivity in cell-

based assays increase (Surmiak et al., 2021).
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CELL-BASED ASSAYS
In a cellular context, mouse splenocyte proliferation assays (MSPA) have been widely used. This

assay takes advantage of the PD-L1 mediated inhibition of the proliferation of splenocytes
stimulated with anti-CD3/CD28 via interacting with PD-1 expressed by splenocytes. Thus, a
rescue of the splenocyte proliferation is expected when treated with compounds that could
effectively disrupt the PD-1/PD-L1 interaction (Jiao et al., 2018). However, it does not have to be
hPD-1/hPD-L1 specific due to its complex nature and can lead to contrasting results (C. Wu et al.,
2021). Additionally, the immune checkpoint blockade (ICB) of the PD-1/PD-L1 interaction can be
assessed by co-culturing cells expressing PD-1 and PD-L1 separately. High-throughput screening
has driven the commercialisation of this type of assay and has proven to be a labour- and time-

efficient tool (C. Liu et al., 2021).

For instance, Promega (USA) has a PD-1/PD-L1 Blockade Bioassay consisting of artificial antigen-
presenting CHO-K1 cells overexpressing PD-L1 and a TCR Activator protein (CHO/TCRAct/PD-L1
cells), and Jurkat T cells overexpressing PD-1 and luciferase gene controlled by NFAT Response
Element (Jurkat Effector Cells, Jurkat-ECs). Hence, when cells interact with each other, TCR
Activator binds to TCR, activating Jurkat-ECs which leads to the activation of the NFAT
transcription factor. Then, a luciferase gene, controlled by NFAT, becomes transcribed and
translated. When the luciferase substrate is added, the resultant luminescent signal is the
readout in the experiment. However, PD-1 in Jurkat T cells can still bind to PD-L1 in CHO-K1 cells;
only upon IClI treatment, the inhibitory activity of PD-1/PD-L1 is blocked (i.e., Jurkat-ECs
activation is restored) (Surmiak et al., 2021). The activity of luciferase is an indicator of cell
activation but cannot be associated with antigen-specific or multiparametric interactions, neither
can evaluate the functions of PD-1/PD-L1 inhibitors on the signalling transduction-related

proteins by themselves (C. Liu et al., 2021).
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PERSPECTIVES

Currently, the broad role of the PD-1/PD-L1 axis on immune homeostasis is well established.
However, there are some open questions around what has been named as the PD-1 interactome,
which involves all the molecules that interact with PD-1, or even the implications on effector
functions in different subsets of immune cells. Regarding therapeutics, anti-PD therapy has the
advantage of modulating immune responses at the tumour site, targeting tumour-induced
immune defects, and also reinvigorating ongoing immune responses. Additionally, it has proven
to be very versatile since numerous experimental studies show clinical efficacy in a wide range
of solid tumours. Although there are still many challenges in the development of PD-1/PD-L1
inhibitors, the IClI landscape keeps evolving and continuously looks to overcome the
immunotherapy resistance mechanisms, for instance, by employing combinatory therapies. To
understand the reason for anti-PD therapy resistance an integrated approach should be taken by
considering cell metabolism, epigenetics, cell signalling pathways and human physiology. As we
discussed here, different assays can be used to investigate the activity of potential inhibitors, and
it is encouraged to complement biochemical results with relevant physiological models while
acknowledging limitations at each step. Finally, it seems that scientists in the field have directed
their efforts to unveil cancer biomarkers and develop personalized immunotherapy, and in doing

so, PD-1/PD-L1 axis represents a cornerstone.
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ABSTRACT

Interaction between programmed cell death 1 (PD-1) and programmed cell death-ligand 1 (PD-
L1) represents an important immune checkpoint that prevents overactive immune responses to
self-antigens. However, this mechanism has been hijacked by cancer cells to avoid the immune
response. Since the discovery of this mechanism, promising immunotherapies targeting either
PD-1 or PD-L1 have been developed, eventually leading to the approval of a series of monoclonal
antibodies to treat distinct types of cancer. Nonetheless, many small molecule inhibitors (SMI)
are in development because of their advantages over antibodies. Here, a commercially available
anti-immune checkpoint cell-based assay from InvivoGen (PD-1/PD-L1 Bio-IC™) was used to test
the activity of antibodies and SMI targeting the PD-1/PD-L1 complex. This system takes
advantage of a luciferase reporter gene controlled under NFAT response elements, which enables
monitoring of T cell activation when the PD-1/PD-L1 axis is blocked. Although most of the
inhibitors showed a dose-dependent change in luminescence, antibodies produced a larger assay
window compared to SMI. Antibodies showed no impact on cell viability measured with an ATP-
based assay, although most SMI severely impacted cell viability at concentrations above 10 uM.
Despite efforts to improve the small assay window obtained when screening SMI through use of
different target to effector cell ratios or changing the content of serum proteins in the media, the
related experiments failed to identify improved assay conditions. Factors such as different
mechanisms of action between antibodies and small molecules, and the strong inhibition carried
by the overexpression of PD-1 and PD-L1 might account for the small assay window. Despite this,
we have validated this cell assay system for screening small molecule and antibody inhibitors of

PD-1/PD-L1.
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INTRODUCTION

T cell-targeted immunomodulators blocking immune checkpoints (IC) have been a breakthrough
in cancer treatment during the last decade (Robert, 2020). Immune checkpoints are molecules
that halt T cell effector function, naturally preventing autoimmunity and maintaining immune
homeostasis (Ganesan et al., 2019; Marin-Acevedo et al., 2018). Programmed cell death 1 (PD-1,
also known as PDCD1 or CD279) is one of the most studied IC molecules; it counters positive
signals mediated by the T-cell receptor (TCR) and CD28, by engaging its ligand programmed cell
death 1 ligand 1 (PD-L1) (Freeman, 2008). PD-1 interaction with PD-L1 promotes tyrosine
phosphorylation of the PD-1 cytoplasmic domain and recruitment of phosphatases that in turn
translates into a signalling cascade that interferes with Tumour Necrosis Factor (TNF), Interferon-
gamma (IFN-y) and Interleukin-2 (IL-2) secretion (C. Liu et al., 2021; Shimizu et al., 2020). Amongst
others, these signals inhibit T-cell proliferation and differentiation (Wei et al., 2019; Xie et al.,

2020).

The PD-1/PD-L1 axis can be found in different immune cell types, for instance in T cells and
antigen-presenting cells (APC) respectively. However, PD-L1 has also been found overexpressed
on the surface of some cancer cell types, which in turn prevents their clearance by the immune
system, and eventually a poor prognosis in several different cancers (Furuse et al., 2020; Sakuishi
et al,, 2010; Xing et al., 2018; Xue et al., 2019). Currently, therapies targeting the PD-1/PD-L1
pathway (also called anti-PD therapy) focus on blocking the interaction between PD-1 and PD-L1,
ultimately reinvigorating T cells, previously inactive due to the PD-1/PD-L1 signalling inhibition

(Akinleye & Rasool, 2019; J. Lee et al., 2015).

So far, only eight antibodies, either targeting PD-1 or PD-L1, have been approved by the Food
and Drug Administration (FDA) to treat distinct types of cancer (Ai et al., 2020; Costa & Vale,
2022; Rao et al., 2022). Antibody-mediated PD-1/PD-L1 blockade significantly enhanced
antitumour effects in different solid tumours including melanoma, NSCLC, urothelial carcinoma,
renal cell carcinoma, head and neck squamous cell carcinoma, and microsatellite instability-high
colorectal cancer (Ai et al., 2020; Dermani et al., 2019; Guzik et al., 2019; Lei et al., 2020). Until

now, in the anti-PD therapeutics area, much effort has been put into developing small molecule



inhibitors that achieve the potency of monoclonal antibodies (mAb) targeting either PD-1 or PD-

L1.

However, there has been increasing interest in small molecule inhibitors (SMI) due to their
potential for oral bioavailability, reduced production costs, better management of any emergent
adverse events, etc (Ai et al.,, 2020). Most of these therapeutics in development rely on the
physical blockade of the interaction between PD-1 and PD-L1 but preliminary data suggest they
employ different mechanisms of action (see Figure 1) (J. Liu et al., 2021; Surmiak et al., 2021).
Computational modelling and spectroscopic techniques seem to concur that some biphenyl-
based PD-L1 inhibitors (which is a SMI) promote dimerization of two PD-L1 receptors (Shi et al.,
2019; Skalniak et al., 2017). Nevertheless, the dimerization mechanism and further processing
are not fully understood. For a specific small molecule inhibitor, Chen and colleagues (2020)
found that interaction between the inhibitor and PD-L1 results in impaired PD-L1 glycosylation
that prevents the transport of newly synthesized PD-L1 from the endoplasmic reticulum to Golgi

(Chen et al., 2020).

Biphenyl-based
small-molecules

Antibodies

/ / A ) S

PD-L1 degradation

Figure 1. Mechanisms of PD-1/PD-L1 blockade attributed to antibodies and biphenyl-based small-
molecule inhibitors targeting the extracellular domain of PD-L1. Figure modified from Surmiak et
al., 2021.



The performance of the variety of anti-PD molecules can be tested through different assays that
aim to decipher the molecule properties at various levels. Even though biochemical and
biophysical analyses are useful for the initial screening of potential inhibitors through their
binding profiles, in vitro cell-based assays and in vivo tumour xenograft models give information
on the functional properties of the tested molecules in a more physiologically relevant
environment (C. Liu et al., 2021). Here, we have employed a commercially available cell-based
assay to evaluate the activity of anti-PD molecules towards the inhibition of the PD-1/PD-L1
interaction (PD-1/PD-L1 Bio-IC™). This assay is comprised of two cell lines, one is a T cell reporter
line derived from an immortalised human T lymphocyte (Jurkat) expressing a specific TCR (later
referred to as Jurkat-Lucia) and overexpression co-stimulatory molecule CD28 along with PD-1.
The other is an antigen-presenting cell (APC) derived from a human B lymphocyte cell line (Raji)

expressing a specific [HLA::peptide] complex and overexpressing PD-L1.

Interaction between these cell lines mimics the immune synapse between T cells and APCs
through the interaction of cell surface molecules capable of activating or inhibiting T cells as
represented in Figure 2. Signal 1 is an activation signal delivered upon recognition of a specific
antigenic peptide complexed with HLA molecules ([HLA::peptide]) on Raji-PDL1 cells by the TCR
on Jurkat-Lucia™ cells. The above-mentioned has a co-stimulation signal (signal 2) operated by
the interaction of CD80/86 and CD28 molecules at the surface of the APC and T cells, respectively.
In addition, the interaction between PD-1 and PD-L1 on the surface of these cell lines inhibits
activation stimulated by signals 1 and 2, however, this interaction can be inhibited by the addition

of anti-PD-1 or anti-PD-L1 antibodies, allowing activation of the T cell reporter line.



Raji-APC-hPD-L1
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2 1
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Jurkat-Lucia™ TCR-hPD-1

Figure 2. Principle of PD-1/PD-L1 Bio-IC™ cellular assay. Figure from InvivoGen
https://www.invivogen.com/hpd1-bioassay

The outcome of the interaction (T cell activation or inhibition) between both cell lines can be
assessed by the activity of the Lucia luciferase reporter gene. This gene is under the control of
an ISG54 minimal promoter fused to six NFAT response elements. Therefore, if the stimulatory
signals allow the expression of the luciferase gene, the protein will be secreted, and the
bioluminescent signal can be measured using the coelenterazine-based detection reagent
(QUANTI-Luc™ Gold). On the contrary, inhibitory signals will result in a decrease in the
luminescent signal. As suggested by the manufacturer, this kit is suitable for screening antibody-

, Fc-fusion protein-, and small molecule-based inhibitors of the PD-1/PD-L1 axis.

Charnwood Molecular are currently in the process of developing SMI and require a cell-based
assay that evaluates the bioactivity of PD-1/PD-L1 inhibitors for use alongside biophysical and
biochemical methods (Surface Plasmon Resonance and Homogeneous Time Resolved
Fluorescence, data not shown). Therefore, this work aimed to evaluate the capabilities of the PD-
1/PD-L1 Bio-IC™ assay for assessing the rescue of T cell effector properties based on a change in
luminescence when anti-PD compounds are administered. Thus, the blockade of the PD-1/PD-L1

interaction is seen as an increase in the luminescence signal which in turn is interpreted as
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reinvigoration of T cell effector properties (i.e., cytotoxicity, proliferation, and cytokine secretion)
due to the expression of genes controlled by NFAT transcription factors (J. U. Lee et al., 2018; J.

Liu et al., 2021; Sakuishi et al., 2010).

Before testing novel compounds, an optimisation of assay conditions was performed with
commercially available molecules, known to be effective at inhibiting the interaction between
PD-1 and PD-L1. Therefore, mAbs (Atezolizumab, Pembrolizumab, Nivolumab and Durvalumab)
and small molecule inhibitors (BMS-8, BMS-1001, BMS-202 and Inhibitor 9) were used to validate
this cell-based assay. Additionally, cytotoxicity profiles of the compounds were also tested in
Jurkat cells. To improve the assay window, a series of experiments were performed involving
different incubation periods, target to effector cell ratios and serum concentrations in the cell
media. Additionally, due to evidence showing that some cancer cell lines also express PD-L1 (Xu
et al., 2019; Zheng et al., 2019), the expression of PD-L1 was evaluated in a number of different
cell lines using flow cytometry. This was performed with the aim of testing the activation of the

reporter cell line upon interaction with another PD-L1-expressing cell line.

METHODS

Cell lines and reagents
The kit PD-1/PD-L1 Bio-IC™ containing Jurkat cell line engineered to express a specific T cell

receptor, human PD-1, human CD28 and NFAT-inducible Luciferase (Jurkat-Lucia™ TCR-hPD-1
Cells) and the APC cell line expressing a specific HLA:peptide complex and PD-L1 (Raji-APC-hPD-
L1 cells) were purchased from InvivoGen. Both cell lines were routinely cultured in IMDM cell
culture medium supplemented with 10% heat-inactivated foetal bovine serum (HI-FBS) (Thermo
Fisher Scientific). Cells were kept in a humid incubator at 37 °C and 5% CO,. To maintain selection
pressure in the Jurkat-Lucia cell line, antibiotics were added every other passage (10 pug/ml of
Blasticidin, 100 pg/ml of Zeocin™, 100 pug/ml Hygromycin, and 250 pg/ml of G418 (Geneticin)).
Raji-PDL1 cells were cultured with 10 pg/ml of Blasticidin and 250 pg/ml of G418 (Geneticin)
every other passage. For the detection of secreted Lucia luciferase, a coelenterazine-containing

luciferase detection reagent was used (QUANTI-Luc™ Gold, InvivoGen).



PD-1/PD-L1 immune checkpoint inhibitor screening assay: T cell

activation controls
Jurkat-Lucia cells (effector cells) were co-cultured into 96-well plates (Cellstar) at 2x10° cells/well

with 1x10° cells/well of the Raji-PDL1 cell line (target cells) as suggested by the manufacturer.
Depending on the experiment, for stimulating activation in Jurkat-Lucia lymphocytes either 2 pL
of T cell TransAct (Miltenbiotec) or a combination of phorbol 12-myristate 13-acetate (PMA,
Cayman chemical) and lonomycin (Enzo) at 1 uM and 3 uM respectively, was used. During the
incubation time, cells were kept at 37 °C and 5% CO,. To quantify the amount of secreted
luciferase, 20 pL of supernatant of each well were retrieved and transferred to a white 96-well
plate (Greiner Bio One). 50 puL of QUANTI-Luc™ Gold reagent was added to each well and
luminescence was measured immediately using an EnSpire™ Multimode Plate Reader

(PerkinElmer, Inc.).

Antibody and Small Molecule Inhibitor titration using the Anti-PD-1/PD-
L1 Cell-based Assay

Jurkat-Lucia cells were co-cultured with Raji-PDL1 cells as mentioned above. The anti-PD-1
antibodies employed in this work were Nivolumab (Insight Biotechnology) and Pembrolizumab
(Insight Biotechnology). The anti-PD-L1 antibodies used here were Atezolizumab (Tebu-bio) and
Nivolumab (Insight Biotechnology). The initial antibody concentrations were set at 100 pug/mL
with a half-log serial dilution. For SMI, cell density was reduced (2x10* with 1x10* cells/well,
respectively). For this work, well-validated SMI that interact with PD-L1, such as BMS-8 (Cayman),
BMS-1001 (MCE), BMS-202 (MCE) and Inhibitor-9 (MCE), were utilised. The initial compound
concentrations were set at 100 uM with a third-log serial dilution using an HP D300e Digital
Dispenser (HP). After the incubation time (24 hours for antibodies and 48 hours for SMI),
luciferase reporter gene expression was determined by measuring the amount of luminescence
using QUANTI-Luc™ Gold (InvivoGen) and Envision plate reader (PerkinElmer) as mentioned

above.
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Evaluation of cytotoxicity profiles of tested molecules in Jurkat-Lucia

cells
Jurkat-Lucia cells were cultured into white 96-well plates at 2x10° cells/well (for mAb

experiments) or 2x10* cells/well (for SMI) and incubated for 24 hours with the respective
treatments. Following the incubation period, the CellTiter-Glo® Luminescent Cell Viability Assay

(Promega) was performed following the manufacturer’s protocol.

Target to effector cell ratio in the Anti-PD-1/PD-L1 Cell-based Assay

Jurkat-Lucia cells were co-cultured into a 96-well plate at either 4x10%, 2x10% or 1x10* cells/well
with either 1x10%, 2x10% or 4x10* cells/well of the Raji-PDL1 cell line. Hence, the target to effector
(Raji-PDL1 to Jurkat-Lucia) were 1:2, 1:1, 1:4, 2:1 and 4:1. Using the usina HP D300e Digital
Dispenser (HP) Inhibitor-9 (final concentration 20 uM) was added to the desired wells, in the
same protocol PMA (final concentration 1 uM) and lonomycin (final concentration 3 uM) were
added to the desired wells. The plate was incubated at 37°C and 5% CO and the luminescence

was measured at different time points as described before.

Impact of serum concentration in the media on the Anti-PD-1/PD-L1
Cell-based Assay

Both cell lines were cultured in the conditions mentioned above but on the day of the
experiment, cells were counted and washed with phosphate buffered saline (Gibco) once and
resuspended with media with no HI-FBS, 1% HI-FBS or 10% HI-FBS. 2x10° Jurkat-Lucia cells were
seeded in a 96-well plate and then 1x10° Raji-PDL1 cells were added. Using the HP D300e Digital
Dispenser (HP) SMI studied here were dispensed (final concentration of 31.62 uM) and the
percentage of DMSO was normalized across wells. Alternatively, Atezolizumab (final
concentration of 34.5 nM) was dispensed to other wells. The plate was incubated at 37°C and 5%

CO; for 6 hours. After that, luminescence was measured as already described.

Flow cytometry analysis of PD-L1
SNU-398, MDA-MB-468, A549, Hela, SH-SY5Y, DLD-1, HT-29, PC-3 and MCF7 cell lines were

routinely cultured in DMEM cell culture medium supplemented with 10% foetal bovine serum
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(FBS) (Thermo Fisher Scientific). Cells were kept in an incubator at 37 °C and 5% CO.. Jurkat-Lucia
and Raji-PDL1 cells were maintained as mentioned before. Adherent cells were cultured for 24
hours at a density of 4x10% cells in a flat-bottom 96-well plate. After that, cells were harvested
for flow cytometry using Dissociation Solution (Sigma-Aldrich). Harvested cells were washed with
PBS and then labelled with APC Anti-human CD274 (PD-L1) (Biolegend) for 30 min at 4°C. Flow
cytometry analysis was performed on a Attune NxT Flow Cytometer (Thermofisher). The
percentage of positive cells was gated against unlabelled cells (0% positive) to measure the
expression level of PD-L1. GraphPad Prism was used for data analysis and graphical

representation.

PD-1/PD-L1 immune checkpoint inhibitor screening assay with PC-3 cells

PC-3 cells were cultured into 96-well plates (Cellstar) at 1x10* cells/well and were incubated for
4 hours at 37°C and 5% CO,. After that, Jurkat-Lucia cells were added to the plate at 2x10*
cells/well. For stimulating T cell activation in Jurkat-Lucia cells either 2 pL of T cell TransAct
(Miltenbiotec) or a combination of Anti-Hu CD3 (Invitrogen) and Anti-Hu CD28 (Invitrogen) both
at a concentration of 1 ug/mL. After the incubation time, luciferase reporter gene expression was

determined as mentioned before.

Data visualisation
Graphs were constructed using GraphPad Prism v7.03 or above (GraphPad Sofware Inc., La Jolla,

CA) and details about the experimental replicates can be found in figure legends.
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RESULTS

PD-1/PD-L1 immune checkpoint inhibitor screening assay: T-cell

activation and inhibition controls
In order to test if PD-L1 expressed by the Raji cell line could induce inhibition of Jurkat-Lucia T-

cell activation we first look at molecules that stimulate T-cell activation. T cell TransAct, a
commercially available agonist of CD3 and CD28, was used since it has proved optimal T cell
activation in the literature (Casati et al., 2013). The amount of luciferase secreted was detected
by the reagent QUANTI-Luc™ Gold (InvivoGen) confirmed that only the Jurkat-Lucia cell line is
responsible for the luminescence signal detected as opposed to the Raji cell line (Figure 3). The
increase in the luminescent signal when T cell TransAct is added to the Jurkat-Lucia cells suggests
that the T cell activation pathway was stimulated compared to the background levels of
luminescence by the Jurkat-Lucia cells alone. Despite the expected inhibitory effect of the PD-
1/PD-L1 interaction, incubation of Raji-PDL1 cells with Jurkat-Lucia cells resulted in an increase
in luminescence signal compared to Jurkat-PD1 cells alone. Since the treatment expected to give
the highest signal (T cell TransAct) was lower to the inhibition led by the interaction between
PD-1 in Jurkat-Lucia cells and PD-L1 in Raji cells, the following experiments looked for other

methods to stimulate Jurkat-Lucia cells.
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Figure 3. Jurkat-Lucia luciferase activity after 24 hours incubation with T cell TransAct or Raji-
PDL1 cells. Data represented as mean + SD of four technical replicates.

It is well established that a combination of PMA and lonomycin (in this work referred to as
PMA/lonomycin) is a potent activator of T cells (Han et al., 2013). Figure 4 depicts the activation
capability of a solution with PMA (1 uM) and lonomycin (3 uM) compared to T cell TransAct. For
both treatments, Jurkat activation increased with time. Nevertheless, at 21 hours, the
luminescence produced by T cell TransAct is 3 times that of the Jurkat-Lucia cells without
treatment (assay window), as opposed to 88 times greater for the treatment with
PMA/lonomycin (Figure 5). This change in the assay window was similar after 25 hours of
incubation. Consequently, PMA/lonomycin was considered as a positive control in some
following experiments, notwithstanding the exceedingly high luminescence signal due to T cell

activation has to be acknowledged.
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Figure 4. Comparison of the Jurkat-Lucia luciferase activity upon stimulation by T cell TransAct
and PMA/lonomycin. Data represented as mean * SD of technical duplicates plotted.
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Figure 5. Comparison of the Jurkat-PD1 luciferase assay window (ratio of the luminescence
between the activation method and Jurkat-Lucia cells alone) upon stimulation by T-cell TransAct
or PMA/lonomycin. Data represented as mean + SD of technical duplicates plotted.

To investigate the PD-L1 mediated inhibition of T cell activation, both cell lines of the PD-1/PD-
L1 Bio-IC™ kit were combined to see the possible blockade of the inhibition when treated with a
commercially available mAb (Atezolizumab, light blue bar in Figure 6). In agreement with
previous experiments, the luminescent signal produced by interacting Jurkat-Lucia and Raji-PDL1
cells is higher than that of Jurkat-Lucia cells on their own. In addition, T cell TransAct failed to
activate Jurkat cells since it showed a smaller response compared to the wells with Jurkat-Lucia

and Raji-PDL1 cells. Atezolizumab (anti-PD-L1 antibody) showed the highest activation of Jurkat-
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Lucia cells in the presence of Raji-PDL1 cells indicating more luciferase secretion due to the
blocking of the interaction between PD-1 and PD-L1. This antibody was also incubated with
Jurkat-Lucia cells alone to investigate if the presence of the antibody by itself stimulates T cell

activation, but it did not.
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Figure 6. Comparison of the Jurkat-Lucia luciferase activity upon stimulation by T cell TransAct or
Atezolizumab after a 4-hour incubation. Data represented as mean + SD of four technical
replicates plotted.

Even though PMA/lonomycin substantially increases T cell activation at the concentration
employed, it also has a detrimental effect on cell viability (Appendix Figure S1). Therefore, an
appropriate positive control for the activation of Jurkat-Lucia cells was not identified.
Nonetheless, the expression of PD-L1 in Raji cells is enough to counteract the activation signals

that happen when Jurkat-Lucia and Raji-PDL1 cells interact together. Thereby, when adding a PD-
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1/PD-L1 blockade agent such as Atezolizumab, the activation signals of the Jurkat-Lucia cells

translate into an increase in T cell activation (Figure 6).

Antibody titration using the Anti-PD-1/PD-L1 Cell-based Assay

Raji-PDL1 and Jurkat-Lucia cells were incubated with serial dilutions of Anti-PD-1 (Nivolumab and
Pembrolizumab) or Anti-PD-L1 (Atezolizumab and Durvalumab) antibodies for 24 hours to assess
the capabilities in the assay. NFAT activation, reflecting the disruption of PD-1/PD-L1 inhibitory
interaction, was evaluated by determining Lucia luciferase activity in the supernatant using the
coelenterazine reagent. As shown in Figure 7, all antibodies tested display a dose-dependent
change in luminescence, indicating that they block the PD-1/PDL-1 interaction and enable T cell
activation. ICso values calculated based on a non-linear regression showed that Atezolizumab and
Durvalumab have similar values which are approximately 10 times lower than Nivolumab and
Pembrolizumab (Table 1). Nivolumab did not achieve a plateau at the highest concentrations,
however, this was constrained to the same value as Pembrolizumab when performing the non-

linear regression analysis.
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Figure 7. Dose-response curve for different Anti-hPD-1 or Anti-hPD-L1 antibodies after 24-hour
incubation with antibody serial dilutions. Each point represents the mean * SD of technical
duplicates. Curves were fitted using a non-linear regression function and the ICso value was
determined by interpolation.
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Table 1. ICso values and assay windows calculated for the different monoclonal antibodies
tested in the Anti-PD-1/PD-L1 Cell-based Assay after a 24-hour incubation.

Atezolizumab Nivolumab Pembrolizumab Durvalumab
ICs0 (ug /mL) 1.441 18.8* 10.13 1.849
Assay window 25.38 N/A 24.04 33.40

N/A refers to non-available data.
*Curve fit constrained to 2x10° during non-linear regression analysis

The effect of these antibodies on Jurkat-Lucia cells alone was tested, and results indicate that no
T cell activation was promoted for any mAb (Appendix Figure S2). In summary, mAb available in
the market such as Atezolizumab, Pembrolizumab, Nivolumab and Durvalumab showed a dose-
dependent response in the PD-1/PD-L1 Bio-IC™ kit using a 1:2 target to effect cell ratio.
Additionally, the impact of these antibodies on cell health was investigated using the CellTiter-
Glo® Luminescent Cell Viability Assay. As shown in Figure 8, the addition of mAb did not alter the

cell viability profile compared to Jurkat-Lucia controls.
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Figure 8. Cytotoxicity profile of Jurkat-Lucia cells after a 24-hour incubation with different Anti-
hPD-1 or Anti-hPD-L1 antibodies. Cell viability % was calculated considering 100% equals the
average luminescence signal of the control (i.e., Jurkat-Lucia cells with PBS). Data represented as
mean = SD of technical duplicates.

18



Small molecule PD-L1 inhibitors titration using the Anti-PD-1/PD-L1 Cell-
based Assay

The following experiments aimed to evaluate the efficacy of different small molecule PD-L1
inhibitors available in the market (BMS-8, BMS-1001, BMS-202 and Inhibitor-9) to inhibit the
interaction between PD-1 in Jurkat-Lucia™ TCR-hPD-1 cells and PD-L1 in Raji-APC-hPD-L1 cells.
The activity of these tool compounds was assessed at 24, 48 and 72 hours, but the 48-incubation
yielded better curve fits (data not shown), therefore this timepoint was chosen for these set of
experiments. Consequently, the cell density was also reduced whilst maintaining the target to
effector cell ratio to ensure that cell co-culture did not become overly dense. Figure 9 depicts a
range of activities displayed by the compounds studied here. Compounds BMS-202, BMS-8 and
Inhibitor-9 all display a dose-dependent increase in luminescence, and thus T cell activation.
However, the assay windows for these compounds were smaller than those mentioned before
for antibodies (Table 2). Contrastingly, BMS-1001 showed to be inactive in this experiment but

intriguingly BMS-8 showed an increase in response with concentrations above 10 uM.
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Figure 9. Jurkat-Lucia luciferase activity for different PD-L1 small molecule inhibitors after a 48-
hour incubation. Each point represents the mean + SD of technical duplicates.

The drastic drop-off in the signal at the highest concentrations of BMS-202 and Inhibitor 9 (above

21.5 uM) in Figure 9 was a consistent phenomenon, which drove future experiments assessing
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the impact on cell viability. Despite evidence showing that some anti-PD compounds are strongly
active in biochemical assays, they also promote acute cytotoxicity that compromises their
immunological activity (Ganesan et al., 2019). In Figure 9, the apparent lack of signal for BMS-
202 and Inhibitor 9 is due to less than 1% viable cells in those wells at the highest concentrations
(see Figure 10). Non-linear regression analysis of cell viability data found that BMS-202 reduces

the cell viability by half (1Cs0) at 9.863 uM whilst the ICsp of Inhibitor 9 is 16.25 uM.
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Figure 10. Cytotoxicity profile of Jurkat-Lucia cells after a 24-hour incubation with different small
molecule inhibitors. Cell viability % was calculated considering 100% equals the average
luminescence signal of the control (i.e., Jurkat-Lucia cells with DMSO). Data represented as mean
1 SD of technical duplicates.

Consequently, the points with less than 75% of cell viability seen in Figure 10 were removed and
a nonlinear regression analysis was applied to determine the potential 1Cso (Figure 11). Given
that, full sigmoidal dose-response curves were not obtained, and the ICso values displayed in
Table 2 should be considered estimates. Ultimately, this cell-based assay was able to detect the
inhibitory activity of BMS-8, BMS-202 and Inhibitor 9 but the range in luminescence responses

for similar small molecules is expected to be limited.
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Figure 11. Dose-response curve for different PD-L1 small molecule inhibitors after a 48-hour
incubation. Each point represents the mean * SD of technical duplicates. Where possible, curves
were fitted using a non-linear regression function and the ICso value was determined by
interpolation.

Table 2. ICso values and assay windows calculated for the different small molecule inhibitors (tool

compounds targeting PD-L1) tested in the Anti-PD-1/PD-L1 Cell-based Assay after a 48-hour
incubation.

BMS-8 BMS-202  Inhibitor 9
I1Cs0 (M) 23.84 1.703 0.4046
Assay window 1.57 1.96 2.03

Target to effector cell ratio in the Anti-PD-1/PD-L1 Cell-based Assay

To improve the assay window, an experiment with different ratios between Raji-PDL1 (target
cells) and Jurkat-Lucia (effector cells) was carried out. All the wells with Inhibitor 9 (final
concentration 20 uM) produced a higher luminescence signal compared to wells with Jurkat-
Lucia and Raji-PDL1 cells, thereby the assay windows are positive (Table 3). Generally, over time
the assay window decreases. Hence a timepoint between 24 and 48 hours seems suitable to
measure changes in this cell-based assay. Nevertheless, there is not a significant difference

between the cell ratios studied, which led us to keep the target to effector cell ratio as used

before.

21



Table 3. Comparison of the calculated assay window (average signal from Jurkat-Lucia + Raji-
PDL1 + Inhibitor 9 over the average signal from Jurkat-Lucia + Raji-PDL1) at different time

points.
Target to effector cellratio 5h 24 h 48 h 72 h
1:2 1.577 1.752 1.600 1.446
1:1 1.454 1.689 1.715 1.545
1:4 1.627 1.707 1.652 1.668
2:1 1.615 1.452 1.411 1.411
4:1 1.919 1.436 1.148 1.159

Impact of serum concentration on the Anti-PD-1/PD-L1 Cell-based Assay
Potential binding of SMI to plasma proteins can reduce their effective concentration and

therefore efficacy. To assess this impact on the bioassay, three different serum concentrations
were employed when co-culturing cells. As seen in Figure 12, for each group, either with tool
compound or antibody, the luminescence signal is similar regardless of the percentage of HI-FBS,
suggesting that these small molecules don’t interact strongly with serum proteins. A slight
decrease in signal paired with the decrease in serum proteins is seen, yet negligible. Therefore,

the protocol for culturing and screening inhibitors remained with 10% of HI-FBS.
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Figure 12. Comparison of the Jurkat-Lucia luciferase activity upon stimulation with different PD-
L1 inhibitors (BMS-8, BMS-1001, BMS-202 and Inhibitor-9 at 31.62 uM), or with Atezolizumab
(34.5 nM), and without any additional molecule after a 6-hour incubation. Data represented as
mean = SD of technical duplicates.

Screening for PD-L1 expression in cancer cell lines
As shown with the SMI titration, PD-L1 overexpression in Raji cells from the PD-1/PD-L1 Bio-IC™

kit might exert potent inhibitory signals that overshadow the activity of small molecules.
Consequently, the hypothesis that a low level of expression of PD-L1 could be enough to both
convey inhibitory signals of the T cell activation and can be blocked by the anti-PD compounds
was tested in this section. There is evidence showing an increased PD-L1 expression in different
cancer cell types (Cha et al., 2019; Ganesan et al., 2019; X. Wang et al., 2016) and immortalized
cancer cell lines (Xu et al., 2019; Zheng et al., 2019a). Therefore, with cancer cell lines available
in the laboratory, the hypothesis mentioned above was tested first by measuring the percentage

of PD-L1 positive cells using an APC Anti-human CD274 (PD-L1) in flow cytometry.
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Unlabelled Jurkat-Lucia and Raji-PDL1 cells were used as a reference to set flow cytometry gating
(Appendix Figure S3 and S4). When live cells were stained with an APC-labelled anti-PD-L1
antibody almost 100% of Raji-PDL1 cells were positive for APC signal (Figure 13). Per cell, PC-3
cells have lower levels of PD-L1 expression compared to Raji-PDL1 cells. However, PC-3 cells had

the highest percentage of cells expressing PD-L1 amongst the cell lines studied here.
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Figure 13. Percentage of PD-L1-positive cells by flow cytometry setting the negative gate to the
expression of unlabelled cells. Data represented as mean * SD of three technical replicates.

PD-1/PD-L1 immune checkpoint inhibitor screening assay with PC-3 cells
Since PC-3 cells expressed the highest level of PD-L1, after Raji-PDL1 cells, a test to investigate its

inhibitory activity when interacting with Jurkat-Lucia cells was performed. As seen in Figure 14,
the inhibitory effect was assessed as a measurement of the luminescent signal when NFAT
activation is induced in Jurkat-Lucia with T cell TransAct or CD3/CD28. Compared to the control
(Jurkat-Lucia cells alone), T cell TransAct and anti-CD3/anti-CD28 increased the activation of

Jurkat-Lucia cells at 24 and 48 hours. At both time points, activation by anti-CD3/anti-CD28 was
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higher. Nevertheless, the presence of PC-3 cells did not diminish the activation induced by T cell

TransAct or anti-CD3/anti-CD28.
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Figure 14. Comparison of the Jurkat-Lucia luciferase activity upon stimulation with T cell
TransAct or anti-CD3/anti-CD28 for 24 (A) and 48 (B) hours when interacting (purple) or not
(blue) with PC-3 cells. Data represented as mean + SD of three technical replicates.

DISCUSSION

The increase in the number of clinical trials and the development of new anti-PD molecules
requires approaches that allow the characterization of biological activity (Upadhaya et al., 2022;
Versteven et al., 2018). Attempts to develop a cell-based assay to evaluate the activity of anti-PD
inhibitors have been developed in academia as well as from the industrial sector. Although these
assays generally use the NFAT controlled-luciferase reporter gene located in Jurkat T cells
mechanism, the target cell line varies (Ganesan et al., 2019; Lu et al., 2022; Pandey et al., 2021;
Versteven et al., 2018). Nonetheless, their value for compound screening resides in its short-term
assay duration (1 day) and high-throughput potential (mostly 96-well plate automated readout)
(Versteven et al., 2018). Therefore, in this work, we evaluated the capabilities of the PD-1/PD-L1
Bio-IC™ assay (InvivoGen) with FDA-approved mAb and inhibitors developed by Bristol-Myers
Squibb (BMS) targeting PD-1 or PD-L1.

Particularly in the PD-blockade cell-based assays the target of soluble T cell activators employed

as positive control also varies (e. g. anti-PD-1, anti-PD-L1, anti-CD3, anti-CD3/anti-TAA1, anti-
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CD3/anti-TAA2, and Staphylococcal enterotoxin B) (Doronin et al., 2019; Ganesan et al., 2019).
Another commercially available variant of antibodies targeting CD3 and/or CD28 is T cell
TransAct. T cell TransAct is a colloidal reagent consisting of nanoscale iron oxide crystals
embedded into a biocompatible polysaccharide matrix that has antibodies against CD3 and CD28
covalently attached to the matrix (Casati et al., 2013). Although it has proven to be effective in
activating T cells (Casati et al., 2013), in this work its low activation yield (Figs. 3 and 5) might be

due to intrinsic defects of the reagent associated with the expiration date.

Other common T cell activator molecules are PMA and lonomycin. A combination of these
molecules has been widely used in the study of T cell activation, and it is thoroughly reported
that activates members of the NFAT family (Brignall et al., 2017; Han et al., 2013; Tomkowicz et
al., 2015), which is consistent with our results in Fig. 4. Although PMA/lonomycin can induce T
cell proliferation and differentiation at certain concentrations, it can also promote activation-
induced cell death (AICD) in lymphocytes (including the Jurkat cell line) (Chwae et al., 2002; Han
et al., 2013; Lin et al.,, 2011). Additionally, the final assay concentration employed here is

considerably higher than the one employed in the literature (Chwae et al., 2002; Han et al., 2013).

During T cell activation in cell-based assays, a strong dependency on the quality of the accessory
cells has been suggested (Casati et al., 2013). Here we show that the cell lines employed in this
immune checkpoint assay are sensitive enough to convey both activation and inhibition signals
when interacting together. The inhibitory signal has proven to be functional since the level of
activation when adding Atezolizumab is significantly higher, indicating the blockade of the PD-

1/PD-L1 axis (Fig. 6), this in turn validates the functionality of the assay.

Several therapeutic mAb targeting PD-L1/PD-1 have been approved by the FDA for different
cancers (Voli et al., 2020). Here some of those antibodies were tested, and even with some
variability between biological replicates (data not shown), there was a clear dose response using
the PD-1/PD-L1 Bio-IC™ assay (Fig. 7). As seen from the ICsp values, Atezolizumab and
Durvalumab have dose-response curves similar to each other. A similar case happens for
Pembrolizumab and Nivolumab. This clustering could be related to the antibody-differential

targets (PD-L1 and PD-1 respectively). Overall, the antibody dose-response curves are consistent
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with published results where it is reported that anti-PD-1 antibodies have higher 1Cso values (and
are therefore less potent) compared to anti-PD-L1 antibodies (De Sousa Linhares et al., 2019;
Doronin et al., 2019). On the contrary, the antibodies’ ICso calculated here are around 1000 times
higher than that in the literature, but comparisons should be made with caution since the assay

conducted here employed different cell lines, cell densities and incubation times.

Due to limited responsiveness in some patients, the immune-related adverse events, production
costs, and constraints in bioavailability, there is an increased interest in small molecule inhibitors
(SMI) (Ganesan et al., 2019; T. Wang et al., 2022; Wu et al., 2021). Opposed to anti-PD antibodies
that block by binding to the target receptor, the proposed mechanism for some PD-1/PD-L1 BMS
SMI (such as BMS-8, BMS-202, and BMS-1001) is dimer-locking in which these molecules induce
dimerization of two PD-L1 proteins via their PD-1 binding epitopes (see Fig. 1) (Park et al., 2021;
Skalniak et al., 2017; Zak et al., 2016). This molecular packing makes it impossible for the
recognition of PD-L1 by PD-1 in vitro (Guzik et al., 2017), which in our cell-based assay should

translate into an increase in the luminescence signal.

Although we observed a dose response with the SMI employed here, the curve pattern varies
between compounds (Fig. 9). These observations indicate that the structural differences in the
compounds may play a role in interfering with the PD-1/PD-L1 interaction that the cell-based
assay can detect (Ganesan et al., 2019). Although BMS-1001 was released as low toxicity and
enhanced cell-based activity inhibitor, developed from previous compounds (Skalniak et al.,
2017), in our work remained inactive (Fig. 9) but the cell viability did not drop below 70% (Fig.
10). A similar case happened with BMS-8, although at top concentrations it induced a 1.5-fold

change in the luminescence signal.

On the other hand, it has been suggested that the NFAT-reporter assay may not be ideally suited
for characterizing all classes of SMI (Sasikumar & Ramachandra, 2022). There is evidence showing
that BMS-1001 and BMS-202 do not produce sigmoidal dose-response curves and that the
activity of these compounds is largely constrained by the cytotoxic effect when using a similar
reporter system with a different target cell line (CHO-K1) (Basu et al., 2019; Dai et al., 2021; L. Liu

et al., 2021; Skalniak et al., 2017). Interestingly, Inhibitor 9, which is classified as a C; symmetric
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compound, showed a similar ICso value as another compound of the same family (known as "L7"),
in @ NFAT-reporter assay (L. Liu et al., 2021). Nevertheless, comparisons here are made with
caution since we employed a cell assay from a different manufacturer with different target cell

line and less incubation time.

Evidence shows that a high binding affinity in a biophysical assay does not equally translate into
biological activity in cell-based assays (Surmiak et al., 2021). Particularly, for SMI its broad drug
distribution might result in on- and off-target toxicity (Sasikumar & Ramachandra, 2022). The
decrease in cell viability observed in Fig. 10 might likely be associated with the phenomena
mentioned above since it has been observed previously in other BMS inhibitors (Lu et al., 2022).
Nevertheless, data from Lu and colleagues (2022) might suggest that the effects on cell viability
were attenuated when studying diverse types of cancer cell lines or even human PBMCs at higher

doses of the inhibitors.

Since the magnitude of the assay window was lower when testing SMI compared to mAb,
different cell ratios were tested. As seen in Table 3, none of the target to effector cell ratios
outperformed the rest of the assay windows. Therefore, the influence of the ratio between Raji-
PDL1 and Jurkat-Lucia cells was discarded as a major factor in the assay window. On the other
hand, the possible interference by serum proteins acting as an undesired target was tested (Fig.
12). However, no improvement was observed in reducing the percentage of FBS in the media of

cells before treating them with either SMI or mAb.

Even though the activity of luciferase cannot give details on the antigen-specific intracellular
signalling cascades or other interactions between cells (C. Liu et al., 2021); the results of this work
suggest a certain degree of sensitivity to the target of the inhibitor as well as the mechanism of
action that ultimately shape the dose-dependent responses. Hence, looking at the proposed
biological mechanism, it is plausible that the difference by which inhibitors block the PD-1/PD-L1
interaction (physical blockade in the case of antibodies or dimerization of PD-L1 with SMI)
promotes a differential reporter gene response. However, the potency and safety of these SMI
have not yet reached the level of antibodies (Ganesan et al., 2019; Skalniak et al., 2017).

Therefore, the overexpression of PD-L1 might play a strong suppressive role for the T cell
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activation signals, and SMI are unable to disrupt T cell inhibition. Hence, a movement towards

alternative cell lines with a better yield in the PD-1/PD-L1 axis was suggested.

There is evidence showing basal levels of PD-L1 in some cancer cell lines (such as HT-1080, H-460,
PC-3, A549, Hela, SH-SY5Y, etc.) based on western blotting (Voli et al., 2020; Xie et al., 2020;
Zheng et al., 2019b). For the cell lines tested here, results suggest that such expression is minimal
compared to that in the Raji-PDL1 cell line (Fig. 13). A common procedure to induce PD-L1
expression in cancer cell lines is the treatment with IFN-y (Voli et al., 2020). Thus, for future
experiments, PD-L1 expression could be induced to a moderate level in alternative cell lines using
IFN- y, which would allow for the screening of SMI in the PD-1/PD-L1 immune checkpoint cell-
based assay. However, due to the dual role of IFN-y (depending on the context can convey
antitumor immunity or promote PD-L1-mediated immune escape), interpretations must be
carried with compelling evidence (Mandai et al., 2016). Another alternative for this assay would

be to acquire other cell lines that have proven a high baseline of PD-L1 expression.

As already mentioned, the overexpression of PD-L1 is a mechanism that allows cancer immune
evasion through a reduction in cytokine production and cytotoxic activity against target cells,
including tumour cells (Cha et al., 2019; Voli et al., 2020). Unfortunately, the level of expression
of PD-L1 in PC-3 cells, which was lower than Raji-PDL1, was not enough to diminish the activation
induced by T cell TransAct or CD3/CD28 (Fig. 14). Previously, a PD-1/PD-L1 blockade cell-based
assay using MCF7 cells as the target cell line has been successful in downregulating T-cell activity
and cytokine secretion (Zheng et al., 2019b). However, it is likely that diversification in gene
expression states promoted cancer cell subpopulations that might respond differently to this
type of assay (Nguyen et al., 2016). Aside from other differences regarding immune checkpoint
protein in different cancer cell lines, it looks like the overexpression of PD-L1 in target cells and

PD-1 in effector cells is a key factor in the system.
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CONCLUSIONS

Anti-PD therapy is a promising strategy in immunotherapy, captivating the attention of public
and private institutions. During this project, the proficiency of a commercially available cell-based
assay suitable for screening of PD-1/PD-L1 inhibitors was tested. The aim of this project was to
evaluate the activity of different compounds that block the interaction between PD-1 and PD-L1.
Overall, the interaction between the cell lines from the anti-immune checkpoint cell-based assay
from InvivoGen displayed a prominent level of inhibition of T cell activation. The inhibition was
depleted by all the antibodies tested here at certain concentrations but that was not the case for
all the SMI. Despite efforts to increase the assay window when using SMI (i.e., changing the target
to effector cell ratio, modifying the concentration of serum proteins in the media, replacing the
PD-L1-expressing cell line), the assay window did not increase. However, this pattern in which
mAb outperform SMI during immune checkpoint luciferase reporter assays seems to be
consistent with published data (Basu et al., 2019; L. Liu et al., 2021; Skalniak et al., 2017). Aside
from the intrinsic molecular properties of small molecules, one of the reasons for the distinctive
activity of mAb and SMI might be the mechanism of action (Figure 1). Additionally, new SMI are
constantly in development to overcome issues with cell viability and dose-response behaviour,

like those observed in this work.

Immune checkpoint blockade therapy has revolutionized the field of cancer immunotherapy for
its powerful antitumor activity. However, the efficacy of the off-the-shelf antibodies is limited by
many factors, such as cancer cell resistance in many patients and immune-related adverse events
in others, low affordability, and complex production processes. Therefore, research on SMI is
being pushed forward and requires suitable biological assays to assess its bioactivity before going
into clinical trials. Future perspectives of this work concern the use of other cancer cell lines as
target cells (expressing PD-L1) and quantification of secreted IL-2 to gain insight into the effector
functions restored using this cell-based assay. Alternatively, with one of the available cancer cell
lines already evaluated, a pre-stimulation with IFN-y to induce PD-L1 expression can be tested,
followed by the interaction with the effector cell line. Finally, the dimerization mechanism can
be evaluated by western blot analysis to investigate if the mechanism of action of the different

inhibitors impacts the cell-based assay.
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APPENDIX
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Figure S1. Impact of PMA/lonomycin (1 uM/3 uM) on cell viability after a 24-hour incubation.
Data represented as mean + SD of four technical replicates plotted.
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Figure S2. Comparison of the Jurkat-Lucia luciferase activity upon stimulation by T cell TransAct
or an antibody (Atezolizumab at 5 pg/ml, Nivolumab at 10 pg/ml and Pembrolizumab at 10.5
ug/ml) after a 4-hour incubation. Data represented as mean * SD of four technical replicates
plotted.
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Figure S3. Representative flow cytometry plots depicting gating strategy for identification the
expression of PD-L1 in unlabelled Jurkat cells (A: cell population selection, B: single cell population
selection, C: PD-L1 expression in single cells).
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Figure S4. Representative flow cytometry plots depicting gating strategy for identification the
expression of PD-L1 in unlabelled Raji cells (A: cell population selection, B: single cell population
selection, C: PD-L1 expression in single cells).
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Figure S5. Representative flow cytometry plots depicting gating strategy for identification the

expression of PD-L1 in Jurkat cells (A: cell population selection, B: single cell population selection,

C: PD-L1 expression in single cells).
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Figure S6. Representative flow cytometry plots depicting gating strategy for identification the

expression of PD-L1 in Raji cells (A: cell population selection, B: single cell population selection, C:

PD-L1 expression in single cells).
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